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Figure S1. Effect of solution pH on average boehmite sol particle size using HNO;
measured by DLS in previous studies.
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Figure S2. Applications of boehmite nanoparticles and inorganic porous membranes.
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Figure S3. Boehmite sols. a) Photo of boehmite sols synthesized using various acids
(H*/alkoxide = 0.1). b) Photo of boehmite sols using HCI at various H/alkoxide ratios.
¢) Average nanoparticle diameter in the boehmite sols using various HCI concentrations
as measured by DLS.
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Figure S4. Photos of boehmite sols with different molar ratios of H*/alkoxide using

HNOs;. Top: Containers with sol solutions. Bottom: Inverted containers showing
sediment or gel formation.
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Figure S5. Particle size distributions of boehmite sols produced using different molar

ratios of H*/alkoxide measured by DLS. a) initial size; b) stable size.
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Figure S6. XRD pattern of the boehmite sols dried at 80 °C on quartz plates for the
three H*/alkoxide ratios used in the y-alumina intermediate layer synthesis step. The

signals are compared to boehmite from the American Mineralogist Crystal Structure
Database (AMCSD, code: 0014001).
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Figure S7. HRTEM of boehmite sample prepared with H*/alkoxide of 0.025.
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Figure S8. AFM of boehmite particles from different molar ratios of H/alkoxide. The
boehmite sols were coated on quartz plates and dried in air at room temperature before
characterization. The area of the images is 500 %X 500 nm.



Figure S9. SEM images of the stable boehmite sols produced from different molar
ratios of H*/alkoxide. The boehmite sols were dried in air at room temperature before
characterization. Scale bar: 250 nm.
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Figure S10. AFM images of the y-alumina layers produced using different molar ratios
of H*/alkoxide after dip-coating and calcining at 650 °C on quartz plates. The area of
the primary images is 5 um x 5 um, and the inserted subfigures (bottom right corner)
has an area of 500 nm x 500 nm.
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Figure S11. DLS measured particle size distributions for the optimized sols selected
for membrane preparation. Solid lines indicate boehmite particles in acid solution
without PVA, and dashed line indicates result after PVA addition.
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Figure S12. XRD pattern for the y-alumina powder produced from each boehmite sol
after calcination at 650 °C on quartz plates. The signals are compared to y-alumina from
the American Mineralogist Crystal Structure Database (AMCSD, code: 0010553).
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Figure S13. Thickness evaluation for each dipping solution after calcination at 650 °C
on quartz plates using SEM cross-sectional images. al) and a2): 1% dipping solution;
bl) and b2): 2" dipping solution; c¢1) and ¢2) 3 dipping solution; d) average particle
size. Scale bar: 100 nm.
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Figure S14. Feature size estimation using AFM images a) bare zirconia support, b)
resultant y-alumina intermediate layer after the dip-coat and calcination process, and c)
Si-Ta composite membrane after CVD process (same images shown in Figure 4, sans
particle annotations). The feature size distributions are respectively shown in d) - f),
and the average feature size is exhibited in e). 30 features, 50 features, and 100 features
were randomly selected for the size estimation in a), b), and ¢), respectively.
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Figure S15. SEM and EDS images of the composite Si-Ta membrane. Scale bar: 500
nm.
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Figure S16. XPS spectra of the Si-Ta composite membrane surface.
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Figure S17. Analysis of the XPS spectra of Ta on the Si-Ta composite membrane
surface. The residual (blue line) is the difference between the XPS spectra of the Si-Ta
membrane (black line) and that of a silica control membrane synthesized without
tantalum (red line).
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Figure S18. Comparison with literature reports of H, permeance change after
hydrothermal stability test versus final H, permeance. Open symbol: sol-gel method;
filed symbol: CVD method.



Table S1. Boehmite nanoparticle size from DLS using several acids.

H;PO4, H,SO, HCI HCIOy CH3;COOH HCOOH HNO;

H*/alkoxide 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Size / nm 870 - 81 58 81 80 53

Table S2. XRD crystal domain of boehmite sol and y-alumina particle from Scherrer
analysis.

