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A B S T R A C T   

Highly selective thin-film composite membranes for hot hydrogen sieving are prepared via the pyrolysis of thin 
cyclomatric polyphenoxy phosphazene films that are prepared via a non-conventional interfacial polymerization 
of hexachlorocyclotriphosphazene with 1,3,5-trihydroxybenzene or m-dihydroxybenzene. The presence of the 
cyclic phosphazene ring within the weakly branched polymer films gives rise to a distinct thermal degradation 
evolution, with an onset temperature of around 200 ◦C. For the trihydroxybenzene derived material, the 
hydrogen permselectivity of the films shows a maximum pyrolysis temperature of around 450 ◦C. At this tem-
perature a compact atomic structure is obtained that comprises mostly disordered carbon and accommodates 
P–O–C and P–O–P bonds. During thermal treatment, these films reveal molecular sieving with permselectivities 
exceeding 100 for H2/N2, H2/CH4, and H2/CO2, and a hydrogen permeance of 2 × 10− 10 to 1.5 × 10− 8 mol/m2/ 
s/Pa (0.6-44.8GPU), at 200 ◦C. At ambient temperatures, thin films are very effective barriers for small gas 
molecules. Because of the inexpensive facile synthesis and low- temperature pyrolysis, the polyphosphazene films 
have the potential for use in high-temperature industrial gas separations, as well as for use as barriers such as 
liners in high- pressure hydrogen storage vessels at ambient temperature.   

1. Introduction 

Establishing a hydrogen-based economy has widespread momentum 
in many climate strategies [1–3]. This will require, amongst others, 
industrial-scale technology for molecular separation of hydrogen from 
other gases, such as CO, CO2, and CH4 [3–5]. Membrane-based separa-
tion technology can contribute to this [5–7]. Carbon molecular sieve 
(CMS) membranes have been reported to exhibit good performance in 
selective H2 separation processes [5–7]. CMS materials are fabricated 
via pyrolysis, under an inert atmosphere, of polymer networks 
comprising condensed hexagonal rings without a three-dimensional 
crystalline order [8]. The resulting materials have sub-nanometer 
pores with sizes and shapes that depend strongly on the type of poly-
mer precursors and the applied thermal treatment conditions. Polymers 
including polybenzimidzole (PBI), Matrimid®, cellulose, polypyrrole, 
and polyimide with intrinsic microporosity have been pyrolyzed to 
develop membranes containing the elements C, N, and F [5,8–11]. For 

example, Matrimid® pyrolyzed at 675 ◦C has a H2/CO2 permselectivity 
of 1.3 at room temperature [11], and polybenzimidzole (PBI) pyrolyzed 
at 900 ◦C has a H2/CO2 permselectivity of 80 at 150 ◦C [8]. 
Cellulose-based hollow fiber membranes pyrolyzed at 850 ◦C have 
H2/CO2 permselectivity of 83.9, H2/N2 permselectivity >800, and 
H2/CH4 selectivity >5700, at 130 ◦C [5]. CMS membranes can have a 
self-supporting asymmetric structure or can consist of a thin layer atop a 
porous ceramic or steel support. For the latter so-called Thin- film 
composite (TFC) membranes, preserving a continuous defect-free 
permselective thin film during pyrolysis is a challenge [12–15]. 
Richter et al., report a 125 nm thick carbon layer inside an asymmetric 
alumina tube through pyrolysis of a cross-linked unsaturated polyester, 
with H2/CO2 permselectivity of ~3 at 25 ◦C [12]. Another study reports 
alumina-supported CMS membranes via pyrolysis of 
phenol-formaldehyde resins at 500 ◦C, with permselectivities for 
H2/CO2 (~3), H2/N2 (~17), and H2/CH4 (~36.6), at 80 ◦C. 

