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A B S T R A C T   

Palladium-based foil membranes are an effective option for hydrogen isotope recovery from the plasma exhaust 
of future fusion plants, but cost and availability are concerns. Vanadium (V) is a relatively low cost, neutron 
tolerant material with high hydrogen permeability. It has been well-studied as a superpermeable membrane at 
high temperature (>500 ◦C), but V displays negligible superpermeation at low temperature (75–200 ◦C) due to 
catalytic limitations. Composite membranes were fabricated by depositing thin layers (~100 nm) of either Pd or 
BCC PdCu on sputter-cleaned vanadium foils (100 μm). Symmetric membranes elevated superpermeation to 
levels approaching bulk Pd or PdCu foils, with ~5X higher flux in the latter reflecting the superior properties of 
PdCu. Asymmetric membranes revealed that the Pd-based catalyst layer was critical for both efficient absorption 
of superthermal hydrogen upstream as well as catalyzing re-combinative desorption downstream. At T ≥ 150 ◦C 
composite membrane superpermeation was equivalent to the Pd-based foils, but the flux was attenuated by a 
factor of 2-3X as the temperature was reduced. This deviation from pure foil performance coincided with the 
formation of vanadium hydride (β-V2H), which also impacted the transient response. Nevertheless, no embrit
tlement was observed under the conditions examined and elevating the temperature >150 ◦C removed the 
hydride and restored full performance. The achievement of palladium-level performance with a >99% reduction 
in Pd inventory makes these V composite metal foils pumps an attractive option for low temperature hydrogen 
isotope recovery in future fusion plants.   

1. Introduction 

Last year scientists at the US National Ignition Facility (NIF) 
demonstrated a laser-driven fusion reaction that marked the first time 
that more energy was produced from controlled fusion than was sup
plied [1]. Earlier this year United States Department of Energy 
announced its first awards in concert with its decadal vision for fusion 
commercialization [2,3]. Moreover, this public investment is dwarfed 
by the nearly $5 billion in private investment recently secured by fusion 
companies [4]. Thus, after decades of advances in plasma physics, an 
inflection point has been reached in the road to commercial fusion 
power generation where controlled fusion is no longer “always 30 years 
away” as the famous quip puts it [5]. However, as companies innovate 
confinement concepts for enabling Q > 1 plasma fusion, it is pertinent to 
acknowledge that the realization of fusion as a viable and practical en
ergy source necessitates the successful resolution of various technical 
and engineering challenges to enable sustainable and safe power plant 

operation. 
Notably, safe and efficient fuel management emerges as a prominent 

hurdle in this endeavor [6,7]. Currently, the leading concepts revolve 
around the fusion of hydrogen isotopes, specifically deuterium (D) and 
tritium (T), resulting in the production of helium and the release of a 
high-energy neutron [8]. While deuterium is relatively plentiful in 
supply as a fuel source, the utilization of tritium faces challenges due to 
its radioactivity and short half-life, requiring on-site generation and 
recycling [9]. In addition, in fusion plasma only a fraction of D/T un
dergoes conversion to helium, leading to the need for efficient purifi
cation and recovery methods [10]. A straightforward design entails the 
construction of a separate tritium plant [11], which demands substantial 
on-site tritium inventories, resulting in cost implications and safety 
concerns. Direct internal recycling (DIR) [12,13] is a promising alter
native aimed at recovering unburnt fuel from the plasma exhaust in 
fusion systems. By directly reintroducing the isotopes back into the 
fueling system, DIR reduces the size requirements of tritium plants and 
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the necessary tritium inventory. The key technology enabling DIR is the 
metal foil pump (MFP) [14,15], a metallic membrane that selectively 
permeates hydrogen isotopes while preventing the passage of helium 
and impurities. 