Crystal domain / nm

Ratio of XRD
H*/alkoxide
Boehmite  y-Al,O3
0.025 34 5.5
0.07 - -
0.10 3.2 4.1
0.15 3.2 5.6
0.20 - -
0.30 - -

Table S3. Summary of particle size measurement. DLS and SEM represent particle
sizes of boehmite sols, and AFM provides the results from both boehmite sol and -
alumina after calcination at 650 °C.

Particle size / nm

HSZII‘(‘;‘SLG DLS SEM AFM
Boehmite Boehmite Boehmite y-Al,O4
0.025 210 56 31 33
0.07 65 53 23 27
0.10 51 47 22 22
0.15 90 49 20 23
0.20 145 50 17 25

0.30 220 53 16 27




Table S4. Surface roughness calculation of boehmite sol and y-alumina particle from
Rj3z values in AFM characterization. y-Al,O; without PVA is calculated from the
calcination of boehmite sol, and y-Al,O3 with PVA is the result from calcination of dip

coating solution, which is prepared by boehmite sol mixed with PVA. The calcination
temperature is 650 °C.

Surface roughness / nm

Ratio of AFM
H*/alkoxide Boehmi v-ALO; v-ALO;
ochmite - ithout PVA  with PVA
0.025 37 41 44
0.07 20 24 -
0.10 16 11 15
0.15 16 14 20
0.20 14 15 -
0.30 12 23 -

Table S5. EDS elemental distribution on the surface of Si-Ta and pure silica composite
membranes collected at 15 kV accelerating voltage.

Molar

(0] Al Si Ta Zr ratio of

Ta/Si

Si0,-Ta,05 wit% 64.6 18.5 15.0 1.8 0 .

1.9x10
membrane G 2.9 1.1 1.3 3.9 0
Pure SiO, wt% 63.3 20.5 16.2 0 0

0

membrane o 1.0 0.7 0.9 0 0

Table S6. XPS and ICP elemental distributions of the Si-Ta membrane.

Molar ratio of
Ta/Si

ICP 49.2 46.4 1.86 0.07 2.41 5.8x1073

wt% (0] Al Si Ta Zr

XPS 50.0 - 493 0.71 - 2.2x1073




Table S7. Summary of previous reports on silica-based porous membranes.

v q —
Support embraTle Test Membrane > Selectivity
Membrane Support . synthesis . permeance / Symbols
. Precursor Method . pore size temperature | thickness/ g Ref.
material material temperature mol m? s! Hy/N, H,/CH, H,/0, in Fig. 5
/nm /°C um
/°C Pa’!
. . \%
Si0; SiH,+0, CVD gf:;r 4 450 600 0.1 1.40x10% | 3000 - - ® [1]
Porous 6
Sio TEOS+O CVD 4 200 200 - 5.00x10° 11 - 2
2 : glass (He/O,) A 2]
. . %
Si0, SiH,+0, CVD gly:s‘;r 4 450 600 0.1 4.05%1010 | 300 - - \ 4 [3]
Si0, SiCl,+H,0 CVD Vycor 4 800 450 ; 22x10% | 7000 - - ¢ [4]
glass
. \% 9.00%10° 250 - -
Si0, TPS+0, CVD yeor 4 750 750 3 4 [5]
glass 1.83x10% 146 - -
C1;Si0SiCl;+H,0 2.20%10° 1360 - -
SiO C1:SiOSiCl,0SiCl CVD Vycor 4 700 700 - ’ [6]
? ISIESI 2SI glass 3.29x10% | 813 - -
+H,0
TEOS+O v 1.73x108 880 - -
SiO, : 2 CVD yeor 4 300 600 - ¢ [7]
SiCl,+H,0 glass 9.95x10° | 2040 - -
_ 600 2.00x10° 1000 - -
SiO, TEOS CVD a-ALO; | 110-180 600 0.05-0.1 ¢ [8]
500 3.00x107 100 - -
v 2.43x108 471 - -
Si0, SiCl,+H,0 CVD yeor 4 750 600 0.04 & [9]
glass 8.84x10° 1200 - -
SiO, TEOS+0, CVD v-ALOs 4 600 600 1.5 1.03x10° 28 - - w [10]
Sio TEOS+O CVD ALO 4 300 600 1.5-3 488107 56 - - D [11]
1 - -
2 ? ARt 8.07x10° 20 - -




