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Abstract 

Monometallic doping has proved its superiority in improving either permselectivity or H2 

permeability of organosilica membranes for H2/CO2 separation, but it is still challenging to 

break the trade-off effect. Herein, we report a series of Pd-Nb bimetallic doped 

1,2-bis(triethoxysilyl)ethane (Pd-Nb-BTESE, PNB) membranes with different metal doping 

routes for simultaneously improving H2 permeance and H2/CO2 permselectivity by the 

synergetic effects of Pd and Nb. The doped Pd can exist in the BTESE network as 

nanoparticles while the doped Nb is incorporated into BTESE network forming Nb-O-Si 

covalent bonds. The metal doping routes significantly influence the microstructure of PNB 

networks and gas separation performance of the PNB membranes. We found that the PNB 

membrane with Pd doping priority (PNB-Pd) exhibited the highest surface area and pore 

volume, comparing with Nb doping priority (PNB-Nb) or Pd-Nb simultaneous doping 

(PNB-PdNb). The PNB-Pd membrane could not only exhibit an excellent H2 permeance of 

~10
-6

 mol·m
-2

·s
-1

·Pa
-1

 but also a high H2/CO2 permselectivity of 17.2. Our findings may 

provide novel insights into preparation of bimetallic doped organosilica membranes with 

excellent H2/CO2 separation performance.  

Keywords: Hydrogen; Separation; Membranes; Bimetallic doping; Organosilica. 
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1. Introduction 

As the new generation of silica-based membranes, organosilica membranes containing 

both organic and inorganic compositions have been considered promising for H2/CO2 

separation [1]. The rigid inorganic linkages of Si-O-Si bonds provide high mechanical 

strength and thermal stability, meanwhile the organic linkages of Si-R-Si (R represents 

organic groups) enhance the flexibility and hydrophobicity of organosilica membranes [2]. 

Multifarious organic bridging groups, including the alkylene (e.g. CH2, C2H2 and C8H16) and 

the aromatic (e.g. benzene and biphenyl), confer organosilica membranes family with 

versatility and tailoring pore structures properties [3-5].  

In recent years, 1,2-bis(triethoxysilyl)ethane (BTESE)-derived organosilica membranes 

with flexible Si-C-C-Si linkages have been widely investigated for small molecule gases 

separation due to its good molecular sieving performance and hydrothermal stability [6]. 

Kanezashi et al. [7] first reported that BTESE-derived membranes could be used for H2/CO2 

separation and found that the H2 permeance of BTESE membrane could reach up to ~10
-5

 

mol·m
-2

·s
-1

·Pa
-1

. However, their H2/CO2 permselectivity was very low, which was close to 

Knudsen factor (4.7). The poor H2/CO2 permselectivity is ascribed to the larger pore size 

caused by the longer Si-C-C-Si bonds in the BTESE-derived network [8]. Therefore, 

improving H2/CO2 permselectivity yet remaining high H2 permeance of BTESE-derived 

membranes have attracted much interest for researchers. 

Metal doping that could not only tailor pore structure but also trigger interactions with 

H2 or CO2 molecules has been considered as a promising strategy to improve H2/CO2 

separation performance for silica-based membranes. Metals such as Co, Mg, Al, Zr, Nb, Pd 
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and etc., have been successfully introduced in silica-based networks (e.g. pure silica and 

organosilica) [9-17]. Generally, the doped metals could exist in silica-based networks as two 

forms: (1) covalent bonds connected with silica-based network (M-O-Si, M represents metal), 

(2) metal or metal oxides nanoparticles embedded into silica-based network. Song et al. [13] 

prepared Zr doped BTESE (Zr-BTESE) membranes by using zirconium alkoxides as the 

metal source, and found that the Zr-BTESE membrane could exhibit a lower H2 permeance of 

1.1510
-8

 mol·m
-2

·s
-1

·Pa
-1

 but a higher H2/CO2 permselectivity of 23 than the performance of 

pure BTESE membrane (H2 permeance of 510
-7

 mol·m
-2

·s
-1

·Pa
-1

, H2/CO2 permselectivity of 

4). They confirmed that the result could be attributed to the formation of Zr-O-Si bonds in the 

