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Abstract 

With the pressing concern of the climate change, hydrogen will undoubtedly play an essen8al 
role in the future to accelerate the way out from fossil fuel-based economy. In this case, the 
role of membrane-based separa8on cannot be neglected since, compared with other 
conven8onal process, membrane-based process is more effec8ve and consumes less energy. 
Regarding this, metal-based membranes, par8cularly palladium, are usually employed for 
hydrogen separa8on because of its high selec8vity. However, with the advancement of various 
microporous materials, they could challenge the status quo of the metal-based membranes 
since they could offer both high hydrogen permeability and selec8vity while also rela8vely 
cheaper to be produced. In this ar8cle, the advancement of five main microporous material 
membranes, namely silica-based membranes, zeolite membranes, carbon-based membranes, 
metal organic frameworks/covalent organic frameworks (MOF/COF) membranes and 
microporous polymeric membranes are extensively discussed. Their performances for 
hydrogen separa8on are then summarized to give further insights regarding the pathway that 
should be taken to direct the research direc8on in the future.    

1. Introduc:on 

With the pressing concern of global climate change, hydrogen will undoubtedly play an 
essen8al role as the main source of clean energy carrier in the future. Within the context 
of hydrogen economy, the main advantages of using hydrogen are primarily to reduce 
the concentra8on of the greenhouse gases in the atmosphere and also to eliminate the 
dependency fossil fuels-based economy that con8nuously aggravates the 
environmental issues [1,2]. It is then expected that such energy transi8on will 
significantly contribute in mi8ga8ng the climate change issues, par8cularly if the 
hydrogen can be fully produced from renewable resources and by u8lizing clean energy. 

Despite its poten8al as a rich energy source and its abundance, the hydrogen does not 
come naturally as a gas and is always in combina8on with other elements. Therefore, 
there are a number of common ways to produce hydrogen such as by hydrocarbon 
reforming [2]. Up to now, hydrogen produc8on from steam methane reforming (SMR) 
combined with water gas shiS (WGS) reac8on can s8ll be considered as the most 
economically viable and therefore cannot be neglected from the perspec8ve of 
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hydrogen economy, although it s8ll depends on the fossil fuels [2,3]. In the case, the 
syngas containing H2 and CO is firstly produced and the CO will be further converted into 
CO2 through WGS reac8on. The separa8on of H2 from the CO2 and unconverted CH4 in 
this case becomes crucial so the H2 can be further used for power genera8on [4,5].   

Hydrogen can also be obtained by recovering the purge gases from various industries 
such as from the ammonia plant, iron and steel industry in the form of coke oven gas or 
off-gas from refineries [6–8]. In the case of ammonia plant, for example, the hydrogen 
is firstly produced mostly through natural gas reforming to synthesize ammonia which 
is mainly further used in fer8lizer industries. About 96% of the ammonia is s8ll currently 
produced through the conven8onal energy-intensive Haber-Bosch process and 
therefore contributes to around 1.4-1.8% of the global CO2 emission while also u8lizing 
around 2% of the global energy produc8on [9,10]. Considering the vast amount of the 
hydrogen required to produce ammonia, it is then also released in a significant amount 
from an ammonia plant. It is es8mated that a stream of up to 180-240 Nm3 per ton of 
ammonia has to be purged containing large quan88es of hydrogen (up to 67% of H2, 
25% of N2 and a mixture of other gases) [11]. The hydrogen in this stream is has a huge 
poten8al to be recovered as an energy carrier once it can be effec8vely and efficiently 
separated from the rest of the stream components. Another example can also be seen 
in the post-combus8on gaseous stream from the produc8on of carbon black consis8ng 
of approximately 60.5% N2, 17.9% CO, 16.4% H2 and 5.3% CO2 [12]. Once this flue gas is 
further used for power genera8on by conver8ng to CO2, water and heat, the remaining 
flue gas s8ll consists of low concentra8on of hydrogen that could poten8ally be 
recovered from the nitrogen as the major component.  

Another scenario can also be seen in the future regarding the planning to transport the 
hydrogen. Taking into account that transpor8ng hydrogen through the pipeline is the 
lowest-cost alterna8ve, there is a possibility to u8lize the exis8ng network of the natural 
gas pipeline to co-transport hydrogen with natural gas [13]. Depending upon the gas 
grid infrastructure, hydrogen might be blended with the concentra8on between 5-20% 
[14]. If such a scenario can be fully implemented in the future, one of the main 
challenges is then to find a reliable technology that can effec8vely and efficiently purify 
the hydrogen from methane at the desired loca8ons.   

Up to now, the separa8on process of hydrogen from these light gases can be carried out 
by employing several techniques such as through liquid absorp8on, pressure swing 
adsorp8on (PSA) or cryogenic separa8on [7,15–17]. However, because of a number of 
disadvantages associated with these processes, par8cularly the rela8vely high-energy 
demand, membrane technology could be a beger alterna8ve to make the hydrogen 
separa8on process more energy-efficient and agrac8ve in the future [15].  

The use of membrane for hydrogen purifica8on is indeed not a new technology. Various 
polymers have then been inves8gated to be used as a membrane material for hydrogen 
separa8on from various gases. In 2008, these studies have then been nicely summarized 
by Robeson by indica8ng the existence of the upper bound encountered in polymeric 
membranes for hydrogen separa8on [18]. Based on this study, it can be clearly seen that 
there exists a permeability-selec8vity trade-off encountered in polymeric membranes. 
A polymeric membrane with high hydrogen permeability such as PTMSP usually exhibits 
a low hydrogen selec8vity and vice versa.  
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Considering the trade-off issue encountered in the polymeric membranes, the use of 
dense metallic membranes is also very agrac8ve and therefore have also been 
inves8gated as a promising membrane material for hydrogen separa8on. In this case, 
palladium (Pd) and its alloys are probably the most common metallic membrane 
material inves8gated for hydrogen purifica8on. The use of palladium to separate 
hydrogen has then been reported as early as 1866 [19], which has become the 
founda8on of various studies and discussions about this material and its alterna8ve in 
the 1950-1960 [20–22]. In general, palladium is a promising membrane material for 
hydrogen separa8on since it can offer almost an infinite selec8vity towards hydrogen 
and thus a pure hydrogen flow at the downstream side can be obtained. Despite their 
high effec8veness, these metallic membranes suffer from a number of disadvantages. 
Firstly, palladium is a rare earth metal. This causes the produc8on cost of a palladium 
membrane to be more expensive than a polymeric membrane. In order to reduce the 
produc8on cost of a palladium-based membrane, it has to be fabricated instead as a 
thin layer on a porous substrate. Secondly, a palladium membrane can also suffer from 
the hydrogen embriglement when operated below 300oC which could lead to the 
mechanical deforma8on of the membrane [23,24]. Therefore, palladium must be 
alloyed, either to form a binary alloy or a ternary alloy, with other metals to address the 
embriglement problem and also to improve its chemical resistance [23,25].  

Addressing the above issues, a number of researches have then been directed to 
inves8gate other promising materials for hydrogen purifica8on, par8cularly 
microporous materials. In this case, the employment of microporous materials has 
gained an increased interest because they could offer high produc8vity and selec8vity 
and thus surpassing the upper bound limit. As can be seen in the Figure 1, there is an 
increasing trend in the publica8ons related to various microporous materials for 
hydrogen separa8on. Such a possibility is par8cularly driven by the possibility to 
ra8onally tailor the pore structure of these materials for selec8vely permea8ng 
hydrogen while rejec8ng other impuri8es. For example, as can also be seen in the Figure 
1, there is an increasing trend from around 2010 in research and development in the 
field of metal organic frameworks, covalent organic frameworks and microporous 
polymeric membranes (polymer of intrinsic microporosity and thermally-rearranged 
polymer) whose architecture can be ra8onally designed by selec8ng appropriate 
building blocks. This review then intends to highlight the recent advances of these 
promising materials in the field of hydrogen separa8on, which could then be used as a 
guidance to choose the next membrane materials for hydrogen purifica8on.  
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Figure 1. Number of publica3ons of microporous materials membrane for hydrogen separa3on based 

on Scopus 

2. Gas transport in the microporous materials 

The gas transport occurring through a membrane can usually be described through 
solu8on-diffusion mechanism as illustrated in the Figure 2(A). In this case, the gas 
permea8on occurs through three steps: (i) adsorp8on and dissolu8on of the gas into the 
membrane matrix, (ii) diffusion of the gas across the membrane matrix and (iii) 
desorp8on at the downstream side. The selec8vity is therefore determined both by the 
solubility and diffusivity of the gas molecules in the membrane material. The gas 
transport of the membranes fabricated from polymeric materials can usually be 
described by this phenomenon. However, in a microporous material with a more 
complex and porous structure, the gas transport mechanisms could also be governed by 
a combina8on of different mechanisms [26,27].  

There are at least three phenomenon that could also occur during when the gas 
molecules are transported across the membrane. In the ultra- or micropores region, the 
gas molecular sieving can occur, as illustrated in the Figure 2(B). In this case, the 
membrane selec8vity is governed by the ability of a certain gas molecule to pass through 
the pores. When the pores in a microporous membrane become larger and falls within 
the range of 0.3 to 1 nm, the gas transport can now be governed by surface diffusion, as 
illustrated in the Figure 2(C). Lastly, the Knudsen flow can also govern the gas transport 
process across a microporous membrane, as illustrated in the Figure 2(D), when the pore 
size in the membrane falls in range between 1 to 50 nm. This occurs when the mean 
free path of a gas molecule is much larger than the pore diameter. All of these gas 
transport could then occur simultaneously in a microporous membrane. For instance, 
when a microporous membrane contains some large pores or defec8ve parts, the gas 
transport occurring through these defec8ve sites might be governed by both surface 
and Knudsen diffusion, while the rest might be molecularly sieved by the non-defec8ve 
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sites of the membrane. Moreover, the ability for a certain gas molecule before being 
transported across the membrane could also be affected by the adsorp8on of the 
molecule on the membrane, which in the case of microporous polymeric membranes 
corresponds to the material’s solubility.    

 
Figure 2. A schema3c of the possible gas transport phenomenon through a microporous membrane: 

solu3on-diffusion (A), molecular sieving (B), surface diffusion (C) and Knudsen diffusion (D) 

3. Microporous membrane materials for hydrogen separa:on 

3.1 Silica-based membranes 

The use of silica-based membrane for hydrogen purifica8on has been studied as early 
as 1989 where the decomposi8on of tetraethoxysilane (TEOS) was used as a silica 
precursor and an inorganic porous glass was used as the support [28]. From this early 
study, it was found that the H2/N2 selec8vity of the silica membrane is about twice 
higher than the selec8vity of the porous support. In silica-based membranes, the 
separa8on is governed based on the molecular sieving phenomenon. This is in contrast 
to the separa8on of their support layer which is normally governed by the Knudsen 
diffusion. Therefore, a defect-free silica-based membrane could exhibit a very high 
hydrogen permselec8vity towards light gases.  

In general, as illustrated in the Figure 3, a microporous silica-based membrane can be 
fabricated either by a sol-gel [29–51] or chemical vapor deposi8on (CVD) method [52–
82]. In a sol-gel technique, a porous substrate is usually firstly dipped in a silica colloidal 
precursor containing silica nanopar8cles. This is then followed by drying and sintering 
the coated substrate to obtain a porous silica structure [83]. This process can be 
repeated several 8mes to obtain a defect-free silica membrane. Three approaches, 
namely (i) silica polymers, (ii) par8culate-sol and (iii) templa8ng, can then be used to 
fabricate a silica membrane based on the sol-gel method and various factors might affect 
the membranes proper8es and their hydrogen separa8on performance [84].  
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Figure 3. A schema3c diagram of the microporous silica membrane prepara3on 

A study comparing TEOS and three different silica precursors, namely 1,1,3,3-
tetraethoxy-1,3-dimethyldisiloxane (TEDMDS), bis(triethoxysilyl)ethane (BTESE) and 
hexaethoxy disiloxane (HEDS) has revealed that the TEOS-derived silica membrane gives 
the best H2/N2 selec8vity around 340 with the lowest H2 permeance around 3 x 10-7 mol 
m2 s-1 Pa-1 since it results in the membrane with the smallest pore size [44–46]. 

Meanwhile the order of the pore size of the rest is HEDS < BTESE < TEDMDS-derived 
silica membrane. All the silica membranes fabricated using these precursors have 
exhibited low H2/N2 selec8vity in the range of 7-20 because of their looser pore 
structure with the TEDMDS-derived silica membrane shows the lowest H2 permeance 
around 1 x 10-6 10-7 mol m2 s-1 Pa-1 because of the presence of the impermeable pendant 
groups in its network. Another inves8ga8on has also indicated that there is a difference 
between the silica membrane prepared from acid-catalyzed polymeric silica sol and 
base-catalyzed  colloidal silica sol [35]. The former leads to the forma8on of low-
branched silica par8cles leading to interpenetra8on and denser thin film while the lager 
results in highly branched silica par8cles that cannot interpenetrate because of the 
steric hindrance. As a result, the lager pathway produces beger and applicable silica 
membrane since the former produces an almost non-permeable silica membrane. For 
the silica polymers pathway, carefully controlling the clusters condensa8on rate during 
the silica network polymeriza8on is essen8al to obtain a defect-free silica membrane 
[85]. In the case of templa8ng method, for example, the selec8on of the correct 
templa8ng agent is crucial to obtain a silica membrane with narrow pore distribu8on. It 
has been observed that the use of methacryloxypropyltrimethoxysilane (MOTMS) as a 
templa8ng agent can increase the micropore volume and narrow down the pore 
distribu8on of the membrane and thus resul8ng in almost 40 8mes increase of hydrogen 
permeance than the membrane fabricated without MOTMS [33]. 
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One of the main challenges related to the sol-gel process is the required 8me for the 
calcina8on since this may take up to 12 h including the ramping up to the target 
temperature and the holding 8me [86]. In this respect, a 1 hour calcina8on step with 
the ramping up step of more than 100oC s-1 has not just managed to reduce the 
calcina8on 8me but also to produce a good silica membrane with H2 permeance and 
selec8vity against N2 around 1 x 10-7 mol m2 s-1 Pa-1 and 40, respec8vely [42]. Another 
study has also shown the possibility to use a hot plate at 550oC for calcina8on [41]. With 
just one hour calcina8on 8me, a silica membrane with H2 permeance around 1 x 10-7 
mol m2 s-1 Pa-1 and selec8vity against CO2, N2 and CH4 around 17, 250 and 250, 
respec8vely, can be obtained. However, contamina8on from the environments must be 
fully avoided to obtain a defect-free membrane.   

