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Abstract 

This work reports on novel hydrogen (H2) selective membrane composed of TiOxNy-Pd 

nanocomposite thin films prepared by Atomic Layer Deposition (ALD) on asymmetric porous 

alumina supports. The nanocomposite combines the robustness of a ceramic matrix, selective gas 

barrier properties of TiOxNy thin layer and specific H2 sorption/affinity of palladium nanoparticles 

(Pd NPs). Precise control of the thickness and chemical composition of TiOxNy-Pd layer enables 

to achieve promising H2 selectivities (αH2 N2⁄ ≈	35 and αH2 He⁄ ≈ 7) with permeances πH2≈ 228 GPU 

at 390°C. At this temperature, TiOxNy crystallites start to form in the initially near-amorphous 

layer and allow selective transport of H atoms generated during the adsorption-dissociation of H2 

on the Pd NPs. This study clearly stresses the effectiveness of ALD in the formation of quasi-dense 

H2-permselective membranes while significantly limiting the production costs by reducing the 

content of expensive elements, such as Pd. Finally, thanks to the versatility of the ALD technique, 

the present strategy could be extended to other rational design for applications requiring gas 

separation or detection. 
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1. INTRODUCTION 

Hydrogen (H2) is a key molecule for the chemical industry and energy transition. Depending on 

its source, separation and purification are necessary steps prior to its application. Numerous 

techniques have been explored including adsorption, cryogenic distillation, catalytic reactions and, 

more recently, membrane separation and electrochemical processes [1-3]. Pressure swing 

adsorption and cryogenic distillation are generally very efficient and well-integrated in industry. 

However, these processes require large equipment, complicated operating conditions leading to 

high energy consumption and costly maintenance. As a consequence, new purification strategies 

based on membrane processes have gained interest to provide affordable H2 streams with the 

required purity [4-6]. In parallel to the widely studied polymer, hybrid, carbon and ceramic (mainly 

Si-based or dense perovskites) membranes, particular emphasis has been (and is still) devoted to 

metal-based membranes [7]. 

 Dense palladium-based membranes (Pd and its alloys) are, by far, the most studied because 

they catalyze H2 dissociation at their surface, leading to almost infinite selectivity (ideally 100%) 

and ultrapure H2 production [8]. They have been largely investigated, trying to improve their 

properties: permeability, mechanical and thermo-chemical resistance (including poisoning and 

embrittlement), lifespan, fabrication reproducibility and cost-efficiency. Self-supported Pd-based 

membranes (> 50 µm thick) are commercially available since a long time. However, Pd high cost 

and scarcity coupled to the limited H2 permeate flux (inversely proportional to the Pd thickness) 

constrain the range of applications [9]. Numerous studies have thus been carried out on other types 

of dense metallic membranes, such as those based on Ni, Nb, V and their alloys [10-13]. Unlike to 

Pd, their H2 permeability is lower at intermediate temperatures, due to the reduced hydrogen 

solubility and solid-phase diffusion coefficients. In addition, similar to Pd membranes [14], they 

might also suffer from poisoning by CO, steam, hydrocarbons or sulfur contaminants, and could 

also be altered by significant hydrogen embrittlement due to expansion, decohesion and hydride 

phase transition. 

 Other strategies have been developed to decrease the quantity of Pd by 

incorporating/depositing Pd-based thin films (£ 50 µm) onto a porous support: cold-rolling [15], 

physical vapor deposition [16-18], chemical vapor deposition [19], electroless plating [20, 21] and 

more recently atomic layer deposition (ALD) [22, 23]. Several of these approaches have been 

already up-scaled for the commercial production of reliable Pd-based membranes [24-30]. 
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 In parallel to these achievements, further intensive research is on-going to develop new H2-

selective membranes with low Pd loading for application at intermediate temperatures (300-

400°C). Composite ceramic membranes containing a dispersion of Pd nanoparticles (NPs) were 

considered by several groups [22, 31, 32]. In such membranes, the contribution of the support 

material to the hydrogen transport is a key, although little considered in the literature. Various 

types of porous inorganic materials (e. g. Vycor® glass, metals or ceramics) have been used as 

supports for H2-selective layers. Reported critical attributes of the supports includes porous 

structure characteristics (mainly pore size/distribution and porosity), surface roughness, 

mechanical, chemical and thermal stabilities, in addition to the compatibility of its thermal 

expansion coefficient [33]. Metal supports are robust but usually exhibit large and non-uniform 

pores, and their surface quality can hardly accommodate very thin (< 5 µm) and uniform films [34, 

35]. Thus, asymmetric porous ceramic supports are generally preferred, offering a gradual 

reduction in pore size from the bulk to the top surface, narrow pore size distribution and high 

surface quality [33, 36]. The top surface of commercial supports can be improved by chemical 

and/or mechanical (e. g. polishing) treatments, although the incorporation of an intermediate top-

layer is often a preferred alternative. This top-layer might modify the original morphology of the 

support, mitigate inter-diffusion, improve adhesion of the H2-selective layer, prevent support 

corrosion or pre-activate the surface by incorporation of first metal nuclei when considering Pd 

species deposition [33]. The possible contribution of the intermediate layer to the transport of 

hydrogen species is usually neglected and most of the Pd-based membranes are deposited on inert 

(non-reducible) alumina supports. The application of a support material able to change its 

oxidation state during hydrogen permeation could possibly enhance its transport properties thanks 

to the hydrogen spillover effect at the Pd/support interfaces [25, 37]. This phenomenon could be 

particularly attractive to guide the design of novel composite membranes with a dispersion of Pd 

NPs in close contact with an interactive (reducible) support, such as TiNx. 