Zr-BTESE network. A similar result was also found by Qi et al. [15] that doping Nb into 

BTESE-derived network could lead to the formation of Nb-O-Si covalent bonds, making the 

network become relatively dense. The optimal Nb-BTESE membrane also showed a high 

H2/CO2 permselectivity of 121, but a low H2 permeance of 5.110
-8

 mol·m
-2

·s
-1

·Pa
-1

. Thus, 

when a specific metal is doped into a silica-based network forming covalent bonds, the 

obtained network usually becomes dense and the corresponding membrane generally shows a 

high H2/CO2 permselectivity but a low H2 permeance.  

On the other hand, Kanezashi et al. [18] attempted to dope Pd into tetraethoxysilane 

(TEOS)-derived silica (Pd-TEOS) membranes for improving H2/CO2 separation performance. 

They found that the doped Pd existed in the silica networks as nanoparticles, which 

significantly improve the H2 permeance of the membrane. Although Pd-TEOS membranes 

could exhibit the enhanced H2 permeance, the H2/CO2 permselectivities were still very low. 

Because some large pores were formed at the interface between the formed Pd nanoparticles 
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and the silica network due to the poor compatibility. Our group [17] also confirmed that Pd 

could be doped into BTESE-derived organosilica (Pd-BTESE) membranes as nanoparticles. 

The membrane showed a high H2 permeance of 7.2610
-7

 mol·m
-2

·s
-1

·Pa
-1

 and a low H2/CO2 

permselectivity of 4.3, and the results could be attributed to the enlarged pore size of 

Pd-BTESE membrane and increased H2 adsorption by the Pd nanoparticles. Therefore, the 

randomly distributed Pd nanoparticles are beneficial to improve the H2 permeance due to the 

strong adsorbability and solvability of Pd towards H2 [19]. 

As introduced above, doping different metals into silica-based membranes with different 

mechanisms can significantly change the ultimate H2/CO2 separation performance of the 

membranes. Unfortunately, most metal-doped silica membranes were based on monometallic 

doping [20] and the monometallic doping strategy was proved difficult to break through the 

trade-off limitation between H2 permeance and H2/CO2 permselectivity. Despite the bimetallic 

doping strategy has been proposed for improving the gas separation performance of 

silica-based membranes [21-25], these works focused on improving the poor hydrothermal 

stability of TEOS-derived silica membranes using Co as the main metal. Very recently, Zhang 

et al. [26] reported the first bimetallic doped organosilica membranes by doping La-Y into 

BTESE-derived networks for the application of desalination, they found that La and Y could 

both form Si-O-M (M represents La and Y) bonds in the organosilica networks.  

Inspired by the two metal doping mechanisms, recently, we successfully prepared 

bimetallic Pd-Nb doped BTESE (Pd-Nb-BTESE) membranes with excellent H2/CO2 

separation performance by taking advantages of the synergetic effects of the two metals [27]. 

We found that when incorporated Pd into Nb-induced organosilica networks, the formed Pd 
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nanoparticles can not only inhibit excessive densification of Nb-doped networks, but also 

confer the networks with strong H2 adsorbability. Therefore, in this study, three metal doping 

routes (i.e. Pd doping priority, Nb doping priority and Pd-Nb simultaneous doping) were 

chosen to optimize the performances of this novel Pd-Nb-BTESE membrane. The properties 

of these membranes, such as the chemical states of Nb and Pd in the membrane, 

microstructures and H2/CO2 separation performance were investigated in detail. Bimetallic 

doping mechanisms with respect to this Pd-Nb-BTESE membrane were preliminarily 

revealed. 

2. Experimental 

2.1. Materials  

1,2-bis (triethoxysilyl) ethane (BTESE, purity 97%) was purchased from ABCR GmbH. 

