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Phenyl-Incorporated Polyorganosilica Membranes with Enhanced 
Hydrothermal Stability for H2/CO2 Separation 

Vinh T. Bui1, Varun R. Satti1, Elizabeth Haddad1, Ameya Manoj Tandel1, Narjes Esmaeili1, Sai Srikar 
Chundury1, Fathy Attia1, Lingxiang Zhu2,3, and Haiqing Lin*1 

Ultrathin silica membranes can be prepared by oxygen plasma treatment of polysiloxane-based membranes and exhibit 

excellent H2/CO2 separation properties. However, silica often faces hydrothermal instability, reducing gas selectivity. Here, 

we incorporate hydrophobic phenyl groups into the polysiloxane precursors by copolymerizing with vinyl-terminated 

polyphenylmethylsiloxane (vPPMS) and thoroughly investigate the chemical and structural properties and H2/CO2 separation 

stability of the resulting polyorganosilica membranes. Significantly, adding phenyl groups enhances the hydrothermal 

stability of the polyorganosilica membranes, as corroborated by their relatively stable surface atomic compositions. For 

instance, hydrothermal challenge decreases H2/CO2 selectivity by 74% for a phenyl-free membrane and an O/Si molar ratio 

from 1.97 to 1.72; by contrast, it reduces the selectivity by only 17% for a membrane derived from a polysiloxane containing 

60 mass% PPMS, which is accompanied by a smaller change of the O/Si molar ratio from 2.0 to 1.85. This study unravels the 

mechanism of hydrothermal instability of silica membranes and demonstrates that enhancing hydrophobicity can effectively 

improve their potential applicability involving water vapor. 

Introduction  

Silica membranes with unique porous structures that permeate H2 

and reject larger gas molecules such as CO2, CH4, and C2H6 are 

attractive for hydrogen purification and recovery, an essential 

component of a hydrogen economy.1-4 These membranes are often 

fabricated using a sol-gel or chemical vapor deposition (CVD) 

method, and the selective layer thickness can range from 0.2 to 10 

µm, rendering good separation properties.5, 6 However, inorganic 

substrates are often used in these membranes, making large-scale 

production a great challenge.3, 7-9 

Recently, we demonstrated that rapid oxygen plasma treatment 

of polysiloxanes induces a silica-like layer (polyorganosilica or POSi) 

as thin as 10 nm, achieving superior H2/CO2 separation properties.10, 

11 Oxygen plasma generates ions and radicals, which cleave organic 

groups and form siloxane linkages (Si-O-Si), creating a tight silica 

network with strong molecular sieving ability. Importantly, 

polysiloxanes can be fabricated into thin-film composite (TFC) 

membranes with polymeric substrates, which have been 

commercially practiced on a large scale. The integration of thin 

inorganic layers and polymeric substrates makes them attractive for 

practical applications.12 For instance, POSi membranes derived from 

120-second plasma treatment of poly(dimethylsiloxane-co-

methylhydroxidesiloxane) (poly(DMS-co-MHOS)) exhibited mixed-

gas H2 permeance of 370 GPU (1 GPU = 10-6 cm3(STP) cm-2 s-1 cmHg-

1) and H2/CO2 selectivity of 68 at 150 ℃. However, exposure to 7.0 

mol% water vapor decreased H2 permeance by 51% to 180 GPU and 

H2/CO2 selectivity by 59% to 25, and upon shifting back to dry 

conditions, the separation performance did not recover, indicating 

irreversible chemical and structural changes.11 Specifically, the 

siloxane linkages underwent hydrolysis and produced silanol (Si-OH) 