 The use of TiN as a membrane material is still little explored in the literature [26, 38], despite 

its appealing physicochemical characteristics, including its metal-like electrical conductivity, high 

thermal and chemical stability, excellent mechanical wear resistance and relatively low cost [39-

41]. It is even envisioned as a hydrogen-impermeable material [42-44] while those works 

nevertheless measures H transport as a function of film processing condition. Research efforts on 

TiN have been primarily concentrated on investigating physical or chemical vapor deposition 
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(PVD and CVD) [45-48], and more recently ALD, with a primary focus on the development of 

thin films for microelectronics or protective coatings [49, 50]. Advantageously, the thermal 

expansion coefficient of TiN thin films (≈ 10.3×10−6 °C−1 [51]) is close to that of Pd 

(≈ 11.8×10−6 °C−1 [52]), thus ensuring a good thermal stability for the Pd-TiN composite 

membranes developed in this work.  

 Taking advantage our previous work on ALD of TiN films [53, 54] and Pd NPs [55, 56], this 

technique was applied to deposit both materials on asymmetric tubular alumina substrates, thus 

forming a TiOxNy-Pd/Al2O3 composite membrane system. ALD is well-known for allowing 

perfect control of the material thickness at the sub-nanometer scale with excellent uniformity and 

conformality even on highly tortuous substrates such as the studied alumina supports. [54] 

 The objective of this work was to optimize the fabrication of uniform TiOxNy-Pd composite 

membrane, with a special focus on achieving high H2 selectivity and permeability by meticulously 

tuning their thickness and chemical composition. Commercial tubular membrane supports with a 

γ-Al2O3 top-layer were first coated by ALD of a TiOxNy layer ensuring gas tightness at room 

temperature (RT). Then, Pd NPs were deposited by ALD on such modified substrates, resulting in 

an original composite TiOxNy-Pd/Al2O3 membrane system. After comprehensive physicochemical 

characterizations, gas permeation measurements were carried out at different transmembrane 

pressures and temperatures, and membrane performance were analyzed with a particular focus on 

hydrogen selectivity. Promising permselectivities (αH2 N2⁄ ≈ 35 and αH2 He⁄  ≈ 7) were obtained at 

temperatures of 390°C, with H2 permeances reaching 228 GPU. The results are discussed and 

demonstrate the significant role of TiOxNy within the gas separation process.  

2. MATERIAL AND METHODS 

2.1. Membrane  

The tubular supports used for TiOxNy and Pd depositions were purchased from Pall-Exekia, 

France. The substrate shown in Figure 1 exhibits an asymmetric porous structure composed of a 

mesoporous inner top-layer of γ-Al2O3 with mean pore sizes between 5 to 8 nm. This layer is 

deposited on a macroporous tubular support (Æin/out = 7 and 10 mm), consisting of 3 layers with 

average pore sizes of 0.2 µm, 0.8 µm and 10 µm from the inner to the outer side of the tube. Before 

ALD, the tube was cut into 50 mm long pieces. To prevent any gas leakage during permeation 

tests, both ends of the tube were sealed over 10 mm with a commercial enamel at 900°C. The 
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tubular supports were broken for cross sectional observations by scanning electron microscopy 

(SEM) and chemical analysis by energy-dispersive X-ray spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS). The pieces used for EDS analysis were embedded in epoxy 

resin then cut with a diamond wire saw. Several abrasive paper disks and a 1 μm diamond 

suspension were successively employed to polish the cross-section.  

 

 
Figure 1: (a) General view of the pristine Al2O3 tubular support. (b) SEM image of the tube cross-section. (permeate 
flow through the tube -from inside to the outside- is indicated by the arrows), (c, d, and e) show progressive enlarged 
views of the inner part of the tube. The squares plotted in (c) and (d) correspond to the micrographs shown in (d) and 
(e), respectively.  

2.2. Atomic Layer Deposition of TiOxNy and Pd 

TiOxNy and Pd were deposited by ALD reactor (Fiji 200, Veeco/Cambridge Nanotech). TiOxNy 

was deposited using TDMAT (tetrakis(dimethylamino)titanium, 99.99%, Strem Chemicals) as Ti 

precursor and NH3 as co-reactant, combined with Ar as carrier gas according to a method described 

previously [53, 54]. All gases were electronic grade ≥ 99.999%, purchased from Linde Electronics. 