Recently, our group pioneered with a non-conventional interfacial 
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polymerization (IP) technique for the fabrication of ultrathin cyclo-
matrix polyphosphazene films [16]. Central in this method is the 
replacement of the aqueous phase with a DMSO/KOH solution. In this 
super base, the aromatic hydroxy compounds can be partly converted to 
highly soluble and nucleophilic aryloxide anions. This allows for the fast 
nucleophilic substitution of the Cl groups in the hexa-
chlorocyclotriphosphazene (HCCP) that is dissolved in the non-polar 
cyclohexane phase. The obtained thin film polyphosphazene networks 
have tuneable gas permeance, ranging from gas-tight barriers to mo-
lecular sieves for hydrogen at temperatures well above 200 ◦C [16]. The 
thermal stability of the films is exceptional. In part, this is due to the 
strong Ar–O bonds between the organic bridges and the HCCP mole-
cules; these bonds are stronger than the amide or ester bonds that are 
prevalent for IP-derived materials. In addition, the cyclic HCCP has 
inherent high thermal stability and heat resistance due to the symmet-
rically distributed P atoms and the unvarying N–P bond length resulting 
from the dπ-pπ hybrid orbital overlap [17]. The thermal decomposition 
of the HCCP ring is an endothermic process. In addition, HCCP has a 
high limiting oxygen index (minimum percentage of oxygen in a mixture 
of oxygen and nitrogen needed for flaming combustion), and when 
added as an additive to polymers, gives rise to cross-linked phosphorus 
oxynitride and carbonized aromatic networks in the solid phase 
[18–20]. The various phosphates formed in the combustion form 
non-volatile protective obstructions that impede the transport of oxygen 
and non-flammable combustion products, as well as the transport of 
heat. These properties make cyclomatrix polyphosphazene a popular 
non-halogenated additive for enhanced flame retardancy [19]. 

In our previous studies, we have demonstrated that the almost 
complete substitution of the Cl groups by diphenol bridges result in an 
abrupt thermal degradation behavior with a high onset temperature of 
~400 ◦C [16]. In contrast, materials in which a limited number of the Cl 
groups are substituted by small aromatic hydroxyls exhibit a gradual 
thermal degradation, with an onset temperature of around ~250 ◦C 
[21]. This gradual degradation facilitates controlled pyrolysis at rela-
tively mild conditions, resulting in thin films with final atomic compo-
sitions (many heteroatoms) and structures that are distinct from other 
CMS materials. Here, we explore the pyrolysis of moderately 
cross-linked cyclomatrix polyphosphazene membranes with various 
temperature trajectories under N2 atmosphere. 

2. Experimental 

2.1. Materials 

Phosphonitrilic chloride trimer (HCCP, 99%), 1,3,5-trihydroxyben-
zene (THB, ≥99%), m-dihydroxybenzene (MDHB, ≥99.9%), and 
dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%) were supplied from 
Sigma-Aldrich. Cyclohexane (EMSURE for analysis), and potassium 
hydroxide (KOH, pellets extra pure) were obtained from Merk. Macro-
porous α-alumina discs with a diameter of 39 mm, a thickness of 2 mm, 
and a pore size of 80 nm were purchased from Pervatech B.V. and used 
as support. 

2.2. Material fabrication 

Free-standing polymer membrane layers and thin-film composite 
polymeric membranes were formed by interfacial polymerization of a 10 
w/v% solution of the THB or MDHB, aromatic hydroxy compounds 
(AHC), in DMSO and KOH, super base [22], and a 3.5 w/v% HCCP so-
lution in cyclohexane. The mol ratio of hydroxyl groups (monomers: 
KOH) is denoted x and was kept at 3.5:1. This hydroxyl ratio was chosen 
based on the earlier experiments and it is close to the minimum amount 
of KOH for making a free-standing layer. THB or MDHB is partly 
deprotonated by using KOH. Nucleophilic substitution takes place by the 
attack of the phenolate anions on the phosphor atoms of the HCCP rings, 
displacing the chlorine atoms. The formed networks are denoted 

THB-HCCP and MDHB-HCCP. 

2.2.1. Synthesis of free-standing films 
Free-standing films were prepared as follows: first, the AHC solutions 

were heated at 80 ◦C for 2.5 h. Next, the HCCP solution in cyclohexane 
was poured atop the AHC solution while still hot. The reaction happened 
as soon as the two solutions were brought into contact, and it was 
confirmed by visual observation of the formation of a thin layer. After 
10 min, the formed thin film at the interface was collected, filtered, and 
washed with acetone, ethanol, and water and dried in a vacuum oven at 
50 ◦C. 