SiO, TEOS Sol-gel | 0-ALO; 160 400 200 0.06-0.12 | 2.86x10° | 318 773 11.4 A | 12
- 150 - 200 -
Si0,+TiO, TEOS+TIP Sol-gel | 0-AlLO; 160 400 0.06-0.15 | ~1x107 O [13]
200 - 160 -
128x107 | 424 _ ]
700 700
7.66x10% | 2476 - -
9.80x10% | 359 _ ]
700 600 5.16x10% | 4667
. . Vycor 16X 10" - -
Si0 SiCl4+H,0 CVD 4 3-10 14
? e glass 1.22x107 | 1269 ] ] > L14]
800 800
8.55x10% | 3515 - -
2.06%10% | 739 - ]
800 600
2.06%10% | 1556 - -
450 6.28x10% | 1112 ] -
Vycor 600 570x10% | 989 - -
glass
. . 700 541108 | 625 - -
SiO, SiCl+H,0 CVD 4 600 - - B [15]
Vyeor glass 450 2.09%10 4819 - -
with carbon 600 4.15x107 8190 - -
barrier 700 6.19x107 | 7776 - }
SiO, TEOS CVD a-ALO; 150 650 600 0.5 120x107 | 3.74 - - [16]
Si0, DES+0, CVD \;f:sosr 4 450 450 ; 1.60x10% | 800 - - W | o7
_ 3.00x10°7 100 - -
SiO, TEOS CVD a-ALO; 150 600-700 600 0.1 O | s
6.50x10% | 3250 - -
SiO, TEOS CVD a-ALO; 150 600 600 - 225x10% | >2250 - - > [19]
SiOy+ALO; | TEOS, ATSB+0, | CVD - 4 400 400 0.13 1.99x10-% 40 - - A [20]
SiO, TEOS CVD a-ALO; | 110-180 | 500-650 600 - 2.20%10°8 43 - - V¥V | o




PTES 500 200 - 5.70x10°8 33 - -
DPDES 500 200 0.2 5.00%107 64 - -
. 2.00x10° - 500 - >
Si0, TEOS Sol-gel | o-ALO; 160 400 200 0.03 oorier T 5T 3000 : [22]
SiO, SiAci 0, CVI a-ALO; 80 275 250 - 4.00<107 | 43 - - d |
SiO, TEOS Sol-gel | a-ALO; 160 400 20 0.03 1 85x10° | 64 ol 20 > 4
25 7.33x107 59 844 19
1.99x10% | 2013 - -
Si0, TEOS CVD Zly;(;r 150 600 20-600 - 3.99x10° | 400 - - O | s
9.91x10° | 1008 - -
SiO, TEOS CVD | a-ALO; | 110-180 900 600 0.1 1.05x10% | 107 - - ® | ¢
Si0, TEOS CVD | o-ALO; 50 600 600 0.1-02 | 6.00x10° | 160 - - Y |7
SiO, TEOS+MTES | Solgel | o-ALO; 160 400 100 0.06 227x10° | 825 | 853 | 583 T | 28
23000-
SiO, TEOS+O, CVD Vyeor 4 600 600 - 1-80~107 ” 27000 ) D | 29
glass 25010 | 10000 - -
$i0, TEOS+05+0, CVD Vycor 4 200 40 - 200107 | 670 ; - Vv | 5o
glass 2.95x108 355 405 34
SiO, TEOS CVD | o-ALO; 10 600 600 <1 7.69x10° | 135 ] ] [31]
SiO, TEOS Sol-gel | y-ALO; 5 300-500 80 0.03 335<107 | 317 | 1270 - /N | B2
SiO, TEOS CVD | a-ALO; 150 600 450 ] 159x107 | 20 14 ] 3 | B3]
Si0, TEOS+TIPT+0, | CVD \g:s,(;r 4 600 600 - 14010 | 1000 - - ® | B4
SiO, TEOS+0, CVD P;;O;Sls 2 450 200 - 4.30%10° 100 - - B [35]
SiO, TEOS CVD | a-ALO; | 110-180 600 600 - 4.00<107 | 150 - - | 36




