Supplementary Information

MOF-in-COF molecular sieving membrane for selective hydrogen separation

Fan et al.



&3
&3

=40 —%0
— —i
—= —3
Addition of E ¢
PTFE holder s 0 2.melM t?o
— 32 — 3
Supported TpPa-1 Iay:r\-' g -
Co(NO;),-6H,0 solution
v/ N

Supplementary Figure 1. Optical photograph of two-stage immersion process.
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Supplementary Figure 2. XRD and SEM characterization of (a) ZIF-67 and (b) ZIF-8 crystals in

suspension after synthesis of MOF-in-COF membranes.

Supplementary Figure 3. (a) Surface SEM image and (b) corresponding EDXS mapping of the
ZIF-67-in-TpPa-1 membrane. C Kal_2, red; Co Kal, green.
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Supplementary Figure 4. XRD patterns of MOF-in-COF powders scraped from the substrate with the
insets of scraping photograph (left) and magnified zone (right). To ensure the measurement accuracy, the
MOF-in-COF powers were collected from at least 10 parallel membrane samples, and then divided into

three (1, 2, 3) parts for XRD.

Different from the previous XRD characterization of supported MOF-in-COF membrane shown in Fig. 2a,
the XRD patterns of the powdered MOF-in-COF samples scraped from the a-Al,O3 substrate were
measured (see Supplementary Fig. 4). By measuring the XRD of the scraped off powder, the strong XRD
signals of the alumina support can be avoided. To intensify the XRD diffraction peaks of ZIF-67 as much
as possible, samples of sufficient mass were needed. Therefore, we collected powders from at least 10
MOF-in-COF membranes in parallel. To ensure the accuracy, the scraped MOF-in-COF powders were
divided into three groups for the XRD measurement. By optimizing the test parameters, it is expected that
some XRD reflections related to ZIF-67 could be captured. The measurement result is shown in
Supplementary Fig. 4. It can be seen that there are several diffraction peaks assigned to the ZIF-67
appearing in the magnified XRD zone, despite they are still not very strong. This clearly indicates the
formation of ZIF-67 most probably inside the COF layer. Of course, considering the weak XRD
diffractions, we can not exclude there have been amorphous ZIF-67 in the confined COF layer. Even so,
the formed microporous network in the nano-sized COF channel is still transport-active and improves the

hydrogen separation selectivity compared to the individual COF membrane.
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Supplementary Figure 5. FT-IR spectra of the Pa, Tp and the as-synthesized TpPa-1 powder collected in

the same autoclaves as the membrane.

The spectra for TpPa-1 show the almost disappearance of the characteristic N—H stretching band of the
free diamine (3100-3400 cm ' from Pa) and of the aldehyde (1634 cm™ from Tp), indicating the complete
consumption of monomers. The peaks at 1449 cm™ and 1242 cm™, are assigned to the aromatic C=C (Ar)
and C-N bond in the keto-enamine form of TpPa-1. Simultaneously, the absence of hydroxyl (O—H) and
C=N stretching peaks and the appearance of new C=C peak at 1575 cm " reveal the keto-enamine form of

TpPa-1.

Supplementary Figure 6. SEM image of the as-synthesized TpPa-1 powder collected in the same

autoclaves as the membrane.
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Supplementary Figure 7. Typical XPS survey spectra with inserted elemental analysis.

The MOF volume fraction (vol%) could be obtained based on the Co/O atomic (molar) ratio measured by

XPS on the MOF-in-COF selective layer. According to the chemical formula of ZIF-67 (Co (2-MeIM),))

and TpPa-1 (CisH1NsO3), and their densities (0.903 and ~ 0.6 g/cm®, respectively), the estimated

loading of ZIF-67 in the MOF-in-COF matrix is about 13.3 vol%.
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Supplementary Figure 8. High-resolution XPS spectra of deconvoluted Cls (a) and Ols (b) in the

ZIF-67-in-TpPa-1 membrane.

Supplementary Figure 9. (a) SEM image and (b) corresponding EDXS elemental analysis

ZIF-67-in-TpPa-1 suspension.
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Supplementary Figure 10. (a) TEM image with inserted digital photograph of ZIF-67-in-TpPa-1

suspension (left-bottom corner). (b) High-resolution TEM image of the ZIF-67-in-TpPa-1 in suspension.

L) CcO, © CH, ‘; C:H;

Supplementary Figure 11. Schematic illustration of the gas transport through non-modified TpPa-1
membrane.

