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Fig. S1 CO2 adsorption isotherm of ZIF-8 at 35 °C. Experimental data is taken from Ref. [1]. 
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Fig. S2  The solubility of pure Matrimid® membranes after annealing at (a) 250 °C and (b) 350 °C. 
The latter is indicated by the red arrow. 
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Fig. S3 The proposed thermo-oxidative cross-linking mechanism for Matrimid®.
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Fig. S4 The proposed cross-linking mechanism of the MOF in the MMM. It should be noted that this mechanism is 
shown separately for clarity. In the MMMs, this mechanism and the polymer cross-linking occur simultaneously.
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Fig. S5 The TGA plot (solid lines) and derivatives (dotted lines) of the Matrimid® membranes.

Fig. S6 The TGA plot (solid lines) and derivatives (dotted lines) for MMMs with 40 wt.% ZIF-8 
loading. 
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Table S1 The tensile strength of Matrimid® and MMMs with 40% ZIF-8. 
Sample Tensile strength (MPa)
Matrimid® treated at 100 °C (M100) 85.3
Matrimid® treated at 160 °C (M160) 101.8
Matrimid® treated at 250 °C (M250) 118.6
Matrimid® treated at 350 °C (M350) 135.2
MMM with 40% ZIF-8, treated at 100 °C (Z8-40-100) 6.3
MMM with 40% ZIF-8, treated at 160 °C (Z8-40-160) 5.2
MMM with 40% ZIF-8, treated at 250 °C (Z8-40-250) 12.0
MMM with 40% ZIF-8, treated at 350 °C (Z8-40-350) 33.8

Fig. S7 The dependency of the membrane tensile strength on the heat 
treatment temperature.
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Fig. S8 The ATR-FTIR patterns of the (a) Matrimid® and (b) MMMs with 40 wt.% ZIF-8 loading as a 
function of temperature.
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Fig. S9 The XPS patterns of MMMs with ZIF-8 (40 wt.%) treated at (a) 100 °C and (b) 350 °C
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Fig. S10  The XRD plots of (a) Matrimid®  and MMMs with (b) 20 wt.% and (c) 30 wt.% ZIF-8. 
MMMs with (d) 20 wt.%, (e) 30 wt.%, (f) 40 wt.% ZIF-7 loading are also given. 
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 Fig. S11 The XRD pattern of ZIF-8 powder subjected to thermal treatment at 350 °C.
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Fig. S12 XRD patterns of amorphous ZIF-8 obtained by ball-milling and as-synthesized ZIF-8.
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Fig. S13 SEM images of (a) as-synthesized ZIF-8 and (b) amorphous ZIF-8 obtained by ball-
milling.
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Fig. S14 N2 adsorption-desorption isotherms of (a) as-synthesized ZIF-8 and (b) amorphous ZIF-8 
prepared by ball-milling.

Table S2 Physicochemical properties of as-synthesized ZIF-8 and amorphous ZIF-8 prepared by 
ball-milling.
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Fig. S15 ATR-FTIR spectrum of MMM prepared from amorphous ZIF-8 prepared via ball-milling. 
The inset shows the enlarged region from range 2000-1000 cm-1 indicating the peak at 1600 cm-

1 is assigned to C=O stretching vibration attributed from polymer-polymer crosslinking.
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Fig. S16 (a,b) Top view and (c,d) cross-sectional SEM images of MMM filled with amorphous ZIF-8 
prepared by ball-milling (30 wt.%) viewed at different magnifications.
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160 °C 250 °C 350 °C
t= 0 days t= 2 days t= 0 days t= 2 days t = 2 days

Fig. S17 The solubility of MMMs with ZIF-7, after annealing at 160 °C, 250 °C, and 350 °C. Similar 
to ZIF-8, the MMMs with ZIF-7 were effectively cross-linked by the treatment at 250 °C and 350 
°C and the presence of the MOF. 

Fig. S18 The gas separation performance of the MMMs with ZIF-7.
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Table S3 The gas separation data of MMMs[1] and polymeric membranes from this work and literature.

Polymer MOF Loading, 
wt.%

Treatment Measurement conditions[2] CO2 permeability, 
Barrer[3]

CO2/CH4 selectivity Ref.

