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I. Methods
Measurement of mechanical properties. Mechanical properties of membranes were

tested using a universal tension and compression test system (Yangzhou Zhongke Jiliang Ltd,
China) with a stretching rate of 20 mm min!. Both fully hydrated and dry membranes were
tested at room temperature.

Measurement of EDX spectrum. EDX spectra were carried out using the energy
dispersive X-ray detector on the FESEM and the HRTEM, respectively.

Thermogravimetric measurement. Thermogravimetric measurements were carried out on
NETZSCH-TG209 F3 instrument at the temperature range of 40-800 °C in air with a heating
rate of 10 °C min-'. Membrane samples cut in to small pieces were used for the test.

Measurement of water uptake and area swelling. Membrane samples were dried at 60
°C under vacuum until constant weight (W, g). Their areas (44r,, cm?) were measured after
drying. After immersing membranes in water at different temperatures until fully hydrated,
their weights (W, g) and areas (Aye, cm?) of membranes were measured. Water uptake and

area swelling were calculated using Equation S1 and S2, respectively.

w.-Ww,
Water uptake (%) =—2—% x 100% (S1)
dry
A —A
Area swelling (%) = A—d'y x 100% (S2)
dry

Calculation of ion concentration and effective mobility. According to Holdcroft's
research on solid electrolytes,S! 52 the ionic conductivity of ion exchange membranes (IEMs)
is the product of the Faraday's constant (F), ion concentration and effective mobility («, cm? s-
171, as shown in Equation S8. Ton concentration (¢, mmol cm?) is the molar mass of
conductive groups per unit volume, which was calculated using Equation S3. Effective
mobility is the combination of intrinsic mobility of ion and properties of channel morphology
(e.g. tortuosity of ion channel, number of channels, spatial proximity of ion groups etc.),

which provides an insight into the ion transport efficiency in channels and can be calculated
2
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using Equation S5.

_IECxm IECxpxV,,

a v =IECx px VS (S3)
O = Faﬂ (S4)
L _9
Fa (S5)
Where

m (g) is mass of dry membrane;

p (g cm?) is mass density of dry membrane;

Vary (cm?) is the volume of dry membrane;

V' (cm?) is the volume of membrane under the testing condition;

VS is volume swelling of membrane.

Measurement of alkaline stability of membranes. Alkaline stability of membranes in hot
alkaline solution was assessed. Membranes were immersed in 1 M sodium hydroxide solution
at 60 °C for 24 h and then washed with abundant water. The hydroxide conductivity of
membranes was tested before and after to evaluate the alkaline stability of membranes.

Measurement of methanol permeability. Methanol permeability (P, cm? s, tested in 2 M
aqueous methanol) was measured using a glass diffusion cell separated into two
compartments, between which the membrane was sandwiched. One compartment was filled
with 2 M methanol, and the other compartment was filled with water. The methanol
concentration in the water compartment was measured at set intervals using a gas
chromatography (Agilent 6820). Methanol permeability (P, cm? s!) was calculated from
Equation Sé6.

_ syl
AC,,

P (56)



Where
S is the slope of the straight line of methanol concentration in the water
compartment versus time;
Vg 1s the volume of the solution in the water compartment;
[ is the membrane thickness;
A is effective membrane area which is calculated by the inner diameter of the
diffusion cell;

C,, 1s feed methanol concentration.
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3 Figure S1. Photograph of PIL@MIL-mem.



N

V)]

Figure S2. FESEM images of cross section of PIL@MIL-mem at different
magnifications.
PIL@MIL nanoparticles are closely packed with each other, and preserved their initial

morphologies in PIL@MIL-mem, which is dense and defect-free.



ciledax3i2'genesis'\genmaps.spe 25-Mar-2015 11:45:52
LSecs: 39

1.0

3.8

6.6 —

KCnt

44

2.2 —/}

0.0 T T T T T T T T T T T T

050 1.0 150 200 250 300 350 400 450 500 550 600 6.