Palladium chloride (PdCl2, purity 98%) and Niobium penta (n) butoxide (NPB, purity 99%) 

were purchased from Meryer (Shanghai) Chemical Technology Co., Ltd.. Ethanol anhydrous 

(EtOH, purity 99.9 %) and hydrochloric acid (HCl, 36.5 wt%) were purchased from Merck 

Corporation and Liyang Oriental Chemical Reagent Co., Ltd., respectively. Prior to further 

use, the concentrated HCl was diluted to 1 M with deionized (DI) water (5 μScm
-1

 at 25 ºC). 

Home-made disc-type γ-Al2O3 mesoporous membranes (thickness: 2.5 mm, diameter: 42 mm, 

pore size: 3-5 nm) were used as the supports.  

2.2. Synthesis of Pd-Nb-BTESE sols 

The synthetic processes of Pd-Nb doped BTESE (PNB) sols with different metal doping 

routes are shown in Fig. 1. BTESE sol, PdCl2 solution and NPB solution were first 

synthesized, respectively. Typically, 5 mL BTESE and 5 mL EtOH were first mixed in a 
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nitrogen glove-box. 0.5 mL HCl solution (1 M) was then drop-wise added into the 

BTESE-EtOH mixture under vigorous stirring in an ice bath. Finally, the mixture was 

refluxed in a water bath at 60 ºC for 90 min to obtain pure BTESE sol. 0.383 g PdCl2 powders 

were dissolved with 0.72 mL HCl (36.5 wt%) in a water bath at 60 ºC for 40 min, then the 

mixture was diluted with 30 mL EtOH to obtain PdCl2 solution. The NPB solution was 

prepared by diluting 0.226 mL NPB with 20 mL EtOH in a nitrogen glove-box.  

30.72 mL PdCl2 solution and 5 mL EtOH mixture were added into the 3.1 mL BTESE 

sol to form the Pd-BTESE mixture, then the Pd-BTESE mixture was refluxed in a water bath 

at 60 ºC for 90 min to obtain the Pd-BTESE sol. The full NPB solution, 0.3 mL HCl (1 M) 

and 5 mL EtOH were added into the resulting Pd-BTESE sol for refluxing at 60 ºC for 90 min 

to obtain a PNB sol. As Pd metal was first introduced into BTESE sol and Nb metal was 

sequentially doped into the Pd-BTESE sol, the synthesized sol was denoted as PNB-Pd. 

Similarly, the PNB sol with Nb doping priority was denoted as PNB-Nb. When PdCl2 and 

NPB solutions were simultaneously added into the pure BTESE sol, the mixture sol was 

denoted as PNB-PdNb. The molar ratio of the three PNB sols was controlled as the same (Si: 

Pd: Nb: H2O: HCl: EtOH=1: 0.4: 0.1: 9.65: 1.65: 197). Jo
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Fig. 1. Schematic illustration of the synthesis process of sols with different metal doping 

routes. The orange, black, red and blue arrows link to the synthetic routes of BTESE, PNB-Pd, 

PNB-Nb and PNB-PdNb sols, respectively. 

2.3. Preparation of PNB membranes 

The PNB-Pd, PNB-Nb and PNB-PdNb membranes were prepared by single dip-coating 

the corresponding PNB sols onto γ-Al2O3 supports, respectively. Then the freshly coated 

membranes were dried in a humidity chamber (40 ºC, 25% relative humidity) for 3 h. Finally, 

the membranes were calcined at 400 ºC for 3 h with the same heating and cooling rate of 0.5 

ºC·min
-1

 in a tube furnace (GHA 12/1050, Carbolite). A reductive calcination atmosphere of 

H2/N2 (2:3 in molar ratio) was used.  

The as-prepared three PNB sols were dried in petri dishes at room temperature for 24 h. 

Next, the obtained xerogels were ground into fine powders and then calcined in the same 

conditions as for the preparation of PNB membranes. The obtained PNB powder samples 

were used for characterization to indicate the properties of the corresponding membranes. 
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2.4. Characterization  

Crystalline structures of the PNB powder samples were analyzed by an X-ray 

diffractometer (XRD, MiniFlex 600, Rigaku) using Cu Kα radiation at 40 kV and 15 mA. 