As previously reported [55,56], Pd deposition was carried out with Pd(hfac)2 

(palladium(II)hexafluoroacetylacetonate, 98% from Strem Chemicals) and formalin (37% 

formaldehyde in water with 10-15% of methanol from Sigma-Aldrich). Containers with Ti and Pd 

precursors were maintained at 70 and 90°C, respectively, to ensure sufficient vapour pressure. The 
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temperature of the reaction chamber was set to 200°C for both depositions. In addition to the 

alumina supports, pieces of silicon wafers (n-type Si (100), phosphorus doped, 1-10 Ω·cm, from 

Sil’tronix, France) were added to each ALD run as a control sample for thickness measurements 

of all deposited materials. TiOxNy and Pd ALD cycles consisted of sequential pulse, exposure, and 

purge of the metal-precursor and co-reactant, alternatively. The cycle sequences for TiOxNy and 

Pd NPs were: 0.2:3:15/6:3:20 s and 1:30:30/3:30:30 s, respectively. The full description of the 

deposition protocols is given in Supplementary Information and in Figure S1. The thickness of 

TiOxNy (𝑡"#$!%") was tuned by adjusting the number of ALD cycles (N"#$!%") and the number of 

cycles for Pd NPs remained unchanged, NPd = 600 cycles.   

 
2.3. Physico-chemical characterization of materials  

TiOxNy thickness was monitored by in situ spectroscopic ellipsometry (SE) using a M-2000V 

ellipsometer (J. A. Woollam Co.) and curve fitting was performed using CompleteEASE 5.1 

software. SEM and transmission electron microscopy (TEM) were carried out on a JSM 7900F 

(JEOL Ltd) and a JEM 2100F (JEOL Ltd), respectively, to investigate the morphology of the 

material, confirm the films thickness and assess their conformality. Chemical analysis of the 

samples was performed by EDS using a Quantax FlatQuad (Bruker) mounted on the SEM. In 

addition, a backscattered electron (BSE) detector was operated to obtain SEM images providing 

chemical rather than morphological contrast generated by the secondary electron (SE) detector. 

Due to the presence of the γ-Al2O3 on the tubular support and the usual X-ray penetration depth (5 

to 50 µm depending on the 2θ angle), the TiOxNy-Pd nanocomposite is not detected. The analysis 

of the crystallinity of TiOxNy films and Pd NPs is therefore tricky. To overcome this issue, a very 

thin layer of Al2O3 was grown on TEM grids made of a carbon membrane (Holey) at 150°C using 

a process described elsewhere [57]. The as-prepared grids coated with Al2O3 and TiOxNy-Pd 

nanocomposite mimicking the fabricated membranes were then used to characterize the material 

crystallinity. The selected grids were finally annealed under H2 atmosphere using an AS-One oven 

(Annealsys SAS) for 1 h at temperatures ranging from 200 to 400°C under P = 1 bar. A first, 

TiOxNy layer was deposited before alumina to ensure that no Cu diffusion from the grid edges will 

occur (see supplementary materials for detailed description, TEM observation section).  

 XPS was used to determine the chemical composition of the deposited material. The analysis 

was carried out on a Kratos Axis Ultra spectrometer (Kratos Analytical, UK) equipped with a 
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monochromatic Al Kα source (1486.6 eV). All spectra were recorded at a take-off angle of 90°, 

with an analysed area of about 0.7 × 0.3 mm2. Survey spectra were collected at 160 eV pass energy 

with 1.0 eV step. The high-resolution regions were acquired with 0.1 eV step (0.05 eV for O 1s 

and C 1s) and 20 eV pass energy. A neutralizer was used to compensate for charge effects during 

the measurement. Curves were fitted using a Gaussian/Lorentzian (70/30) peak shape after Shirley 

background subtraction and using CasaXPS software (version 2.3). Component peaks were 

defined by binding energy (BE) and full width at half maximum (FWHM). The carbon C 1s is 

calibrated at 284.8 eV for the C–C bond. 

 
2.4. Gas permeation measurements  

Gas permeance and selectivity measurements were carried out with different single gases (He, H2, 

N2). High-purity H2 (99.9992%) was supplied by Air Products, while N2 and He (99.995% and 

99.999%, respectively) were provided by Linde gas. The membranes were equipped with silicon 

or graphite o-rings, placed in a stainless-steel module and degassed before each measurement. A 

bubble flowmeter connected to the atmosphere, or an electronic flowmeter (PE 1000, Perkin 

Elmer) was used to measure the gas flow through the membrane and thus determine the permeance 

values. Ideal selectivities were determined as a ratio of single gas permeances measured in a 

temperature range of 25-392°C and applying a transmembrane pressure in the range ΔP = 1-3 bar. 

The stabilization time before each gas flow measurement was generally set at 30 min and gas 

permeation test was always achieved by applying transmembrane pressures from the highest to the 

lowest value. The estimated error was determined to be » 12%. Permeance values were expressed 

in GPU (gas permeation units, where 1 GPU corresponds to 3.3∙10-10 mol∙m-2∙s-1∙Pa-1). 

3. RESULTS AND DISCUSSION 

3.1. Deposition of TiOxNy layers  

TiOxNy deposition was adapted from the ALD protocol described in our previous study [54]. In 

the present work, exposure time was included to allow efficient diffusion of TDMAT and NH3 

within the mesoporous γ-Al2O3 support layer (the TiOxNy deposition protocol is described in 

Figure S1 of Supplementary materials). Figure 2a displays the EDS chemical mapping of Ti for 

an optimized 120 nm-thick TiOxNy layer obtained after N"#$!%" = 1000 cycles. Nitrogen was not 

detected by because it is a light element [58]. This is further confirmed by EDS spectrum 
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performed at low accelerating voltage (E =5 keV) shown in Figure S2 of Supplementary materials. 