groups, which condensed to rearrange the networks and decrease 

H2/CO2 separation properties.6, 13-16 

Hydrothermal stability of silica membranes can be improved by 

doping with metal ions to form stable metal-silica linkages17-19 or 

enhancing hydrophobicity,5, 6, 20-23 as shown in Table S1. Particularly 

incorporating nonhydrolyzable organic groups (such as fluorine,5 

ethyl,22, 24 and phenyl25 groups) has emerged as a versatile approach 

due to the enormous choices of precursors and the flexibility of 

chemical functionalization. For example, tetraethyl orthosilicate 

(TEOS)-derived silica membranes exhibited a dramatic decrease of 

H2/CO2 selectivity from 1500 to 520 after exposure to water vapor at 

16.5 kPa at 600 ℃ for 130 h,18 while the phenyl-containing 

membranes derived from dimethoxydiphenylsilane (DMDPS) 

exhibited stable H2 permeance at 2100 GPU and H2/N2 selectivity of 

~1000 after exposure to water vapor at 3.4 kPa at 300 ℃ for 226 h.25 

Nevertheless, these approaches were only demonstrated for silica 

membranes prepared using the sol-gel or CVD method. To the best 

of our knowledge, they have not been examined for plasma-derived 

POSi membranes with silica layers as thin as ~10 nm. 

Here, we demonstrate that incorporating phenyl groups into 

plasma-derived POSi membranes can enhance hydrothermal 

stability and retain its attractive molecular sieving ability for H2/CO2 

separation, as shown in Fig. 1. First, copolymers of 

poly(methylphenylsiloxane-co-dimethylsiloxane-co-

methylhydrogensilxoane) (poly(PMS-co-DMS-co-MHS)) were 

synthesized via hydrosilylation reaction, and the unreacted 

hydrosilane (-SiH) groups in MHS were hydrolyzed to -SiOH by the  
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Fig. 1  Our approach of POSi membranes (POSixx) derived from poly(PMS-co-DMS-co-MHOS). (a) Synthesis of poly(PMS-co-DMS-co-MHS) by 
hydrosilylation reaction followed by hydrolysis and oxidation of the unreacted Si-H groups. (b) Preparation of POSi membranes, including 
fabrication of polysiloxane TFC membranes (PMxx) and oxygen plasma treatment. Photos of (c) a freestanding polysiloxane film and (d) a 
POSi membrane. 

 

water vapor or oxygen in the atmosphere, resulting in poly(PMS-co-

DMS-co-MHOS). The phenyl content can be systematically varied by 

changing PMS content between 0 and 80 wt%. The obtained 

polysiloxanes were thoroughly characterized for thermal transitions 

and gas sorption and permeation properties. Second, these 

polysiloxanes were fabricated into TFC membranes, and their 

morphology and gas permeance were determined. Third, the 

membranes were treated with oxygen plasma at an optimized 

condition identified in our prior study11 to render phenyl-containing 

POSi membranes with strong size-sieving ability. The effect of the 

PPMS loading on H2/CO2 separation properties was systematically 

investigated. Finally, the membranes with various amounts of phenyl 

groups were exposed to saturated water vapor at 100 ℃ for 24 h, 

and its effect on surface atomic compositions and separation 

properties was elucidated. Introducing phenyl groups enhances 

surface chemistry stability and increases the hydrothermal stability 

of the POSi membranes. This study sheds light on the hydrolysis 

mechanisms of thin organosilica layers and provides an effective 

route to improve their stability for applications in humid 

environments. 

Experimental 
Materials 

Commercial polymeric porous support (ultrafiltration membrane 

with pore sizes of 10-50 nm) was kindly provided by Membrane 

Technology and Research, Inc. (MTR, Newark, CA). Wacker Dehesive 

944 (vinyl-terminated PDMS, vPDMS), Cross-linker V24 

(polymethylhydrosiloxane, PMHS), and Catalyst OL (1 mass% 

Platinum in PDMS) were procured from Wacker Chemical 

Corporation (Ann Arbor, MI). PMV-9925 (vinyl-terminated 

polyphenylmethylsiloxane, vPPMS, 2000 – 3000 g/mol) was 

purchased from Gelest (Morrisville, PA). Toluene (99.85%) and 

dimethylformamide (DMF, 99.8%) were procured from Fisher 

Scientific (Waltham, MA). Gas cylinders of H2, CO2, N2, and CH4 with 

purity >99.9% were obtained from Airgas Inc. (Buffalo, NY). 