2.2.2. Preparation of thin-film composite membranes 
The α-alumina discs were coated with a 3 μm thick γ-alumina 

(porosity of ~40% and pore size of 2–3 nm) based on the reported 
procedure [23]. The ceramic supports were heated to 80 ◦C for 2.5 h. 
After this, the support was impregnated with 5 ml of AHC solution in the 
oven at 80 ◦C for 10 min. Next, it was taken out, and its surface was dried 
by applying a rubber roller and an N2 gun. Then, the support was sub-
merged into 5 ml of HCCP solution at ambient temperature. After 10 min 
reaction time, the solution was discarded from the surface, and the 
membranes were rinsed with ethanol to remove any residual reactant. 
The membrane was kept under a fume hood overnight and then dried in 
a vacuum oven at 50 ◦C for a minimum of 24 h. 

2.2.3. Thermal treatment 
Thermal treatment was done in an STF (single zone furnace) 16/610 

tubular furnace (Carbolite) equipped with an alumina working tube 
under N2 atmosphere. The membrane was thermally treated according 
to the protocols given in Table 1. The final temperature was reached at a 
ramp rate of 2 ◦C/min. The furnace was evacuated and refilled with N2 
two times before treatment, followed by thermal treatment under an N2 
flow of 200 mL/min. The thermally treated samples are labeled as net-
work’s name-xxx, where xxx represents the final temperature (◦C) used 
in the thermal treatment process. 

2.3. Material characterization 

A field emission-scanning electron microscope (FE-SEM, Zeiss 
MERLIN) was used to envision the thickness and morphology of the 
membranes. Samples were prepared by immersion into liquid nitrogen 
for 5 min before breaking them. For EDX analysis, all samples were dried 
and coated with a 5 nm Pt/Pd conductive layer using a sputter coater 
Quorum Q150T ES (Quorum Technologies, Ltd., UK) and was done at 10 
kV with >1000 counts/s. Fourier transform infrared spectroscopy in 
attenuated total reflectance mode (FTIR-ATR, PerkinElmer Spectrum 
Two, USA) was used to characterize the powder product formed over 16 
scans with a resolution of 4 cm− 1 over a wavelength range of 400–4000 
cm− 1. The elemental composition of synthesized powders was measured 
with X-Ray Fluorescence (XRF) (S8 Tiger, Bruker) and C,N elemental 
analysis (FLASH 2000 series analyzer). X-ray photoelectron spectros-
copy (XPS) measurements were performed on PHI Quantes scanning 
XPS/HAXPES microprobe using a monochromatic Al Kα source (1486.6 
eV). The binding energies of the benzene ring (from the aromatic 

Table 1 
Overview of the used protocols and their label for thermal treatment of 
the membranes.  

Name Treatment 

Network-200 10 h at 200 ◦C 
Network -250 Network-200 + 10 h at 250 ◦C 
Network-300 Network -250 + 10 h at 300 ◦C 
Network-350 Network-300 + 10 h at 350 ◦C 
Network-450 Network-350 + 10 h at 450 ◦C 
Network-550 Network-450 + 10 h at 550 ◦C 
Network-650 Network-550 + 10 h at 650 ◦C  
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hydroxy compounds) were fixed in the carbon elemental fit of the pre-
pared powders. Thermogravimetric Analysis (TGA, STA 449 F3 
Jupiler®, Netzsch) in combination with mass spectrometry (MS, QMS 
403 D Aeolos MS, Netzsch) was used to evaluate the thermal stability of 
the membranes. A fixed amount of sample (10 mg) was heated on a 
heating stage under an inert nitrogen atmosphere at a heating rate of 
10 ◦C/min. 

2.4. Membrane performance 

Single gas permeance measurements were carried out using a dead- 
end mode setup (Inspector Poseidon, Convergence). The single gas 
permeance of He, N2, CH4, H2, and CO2 was measured at a trans-
membrane pressure of 2 bar within the temperature ranges from 50 to 
250 ◦C. The gas permeation data were recorded for each gas by mass 
flow meters when it reached a steady state. The lower detection limit of 
the setup was 10− 10 mol/m2/s/Pa for an applied transmembrane pres-
sure of 2 bar using the minimum detectable flow of the mass flow 
meters. 

Permselectivity was calculated as the ratio of the respective per-
meances. The experiments were performed at least twice, and the re-
ported results are the average of the obtained values. 