100 2.40x107 78 235 ]
SiO, TEOS+MOTMS | Sol-gel | o-ALO; 150 600 200 - 4.04x107 90 185 - O | B7
300 6.80x107 30 115 -
SiO, TEOS CVD a-ALO; | 110-180 600 450 0.15 1.00x1077 12 19 - RS
Si0+Z10, | TEOS+ZTBO Sol-gel | 0-ALO; 1000 500 ] <1 3.40x107 | 193 ] - ' [39]
Si0, TEOS Sol-gel | a-ALO; 1000 500 300 1 1.30x10° ] 150 - O] o
SiO, TEOS Sol-gel | a-ALO; ; 360-570 10 ; 3.84x10° ’ ’ > ORREN
200 1.82x10° 16 ] 45
Si0,+Zr0, | TEOS+ZTBO Sol-gel | a-ALO; 1 570 500 - 1.58x107 | 220 - - Sz | 42
Si0, TMOS CVD \;ly:;r 3.6 600 600 0.01 1.00x10% | 10769 | 20000 - A | 4
Si0,+NiO | TEOS+Ni(NOs), | Sol-gel | a-ALO; 1000 180-190 200 - 6.70x107 - 350 - > | 4
SiO, TEOS Sol-gel | a-ALO; fgg(') 500 200 025-030 | 1.50x10° 18 - - > | 5]
SiO, TEOS CVD a-ALO; 100 600 600 ] 1.80x10% | 63.7 ] - | 46
SiO, TEOS+MOTMS | Sol-gel | a-ALO; 150 600 100 ] 1.58x1077 39 88 S e
Si0, TEOS CVD a-ALO; 5 600 600 002003 | 00107 | 1000 _ - ¢ [48]
1.20x10°7 ] 2800 ]
SiO, TEOS Sol-gel | a-ALO; 80 500 200 0.02-0.05 | 1.05x10° 15 - - ' [49]
SiO, TEOS Sol-gel | 0-AlLO; 1000 500 500 <1 2.60x10°7 87 - - ] 0]
SiO, TEOS CVD a-ALO; 5 600 600 ] 3.00x107 - 300 - Y| 51
SiO, TMOS+0,/0; CVD a-ALO; 100 600 600 ; 1.50x107 | 1000 - - P | 52
SiO, TEOS Sol-gel | a-ALO; 300 600 600 <0.02 238x106 | 102 - - O] 53
Ni/SiO, | TEOS+Ni(NO:), | Sol-gel | o-ALO; 1000 550 500 0.5 1.03x10° | 160 ] - )| 4]
SiO, TMOS+0, CVD a-AlLO; - 600 500 0.02 6.70x10% | 145 - - D | 55




500 1.59x107 | 710 -
500 300 9.05x10% | 2640 -
100 3.07x10% | 5950 -
SiO, TEOS CVD a-AlLO; 5 650 600 - 1.00x10”7 - 700 ® [56]
SiO, TEOS+O, CVD a-AlLO; 100 600 600 - 438x<10% | 2900 | 2400 [ ] [57]
SiO, TEOS CVD a-AlLO; 100 600 600 0.02-0.03 | 5.00x107 | 5930 | 5900 | 58
SiO, TMOS+0, CVD a-ALO; 100 600 600 - 6.43x107 | 2300 - [ ] [59]
TMMOS 600 600 3.00x107 | 211 -

Si0, PrivMos CVD a-ALO; 100 - 110x107 » - D [60]
TMOS 500 500 9.10x10% | 540 -
PhTMOS 1.30x1077 35 -