 

Preparation of polysiloxanes and TFC membranes 

Polysiloxanes were synthesized from two monomers (vPPMS and 

vPDMS) and a crosslinker (PMHS) via a hydrosilylation reaction 

between vinyl and -SiH groups. Table S2 summarizes the 
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compositions of the monomers and crosslinker. Briefly, a ~5 mass% 

prepolymer solution was prepared by dissolving the monomers and 

crosslinker at a desired ratio in toluene, and then Catalyst OL (60 mg) 

was added. The reaction was carried out at ≈ 23 ℃ for 10 min. The 

solution was poured into a Teflon petri dish and slowly dried to 

obtain a freestanding film with a thickness of ~ 200 µm (Fig. 1c). The 

films are denoted as Pxx, where xx is the vPPMS mass percentage in 

the monomers and cross-linker. 

Polysiloxane TFC membranes were prepared by coating a 2 

mass% of P0, P17, or P38 solution onto the porous support using a 

dip coater (MTI Corporation, CA).11 A 5 mass% solution was used to 

prepare P60 membrane to avoid microdefect formation, leading to a 

selective layer thicker than other membranes. P60 membranes 

prepared from <5% solutions were defective because of the lower 

molecular weight of vPPMS than vPDMS and a higher tendency to 

pore penetration than P0, P17, or P38. After drying at 60 ℃ 

overnight, the membrane was exposed to oxygen plasma to prepare 

POSi membranes using Phantom III (Trion Technology, Inc., 

Clearwater, FL) at an oxygen pressure of 100 mTorr with a flow rate 

of 20 sccm for 120 s.11 The plasma was generated at an inductively 

coupled plasma (ICP) power of 200 W and reactive ion etching (RIE) 

of 20 W. Polysiloxane membranes and plasma-treated ones (Fig. 1d) 

are denoted as PMxx and POSixx, respectively. The membranes were 

kept in room conditions before use. 

 

Characterization of polymers and membranes 

Freestanding films of Pxx were thoroughly characterized for chemical 

and physical properties. Fourier transform infrared (FTIR) spectra 

were obtained using a Vertex 70 Burker spectrometer (Billerica, MA). 

Gel content was determined from the sample mass difference before 

and after immersion in toluene at 35 ℃ for 24 h. Polymer density was 

determined by Archimedes’ principle using a Mettler Toledo XS 64 

analytical balance with a density kit. Decane with a density of 0.73 g 

cm-3 was used as an auxiliary solvent.26 X-ray diffraction (XRD) 

patterns were obtained using a Rigaku Ultima IV X-ray diffractometer 

(Rigaku Analytical Devices, MA) with CuKα source (1.54 Å-1). Glass 

transition temperature (Tg) was determined using a Differential 

Scanning Calorimeter (DSC, Q2000, TA instruments, New Castle, DE). 

Thermal stability was evaluated using a thermogravimetric meter 

(TGA, SDT Q600, TA Instruments, DE) with a temperature ramping 

from 100 to 1000 ℃ at 10 ℃/min in N2.  

Pure-gas permeability of Pxx films was determined using a 

constant-volume and variable-pressure apparatus at 60 psig and 35 

℃.10, 27 Sorption isotherms of CO2 and C2H6 were determined using a 

pressure decay method with a dual-volume and dual-transducer 

apparatus at 35 ℃.28 Gas solubility (SA, cm3(STP) cm−3 atm−1) at an 

equilibrium pressure of pA (atm) is calculated using Equation 1: 

𝑺𝑨 ൌ 𝑪𝑨/𝒑𝑨 (1) 

where CA (cm3(STP) cm−3) is gas sorption. 

To elucidate the effect of plasma treatment on surface chemistry, 

polysiloxane films were coated on Si wafers before the plasma 

treatment. X-ray photoelectron spectroscopy (XPS) was performed 

using a PHI5000 VersaProbe III scanning probe from Physical 

Electronics Inc. (Chanhassen, MN) with a spot size of 100 µm, and 

CasaXPS was used to derive the atomic concentration. 