Differing from the sol-gel method, a CVD technique relies on the reac8on of the silica 
precursor in the gas phase occurring around the pores of the substrate in order to 
modify them [87]. Such a reac8on can then be accelerated by various factors including 
the presence of the catalyst in the precursor such as tetraisoporpyl 8tanate [60] and the 
presence of opposing reactants such as water vapor that also contributes in reducing 
the fabrica8on temperature [70]. Meanwhile, the quality of the silica membrane 
produced with CVD method is oSen influenced by various reac8on parameters such as 
the flow direc8on of the reactants, reac8on temperature and 8me and the presence of 
other components. In this case, a defect-free silica membrane can usually be obtained 
by prolonging the reac8on 8me leading to lower hydrogen permeance and higher 
hydrogen permselec8vity as the pore of the substrates become smaller [53,54,56,57]. 
In order to obtain a homogeneous silica membrane, it has also been observed that 
flowing the two reactants on different sides of the porous substrate (outer and inner 
sides) yields a more uniform silica membrane with beger hydrogen permselec8vity [59]. 
This is because the forma8on of a uniform silica film within the substrate pores will be 
more promoted rather than being accumulated on the surface of the substrate that can 
lead to film cracking as the thickness increases. Meanwhile, to obtain a thinner silica 
membrane to increase the hydrogen permeance, introducing a barrier on the pore 
surface of the porous substrate such as by introducing temporary carbon layer [64] or 
by firstly coa8ng a silica sol-gel layer on the barrier will limit the ac8ve region of the CVD 
and thus helping to assist in obtaining a thinner silica membrane. 

Moreover, choosing the correct silica precursor is also crucial to obtain a silica 
membrane with excellent hydrogen separa8on performance. For example, the use of 
TEOS as silica precursor might result in a silica membrane with higher hydrogen 
permeance than the one fabricated from SiCl4 when using Vycor glass as the support 
[62]. This is because TEOS diffuses slower than SiCl4 into the support pores because of 
its molecular size and thus considerable pore blocking might be resulted when SiCl4 is 
used as the precursor. In this case, one study has inves8gated the use of three different 
silica precursors, namely tetramethoxysilane (TMOS), phenyltrimethoxysilane (PhTMS) 
and 3-aminopropylmethyldiethoxysilane (APMDES) and the membranes were 
fabricated using the CVD method [52]. It was observed that the H2/N2 selec8vity follows 
the order of TMOS-deposited (1265) > PhTMS-deposited (633) > APMDES-deposited 
(100) silica membrane. This is caused by the fact that TMOS-deposited silica membrane 
has the smallest pore size distribu8on than the others and thus has shown an excellent 
H2 selec8vity, even though this also means that it has the slowest H2 permeance 
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compared to the rest of the membranes. In addi8on, the selec8on of the support 
material is also crucial to obtain a silica membrane that can combine excellent hydrogen 
permeance and selec8vity. For example, compara8ve studies employing Vycor glass and 
alumina as a support have indicated that the H2/CO2 and H2/CH4 selec8vity of the former 
is about 4-5 8mes higher than the lager (up to more than 10000) [53,54]. This is because 
the SiO2/Vycor glass membrane has more constricted pores than the SiO2/alumina and 
thus more effec8ve in hindering the adsorp8on of gases with kine8c diameter of more 
than 0.3 nm. However, this must also be compensated by the slower hydrogen 
permeance, which was found about one order of magnitude lower. Another study using 
alumina as the support has also shown that by firstly coa8ng the alumina substrate with 
boehmite sol as an intermediate layer can produce an ultrathin silica membrane with 
thickness less than 50 nm and increase its hydrothermal stability [55,69]. Moreover, 
both the hydrogen permeance  and the H2/CO2 and H2/CH4 of this silica membrane has 
also been improved from its uncoated counterpart for about 60% to be around 1.6 x 10-

7 mol m2 s-1 Pa-1 and about 2-3 8mes to be around 590 and 940, respec8vely [55]. This 
is because the intermediate layer coated on the support gives a finer microstructure and 
a membrane with fewer defects can be obtained. The advantages of using of boehmite 
as the intermediate layer can then be further enhanced by applying differen8al pressure 
when the silica membrane is fabricated using a counter diffusion approach since it can 
more effec8vely deposit the film in the pores of this intermediate layer [81]. As a result, 
the H2/CO2 and H2/CH4 selec8vity of this membrane can reach as ahigh as 1200 and 
24000, respec8vely. In another study, coa8ng the alumina substrate with an 
intermediate layer from silica is also possible. In this case, a looser silica membrane from 
phenyltriethoxysilane before the deposi8on of the selec8ve silica layer made from TEOS 
is also found to be very effec8ve to significantly enhance the hydrogen permeance up 
to around 3.6 x 10-6 mol m2 s-1 Pa-1 while maintaining sa8sfactory H2/CH4 selec8vity 
around 30 [79]. 

A silica-based membrane for hydrogen separa8on can also be modified by embedding 
the membrane with various metals or metal oxides such as cobalt [30,31,38,42], nickel 
[32,37], niobium [47], palladium [50] and zirconia [40] to improve its separa8on 
performance and structural stability. The incorpora8on of metal or metal oxides inside 
the silica membrane is expected to improve its hydrothermal stability by increasing its 
resistance against densifica8on when operated at high temperature. This could then 
result in an excellent H2/CO2 selec8vity around 1500 even when the membrane was 
operated at 600oC and 600 kPa [30]. In addi8on, in comparison to the non-doped silica 
membrane, the hydrogen permea8on ac8va8on energy of the metal-doped silica 
membrane is also lower and thus indica8ng the significant reduc8on of the dense 
structure in the metal-doped silica membranes [31,32]. Despite its proven efficacy, the 
metal-loading inside the membrane must also be op8mized. For instance, in a zirconia-
doped silica membrane, increasing the zirconia content in the silica sol from 10% to 50% 
results in a silica membrane with lower hydrogen permeance and selec8vity [40]. The 
hydrogen permea8on ac8va8on energy also increases from 3.4 kJ mol-1 to 44 kJ mol-1 
and thus indica8ng the densifica8on of the SiO2-ZrO2 network structure. The silica 
membrane with the lowest zirconia content also performs beger aSer hydrothermal 
treatment giving H2/N2 selec8vity around 190 compared to around 15 found in the silica 
membrane with the highest zirconia content. Similarly, if a silica membrane is doped 
with more than 50% niobium, structural densifica8on occurs leading to low H2 
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permeance and H2/CO2 selec8vity around 3 x 10-9 mol m2 s-1 Pa-1 and 15, respec8vely, 
aSer a hydrothermal treatment [47]. When the content of the niobium is less than 50%, 
aSer hydrothermal treatment, the H2 permeance and H2/CO2 selec8vity of the 
membrane can s8ll be maintained around 3.1 x 10-8 mol m2 s-1 Pa-1 and 207, respec8vely. 
Moreover, high metal doping might also lead to structural instability of the silica 
membranes [32]. 

There are also other non-conven8onal approaches to introduce metal into the silica 
membrane. A silica membrane can be binary doped such as with palladium-cobalt [29] 
and palladium-niobium [49]. A synergis8c effect can be seen in the case of Pd-Nb BTESE-
derived silica membrane, as illustrated in the Figure 4 (A, B and C), where the niobium 
contributes in crea8ng a denser silica membrane structure to improve the membrane 
selec8vity while the Pd contributes in enhancing the H2 permeance through preferen8al 
adsorp8on [49]. As a result, the H2 permeance and H2/CO2 selec8vity of the Pd-Nb silica 
membrane can reach up to 1.1 x 10-7 mol m-2 s-1 Pa-1 and 107, respec8vely, which is 
significantly higher than bare BTESE-derived silica membrane. The introduc8on of the 
metal can also be carried out aSer the fabrica8on of the silica membrane as studied in 
the impregna8on of palladium nanopar8cles in the silica membrane through vacuum 
method as can be seen in the Figure 4 (D, E and F) [39]. In this case, the Pd nanopar8cle 
might contribute in plugging the membrane defects. As a result, the H2 permea8on is 
more ac8vated in the Pd-impregnated silica membrane as indicated by higher ac8va8on 
energy at 6.32 kJ mol-1 in comparison to 4.22 kJ mol-1 observed in the non-modified one 
because of its denser structure. Consequently, this results in lower H2 permeance of the 
Pd-impregnated silica membrane that is found to be around 2.3 x 10-8 mol m-2 s-1 Pa-1 
than the non-impregnated counterpart that falls around 3.4 x 10-8 mol m-2 s-1 Pa-1. 
However, the H2/N2 selec8vity of the former is about 4 8mes higher than the lager and 
reaches 115. 
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Figure 4. Illustra3on of the synergis3c effect of the Pd-Nb-BTESE silica membrane (A) and the impact 
of Pd-Nb loading on hydrogen adsorp3on (B) and gas separa3on performance (C). Illustra3on of the 
palladium-impregnated silica membrane through vacuum-assisted method (D) and its impact on the 
hydrogen permea3on ac3va3on energy (E) and H2/N2 selec3vity (F). Reproduced with permission 

from [49] (A,B and C) and [39] (D, E and F). Copyright 2020 and 2008, respec3vely, Elsevier. 

Opera8ng the silica membrane at higher temperature could be more beneficial for 
hydrogen separa8on  [34,38,39,57,72]. This has been exemplified by a study showing 
that the H2/N2 selec8vity of the silica membrane can be improved from around 20 to be 
around 102 by increasing the temperature from 423 to 873 K [34]. In another study, the 
H2/CO2 of a cobalt-silica membrane can also be improved from 45 to 160 by eleva8ng 
the opera8ng temperature from 100oC to 250oC. In these cases, the hydrogen 
permeance of a silica membrane can be significantly increased as the temperature is 
elevated while the permeance of other light gases barely changes or even slightly 
decreases [34,72]. 

3.2 Zeolite membranes 

In the perspec8ve of the hydrogen separa8on, employing zeolite membranes is actually 
quite promising since it can offer a number of advantages such as well-defined pore size 
and beger physical and chemical proper8es. They can also be operated at high 
temperature like a silica membrane since they are inorganic materials. As illustrated in 
the Figure 5, a number of zeolite membranes fabricated from different zeolites such as 
AIPO-18 [88], CHA [89], DDR [90–96], DD3R [97], FAU [98–101], LTA [102–111], Si-CHA 
[112,113], silicalite 1 [114,115], silicalite 2 MEL [116], MFI [117–123], NaA [124–127], 
SAPO 17 [128], SAPO 34 [129–138], SSZ 13 [113,137,139–145], STT [146,147], 
8tanosilicate AM-3 [148,149], 8tanosilicate-umbite [150,151] and ZSM 5 [152–156] 
have been inves8gated for this purpose. They can be fabricated through two main 
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routes, namely in-situ crystalliza8on by hydrothermal reac8on, microwave-assisted or 
ionothermal reac8on [99,100,102–105,107,108,117,119,123,132] or seeding followed 
by secondary growing [90,109–113,115,116,124–127,129–131,134,136,140,143–145]. 
Moreover, a stronger agachment between the zeolite and the support layer can also be 
achieved through substrate func8onaliza8on such as with 1,4-diisocyanate [106], 3-
aminopropyltriethoxysilane [100,104,105,127], 3-chloropropyltrimethoxysilane [102], 
polyethyleneimine [126] and polydopamine [101,103]. By doing this, both the physical 
and covalent bond of the zeolite and the support layer can be greatly improved.  

 
Figure 5. Some examples of zeolites used as a membrane material for hydrogen separa3on 

In addi8on to a conven8onal single-layer membrane, a zeolite membrane can also be 
fabricated as a mul8-layer membrane such as in the case of FAU-LTA [157], ZSM-5-
silicalite-1 [152] and mul8-layer LTA [105]. In this case, func8onaliza8on with 3-
aminopropyltriethoxysilane at the zeolite interlayer seems necessary to act as a 
protec8ve barrier for the exis8ng layer when it undergoes the next synthesis step [157]. 
One of the main func8ons of this strategy is then to heal the defects exis8ng in the first 
layer such as observed in the case of triple-layer LTA zeolite membrane, as illustrated in 
the Figure 4 (A and B),  where the H2 separa8on factor from CO2, N2 and CH4 can be 
increased from 7; 5.8 and 4.9, respec8vely, observed in the single layer LTA zeolite 
membrane to be 12.5; 8.6 and 6.5, respec8vely in the triple-layer LTA zeolite membrane 
[105]. The applica8on of this mul8-layer approach can then also be widened by using 
other materials as the intermediate layer such as palladium [158]. Apart from its role to 
separate the hydrogen from nitrogen, the zeolite layer also contributes to protect the 
palladium layer against cracking in the event of dras8c opera8ng temperature changes. 
As a result, the H2/N2 separa8on performance of the zeolite-palladium composite 
membrane can be stably maintained at around 300 when the opera8ng temperature is 
periodically cycled between 350oC and 500oC. Meanwhile, almost 300% drop in H2/N2 
selec8vity is observed in the pure palladium membrane during this cycling. 
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Figure 6. An illustra3on to fabricate a mul3-layer LTA zeolite membrane func3onalized with APTES at 

the interlayer (A) and the compara3ve gas separa3on performance of the resul3ng zeolite 
membranes with different layers (B and C). Reproduced with permission from [105]. Copyright 2012 

Elsevier. 

Despite all of these numerous inves8ga8ons, it should also be noted that not all of the 
inves8gated zeolite membranes have shown promising performance for hydrogen 
separa8on since the employment of a zeolite with pore aperture around 0.3 nm is 
required to only allow the hydrogen permea8on whose kine8c diameter is around 0.289 
nm. Therefore, zeolite membranes such as FAU with pore size around 0.7 nm [98] or 
silicalite 2 MEL with pore size around 0.55 nm [116] might not be suitable for this 
purpose because their hydrogen molecular sieving capability will be limited.  

It does not mean, however, that zeolite with larger pore size should be completely 
excluded to be applied for hydrogen separa8on purpose. One strategy to u8lize this 
par8cular zeolite is to do a modifica8on or a post-treatment process to reduce its pore 
size in order to enhance the hydrogen separa8on performance by using silica. For 
example, the zeoli8c pore of the MFI [117–122] and ZSM 5 [129,152] can be reduced by 
using methyldiethoxysilane (MDES) which is decomposed at high temperature to 
produce amorphous SiO2. In another study, tetraethylorthosilicate (TEOS) can also be 
used as a silica precursor to modify the pore of a DDR zeolite membrane [93]. The 
effec8veness of this deposi8on process can also be improved by increasing the number 
of acidic sites in the zeolite such as through ion exchange process [121].  
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This modifica8on process can then significantly improve the hydrogen separa8on 
performance of a zeolite membrane. For example, in the case of MFI zeolite membrane, 
the H2 selec8vity against CO2, N2 and CH4 can be improved significantly from Knudsen 
selec8vity value to be around 141, 63, 180, respec8vely with only about 25% loss on the 
hydrogen permeance [122]. In another case, although the untreated ZSM 5 shows 
almost no H2/CO2 separa8on, the H2/CO2 selec8vity can be increased to be around 47 
aSer the modifica8on. However, this must be compensated with lower H2 permeance 
that decreases about one order of magnitude to be around 1 x 10-7 mol m-2 s-1 Pa-1 [129]. 
A similar result is also obtained with the DDR membrane. ASer modifica8on, up to one 
order of magnitude lower H2 permeance is observed to be around 2 x 10-8 mol m-2 s-1 
Pa-1  but the H2/CO2 selec8vity can be significantly improved from 2.6 to be around 33 
[93].  