Supplementary Figure 12. (a) Surface and (b) cross-sectional SEM images of as-synthesized ZIF-67

membrane. Insert shows the optical photograph of membrane.
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Supplementary Figure 13. XRD patterns of as-synthesized ZIF-67 membrane and simulated ZIF-67.
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Supplementary Figure 14. Permeance and separation factors of the ZIF-67 membrane for equimolar

binary gases at 298 K and 1 bar.

As shown in Supplementary Fig. 14, the ZIF-67 membrane has separation factors of about 18, and 13 for
H,/CO,, and H,/CH, gas pairs, respectively. Simultaneously, the H, permeance is about 440 GPU. Both
selectivity and H, permeance are far below the MOF-in-COF membrane. The relatively low separation
selectivities are as expected because there are void/low-density or nonselective regions easily existed in the
MOF layer during the intergrowth process by the seeded-assisted in-situ solvothermal approach. Moreover,
the gate opening flexibility in ZIF-67 would also result in the poor molecular sieve performance. The low
permeance is mainly due to the intrinsic ultramicropore system of ZIF-67 and perhaps as a sequence of the

formation of impermeable regions caused by the intergrowth of crystals.



Supplementary Figure 15. Changes of gas permeance performance with the reaction time for ZIF-67 after

addition of 2-melM. (Equimolar binary gases at 298 K and 1 bar.)

As shown in Supplementary Fig. 15, the separation selectivity of the H,/CO, mixture increased
dramatically within 10 h after addition of 2-melM, and after 24 h there was only a slight further increase.
The H, permeance decreased gradually and then leveled off. For example, the H,/CO, selectivity was only
12.5 for the pristine Co**@TpPa-1 membrane (without addition of 2-melM). It has a more than two-fold
improvement (28.2) for the MOF-in-COF membrane within 10 h, but subsequently, the selectivity

increased not too much, only from 33 to 35 by extending the synthesis time from 24 h to 48 h. This
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suggests the MOF-in-COF pore structure has been formed in each 1D channel of COFs after 24 h.
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Supplementary Figure 16. (a) H,/CO, separation factor and H, permeances of the ZIF-67-in-TpPa-1

membrane as function of the temperature at 1 bar. (b) Arrhenius temperature dependence of H, and CO,
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180 T, the H,/CO, separation factor gradually decreases from 34.8 to 18. This can be explained from the
apparent activation energy (E.) for the H, and CO, which are calculated from an Arrhenius equation, as

follows (eq. 1).

P = A exp(-—) (1)
where P;, Ag and E,; represent the gas permeance, pre-exponential factor and the activation energy of
component i, respectively. R and T are the ideal gas constant and absolute temperature (K), respectively.
The In (P;) versus 1/T displays a linear correlation, and E,; can be determined from the slope. As shown
in Supplementary Fig. 16b, the calculated E, co, value is 6.8 kJ mol™* higher than that of H, (2.4 kJ mol'l).
The apparent activation energy (Eaq;) is related to the diffusion activation energy (Egi) and
adsorption heat (Qs).
Eact,i = Egir -Qq (2)
The adsorption heat of CO, is expected to exhibit higher value than that of the H,, considering the
stronger adsorption of CO; in COFs and ZIFs. Therefore, the diffusion activation energy of CO, is also

expected to be higher than H,. This indicates much more activated diffusion of CO, through MOF-in-COF

membrane at a higher permeation temperature, which leads to the decrease of H,/CO, separation factor.
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Supplementary Figure 17. XRD pattern with inserted cross-sectional SEM image of ZIF-8-in-TpPa-1

membrane.
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Supplementary Figure 18. FT-IR spectra of as-synthesized ZIF-8 powder, TpPa-1 powder and

ZIF-8-in-TpPa-1 membrane.
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Supplementary Figure 19. XRD patterns of ZIF-67-in-TpBD membrane and TpBD powder collected in

the same autoclaves as the membrane.
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Supplementary Figure 20. FT-IR spectra of as-synthesized ZIF-67 powder, TpBD powder, TpBD layer
and ZIF-67—TpBD membrane.
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Supplementary Figure 21. (a) Top-view and (b) cross-sectional SEM image of the prepared a-Al,O3

supported TpBD layer.

Supplementary Figure 23. SEM image of TpBD powder collected in the same autoclaves as the

membrane.
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Supplementary Figure 24. FT-IR spectra of the BD, Tp and the synthesized TpBD.
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Supplementary Figure 25. Schematic illustration of formation process of TpBD bumps on the surface..