The surface and cross-section of TFC membranes were imaged 

using a focused ion beam scanning electron microscope (FIB-SEM, 

Carl Zeiss Auriga CrossBeam, Germany). To determine the selective 

layer thickness, a sample was immersed in DMF at ≈ 23 ℃ for 24 h to 

dissolve the porous support, and the selective layer was collected 

using a Si wafer and then dried at 150 ℃ for 2 days before 

measurement using an F-20 (Filmetrics, San Diego, CA). 

Pure-gas permeance of membranes was determined using a 

constant-pressure and variable-volume apparatus with a feed 

pressure of 60 psig at 35 ℃ for PMxx and at 100 ℃ for POSixx.11 

Hydrothermal stability of POSi membranes was investigated in three 

steps. First, pure-gas H2/CO2 separation properties were determined 

at 100 ℃ in dry feed conditions. Second, the membrane was taken 

out of the permeation cell and exposed to the air saturated by water 

vapor at 100 ℃ for 12 h using a custom-built apparatus, and then it 

was dried overnight at ≈ 23 ℃. Finally, the sample was re-tested for 

H2/CO2 separation properties. The membranes after hydrothermal 

treatment are denoted as HT-POSixx. 

Results and discussion 
Characterization of polysiloxane freestanding films 

Fig. 2a presents the FTIR spectra of Pxx freestanding films containing 

0 - 60 mass% PPMS. All samples exhibit two peaks at 1086 and 1007 

cm-1 corresponding to the siloxane backbone (Si-O-Si),29-32 but not Si-

H characteristic peak at 2165 cm-1 (Fig. S1). Increasing the PPMS 

content increases the intensity of the peaks at 695 and 730 cm-1 

(aromatic C=C vibration) and 1430 cm-1 (Si-Ph vibration),30, 31 and 

decreases the peak intensity for 907 cm-1 (Si-O stretching in Si-OH 

induced from the hydrolysis and oxidation of Si-H),29, 32, 33 consistent 

with the high gel content in the polymers (> 90%, Fig. S2a). The peak 

of 907 cm-1 almost disappears for P60, indicating the almost 

complete reaction of PMHS. On the other hand, the gel content 

decreases with increasing PPMS content. P80 shows a gel content of 

only 83%, and it fails to be made into defect-free TFC membranes. 

Fig. 2b and Table S2 compare thermograms and Tg in Pxx films. P0 

exhibits Tg below our instrument's detection limit (-90 ℃). Adding 17 

and 60 mass% PPMS increases Tg to -60 and -26 ℃, respectively. 

Similar behavior has been reported for other phenyl-containing 

polysiloxanes.31 

Fig. 2c presents the XRD patterns of the polysiloxanes. P0 exhibits 

characteristic peaks at 2θ of 12.4o and 22.4o, corresponding to the d-

spacings of 0.75 and 0.39 nm, respectively. These two peaks are 

attributed to the folding of siloxane chains34 and short-range order 

reflecting the distance between Si atoms,35 respectively. P60 exhibits 

the d-spacing values of 0.78 and 0.43 nm, higher than those of P0, 

indicating that incorporating bulky pendant phenyl groups loosens 

siloxane chain packing.31 Increasing the PPMS content also increases 

density from 0.997 g cm-1 for P0 to 1.159 g cm-1 for P60 (Fig. S2b). 

Additionally, polysiloxanes show thermal stability up to 250 ℃, 

presenting their potential for use in H2/CO2 separation at 100 - 250 

℃ (Fig. 2d). 

Fig. 2e,f exhibits gas transport properties of Pxx films at 60 psig 

and 35 ℃. Incorporating 60 mass% PPMS decreases CO2 permeability 

(PA) from 2700 to 540 Barrer (1 Barrer = 10-10 cm3(STP) cm cm-2 s-1 

cmHg-1) and increases CO2/N2 selectivity from 9.5 to 15 and CO2/CH4 

selectivity from 3.0 to 5.2 (Table S2). On the other hand, H2/CO2 

selectivity of all polymers is roughly 0.25, as expected for rubbery 

polysiloxanes.10 Fig. S3 presents gas sorption isotherms of Pxx films.  
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Fig. 2  Characterization of Pxx freestanding films as a function of PPMS loadings. (a) FTIR spectra, (b) DSC thermograms, (c) XRD patterns, (d) 
TGA curves, (e) pure-gas permeability at 35oC, and (f) CO2/gas selectivity at 35oC. 