1 Energy - keV

2 Figure S3. EDX spectrum of PIL@MIL.
3 PIL@MIL consists of C, O, N, Cl and Cr. The existence of N and Cl indicates the

4 successful entrapment of PIL.
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Figure S5. Area swelling (a) and water uptake (b) of membranes.

Area swelling of MIL-mem and PIL@MIL-mem is very low, which is respectively only
2.15% and 3.25%. The rigid framework of MIL101 does not swell, and any observed swelling
of PIL@MIL-mem is only the result of interpenetration of water molecules into the
binder/MIL101 nanoparticle interfaces. Due to the excellent mechanical property of SEBS
(binder), the area swelling of MIL-mem and PIL@MIL-mem is restrained effectively. By
contrast, area swelling of Nafion and ImPEEK are 21.64% and 24.94%, respectively, at 20 °C.

As temperature increases, area swelling of Nafion increases to 30.29% at 100 °C, and that of

9



ImPEEK sharply increases to 83.26 % at 80 °C. The low area swelling of PIL@MIL-mem
implies improved compatibility of membrane/catalyst interface as well as elevated stability of
membrane electrode assembly.

Due to the huge pore volume of MIL101, PIL@MIL-mem and MIL-mem show high water
uptake although their area swelling are very low. PIL occupies some space in the pores of
MIL101, thus PIL@MIL-mem shows lower water uptake than MIL-mem. In contrast,
polymer membranes absorb water by swelling, thus water uptake of both InPEEK and Nafion

show an identical trend with area swelling.
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Figure S6. Water loss curve of PIL@MIL-mem at 20 % relative humidity, 30 °C.

Much effort has been devoted to enhance the water retention properties of PEMs/AEMs
because water plays an important role in the proton/hydroxide ion transport, which affects the
dissociation of proton/hydroxide ion, the formation of hydrogen-bonding network and the
diffusion of ions. PIL@MIL-mem shows higher water retention than polymer membranes,
which only lose 45% of water after 95 min. By contrast, both Nafion and ImPEEK lose about
90% of water after 25 min. According to the Kelvin equation, InRH=yV,,/(rRT), the saturated
vapor pressure of water will increase in nanopores, which prevents the escape of water from
the pores of MIL101. In addition, the strong hydrophilicity of PIL also may be conducive to
the water retention. A higher water retention endows PIL@MIL-mem with potential

application at low humidity.
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Figure S7. Thermogravimetric curve of (a) Purified-MIL; (b) PIL@MIL; (c) Nafion; (d)
ImPEEK.

The PIL@MIL decomposes in three steps. The first step below 200.0 °C results from the
volatilization of water and other solvents trapped in the matrix. The second step from 200.0 to
282.0 °C is ascribed to the decomposition of imidazolium groups, which is in accordance with
the decomposition process of INPEEK (Figure S7d). The third step from 373 to 468.0 °C is
ascribed to the decomposition of organic ligands of MIL101, which is accordance with the
decomposition process of Purified-MIL. It can be concluded that PIL@MIL preserves the
thermal stability of hydroxide conductive groups, and can tolerate the normal operating

condition (<150.0 °C) for practical application of low and medium temperature fuel cells.
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Figure S8. Mechanical properties of Nafion, InPEEK, MIL-mem and PIL@MIL-mem
under (a) dry conditions; (b) wet conditions.

Under dry conditions, the tensile strengths of MIL-mem and PIL@MIL-mem are 5 and 6
MPa, respectively. By contrast, the tensile strength of Nafion and ImPEEK are 33 MPa and
44 MPa, respectively. In addition, polymer membranes exhibit good flexibility.

Under wet condition, the mechanical properties of MIL-mem and PIL@MIL-mem shows
little change, which is quite close to that under dry condition. By contrast, although the
flexibility of polymer membranes is enhanced, the tensile strength of polymer membranes is
weakened by water molecules. The tensile strength of Nafion decreases to 30 MPa, and that of

ImPEEK sharply decreases to 15 MPa.
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1 In conclusion, the overall mechanical properties of PIL@MIL-mem are worse than those of
2 polymer membranes, which is an inherent shortcoming for inorganic membranes, and should

3 be addressed in the future studies.
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Figure S9. Methanol permeabilities of membranes.