Fourier transform infrared (FTIR) spectroscopy (NICOLET 8700, Thermo Nicolet 

Corporation) with KBr tablet method and X-ray photoelectron spectroscopy (XPS, 

ESCALAB250xi, Thermo Scientific) equipped with a monochromatic Al Kα X-ray source 

(1486.6 eV) were used to analyze the chemical states of the PNB powders. The surface and 

cross-sectional morphologies of membranes were observed by a scanning electron 

microscopy (SEM, S-4800, Hitachi) with the accelerating voltage of 7 kV. The morphologies 

of the as-prepared PNB networks were observed by a high-resolution transmission electron 

microscope (HRTEM, JEM-200CX, JEOL). The particle size distribution in the TEM images 

was measured by a Nano Measurer 1.2 software. Microstructural properties of the as-prepared 

membranes were characterized by analyzing the N2 adsorption-desorption isotherms (ASAP 

2020, Micromeritics) of the corresponding powder samples at -196 ºC. Before gas adsorption 

measurement, samples were degassed under vacuum at 200 ºC for 12 h. The pore size 

distributions of PNB membranes were calculated by the non-local density functional theory 

(NLDFT) method. H2 and CO2 gas adsorption isotherms at 25 ºC for the as-prepared powder 

samples were also studied.  

2.5. Evaluation of gas separation performance 

The single gas permeances of He, H2, CO2, CH4, N2 and SF6 were measured from 50 to 

200 ºC on a home-made apparatus. The detailed information of the apparatus can be found 

elsewhere [17]. The gas permeance was calculated according to the Eq. (1): 
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𝑃𝑖 =
𝐹𝑖

𝐴 ∆𝑃
                                                                 (1) 

where Pi is the permeance of gas i (mol·m
-2

·s
-1

·Pa
-1

), Fi is the flow rate (mols
-1

), A is the 

effective membranes area (m
2
), ΔP is the transmembrane pressure (Pa). 

The ideal separation factor () was calculated by the Eq. (2): 

 =
𝑃𝑖

𝑃𝑗
                                                               (2) 

where Pi and Pj are the permeance of gas i and j, respectively.  

3. Results and discussion 

3.1. Chemical composition analysis of PNB membranes 

Fig. 2 (a) shows the XRD patterns of the three PNB networks obtained by different 

synthetic routes. We found that the XRD patterns of the three PNB networks were identical. 

No Nb-related diffraction peaks were detected in the three XRD patterns, indicating that 

niobium compounds are amorphous in the organosilica network. This result is consistent with 

our previous study on Nb monometallic doped BTESE membranes that Nb was well 

dispersed into organosilica network [28]. The peaks at 40.14 º, 46.7 º and 68.18 º are ascribed 

to (111), (200) and (220) planes of Pd (0) [29]. The detected Pd (0) diffraction peaks 

suggested that Pd (2+) were reduced in the presence of H2/N2 atmosphere at 400 ºC, which are 

consistent with our previous work [30]. Fig. 2 (b) shows the FTIR spectra of PNB networks 

obtained by different synthetic routes. The three samples exhibited similar FTIR spectra 

confirming that chemical composition of the three PNB membranes are similar. The peaks at 

3450, 2905, 1628, 775 and 680 cm
-1

 correspond to Si-OH stretching vibrations, -CH2 

stretching vibrations, H-O-H deformation vibrations, -CH2 rocking vibrations and Si-C 

stretching vibrations, respectively [31, 32]. The two peaks at 1410 and 1426 cm
-1

 are assigned 
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to bending asymmetric vibrations of -CH2 for -CH2-CH2-, confirming the existence of 

ethane-bridged Si-CH2-CH2-Si groups [32]. The broad band at 1040 cm
-1

 is ascribed to 

asymmetric stretching vibration of Si-O-Si which were formed by the polymerization reaction 

of Si-OH groups [31].  

