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Experimental:
1. Plasma CVD
Figure S1 shows the schematic equipment of plasma-enhanced CVD. Ar or O, was bubbled through
hexamethydisiloxane (HMDSO, Aldrich), which was used without further purification as a Si-source, and fed to a
»s PECVD reactor made of Pyrex glass. RF plasma induced by the coil outside the Pyrex glass reactor was generated
at 13.56 MHz. Reactant gases were flowed through the reactor and outgassed after a cold trap. A feed flow rate of
Ar or O, was fixed at 5 cc/min with a HMDSO mole fraction of 10 mol%, and the pressure of the reaction was
maintained at 120 Pa.

s 2. Gas permeation measurement
Gas permeation properties were evaluated using the same apparatus as used in PECVD without removal of the
membrane. Gas permeance was evaluated by measuring the pressure increase in the downstream compartment
(constant volume: 5.05 x10™ m3) using an MKS Baraton pressure transducer (722A11TBA2FJ). Permeance, Q,
was determined from the increase rate (dP,/dt) of permeate-side pressure, P,, with the glass- balloon (volume: v;).

s OQ=(dPy/dt)(vo/(RT))/A/AP, where (dP,/df)(vo/(RT) corresponds to the mole flow rate of permeating gas (mol/s), A
is the surface area of the membrane (m?) and AP is the pressure difference between the feed and the permeate
(Pa).
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2. Stop valve 8. Needle valve 14
3. Pressure controller 9. Matching box 13
4. Pressure gauge  10. Membrane I
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1 6. Flow meter 12.Vacuum gauge  14.Vacuum pump 16. Soap film meter

Fig. S1 Schematic PECVD apparatus equipped with gas permeation measurement
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3. Preparation of TiO,/0-Al,O3 substrates
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Nanoporous TiO,/a-Al,O5 substrates were prepared by sol-gel processing. Titaia sols were coated on o-alumina
capillary supports (pore size: 150 nm, outer diameter 3 mm, thickness 0.36mm; NOK Corp., Japan) and fired at
500 °C. The details can be found in Ref. 13 (T. Tsuru, K. Ogawa, M. Kanezashi, T. Yoshioka, Langmuir, 2010, 26,
10897).

ESI-2:
The pore size distribution of nanoporous titania membranes was evaluated by the nanopermporometry technique
1w (NPP) using a NanoPermPoromete ® (Seika Sangyo, Japan). The basic principle of NPP is based on the capillary
condensation of a vapor inside nanopores and its ability to block the permeation of a non-condensable gas, when a
mixture of a non-condensable, such as nitrogen, and a condensable vapor, such as hexane and water vapor, is fed
into the porous membrane.®’ Figure S2 shows that the average pore sizes defined at 50% of dimensionless
permeability were approximately 4 nm.
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Fig. S2 Pore size distribution of TiO,-coated substrate detemined by Nanopermporometry.
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Reference S1 T. Tsuru, T. Hino, T. Yoshioka, M. Asaeda, J. Membr. Sci. 2001, 186, 257-265.
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ESI-3:
Cross-sectional SEM of Ar-CVD membranes prepared at different reaction times is shown in Figure S3, and the
thickness is plotted as a function of time. The thickness of the Ar-CVD layer increased approximately linearly to
the deposition time.
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Fig. S3 Cross-sectional SEM of Ar-CVD membranes prepared at different reaction time.
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ESI-4:
Fig. S5 shows the single gas permeances of He (kinetic diameter: 0.26 nm), N, (0.36 nm) and SF (0.55 nm) as a
s function of the O,-CVD reaction time. Permeances decreased on the order of 102-10" during the initial 20-30
minutes, and then approached steady values. Since the change in permeance was slower than the case in Ar-CVD,
thinner and slower film formation was suggested.
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Fig. S4 Single gas permeance of O,-CVD membrane as a function of CVD reaction time.
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ESI-5:
Cross-sectional SEM of the O,-CVD membrane (CVD time: 50 min) is shown in Fig. S5. 02-CVD showed a very
different surface morphology from that of Ar-CVD; a large number of silica particle were deposited a much
thinner layer was observed.

20kV  X20,000 1pm

Fig. S5 Cross-sectional SEM of Ar-CVD membranes.
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ESI-6:
It is well accepted that the permeation mechanisms through porous membranes can be categorized as the viscous
flow (molecular diffusion), the Knudsen surface diffusion (adsorbed molecules diffuse through porous
membranes), and molecular sieving, based on the size ratio of permeating molecules to membrane pores, as well
»  as the interaction between permeating molecules and membrane pore walls."™ Among the transport mechanisms,
higher CO, permeation than He can be explained only by surface diffusion where preferentially adsorbed CO,
diffuses through an Ar-CVD membrane. CO, has been reported to interact with silanol groups in pure SiO,
membranes, > which may also be the case with Ar-CVD membranes, although we have no experimental data on
the affinity of the Ar-CVD layer with CO,. On the other hand, the 2-step CVD membrane had a dense structure,
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the pore sizes of which became smaller than the size of CO,, and therefore CO, could not permeate through the

pores.

(1) Verweij H, Lin YS, Dong J. Microporous silica and zeolite membranes for hydrogen purification. MRS Bulletin,

2006, 31, 1-10.

(2) Shelekhin AB, Dixon AG, Ma YH. Theory of gas diffusion and permeation in inorganic molecular-sieve

membranes. AIChE J. 1995, 41, 58-67.