In order to explore the application potential of MIL@PIL-mem in direct methanol fuel cell
(DMFC), the methanol permeability of MIL@PIL-mem was measured at 30 °C, compared
with those of INPEEK and Nafion. Membranes for DMFC must simultaneously have high
ionic conductivity and low methanol permeability. However, the ionic conductivity always
has a strong trade-off relationship with methanol permeability, making it a challenge to
fabricate membranes having both favorable conductivity and methanol-barrier
properties.P®JAlthough the MIL-101 is highly porous, the PIL@MIL-mem shows a lower
methanol permeability than many polymer membranes, which is attributed to two factors: 1)
the pores of MIL-101 are blocked by the PILs, which are ionic electrolytes that favor ion
transport of OH- instead of methanol; 2) the framework of MIL-101 is rigid and swelling-free.
According to Kreuer,**l methanol can behave as a surfactant to weaken the interaction of the
polymer backbone, enhancing the free volume of polymer membranes and aggravating the

methanol permeability.
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2 Figure S10. The alkaline stability of membranes.

This study aims at presenting a novel, generic approach to nanochannel construction using

3

4 MOFs in AEMs; it does not address alkaline stability issue. Not surprisingly, PIL@MIL-mem

5 shows a similar degradation trend as ImPEEK, which is ascribed to the Hofmann degradation

6 reaction of imidazolium under alkaline condition. Utilization of alkaline conductive groups

7 with higher stability will likely be a feasible solution to this problem. Further exploitations on

8 MOF membranes with higher alkaline stability are ongoing.

9

16



1000/Temperature (1000/K)

2.68 2.83 3.00 319 341
350.0 7 - - — T T T 1,050
_ 300.0 £ . 1 —o—PIL@MIL-Mem
< 250.05- ; (This study)
g F o # !
b5 2000' \ i -.-0.75 = Nafion
é: 150.0 F §\g : . ] . (Thisstudy)
2 1200 \;\ . J-100 £ ° MPPER
= 100.0 F al > " ] £ (This study)
£ 3 > 3 v . = Ref S3
= 80.0f s 4T i, ] =
5 3 B ox g % 1-1.25 g v Ref S4
S 60.0F " ] S + RefS5
T 500 ) . 5\2 : 2 » RefS6
S 40.0F . Ny 17150 E . Rersy
£ 300f ot % 4 RefS8
= 25.0F . 4175 = © Refs9
20.0 © ] o RefS10
] # RefSl11

15.0 P PR R | " 1 " 1 " 1 " 1 " OI " L3 " ] _2.00
110100 90 80 70 60 50 40 30 20 10

Temperature (°C)
1

2 Figure S11. Comparative hydroxide ion conductivities of membranes reported in this

3 study and in the literature
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1 Table S1 The illustration of conductivity, intrinsic mobility and mole conductivity of
2 aqueous sodium hydroxide at 18 °C and different activitiesS!?
Activity 0.2522 0.5099 1.0420 1.3163 1.5961 2.1722 2.770
/mmol cm-3
Conductivity ~ 0.0465 0.0887 0.1626 0.1954 0.2242 0.2729 0.3093
/S cm!
Intrinsic 19.20 18.84 18.52 1843 1834 18.25 1831
mobility
/ x10* em? s
IV—I
Mole 184.5 173.7 1563 1484 1405 125.6 111.7
conductivity
/S cm? mol-!

4 Table S1 lists the intrinsic mobilities and mole conductivities of aqueous sodium hydroxide
5 at 18 °C and different activities. Although the mole conductivities of aqueous sodium
6 hydroxide continue to decrease with the increased activities, the intrinsic mobilities remain

7 similar.
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