 

Fig. 2. (a) XRD patterns and (b) FTIR spectra of PNB powders. 

For further investigating the condensation degree of silanol groups, the FTIR absorption 

peaks of PNB samples at the range of 850-1200 cm
 -1

 were deconvoluted into six peaks by 

Gaussian function to identify the overlapping bands of Si-O-Si and Si-OH bands (Fig. 3) [26]. 

The peaks center at around 1160, 1115, 1055 and 1005 cm
-1

 (i.e. peak 1-4) were ascribed to 

Si-O-Si stretching vibration, while the peaks at 917 and 880 cm
-1

 (i.e. peak 5 and 6) 

correspond to Si-OH bending vibration [33]. The FTIR peak area ratio of Si-O-Si to Si-OH 

groups is considered as the indicator of the condensation degree for PNB networks [26], and 

the condensation (also known as cross-linking) degree of silica networks is closely related to 

the pore structure of silica-based membranes [34]. The PNB-Pd and PNB-Nb networks 

displayed much higher Si-O-Si/Si-OH peak area ratios than that of PNB-PdNb. This result 
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may indicate that one-by-one bimetallic doping (i.e. PNB-Pd or PNB-Nb) is more favorable 

to increase the cross-linking degree of PNB networks than the route of simultaneous doping 

with two metals (i.e. PNB-PdNb).  

 

Fig. 3. The deconvolution of FTIR spectra of (a) PNB-Pd, (b) PNB-Nb, (c) PNB-PdNb 

powders, and (d) Si-O-Si/Si-OH peak area ratios for the three networks. 

To confirm the chemical states of Nb in the three organosilica networks, the Nb 3d 

core-level XPS spectra of PNB-Pb, PNB-Nb, PNB-PdNb networks and pure Nb2O5 powder 

were analyzed (Fig. 4). The XPS spectra of Nb 3d were deconvoluted into two peaks at 

binding energies of 208.2 eV and 210.9 eV, which correspond to Nb 3d5/2 and Nb 3d3/2, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



13 

 

respectively. The binding energies of Nb 3d5/2 and Nb 3d3/2 for PNB powders are higher than 

those of pure Nb2O5 (Nb 3d5/2 of 207.2 eV and Nb 3d3/2 of 209.9 eV). This chemical shift 

indicated that niobium atoms were incorporated into BTESE networks forming Nb-O-Si 

covalent bonds, corroborating with previous reports [35-37].  

 

Fig. 4. XPS spectra for Nb 3d of (a) PNB-Pd, (b) PNB-Nb, (c) PNB-PdNb and (d) Nb2O5 

powders. 

3.2. Morphological and microstructural analysis of PNB membranes  

Fig. 5 shows the morphologies and the size distributions of Pd nanoparticles for the three 

PNB membranes. We observed that Pd nanoparticles were randomly embedded into the three 
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organosilica networks, however, the size distributions of Pd nanoparticles for the three 

networks were different. The Pd nanoparticle size distribution for the PNB-Pd network was 

mainly concentrated on 10-20 nm. Interestingly, the size of Pd nanoparticles in PNB-Nb 

network were smaller within the range of 2-6 nm. In addition, the PNB-PdNb network 

displayed an irregular size distribution for Pd nanoparticles with both small particles and large 

particles in the ranges of 5-10 nm and 15-25 nm, respectively.  

 

Fig. 5. HRTEM images and particle size distribution of PNB powders. 

Fig. 6 shows the hypothetical structures of the PNB membranes prepared by the three 

synthetic routes. Based on the findings of Pd or Nb monometallic doped BTESE networks in 

our previous studies [15, 17], Nb-doped BTESE networks are generally denser than that of the 

pure BTESE network and exhibit relatively smaller pore size, due to the formation of 

Nb-O-Si bonds. Pd can be doped into BTESE-derived networks in the form of nanoparticles. 