SiO, TEOS+0, CVD a-ALO; 150 600 300 - 5.00x10°8 - 24000 ® | o

Stainless
SiO, TEOS Sol-gel | steel (SUS | 500 600 291 1 4.32x10° 2 - ] [62]
316)

SiO, TMOS+O, CVD a-AlLO; 150 600 500 23 2.98x10% | 12200 - > [63]

SiO, TMOS+0, CVD a-ALO; 100 600 600 - 1.40x107 | 10000 - © | 64

SiO, DMDPS+0; CVD a-ALO; 100 600 300 - 1.50x10° 158 - <4 [65]

PTMS+O, 1.88x107 | 1010 -

SiO, TEOS CVD a-AlLO; - 400 400 - 7.00%10°7 57 - O | 166
Si0,+C0;04 | TEOS+Co(NOs), | Sol-gel | a-ALO; 1000 600 500 - 4.00x107 | 730 - ] [67]
Si0,+C0;04 | TEOS+Co(NOs), | Sol-gel | a-ALO; f gg(') 500 200 - 3.40x10% | 275 - O] 681
SiOy+ALO; |  TEOS+ATSB CVD a-ALO; 100 600 600 0.03-0.04 | 1.60x107 - 940 <4 [69]
SiO,*Nb,Os | TEOS+NPB Sol-gel | 0-ALO; ] 500 200 0.03 6.30x10°7 150 560 O | o




Ni/SiO, | TEOS+Ni(NOs), | Sol-gel | 0-ALO; 1000 550 500 <1 241x107 | 502 - - N/ |
Si0,+TiO, TEOS+TIP CVD a-ALO; 5 600 600 0.01-0.02 | 2.10x107 - 50 - 9 [72]
_ 2.00%10° 8 - -
Si0, BTESE Sol-gel | 0-ALO; 1000 300 200 - TSI 5 - - /N |73
SiO, TEOS+0, CVI a-ALO; 200 300 300 - 7.10x10°8 91 - - A |4
Si0, BTESE Sol-gel | 0-ALO; 1000 300 200 <0.04 7.90x10 | 8.87 - - N/ | 1751
Si0, TEOS+0; CVI a-ALO; 80 250 250 - 1.53x10% | 19.4 - - ¢ [76]
SiO+ALO; | TEOS+ATSB CVD a-ALO; 5 600 350 0.03 6.80%10 - 350 - ® [77]
. 6.00x1077 - 660 -
SiO, TEOS Sol-gel | 0-ALO; ; 600 250 0.03 TR = 90 - ) [78]
Si0, HMDSO+0, PECVD | a-ALO; 4 25 50 1-2 1.60x10° | 1330 - - ¢ [79]
Si0y+C0;04 | TEOS+Co(NOs;), | Sol-gel | a-ALO; 1000 600 500 0.05 1.80x107 | 730 - - > [80]
SiO, HEDS Sol-gel | a-ALO; | 100-150 550 200 0.3-0.4 8.86x1077 20 - - <] [81]
SiO,+ALO; | TEOS+ATSB CVD a-ALO; 500 600 800 0.08-0.1 | 630x107 | 203 573 - V| B2
Si0, TEOS Sol-gel | a-ALO; - 630 500 - 175107 | 890 - O [83]
Si0, TEOS+PTES CVD a-ALO; 5 600 600 0.25 210107 - 5 - [ ] [84]
1.00x10-¢ - 55 R
BTESE 474x10° | 8.13 10.8 -
Si0, Sol-gel | a-ALO; 1000 350 200 <1 Sz | 85
BTESM 451x106 | 28.1 473 10.8
Sio, BTESM Sol-gel | a-ALO; 1000 200 200 - 145107 _ 450 - ] [86]
600 2.95x10 20 26 -
Si0, TMOS CVD a-ALO; 4 650 650 ] 4.00<10% | 1265 ] - [ ] [87]
DMDMOS 9.00x107 | 920 - -
SiO, TMOS CVD a-ALO; 100 500 600 ; 1.80x107 | 609 - - ¢ [88]
MTMOS 2.90%107 | 586 - -