However, it should be noted that this strategy cannot be generally applied towards all 
types of zeolite membrane since it must be ensured that the modifier fits into the zeolite 
pore and the membrane has a rela8vely good quality with low inter-crystalline defects 
[117]. In the case where the modifier cannot go inside the zeoli8c pore, however, there 
is s8ll a chance that such a modifica8on can bring a beneficial impact by modifying the 
non-zeoli8c pores or healing the membrane defec8ve sites. This has been inves8gated 
to modify the SAPO 34 membrane [129]. In this case, the modifier does not modify the 
SAPO 34 pore but rather modifies the non-zeoli8c pore because of the difficulty of the 
MDES to go into the SAPO 34 pores ASer the modifica8on, the H2/CH4 selec8vity can be 
increased to 59 from 39 without any significant loss on the H2 permeance since the H2 
mostly goes through the zeoli8c pore. In another study using DDR zeolite membrane, 
the membrane is modified using tetramethoxysilane to heal the defec8ve sites [96]. As 
a result, compared to the unmodified membrane, the H2 permeance of the modified 
membrane falls to 1.36 x 10-7 mol m-2 s-1 Pa-1, which is around one order of magnitude 
lower, but its H2/CH4 selec8vity can be significantly improved from around 3 to be 
around 45.   

Another strategy to use zeolite with rela8vely large pore size is, as has also been briefly 
men8oned above, to fabricate it as a composite zeolite membrane to exploit the 
synergis8c effect originated from its cons8tuents. For example, in the case of FAU-LTA 
composite zeolite membrane, the pore aperture of FAU is around 0.74 nm [157]. Despite 
this, its combina8on with the LTA can create a new composite membrane with higher 
hydrogen selec8vity (10.6; 8.6 and 7.1 against CO2, N2 and CH4, respec8vely) than the 
membrane fabricated solely from the FAU (8; 7.2 and 5.6 against CO2, N2 and CH4, 
respec8vely) which could be contributed from the synergis8c effects between the two 
zeolites and their interlayer structure. 

In addi8on to the pore size adjustment, the hydrogen separa8on performance of a 
zeolite membrane can also be improved when it is operated at higher temperature 

[118,119,129,137,152]. For example, at 150oC, the H2/CO2 separa8on of a ZSM-
5/silicalite-1 bilayer membrane is found to be around 14 which then increases to be 
around 24 as the temperature is elevated to 450oC because of the reduced adsorp8on 
affinity of the zeolite to CO2 [152]. A similar trend has also been observed for MFI zeolite 
membrane where the H2/CO2 separa8on factor can be increased about three 8mes to 
be around 21 where it is operated at 300oC rather than at 150oC [118]. However, one 
cannot neglect the fact that a contras8ng situa8on might also be observed as reported 

https://doi.org/10.26434/chemrxiv-2024-pj4b8 ORCID: https://orcid.org/0000-0003-3794-0613 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pj4b8
https://orcid.org/0000-0003-3794-0613
https://creativecommons.org/licenses/by-nc-nd/4.0/


in a number of cases. For example, the H2/CH4 selec8vity of a modified SAPO 34 zeolite 
membrane decreases from around 59 at 25oC to be around 28 at 250oC [129]. In another 
study, a Ti-silicate zeolite membrane has also shown a decrease in H2/N2 selec8vity from 
around 47 at 40oC to be around 31 at 150oC [150]. Si-CHA zeolite membrane has also 
shown a decreasing trend in the H2/CH4 selec8vity from 85 to be around 77 as the 
opera8ng temperature increases from 25oC to 150oC that is mainly caused by lower H2 
permeance at higher temperature [112]. Therefore, evalua8ng this trend case by case is 
par8cularly crucial since this behavior depends strongly upon a number of factors such 
as the effect of the adsorp8on of the permea8ng gases and the permea8on ac8va8on 
energies through the zeolite membranes, whose differences might also be more 
strengthened when each gas permeates through different pores in the zeolite 
membrane [112,150].  

Some zeolite membranes such as AIPO-18 [88], DD3R [97], SAPO-34 [138] and Si-CHA 
[112] have also shown a nega8ve hydrogen separa8on performance trend with 
increasing opera8ng pressure. For instance, when the opera8ng pressure drop increases 
from 0.2 MPa to 1 MPa, the H2 permeance in the AIPO-18 membrane recues almost half 
to be around 0.6 x 10-7 mol m-2 s-1 Pa-1 and its H2/CH4 selec8vity drops from around 25 
to 19 [88]. In another study employing Si-CHA, the H2/CH4 selec8vity drops from 85 to 
be around 50 as the pressure drops increases from 0.2 MPa to 1 MPa [112]. Such cases 
might be agributed because of the hydrogen coverage in the zeolite does not linearly 
increase with increasing pressure because of the weak hydrogen adsorp8on resul8ng in 
the hydrogen permeance reduc8on and thus renders the membrane for being 
ineffec8ve to inhibit the permea8on of other light gases [88,97].   

3.3 Carbon-based membranes 

In the area of carbon-based membranes, there are two material classes that could be 
promising for hydrogen purifica8on, namely carbon molecular sieve (CMS) membrane 
and graphene-based membranes. Both materials are very agrac8ve to be applied for 
this purpose since they can exhibit a sharp molecular sieving ability to produce a highly 
selec8ve membrane.  

 Carbon molecular sieve (CMS) membranes 

CMS membrane is a carbon-based membrane that is produced through pyrolysis of 
polymeric precursors. Because of this reason, it can be easily inferred that one of the 
most important aspects in producing a high-quality CMS membrane for hydrogen 
separa8on is the selec8on of the polymers. Various polymers have then been 
inves8gated as a precursor for CMS membranes, either as a self-standing or a supported 
CSM membrane, applied for hydrogen separa8on including cellulose or regenerated 
cellulose [159–164], cross-linked polyester [165], Kapton [166], lignin-based or lignin-
derived polymers [167–169], Matrimid [170,171], novolac polymer (phenol-
formaldehyde) [172–176], phenolphthalein-based cardo poly (arylene ether ketone) 
[177], polyamides [178], polybenzimidazole [179,180], polydopamine [181], 
polyetherimide [182–184], polyfurfuryl alcohol [185–189], polyhedral oligomeric 
silsesquioxanes (POSS) [190], poly(phthalazinone ether sulfone ketone) [191], polyimide 
[184,192–200], polyimide/azide [201], polymer of intrinsic microporosity (PIMs) [202], 
polypyrrolone [203], poly(siloxane imide) [204], Tröger’s base polymer [205–207], wood 
tar [208] or a blend of polymers such as poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO)–
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polyvinylpyrrolidone (PVP) [209], poly styrene sulfonic acid-Tröger’s base polymer [206], 
polyimide-polyvinylpyrrolidone [210], PBI-Matrimid [180,211], PBI-P84 [180,211] and 
PBI-Torlon [180,211].  

Considering the huge possibili8es of the precursors, selec8ng the correct precursor for 
a CMS membrane becomes crucial. For example, in a systema8c study involving four 
different polyimides with different groups (aroma8c, phenyl ether, (CH3)2 and (CF3)2) 
results in four different polyimides with four different chain structures: rod-like (PPD-
PMDA), curved (ODA-PMDA), helical (BAPP-PMDA) and helical with higher frac8onal 
free volume (BDAF-PMDA), respec8vely [198]. As expected, a CMS membrane with 
highest H2 permeability around 1673 Barrer is obtained from the helical-chain BDAF-
PMDA while the rod-like PPD-PMDA shows the lowest H2 permeability around 366 
Barrer. This is because the pendant groups in the helical-chain polyimide contributes in 
sterically hindering the orderliness of the graphite-like sheets packing leading to a more 
open micropore structure aSer the pyrolysis. However, the H2/N2 selec8vity of the 
former is only found to be around 12. Meanwhile, the PPD-PMDA-derived CMS 
membrane shows H2/N2 selec8vity around 73 and thus exhibi8ng a more enhanced 
molecular sieving for hydrogen separa8on. 

Once an appropriate polymer has been chosen, the pyrolysis process of these precursors 
can be conducted in the absence of oxygen and the temperature is usually set to be 
around 400-1000oC, which has to be op8mized since this will affect the sp3/sp2 ra8o in 
the CMS membranes. In this case, a CMS membrane with high quan8ty of sp3 type of 
defects usually exhibits high hydrogen permeance and thus controlling the conversion 
of the sp3 to sp2 hybridized carbon is crucial to obtain a CMS membrane with excellent 
molecular sieving property [160,192]. In this case, increasing the pyrolysis temperature 
of the precursor can usually bring a posi8ve impact to increase the number of 
ultramicropores and also the sp2 hybridized carbon resul8ng in the enhanced hydrogen 
molecular sieving of the CMS membranes but op8miza8on is also necessary in order to 
avoid the shrinkage of the pores resul8ng in a defec8ve CMS membrane [160,169–
171,177,178,202,205,208,209]. For instance, when using aroma8c polyamide as the 
carbon precursor for the CMS membrane, increasing the pyrolysis temperature from 
550oC to 925oC results in a significant increase of H2/CO2 selec8vity more than 150 8mes 
to be around 366, although the H2 permeability also decreases from around 687.4 to 9.1 
Barrer. This could be agributed to the genera8on of ultra-microporous regions in the 
CMS membrane that might exclusively allow hydrogen to be adsorbed and passed 
through the membrane resul8ng as indicated by the enhancement of both the diffusive 
and sorp8on selec8vity, as illustrated in the Figure 7 (A and B) [178]. A similar situa8on 
is also observed when employing PIM as the carbon precursor [202]. By increasing the 
pyrolysis temperature from 600oC to 800oC the H2/N2 and H2/CH4 selec8vity increases 
from around 28 and 40, respec8vely, to be around 128 and 363, respec8vely, without 
significant reduc8on of the H2 permeability which can be maintained around 2177 
Barrer [202]. In another study, by increasing the carboniza8on temperature of 
phenolphthalein-based cardo poly (arylene ether ketone) from 700 to 900oC, the 
interlayer spacing of the graphi8c-like crystallite in the CMS also decreases resul8ng in 
an increase of the H2/CH4 selec8vity from 311 to 1859, even though this has to be 
compromised with the reduc8on of the hydrogen permeance from around 4.6 x 10-7 to 
be around 2 x 10-7 mol m-2 s-1 Pa-1 [177]. In another inves8ga8on using cellulose hollow 
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fiber as precursor, increasing the pyrolysis temperature from 500oC to 850oC also brings 
down the sp3/sp2 ra8o of the CMS membrane from 0.73 to 0.36 resul8ng in a decrease 
of H2 permeance from 466.8 GPU to 148.2 GPU but significantly enhancing the H2/CO2 
selec8vity from 11.1 to 83.9 [160]. In addi8on to the appropriate pyrolysis temperature 
selec8on, the dwelling 8me at this par8cular temperature could also crucially affect the 
performance of the resul8ng CMS membrane. For example, as inves8gated using 
cellophane as the precursor, by prolonging the dwelling 8me at the final pyrolysis 
temperature to 240 minutes, more ultramicroporous regions in the CMS membrane can 
be generated [164]. As a result, the H2 permeability only slightly decreases from 148 to 
109 Barrer but the H2/CO2 and H2/N2 selec8vity can be more than doubled to be around 
22 and 1086, respec8vely.  

 
Figure 7. The illustra3on and the trend of the ultra-microporous genera3on through pyrolysis at 
different temperatures of an aroma3c polyamide as a precursor of CMS membrane (A) and the 

hydrogen separa3on performance of the resul3ng CMS membranes pyrolyzed at different 
temperatures (B). Reproduced with permission from [178]. Copyright 2022, American Chemical 

Society. 

The hydrogen separa8on performance of the CMS membranes can then be improved by 
employing various strategies. This can be done, for example, by adding various metals 
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such as aluminum [174], copper [161], iron [167] ygerbium [179] and zinc [197] to the 
precursor. For instance, in addi8on to lowering the pyrolysis temperature, the use of 
iron as an addi8ve to the precursor also contributes in maintaining the neck structure 
of the CMS membrane to improve the hydrogen selec8vity [167]. At the same pyrolysis 
temperature, the hydrogen permeance of the iron-added CMS is not markedly different 
from the non-added one (132 vs 124 x 10-9 mol m-2 s-1 Pa-1, respec8vely) but the H2/CH4 
and H2/N2 selec8vity in the iron-added CMS membrane can be significantly improved 
from its non-added counterpart from 54 and 32, respec8vely, to be 584 and 293, 
respec8vely [167]. Similarly, when using zinc as the addi8ve, the H2 permeability and 
the H2/CH4 selec8vity of the resul8ng CMS membrane constructed from polyimide can 
be significantly increased from 5852 to 6768 Barrer and from 84.3 to 370, respec8vely, 
since the presence of Zn2+ ion might help in molecularly sieve the larger gas molecules 
and barely affect the hydrogen permea8on [197]. In another inves8ga8on using 
ygerbium as the dopant, compared with the pris8ne CMS membrane, the H2 
permeability of the metal-doped polybenzimidazole-derived CMS membrane can be 
increased from 519 to 1556 Barrer while its H2 selec8vity against CO2, N2 and CH4 can 
be almost doubled to be around 12, 411 and 1532, respec8vely [179]. In this case, the 
ygerbium can establish a coordina8on bonding with the imidazole precursor resul8ng 
in 8ghtened interchain packing of the precursor. As a result, aSer carboniza8on, more 
ultramicropores regions can be formed which are responsible to enhance the hydrogen 
molecular sieving.  

In addi8on to metal doping, the CMS precursor can also be mixed with other materials 
such as glycerol [162], micro-nanocrystalline cellulose [212], propylene glycol [162], TiO2 
[186] and zeolite [186,213–215]. The beneficial aspect of having this composite is the 
possibility of the addi8ve to tailor the porous structure of the resul8ng CMS membranes 
and rendering them to be more suitable for hydrogen separa8on [212,215][162]. For 
instance, by using around 1 wt% of propylene glycol as the addi8ve, the H2/CH4 
selec8vity of the cellulose-derived CMS membrane can be increased to 3498 from 684 
observed in the CMS membrane fabricated without addi8ve [162]. This performance 
does not have to be compromised with low hydrogen permeability since it can be 
maintained around 500 Barrer. In another study using zeolite as an addi8ve at 7.5 wt%, 
the H2 permeability in the 10X zeolite-doped CMS membrane can be improved to 1709 
Barrer with H2/N2 and H2/CH4 selec8vity of 105 and 551, respec8vely [213]. 

Alterna8vely, the hydrogen separa8on performance of a CMS membrane can also be 
improved through post-modifica8on strategy. This has been inves8gated, for example, 
by post-modifying the pore of the polyimide (PI) and polyetherimide (PEI)-derived CMS 
membranes with a carbon layer formed from the carboniza8on of poly(p-phenylene 
oxide) (PPO) a [184]. Compared with the pris8ne CMS membranes, the H2 permeability 
of the post-modified CMS membranes can be increased almost 3 8mes to be around 
1450 and 812 Barrer for PPO/PI and PPO/PEI, respec8vely. More remarkably, the H2/N2 
and H2/CH4 selec8vity for both CMS membranes can also be significantly improved from 
the range of 9-17 to be around 172 and 18-24 to be around 136 for PPO/PI and PPO/PEI, 
respec8vely. This has been agributed to the forma8on of the carbon layer from PPO 
that can simultaneously improve the hydrogen molecular sieving by reducing the pore 
size of the PI- and PEI-derived CMS membranes and also enhance their gas sorp8on. 
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Since the gas transport through the CMS membranes are also an ac8vated process, the 
hydrogen selec8vity of this material can also be affected by the opera8ng temperature. 
In this case, opera8ng the membrane at higher temperature might result in an increase 
in hydrogen selec8vity [159,160,192,205] even though a number of studies have also 
observed the contras8ng trend [161,172,177,195]. Higher opera8ng temperature 
usually leads to the faster diffusion of the hydrogen. Meanwhile, the impact of the 
sorp8on of other gases also becomes lower resul8ng in an increase of hydrogen 
selec8vity [160]. However, when the hydrogen permea8on across the CMS membranes 
is less affected by the change of the temperature compared with other gases, as usually 
indicated through the permea8on ac8va8on energy, the reverse situa8on might occur, 
namely lower selec8vity at high temperature [161,172]. It has also been reported that 
higher opera8ng pressure might help to increase the CMS membrane hydrogen 
selec8vity [205]. An increase of around 20% in H2/CO2 and H2/N2 selec8vity and 50% in 
H2/CH4 selec8vity has been reported as the opera8ng pressure is increased from 2 to 4 
bar since the H2 permeability barely changes compared to other gases [205]. 