In a DIR design the MFPs can be deployed either near the divertor 
region, exposing it to superthermal hydrogen isotopes but risking rapid 
degradation from energetic neutrons, ion bombardment, and extreme 
temperatures, or farther downstream in the pump train, mitigating 
neutron and temperature exposure but necessitating a secondary source 
for superthermal hydrogen generation [16–18]. In both scenarios, it is 
anticipated that MFPs will function within a pressure range that can be 
tailored to match the divertor conditions, with an expectation of being 
~10 Pa [19], which limits the efficacy of conventional pressure driven 
permeation due to the low driving force. MFPs operate through the 
principle of superpermeation [20–22]. In this process superthermal 
hydrogen atoms/ions, produced by plasma or thermal sources, can 
directly enter the metal bulk [22,23]. This results in bulk hydrogen 
concentration surpassing thermal equilibrium and a hydrogen flux that 
significantly exceeds conventional pressure-driven permeation. In these 
metals hydrogen diffusion is sufficiently fast that the concentration 
throughout the membrane is nominally uniform. Vacuum is applied to 
the downstream and hydrogen isotopes undergo re-combinative 
desorption. The unilateral transport due to implantation of hydrogen 
on the plasma-facing surface yields an effective pumping capacity with a 
selectivity exclusive to hydrogen isotopes, hence the name Metal Foil 
Pump. 

The majority of superpermeation and MFP research has focused on 
pure metals, especially Group 5 metals such as V and Nb [24–29]. These 
studies primarily investigated MFP operation at high temperature 
(>500 ◦C) under high vacuum conditions characterized by relatively 
low incident flux. The main objective of these studies is to understand 
the underlying mechanisms, particularly addressing the influence of 
surface impurity layers and plasma properties. Operating at high tem
peratures effectively alleviates complications associated with hydrogen 
embrittlement, which can be problematic for Group 5 metals. Further
more, other materials such as Fe [30], Ni [31] and Cu [32] have also 
been reported for hydrogen superpermeability studies, demonstrating 
their potential in this field. Comprehensive models [22,23,33] have 
been developed to capture and explain the observed behavior of pure 
metals operating under high temperature and low atomic hydrogen 
incident flux conditions. 

In the low-temperature regime (<250 ◦C) most studies have focused 
on Pd due to its high catalytic activity and resistance to embrittlement. 
Early investigations were typically conducted under conditions of rela
tively low incident flux, with the primary objectives being to compre
hend the impact of surface impurities on superpermeation and to 
quantify hydrogen recombination kinetics on Pd surfaces [34–37]. More 
recently, Takagi and co-workers conducted research on Pd [38] and 
PdCu [39] using deuterium plasma, with a dual focus on developing 
diagnostics for the QUEST reactor and gaining insights into asymmetric 
surface kinetics. The hydrogen permeation flux under these conditions 
can be calculated using Eq. (1) [38,39], which is dependent on the 
downstream desorption coefficient kd (m4•s− 1) and the bulk hydrogen 
concentration [H] (m− 3): 

JH = kd[H]
2 (1) 

In a recent study [40], we systematically investigated hydrogen 
superpermeation through foils of Pd and its alloys, PdAg and PdCu, 
under a combination of low temperature (60–200 ◦C) and high incident 
flux conditions. With appropriate surface cleaning we achieved atomic 
hydrogen fluxes exceeding 10-2 mol(H)⋅m− 2⋅s− 1, more than order of 
magnitude greater than previously obtained with Pd, and even greater 
than the best high temperature results with BCC foils [13,24,26]. The 
performance was consistent with Eq. (1), with flux increasing as the 
temperature was reduced showing that absorption superthermal 

hydrogen was the primary rate-limiting step. Among these foils the best 
results were achieved with PdCu due to its superior recombinative 
desorption kinetics. 

Composite membranes offer the potential to decouple surface and 
bulk properties and to independently tailor surfaces to enhance ab
sorption upstream and desorption downstream. A common approach to 
create asymmetry is through the intentional introduction of contami
nants (e.g. C, O, S containing moieties) to the feed surface [41–47]. The 
concept, exploited extensively in high temperature studies of BCC 
metals, was to form an impurity monolayer that did not inhibit ab
sorption of superthermal hydrogen but prevented desorption of molec
ular hydrogen upstream. Less studied has been composite membranes 
consisting of multiple materials. In an early study by Shmayda et al. [48] 
examined copper-AISI 1008 steel composites. In this two-layer system 
orientation mattered, with superpermeation only observed with the Cu 
facing upstream, and barely any permeation when the sample was 
reversed with Cu facing downstream. Likewise, Andrew and Haase [49] 
showed in Pd|Cu composites that the Cu layer needs to be on the feed 
side in order to achieve an enhanced flux compared to pure Pd mem
branes. Additionally, they noted that the thickness of the Cu layer is 
significant. Coatings with a thickness of 3–5 nm exhibited enhancement 
in permeation flux, while thicker coatings (>13 nm) reduced the 
permeation flux. The same authors studied iron foil based composites 
(Pd|Fe, Pd|Fe|Cu) [50], and the highest flux was observed in the Pd|Fe| 
Cu composite with the Cu layer oriented to face the incident H atoms. 
More recently, Xu et al. [51] reported that applying a 1 μm sputter- 
deposited tungsten coating on F82H (feed-side) significantly increased 
deuterium plasma-driven permeation flux by about two orders of 
magnitude at 250 ◦C. This enhancement was attributed to much higher 
isotope solubility in the coating, which also led to a significant prolon
gation of the breakthrough time. In these studies, both the incident and 
permeated flux was very low, but they highlight both the potential and 
shortcomings of composite membranes. With appropriate orientation 
composite metal foil pumps can exceed the performance of the base 
metal foils. However, the introduction of additional interfaces can also 
create barriers that impede transport. 