The relatively large pore size and low cross-linking degree of pure BTESE network is 

beneficial for the growth of large Pd nanoparticles due to the weak space resistance. Therefore, 
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the uniformly large Pd nanoparticles could be found in the PNB-Pd network. On the other 

hand, when Nb is first doped into the BTESE network, the dense Nb-BTESE network with 

small pore size may provide strong space resistance, resulting in the formation of smaller Pd 

nanoparticles in the PNB-Nb network after Pd doping. When Pd and Nb are simultaneously 

doped, we hypothesize that Pd nanoparticles may be confined within both pure BTESE 

network as the large particles and the Nb-BTESE network as the small particles, respectively, 

leading to the irregular particle size distribution of the PNB-PdNb network. 

 

Fig. 6. Schematic illustration of the hypothetical structures of the PNB networks with 

different synthetic routes. 

Fig. 7 shows the surface and cross-sectional morphologies of the three PNB membranes. 

As the typical PNB membrane, the PNB-Pd membrane has a smooth and defect-free surface, 

and an asymmetric structure including a -Al2O3 support layer, a -Al2O3 intermediate layer 

and a PNB separation layer was imaged (Fig. 7 (a)-(c)). The morphologies of the three PNB 

membranes are similar with an ultrathin PNB separation layer with the thickness of about 100 

nm.  
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Fig. 7. SEM images of (a)-(c) PNB-Pd membrane observed from top and cross-section. (d) 

and (e) are cross-sectional SEM images of PNB-Nb and PNB-PdNb membranes. 

N2 adsorption-desorption experiments were conducted to determine the effects of the 

three metal doping routes on the microstructural properties of the corresponding PNB 

networks. In Fig. 8, the N2 adsorption-desorption isotherms of all samples showed a rapid rise 

at very low relative pressure. This characteristic matches well with type І isotherms, 

confirming that the three PNB membranes have microporous structures [38]. Notably, the 

PNB-PdNb network exhibited an obvious hysteretic loop in the range of 0.4-1 relative 

pressure, suggesting the existence of relatively large volume of mesopores. Combined with 

the aforementioned FTIR and TEM analysis, the result may be attributed to the low 

condensation degree of Si-O-Si/Si-OH and the irregular size distribution of Pd nanoparticles 

in the PNB-PdNb network. The Brunauer-Emmett-Teller surface area (SBET) and total pore 

volume (Vtotal) of PNB powders are provided in Table 1. PNB-Pd powders showed the highest 

SBET (335 m
2
·g

-1
) and Vtotal (0.201 cm

3
·g

-1
) compared with the PNB-Nb and PNB-PdNb 
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samples. This result indicates that the Pd doping priority is favorable to enhance the porosity 

of the PNB-Pd membrane, because the large Pd nanoparticles confined in the BTESE network 

can expand the structure of its networks. On the contrary, the SBET and Vtotal of PNB-Nb 

powders were the smallest suggesting that the Nb doping priority leads to the formation of 

dense structure. Because of the relatively dense network of Nb-BTESE, the formed small Pd 

nanoparticles are not able to expand the PNB-Nb network. Moreover, the PNB-PdNb network 

exhibited a compromise SBET and Vtotal of 252 m
2
·g

-1
 and 0.176 cm

3
·g

-1
, respectively.  

 

Fig. 8. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of PNB 

membranes. 

Table 1 Pore structure data of PNB powders 

Sample SBET (m
2
·g

-1
) Vtotal (cm

3
·g

-1
) 

PNB-Pd 335 0.201 

PNB-Nb 213 0.132 

PNB-PdNb 252 0.176 

Note: SBET and Vtotal represent Brunauer-Emmett-Teller (BET) surface area and total pore 

volume, respectively.  

The pore size distributions of the PNB-Pd, PNB-Nb and PNB-PdNb networks were 
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further analyzed using the NLDFT model (Fig.8 (b)). All samples exhibited the multimodal 

pore size distributions proving the existence of the hierarchically porous structure for the PNB 

membranes. The pore size distribution of PNB-Pd network was mainly centered at 6.72 Å. 