One of the most crucial issues encountered in the CMS membrane is the aging 
phenomenon which is caused by sorp8on of oxygen and water molecules 
[160,167,204,215]. For instance, it has been observed that aSer 400 days storing in 
ambient condi8on, almost half of the hydrogen permeance is lost [167]. In another 
study, 50 days of storage leads to the reduc8on of H2 permeance and H2/CO2 selec8vity 
about 40% and 10%, respec8vely [160]. Regarding this phenomenon, it seems likely 
that, when the aging is reversible, the membrane performance might be par8ally 
brought back through heat treatment [160]. For instance, it has been observed that up 
to 74% of the H2 permeability can be recovered aSer heat-trea8ng the aged CMS 
membrane [215]. However, it can also happen that the physisorp8on or chemisorp8on 
occurring in the CMS membrane is already irreversible and thus heat trea8ng the CMS 
membrane does not help to gain back its ini8al performance [161,167]. Therefore, in 
order to make the CMS membrane performance more stable and predictable, a high 
temperature treatment in the air atmosphere might then be carried out to fasten the 
aging. It has been observed that this process can half the aging 8me of a CMS membrane 
from 28 days to 14 days before the hydrogen permeability stabilizes [204]. 

Graphene-based membranes 

Graphene is a 2D nanomaterial of a carbon allotrope where the carbon atoms are 
arranged in a hexagonal lauce. Although a perfect graphene membrane is impermeable 
to any gases, its defec8ve counterparts could be used in a gas separa8on process. In the 
field of hydrogen purifica8on, this has been demonstrated by using graphene with 
excep8onally high hydrogen permeance (in the order of 10-2 mol m-2 s-1 Pa-1) with 
sa8sfactory H2/CO2 selec8vity around 8 when its thickness can be controlled within the 
atomic scale [216,217]. The graphene membrane can also be modified using ozone to 
simultaneously control its defec8ve sites to improve the hydrogen permeance and 
selec8vity up to around 300% and 150%, respec8vely [218]. The pores in the graphene 
material can also be ar8ficially fabricated such as by employing focused ion beam, which  
can then be further modified by deposi8ng nickel microislands responsible to enhance 
the CO2 adsorp8ve property and thus hindering its permea8on [219]. As a result, a 
graphene membrane with H2 permeance H2/CO2 selec8vity around 20000 GPU and 26, 
respec8vely, can be obtained. However, most studies are more directed towards the use 
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of its deriva8ves, namely graphene oxide (GO) and reduced graphene oxide (rGO). 
Differing from graphene, GO is not a completely 2D material and therefore can be non-
uniformly stacked to become permeable to small gases, as long as the energy barrier of 
gas permea8on can be surpassed [220].  

A defect-free GO membrane for hydrogen separa8on can be prepared through different 
methods such as vacuum filtra8on [221–234], spin coa8ng [220,224,235] and spray-
evapora8on [236]. Regardless of the chosen method, the GO membrane fabrica8on is 
usually ini8ated by preparing a GO suspension. In order to obtain a good GO membrane, 
the steps involved in this phase, such as centrifuga8on and dilu8on, need to be 
op8mized [221]. Once a good GO suspension is obtained, the next crucial step is to 
obtain a smooth GO membrane with less wrinkle sites and excellent interlayer stacking 
resul8ng in an op8mum d spacing between the GO nanosheets that is sufficient to 
molecularly sieve hydrogen from other light gases. In this step, modifying the substrate 
with Silicalite-1 to improve the interfacial adhesion of the GO membrane [234], 
synthesizing the GO with Brodie instead of Hummer method [229], having a large GO 
nanosheets, which can be obtained through repeated freeze-thaw method [224] or pre-
cross-link the GO nanosheets with ca8ons [232], ethylenediamine [225] or cysteamine 
[231] have been proven to be helpful to control the d spacing of the GO membrane so 
it can perform well for hydrogen purifica8on. In the case of spin-coa8ng, directly spin-
coa8ng a GO solu8on on a polyethersulfone substrate, rather than firstly contac8ng the 
substrate to the air-liquid interface of the GO suspension, can produce a GO membrane 
with interlocked layer structure exhibi8ng molecular sieving ability [220]. In another 
study, spinning polyethyleneimine (PEI) as an intermediate layer between GO 
nanosheets, as can be seen in the Figure 8 (C and D), might also help to reduce the 
electrosta8c repulsive force between two GO nanosheets and thus resul8ng in a more 
homogeneous interlayer GO stacking [235]. When compared with the normal GO 
membrane prepared without PEI as the intermediate layer, the H2/CO2 selec8vity of the 
lager is about 6 8mes higher reaching about 30 with H2 permeance 1200 Barrer. 
Meanwhile, in the case of self-standing GO membrane, Even though most of the GO 
membranes for hydrogen separa8on are fabricated on a porous support, using a slow 
filtra8on rate during the collec8on of the GO nanosheets is crucial to produce a good 
GO membrane exhibi8ng a molecular sieving capability since faster filtra8on leads to a 
more haphazard arrangement of the GO stacks and thus producing a looser membrane 
[237].  

https://doi.org/10.26434/chemrxiv-2024-pj4b8 ORCID: https://orcid.org/0000-0003-3794-0613 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pj4b8
https://orcid.org/0000-0003-3794-0613
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
Figure 8. Illustra3on of the strategy to fabricate a GO membrane with freeze-thaw approach (A) and 
PEI as an intermediate layer (C) and their corresponding hydrogen separa3on performance shown in 

(B) and (D), respec3vely. Reprinted with permission from [224] and [235], respec3vely. Copyright 
2016, American Chemical Society 

The hydrogen separa8on performance of a GO membrane can then be influenced by a 
number of factors but the gas pathways in a GO membrane is considered to be mainly 
influenced by the interlayer spacing of the GO sheets and the structural defects [220]. 
The interlayer spacing of a GO membrane can then be reduced by reducing it into an 
rGO membrane [238]. However, this strategy barely posi8vely impacts the hydrogen 
separa8on performance of the modified membrane [222]. Therefore, controlling the 
structural defects of a GO membrane might be a more effec8ve way to obtain a GO 
membrane with excellent hydrogen separa8on performance. In this case, it has been 
observed that the hydrogen permeance in a GO membrane decreases exponen8ally as 
the membrane thickness increases [221]. It is then hypothesized that the hydrogen and 
other small gases permeate through the structural defects of the GO membrane with 
molecular sieving ability. Therefore, by op8mizing the membrane thickness down to 9 
nm, a GO membrane with H2/CO2 and H2/N2 selec8vity of around 3400 and 900, 
respec8vely, can be obtained [221].  

Moreover, the hydrophilicity of the GO membrane and the presence of various 
func8onal groups in the GO membrane can also influence the hydrogen separa8on 
performance. It has been observed that a GO membrane might show a CO2-philic 
transport property in its pris8ne state where CO2 is the fastest gas transported across 
the membrane [220]. However, this condi8on can be reversed by thermally annealing 
and opera8ng the membrane at elevated temperature to open up the GO pore and 
renders it to be less CO2-philic and thus resul8ng in H2/CO2 selec8vity around 40. 
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However, it should also worth to note that, even though the hydrogen permeance of a 
GO membrane can be enhanced at high temperature, opera8ng the GO membrane at 
elevated temperature might also result in the reduc8on of its ini8al selec8vity 
[220,226,228,230,233]. For example, when operated at 120oC, although the hydrogen 
permeance increases up to three 8mes compared to the room temperature opera8on, 
the H2/CO2 selec8vity of a GO membrane has been observed to get lower from around 
240 to 47 [224]. In another study, the H2/N2 selec8vity of a surfactant-modified GO 
operated at 100oC also reduces to be around 10 from 30 when operated at room 
temperature [228]. This might then be caused by various factors including the faster 
diffusion process of the gas transport at high temperature and also because the GO 
membrane becomes more porous [220,228]. 

3.4 Metal organic frameworks (MOF)- and covalent organic framework (COF)-based 
membranes 

Metal organic frameworks (MOF) 

In the last two decades there is a growing interest in the research and development in 
the field of metal organic frameworks (MOFs) as a promising next genera8on of porous 
materials that can be used for various purposes such as water purifica8on [239], sensor 
[240] and also gas separa8on [241]. As the name indicates, MOF is constructed from 
metal clusters which are connected by organic linkers. In addi8on to its high surface area 
and porosity, one of the main selling points of MOFs is their tailorable architecture, 
which means that one can ra8onally design a MOF for a specific purpose and this 
possibility is principally endless.  

Various MOFs, as illustrated in the Figure 9, have then been inves8gated to be achieve 
this objec8ve such as CAU-1 [242], CAU-10-H [243], CAU-10-PDC [244], CuBTC [245–
254], MIL-53(Al) [255], MIL-53(Al)-NH2 [256,257], MOF-74(Mg) [258], MOF-74(Ni) [259], 
UiO-66 [260,261], UiO-66-NH2 [262], ZIF-7 [263–266], ZIF-8 [253,263,266–268,268–
294], ZIF-9 [295,296], ZIF-67 [296–298], ZIF-78 [299], ZIF-90 [300–302], ZIF-95 [303–
305] and ZIF-100 [306]. As in the case of the zeolite membrane, there are two main 
routes that can be used to fabricate a MOF membrane for hydrogen separa8on, namely 
in-situ crystalliza8on [243,250,252,263,266,270,272,276,295] and seeding followed by 
crystal growing [244,249,253,256,259,261,262,264,273–275,281,282,299,304]. 
However, in the case of MOF membranes, there are more rooms to be explored since 
this material offers a different chemistry than zeolite. One of the strategies that are oSen 
explored is by separately preparing the metal and ligand solu8on which can then 
brought in contact through different methods. For example, a substrate can be firstly 
covered by metal hydroxide nanostrand, metal oxide or metal sol to be later converted 
into MOF once exposed to the ligand precursor either in the solu8on or in a vapor-
assisted mode as exemplified in the case of CuBTC [247,254] and ZIF-8 [279,289,293]. 
Another strategy is by employing a layer by layer assembly method where the substrate 
is exposed consecu8vely to the metal and ligand precursor [251,269,271,297]. Counter-
diffusion is also another method to produce a MOF membrane where the metal and 
ligand precursor are located on the different side of the substrate so the substrate acts 
as a porous barrier between the two precursors. This method has been used to produce 
ZIF-8 membrane [267,284]. A rather rapid MOF membrane can also be fabricated 
through an evapora8on-induced crystalliza8on [245], electrospray deposi8on [265] or 
crystalliza8on using sustained precursor method [290] which can significantly reduce 
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the produc8on 8me of the MOF membranes. Moreover, MOF membranes can also be 
produced with a certain orienta8on to improve its hydrogen molecular sieving effect. 
This is exemplified in the case of ZIF-95 where the presence of MOF seeds and MOF 
building block on a porous substrate can be converted into c-oriented dense membrane 
through vapor-assisted process [305]. 

 
Figure 9. Some examples of MOFs used as a membrane material for hydrogen separa3on 

The substrate for the MOF membranes can also be firstly modified before the MOF is 
grown on its surface. In the case of inorganic substrates, they can be firstly coated or 
modified by various methods such as immersing in the ligand solu8on [268], oxidiza8on 
[252], coa8ng with various molecules such as 3-aminopropytriethoxysilane 
[282,295,300,303], 3-aminopropytriethoxysilane-TiO2 [285], chitosan [249], cobalt 
nanosheets [298], gela8n containing metal hydroxide nanostrands [275], layered double 
hydroxide (LDH) [277], LDH-ZnO [272], metal gels [287], poly(methyl methacrylate) 
(PMMA) which is followed by hydrolysis process [250], polydopamine [306], 
polydopamine-modified carbon nanotube [286] and ZnO [270,276,278,280,291,296]. 
Meanwhile, in the case of a polymeric substrate, hydrolysis [246], ammonia8on 
[248,257] or coa8ng with other materials with similar property as the MOF, such as 
metal phenolic networks [288], metal ions [246] or ZnO array [266], can also be an 
op8on to increase the MOF agachment to the support. 

In the first development of a MOF membrane for hydrogen separa8on, a number of 
researches have been devoted to CuBTC since this MOF is rela8vely simple to be 
prepared. However, considering its rela8vely big pore aperture, the separa8on factor 
might not be too sa8sfactory. Addressing this issue, ZIF family MOF, such as ZIF-7, ZIF-8, 
ZIF-9, ZIF-95 and ZIF-100 might offer a more promising separa8on performance since 
their pore aperture usually lies around 0.3 nm. Using a microfluidic approach, a ZIF-7 
membrane has exhibited H2 permeance around 22 x 10-10 mol m-2 s-1 Pa-1 and H2 
selec8vity against N2 and CH4 around 35 and 34, respec8vely, [263]. In another 
inves8ga8on, a ZIF-7 membrane with higher H2 permeance about 4.5 x 10-8 mol m-2 s-1 
Pa-1 can be obtained with H2 selec8vity against CO2, N2 and CH4 around 13.6; 18 and 14, 
respec8vely [264]. In the case of ZIF-8, up to around 23 and 78 in H2/N2 and H2/CH4 
selec8vity, respec8vely, with H2 permeance 1.4 x 10-8 mol m-2 s-1 Pa-1 has been reported 
[272]. Even though the ZIF-8 framework is reported to be flexible and its pore aperture 
is a ligle bit bigger than ZIF-7, such a high hydrogen selec8vity could be associated with 
the reduc8on of the ZIF-8 grain size and the suppression of the ZIF-8 framework 
flexibility when it is grown in the confined environment of ZnO nanocrystals. Using the 
same idea of a confined growing of ZIF-8, an ultrathin ZIF-8 membrane with thickness 
around 550 nm can also be produced using a counter-diffusion approach employing 
polydopamine-wrapped single-walled carbon nanotube as the interlayer [267]. The 
resul8ng membrane shows H2 permeance around 6.3 x 10-7 mol m-2 s-1 Pa-1 and H2 
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selec8vity against CO2, N2 and CH4 around 43, 20 and 38, respec8vely. A good separa8on 
performance has also been exhibited by ZIF-9 membrane that has H2 permeance and 
H2/CO2 separa8on factor around 1.1 x 10-7 mol m-2 s-1 Pa-1 and 22, respec8vely [295]. 
Using a secondary growing strategy by u8lizing the ZIF-95 nanosheet geometry as the 
seed, a defect-free ZIF-95 membrane can also be grown on an alumina substrate 
showing a promising H2 separa8on performance [304]. The H2 permeance of the 
membrane is reported to be around 1.7 x 10-7 mol m-2 s-1 Pa-1 and its H2 selec8vity 
against CO2, N2 and CH4 is found to be around 42, 37 and 40, respec8vely. When the 
orienta8on of the ZIF-95 can be controlled, a slightly beger performance with H2 
permeance around 7.9 x 10-7 mol m-2 s-1 Pa-1 and H2/CH4 selec8vity around 54 can also 
be obtained [305]. In the case of ZIF-100, it has been found that the H2/CO2 selec8vity 
of this MOF membrane can reach 70 with H2 permeance around 5.8 x 10-8 mol m-2 s-1 
Pa-1 [306]. Even though its pore aperture is slightly larger than the kine8c diameter of 
CO2, its high separa8on performance is agributed to the strong CO2 adsorp8on within 
the framework resul8ng in the retarda8on of CO2permea8on. 