Despite the high flux achieved in our work with Pd-based foils, the 
cost and availability of Pd remains a concern. The goal of this work was 
to retain this performance while dramatically reducing the Pd inventory 
through the use of composite membranes. In this work, we explore the 
Pd or PdCu coated V composites for hydrogen superpermeation at low 
temperature (75–200 ◦C). With the exception of studies of impurity 
introduction [43,46,47] there are no reports of V-based engineered 
composite MFPs. Vanadium is an attractive base metal since it has much 
higher permeability than either Pd or PdCu and its hydrogen diffusivity 
is nearly as great as PdCu in this temperature regime (SI-Fig. 1). Addi
tionally, vanadium and related alloys uniquely exhibits low levels of 
induced radioactivity when subjected to neutron irradiation [52,53], 
making it a desirable material for use in fusion environments where 
materials will be irradiated. Previous studies of superpermeation in V 
foils has been limited to T > 500◦ [43,46,47], due to its inability to 
absorb or desorb at hydrogen at low temperatures. At elevated tem
perature Pd-V interdiffusion can be a major concern [54], but this is 
insignificant below 300 ◦C [55]. Therefore, our investigation aims to 
explore V-based composite MFPs that combine the excellent bulk 
properties of V with the desirable surface properties of Pd or PdCu. 

2. Experimental 

2.1. Materials 

In this study, cold-rolled V foils were used (99.8% purity, 100 μm 
thickness, ESPI materials, Ashland, OR, USA). Prior to conducting 
plasma permeation testing or materials deposition, an argon plasma 
cleaning process was carried out in an AJA sputtering chamber to 
remove impurities from the surface. The V-foil was clamped onto a 
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susceptor and exposed to a 50 W radio frequency (RF) plasma for 30 
min, operating at a pressure of 0.67 Pa in an argon atmosphere and a 
direct current (DC) bias of approximately 310 V. This is the same pro
cedure used to obtain high superpermeation in Pd-based foils [40]. Pd 
layers were deposited onto the clean V surface without breaking vacuum 
by DC sputtering with a 45 W power applied to a cm diameter Pd target 
(99.95% purity, Kurt J. Lesker,). The Pd deposition rate was calibrated 
and fixed at 100 nm/15 min at room temperature. Pd60Cu40 (wt.%) 
layers were deposited by co-sputtering Pd and Cu at room temperature, 
where the Pd sputtering conditions were the same as above, while for the 
Cu part, a DC power of 57 W was applied to a 5 cm-diameter Cu target 
(99.99% purity, Kurt J. Lesker). The as-deposited PdCu layer was then 
annealed in the sputtering chamber at a base pressure of < 5 × 10-5 Pa at 
250 ◦C for 2 h to ensure complete transformation of the crystal structure 
to the body-centered cubic (BCC) phase (See SI-Figs. 2 & 3). Crystal 
structures of composite membranes, both before and after plasma 
permeation, were analyzed through X-ray diffraction (XRD) utilizing a 
PANalytical 103 PW3040 X-ray diffractometer using Cu Kα radiation. To 
both optimize performance and improve our mechanism understanding 

a combination of symmetric and asymmetric composite membranes 
were fabricated and tested as summarized in Table 1. 