3. Result and discussion 

Fig. 1A gives a schematic representation of the preparation of poly-
phosphazene networks on top of ceramic supports using the approach 
reported in the earlier report [21]. Fig. 1B and C show top views of the 
thin film composites obtained after pyrolysis at various temperatures 
under an inert atmosphere. The color of samples changes with temper-
ature. Both the MDHB and THB-derived samples have an orange color 
after treatment at 200 ◦C, and change to black after treatment at 450 ◦C. 
After treatment at 550 ◦C, the color of the MDHB-HCCP sample becomes 
white, indicating that the layer is gone. For THB-HCCP, the dark color 
after 550 ◦C is an evidence that a layer is still present; after 650 ◦C, this 
layer is also gone. The SEM micrographs in Fig. 1D and E show the 
cross-sections of the samples treated at 450 ◦C and reveal the presence of 
thin layers, even after exposure to these high temperatures. The thick-
nesses of the layers, ~30 nm, are comparable to those of the untreated 
samples [21]. This is distinct from other CMS membranes that generally 
reveal substantial changes in dimensions and mass [5,8]. 

Fig. 2A and B depict FTIR spectra of the monomers and the free- 
standing layers before and after pyrolysis. The spectra for the un-
treated free-standing films confirm network formation during the IP 
process. The broad peak in the range of 1100–1250 cm− 1 belongs to the 
asymmetric P––N stretching vibration of HCCP [24], and the peak 

Fig. 1. (A) Schematic representation of MDHB-HCCP and THB-HCCP membrane preparation. (B) Effect of thermal treatment on the appearance of MDHB-HCCP 
membranes. (C) Effect of thermal treatment on the appearance of THB-HCCP membranes. (D) FE-SEM picture of MDHB-HCCP-450 membrane. (E) FE-SEM pic-
ture of THB-HCCP-450 membrane. The dark rings in the centers of the samples are a consequence of the sealing rings that were used in permeation experiments. 
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around 873 cm− 1 is ascribed to the symmetric P––N stretching vibration 
[24]. Covalent connection is confirmed by the peaks at 950 cm− 1 and 
1003 cm− 1 that are assigned to the stretching vibration of Ar-O-P [25]. 
After treating the samples at 200 ◦C, their spectra become less discrete. 
The Ar-O-P peaks intensify for both networks, implying further 
cross-linking of the networks. There is an overall increase in the in-
tensity of adsorption in the range 1079 cm− 1 that can be attributed to 
the formation of P–O bonds, such as P–O–P and other phosphates 
[26–28]. This becomes progressively more pronounced after treatment 
at higher temperatures. After treatment at 350◦, peaks at 1400 and 1600 
cm− 1, corresponding to the C––C bond, become broad and increases. 
This suggests that at these temperatures, both materials consist of 
phosphorus-rich carbonaceous structures [28]. 

EDX data in Table 2 and Table S1 confirm that, after treatment at 
350 ◦C and 450 ◦C, the elemental composition of the materials comprises 
mainly carbon, oxygen, and phosphor. At these temperatures, most ni-
trogen is removed from the material. This is consistent with the decline 
in N/C ratio with temperature in Fig. 2C and Table S2, as determined 
from C,N elemental analysis. For both samples, the N/C ratio decreases 
slightly upon treatment at 200 ◦C, which is attributed to an increase in 
the extent of cross-linking at this temperature. This is shown by an in-
crease in the P/Cl ratio observed by XRF (Table S3) upon treatment at 
200 ◦C, indicating that the thermal treatment increases the connection 

from an average of 2 to an average of 4–5 organic bridges per HCCP core. 
Further cross-linking can originate from reactions between unreacted 
phenolates and P–Cl moieties and reactions between P–Cl and P–OH 
groups of hydrolyzed HCCP [29]. A further increase in the pyrolysis 
temperature from 200 to 250 ◦C causes a strong further decline in the 
N/C ratio due to the loss of N from the collapsing HCCP core [24,30]. 
This removal of nitrogen progresses further to 350 ◦C and 450 ◦C. 