In order to further improve the hydrogen separa8on performance, the MOF membranes 
can also be post-modified such as through func8onaliza8on. For instance, a ZIF-67 
membrane can be post-modified by introducing ethylenediamine into its pores [298]. 
Even though the H2 permeance decreases more than twice to be around 6.5 x 10-7 mol 
m-2 s-1 Pa-1, the H2/CO2 selec8vity can be significantly improved from around 17 to 30. 
Using the same molecule, the pore of MOF-74(Mg) has also been successfully modified 
to improve its H2/CO2 separa8on from around 11 to be 28 while maintaining H2 
permeance around 1.2 x 10-7 mol m-2 s-1 Pa-1 [258]. In addi8on to the pore narrowing 
effect, the presence of the amine group from ethylenediamine in a MOF with big pore 
aperture such as MOF-74(Mg) can also hinder the CO2 passage through the adsorp8on 
effect. Post-modifica8on can also be carried out by exploi8ng the func8onal group in 
the MOF such as with the aldehyde group of ZIF-90 which can be func8onalized through 
imine condensa8on with ethanolamine [301] or with organosilica [302]. Compared with 
the non-modified membrane, the H2 permeance of the ethanolamine-func8onalized 
ZIF-90 only drops around 16% to be around 2 x 10-7 mol m-2 s-1 Pa-1 but the H2 selec8vity 
against CO2, N2 and CH4 significantly improves to be around 15, 16 and 19, respec8vely. 
A more significant improvement, however, is obtained for the organosilica-modified ZIF-
90, as illustrated in the Figure 10 (A), which shows H2 selec8vity against CO2 and CH4 to 
be around 20 and 71, respec8vely. Post-modifica8on can also be carried out with rapid 
thermal treatment as exemplified in ZIF-8 [294]. By thermally trea8ng the ZIF-8 at 360oC 
for less than 10s, the lauce flexibility of the ZIF-8 can be significantly reduced and thus 
resul8ng in a ZIF-8 membrane with H2/N2 and H2/CH4 selec8vity of more 200, which is 
more than 10-fold improvement than the pris8ne ZIF-8 membrane and also significantly 
higher than most of the ZIF-8 polycrystalline membranes. 
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Figure 10. The Illustra3on of the ZIF-90 pore modifica3on using organosilica and the impact of the 

modifica3on process on the hydrogen separa3on performance (A). The illustra3on of the fabrica3on 
process of 2D Zn2(bim)3 MOF membrane through exfolia3on and drop-cas3ng on a hot substrate (B) 

and its hydrogen separa3on performance (C). Reproduced with permission from [302] (A) and [307] (B 
and C), Copyright 2012 (A) and 2017 (B and C) John Wiley and Sons, Inc.  

As in the case of zeolite membrane, a MOF membrane for hydrogen separa8on can also 
be fabricated from two different MOFs constructed as double layer, as studied in in ZIF-
90/ZIF-8 [290], ZIF-8/ZIF-9 [308] and ZIF-67/ZIF-9 [308]. In the case of ZIF-8/ZIF-9 and 
ZIF-67/ZIF-9, the main ra8onale to exploit the hydrogen molecular sieving property from 
ZIF-9 that has smaller pore size than ZIF-8 and ZIF-67 [308]. Meanwhile, both ZIF-8 and 
ZIF-67 contributes in reducing the CO2 preferen8al adsorp8on. Using this strategy, the 
H2 permeance of the ZIF-8/ZIF-9 and ZIF-67/ZIF-9 at 150oC is found to be around 83.9 x 
10-9 mol m-2 s-1 Pa-1 and 53.3 x 10-9 mol m-2 s-1 Pa-1, respec8vely, and its H2/CO2 selec8vity 
is found to be around 9. In another inves8ga8on, a double layered MOF membrane of 
ZIF-8/ZIF-67 and ZIF-67/ZIF-8 have been studied for hydrogen separa8on [297]. 
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Compared with the ZIF-67 membrane, the H2 selec8vity against CO2, N2 and CH4 can be 
improved almost twice to be around 13, 10 and 11, respec8vely. This might be agributed 
to the increase of the surface smoothness when growing the second layer of the MOF 
resul8ng in a MOF membrane with less defect densi8es. 

One of the strongest-performing MOFs for the hydrogen separa8on probably comes 
from the employment of nanosheet architecture. In this case, a study using 2D CuTCPP 
membrane which is grown in the c-orienta8on has shown a promising H2 permeance 
and H2/CH4 selec8vity around 2.4 x 10-7 mol m-2 s-1 Pa-1  and 55, respec8vely [309]. Even 
though the pore aperture of this MOF is quite large around 1 nm, by growing the MOF 
as a highly oriented membrane, the AB stacking of the MOF can be established resul8ng 
in a reduc8on of the pore aperture and thus impar8ng the hydrogen molecular sieving 
ability. A different situa8on is encountered, however, in the case of Zn2(bim)4 because 
its pore aperture is already very 8ght around 0.21 nm and thus can poten8ally only allow 
hydrogen to pass through while rejec8ng all other light gases [310]. It has been 
successfully fabricated as a 1 nm thickness membrane through drop cas8ng method on 
a hot surface. The H2 permeance of this membrane is reported to be as high as 2700 
GPU with around 291 H2/CO2 selec8vity. Using the same strategy others sub-10-nm 2D 
MOFs such as Zn2(bim)3 MOF membrane, as illustrated in the Figure 10 (B and C), with 
H2 permeance and H2/CO2 selec8vity around 65.1 x 10-8 mol m-2 s-1 Pa-1 and 128, 
respec8vely [307] and [Cu2Br(IN)2]n with H2 permeance around 600 GPU and H2/CO2 and 
H2/CH4 selec8vity around 190 and 290, respec8vely, can also be produced [311] and 
thus demonstra8ng the versa8lity of this approach to fabricate a 2D MOF membrane 
with excellent hydrogen separa8on performance. In another study, an ultra-thin ZIF-L 
nanosheet membrane with a membrane-interlocked-support (MIS) architecture has 
also been developed by confining the grow of the nanosheets inside the voids of the 
porous support [312]. As a result, a MOF membrane with high H2 permeance around 
4033 GPU and a very good H2/CO2 selec8vity of around 321 can be obtained because 
the membrane intercrystalline structure is significantly reinforced. One of the most 
interes8ng features related to the 2D MOF membrane is the inverse rela8onship that 
could occur between membrane thickness and selec8vity. In the case of Zn2(bim)4, 
stacking the nanosheets more than a few layers can reduce the H2/CO2 selec8vity from 
291 up to 53 [310]. Similarly, in the case of Co2(bim)4 2D membrane which is fabricated 
using ligand-vapor phase transforma8on of a cobalt gel, increasing the membrane 
thickness from 57 nm to 750 nm results in the decrease of the H2/CO2 selec8vity from 
58.7 to around 10 [313]. This phenomenon then suggests the dependency of the gas 
selec8vity on the nanosheet stacking behavior (i.e., misalignments or orderliness) which 
could lead to the genera8on of non-selec8ve voids in the nanosheet stacking resul8ng 
in the reduc8on of gas selec8vity.  

Advancement in this field has also revealed the possibility to u8lize the compe8ng 
permea8ng gas to further enhance the gas selec8vity. For instance, the performance of 
a CAU-10-PDC membrane has been observed to be significantly affected by the CH4 
molecule since it can induce the conforma8onal change in the crystal lauce of the MOF 
[244]. During the ini8al period of separa8on, the H2 permeance is found to be 3326 
Barrer with H2/CH4 selec8vity around 2 x 10-8 mol m-2 s-1 Pa-1. ASer more than 1300 
minutes equilibra8on 8me, the H2 permeance drops almost one order of magnitude 
lower but the H2/CH4 selec8vity increases to be around 101. This could be agributed to 
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the change of the pore limi8ng diameter of the MOF from 0.415 nm to 0.295 nm upon 
exposure to CH4. Another case is also observed in the amino-modified Zn2(bim)4, which 
is synthesized through a mixed ligand strategy by mixing benzimidazole and 5-
aminobenzimidazole [314]. The H2 permeance of the resul8ng nanosheet membrane is 
around 1966 GPU with a very high H2/CO2 selec8vity around 985, which coud be caused 
by the CO2 molecules that are physisorbed at the interlayer of the nanosheets during 
permea8on and thus contribu8ng to regulate and stabilize the nanosheet stacking 
resul8ng in a significant improvement of the molecular sieving capability of the 
membrane. 

In addi8on to the 2D MOF, another promising approach can also be seen in the direc8on 
of the employment of MOF-glass membrane. This has been inves8gated by using ZIF-62 
because it has the glass-forming ability [315]. The MOF-glass membrane is obtained by 
melt-quenching process where it is subjected to the mel8ng temperature before being 
cooled down to form the glass. The advantage of this approach is, during the mel8ng 
process, the MOF is in the liquid phase and thus has the ability to penetrate the porous 
support and also heal its intercrystalline defects generated during the polycrystalline 
membrane fabrica8on. In addi8on, the resul8ng MOF glass can s8ll maintain its 
microporous structure and thus able to separate hydrogen from the light gases. The H2 
permeability of this membrane has been reported to be around 4600 Barrer with 
selec8vity against N2 and CH4 to be 53 and 60, respec8vely.   

For some of the MOF membranes, increasing the opera8ng temperature does seem to 
benefit the hydrogen separa8on performance. This is evidenced, for instance, in the 
case of ZIF-7 membranes where the H2/CO2 selec8vity increases at higher opera8ng 
temperature [263–265]. In one study, this value can improve remarkably to 13.6 from 
5.4 as the opera8ng temperature increases from 50oC to 220oC [264]. In the case of ZIF-
95 membrane, the H2/CO2 separa8on factor also increases from around 19 to be around 
42 as the temperature goes up from 50oC to 200oC [304]. The H2/CO2 selec8vity of a 2D 
MOF membrane Zn2(bim)3 has also shown the same trend where it increases from 
around 120 to be 160 as the opera8ng temperature increases from 20oC to 120oC [307]. 
In these cases, higher temperature will considerably enhance the H2 diffusion compared 
to other gases, as can be indicated through the permea8on ac8va8on energy. In 
addi8on, the adsorp8on of other gases might also be hindered as the temperature 
increases.  

A contras8ng trend, however, is also reported as in can be seen in the selec8vity trend 
of a CuBTC [246], MIL-53(Al)-NH2 [257], MOF-74(Mg) [258], amine-modified MOF-
74(Mg) [258], ZIF-9 [295] and ZIF-100 [306]. For instance, the H2/CO2 selec8vity of a ZIF-
9 membrane reduces from around 22 at 25oC to be around 15 at 125oC. Such a decrease 
in the selec8vity can also be more pronounced in a MOF membrane with high affinity 
towards CO2. For instance, the amine-modified MOF-74(Mg) experiences a drop in 
H2/CO2 selec8vity from 28 to around 10 as the opera8ng temperature increases from 
25oC to 100oC [258]. Meanwhile, its non-modified counterpart only exhibits a slight drop 
from 10.5 to be around 10. In these cases, the diffusion of the compe8tor gases is more 
affected by the change of the opera8ng temperature, as can be indicated by their 
ac8va8on energy, and thus increasing the compe88ve diffusion process of hydrogen to 
go through the membrane. Another example can be seen in the case of ZIF-100 
membrane, where the H2/CO2 separa8on is highly dependent on the retarda8on of the 
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CO2 permea8on because of the strong adsorp8on, increasing the opera8ng temperature 
from 25oC to 150oC results in the reduc8on of H2/CO2 selec8vity from 70 to around 20 
[306]. This is because less CO2 is adsorbed at higher temperature and therefore it can 
permeate more freely resul8ng in lower H2/CO2 selec8vity. 

Covalent organic frameworks (COF) 

Differing from MOF, COF is completely built from organic materials and thus does not 
contain any inorganic parts. As in MOF, the architecture of COF can also be ra8onally 
tuned and thus rendering it for principally having endless possible structure. There are 
a number of studies using different type of COFs inves8gated for hydrogen separa8on 
process such as ACOF-1 [316], COF-300 [317,318], COF-320 [319], DMTA-TAM-COF 
[320], LZU-1 [316,321], N-COF [318], TFB-BD [321], TpEBr [322], TpPaMe [323] and TpPa-
SO3Na [322]. 

As in the case of MOF membrane fabrica8on, the porous substrate for the COF 
membrane fabrica8on can also be modified using different approach in order to improve 
the agachment of the COF membrane such as by using 3-aminopropyltriethoxysilane 
[316,319] and polyaniline [317,320]. Such a stronger agachment is possible since a 
covalent bond can be established between one of the COF monomers and the modifier. 
For example, by using 3-aminopropyltriethoxysilane, the amino group of this molecule 
can react with the aldehyde group through imine condensa8on [319]. In addi8on, the 
substrate can also be func8onalized to control the orienta8on of the COF membrane as 
exemplified by the use of CoAl-LDH layer to ver8cally grow COF-LZU-1 and TFB-BD COF 
membranes [321]. However, it is also possible to fabricate a self-standing COF 
membrane in the absence of a porous substrate as exemplified in the case of N-COF and 
COF-300 [318]. This strategy relies on molding the mixture of the COF building blocks 
and transforming them into a crystalline structure in an autoclave with the assistance of 
the vapor from the solvents.  

Despite these numerous agempts, not all of them have shown an excellent performance 
for hydrogen separa8on because of their rela8vely big pore aperture. For example, COF-
320 membrane with pore aperture around 0.8 nm also shows H2 selec8vity against N2 
and CH4 around 3.5 and 2.5, respec8vely [319]. A beger performance has then been 
shown by LZU-1 COF membrane with around 1.8 nm pore aperture that has moderate 
H2 selec8vity against CO2, N2 and CH4 around 6, 8 and 9, respec8vely [316]. However, it 
a rather sharp hydrogen molecular sieving cannot be seen in these cases.  

There are, however, cases where a sharp hydrogen molecular sieving is observed in COF 
membranes. For example, in the case of N-COF and COF-300, the H2/CO2 separa8on 
factor is found to be around 13.8 and 11, respec8vely, while the H2 permeance is around 
4319 and 5160 GPU, respec8vely [318]. In both cases, although the pore aperture of the 
COF is rela8vely big, the CO2 molecules do have a tendency to get adsorbed in the COF’s 
pores while the H2 can diffuse freely resul8ng in high H2 permeance and selec8vity. 
Numerous studies have also been agempted to improve the molecular sieving capability 
of the COF membranes.  