 

Increasing the PPMS content slightly decreases CO2 solubility and 

drastically decreases CO2 diffusivity because of the decreased 

polymer chain flexibility, as reflected by the increased Tg. 

 

Chemical and structural characterization of TFC membranes 

Fig. 3a-d presents cross-sectional SEM images of PMxx membranes, 

where the polysiloxane layer thickness varies between 200 and 400 

nm, except for PM60 (950 nm), which was prepared using a more 

concentrated solution (5 mass%, instead of 2 mass%). The thickness 

values are consistent with those measured by F20 (Table S3),11 which 

has a larger scanning window than the SEM. Therefore, the thickness 

(l, nm) from the F20 measurement is used for further analysis. 

Oxygen plasma treatment was conducted using optimized 

conditions for balanced H2/CO2 separation properties based on our 

previous study.11 Interestingly, all POSi membranes show wrinkles 

after the plasma treatment (Fig. 3e-h) because of the stiffness 

mismatch between the rigid silica skin layer and soft bulk during the 

expansion and contraction of the composites.36, 37 The plasma can 

heat the polysiloxane to as high as 230 ℃;38 upon cooling, the soft 

polysiloxane bulk contracts, but the rigid silica skin layer does not, 

resulting in the wrinkles.36 However, no direct correlation between 

the phenyl content and wrinkle structures can be observed (Table 

S3). Notably, the wrinkled silica layers are still defect-free, and the 

wrinkles increase surface area by 4-15%, which could potentially 

improve gas permeance,39 considering the ultrathin nature of the 

silica layer (~10 nm).10 

To better understand chemical changes, XPS analysis was 

performed on the polymers and POSi samples coated on Si wafers. 

Polysiloxanes exhibit an O/Si ratio of ≈ 1.18 (Table S4), consistent 

with their theoretical values.11 Adding 60 mass% PPMS increases the 

C/Si ratio from 2.18 to 2.71 due to the replacement of -CH3 with 

phenyl groups. The oxygen plasma treatment decreases C content 

and increases O content because of the scissoring of Si-C bonds and 

the formation of silica structure.10, 11 For instance, plasma treatment 

decreases the C content from 52 to 25 mol% and increases the O 

content from 25 to 48 mol%. Increasing the PPMS content increases 

the C/Si molar ratio while retaining the O/Si molar ratio in the POSi 

samples. The O/Si ratio of ~ 2.0 in the POSi samples is consistent with 

the silica structure (Si-(O)4).  

Fig. 3i,j presents the deconvolution of Si 2p and C 1s peaks for P0 

and P38 and their corresponding POSi samples (i.e., POSi0 and 

POSi38). The Si 2p peak is deconvoluted into Si-(O)2 at 102.1 eV, Si-

(O)3 at 102.8 eV, and Si-(O)4 at 103.4 eV, while the C 1s is 

deconvoluted into C-H/C-C at 284.6 eV and C-O at 286.0 eV.10, 40 P0 

and P38 exhibit two characteristic peaks for Si-(O)2 and Si-(O)3, 

corresponding to the Si-O-Si backbones and Si-OH groups, 

respectively.11, 29 As expected, both polysiloxanes show only C-H and 

C-C without C-O in the C 1s region (Table S5). By contrast, the plasma 
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Fig. 3  Cross-sectional SEM images for the membranes of (a) PM0, (b) PM17, (c) PM38, (d) PM60, (e) POSi0, (f) POSi17, (g) POSi38, and (h) 
POSi60. Comparison of Si2p and C1s peaks (i) between P0 and POSi0 and (j) between P38 and POSi38 by XPS. 