According to this analysis, Ti was detected throughout the support, thus illustrating the efficient 

diffusion and reaction of TDMAT and NH3 within the entire porous network. This results in a 

uniform and conformal coating of the grain surface in both macroporous (α-Al2O3) and 

mesoporous (γ-Al2O3) sections of the support. No significant alteration of the porous structure that 

could have an impact on gas flow occurred in the macropores (pore diameters are significantly 

larger than the thickness of the deposited layer). Conversely, the mesoporous γ-Al2O3 section was 

fully infiltrated and sealed by the TiOxNy deposit. A compact film (indicated by the white arrow 

in Figure 2a) was indeed formed on the surface of γ-Al2O3 (Figure 2b). Such high magnification 

SEM image suggests that once the γ-Al2O3 mesopores are clogged, additional ALD cycles lead to 

the formation of a pure and compact TiOxNy film on the inner surface of the support. 

 

 

Figure 2: (a) EDS Ti mapping performed on the cross section of the alumina support after TiOxNy deposition. Mapping 
corresponds to Ti Kα transition (E =4.5 keV) using an accelerating voltage of 10 keV. (b) High magnification SEM 
cross-section of the inner wall of the alumina support corresponding to the dashed rectangle shown in (a). The SEM 
micrograph is performed using the BSE detector. It therefore reveals the chemical contrast.  

The chemical composition of TiOxNy was further examined by XPS. The survey spectrum 

(Figure S3 of Supplementary materials) reveals the expected signals for Ti, N, O and C.  The Ti 

2p peak of the as-grown thin film is shown in Figure 3a, while the spectra showing N 1s, O 1s, and 

C 1s are presented in the supplementary materials (Figure S4). The peak of Ti 2p was found to 

shift toward higher binding energies compared to the value commonly reported for pure Ti–N in 

the literature (» 455 eV) [59]. Hence, the layer should be more accurately classified as an 

oxynitride (TiNxOy) rather than a pure nitride. This is in agreement with the significant amount of 

detected O. Ti 2p peak consists of two primary contributions at 457.5 (I) and 458.2 eV (II), 

respectively. The former, located at a lower binding energy, corresponds to a nitrogen-rich 
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oxynitride (x > y), while the latter is ascribed to an oxygen-rich oxynitride (x < y) [60-62]. These 

findings align with the atomic percentages of N and O presented in Table S1. The high oxygen 

content in the TiOxNy layer could be attributed to partial oxidation of the material when exposed 

to the atmosphere [63, 64]. Figure S2 and Table S2 present an XPS analysis of a TiOxNy layer on 

a Si wafer before and after Ar+ sputtering. Unlike what we have observed previously during TiN 

deposition by plasma-enhanced ALD [54], the entire layer contains a significant amount of O after 

Ar+ sputtering as shown in Figure S2. Only the C content decreases from 30.9 to 14.7 at.%. The 

large amount of C at the top surface can easily be ascribed to surface contamination due to TDMAT 

decomposition at 200°C as reported by Li et al. [65]. On the other hand, no Ti-C bond is observed 

at 454-455 eV, suggesting that the C content is minor [66].  

 
Figure 3: XPS spectra of (a) Ti 2p and (b) Pd 3d of the as-grown TiN-Pd NPs composite. 
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3.2. Deposition of Pd nanoparticles 

TiOxNy-coated Al2O3 supports were further modified by Pd NPs deposition as active material to 

facilitate hydrogen transport (H2 adsorption, dissociation, and diffusion) across the TiOxNy layer. 

Pd was also deposited in exposure mode at the same temperature as TiOxNy. Unlike TiOxNy, the 

small amount of deposited Pd NPs did not reach the sensitivity threshold for EDS mapping to 

provide relevant information regarding the presence of Pd in the porous network. In contrast, SEM 

and XPS analyses were found to be more suitable for confirming the presence of Pd NPs and their 

exact chemical composition. In Figure 4a, the SEM observation shows an alumina grain located at 

the outer section of the support successively coated by TiOxNy and Pd NPs. The inset of Figure 4b 

provides a closer view of the TiOxNy films exhibiting some roughness that could be ascribed to Pd 

NPs. This indicates that Pd NPs are deposited on the outer side of the membrane. It is in line with 

the high capability of ALD to conformally coat porous materials when a sufficiently long diffusion 

time is imposed. Finally, Figure 4c clearly demonstrates the presence of Pd NPs on the compact 

TiOxNy layer formed on the inner surface of the membrane. These Pd NPs, indeed, correspond to 

the approximately 10 nm wide lighter spots revealed by the BSE detector. Pd, with its higher 

atomic number (ZPd = 46), appears as a brighter feature above the darker underlying TiOxNy 

(average atomic number: ZTiOxNy ≈ 12.3). This demonstrates that, after ALD of Pd, NPs fully cover 

the surface of the TiOxNy-coated alumina support.  

 
Figure 4: SEM images (BSE detector) of the Al2O3 support after TiOxNy and Pd deposition: (a) cross section of an 
external grain, (b) enlarged view of the grain surface as indicated by the rectangle in (a), and (c) top view of the inner 
compact surface. 