However, both the PNB-Nb and the PNB-PdNb networks exhibited two peaks in their pore 

size distributions, the pore size peaks for the former were at 5.28 and 7.07 Å, the pore size 

peaks for the latter were a little larger (6.29 and 7.33 Å). These pore size analytical results 

partially match with the aforementioned FTIR and TEM analysis, providing supportive 

evidences for our hypothesis of the PNB networks that synthesized by different metal doping 

routes. 

3.3. Gas separation performance of PNB membranes 

Fig. 9 shows the gas permeance of PNB membranes prepared by different metal doping 

routes. Obviously, the permeances of the three PNB membranes exhibited a decreasing 

tendency as the kinetic diameter of gases increases, proving their molecular sieving properties. 

We note that the high H2 permeances for the three membranes were attributed to the strong H2 

adsorbability of Pd nanoparticles formed via Pd doping [19]. The PNB-Pd membrane showed 

the highest gas permeances for the smaller molecule gases (i.e. He and H2), but its 

permeances for CO2, N2, CH4 and SF6 are lower than those of the PNB-PdNb membrane. This 

result can be ascribed to its moderate pore size which was calculated based on the NKP 

method (Fig S1 and S2) [39]. Among the three PNB membranes, the PNB-Nb membrane 

exhibited the lowest gas permeances for all tested gases. The H2/CO2 separation performance 

of the three PNB membranes were compared in Fig. 9 (b). We found that the PNB-Pd 

membrane showed the highest H2 permeance (9.6810
-7

 mol·m
-2

·s
-1

·Pa
-1

) and the largest 
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H2/CO2 permselectivity (17.2). This result indicates that the PNB-Pd membrane may possess 

the best Pd-Nb bimetallic doped network with the optimal porous structure for H2/CO2 

separation. Fig S3 showed the H2 and CO2 adsorption isotherms of the three PNB networks. 

PNB-Pd network exhibited the highest H2 adsorption capacities, corroborating the highest H2 

permeance and largest H2/CO2 permselectivity of the PNB-Pd membrane. In addition, the 

PNB-Nb membrane showed a high H2/CO2 permselectivity of 15.4, but its H2 permeance was 

the lowest (4.0310
-7

 mol·m
-2

·s
-1

·Pa
-1

). On the contrary, the PNB-PdNb membrane showed a 

high H2 permeance of 6.0610
-7

 mol·m
-2

·s
-1

·Pa
-1

, but its H2/CO2 permselectivity was the 

lowest (8.84). The H2/CO2 separation performances of the three PNB membranes are 

consistent with the aforementioned microporous analysis.  

 

Fig. 9. (a) Gas permeance and (b) H2/CO2 separation performance of PNB membranes 

measured at 200 ºC.  

To further study the transport mechanisms of gases permeation through the PNB 

membranes, the relationship between gas permeance and temperature was investigated. Fig. 

10 is the Arrhenius plot of gas permeances, which are calculated by the following Eq. (3) and 

Eq. (4) [40]: 
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𝑃 = 𝑃0 exp (
−𝛥𝐸

𝑅𝑇
)                                                     (3) 

𝑙𝑛𝑃 = −
𝛥𝐸

𝑅𝑇
+ 𝑙𝑛𝑃0                                                     (4)                                                    

where P is the gas permeance, P0 is the temperature independent parameter, R is the gas 

constant, T is the measured temperature and the ΔE is the activation energy. 

 

Fig. 10. Temperature dependency of gas permeances for (a) PNB-Pd, (b) PNB-Nb and (c) 

PNB-PdNb membranes. 