SEM images show the TpBD bumps on the surface of the membrane (see Fig. 4f and Supplementary Fig.
21). The forming process is illustrated in the schematic of Supplementary Fig. 25. Initially, the reactant
molecules of 1,3,5-triformylbenzene (Tp) and benzidine (BD) in solution are adsorbed to the
aldehyde-modified a-Al,O3 surface. Due to the lower interfacial energy and thermodynamic barrier, it
would lead to kinetically faster surface nucleation and promote in plane lateral growth of TpBD'. In this
process, in the solution the non-adsorbed monomers are also nucleated and grown into the multilayers
either through stacking of metastable nanosheets, or through template growth. Once crystallites are formed,
these 2D multilayers are easily aggregated into the polycrystallites in shape of near-spherical structure

under the effect of surface tension and interaction between multilayers®®. Subsequently, these
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solution-grown polycrystallites consisting of 2D TpBD nanosheets adhere or deposit on top of previous
COF layers. Furthermore, through the error-checking and self-correction from the templating effect of the
underlying surface layers, they are allowed to rearrange and grow as new layers along the surface normal.
But the spherical polycrystallites which have not enough time to completely reinstate the in-plane

orientation to the substrate will form the bumps on the surface.
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Supplementary Figure 26. Permeance and separation factors of the non-modified TpBD membrane for

equimolar binary gases at 298 K and 1 bar.
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Supplementary Figure 27. Schematic illustrating the formation process of MOF-in-COF structure.
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Supplementary Figure 28. Atomic structure of (a) TpPa-1 and (b) ZIF-67-in-TpPa-1. Simulation system
with snapshot at 0, 100 ps for the permeation of an equimolar H,/CO, (30 H, and 30 CO, molecules in the

feed chamber) mixture through (a) TpPa-1 membrane and (b) ZIF-67-in-TpPa-1 membrane.
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Supplementary Figure 29. Molecular structure of (a) TpPa-1 and (b) ZIF-67-in-TpPa-1. Simulation
system with snapshot at 0, 100 ps for the permeation of an equimolar H,/CO, (30 H;and 30 CH,
molecules in the feed chamber) mixture through (a) TpPa-1 membrane and (b) ZIF-67-in-TpPa-1

membrane.
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3. Supplementary Tables (Table 1 to Table 3)
Supplementary Table 1 Single and equimolar mixture gas permeances (GPU) and separation factors for

the ZIF-67-in-TpPa-1 membrane at 298 K and 1 bar.

Performance of the ZIF-67-in-TpPa-1 membrane

Knudsen Single gas Mixed gases
Gasi/j
constant Permeance (i)  Permeance (j) Ideal separation Permeance (i)  Permeance (j) Separation
(GPU) (GPU) factor (GPU) (GPU) factor
H,/CO, 4.7 97.8 38.3 3671.1 105.3 34.9
H,/CH,4 2.8 99.2 37.8 3252.7 97.7 33.3
3752.1
Ha/C3He 4.6 318 117.7 3347.2 30.3 110.5
H,/C3Hs 4.7 18.1 206.8 3212.2 16.6 192.7
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Supplementary Table 2 A summary of the H,/CO, separation performance of various membranes.

Thickness | Temperature H, permeance Separation factor
Membrane materials Reference
(um) (T (GPU) (H2/CO;)
AIPO4 6 35 990.3 9.7 5
A-type 3.8 35 294.7 9.4 6
DDR+CVD 15 550 58.9 32.7 7
LTA 10 20 2387.4 10.9 8
LTA (ITQ-29) 12 300 1178 7.8 9
LTA (triple layer) 105 100 471.6 125 10
LTA (ALPO,) 25 200 560 10.9 11
Zeolite MFI+CVD 2 450 442.1 8.2 12
MFI+CCD 2 500 29.5 45.6 13
NaA 5 65 1491.4 92 14
SAPO-34 26 30 26526.8 16.7 15
SAPO-34/Pd (CVD) 25 30 4362.2 20.8 16
B-ZSM-5+MDES 35 400 294.7 47 17
ZSM-5/Silicalite-1 10 500 353.7 23 18
ZSM-5/Silicalite-1 9.5 25 377.3 253 19
HKUST-1 60 25 2947.4 6.8 20
ZIF-7 15 200 2272 6.48 21
ZIF-22 40 50 489.3 7.2 22
NH,-MIL-53 (Al) 15 15 5850.6 30.9 23
Amine-Mg-MOF-74 10 25 224 28 24
MOF
ZIF-7 2 200 27.1 8.4 25
ZIF-8 12 25 294.7 6 26
ZIF-8 2 25 1267.4 3.28 27
MIL-96 (Al) 8 RT 1532.6 8.8 28
Zny(Bim)s 0.01 200 1918.8 128.4 29
PIM-EA-TB 181 25 421 1.09 30
PIM-SBI-TB 157 25 138.2 0.76 30
mPBO -- 210 51 6.2 31
PHBOA (8:2) - 210 1 8 32
Polybenzimidazole (PBI) - 270 3.2 20 33,34
POM
Pure PBI -- 35 1.8 8.6 35
Pure PBI -- 35 0.058 7.1 36
PBI 10 150 2.6 16 37
BILP-101x (400 nm) 0.4 150 242 39.5 38
NUS-2@PBI 50-100 35 0.059 18.78 39
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[COF-300]-[Zn2(bdc)2(dabco)] 97 RT 1344 1256 40
[COF-300]-[ZIF-8] 100 RT 1055.2 135 40
COF-300 40 RT 2688 6.0 40
COF-LZU1 05 25 3684.3 6.0 41
ACOF-1 0.6 25 2019 141 41
COF-LZU1-ACOF-1 1 25 660.2 24.2 41
CTF-1 01 RT 5010.6 174 42
TpPa-1-30/GO-10 03 25 3144.9 2557 43
[COF-300]-[Ui0-66] 100 RT 11731 172 44
ZIF-67-in-TpPa-1 1 25 3671.1 349
ZIF-8-in-TpPa-1 1 25 3920.1 231 This work
ZIF-67-in-TpBD 0.9 25 37727 27.9