One possible strategy to improve the hydrogen molecular sieving in a COF membrane is 
to fabricate it as a dual-layer membrane as in the case of zeolite and MOF. In this case, 
a dual-layer LZU-1 – ACOF-1 membrane has been successfully fabricated with H2 
permeability around 600 Barrer and has exhibited a high H2 selec8vity against CO2, N2 
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and CH4 around 24, 84 and 100, respec8vely [316]. Such a high hydrogen selec8vity can 
be obtained because of the interlacing of the pore network at the interface between the 
COF layers resul8ng in improved molecular sieving. Another strategy is to ver8cally-
aligned the COF rather than conven8onally aligning them horizontally. In this case, the 
separa8on process will take place through the interlayer spacing of the COF which is 
around 0.3-0.4 nm and thus can perform hydrogen molecular sieving [321]. Using this 
strategy, the LZU-1 COF membrane has shown H2 permeance around 3500 GPU with 
H2/CO2 and H2/CH4 selec8vity around 30.  

Another strategy is to stack the COF membrane with other materials with opposing 
charge to reduce its pore aperture. In this case, a combina8on of ca8onic TpEBr COF 
nanosheet and anionic TpPa-SO3Na COF nanosheet has been studied for showing a great 
promise for hydrogen separa8on [322]. As illustrated in the Figure 11, the ra8onale 
behind this strategy is to reduce the pore aperture of the COF’s cons8tuents by 
alternately stacking the ca8onic-anionic COFs on a porous alumina substrate using the 
Langmuir-Schaefer (LS) method. As a result, an ultrathin 41 nm COF composite 
membrane can be fabricated showing H2 permeability around 108 Barrer and H2 
selec8vity against CO2, N2 and CH4 around 26, 40 and 74, respec8vely. This is in stark 
contrast to the H2 selec8vity of both COF cons8tuents against CO2, N2 and CH4 which is 
only found to be moderate in the range of 7, 10 and 12, respec8vely. Using the same 
strategy, the pore aperture of ca8onic TpPa-1 COF can also be reduced by stacking with 
non-porous anionic MXene Ti3C2Tx by u8lizing the opposite charge of the two materials 
[324]. Compared with the pure TpPa-1 COF membrane, the H2 permeance of the 
composite decreases from 73.9 x 10-8 mol m-2 s-1 Pa-1 to 23.5 x 10-8 mol m-2 s-1 Pa-1 but 
the H2/CO2 selec8vity can be significantly improved almost 6 8mes to be 64. 

 
Figure 11. A schema3c to improve the hydrogen molecular sieving in a COF membrane by alternately 
stacking ca3onic and anionic COF (A) and the hydrogen separa3on performance of the resul3ng COF 
membrane (B). Reproduced with permission from [322]. Copyright 2020 American Chemical Society 

As observed in the MOF membranes, the hydrogen separa8on performance in COF 
membranes can also be affected by the opera8ng temperature considering the ac8vated 
diffusion process of the hydrogen. It has been reported that increasing the opera8ng 
temperature can improve the hydrogen selec8vity towards the light gases [322]. This 
can happen when the hydrogen permea8on is more affected by the change of 
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temperature in comparison to other gases, which might also be effec8vely blocked 
because of the molecular sieving effect [322]. For some cases, the H2 selec8vity can also 
be unchanged or slightly drop [316,318]. In these cases, the ac8vated diffusion process 
of the light gases is in a strong compe88on with the hydrogen and thus resul8ng in 
unchanged hydrogen selec8vity or a slight reduc8on since the hydrogen permea8on will 
be slightly blocked [318]. 

A membrane for hydrogen separa8on can also be constructed from a composite 
containing both MOF and COF. The first strategy is to fabricate them as a bilayer 
membrane. This has been inves8gated by a number of inves8ga8ons involving COF-300 
– Zn2(bdc)2(dabco) [317], COF-300 – ZIF-8 [317] and H2P-DHPh COF – UiO-66 [260]. As 
can be seen in the Figure 12 (A), the resul8ng COF-300 – Zn2(bdc)2(dabco) and COF-300 
– ZIF-8 composite membranes have shown an increase in H2/CO2 selec8vity to be around 
12.6 and 9, respec8vely, from 6 that is observed in the pure COF-300 membrane. A 
beger performance is obtained in H2P-DHPh COF – UiO-66 where H2 permeability and 
H2/CO2 selec8vity around 109000 Barrer and 33, respec8vely, can be obtained and is 
significantly beger than the pure UiO-66 membrane [260]. In these cases, the 
performance improvement could be agributed to the synergis8c interac8on occurring 
at the interlayer such as by ac8ng as an anchor for other materials or to heal the 
defec8ve sites. Another strategy to combine MOF and COF is to grow the former within 
the pore of the lager as exemplified in the case of ZIF-67 grown in TpPa-1 and is also 
illustrated in the Figure 12 (B and C) [325]. Considering the rela8vely big pore size of the 
COF, such a space can actually be u8lized to grow MOF which resul8ng in the 
establishment of a complex MOF-in-COF structure with improved hydrogen molecular 
sieving when compared with the pure COF membrane. The resul8ng composite 
membrane has then shown H2 permeance around 3400 GPU with H2/CO2 and H2/CH4 in 
the range of 33-35. This strategy has also been successfully used to fabricate a free-
standing ultrathin MOF-in-COF membrane u8lizing ZIF-67 which is grown inside the PBD 
COF membrane [326]. Such a modifica8on is highly effec8ve to reduce the COF pore size 
from 2 nm to be around 0.3-0.6 nm and thus rendering the composite membrane to be 
suitable for hydrogen separa8on. The op8mized synthesis condi8on can then result in a 
composite membrane with H2 permeance around 73.9 x 10-8 mol m-2 s-1 Pa-1 and H2/CH4 
selec8vity around 34. 
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Figure 12. An illustra3on of a MOF-COF bilayer membrane fabricated using COF-300 - Zn2(bdc)2(dabco) 
and COF-300 – ZIF-8 and their corresponding hydrogen gas separa3on performance (A). A schema3c 
of the ZIF-67-in-TpPa1 MOF-in-COF membrane (B) and its hydrogen gas separa3on performance (C). 
Reproduced with permission from [317] (A), copyright 2016  American Chemical Society and [325] (B 

and C), copyright 2021 the authors and Springer Nature 

3.5 Microporous polymeric membranes 

While the already discussed materials can be considered as inorganic, except MOFs 
which can be considered hybrid, there is also recently a significant advancement in the 
field of polymeric materials with promising hydrogen separa8on performance, 
par8cularly in the field of microporous polymeric membranes. Differing from the 
conven8onal polymeric materials, these microporous polymers have intrinsic 
microporosity that can be ra8onally tuned during the synthesis process. There are then 
two types of microporous polymers that have been recently developed as an advanced 
membrane material: polymer of intrinsic microporosity (PIM) and thermally rearranged 
(TR) polymers. Despite its huge poten8al as a material for gas separa8on processes, 
most of the studies using both microporous polymers are usually directed for CO2 
separa8on considering their high selec8vity because they usually exhibit high solubility 
towards CO2. Despite this, because of the possibility to ra8onally tune their property, a 
number of researches have also been directed to use both for hydrogen separa8on.  

Polymer of intrinsic microporosity (PIM) 

Polymers of intrinsic microporosity (PIM) was firstly discovered by Budd and McKeown 
in 2004 [327,328]. Differing from the already discussed materials previously, PIM is 
solu8on processable and therefore improving its ease of processing when it is going to 
be fabricated as a membrane. The high porosity and surface area of PIM is caused by 
the inability of the PIM polymer to efficiently pack and rotate because of the presence 
of the bulky contor8on sites in the polymer backbone. PIM can then be generally 
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classified into two main types: ladder PIMs and PIM-polyimide [329]. Ladder-PIM can 
be further grouped based on its site of contor8on such as spiro-center, 
ethanoanthracene and Troger’s base [329,330]. Similarly, the PIM-polyimide can also be 
further grouped based on its contor8on site either it is based on dianhydride or diamine 
[329]. 

The first PIMs that are inves8gated for hydrogen separa8on is PIM-1 and PIM-7 which 
are cast as a film with thickness around 46 µm and 28 µm, respec8vely [331]. The H2 
permeability for PIM-1 and PIM-7 is found to be around 1300 Barrer and 860 Barrer, 
respec8vely. The H2 selec8vity against N2 and CH4 is reported to be around 14 and 10.4, 
respec8vely, for PIM-1 and 20.4 and 14, respec8vely, for PIM-7. Despite this sa8sfactory 
performance, the H2/CO2 selec8vity of both PIMs is below 1 because of the high CO2 
solubility of the materials. ASerwards, agempts are made to improve its gas separa8on 
performance, par8cularly focusing in enhancing the rigidity of PIM’s structure and 
increasing the inefficiency of its chain packing to yield a membrane with more 
microporous structure. In the case of PIM-1, for instance, the chain rigidity can be 
improved through intramolecular locking mechanism of the spiro carbon resul8ng in the 
increase of H2 permeability from 4270 to 9870 Barrer and H2 selec8vity against N2 and 
CH4 from 8 to 10 and 4.3 to 7.5, respec8vely [332]. Meanwhile, for other cases, the most 
common employed strategy is by using monomers bearing different units such as 
hexaphenylbenzene (HPB) [333], spirobifluorene (SBF) [334–336], triptycene [337–340] 
and Tröger’s base (TB) [341–344] to ra8onally tune PIM microporous structure and its 
rigidity as illustrated in the Figure 13.  
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Figure 13. PIMs bearing different units to improve their microporosity and rigidity. Reproduced with 

permission from [330]. Copyright 2020 John Wiley and Sons, Inc. 

Among this PIMs, there are several good candidates for hydrogen separa8on. TB-based 
PIMs such as PIM-EA-TB looks promising because it has an unusual gas transport 
property since H2 permeates faster than CO2 and thus indica8ng the preference for the 
permea8on of smaller gas molecule [341]. As a result, PIM-EA-TB exhibits H2/N2 and 
H2/CH4 selec8vity around 11, which is considerably higher than other PIMs and quite 
close to both PIM-1 and PIM-7, but with significantly higher H2 permeability around 
7700 Barrer, which is significantly higher than PIM-1 and PIM-7. A similar result is also 
obtained with PIM-MP-TB by using methanopentacene as the bridged bicyclic structural 
unit [342]. The H2 permeability of this par8cular PIM is found to be around 4000 Barrer 
and its H2 selec8vity against N2 and CH4 is found to be around 20 and 15, respec8vely. 
Higher hydrogen separa8on performance can also be obtained using triptycene-based 
PIM such as PIM-Trip-TB that has comparable performance with PIM-EA-TB [340]. A 
beger hydrogen separa8on performance, however, can be obtained using another 
triptycene-based PIM called TPIM 1 u8lizing the rigid and paddlewheel-structure of the 
bridgehead-subs8tuted triptycene moiety [338]. As a result, a PIM membrane with a 
more prominent ultramicroporous structure capable of enhanced hydrogen molecular 
sieving can be obtained as reflected by its H2 permeability reaching 2666 Barrer and its 
H2 selec8vity against N2 and CH4 falling around 50. 

PIM-PI is also another class of PIM that can be used for hydrogen purifica8on. The first 
development of PIM-PI is ini8ated by the synthesis of the PIM-PI series 1-8 [345,346] 
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with the further addi8on of PIM-PI series 9-11 a few years later [347]. Compared with 
the ladder PIM, the H2 selec8vity of PIM-PI looks more promising. For example, the 
H2/N2 and H2/CH4 selec8vity of PIM-PI-2 is found to be around 24 and its H2 permeability 
is about 220 Barrer [345]. Similarly, PIM-PI-4 and PIM-PI-7 have shown H2/N2 and H2/CH4 
selec8vity around 18 and 14, respec8vely, with H2 permeability in the range of 300-350 
Barrer [345]. Later on, a series of KAUST-PI 1-7 were also developed [348]. Differing from 
the PIM-PI series, except for KAUST-PI-7, the trend of the gas transport property of the 
KAUST-PI is similar with the PIM-EA-TB where hydrogen is the fastest permea8ng gas. 
Therefore, most of them can combine good H2 permeability and selec8vity. In par8cular, 
KAUST-PI-1 has exhibited H2 permeability almost 4000 Barrer, which is about one order 
of magnitude higher than the best-performing PIM-PI series, and is also accompanied 
with rela8vely high H2/N2 and H2/CH4 selec8vity around 38 [348]. 

As in the case of ladder PIM, the dianhydride contor8on site of the PIM-PI can also be 
constructed using spirobifluorene-based dianhydride resul8ng in a PIM-PI called SBFDA-
DMN [349]. However, the resul8ng H2/N2 and H2/CH4 selec8vity is only around 10 and 
therefore very moderate. A slightly beger result is reported using triptycene-based 
dianhydride with diamine as the monomers to construct both TDA-DMN1 and TDAi3-
DMN [350]. Both membranes show H2 permeability in the range of 2200-3000 Barrer 
and H2 selec8vity against N2 and CH4 in the range of 14-18. As in the case of PIM, a quite 
promising result can also be obtained by using ethanoantracene (EA) as exemplified by 
the fabrica8on of PIM EA-DMN and EAD-DMN [351,352]. By fabrica8ng the PIM EA-DMN 
as a 15 µm film, the resul8ng membrane has H2 permeability and H2/N2 and H2/CH4 
selec8vity around 1844 Barrer and more than 40, respec8vely. Meanwhile, the H2 
permeability of a 23 µm EAD-DMN membrane is around 1289 Barrer with H2 selec8vity 
against N2 and CH4 to be around 30 and 23, respec8vely [351]. In addi8on, PIM-PI can 
also be constructed using a pseudo-TB-derived dianhydride and its dione-subs8tuted 
resul8ng in PIM-PI called CTB1-DMN and CTB2-DMN, respec8vely [353]. The lager 
performs beger than the former with H2 permeability around 1150 Barrer and both 
H2/N2 and H2/CH4 selec8vity around 28.  