The presence of Pd was, further, confirmed by XPS analysis (Figure 3b). The predominant peak 

in the Pd 3d spectrum at 335.5 eV (I) corresponds to metallic Pd (Pd0), while two smaller peaks at 

336.2 (II) and 337.5 eV (III) can be assigned to PdO and PdO2, respectively [55, 56, 67, 68]. The 
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presence of PdO may be related to the TiNxOy interface, as the initial pulsed Pd precursors react 

and bind to the underlying layer, which is likely an oxynitride. Considering the size of the Pd NPs, 

the contribution of binding reactions with the TiNxOy interface should not be underestimated. 

Additionally, some carbon contamination was also detected. The majority of the identified carbon 

can probably be attributed to its adsorption on the sample surface, as no Ar sputtering was 

performed. Notably, the analysis revealed almost no evidence of Ti–C or Pd–C bonds in the Ti 2p 

and Pd 3d spectra, suggesting no unreacted ligands embedded in the composite layer. 

 

3.3 Gas permeation tests  

As expected, 𝑡𝑇𝑖𝑂𝑥𝑁𝑦shows a direct impact on the gas permeation characteristics. Table 1 reports the 

permeance measured as a function of 𝑡𝑇𝑖𝑂𝑥𝑁𝑦. It was found that a N𝑇𝑖𝑂𝑥𝑁𝑦= 1000 cycles leading to 

120 nm-thick TiOxNy film (measured on the accompanying silicon wafers samples) is required to 

render the tubular support gas-tight, and thus ensure the presence of a dense and defect-free TiOxNy 

layer.  

 
Table 1: Permeance values of N2 and He for different TiOxNy membrane thicknesses (T = 25°C and 
ΔP =3 bar). 

N𝑇𝑖𝑂𝑥𝑁𝑦(cycles) 𝑡𝑇𝑖𝑂𝑥𝑁𝑦(nm) N2 permeance (GPU) He permeance (GPU) 
200 25 ∞ ∞ 
400 50 ∞ 18600 
800 100 27 55 
1000 120 2 4 

 
The as-qualified coated supports were then functionalized with Pd NPs and their permeance was 

subsequently measured for the three selected single gas (N2, He and H2) at ΔP = 3 bar and different 

temperatures ranging from 24 to 390°C (Figure S6 in Supplementary materials). No remarkable 

changes in the permeance values could be detected for the three gases tested at temperatures up to 

292°C. This is reported in Figure 5a where the permeance for the three gases is plotted against T. 

Above this temperature, only the H2 permeance increased significantly while those of N2 and He 

remained stable. The ideal selectivities calculated at ΔP = 3 bar are plotted in Figure 5b. At 

T = 390°C, 𝛼He/N2
∗ is 7 while 𝛼H2/N2

∗  reaches 35. Interestingly, after cooling the membrane to RT, its 

initial permeance values were recovered (Figure S7 in Supplementary materials), thus confirming 

the stability of the membrane even after its exposure to high temperatures. This work demonstrates 
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that by using a compact TiOxNy underlayer prior to growing sparse Pd NPs, a permselectivity in 

the order of that of pure ALD-Pd-based composite membrane is achievable (i.e. with much lower 

Pd loading). TiOxNy membranes containing sparse Pd NPs with an average diameter of about 10 

nm [55] exhibit a permselectivity of αH2/N2
∗ 	≈ 35 and a permeance of 228 GPU (at 390°C). In 

comparison, dense film made of Pd particles with an average diameter of ≈ 90 nm (our previous 

work) exhibits a permselectivity of αH2/N2
∗ 	≈ 23 and a permeance of 1000 GPU (at 188°C). Due to 

the high tortuosity of the Al2O3 support, it is tricky to calculate the Pd loading precisely but, 

qualitatively, it is significantly lower for the system in the present work than for the pure Pd/Al2O3 

composite membranes described earlier [22].Table S3 compares achieved ideal selectivities to 

those of a selection of dense membranes reported in the literature. A straightforward and rigorous 

comparison is difficult due to differences within experimental conditions (temperature and 

pressure, namely). The αH2/N2
∗  values achieved in the present work are of the same order of 

magnitude as other composite Pd-based and TiN-based membranes reported in the literature (Table 

S3). It should be noted that, except for the membrane manufactured by Weber et al. [22], the other 

membranes are micrometers-thick, whereas those fabricated by ALD are nanometers-thick. This 

makes a significant difference in the quantity of materials used and consequently their cost.  

 The results suggest that the separation mechanism through the composite TiN-Pd layer does 

not rely solely on molecular sieving since He does not cross while it exhibits a smaller kinetic 

diameter (0.26 nm) as compared to H2 (0.29 nm). This mechanism rather involves a 

sorption/diffusion phenomenon facilitating the transport of hydrogen and thus increasing the 

selectivity of the membrane towards H2 gas. Naturally, such a separation mechanism can only take 

place for defects-free layers. It is worth pointing out that compared to our previous study dedicated 

to Pd/Al2O3 membranes [22], current TiN-Pd composite exhibits higher thermal stability and better 

separation efficiency at higher temperature (≈ 400°C). This finding suggests that the TiN-Pd 

composite requires higher activation energy (heat) to enable H2 permeance in comparison with a 

simple Pd/Al2O3. The discrepancy is, thus, most likely due to the presence of the TiOxNy matrix, 

which evolves with the temperature, impacting the chemical composition and/or the crystallinity 

of the material.  
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Figure 5: (a) Permeance and (b) ideal selectivities α* for the tested single gases (He, N2 and H2) at 
temperature ranging from 24 to 390°C and ΔP = 3 bar.  