100 ℃, 24 h, in air 5.6±0.7 22.3±0.2 This work
160 ℃, 24 h, in air 8.2±0.2 31.6±1 This work
250 ℃, 24 h, in air 5.3±0.2 40.4± 3.5 This work

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

7.4±0.7 76.3±0.8 This work
Matrimid® none 0

350 ℃, 24 h, in air
40 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

2.6±0.02 90.8±4.2 This work

Matrimid® Amorphous ZIF-
8 (ball-milling) 30 350 ℃, 24 h, in air 10 bar, 35 ℃, 

50 vol% CO2/50 vol% CH4
47.9±0.48 0.83±0.001 This work

100 ℃, 24 h, in air 19.3±3.6 22.4±3.2 This work
160 ℃, 24 h, in air 20.8±6 44.3±4.5 This work
250 ℃, 24 h, in air 4.5±0.5 60.0±3.4 This work

20

350 ℃, 24 h, in air

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

2.8±0.1 91.3±11.7 This work
100 ℃, 24 h, in air 19.6±4.9 18.6±4 This work
160 ℃, 24 h, in air 46.2±9.6 24.3±2 This work
250 ℃, 24 h, in air 3.4±0.2 111.4±18.1 This work

30

350 ℃, 24 h, in air

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

4.5±0.6 162.0±6.6 This work
100 ℃, 24 h, in air 6.5±0.4 18.4±2.4 This work
160 ℃, 24 h, in air 56.6±4.7 20.0±1.8 This work
250 ℃, 24 h, in air 11.8±1.3 52.6±1.9 This work10 bar, 35 ℃, 

50 vol% CO2/50 vol% CH4 4.9±1.2 91.5±12 This work

Matrimid® ZIF-8

40

350 ℃, 24 h, in air
40 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

1.9±0.01 134±7.6 This work

100 ℃, 24 h, in air 6.1±1.4 25.4±1.4 This work
160 ℃, 24 h, in air 6.1±0.7 32.8±3.9 This work
250 ℃, 24 h, in air 5.4±0.5 56.1±1 This work

20

350 ℃, 24 h, in air

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

5.4±1.1 112.0±8.4 This work
100 ℃, 24 h, in air 6.1±0.4 26.8±3.4 This work
160 ℃, 24 h, in air 5.4±3.5 40.6±1.4 This work
250 ℃, 24 h, in air 5.0±1.2 91.5±12 This workMatrimid® ZIF-7

30

350 ℃, 24 h, in air

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

5.1±0.8 147.2±11.4 This work
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100 ℃, 24 h, in air 5.7±1.5 24.5±8 This work
160 ℃, 24 h, in air 11.8±1.3 52.6±1.9 This work
250 ℃, 24 h, in air 7.8±2 114.4±9.6 This work

10 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

4.5±1.7 155.8±11.5 This work
40

350 ℃, 24 h, in air 40 bar, 35 ℃, 
50 vol% CO2/50 vol% CH4

1.9±0.05 140±11.5 This work

Matrimid® ZIF-8 20 180 ℃, 18 h, in 
vacuo

4 bar, 22 ℃ 12.96 41.5 2

Matrimid® ZIF-8 50[4] 240 ℃, overnight, 
in vacuo

2 bar, 35 ℃, 10 mol% CO2/90 
mol% CH4

[5] 89.15 3

Matrimid® CuBDC 
(nanosheet) 8.2 180 ℃, 12 h, in 

vacuo
7.5 bar, 25 ℃, equimolar 
CO2/CH4

2.78 88.2 4

Matrimid® Ni2(dodbc) 23 120 ℃, 24 h, in 
vacuo

10 bar, 35 ℃, equimolar 
CO2/CH4

14.7 32.5 5

Matrimid® MIL-53 15 80 ℃, 24 h, 150℃, 
in vacuo

3 bar, 35 ℃ 12.43 51.8 6

Matrimid® Cu-BTC 30 90 ℃, 24 h 4 bar, 35 ℃, 35 vol% CO2/65 
vol% CH4

176 23 7

Matrimid® MOF-5 10 240 ℃, 24 h, in 
vacuo

2 atm, 35 ℃ 11.10 51 8

Matrimid® MIL-53(Al)-NH2 25 180 ℃, 10 h, in 
vacuo

3 bar, 0 ℃, equimolar CO2/CH4 107 3.9 9

Ultem Cu-BTC 35 in vacuo 3.5 bar, 35 ℃ 4.1 34 10
PEI Cubic-MOF-5 25 70 ℃, 2 d, in vacuo 6 bar, 25 ℃ 5.39 23.43 11