TMMOS 5.40x10°7 512 -
_ PrTMOS 240 240 2.50x10°7 250 -
Si0, CVD y-ALO; 4 ; A [89]
HTMOS 360 360 3.00x10°7 15 -
BTESE 9.50x107 | 222 -
Si0, BTESEthy Sol-gel | 0-ALO; 1000 550 200 - 1.61x10¢ | 39.5 - N/ [90]
BTESA 2.68x106 | 103 -
Si0, TEOS Sol-gel | 0-ALO; 570 600 200 - 1.50x107 | 313 ; <> [91]
SiO, TEOS Sol-gel | a-ALO; 570 600 200 ; 1.10x106 | 262 - O | o2
OMDSO 2.00x10°8 10 -
Si0, TMMOS PECVD | a-ALO; 150 Room Room y 1.13x108 11 } D [93]
temperature temperature
MTMOS 7.60x10° 17 -
TEOS+PTMS CVD a-AlO; 2.50x107 | 64.1 43.1
Si0, TEOS+APTMS CVD a-ALO; 5 120 120 0.03 3.00x10°7 273 714 | [94]
TEOS+MAPTMS | CVD a-ALO; 5.80x107 | 935 264
, TPMS 1.20x106 8 -
Sio, CVD a-ALO; 150 600 300 - > [95]
DPDMS 7.60x10°7 14 -
Si0,+Z10, TEOS+ZTB CVD a-AlO; 60 650 650 0.03 3.80x107 | 1400 | 3700 O | e
Si0, HTMOS CVD a-ALO; 4 450 450 - 1.53%107 575 - A | 71
. 4.90x10°7 500 -
SiO+ALO; | TEOS+ATSB CVD a-AL,O; 5 650 650 0.03 vV [98]
8.20x108 - 108
Sio, BTESE Sol-gel | 0-ALO; 1000 300 200 - 4.70x107 40 60 O [99]
Si0, VTES CVD a-ALO; 60 600 300 - 2.70x10°7 190 207 A | 100
Si0, VTES CVD a-ALO; 60 600 600 0.2 5.40x10°7 170 480 o | 0oy
F-induced TEFS Sol-gel | 0-ALO; 500 350 300 - 1.92x10% | 10.5 12 \/ | 0oz

Si0,




750 1.52x10¢ | 15 21
Si0, BTESE Sol-gel | a-ALO; | 1000 300 200 - 2.85%107 | 105 150 O | nos
Si0, TRIES Sol-gel | a-ALO; | 500 550 300 - 234x107 | 220 | 59 T o4
$i0, POSS Sol-gel | «-ALO; | 1000 500 200 - 5.15x107 | 42 55 () | 110s]
8.30x107 | 90 140
$i0, TEOS+TMMOS | CVD | a-ALOs 60 650 300 0.03 110x106 | 53 - ® 105
241x10% | 1220 | 15800
50 1.22x107 | 15 8.5
Si0 HMDSO AP ALO; | 2000 100 50 0013 | 545x107 | 175 17 O | o7
1V, PECVD a-AlrUs3 . . .
200 2.80x10° 7 6.5
_ 200 1.80x107 | 23 47
Si0,+72r0, |  TEOS+ZTB Sol-gel | w-ALO; | 1200 250 - ] | o8]
50 450x10% | 31 100
$i0, BTESP Sol-gel | w-ALO; | 1000 350 200 - 9.80x107 | 33 50 O |09
. 140x106 | 355 | 575
Si0, | BTESA+APTES | Sol-gel | o-ALOs | 1000 250 200 500 | o
335x107 | 53 73
Si0,+Zr0, | MAPTMS+ZTB | Sol-gel | a-ALO; | 1200 250 200 <400 2.05x107 | 315 28 )|
Si0 BTESE Sol-gel ALO; | 1000 150 150 Lo2I0" | 2 % oo |2
1 0ol-g¢ o- -
’ & o 735%10% | 145 263
SiOy*Ni | BTPA+Ni(NOs), 4.60x10© | 12 8
Si0y+Cu | BTPA+Cu(NOs), 430x10¢ | 25 23
: Sol-gel | a-ALO; | 1000 250 200 13-50 s
SiO;tAg | BTPA+AENO; 145%10° | 145 20
Si0, BTPA 8.70x107 | 15 22
=
‘gid(‘)wed TEFS Sol-gel | a-ALO; | 300 750 300 - 1.50x10¢ | 105 13 4
2
Frinduced | BTESM+NH,F | Sol-gel | a-ALOs | 900 350 200 200 9.50<107 | 105 | 85 S| [115]