Fig. 10 shows the linear fittings of lnP as a function of 1000/RT with slopes equal to -ΔE 

(kJmol
-1

) according to Eq. (4). The positive value of ΔE indicates the gas transports through a 

membrane is controlled by the activated diffusion mechanism, while the negative ΔE suggests 

the gas transportation process obeys surface diffusion mechanism [41]. The activation 

energies for all the tested gases permeated through the three PNB membranes were given in 

Table S2. The ΔE values of He, H2, CO2 and N2 are positive for PNB membranes indicating 

those gases pass through the as-prepared membranes based on activated diffusion. A higher 

activation energy means higher resistance need to overcome by gas molecules through 

membrane pores. PNB-Nb membrane showed the higher activation energy of He and H2 than 

that of PNB-Pd and PNB-PdNb membranes. This result suggests that PNB-Nb membrane 

forms a denser structure via the synthesis route of Nb doping priority, which is consistent with 

its low gas permeance. PNB membranes show the negative activation energies for CH4 

(except PNB-PdNb membrane) and SF6. This result suggests that transportation of CH4 and 
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SF6 molecules through the membranes is controlled by the surface diffusion mechanism.  

Fig. 11 compares the H2/CO2 separation performance (H2 permeance and H2/CO2 

permselectivity) of the as-prepared PNB membranes with that of the reported pure BTESE or 

monometallic doped BTESE membranes measured at 200 ºC. Pure BTESE-derived 

membranes generally exhibited a high H2 permeance but their H2/CO2 permselectivities are 

very close to the Knudsen diffusion factor. As discussed above, monometallic doped BTESE 

membranes can often unilaterally improve either H2 permeance or H2/CO2 permselectivity. 

All the PNB membranes prepared in this work showed both high H2 permeances and good 

H2/CO2 permselectivities. Particularly, PNB-Pd membrane exhibited the excellent H2 

permeance up to 10
-6
mol·m

-2
·s

-1
·Pa

-1
 and the good H2/CO2 permselectivity of 17.2. In 

addition, the PNB-Pd membrane showed a good stability at 200 ºC for 120 h (Fig. S4). This 

finding may suggest that PNB membranes are possible to overcome the long-standing 

trade-off limitation by taking advantages of the two metals, and the PNB-Pd membrane has a 

great competitiveness in BTESE-derived membranes for H2/CO2 separation.  

 

Fig.11. Comparison of H2/CO2 separation performance for the PNB membranes prepared in 

this work with that for other BTESE-derived membranes reported in literatures (BTESE [17, 

42-44], Ta-BTESE [45], B-BTESE [45], Zr-BTESE [12, 13, 46], Pd-BTESE [17], Nb-BTESE 

[15]). 
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4. Conclusions 

Bimetallic doped BTESE-derived organosilica membranes with three Pd-Nb doping 

routes were fabricated by using the sol-gel method. By tuning the different metal doping 

routes, the influences on the microstructure and the H2/CO2 separation performance of the 

as-prepared PNB membranes were compared. As evidenced by chemical characterization, we 

confirmed that Pd could exist in BTESE-derived network as nanoparticles while Nb was 

incorporated into the network forming Nb-O-Si covalent bonds. According to the 

morphological and microstructural analysis, we found that the doping route has significant 

influences on the resultant PNB networks (e.g. Pd particle size distribution and pore structure). 

The three metal doping routes results in three different PNB networks. Among the three 

membranes, the PNB-Nb membrane with the highest condensation degree and small-size Pd 

nanoparticles could show a relatively low H2 permeance, and the PNB-PdNb membrane 

showed a low H2/CO2 permselectivity due to the larger pore size caused by the low 

cross-linking degree and inhomogeneous distribution of Pd nanoparticles. The PNB-Pd route 

was found to be optimal that the corresponding network showed the highest surface area of 

335 m
2
·g

-1
 and the largest H2 adsorption capacities. The superior structure and H2 adsorption 

properties conferred the PNB-Pd membrane with the highest H2 permeace (~10
-6

 

mol·m
-2

·s
-1

·Pa
-1

) and highest H2/CO2 permselectivity (17.2), which is much higher than upper 

bound 2008. This work may provide novel insights for constructing high-performance metal 

doped organosilica membranes for H2/CO2 separation. 
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Graphical abstract 

 

The metal doping routes significantly influence the microstructure of PNB networks and gas 

separation performance of the PNB membranes. 
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