The Raman spectra in Fig. 2D gives an indication of changes in the 
atomic order/disorder in THB-HCCP, before and after pyrolysis at 
temperatures of 350 ◦C and 450 ◦C [31]. The two broad peaks that 
appear at ~1310 and ~1580 cm− 1 correspond to the D and G bands, 
respectively [18]. The D band is assigned to the A1g in-plain breathing 
vibration mode of disordered graphitic carbon [5]. The G band is asso-
ciated with the E2g in-plain vibration mode of graphitic carbon with an 
sp2 electronic configuration and associates with the degree of graphiti-
zation [32]. The ratio of the intensity of the two peaks (ID/IG, Fig. S1) is 
3.9 for TPE-HCCP-350 and 3.7 for TPE-HCCP-450. The decrease in-
dicates more ordering of carbon at higher temperatures [33]. The 
graphitic crystallite size, estimated from the Tuinstra− Koenig equation 
La = 4.4 IG/ID [34], is 1.13 nm for THB-HCCP-350 and 1.19 nm for 
THB-HCCP-450, confirming a slightly more defective graphitic carbon in 
TPE-HCCP-350 [8]. In addition, at 450 ◦C the values of both ID and IG are 
higher, confirming more graphitization at a higher temperature. These 
observations are in line with the decomposition of the P–N rings at 
350 ◦C and 450 ◦C derived from EDX and C,N elemental analysis. This 
explains why pyrolysis in our materials already occurs at lower tem-
peratures than for other polymers [35]. The relatively low pyrolysis 
temperatures result in ID/IG values exceeding 1, indicative of relatively 
disordered carbon [36]. This is in contrast to polyphosphazene 
carbonized at a high temperature of 950 ◦C [37,38]. 

The thermally induced collapse of the HCCP ring is also evident from 
the XPS data. In Fig. S2, the N1s spectrum of THB-HCCP reveals two 
peaks corresponding to nitrogen in the HCCP ring. For THB-HCCP-200, 
the position and surface area under these peaks is changed, which we 
attribute to an increased extent of cross-linking. A further increase of the 
temperature to 250 ◦C and higher results in a completely different 
spectrum, implying that the ring opening of HCCP takes place and ni-
trogen is no longer accommodated in the ring structure of HCCP. The 
P2p spectrum exhibited nearly identical curves at different processing 

Fig. 2. FTIR spectra of monomers and formed networks before and after heat treatment (A)MDHB-HCCP. (B) THB-HCCP. (C) Effect of thermal treatment temperature 
on the N/C ratio in the synthesized powders see also Table S1. (D) Raman spectra of THB-HCCP, THB-HCCP-350, and THB-HCCP-450 with D and G bands repre-
senting disordered carbon and highly oriented graphitic carbon, respectively. 

Table 2 
EDX data, elemental concentrations for pyrolyzed THB-HCCP powders *what do 
the errors mean, in particular for the ratios.   

Elemental concentration(%) 

THB-HCCP THB-HCCP-200 THB-HCCP-350 THB-HCCP-450 

C 41.5 ± 2.8 39.5 ± 1.1 54.8 ± 1.8 51.1 ± 0.6 
N 14.2 ± 0.5 13.0 ± 2.3 3.0 ± 0.1 2.3 ± 0.3 
O 27.9 ± 2.9 23.8 ± 2 31.8 ± 1.5 33.0 ± 1.1 
P 9.2 ± 1.1 18.4 ± 3.8 9.3 ± 0.3 12.0 ± 1.1 
S 0.8 ± 0.1 1.3 ± 0.3 0.6 ± 0.1 0.7 ± 0.1 
Cl 3.8 ± 1.5 3.1 ± 1.3 0.1 ± 0 0.2 ± 0 
K 2.6 ± 1.0 1.1 ± 0.3 0.4 ± 0.2 0.6 ± 0.1 
C/N 2.9 ± 0.2 3 ± 0.5 18 ± 0.8 22 ± 2.7 
P/N 0.6 ± 0.1 1.4 ± 0.4 3.1 ± 0.2 5.2 ± 0.8 
P/C 0.1 ± 0 0.5 ± 0.1 0.2 ± 0 0.2 ± 0  
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steps of samples, Fig. S3. In Fig. S4, the C1s spectrum of THB-HCCP-350 
shows two pronounced peaks located around 284.7 eV and 286.3 eV, 
corresponding to C––C/C–C and C–O/C–N, respectively. The percentage 
of functional groups can be calculated based on the area under each 
fitted peak. With increasing the pyrolysis temperature to 450 ◦C, the 
ratio of unconvoluted peak area of (C–O/C–N) to (C––C/C–C) decreases, 
indicating the conversion of C–O/C–N to more C––C/C–C groups, 
graphite-like carbon [36,35]. We can conclude an increase in the degree 
of graphitization which is in line with Raman spectroscopy. Also, it 
confirmed the results of the high-resolution N1s XPS spectrum. 