2.2. Membrane evaluation 

All hydrogen plasma permeation experiments performed in this 
study were carried out using the same setup detailed in our previous 
work [40]. Membranes with an effective permeation area of A =

0.93 cm2 were sealed in a Swagelok VCR fitting module which separates 
the feed side chamber and a permeate side chamber. We have used this 
identical configuration in conventional high temperature gas perme
ation and achieved experimental permeability’s within ± 5% of theo
retical values for pure Pd and PdCu foils, which reflects the uncertainty 
in absolute values. The membrane temperature, Tm, was actively 
controlled by a PID controller connected to a thermocouple and a 
resistive heating wire. Ultra-high purity (UHP) grade H2 was delivered 
through a mass flow controller and the upstream pressure P1 was 
measured by a capacitance gauge (0.1–1000 Pa). The feed side was 
evacuated by a turbomolecular pump with a nominal pumping speed of 

Fig. 1. (a) The flux observed under plasma permeation in pure V foil (points) and its comparison with both theoretical expectations for Sieverts’ law under these 
conditions (dashed line) and experimental values of plasma permeation obtained with Pd and PdCu foils (solid lines) [40]; (b) transient behavior of plasma 
permeation in V showing that the plasma does not enhance flux. 

Fig. 2. Arrhenius plots showing plasma permeation through (a) symmetric and asymmetric Pd-V composite membranes and (b) symmetric and asymmetric PdCu-V 
composites compared with the performance of pure metal foils (lines) of V (orange), Pd (green), and PdCu (blue) under identical conditions. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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48 l/s for H2 and an RF power source (13.56 MHz) coupled to a water- 
cooled coil outside the quartz tube was used to generate an inductively 
coupled plasma. In all permeation tests presented below, the plasma 
conditions were fixed at 100 W of RF power and P1 = 6.5 Pa to ensure a 
constant incident flux of H atoms. The permeate side chamber was 
maintained at an ultra-high vacuum base condition through a second 
turbomolecular pump with a nominal H2 pumping speed of 40 l/s. 
During permeation tests, the permeate chamber pressure, P2, was 
monitored by a cold cathode vacuum sensor (10-9 – 10-2 Pa). In addition, 
a residual gas analyzer was used to analyze the gas composition in the 
permeate side chamber and to ensure no leaks by continuously moni
toring the H2O (18) and N2 (28) signals. In a permeation test, the steady- 
state permeate chamber pressure P2 was recorded and converted into the 
hydrogen molar flowrate nH2 , and then the experimental permeation 
flux can be calculated by the following equation: 

JH = 2nH2/A (2)  

where JH is the atom H permeation flux in mol(H)⋅m− 2⋅s− 1; A is the 
effective membrane permeation area. This approach is called the flux 
method [19] and it is based on establishing relationships between P2 and 
nH2 in the downstream chamber. Therefore, a meticulous calibration 
work was done in our previous study [40] to obtain the curve of nH2 as a 
function of P2 in the above experimental setup. 

3. Results 

3.1. Composite vanadium foil performance 

Fig. 1(a) displays a comparison of the plasma permeation flux 
observed among pure V foil (orange squares), a pure Pd foil (green solid 
line), and a bcc-PdCu foil (blue solid line), and the theoretical gas driven 
flux expected based on vanadium permeability and Sieverts’ law (orange 
dashed line) at these conditions. The Pd and PdCu flux lines are 
Arrhenius fits to our previous experimental data obtained under iden
tical conditions [40]. At the small driving force of just ΔP = 6.5 Pa the 
expected flux based on gas driven permeation is exceptionally high due 
to the excellent bulk permeability of vanadium. However, due to very 
poor surface kinetics the observed flux is 7–8 orders of magnitude lower. 
The kinetic limitation is further confirmed by its temperature de
pendency, where higher temperatures result in higher flux in the V foil 
while the bulk permeability declines with temperature. As shown in 
Fig. 1(b), the flux through vanadium is nominally identical before or 
after plasma ignition at t = 10 min, showing that there is no super
permeation under these conditions. It is generally assumed that the 
barrier to absorption of superthermal H is negligible. While this may be 
true at high temperatures where V has conventionally been tested, there 
appears to be a significant barrier to absorption under these low tem
perature conditions. SI-Fig. 4 presents the XRD comparison between the 
V membrane before and after plasma permeation test. The as-received 
cold rolled foils display a preferential orientation in the 200 direction, 
and the pattern is unchanged after testing, consistent with limited 
hydrogen absorption. 

In contrast, a step increase in permeation is observed with Pd-based 
foils upon plasma ignition (see Fig. 5), and the measured flux is 3–4 
orders of magnitude greater than V. For both Pd and PdCu foils the 
plasma permeation decreases as the temperature is elevated, consistent 
with absorption being the rate limiting step as discussed in our previous 
work [40]. While the mechanism is the same PdCu displays 3-5X higher 
flux than Pd which is attributed to its superior desorption kinetics. 