Another strategy to fabricate PIM-PI membranes is to have contor8on site in the 
diamine part of the PI and this can be constructed using spirobifluorene [354]. Using 
6FDA as the dianhydride, it has H2/N2 and H2/CH4 selec8vity around 30 and 37, 
respec8vely, but low H2 permeability around 200 Barrer. Another possibility is to use TB-
based diamines. However, some of them have s8ll shown a similar performance as in 
the previous case, as exemplified in the PI-TB-1 to PI-TB-5 [355,356]. In this case, the H2 
permeability of PI-TB-3 is found to be around 300 Barrer with H2/N2 and H2/CH4 
selec8vity around 31 and 44, respec8vely [355]. Also using two different TB-based 
diamine called TBDA1 and TBDA2, a series of PIM-PI with significantly higher H2/N2 and 
H2/CH4 selec8vity around 54 and 72, respec8vely, can be achieved but s8ll with rela8vely 
low H2 permeability around 159 Barrer [357,358]. A PIM-PI membrane with H2 
permeability around 3300 Barrer is then reported with methyl-subs8tuted TB diamine 
(4MTBDA) combined with 4 different dianhydrides [359]. However, this must also be 
compensated with rela8vely low H2/N2 and H2/CH4 selec8vity around 11 and 9, 
respec8vely, in 4MTBDA-PMDA. A rela8vely good trade-off is reported in another TB-
based PIM-PI-TB-1 and PIM-PI-TB-2 u8lizing the di-ortho-subs8tuted groups TB-based 
diamine with 6FDA as the dianhydride [360]. The H2 permeability of PIM-PI-TB-2 is found 
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to be around 600 Barrer with H2/N2 and H2/CH4 selec8vity around 17 and 19, 
respec8vely. Similarly, PIM-PIs using TB-based diamine with bio-dianhydride as the 
comonomer called Bio-TPBI-1, Bio-TPBI-2, Bio-PITB-1 and Bio-PITB-2 have also exhibited 
a good permeability-selec8vity trade-off [361,362]. The H2 permeability and H2/N2 and 
H2/CH4 selec8vity for these membranes is in the range between 700-1000 Barrer of 20-
30, respec8vely. Iptycene family can also be used to construct the contor8on site of the 
diamine side of the PIM-PI as exemplified by using subs8tuted 1,4-triptycene [363], 2,6-
diaminotriptycene and its extended version (DAT-1 and 2) [364] and pen8ptycene [365]. 
For triptycene-based PIM-PI, even though a significantly high H2/N2 and H2/CH4 
selec8vity up to around 90 and 161 is reported for 6FDA-1,4-trip_CH3, all the 
membranes suffer from a rela8vely low H2 permeability that is around 50 Barrer [363]. 
Meanwhile, for pen8ptycene PIM-PI, the H2 permeability is generally slightly higher in 
the range of 100-190 Barrer accompanied with H2/N2 and H2/CH4 selec8vity in the range 
of 26 to 42 and 34 to 52, respec8vely [365]. A similarly beger performance can also be 
seen in both 6FDA-DAT1 and 6FDA-DAT2 which have H2 permeability around 200 Barrer 
and H2 selec8vity against N2 and CH4 around 42 and 62, respec8vely, for 6FDA-DAT1 and 
31 and 45, respec8vely, for 6FDA-DAT2 [364]. In this case, the selec8vity of the 6FDA-
DAT1 is beger than 6FDA-DAT2 since the lager is constructed using the extended version 
of the DAT-1 and thus enlarging its pore size which could then nega8vely impact its 
hydrogen molecular sieving ability.   

Both ladder PIM and PIM-PI can also be func8onalized with different func8onal groups 
to improve its hydrogen separa8on proper8es by introducing various func8onal groups 
such as amidoxime [366] carboxyl [367–369], hydroxyl [370] and thioamide [371]. For 
example, as high as around 50 in H2/N2 selec8vity is reported in PIM containing high 
carboxylate func8onal groups, even though the H2 permeability decreases to be around 
90 Barrer, which is caused by the shortening of the interchain distances and thus 
increasing the diffusivity selec8vity [368]. A rather high H2 permeability around 900 
Barrer can then be found in the case of amidoxime-func8onalized PIM-1 (AO-PIM-1) 
with H2/N2 and H2/CH4 selec8vity around 27, which is more than twice higher than the 
PIM-1, since this func8onal group enhances the rigidity of the PIM and shiSs the PIM 
porosity to be in the ultramicroporous region resul8ng in a more enhanced molecular 
sieving [366]. A beger performance for hydrogen separa8on is then exhibited by a 
combina8on of using carboxylate-containing PIM and cross-linking process as 
demonstrated in the C-CoPIM-TB-1 and C-CoPIM-TB-2 [369]. Both PIM membranes are 
obtained by crosslinking the carboxylate-containing triptycene-based copolymer named 
CoPIM-TB-1 and Co-PIM-TB-2 using glycidol. The H2 permeability of both membranes 
falls around 5000 Barrer, which is just slightly lower than their non-cross-linked 
counterparts, but they exhibit a rela8vely high H2/N2 and H2/CH4 selec8vity around 30, 
which is almost a twofold improvement compared with the non-cross-linked ones.  

In addi8on to the func8onaliza8on, PIM membranes can also be modified through 
various treatments to improve their hydrogen separa8on performance. In general, the 
func8on of such treatments is to increase the diffusive selec8vity through the 
genera8on of ultramicropore and crea8on of a denser membrane structure suitable for 
molecular sieving [372,373]. Therefore, the first consequence of such treatments is a 
significant drop in H2 permeability. There are various techniques to accomplish this. For 
instance, by thermally trea8ng AO-PIM-1 in argon atmosphere, the amidoxime group 
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can be converted into oxadiazole and triazine rings in the interchains to self-cross-link 
the AO-PIM-1, as illustrated in the Figure 14 [373]. Thermal treatment at 390oC for 2 
days results in a membrane with H2 permeability around 300 Barrer and H2 selec8vity 
against CO2, N2 and CH4 around 16, 500 and 1000, respec8vely. Ozone can also be used 
to post-treat a PIM membrane. ASer 5-minutes ozone treatment, the H2 permeability 
of the treated membrane drops to 683 Barrer but its selec8vity against CO2, N2 and CH4 
can be significantly improved to be around 5, 142, 182, respec8vely [372]. 

 
Figure 14. An illustra3on of the thermal treatment process to self-cross-link AO-PIM-1 (A), the pore 

structure evolu3on of the AO-PIM-1 afer the thermal treatment (B) and the impact of various 
thermal treatment parameters on the hydrogen separa3on performance of thermally-treated AO-

PIM-1. Reproduced with permission from [373]. Copyright 2021 American Chemical Society 

For PIM-based membrane, increasing the opera8ng temperature might nega8vely 
impact the separa8on performance. As has been studied in PIM-1, for instance, the H2 
permea8on ac8va8on energy is -0.4 kJ mol-1 while the N2 and CH4 ac8va8on energy is 
14.3 and 19.4 kJ mol-1, respec8vely [374]. This means that with increasing temperature, 
the H2 permeance also gets lower while the N2 and CH4 permeance increases resul8ng 
in a decrease in selec8vity. Similarly, in the case of PIM-Btrip, increasing the opera8ng 
temperature from 25oC to 55oC decreases both the H2 permeability from 8929 to 8649 
Barrer and H2 selec8vity against N2 and CH4 from 22.2 to 11.1 and from 22 to 9, 
respec8vely [339]. The PIM-TMN-Trip also faces similar condi8on in this condi8on since 
its H2 permeability drops from 13828 to 12478 Barrer and its H2 selec8vity against N2 
and CH4 drops from 9 to 7 and from 6 to 4, respec8vely. In both cases, the major cause 
is the nega8ve ac8va8on energy of hydrogen resul8ng in a decrease of hydrogen 
permeability as the temperature increases. 

One of the major drawbacks in the field of PIM membrane is the aging phenomenon 
experienced by PIM membranes. During the aging phase, the PIM polymeric chain 
undergoes rearrangement and as a result, the H2 permeability usually goes down which 
is accompanied by the enhancement of the H2 selec8vity. Therefore, such a 
phenomenon could actually be exploited to improve the hydrogen separa8on 
performance as long as the permeability reduc8on is acceptable. For instance, a 
systema8c study using PIM-SBF has shown that the H2/N2 selec8vity of the PIM-SBF 2 
increases from around 8 to 26 aSer around 3 years of aging [335]. However, the 
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permeability reduces from 9160 to 4240 Barrer. A more pronounced difference is also 
observed in PIM-MP-TB where aSer about one year of aging, the H2 permeability 
decreases from 4000 Barrer to be around 800 Barrer but the H2/N2 and H2/CH4 selec8vity 
can be significantly enhanced to be 61 and 55, respec8vely, from around 20 and 15, 
respec8vely [342].  

This aging phenomenon might then be influenced by several factors. For instance, in a 
systema8c study involving various PIMs, it has been observed that a very prominent 
aging phenomenon occurs in TPIM-1 and TPIM-2. In both cases, aSer around 720-780 
days of aging, the H2/N2 selec8vity increases almost 10-fold to be around 156 and 90 for 
TPIM-1 and TPIM-2, respec8vely [375]. However, this must also be paid by almost 70% 
decrease of H2 permeability to be 1105 and 354 Barrer for TPIM-1 and TPIM-2, 
respec8vely. When compared with PIM-1, the aging for both TPIM-1 and TPIM-2 is 
significantly faster which might be agributed to two major reasons, namely their ini8ally 
higher free volume and their ribbon-like 2D geometry that is more prone to efficient 
chain packing. The aging phenomenon also depends on the membrane thickness. 
Usually, thinner PIM membranes experience faster rate of physical aging while also 
becoming less permeable and more selec8ve towards hydrogen. For instance, aSer 50 
days, the H2 permeability of a 23 µm EAD-DMN drops from 1289 to 830 Barrer (35% 
lower) with an increase about 35% in H2/N2 selec8vity to be around 40. Meanwhile, it 
takes around 180 days for a 172 µm EAD-DMN to have a comparable drop in H2 
permeability to be around 3476 Barrer with 13.3 H2/N2 selec8vity [351]. However, it also 
seems that post-treatment of a PIM-membrane might help to reduce the aging 
phenomenon. For instance, aSer 180 days, the thermally-cross-linked AO-PIM only 
shows a slight H2 permeability reduc8on from 952 to 707 Barrer and thus increasing the 
H2/CO2 and H2/CH4 selec8vity from 2.7 and 313 to 8.1 and 880, respec8vely [373]. 
Similarly, the cross-linked c-CoPIM-TB-1 and c-CoPIM-TB-2 shows a negligible reduc8on 
in performance aSer 40 days of aging and thus can maintain their H2 permeability 
around 5000 Barrer and H2 selec8vity against N2 and CH4 to be in the range of 30-40. 
This could then be agributed to the effec8ve impediment of the inter-chain mobility 
aSer the cross-linking process [369]. 

Thermally rearranged (TR) polymers 

In the TR polymers, the microporous structure is obtained through the spa8al 
rearrangement of the rigid polymeric chains aSer experiencing heat treatment. Usually, 
TR polymers are rod-like and contain heterocyclic rings such as benzimidazole, 
benzoxazole and benzothiazole which are obtained aSer thermally trea8ng the 
precursors [330,376]. For hydrogen separa8on process, these TR polymers can then be 
obtained by using poly(o-hydroxylamide)s [377–379], hydroxyl-containing polyimide 
[380–383] or poly(ether o-hydroxyimide) [384] as the precursors which are thermally 
treated to improve their microporous structure. Some studies have inves8gated the use 
of TR polymers for hydrogen purifica8on which can be synthesized from the precursors 
containing different units such as cardo [385], iptycene [386–390] and spiro [391–393] 
to result TR polymers bearing these units as can be seen in the Figure 15. The precursors 
can also be chosen from cross-linkable polyimides [394,395] or already-func8onalized 
precursors such as in the case of PIM-6FDA-OH [202].  
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Figure 15. TR polymers containing different shape-persistent units. Reproduced with permission from 

[330]. Copyright 2020 John Wiley and Sons, Inc 

In the TR polymers used for hydrogen separa8on, increasing the frac8onal free volume 
(FFV) in the TR polymer has to be op8mized since this might nega8vely impact the 
hydrogen separa8on performance. For instance, in a study using poly(o-hydroxylamide)s 
as the precursor with three different diacid chlorides, 6fPBO with the highest FFV of 0.28 
shows the highest H2 permeability and H2/CH4 selec8vity around 255 Barrer and 40, 
respec8vely [379]. Meanwhile, the mPBO and pPBO with less FFV around 0.24 and 0.2, 
respec8vely, exhibits lower H2 permeability but with higher H2/CH4 selec8vity around 
60 and 85 Barrer, respec8vely and 115 and 59, respec8vely. In another study using spiro-
based TR, spiroTR-PBO-6F with FFV around 0.27 shows the highest H2 permeability 
around 430 Barrer but only moderate H2/N2 and H2/CH4 selec8vity around 13 [391]. For 
this membrane, CO2 is also the fastest permea8ng gas because the gas sorp8on is the 
predominant gas transport mechanism in TR with large microcavi8es. Meanwhile, 
spiroTR-PBO-BP with FFV around 0.2 shows H2 permeability around 143 Barrer but with 
higher H2/N2 and H2/CH4 selec8vity around 27. For this membrane, H2 is the fastest 
permea8ng gas diffusion is now more restricted and thus the transport is governed by 
the kine8c diameter of the gases.  

To further improve the performance of the TR polymers, the rigidity of the s8ff segments 
of the TR polymers can also be enhanced. For instance, the synthesis of ortho-hydroxyl 
diamine with four methyl groups and a fixed biphenyl center as a precursor for polyimide 
can improve the polymer rigidity which are suitable to improve the molecular sieving 
ability for hydrogen separa8on [396]. The performance of the TR polymers can also be 
enhanced by fabrica8ng them from co-polymers [377,382,397,398]. For example, by 
combining non-TR-able part in the precursors that has bulky non-polar side groups such 
as 2,4,5-trimethyl-m-phenylene diamine (DAM) and 4,4’-methylene-bis-(3-chloro-2,6-
diethylaniline) (MCDEA) the chain packing can be more efficiently disrupted to increase 
the frac8onal free volume resul8ng in high gas permeability and beger hydrogen 
selec8vity [382]. When compared with the TR polymer made from homo polymer, all 
the TR membranes show similar H2 permeability around 44 Barrer but the ones with 
DAM and MCDEA show H2/N2 and H2/CH4 selec8vity in the range of 70-80 and 106-120, 
respec8vely, while the normal TR polymer only exhibits around 36 and 26, respec8vely. 
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In another study involving DAM and 4,4’-oxidiamine (ODA) as the non-TR-able part, as 
can be seen in the Figure 16 (A and B), the H2 permeability of the TR fabricated using 
this non-TR-able (TR-APAF-DAM and TR-APAF-ODA) part can be increased for the former 
up to 308.6 Barrer while the lager shows a decreasing trend up to 60.8 Barrer from 180 
Barrer observed in the TR polymer without non-TR-able part [397]. However, this must 
also be accompanied with decreasing H2/N2 selec8vity in the former up to 20.3 while 
the lager shows an improvement up to 45 from 34 observed in the TR polymer without 
non-TR-able part. This is because DAM can increase the chain rigidity and is therefore 
more effec8ve in disrup8ng the chain packing resul8ng during the thermal 
rearrangement process resul8ng in higher gas permeability while ODA increases the 
polymer flexibility and thus lowering the overall frac8onal free volume aSer thermal 
rearrangement process and could contribute in improving the molecular sieving effect.  

 
Figure 16. Scheme to fabricate a TR-polymer membrane with DAM and ODA as the non-TR-able parts 

(A) and its impact on the rigidity and flexibility of the resul3ng membranes (B). An illustra3on to 
fabricate a TR polymer membrane with triptycene unit (C) and the impact of the triptycene molar 

content on the gases permeability and selec3vity (D). Reproduced with permission from [397] (A and 
B) and [387] (C and D). Copyright 2015 and 2018, respec3vely, American Chemical Society. 