Si0,
1.60x107 90 155 -
BTESE 300
Si0, 1.50%10 59 - -
AHPCS Sol-gel 0-AlL,O3 1000 700 200 - 1.70x10°¢ 10 7.5 - [116]
1.70%x106 5 4 -
Si0,+Ti0, TiPCS 750
2.10x10-8 16 11.5 -
400 148<10° | 11100 | 8200 | 4000
soutao. | TEOSITaES - o . <0 500 vots 246x10° | 12300 | 18200 | 2300 This
+ + :
o ats a 2 <o 1.40<107 | 5000 | 16000 | 640 work
4.60<10° | 19000 | 26000 | 1700

AHPCS — Allylhydridopolycarbosilane;
APTES — (3-amino-propyl) triethoxysila;
APTMS — 3-aminopropyltrimethoxysilane;
ATSB — Aluminum-tri-sec-butoxide;
BTESA — Bis(triethox-ysilyl)acetylene;
BTESE — 1,2-bis(triethoxysilyl)ethane;
BTESEthy — 1,2-bis(triethoxysilyl)ethylene;
BTESM - Bis(triethoxysilyl)methane;
BTESP — Bis(triethoxysilyl)propane;

BTPA — Bis[3-(trimethoxysilyl)propyl] amine;
DES - Diethylsilane;

DMDMOS — Dimethyldimethoxysilane;
DMDPS — Dimethoxydiphenylsilane;
DPDES - Diphenyldiethoxysilane;

DPDMS — Diphenyldimethoxysilane;

HEDS — Hexaethoxy disiloxane;

HMDSO — Hexamethyldisiloxane;

HTMOS — Hexyltrimethoxysilane;

MAPTMS — (3-methylaminopropyl)
trimethoxysilane;

MOTMS — Methacryloxypropyltrimethoxysilane;
MTMOS — Methyltrimetoxysilane;

MTES — Methyl-tri-ethoxy-silane;

NPB — Niobium(V) penta(n-butoxide);
PhTMOS — Phenyltrimethoxysilane;

POSS — Polyhedral oligomeric silsesquioxane;
PrTMOS - Propyltrimethoxysilane;

PTES — Phenyltriethoxysilane;

PTMS — Phenyltrimethoxysilane;

SiAc, — Silicon tetra-acetate;

TaEO — Tantalum (V) ethoxide;
TEFS —Triethoxyfluorosilane;
TEOS — Tetracthylorthosilicate;

TIP — Titanium isopropoxide;

TiPCS — Polytitanocarbosilane;
TIPT — Tetraisopropyl titanate;
TMOS — Tetramethoxysilane /
Tetramethy orthosilicate;

TMMOS - Trimethylmethoxysilane;
TPMS — Triphenylmethoxysilane;
TPS — Triisopropylsilane;

TRIES — Triethoxysilane;

VTES - Vinyltriethoxysilane;

ZTB — Zirconium (IV) tert-butoxide;
ZTBO — Zirconium-n-butoxide;







Table S8. Summary of the selectivity and permeance for each membrane synthesized using
the optimized boehmite sols and graded alumina structure technique.