 
3.4 Post-mortem analysis of the TiN-Pd composite layer after H2 permeation   

To gain a better insight into the gas separation mechanism of the TiN-Pd composite layer, a post-

mortem analysis was carried out after the series of single gas permeation tests. The XPS analysis 

of Ti 2p and Pd 3d in the TiN-Pd composite are shown in Figure 6. Figure 6a indicates that the 

primary Ti 2p contribution in the oxygen-rich oxynitride material TiNxOy (x < y), as observed 

before the permeation tests (Figure 3), finally transforms into TiO2 at 459 eV (II). On the contrary, 

in the N-rich oxynitride (x > y), its intensity decreases but remains at the same energy level, 

457.8 eV (I). Although the oxide contributions in the Pd 3d peak feature slightly increases, Pd0 (I) 

remains essentially unchanged (Figure 6b). These observations are consistent with the notable rise 

in oxygen content (Table S1 in Supplementary materials). This finding is somewhat surprising 

since the H2 permeation test (pure H2 at 400°C for 1 h) could be considered as an annealing process 

in a reducing environment inducing a potential reduction of oxygen/oxide contributions in the 

material. However, as previously discussed in our previous work [54], annealing in both nitrogen-

rich and reducing environments (NH3 and H2 at 700°C) was found to be insufficient to lower the 

presence of TiNxOy oxynitride. Therefore, it appears that the applied energy is not high enough to 

reduce or break the high-energy bonds between Ti and O. In fact, under these conditions only the 

carbon content is substantially reduced (Table S1). It can therefore be concluded that the main 
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modification of the material is primarily due to the oxidation of its surface when exposed to air 

rather than to its alteration during H2 permeation tests. 

 

 
 

Figure 6: XPS spectra of (a) Ti 2p and (b) Pd 3d after H2 permeation at 400°C for 1h. 

 As noted in the previous section, no significant changes in the chemical composition of the 

material were observed to explain the high H2 permeance value measured at 390°C. As proposed 

by Kura et al., the change in material permeability can be attributed to a modification of its 

morphology and/or crystallinity [26]. In their study, H2 permeation tests with a favourable 

evolution of both permeation and selectivity characteristics were carried out using a pure 

crystalline TiOxNy material synthesized by PVD.  

 To explore this subject further, TiN-Pd layers were also deposited on TEM grids previously 

coated with an alumina layer (≈ 10 nm thick) deposited by ALD to mimic the ceramic support. 

Such layers (with TiOxNy ≈ 25 nm thick layers and Pd nanoparticles ≈ 5 nm in diameter) were thin 

enough to allow the electron beam to cross the sample. Schematics of the deposition on the grid is 
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provided in the supplementary materials (Figure S8) together with the description how the SAED 

patterns were exploited to monitor the crystallinity of the TiOxNy -Pd layers. Figure 7a shows that 

the as-grown TiOxNy is slightly polycrystalline, with indexed rings for (111), (200), and (220) 

planes. On the other hand, each Pd NP is monocrystalline (Figure S8e), but no rings or dots were 

observed in the SAED images, except for the faint rings located outside the TiOxNy ones. After 

annealing under H2 atmosphere for 1 h at 200°C and 400°C, the TiOxNy signal intensity gradually 

increases (small dots inside the rings), indicating the growth and formation of crystallites (Figures 

7b and 7c). Consistent with the literature, this finding suggests that dissociated hydrogen atoms 

can pass through the TiOxNy layer via its as-formed crystalline structures [26]. 

 

 
Figure 7: SAED patterns of TiN-Pd deposited on TEM grids, (a) as-grown and annealed under 1 bar H2 at (b) 200°C 
and (c) 400°C. SEM micrograph (BSED mode) of the inner surface of the TiN-Pd membrane after permeation tests (d).  

 Finally, to guarantee the absence of submicrometric surface defects that could possibly appear 

after H2 permeation test, a careful examination of the inner surface of the coated support was 

carried out using SEM. As observed in Figure 7d, no significant changes were detected on the 

surface compared to the initial membrane state (Figure 3c). Pd NPs remain uniformly dispersed 

and maintain a constant size (5-10 nm) without any sign of coalescence or dissolution. Figure S9 

is showing TEM top view observations of the corresponding TEM grids at room temperature and 



 16 

after treatment at 200 and 400°C presented in Figure 7a-c. Likewise, there was no evidence of 

dewetting or delamination of the TiOxNy layer from the alumina support. It is worth mentioning 

that unlike Mortaló et al. [38], no cracks or other macroscopic defects in the membrane layer could 

be detected. This result is consistent with permeation tests conducted both at RT and high-

temperatures conditions (i. e. T = 390°C), confirming integrity and robustness of the membrane 

(no viscous flow contribution during permeation tests). As noted previously, Figure 5 (as well as 

Figure S7 in Supplementary materials) clearly illustrates that, after the high temperature 

permeation tests, permeance and selectivity return to their initial values measured at RT with the 

starting composite membrane (as-prepared). 
 
3.5 Suggested gas transport mechanisms 

 

 
 

Figure 8: Schematic representation of the H2 transport mechanism through the TiN-Pd composite membrane layer, 
highlighting the crucial step of TiOxNy crystallization allowing the H diffusion.  
 