 

treatment leads to Si-(O)4 and C-O peaks, further confirming the 

oxidation and formation of silica structures.10, 11 

 

Gas transport properties of POSi membranes 

Fig. 4a presents pure-gas permeance (QA in GPU) of PMxx 

membranes as a function of penetrant kinetic diameter at 100 ℃ and 

60 psig. Gas permeance follows an order of N2 < CH4 < H2 < CO2, 

similar to that for Pxx films (Fig. 2d). Increasing the PPMS content 

decreases gas permeance partially because of the decreased 

permeability of the selective layer. All membranes show H2/CO2 

selectivity of 0.65 – 0.72, higher than those at 35 ℃ (Fig. S5 and Table 

S6). Table S6 also presents the ratio of the estimated permeability 

(PA,est, given by 𝑷𝑨,𝒆𝒔𝒕 ൌ 𝑸𝑨 ൈ 𝒍) to the measured permeability for 

the corresponding freestanding films. All membranes exhibit a 

permeability ratio close to 1 (suggesting their defect-free nature) 

except for PM60 because of the microdefects. 

Table S7 shows that pure-gas permeance in POSi membranes is 

independent of feed pressures (20, 40, and 60 psig) at 100 ℃. Fig. 

4b,c presents H2/gas separation properties at 60 psig as a function of 

penetrant kinetic diameter. Increasing the penetrant kinetic 

diameter from H2 (2.89 Å) to CO2 (3.3 Å) rapidly decreases gas 

permeance, leading to a very high H2/CO2 selectivity. For instance, 

POSi0 exhibits H2 permeance of 140 GPU with H2/CO2 and H2/N2 

selectivity of 57 and 490, respectively, much higher than those of the 

PMxx membranes, highlighting the effectiveness of oxygen plasma in 

creating silica structures for molecular separations. Adding PPMS 

increases CO2, N2, and CH4 permeance in POSi membranes and 

slightly decreases H2 permeance, reducing H2/gas selectivity. For 

example, incorporating 60 mass% PPMS increases CO2 permeance 

from 2.3 to 5.8 GPU and decreases H2 permeance from 140 to 120 

GPU, decreasing H2/CO2 selectivity from 57 to 21 and H2/N2 

selectivity from 490 to 90. Interestingly, CH4 (3.8 Å) permeance is 

higher than N2 (3.64 Å) permeance in all POSi membranes despite its 

larger kinetic diameter than N2. 

We hypothesize that the higher permeance of CH4 than N2 can be 

ascribed to the microdefects in the silica layer with Knudsen diffusion 

(Fig. 4d).41 Within this framework, gas permeation is described using 

a series-parallel flow model, as presented in Equation 2:41 

𝑸𝑨 ൌ
𝑸𝑨,𝑺𝒊 𝑸𝑨,𝑷𝑴

𝑸𝑨,𝑺𝒊 ା𝑸𝑨,𝑷𝑴
ൌ

ൣ𝜺𝑸𝑨,𝒌𝑺𝒊ାሺ𝟏ି𝜺ሻ𝑸𝑨,𝒅𝑺𝒊൧ 𝑸𝑨,𝑷𝑴

𝜺𝑸𝑨,𝒌𝑺𝒊ାሺ𝟏ି𝜺ሻ𝑸𝑨,𝒅𝑺𝒊 ା𝑸𝑨,𝑷𝑴
 (2) 

where QA,Si and QA,PM are the penetrant permeances in the silica layer 

and PM membrane, respectively. The ε is the fraction of the surface 

pores or microdefects with Knudsen diffusion in the silica layer, and 

QA,kSi and QA,dSi are the permeance through the microdefects and 

dense silica portion, respectively. QA,kSi is given by Equation 3: 

𝑸𝑨,𝒌𝑺𝒊 ൌ  ට
𝑴𝑪𝑯𝟒

𝑴𝑨
  ∙ 𝑸𝑪𝑯𝟒,𝒌𝑺𝒊 (3) 

where M denotes the penetrant molecular mass.  