POM: Porous organic materials; MOFs: Metal-organic frameworks; PIMs: Polymers of intrinsic microporosity; TR polymer: Thermally rearranged

polymer; PBI: Polybenzimidazole; POFs: Porous organic frameworks.
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Supplementary Table 3 A summary of the H,/CH, separation performance of various membranes.

Thickness Temperature H, permance Separation factor
Membrane materials Reference
() (T (GPU) (H2/CHy)
AIPO-18 4-10 25 265.3 18.7 45
FAU 2.7 50 551.2 9.9 46
FAU 2.5 100 1179 4 47
Ag-LTA 4.5 50 677.9 213 48
SAPO-34 15 25 70.7 25 49
Zeolite SAPO-34 10 200 159.2 7.9 50
SAPO-34 4 25 20514 14.7 51
SAPO-34/Carbon 2 25 294.7 97 52
SSZ-13 4-6 200 533.4 16 53
SSZ-13+CLD 5-6 25 1040.4 5.9 54
Zeolite L/Carbon 3-4 25 294.7 62.6 55
Zeolite L/Carbon 34 25 26.5 103 56
HKUST-1 3 RT 5924.3 5.4 57
HKUST-1 20 RT 884.2 8.8 58
ZIF-7-8 2 25 250.5 11.4 59
ZIF-8 0.5 25 24463.6 16.2 60
ZIF-8 1 RT 59243.1 9.1 61
ZIF-8 2 RT 1797.9 10.2 62
ZIF-9 30 25 1606.3 10.35 63
ZIF-90 20 200 571.8 18.9 64
ZIF-90 20 225 854.7 70.5 65
MOF
ZIF-94 7 35 47.2 85.6 66
ZIF-8 35 35 589.5 10.5 67
ZIF-8 30 25 178 11.2 68
ZIF-8 20 150 648.4 315 69
ZIF-8 2 RT 4539 13 70
ZIF-8 6 RT 468.6 11.4 71
ZIF-8 20 RT 433.3 12.5 72
ZIF-90 20 225 840 70.5 73
2ablm-VPLT-RTD-ZIF-8 3 25 442.1 140 74
PIM-EA-TB 181 25 421 111 30
PIM-SBI-TB 157 25 138.2 49 30
POM
TPIM-1 - 25 87 53 75
TPIM-2 - 25 215 36 75
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CoPI-TB-4 - 35 219 37 76
CC3 0.05 RT 4509.5 16.5 7
TpPa-1(40)@PBI-Bul 56.5 35 0.327 165.5 78
TpBD(50)@PBI-Bul 70.24 35 0.595 139.7 78
COF-320 4 RT 1671.2 25 79
COF-LzU1 0.5 25 3389.5 9.65 41
ACOF-1 0.6 25 1744.8 24.67 41
COF-LZU1-ACOF-1 1 25 536.4 100.2 41
ZIF-67-in-TpPa-1 1 25 3252.7 333
ZIF-8-in-TpPa-1 1 25 3743.2 22.1 This work
ZIF-67-in-TpBD 0.9 25 3566.4 24.9
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