The thermal stability of prepared polyphosphazene networks was 
evaluated by TGA-MS under N2 and the detailed data are shown in 
Fig. S5. The untreated networks exhibit a three-step weight loss between 
50 and 600 ◦C [21]. The removal of the trapped solvents and enhancing 
the extent of cross-linking happens from room temperature to ~250 ◦C. 
The second stage, between 250 ◦C and 400 ◦C, is attributed to the 
collapsing of the HCCP ring and partially carbonization of the network. 
Above 400 ◦C, further decomposition of aromatic rings and carboniza-
tion occurs [24]. Additionally, Fig. S5 shows that increasing the pyrol-
ysis temperature decreases the mass of remaining char at 600 ◦C and 
enhances the onset of degradation due to removing the unstable bonds. 

Fig. 3 reveals the changes in the microstructure of THB-HCCP free- 
standing films upon pyrolysis. Prior to pyrolysis, a regular continuous 
film covers the ceramic support. This morphology is reported in only a 
few other studies, all of which are based on a single-solvent polymeri-
zation technique [24,39,40]. Heating the sample to 200 ◦C does not 
substantially change this morphology. Exposure to 350 ◦C results in a 
completely distinct structure. This is partly caused by graphitization, but 
it is also due to the soft intumescent characteristics of the poly-
phosphazene in which materials swell when exposed to fire or heat to 
form a porous foamed mass. Pyrolysis leads to the formation of POx and 
phosphoric acid derivatives. These derivatives can react with carbon 
bonds to form P–O–C and P–O–P complexes [18]. Another study con-
siders the formation of cross-linked phosphorus oxynitride and 
carbonized aromatic networks during combustion [19,20]. Increasing 
the temperature to 450 ◦C further affects the structure of the layer. The 
thermal degradation of the material creates a layer that can inhibit the 
transport of gaseous products, and shields part of the material from heat 
and air [18,19]. Fig. S6 shows the digital photos of the THB-HCCP-200 
and THB-HCCP-450 powders from top and side views. The structure of 
THB-HCCP changes from flakes to porous structures after raising the 
treatment temperature from 200 ◦C to 450 ◦C. It confirms that at 450 ◦C 

the materials are indeed soft intumescent, and the size of the powder 
increases during thermal treatment. 

The changes in the structure and morphology of the thin- film 
composites affect their permselective properties. The gas separation 
performances of the prepared membranes were tested with pure He, H2, 
CO2, N2, and CH4 at a temperature between 50 and 200 ◦C and at a 
transmembrane pressure of 2 bar. Fig. 4A and B presents the effects of 
pyrolysis temperature on the performance of MDHB-HCCP at 200 ◦C. For 
the MDHB-HCCP films, the exposure to higher temperatures results in a 
monotonous increase in the permeance of hydrogen at 200 ◦C, combined 
with an almost complete loss in permselectivity of hydrogen over ni-
trogen of methane. This observed trade-off suggests that pyrolysis leads 
to defects in the thin film. At a pyrolysis temperature of 450 ◦C, the 
surface color of the sample is still black, as can be seen in Fig. 1, but the 
permeances are comparable to those of the ceramic supports. 