PSf MIL-53(Al)-NH2 25 180 ℃, 10 h, in 
vacuo

3 bar, 35 ℃, equimolar CO2/CH4 5.5 27.5 9

PSf MIL-68(Al) 8 120 ℃, 24 h, in 
vacuo

2 bar, 35 ℃, equimolar CO2/CH4 5.7 36.5 12

PMP MIL-53(Al)-NH2 30 50 ℃, 12 h, in 
vacuo

30 ℃ 358.2 24.4 13

ODPA-TMPDA Cu-BTC 40 200 ℃, 24 h, in 
vacuo

2 atm, 35 ℃ 260.7 27.75 10

6FDA-ODA UiO-66 25 230 ℃, 15 h, in 
vacuo

10 bar, 35 ℃ 50.4 46.1 14

Pebax ZIF-7 34 Room 
temperature, 24 h

3.75 bar (CO2), 7.5 bar (CH4), 
20 ℃

41 44 15

PVC-g-POEM ZIF-8 (hollow 30 50 ℃, 4 h, in 1 bar, 35 ℃ 623 11.2 16
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sphere) vacuo, 24 h
Poly(vinylidene 
fluoride) Cu-BTC 10 120 ℃, 24 h, in 

vacuo
5 bar, 25 ℃ 2.002 41.7 17

Poly(phenylene 
oxide) Cu-BTC 40 200 ℃, 24 h, in 

vacuo
30 ℃ 115 34 18

Ultem none 0 120 ℃, 24 h, in 
vacuo

3.5 bar, 35 ℃ 1.48 37 19

Poly(methyl 
methacrylate) none 0 >Tg 5 atm, 35 ℃ 0.35 60 20

Matrimid® none 0 130 ℃, overnight, 
in vacuo

1 atm, 35 ℃ 8.7 36.3 21

Poly(ether 
sulfone) none 0 Compression 

molding, 300℃
10 atm, 35 ℃ 2.8 28 22

PEEK none 0 Tg+5 ℃ 10 atm, 35 ℃ 0.963 31 23
Brominated 
Matrimid® 
5218 PI

none 0
250 ℃, 48 h, in 
vacuo

10 atm, 35 ℃ 13.3 30.2 24

Cellulose 
acetate none 0 150 ℃, 48 h, in 

vacuo
10 atm, 35 ℃ 3.04 38 25

Poly(vinylidene 
fluoride) none 0 120 ℃, 24 h, in 

vacuo
5 bar, 25 ℃ 0.915 21.27 17

Poly(vinyl 
chloride) none 0

Room 
temperature, 2 h, 
in vacuo

1 bar, 25 ℃ 0.54 22.5 26

PDMS none 0 75 ℃, 45 min, 
25℃, 3 d

4 bar, 35 ℃ 3970 4 27

Polysulfone none 0 Tg+10 ℃, 2 d, in 
vacuo

10 atm, 35 ℃ 5.6 22 28

Polycarbonate none 0 Tg+10 ℃, several 
days, in vacuo

10 atm, 35 ℃ 6.8 18.9 29

Polystyrene none 0 85 ℃, 24 h 4.4 atm, 23 ℃ 14.1 18.1 30
PPO none 0 [6] 1 atm, 35 ℃ 82 12.8 31

Ethyl cellulose none 0 25 ℃, 20 h, 60% 
relative humidity

2 bar, 25 ℃ 67.7 11.1 32

Torlon none 0 250 ℃, overnight, 
in vacuo

10 atm, 35 ℃ 0.83 27.8 33
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 [1] For each reference, the best performance was listed
[2] If a gas mixture composition is not listed, the data represents pure gas measurements
[3] 1 Barrer = [10−10 cm3 (STP) cm/(cm2 s cmHg)]
[4] Loading calculated as (wt. MOF)/(wt. polymer)
[5] Not reported
[6] Rate of permeation is reported as GPU, 1 GPU = [10−6cm3(STP)/(cm2 s cmHg)]= [3.35 x 10−10 mol/(m2 s Pa)]
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