To better understand and overcome the limitation of pure vanadium 
foils 100 nm of Pd was applied to V in both asymmetric and symmetric 
configurations. Fig. 2(a) illustrates the temperature-dependent behavior 
of hydrogen fluxes in V|Pd(permeate), V|Pd(feed), and Pd|V|Pd 

Fig. 3. XRD comparison of feed side of (a) Pd|V|Pd and (b) PdCu|V|PdCu composite membranes in the as-fabricated state (black) and after testing at 75 ◦C (green), 
200 ◦C (purple), and corresponding samples after vacuum annealing. Peak references: V ICDD 00-022-1058 (42.171, 61.160); Pd ICDD 00-046-1043(40.118, 46.658); 
BCC-PdCu ICDD 04-015-2413(42.868); V2H ICDD 04-007-2400(40.549, 55.487, 61.783); PdH0.43 ICDD 00-068-0101(39.029). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
List of all membranes studied in the paper.  

No. Foil Note 

1 V 100 μm 
2 V|Pd(feed) Pd layer (100 nm) only on the feed side 
3 V|Pd(permeate) Pd layer (100 nm) only on the permeate side 
4 Pd|V|Pd Pd layers (100 nm) on both sides 
5 PdCu|V|Pd(feed) Pd layer (100 nm) on the feed side; PdCu (120 nm, 

bcc) 
6 PdCu|V|Pd 

(permeate) 
Pd layer (100 nm) on the permeate side; PdCu (120 
nm, bcc) 

7 PdCu|V|PdCu PdCu (120 nm, bcc) on both sides  
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composites are compared to Arrhenius fits of pure Pd and V foils. First, to 
test the hypothesis that V performance was limited by hydrogen 
desorption, Pd was applied to the permeate side. There was a significant 
increase in flux, up to an order of magnitude at T = 200 ◦C, but the 
performance remains orders of magnitude below the pure Pd foil. 
Likewise, when the orientation was reversed with Pd on the feed side 
there was a similar marginal improvement in flux. This suggests that V 
presents kinetic limitations to both molecular hydrogen desorption 
downstream, and absorption of superthermal hydrogen upstream. This 
was confirmed by the performance of the symmetric Pd|V|Pd mem
brane, which elevated performance orders of magnitude to levels com
parable to the pure Pd foil. At T ≥ 150 ◦C the composite performance is 
equal to the Pd foil, showing that flux is controlled completely by the Pd 
layers. Hydrogen diffusion within the V foil as well as transport across 
the V|Pd interfaces are sufficiently fast as to not impact performance. 
The V foil is 4X thicker than the Pd foil (25 μm), further supporting the 

absence of any diffusion limitations. When the temperature is reduced to 
100 ◦C and below the flux saturates, deviating from the pure Pd foil 
which continues to improve as the temperature is reduced. The reasons 
for this are discussed in the following section. 

In our pure foil study the BCC PdCu foil outperformed Pd due to its 
superior surface kinetics [40]. Consistent with that finding the sym
metric PdCu|V|PdCu elevated performance above Pd to the levels of the 
pure PdCu foil (Fig. 2(b)). Again, the composite performance is equal to 
the PdCu foil at T ≥ 150 ◦C, with deviations from pure foil behavior as 
the temperature is reduced for similar reasons with Pd as discussed 
below. Fig. 2(b) also displays the performance of an asymmetric PdCu| 
V|Pd composites operated in both orientations. Regardless if the Pd was 
placed on the feed or permeate side, the performance of these asym
metric composites was essentially reduced to that of the symmetric Pd| 
V|Pd composite, showing that the Pd layer is rate limiting. This shows 
that PdCu is superior to Pd for both desorption of molecular hydrogen 
downstream (as already understood), and absorption of superthermal 
hydrogen upstream. The total thickness of the sputtered layers is ~ 200 
nm, meaning that these composite membranes offer Pd performance 
with a 99.2% reduction in Pd inventory relative to the freestanding 25 
μm foils. 