 

  

Please do not adjust margins 

Please do not adjust margins 

 
Fig. 4  Pure-gas transport properties of PM and POSi membranes at 100 ℃. Comparison of gas permeance in (a) PM and (b) POSi membranes. 
(c) H2/gas selectivity of POSi membranes. (d) Schematic of a series-parallel flow model in POSi membranes. 

To simplify the approach, we assume that the dense silica portion 

can completely reject CH4, i.e., the amorphous silica layer has pores 

smaller than 3.8 Å. Therefore, CH4 permeance is completely derived 

from the microdefects through Knudsen diffusion, and its transport 

resistance in the PM membranes is negligible. Additionally, as POSi 

membranes achieve H2/CH4 selectivity (>100) much higher than its 

Knudsen selectivity (2.8), ε is expected to be much lower than 1. 

Consequently, Equations 2 and 3 can be combined and reduced to: 

𝑸𝑨 ൌ
൤ට𝑴𝑪𝑯𝟒 𝑴𝑨⁄   ∙𝑸𝑪𝑯𝟒ା𝑸𝑨,𝒅𝑺𝒊൨ 𝑸𝑨,𝑷𝑴

ට𝑴𝑪𝑯𝟒 𝑴𝑨⁄   ∙𝑸𝑪𝑯𝟒ା𝑸𝑨,𝒅𝑺𝒊 ା𝑸𝑨,𝑷𝑴

 (4) 

Table S8 summarizes the estimated H2/CO2 separation properties 

of the dense organosilica phase in POSi membranes. Increasing the 

PPMS content increases CO2 QA,dSi values, consistent with the QA 

values of POSi membranes, presumably because of the larger pores 

caused by the bulky phenyl groups. In contrast, H2 QA,dSi appears to 

increase with increasing PPMS content, opposite to the trend 

observed for the QA values (Fig. 4b). For example, introducing 60 

mass% PPMS decreases H2 QA from 140 to 120 GPU but increases 

QA,dSi from 150 to 190 GPU. This can be attributed to the increasingly 

significant resistance to H2 transport of the PM bulk layer with 

increasing PPMS content because of the decreased permeability and 

increased thickness. Transport resistance of the polysiloxane layer in 

POSi60 is 38% for H2 but less than 2% for CO2 and CH4 (Table S8). 

Increasing PPMS content increases all gas permeance and decreases 

H2/CO2 selectivity of the dense silica layer. For example, the 

estimated H2/CO2 selectivity of the dense silica decreases from 73 for 

POSi0 to 38 for POSi60. This can be attributed to the addition of bulky 

phenyl groups enlarging the silica nanopores, increasing the H2 and 

CO2 gas permeance but decreasing the size-sieving ability.42, 43 These 

self-consistent results validate our assumption of the dense silica 

with pores smaller than 3.8, though they cannot be directly validated 

using the techniques available. 

 

Hydrothermal stability of POSi membranes for H2/CO2 separation 

To evaluate hydrothermal stability, all POSi membranes were 

exposed to saturated water vapor at 100 ℃ for 12 h, a typical 

condition used for accelerated tests in the literature.19 Fig. 5a 

presents the relative values of H2 permeance and H2/CO2 selectivity 

after the exposure, and the absolute values are recorded in Table S9. 

POSi0 exhibits a 12% increase in H2 permeance with a 74% decrease 

in H2/CO2 selectivity, reflecting the complicated nature of the 

structure rearrangement of the silica networks. On the other hand, 

POSi38 exhibits a 32% reduction in H2 permeance but only a 54% 

reduction in H2/CO2 selectivity, and POSi60 shows only a 17% 

decrease in H2/CO2 selectivity, suggesting improved hydrothermal  
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Fig. 5 Hydrothermal stability of POSi membranes after exposure to saturated water vapor at 100 ℃ for 12 h. (a) Relative H2 permeance and 
H2/CO2 selectivity. (b) C/Si molar ratio and (c) O/Si molar ratio. Si 2p peak deconvolution of (d) POSi0 and (e) POSi60. 