During the fabrica8on of a TR membrane, the temperature for the thermal treatment 
has to be op8mized by observing the weight loss trend obtained through gravimetric 
method, which is compared with the expected theore8cal weight loss [386,390]. 
Usually, trea8ng the precursors at higher temperature than the theore8cal or calculated 
temperature could be beneficial to constrain the chain relaxa8on and the collapse of the 
microcavi8es [390]. The op8miza8on is required to balance the increase of H2 
permeability and the loss of H2 selec8vity -rela8ve to the precursors- caused by the 
increase of the frac8onal free volume and the collapse of the microcavi8es that 
[380,384,392]. For instance, aSer thermally trea8ng the polyetherimide at 450oC, the 
H2 permeability increases from 29.1 Barrer to 439 Barrer but its selec8vity against CH4 
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decreases from 223.8 to 25.8 [384]. In another study using spiro-based polyimide, 6FDA-
HSBF, the H2 permeability increases from 162 Barrer to 985 Barrer aSer the thermal 
treatment but the H2 selec8vity against N2 and CH4 decreases from 42.5 and 67.5, 
respec8vely, to 17.9 and 17.6, respec8vely [392]. Such op8miza8on needs also to 
consider the chemistry of the precursors. In a systema8c study using four different 
polyimide as the precursors, for instance, namely 6F-TM-Ac, 6F-TM-OH, PM-TM-Ac and 
PM-TM-OH, the maximum H2/CH4 selec8vity observed for the first three TRs is found to 
be 50, 63, 44, respec8vely, which is obtained by thermally trea8ng the precursor at 
425oC [396]. A further increase in the thermal treatment will only yield an increase in 
hydrogen permeability but a significant reduc8on in selec8vity. Meanwhile, for the PM-
TM-OH, the maximum selec8vity of 77 is obtained by thermal treatment at 450oC. 

In addi8on, the content of the units inside the TR polymers should also be controlled 
since they can also influence the H2 gas separa8on performance. For example, as 
illustrated in the Figure 16 (C and D), in a study using triptycene-based poly(o-
hydroxyimide) and triptycene-based poly(o-acetateimide) copolymer as precursors has 
shown that increasing the iptycene unit is beneficial to increase the number of 
microcavi8es in the resul8ng TR polymers so they can retain the permeability for small 
gases [387]. The highest H2/N2 and H2/CH4 selec8vity of the TR membranes fabricated 
with the highest triptycene loading is found to be around 96 and 203, respec8vely, for 
TPBO-1.0 and 70 and 125, respec8vely, for TPBO-Ac-1.0. Meanwhile, the H2 
permeability of both TR membranes is also rela8vely high in the range of 800-1100 
Barrer. However, in another study, it is also found that an op8miza8on is required for 
the cardo-based TR membranes since incorpora8ng too much cardo unit in the 
precursor does not linearly correlate with TR containing higher frac8onal free volume 
because of the repulsion effect [385]. In the study, 5% of the cardo unit gives the best 
H2 separa8on performance showing permeability around 1189 Barrer and H2/N2 and 
H2/CH4 selec8vity around 21 and 29, respec8vely. 

The hydrogen separa8on performance of TR polymers can also be further enhanced by 
embedding various addi8ves such as func8onalized boron nitride (BN) [399]. Compared 
with the pure TR membrane with H2 permeability around 219 Barrer, the 1 wt% BN TR 
polymer shows a decrease in H2 permeability to be around 97 Barrer but its H2/CH4 
selec8vity can be significantly increased from 24.6 to 322.3 because since the BN adds 
a more tortuous pathway for larger gas molecules to pass through [399]. 

As in the case with the PIM, TR polymers also suffer from the aging phenomenon. It has 
been observed that aSer 197 days, the H2 permeability of PIM-PBO-3 decreases 
significantly from 768 to 277 Barrer. Meanwhile, the H2 selec8vity against N2 and CH4 
selec8vity increases from around 20 to be around 38 [393]. 

3.6 Composites and other microporous materials 

In addi8on to the above materials, there are also other agempts to synthesize novel 
advanced microporous materials with a great promise for hydrogen purifica8on. One of 
the common strategies to achieve this objec8ve is by fabrica8ng a composite of the 
above microporous materials.  

In this case, a number of composite consis8ng of GO or rGO with MOFs such as HKUST-
1 [227,400], MIL-100 [400], UiO-66-NH2 [401], ZIF-7 [400], ZIF-8 [222,400,402] and 
Zn2(bim)4 [403] and zeolite [404] have been inves8gated to produce a membrane with 
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excellent hydrogen separa8on performance. The improvement of the separa8on 
performance can result from the defects healing mechanism from one of the 
cons8tuents. This is observed in the case where the GO acts a sealant to heal the 
intercrystalline defect of the MOF membranes and also to restrict the framework 
flexibility as owned by ZIF-8 and thus, when compared to the ZIF-8 membrane, resul8ng 
in about 4 8mes increase of H2/CH4 selec8vity to be around 139 [402]. In another study, 
layering the GO aSer a porous substrate is coated with ZnO nanopar8cles is not only 
helpful to heal the defects of the resul8ng Zn2(bim)4 – GO composite membrane but 
also beneficial to guide the crystal orienta8on during the Zn2(bim)4 crystal growth [403]. 
Through this bogom-up approach, the resul8ng shows H2 permeance around 1.5 x 10-7 
mol m-2 s-1 Pa-1 and H2 selec8vity against CO2, N2 and CH4 around 106, 126 and 256, 
respec8vely.  Retrospec8vely, MOF can also contribute to cover the defec8ve sites of a 
GO membrane and thus resul8ng in an increase of H2/CO2 selec8vity from around 6 in 
a GO membrane to be around 400 in the ZIF-8 – GO composite membrane [222].  

Another synergis8c effect can also be observed where the resul8ng new composites can 
combine the proper8es of its cons8tuents and not just healing the defects. For instance, 
the use of HKUST-1 in a HKUST-1 – GO composite can improve the CO2 affinity of the 
resul8ng membrane [227]. During the separa8on H2/CO2 process, this will then result in 
an improvement of H2/CO2 to be around 73 from 9 observed in GO membrane. This 
might be associated with the hindered CO2 permea8on as it now interacts more strongly 
with the composite. In another study using zeolite, it has also been observed that both 
the GO and the zeolite can work synergis8cally by contribu8ng to ensure high hydrogen 
permeance up to 4900 GPU and high H2/CO2 selec8vity up to 56, respec8vely, in the 
presence of steam [404]. In another study, the MOF can also be used as a mean to 
control the interlayer spacing of the rGO membrane, which is not permeable to gases, 
as studied using different 4 different MOFs, namely CuBTC, MIL-100, ZIF-7 and ZIF-8 
[400]. As a result, the H2 permeability for the CuBTC – rGO, MIL-100 – rGO, ZIF-7 – rGO 
and ZIF-8 – rGO composite membrane is found to be around 21112, 311, 73 and 151 
Barrer, respec8vely, with H2/CO2 selec8vity around 10, 12, 25 and 20, respec8vely.  

Another case of composite can also be seen in the form of a composite membrane 
combining microporous nanopar8cles with PIM or TR polymers. The first simple strategy 
is to form a mixed matrix membrane (MMM) where microporous nanopar8cles act as a 
discrete phase. Various MOFs such as MIL-53 [405], Mg-MOF-74 [405], UiO-66-(OH)2 
[406], TIFSIX3 [405], ZIF-8 [380] and Zn2(bim)4 [405] and silica nanopar8cle [381] have 
been incorporated in these microporous polymers as the nanofillers. One of the most 
important criteria to be fulfilled is to use MOF with suitable pore opening and to ensure 
the absence of interfacial defect in order to simultaneously enhance the H2 permeability 
and selec8vity. TIFSIX3/PIM-1 has shown an improvement both in the hydrogen 
permeability from 670 to 1010 Barrer and H2/N2 and H2/CH4 selec8vity to be around 19 
and 14, respec8vely, which are almost double the selec8vity observed in the PIM-1 
[405]. In another study using silica nanopar8cle, the H2 permeability and H2/CH4 
selec8vity of the TR polymers can be improved around 335 Barrer and 79, respec8vely, 
from 292 Barrer and 53, respec8vely, observed in the non-composite TR [381]. In 
addi8on to MOF selec8on, establishing a good polymer-par8cle interac8on is also 
paramount to obtain a good MMM. This can then be realized by modifying the 
nanopar8cles such as by fabrica8ng them as a gel [407] or porous liquid [408]. For 
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example, by loading the AO-PIM with 5% of SOD zeolite type 1 porous liquid the H2 
permeability the H2/N2 selec8vity can be improved from 400 to 1390 Barrer and from 
15 to 34, respec8vely [408].  

Another strategy to construct a composite membrane based on the microporous 
polymers and MOF is to construct a bilayer composite membrane. This is shown by 
growing ZIF-8 on AO-PIM-1 where the lager acts as a nuclea8on site for the former 
[409]. ASer the ZIF-8 forma8on, AO-PIM-1 chain rigidifica8on could occur and thus 
resul8ng in a composite membrane with H2 permeability around 5700 Barrer and 
H2/CO2 selec8vity around 12. This strategy can also be enhanced by firstly chela8ng the 
PIM with the metal ion corresponding to the MOF as exemplified in the case of ZIF-67 
using Co2+-chelated PIM-1 as the interlayer for heterogeneous nuclea8on sites [410]. 
The resul8ng defect-free composite membrane shows H2 permeance around 6.2 x 10-7 
mol m-2 s-1 Pa-1 with selec8vity against CO2 and CH4 around 15 and 52, respec8vely. 

Recently, there is also a new research direc8on in fabrica8ng a microporous polymeric 
membrane that is derived from surface mounted MOF (SURMOF) called SURGEL for 
hydrogen separa8on as illustrated in the Figure 17 (A and B) [411]. The process is 
ini8ated by fabrica8ng a MOF membrane followed by crosslinking and the removal of 
the metal as the final step. Using this strategy, compared with commercial polymeric 
membranes, the SURGEL membrane exhibits a rela8vely higher H2 permeance around 
12.8 x 10-7 mol m-2 s-1 Pa-1 (around 8000 Barrer) with sa8sfactory H2/CO2 separa8on 
performance around 3.9, which is close to the Knudsen selec8vity value. In this case, the 
rela8vely high H2 permeance and Knudsen selec8vity is inherited from the microporous 
structure of the SURMOF which is further constricted during the cross-linking process 
to improve the hydrogen selec8vity. 

 
Figure 17. An illustra3on of the transforma3on from SURMOF (A, lef) to cross-linked SURMOF (A, 

middle) to SURGEL (A, right) and the hydrogen separa3on performance of the SURMOF (blue square), 
cross-linked SURMOF (green circle) and SURGEL (brown triangle) (B). Reproduced with permission 

from [411]. Copyright 2023 Royal Society of Chemistry 

4. Summary and outlooks 
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Having extensively discussed the performance of various promising microporous 
materials, their hydrogen separa8on performance can then be summarized as shown in 
the Figure 18. 

 
Figure 18. Hydrogen separa3on performance of the membranes fabricated from various microporous 

materials 
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First, as can be seen in the Figure 18 (A), in the field of H2/CO2 separa8on, there are 
three main clusters exhibi8ng rela8vely high permeance (more than 1000 GPU) with 
sa8sfactory selec8vity (between 10-100): silica-based membranes, zeolite membranes 
and MOF-COF membranes. Meanwhile, as can also be seen, the microporous polymeric 
membranes suffer both from rela8vely low gas permeance and selec8vity. This might 
then be caused by two phenomena: thick film fabrica8on and high CO2 solubility. Since 
most of studies involving microporous polymeric membranes are fabricated as thick 
films, they usually exhibit low gas permeance. In addi8on, as has been discussed, they 
are usually used to separate CO2 from other gases and thus have high CO2 solubility 
which hinders them to effec8vely molecularly sieve the H2 from CO2.  

In contrast, such a situa8on is not encountered when one looks on both the Figure 18 
(B) and (C) for H2/N2 and H2/CH4 separa8on, respec8vely. In this case, even though 
microporous polymeric membranes s8ll suffer from rela8vely low H2 permeance, their 
selec8vity is within the range of 10-100. Since the solubility of both gases is low in 
microporous polymeric materials, the material can now become more selec8ve towards 
for hydrogen separa8on. However, the performance of the microporous polymeric 
materials is s8ll lower in comparison to the other 4 microporous materials in terms of 
gas permeance. Regarding this, it can be seen that there are two main clusters formed 
between carbon-based/silica-based membranes and zeolite/MOF-COF membranes. The 
former shows rela8vely lower hydrogen permeance than the lager but it has higher 
selec8vity. One of the main reasons of this phenomenon could be associated with 
8ghter pore structures that can be formed by the former. For example, 8ghter pore 
structure can be formed by increasing the pyrolysis temperature of the carbon 
membrane and thus resul8ng in improved molecular sieving. Meanwhile, in the case of 
zeolite and MOF-COF membranes, the presence of both intra- and inter-crystalline 
defects might result in lower gas selec8vity than the predicated values and increased 
gas permeance. In addi8on, in the case of ZIF-8 MOF for example, the structural 
flexibility cannot be completely eliminated which might also contribute in reduced gas 
selec8vity.  

Having looking closely on the performance of the microporous materials for hydrogen 
separa8on, some recommenda8ons can then be proposed for future research. First, the 
research direc8on can be directed towards fabrica8on of a thin film membrane to 
increase gas permeance. This is not only true for microporous polymeric materials but 
also to other microporous materials in order to increase its applicability. In this case, the 
involvement of machine learning during the fabrica8on process could be considered to 
op8mize the membrane performance to avoid trial-error approach. Moreover, the 
machine learning approach can also be extended, for example, to fabricate tailorable 
material such as MOF or COF-based membranes. In this case, the promising materials 
can be firstly screened which is then followed by fabrica8on process. This is also true 
when one intends to combine the microporous materials in the form of composites such 
as MMM. Lastly, the research should also be directed towards the inves8ga8on of 
hydrogen separa8on that mimics the real condi8ons. When these approaches are 
combined together, the research in the field of microporous material can be more 
advanced to further support and advance the hydrogen economy in the future.  

5. Conclusions 
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As the energy source con8nues to transi8on from fossil-based fuels into a more 
sustainable ones, it cannot be doubted that hydrogen as an energy carrier will play a 
major role in this field. However, in order to use it effec8vely, it has to be separated from 
other light gases. In this regard, membrane technology will also play a significant role 
since it holds a great promise to effec8vely purify hydrogen without huge energy 
consump8on. Differing from polymeric materials, microporous materials could be a 
beger alterna8ve since it can combine high hydrogen permeance and precise molecular 
sieving and thus surpassing the permeance-selec8vity trade-off. In this ar8cle, we have 
then thoroughly reviewed the state of the arts of various promising microporous 
materials that can be used for hydrogen separa8on against light gases. As one of the 
earliest inves8gated materials, silica-based microporous membranes have actually held 
a good promise in this field as reflected by their high hydrogen selec8vity. However, 
recent advances in the microporous materials have also shown the possibility to use 
other porous materials including zeolite, carbon-based porous materials, metal organic 
frameworks, covalent organic frameworks and microporous polymers to push further 
the performance boundaries. Some of these materials also offer a number of 
advantages including the possibility to ra8onally tailor their architecture to further 
improve the hydrogen separa8on performance. It could be then expected that future 
research should be directed on such porous materials, par8cularly to test their 
separa8on performance in the real condi8ons, which will contribute to significantly 
accelerate the employment of these porous materials to fully support the transi8on 
from the fossil fuel-based to hydrogen-based green economy.  
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