3.2. Low temperature performance 

As shown in Fig. 2 the performance deviates from pure foil perfor
mance for both the Pd and PdCu composites as the temperature was 
reduced to 100 ◦C and below. This deviation from pure foil performance 
was correlated with the appearance of vanadium hydride (β-V2H), as 
evidenced by XRD and reflected in transient performance. Fig. 3(a) 
displays the XRD evolution of the symmetric Pd|V|Pd composite mem
brane as a function of processing conditions. For clarity Fig. 3 displays 
XRD scans from the feed side of the membrane. Scans from the permeate 
side are included in the supplementary information (SI-Fig. 5), and are 
nominally identical with the exception of one notable feature described 
below. The peaks of the as-deposited sample are simply the super
position of the peaks of Pd and V. Following plasma permeation testing 
at 75 ◦C, noticeable changes occurred in the XRD pattern of the Pd|V|Pd 
composite. The primary V peak at 2θ = 61.16◦ vanished, replaced by 
numerous signals including those at 2θ = 55.48◦ and 61.78◦ positions, 
which are attributed to β-V2H. To clarify that the new peaks are due to 
the formation of V hydride(s) and not other species such as possible Pd-V 

Fig. 4. XRD comparison of both sides of (a) PdCu|V|Pd(permeate) and (b) PdCu|V|Pd(feed) membranes after testing at 150 ◦C (green) and corresponding samples 
after annealing (purple). Peak references: V ICDD 00-022-1058 (42.171, 61.160); Pd ICDD 00-046-1043(40.118, 46.658); BCC-PdCu ICDD 04-015-2413(42.868); 
V2H ICDD 04-007-2400 (55.487, 61.783); PdH0.43 ICDD 00-068-0101(39.029). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Comparison of transient behavior of plasma permeation in Pd|V|Pd 
composite and pure Pd foil (corresponding to Fig. 2(a)), plasma switched on at 
t = 10 min in all cases and extinguished as indicated in graph. 
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alloy formation, samples were annealed under vacuum condition (<5 ×
10-5 Pa) at 250 ◦C for 5 h to remove hydrogen. The subsequent XRD 
pattern reverted back to the as-fabricated state, with only minor changes 
in the intensity of characteristic peaks. 

In contrast, no evidence of V hydride formation was observed on the 
composite membrane after testing at 200 ◦C. However, the original Pd 
peak was attenuated, and a prominent peak appeared near 2θ = 39◦, 
which is attributed to the formation of β-PdH0.43. This Pd hydride phase 
was not observed at low temperature, nor was it observed on the 
permeate side of the membrane at 200 ◦C. Its formation required both 
high temperature and exposure to hydrogen plasma. This peak persisted 
after vacuum annealing (250 ◦C/5h), indicating the formation of a stable 
compound. This is consistent with the work of Zhao et al. [56], who 
showed that the β-PdH0.43 hydride phase showed no changes in its XRD 
pattern even after a 10-month storage in air at room temperature or after 
annealing for 2 h at 300 ◦C in an argon environment. However, the 
formation of Pd hydride on the feed side seems to have no effect on the 
permeation results (Fig. 2a). 

Similar behavior was observed in PdCu|V|PdCu composites. Fig. 3 
(b) compares the XRD patterns in the PdCu|V|PdCu membranes as 
fabricated, after testing at 75 ◦C (set point) and 200 ◦C, and corre
sponding samples after annealing (250 ◦C/5h in vacuum). Note that at a 
setpoint of 75 ◦C the sample gradually heated up to 90 ◦C despite no 
external heating during testing which was attributed to the exothermic 
hydrogen recombination reaction on the surface facilitated by PdCu. 
Again, these patterns reflect the feed side with the corresponding 
permeate side patterns appearing in SI-Fig. 6. The as-fabricated mem
branes exhibit a superposition of peaks from both V and BCC-PdCu. 
Similar to the Pd composite after plasma permeation at 75 ◦C, the 
main V peak at 2θ = 61.16◦ is attenuated and replaced by new peaks 
including those of β-V2H. Again, vacuum annealing removed these hy
dride peaks and returned the sample to its as-fabricated state. For the 
sample tested at 200 ◦C, no evidence of V hydride formation was 
observed. There is also no evidence of a Pd-based hydride, which is 
consistent with the much lower hydrogen solubility in PdCu relative to 
Pd (SI-Fig. 1). After testing at 200 ◦C there is the appearance of a small 
peak at 2θ = 42.17◦, which is V(110). Thus, plasma permeation at 
200 ◦C does lead to some re-structuring of the V from its cold-rolled 
state. 