(3) Yoshioka T, Nakanishi E, Tsuru T, Asaeda M. Experimental study of gas permeation through microporous silica

membranes. AIChE J. 2001, 47, 2052-2063.

ESI-7:

Most polymers showed the separation factor for He/H, as approximate unity. Although glassy polymers,
especially perfluorinated polymers, showed better performance due to a more rigid structure than rubbery
polymers, the maximum permeance ratio was several at maximum.

The permeance ratios of He over H, for Ar-CVD membranes were low (approximaltey the same as polymer
membranes), while those of 2-step membranes were increased higher than 10. Therefore, it is suggested that
through the second step (0,-CVD), the plasma-polymerized layer formed during Ar-CVD was converted to a
silica-rich inorganic layer with high selectivity of He over H,.
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»s Fig. S7 Trade-off curve of separation factor and permeability for the He/H, system for polymer membranes (Robeson
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1991, 2008) and PECVD membranes.

ESI-8:

Recently, we have found the correlation between the activation energies of H, permeation and the permeance ratio
of He over H,. (Reference 9: T. Tsuru, R. Igi, M. Kanezashi, T. Yoshioka, S. Fujisaki, Y. Iwamoto, AIChE J,
2011, 57, 619.) Figure S8, which summarized approximately all of He/H, permeance ratios available in references,
shows the correlation of silica membranes, including sol-gel derived membranes, CVD and vitreous glass silica.
Surprisingly, irrespective of preparation methods and types of membrane materials, all types of membranes can be
expressed with one correlation curve; the permeance ratio of He/H, increased with an increase in the activation
energy of hydrogen for any type of silica membrane. It should be noted that He/H, reported till now was less than
10 at maximum.
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Figure S8. Permeance ratio of He/H; as a function of activation energy of hydrogen for various types of silica
membranes prepared by sol-gel, CVD, and vitreous silica using different types of materials. (referred from Ref [S1])
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ESI-9:

Figure S9 shows a trade-off curve for H,/N, vs. H, permeance for amorphous silica membranes. The figure was
redrawn from Iwamoto,” and membrane performances in recent literature reported later than 2008 have been
added to the figure. Permeation properties are categorized with permeation temperatures: 573-473K (square), 473-

s 573K (triangle), and 573-673K (circle). Open keys in the figure and the upper bound line (Upper Bound 2007) are
redrawn from Iwamoto,” and closed keys are added from references®'® from 2006-2010. Membrane
performances later than 2007 have been improved beyond the upper bound of 2007. The performance of the 2-
step PECVD membranes can be potted close to or beyond the upper-bound line.
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Figure S9. Permeance ratio of H,/N; as a function of H, permeance for silica membranes (open keys: redrawn from
5 Iwamoto", closed keys: leteratures”® from 2006-2010)
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It is commonly accepted that porous membranes such as sol-gel and thermal CVD membranes have pore size
distributions. Since gaseous molecules can permeate through pores larger than the molecular sizes, permeances
reflect pores larger than the molecular sizes. That is, plus-sieve pore size distribution can be measured by gas
molecules of different sizes.

The following figure schematically shows the pore size distributions (plus-sieve, normalized with He permeance)
of 3 types of porous membranes: M-1, M-2 and M-3. M-1 consisted of a broad pore size distribution ranging from
0.27-0.36 nm, while most pores of M-2 ranged from 0.29 to 0.36. M-3 consisted of a large number of small pores
(from 0.27 to 0.29) and a small number of large pores (larger than 0.36nm).

The kinetic diameters of He, H, and N, were 0.26, 0.289, and 0.364nm, respectively. Since permeances are

reflected by pore size distribution, the following selectivity can be speculated: M-1 (low He/H, selectivity with
low He/N, selectivity), M-2 (low He/H; selectivity with high He/N, selectivity), and M-3 (high He/H, selectivity
with lower He/N, selectivity than M-2). M-1, M-2, and M-3 can be categorized to Ar-CVD, 2-step ((Ar-CVD (10
min) + O,-CVD (5 min)), and 2-step ((Ar-CVD (10 min) + O,-CVD (30 min), respectively.

—)
7

(sieve-plus distribution)

Pores available for permeation

027 029 036

Figure S10. Schematic pore-size distribution of three types of membranes.

ESI-11

Thermal stability of 2-step PECVD membrane (Ar-CVD (10 min) + O,-CVD (10 min)) was also examined in the
same procedure as in Fig.4 in the main text. Figure S11 shows the permeances of helium, hydrogen and nitrogen
through 2-step PECVD membrane (Ar-CVD (10 min) + O,-CVD (10 min)). The permeances of helium and
hydrogen gradually increased with heat-treatment temperature, while those of N, and SF¢ were unchanged or
decreased only slightly. Since permeance of N; and SF, which are relatively large molecules, did not increase, no
degradation of the 2-step CVD layer was confirmed. An increase in the permeance of helium and hydrogen can be
explained as follows. HMDSO monomer and/or the oligomer, which may have adsorbed to a PECVD layer just
after membrane preparation, desorbed or evaporated so as to lead to more space for the permeation of He.
Therefore, helium permeance increased and the permeance ratio of He over SF increased from 380 to 4,200,
leading to better performance.
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Fig. S11 Single gas permeance at 50°C after heat treatment from 50 to 400°C.
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