Mer;l())rane Selectivity ml;f :nn_lzeg?;z_ |
H,/N, H,/CH4 H,/0, H,
1 340 2100 210 2.7x107
1 600 2700 280 1.4x107
2 5000 16000 640 1.4x107
2 19000 26000 1700 4.6x108
3 53 39 50 9.3x108
4 1700 2100 720 1.0x1077
5 140 140 120 8.2x108




Table S9. Summary of hydrothermal stability tests on silica-based porous membranes in the literature.

T
Pore H, Final H, emp:;ature Concentration | Symbol
i E f in Figs.
Membr'ane Precursor Method Suppc.>rt size of >-(posure permeance | pemeance hydrothermal of water in Figs Ref
material material | support/ | time/h change / / mol s7! tability test / vapor / mol 6 and
nm % m2Pat | 5 lg ©s 0 S12
Si0, TEOS CVD | 0-ALO; | 150 24 375 | 1.84x10° 400 50 » | [19]
Si0,+Zr0, | TEOS+ZTBO | Sol-gel | a-ALO; | 1000 30 175 | 2.80x10° 500 50 < [39]
Si0;+Zr0, | TEOS+ZTBO | Sol-gel | a-ALO; | 1 30 73 1.10x107 500 13-33 S| [42]
Si0,+NiO | TEOS+Ni(NO;), 1680 -50 3.35%107
, Sol-gel | a-ALO; | 1000 40 44 > | [44]
S10,+tFe,04 TEOS+F6(NO3)3 840 -86.5 9.30x107
Si0, TEOM+O, CVD | 0-ALO;| - 82 29 | 477%10% 500 75 @ | 55
Si0, TEOS CVD | a-ALOs| 5 - -60 4.00x10 500 - ® | [56]
Si0, TEOS+0, CVD | 0-ALO; | 100 80 -30 4.70x10°8 500 75 B 7
, TMMOS 58 -84 4.10x10°8
Si0, CVD | 0-ALOs | 100 600 75 D | [60]
TMOS 80 27 4.81x10°%
Si0,+C0;04 | TEOS+Co(NOs), | Sol-gel | a-ALOs | 1000 60 -50 4.00x10° 500 50 L1 ] 167
Si0,+ALO; | TEOS+ATSB 200 -39 1.28x107
, CVD | a-ALO; | 100 600 16 d | [69]
SiO; TEOS 100 -87 6.50x10°8
Si0;#Nb,Os | TEOS+NPB | Sol-gel | a-ALO; | - 70 32| 2.58x10% 200 56 O | 1701
SiOx+TiO, | TEOS+TIP CVD |a-ALO;| 5 125 -30 9.10x10°8 650 75 O | (72
Si0,+C030,4 | TEOS+ Co(NO3), | Sol-gel | a-ALO; | 1000 60 47 1.79x10°7 500 30 > [80]
, TEOS+PTES 130 -50 2.20x107 78
SiO, CVD | 0-ALO;| 5 600 O | [84]
TEOS 100 -87 6.50x10°8 16
Si0;+Zr0, | TEOS+ZTB CVD | a-ALO; | 60 48 -56 1.72x107 650 16 O | el




Si0;+ALO; | TEOS+ATSB | CVD | a-ALOs | 5 109 45 | 38507 650 16 V| 98]
96 68 | 2.27x10%
Si0, VTES CVD | a-ALO; | 60 i 68 | 480" 600 16 & | [1o1]
72 55 | 2.32x107
F'I;‘fgzced TEFS Sol-gel | a-ALO; | 500 15 27 1.41x10°6 300 30 \/ | 1102]
Si0, TEOS+TMMOS | CVD | a-ALOs | 60 96 42 6.38x10°8 650 16 ® | [106]
_ 13 93 | 3.00x10° 750 90
F'“Slid(‘)l:ed TEFS Sol-gel | 0-ALOs | 300 29 22 1.17x10° 500 30, 90 114
24 33 1.46x10-6 350 30, 90
, 40 105 | 4.12x10% This
Si0y+Ta;0s | TEOS+TaEO | CVD | ZrO, 20 650 16 w
200 24.6 | 3.47x10% study

* Note that partial pressure and mol % of H,O are nearly identical as all experiments were performed under atmospheric pressure.
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