For THB-HCCP membranes, another behavior is observed, Fig. 4C 
and D. The permeance of hydrogen at 200 ◦C shows a substantial in-
crease when the sample is thermally treated at 250 ◦C instead of 200 ◦C. 
This increase in permeance is accompanied by an increase in permse-
lectivity of hydrogen over nitrogen or methane. The treatment at 250 ◦C 
causes enhanced cross-linking within the polymer network, enhancing 
its rigidity and changing the size and the shape of the free volume ele-
ments that it contains [41]. As a result, the diffusion mobility of 
hydrogen in the network becomes more significant. This is substantiated 
by the lower activation energy of the hydrogen permeance (Fig. S7), 
indicating the reduction in energy barriers for diffusion of hydrogen 
molecules. For the larger molecules, nitrogen and methane, this effect is 
less and an enhancement in permeance is less pronounced [41]. The 
hydrogen permeance and its activation energy, are comparable to those 
of very tight polybenzimidazole membranes at 39 bar 200 ◦C [42]. An 
increase in pyrolysis temperature to 300 ◦C does not significantly affect 
the permeance of hydrogen, while the activation energy reduces further. 
This can be explained by a lower amount of slightly larger free-volume 
elements. When the pyrolysis is performed at 350 ◦C, the activation 
energy is further reduced, but the permeance of 200 ◦C hot hydrogen 
does not significantly increase. This is attributed to the graphitization of 
part of the material, reducing the number of pathways that are available 
for diffusive transport. This is even more pronounced for a pyrolysis 
temperature of 450 ◦C, where the lowest H2 permeance is observed. This 
can be attributed to the large extent of graphitization observed with 
Raman for this temperature as well as the formation of a barrier layer as 
a result of the intumescent characteristics of the polyphosphazene which 

Fig. 3. SEM images of prepared powders. (A) THB-HCCP, (B) THB-HCCP-200, (C) THB-HCCP-350, and (D) THB-HCCP-450.  
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inhibits the transport of gas molecules. For this film, the highest perm-
selectivity is observed, where the permeances of nitrogen and methane 
are below the detection limit of the setup. Pyrolysis at temperatures of 
550 ◦C and higher results in a strong decrease in permselectivities, due 
to the formation of defects. 

Because of the positive values of the activation energy for transport, 
the permeances of the gases reduce when their temperatures are lower. 
The result is that, at ambient temperature, the thin THB-HCCP-450 films 
are very good barriers for small gases, including hydrogen. 

The H2/CO2 permselectivity of THB-HCCP is compared with that of 
other carbonized membranes including carbon hollow fiber (CHFM) [5], 
carbonized polyimide [43], carbonized polyester [12], carbonized pol-
ybezimidazole [8] at temperatures above 130 ◦C in a Robeson plot 
(Fig. 5). For THB-HCCP-250 and THB-HCCP-350, the CO2 permeance is 
measured by the setup and it is below its detection limit and for perm-
selectivity calculation, CO2 permeance is assumed to be 1 × 10− 10 as the 
detection limit of set- up. The THB-HCCP-250 and THB-HCCP-350 show 
similar H2/CO2 permselectivity compared to the other studies. In addi-
tion, the low permeability is compensated by the low thickness that can 
be achieved by the IP technique. Considering the separation perfor-
mance for H2/CO2, H2/CH4 , and H2/N2, the thermally treated 
TPE-HCCP-250 and TPE-HCCP-350 can be suitable for H2 purification 
on industrial scales. 

4. Conclusions 

Pyrolysis of ultra-thin (~30 nm) cyclomatrix polyphosphazene 
membranes is used to tailor their gas separation performance. The thin- 
film composites are prepared by interfacial polymerization between a 
small aromatic hydrocarbon (in dimethyl sulfoxide with potassium hy-
droxide) and hexachlorocyclotriphosphazene in cyclohexane, followed 
by pyrolysis at temperatures between 200 and 650 ◦C. A combination of 
characterization techniques reveal that the onset of carbonization is as 
low as ~350 ◦C. The low pyrolysis temperatures, as compared to those 
employed in other membrane carbonization studies’, result from the 
distinct thermal degradation of the phosphazene ring. For 1,3,5-trihy-
droxybenzene based polyphosphazene, pyrolysis at 450 ◦C gives the 
lowest observed hydrogen permeance of 200 ◦C. This is due to the 
unique hybrid material that is formed during pyrolysis, combining or-
dered and disordered graphitized structures and accommodating P–O–P 
and P–O–C bonds. Hydrogen permeance at 200 ◦C is of the order of 2 ×
10− 10 mol/m2/s/Pa, the thin- film composites have very low gas per-
meance, that makes them potential barriers for small gas molecules 
including hydrogen at ambient temperature. For 1,3,5-trihydroxyben-
zene based polyphosphazene, heat treatment at 250 ◦C gives a 
hydrogen permeance of 1.5 × 10− 8 at 200 ◦C and at least 100 higher as 
compared to permeance of nitrogen, methane, and carbon monoxide 
which makes the treated polyphosphazene membranes promising for 
use in high-temperature applications. 
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