A schematic representation of the possible transport mechanisms for hydrogen through the TiN-

Pd composite separative layer is proposed in Figure 8. As described elsewhere for dense 
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membranes, the transport mechanism should be based on the solution-diffusion of the targeted 

species (i. e. H2) [69]. The process consists of 5 steps: adsorption (1) and dissociation of H2 

molecules on the Pd surface into atomic H (2). Without step (2’) which consists of heat the system 

(∆) at 390°C, no H dissolution and diffusion through the composite material, as depicted in 

Figure 5. Heating the system, lead to the formation of TiOxNy crystallites, as presented in Figure 

7. Once a sufficient crystallinity is reached, step (3), atomic H is transported to across TiOxNy can 

occur. Finally, H atoms recombine (4) and desorb (5) as H2 molecules on the opposite side of the 

membrane. This final step (5) can proceed on the Pd NPs present on the other side of the membrane 

due to the high covering capability of ALD in exposure mode as already demonstrated on TiO2 

nanotubes [55]. It can also be driven and enhanced by the transmembrane pressure, ∆P, between 

the two sides of the composite layer during the permeation experiments. Pd NPs in contact with 

the reducible TiOxNy matrix are supposed to play a key role by facilitating hydrogen transport 

through the TiOxNy-Pd composite membrane layer. When Pd clusters are nearly saturated with 

atomic and molecular hydrogen, a possible spillover of the H atoms towards the reducible TiOxNy 

matrix should, indeed, contribute to enhance the H2 permeance. As reported in [37], the occurrence 

of spillover phenomenon is well established on reducible supports such as TiO2, although it is 

drastically lowered on non-reducible supports such as alumina.  

 Tracking hydrogen spillover at nanoscale is tricky and requires in situ analysis operations. A recent 

work illustrates the surface-lattice-confinement effect of oxide catalysts, providing a promising route 

to improve the hydrogen spillover efficiency [25]. The controlled confinement of the Pd NPs in the 

reducible TiOxNy matrix could, indeed, be an attractive prospective to optimise the design of the 

composite layer for enhancing further the spillover phenomena and thus the permeance of H2.  The 

evidence of H2 spillover effect of Pd supported on TiOxNy has been recently reported in the field of 

H2 sensors [70]. It was shown that a very thin layer of TiOxNy provides better sensing performance 

than pure Pd NPs alone. The literature on the Pd/ TiOxNy system is still very limited. A density 

functional theory (DFT) study by Warczinski et al. reported that nitrogen doping of carbon-supported 

palladium nanoparticles significantly facilitate the hydrogen spillover reaction [71]. The literature is 

more abundant for the Pd/TiO2 system, especially in heterocatalysis. Jin et al. and Tang et al. reported 

that oxygen vacancies and hydrogen spillover effect by Pd NPs improve the photocatalytic CO2 

reduction [72] and formate electrooxidation [73] performance, respectively.  
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 As demonstrated in Figure 5, high temperatures (T = 390°C) are necessary to allow sufficient 

permeation of H2 through the TiN-Pd composite. This threshold is higher than that reported by 

Weber et al., indicating 200°C for a Pd/Al2O3 composite membrane [22]. This finding suggests 

that in the case of a TiN-Pd composite membrane on Al2O3 support the TiOxNy layer acts as a 

barrier material limiting the diffusion of H2 until the temperature reaches ≈ 390°C. This 

temperature induces crystallite growth within the poorly crystalline TiOxNy layer prepared at lower 

temperatures. One can therefore conclude that atomic H can only diffuse within the TiOxNy layer 

once a significant degree of crystallinity is reached. This observation is consistent with the findings 

of Kura et al. [26] and Goncharov et al. [74], who reported that crystalline nitride materials can 

enable hydrogen permeation/absorption within the grain boundaries interphase (formation of Ti-

H terminal groups on the surface of nanocrystallites) [32]. This is in line with the crystal orientation 

dependence of the permeability of TiOxNy films grown by PVD [44]. In this work, thick TiOxNy 

layers (𝑡𝑇𝑖𝑂𝑥𝑁𝑦= 1 µm) without Pd coating are found impermeable when they are strongly textured 

according to (200) planes. Note that the polycrystalline nature of the film is however not sufficient 

for H transport. When returning to RT, H2 permation is indeed back to its low initial value. This 

indicates that polycrystalline TiOxNy facilitates the H permeation but heat is also requested to 

activate the process. It is also denoted that a low N/Ti ratio induces some higher H permeability. 

Previous reports [42], [43] in which H permeation is also performed by electrochemical water 

reduction already show that low N/Ti ratio in TiNx leads to a higher H permeability. In all cases, 

N2 flow is blocked by such TiNx PVD layers. This explanation is, however, not sufficient to 

account for the reversibility of the H permeance. The Pd activation is indeed required to achieve 

H2 dissociation to atomic H. The oxynitride nature of the ALD films could also contribute to the 

H permeation observed in the present study. It is, indeed, a major difference with the previous 

reports [42-44] and it is also known that H+ can penetrate in TiO2 [75, 76]. Such insertion could 

therefore also occur in TiOxNy. Finally, one could also think about H transport through the grain 

boundaries that could expand at high T and shrink at low T. The mechanism would then be similar 

to that of a molecular sieve, but the blockage of the He flow denies this explanation.   