 

stability with the PPMS addition. The enhanced stability is also 

consistent for organically decorated silica networks.3, 17, 25, 44 Notably, 

HT-POSi38 exhibits the highest H2/CO2 selectivity (19) compared to 

HT-POSi0 (16) and HT-POSi60 (11) (Table S9), though the values 

would likely vary at different hydrothermal treatment conditions. 

Surface XPS was determined to better understand the structural 

changes of POSi membranes after hydrothermal treatment (Fig. 5b-

e and Tables S4,5). Water vapor exposure decreases the O/Si molar 

ratio because of the condensation of silanol groups, forming water 

molecules and losing oxygen atoms.3, 19, 45, 46 Intriguingly, it increases 

the C/Si molar ratio, presumably because the polysiloxane chains 

with higher C/Si molar ratios migrate from the bulk to the surface.47, 

48 Phenyl-containing POSi membranes show smaller changes in the 

atomic ratios than POSi0 (Fig. 5b,c). For example, hydrothermal 

treatment decreases the O/Si ratio from 1.97 to 1.72 and increases 

the C/Si ratio from 0.82 to 1.07 for POSi0, while it slightly decreases 

the O/Si ratio from 1.86 to 1.79 and increases the C/Si ratio from 1.21 

to 1.27 for POSi38. The stabler composition in POSi38 than in POSi0 

is consistent with the more stable H2/CO2 separation properties.  

Fig. 5d,e and Table S5 present the Si 2p peak deconvolution of 

POSi0 and POSi60 before and after hydrothermal treatment. 

Hydrothermal treatment of POSi0 decreases Si-(O)4 peak 

contribution from 73% to 60% and increases Si-(O)3 peak 

contribution from 15% to 25%. The conversion toward Si-(O)3 

indicates that the silica networks become loosened, consistent with 

the reduced molecular sieving ability. In comparison, both Si-(O)4 and 

Si-(O)3 peak contributions of POSi60 barely change after 

hydrothermal treatment, suggesting unchanged silica networks and 

validating the almost unchanged H2/CO2 separation properties. The 

lower degree of Si 2p redistribution in phenyl-POSi membranes can 

be attributed to the enhanced hydrophobicity protecting the “core” 

network structure and bulky phenyl groups making it difficult for the 

silica structure to reorganize. 

Conclusion 

Incorporating phenyl groups into polysiloxane precursors improves 

hydrophobicity and hydrothermal stability of the resulting POSi 

membranes, achieving superior H2/CO2 separation properties. 

Polysiloxanes containing 0 – 60% PPMS were synthesized and 

fabricated to TFC membranes with <1 µm selective layers. Rapid 

oxygen plasma treatment (120 s) is used to generate composites 

comprising an ultrathin, wrinkled silica layer (~10 nm) on top of the 

rubbery polymer network, which is thoroughly validated by the O/Si 

and C/Si molar ratios determined using XPS. POSi38 exhibits a 

balanced H2 permeance of 140 GPU and H2/CO2 selectivity of 41 at 

100 ℃, superior to polymeric materials. Importantly, after exposure 

to water vapor at 100 ℃ for 12 h, POSi38 and POSi60 lost H2/CO2 

selectivity by 54% and 17%, respectively, lower than the POSi0 

lacking phenyl groups (74% reduction). The improved hydrothermal 

stability in the POSi38 is further validated by stable values of the O/Si 

and C/Si molar ratios compared to POSi0. 

This study illustrates the mechanism of hydrothermal reactions in 

ultrathin silica layers derived from oxygen plasma treatment of 

polysiloxanes, facilitating the design of robust silica membranes for 

practical applications. Further optimization of POSi membranes 
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includes increasing phenyl groups or other hydrophobic groups and 

evaluating performance with real gas streams containing various 

water contents. Notably, the feed gas is often dehydrated before 

entering membrane systems to avoid water condensation in the 

membrane modules, and therefore, there can be a balanced 

requirement of water removal and hydrothermal stability of the POSi 

membranes. 
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