The formation of vanadium hydride was observed in all composites 
whose permeance fell below its pure foil counterpart. This was also 
observed in asymmetric composites. For example, at T = 150 ◦C the 
PdCu|V|Pd(feed) membrane matched that of the pure Pd foil while the 
flux observed with the reverse orientation PdCu|V|Pd (permeate) was 
attenuated by a factor of ~3 (Fig. 3(b)). The XRD analysis (Fig. 4) of 
these membranes was perfectly consistent with the observations of the 
symmetric membranes described above. After plasma permeation at T =
150 ◦C the PdCu|V|Pd (permeate) showed the formation of β-V2H, which 
was subsequently reduced upon annealing (Fig. 4(a)). In contrast, no 
formation of V hydride was observed in the PdCu|V|Pd(feed) mem
brane; instead, a stable β-PdH0.43 compound formed on the feed side 
surface (Fig. 4(b)). At this temperature Pd cannot efficiently desorb 
molecular hydrogen but PdCu catalyzes the absorption of superthermal 
hydrogen, resulting in hydrogen accumulation in the membrane leading 
to hydride formation and attenuation of performance. In the reverse 
configuration the superior desorption kinetics of PdCu prevents 
hydrogen accumulation and hydride formation. 

These two samples unambiguously confirm that the formation of 
β-V2H is responsible for attenuation of flux from levels of the pure Pd 
based foils. Hydride formation was also reflected in the transient 
response. The transient response of a symmetric Pd|V|Pd membrane and 
pure Pd are compared in Fig. 5 at 75 and 200 ◦C. For the Pd foil a step 
change in flux is observed upon plasma ignition at both temperatures, 
with a higher steady state value obtained at T = 75 ◦C. At 200 ◦C the 
response of the Pd|V|Pd composite is nominally identical to the Pd foil. 
A much different profile is observed in the Pd|V|Pd composite at T =
75 ◦C. There is an increase upon plasma ignition, but the gain is atten
uated and appears to saturate for ~15 min before undergoing a second 
increase that brings it to its steady state value, which again falls below 
the Pd foil at 75 ◦C. Our interpretation is that the initial plateau is due to 
the formation of the β-V2H phase. Upon plasma ignition superthermal 
hydrogen rapidly enters the membrane but instead of permeating it 
accumulates through the formation of β-V2H. Once this phase trans
formation is complete and its solubility limit is reached, hydrogen can 
then begin to permeate. However, it takes nearly an hour to reach a 
steady state and the flux is attenuated relative to the Pd foil. Very similar 
transients were observed in PdCu|V|PdCu composites at low tempera
ture as well (SI-Fig. 7). 

The transient response suggests that the hydrogen diffusivity is 
significantly attenuated in the hydride phase or there are barriers to 
hydrogen transport at the β-V2H|Pd (β-V2H|PdCu) interfaces. Indeed, 
the diffusivity of H in β-V2H is reported to be 2–3 orders of magnitude 
slower than in V [57]. Additionally, evidence of a transport barrier at the 
β-V2H|Pd or V|Pd interface is provided by comparing the transient 
response upon plasma extinction. In the case of the Pd foil the response 
was nominally a step function, instantly returning to the pre-plasma flux 
levels. In contrast, the composite Pd|V|Pd membranes declined much 
slower at both temperatures. This shows that the V foil provides a 
reservoir of hydrogen that delays the transient response of these mem
branes, limited by the rate of hydrogen transfer from V to the Pd. 

4. Discussion 

The previous section clearly shows that when present the β-V2H 
phase is rate limiting, which is attributed to the low H diffusivity in the 
β-V2H phase, and it is expected that there are gradients across the 
membrane during operation. Although the foils remained intact and did 
not suffer catastrophic embrittlement, it is obviously desirable to oper
ate at temperatures sufficiently high to prevent hydride formation and 
maximize the flux. The nominally identical behavior of symmetric 
composites and the Pd-based foils at 150–200 ◦C shows that the 100 nm 
layers control performance and are behaving essentially as bulk layers. 
Vanadium provides ample solubility and diffusivity that it is simply 
serves as a conduit for H to the Pd layer on the permeate side. It is 
presumed that superthermal absorbs in the feed layer and thermalize, 

Fig. 6. Estimated [H] distribution throughout an asymmetric Pd(feed)|V|PdCu 
composite membrane at 150 ◦C (green) and 200 ◦C (red) based on Eqs. (1) & 
(3). The black line is the H density of V2H. Note that the horizontal direction is 
not to scale as the V foil (100 μm) is 1000X thicker than the Pd/PdCu layers 
(100 nm). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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achieving a steady state concentration based on the incident H flux. 
Diffusion is sufficiently fast that the H distribution is constant within a 
given layer and the distribution through the composite structure is 
dictated by the relative solubility among the layers, as defined by Eq. (3) 
[51]: 