This mechanistic paragraph mainly considers the role of TiOxNy crystallinity to enable the 

selective transport of hydrogen. Pure Pd or Pd nanoparticles do not require such high temperatures 

for hydrogen dissociation. According to a study by Mitsui et al., hydrogen can dissociate on a Pd 



 19 

monolayer at just 37 K. They also observed and calculated that a minimum of three active sites is 

required to enable the dissociation [69].  

In addition, it is worth noting that in the field of sensors, which operate on the same principle as 

selective membranes, hydrogen can be detected at low temperature, including room temperature, 

as reported by Gupta et al. [77] and Lupan et al. [78].  
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4. CONCLUSION 
 
This study presents an innovative approach to develop an H2-selective membrane based on 

TiOxNy-Pd composite layer deposited on porous Al2O3 supports. Such a material combines the 

stability of a ceramic support matrix, the barrier effect of thin TiOxNy layers and the specific H2 

sorption/affinity of Pd NPs. The synthesis protocol involves consecutive deposition of thin films 

of TiOxNy and Pd NPs on an asymmetric tubular alumina supports by thermal ALD. The optimized 

TiOxNy thickness blocking the gas flow was 120 nm. After ALD on Pd NPs, gas permeation tests 

carried out at high operating temperatures (T = 390°C) revealed promising permselectivities 

(αH2 N2⁄ ≈ 35 and αH2 He⁄  ≈ 7) with hydrogen permeances up to 228 GPU. Such permeation is 

possible because Pd NPs are grown on both sides of the TiOxNy compact layer. The elevated 

temperature was found to be critical for initiating the high permselectivity. This is, first, due to the 

activation energy required for H dissociation at Pd surface but it could also be ascribed to the 

crystalline nature of the layer under heating as well as the oxynitride nature of the layer. Further 

improvement of the membrane performance could be expected by enhancing the spillover 

phenomenon, thanks to a controlled confinement of the Pd NP in the reducible TiOxNy matrix. 

The performance obtained is in line (same order of magnitude) with the αH2/N2
∗  values reported in 

the literature for other composite Pd-based and TiN-based membranes reported in the literature. It 

should be noted that the other H2-selective composite membranes are usually micrometers-thick, 

whereas the thickness of the ALD-fabricated ones is in the nanometer range. This makes a 

significant difference in terms of the amount of materials applied and consequently the membrane 

cost. This is why ALD is well adapted to operate such a rational design of composite membrane 

materials (ongoing work).  

 Accordingly, this study highlights the effectiveness of ALD in designing compact H2-

permselective membrane nanocomposites composed of TiOxNy thin layers (around 120 nm) and 

Pd NPs. The use of low quantities of expensive elements is also expected to significantly reduce 

membrane production costs. Thus, ALD confirms to be well suited for efficient coating of 

nanostructured substrates with a precise control of material thickness and composition. These 

attributes can also be advantageous for microporous devices, allowing surface modifications 

without affecting the pore network or walls. Following this proof of concept, further investigations 

are required to confirm the performance of the membranes in real conditions, notably the thermal 



 21 

behavior of the membrane components and their interfaces in H2 atmosphere during temperature 

cycling which impact on the membrane stabilization, including in gas mixtures such as N2, H2, 

CO, CO2, and H2O present in steam methane reforming or biomass gasification.  

 

  



 22 

CREDIT AUTHOR CONTRIBUTION STATEMENT 

Clémence Badie: Conceptualization, Methodology, Investigation, Data curation, Analysis, 

Writing original draft. Martin Drobek: Data curation, Analysis, validation, Writing, Review & 

Editing. Anne Julbe: Analysis, Review & Editing. Christophe Charmette: Investigation. Jim 

Cartier: Investigation. Jean-Manuel Decams: Investigation, Formal analysis, Review & Editing. 

Vincent Astié: Investigation. Mikhael Bechelany: Conceptualization, Funding acquisition, 

Project management, Analysis, Validation, Writing - Review & Editing. Lionel Santinacci: 

Conceptualization, Funding acquisition, Project management, Supervision, Analysis, Validation, 

Writing - Review & Editing. 

All authors have given approval to the final version of the manuscript.  

 

DECLARATION OF COMPETING INTEREST 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

ACKNOWLEDGMENTS 

The authors thank D. Chaudanson, A. Altié and D. Ferry (CINaM) for their valuable help in the 

electron microscopy measurements as well as O. Grauby (CINaM) for his advice with the sample 

preparation using epoxy resin. Aurélien Renard (Univ. Lorraine, Nancy, France) is acknowledged 

for XPS measurements and Maïssa Barr and Prof. Dr. Julien Bachmann (Friedrich-Alexander 

Univ., Erlangen, Germany) for the XPS with Ar+ sputtering. This project has been funded by the 

French National Research Agency (ANR) as part of grant ANR-17-CE09-0049-03 (MENINA 

project). 

 

  



 23 

SUPPLEMENTARY MATERIALS 

Supplementary materials contain details about the TiOxNy deposition protocol, EDS spectrum of 

the membrane after TiOxNy and Pd deposition, XPS survey spectrum and N 1s, O 1s, and C 1s, 

before and after permeance tests (table of the atomic percentages of the main elements). The 
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