[H]a
[H]b

=
Sa

Sb
(3)  

where S is hydrogen solubility in materials a and b, respectively. 
To provide further support this explanation, the [H] distribution in 

each layer of the PdCu|V|Pd(feed) membrane was estimated at tem
peratures of 150 and 200 ◦C using Eqns. (1) and (3) as follows. As in our 
previous study [40], the hydrogen concentration in the PdCu was 
calculated from Eq. (1) using the experimental measure of hydrogen 
flux (JH)and literature values [38,39] of the desorption coefficient (kd) 
to estimate the hydrogen density in the PdCu layer. The hydrogen 
densities in the V and Pd layers were then evaluated based on Eq. (3) 
and the relative solubilities (SI-Fig. 1(c)). Fig. 6 displays the estimated H 
profiles through the asymmetric membrane at steady state at T = 150 
and 200 ◦C. For reference the H density in β-V2H is included for com
parison. Using this approach the estimated H density in the Pd layer of 
this asymmetric is in agreement with values expected in a bulk Pd foils at 
both temperatures [40]. As expected, the hydrogen density is enhanced 
at lower temperature, and interestingly as the temperature is reduced 
from 200 to 150 ◦C the estimated [H] density in the V foil increases 
beyond the β-V2H level. This is consistent with 150 ◦C being the tran
sition temperature where the β-V2H phase starts to be detected. 

Eq. (1) suggests that the flux would be maximized by combining the 
high solubility of V with the efficient desorption kinetics of PdCu. At a 
thickness of 100 nm this was not achieved, as the composite membrane 
performance was dictated by the bulk properties of exterior layers. 
Nevertheless, the potential exists that this might be achieved by 
reducing the thickness of the catalyst layer and this possibility that will 
be explored in future work. Moreover, it is expected that the composite 
concept demonstrated herein may be extended to develop high perfor
mance MFPs with other combinations of base metals and catalyst layers 
through the appropriate choice of material properties. For example, 
different catalyst layers could be explored whose combination of H 
solubility and desorption kinetics exceeds that of PdCu. Likewise, this 
composite membrane approach could be applied to alternative base 
metals. In the case of the base foil the critical material properties are 
hydrogen solubility and diffusivity. For example, low temperature 
operation could potentially be improved in the case of alloys such as 
V–4Cr–4Ti that have lower hydrogen solubility and thus would be 
resistant to hydride formation [53]. Using these principles composite 
MFPs could be designed for specific conditions (T, P, irradiation con
ditions, etc.) to achieve superior performance than what could be ach
ieved with a single material. 

An open question is the performance of these materials in the pres
ence of contaminants that are expected to be present in a practical fusion 
environment. In conventional high temperature permeation Pd-based 
alloys have been shown to be quite robust and unaffected by up to 
10,000 ppm of common impurities such as NH3, CH4, CO, CO2 and N2 
[58]. Hydrocarbon pump oil is known to be detrimental, but reversible 
through simple oxidation/annealing treatments. How these membranes 
perform in the presence of impurities at lower temperature in the 
presence of plasma is unclear, and such studies are planned. 

5. Conclusions 

Herein we described the fabrication and testing of V-based composite 
membranes for hydrogen superpermeation at low temperature. Sym
metric Pd|V|Pd and PdCu|V|PdCu membranes exhibited comparable 
performance to pure Pd or PdCu foils at T ≥ 150 ◦C, with the bulk 
properties of Pd-based catalyst layer serving as the rate-limiting factor. 

At T < 150 ◦C flux was reduced by a factor of 2–3 which coincided with 
the formation of β-V2H. The reduced performance and poor transient 
response was attributed to the low H diffusivity in β-V2H in relative to V. 
Annealing above 150 ◦C removed the hydride and restored performance. 
These composite membranes offer an alternative to bulk foils of Pd and 
its alloys for low-temperature hydrogen isotope recovery in future fusion 
plants employing a DIR design. Moreover, it is expected that the com
posite concept demonstrated herein may be extended to develop high 
performance MFPs with other combinations of base metals and catalyst 
layers through the appropriate choice of materials. 
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