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nonconverted reactants. In this step, 
hydrogen may be separated from the mix-
ture, and reused in the reaction. In a future 
scenario with hydrogen as a main energy 
carrier, the separation and/or purification 
of the energetically costly hydrogen will 
become even more important.[1–3] A prom-
ising way is the use of hydrogen selective 
membranes made of hydrogen absorbing 
metals, such as Pd and its alloys.[4,5] The 
permeability of such membranes is deter-
mined by the surface properties of both 
sides (dissociation/recombination) and 
by the bulk permeability (diffusion and 
solubility).[4] There has been substantial 
research effort in finding cheaper mate-
rials with a higher permeability than that 
of Pd (e.g., V, Nb, Ta, and their alloys[6–10]), 
however, expensive Pd and Pd based alloys 
remain the superior membrane materials 
owing to their favorable surface proper-
ties.[5,11] Cheap materials such as V-based 
alloys will revolutionize the technology, if 
their surface properties can be modified 
to match those of Pd. Despite this rather 
straightforward goal, there is a knowl-

edge gap of what these desirable surface properties are. Most 
works refer to concepts from surface science which describe 
the physisorption, dissociation (barrier), and chemisorption of 
hydrogen.[12] However, additional steps—the hopping to sub-
surface sites and adjacent bulk sites—are needed to model the 
permeation process adequately. Nevertheless, due to the com-
plex interaction of steps, the predictive power of modeling is 
limited[4,6,13] and—more importantly—experimental verifica-
tion only possible by comparison with very basic experiments 
(permeation kinetics, e.g. ref. [14]) due to the lack of operando 
hydrogen analysis.

Baldi et  al. have demonstrated electron energy loss spectros-
copy as an analysis method for bulk hydrogen in nano-parti-
cles.[15] In this paper, we further developed the method to be able 
to probe the surface hydrogen content of hydride thin films in 
situ by reflecting electron energy loss spectroscopy (REELS). The 
method is applied in an experimental approach, in which the 
surface properties of membranes can be intentionally modified 
and their hydrogen content determined under operating condi-
tions. We demonstrate the existence of a rate-limiting step by 
direct observation of the dependence of the permeation on the 
hydrogen content in a Pd/V composite membrane. The modeling 
yields the relevance of the individual layers, making it possible 
to link the results to the ones obtained from hydrogen uptake 
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1. Introduction

Hydrogen is used on large scale as a process gas in chemical 
industry (e.g., ammonia synthesis[1]). However, virtually no 
reaction has a 100% conversion rate; that is, in practice, the 
compounds leaving a reactor contain the sought products and 
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in supported metal hydride thin films, as, for example, used in 
sensors.[11] Although we focus on a specific composite mem-
brane, the drawn conclusions can be generalized as guidelines 
for future membrane development. Their relevance to hydrogen 
storage materials and metal hydride catalysts is evident.

2. Results and Discussion

2.1. Permeation Kinetics

The experimental results of this paper hinge on the ultra-high 
vacuum (UHV) compatible membrane sample holder shown 
schematically in Figure  1, and discussed in more detail in 
ref. [16]. The flux into and through the membrane is measured 
by a Sieverts-type method:[17–19] hydrogen with the pressure 
pf (feed pressure) is applied at the feed side. The pressure is 
recorded continuously. The corresponding volume is closed 
after application of the initial hydrogen pressure. A pressure 
change fp  indicates the loss of hydrogen, that is, a flux j of 
hydrogen through the membrane ∝ fj p  neglecting a poten-
tial leak current. The latter is minimized using special metal 
sealing, which is fixed in a designed frame. As the forces 
exerted by the pressure on the membrane are relatively large, a 
frame is needed, which “shadows” the outer part of the mem-
brane during vanadium deposition impeding the quantification 
of the flux. This effect is avoided by ex situ deposition of a thin 
silver layer on the UHV side of the membrane. The Ag coating 
blocks hydrogen permeation (see Figure 2). Before initial vana-
dium deposition, it is removed by Ar-ion etching exactly in the 
same area which is not shadowed by the membrane holder, 
while the shadowed one remains inactive.

In addition to the measurements by the pressure change, 
the flux j can be recorded by the hydrogen signal of the RGA 
pUHV. The pumping speed of the used turbo pumps is nearly 
constant over the pressure range observed in this study, and 
thus j ∝ pUHV. Figure 2 shows that after an initial phase which 

Figure 1. Sketch of the membrane sample holder (left picture) and scheme of the composite Pd/V membrane (top). The graphs depict the hydrogen 
concentration inside the membrane cH and the corresponding chemical potentials µ µ µ( ), ( ), ( )H f H H2 2

p x pUHV , and generic 1D potential energy surface 
in Pd (EPd) and V (EV). Discontinuities in the chemical potential indicate dissociation/recombination barriers (Ediss,Pd, Ediss,V). The apparent activation 
energies derived in this experiment correspond to the overall activation energy of hydrogen entering Pd (EA,Pd) and that of leaving vanadium (EA,V), 
mainly due to the heat of absorption (ΔHPd, ΔHV) with Ediss,i found to be negligible (dashed lines). As the binding of hydrogen is usually stronger at the 
surface than in the bulk, we originally assumed the hydrogen concentration to be higher at the surface. Our measurements indicate a different trend, 
that is, a hydrogen “dead layer” close to the V surface (dashed lines).

Figure 2. Pd membrane before (dashed lines) and after (solid lines) 
removal of the Ag protection layer at 100 °C. The feed pressure pf decreases 
as it is supplied from a finite volume, that is, the rate ∝in fj p  decreases 
asymptotically to zero for the Pd membrane, and to the equilibrium 
pressure of Pd at the (arbitrary) hydrogen concentration in the case of a 
sealed Pd membrane (Ag coating). To account for this, − /f fp p  is plotted, 
which reaches constant finite value for Pd, and zero for Ag sealed Pd. 
The hydrogen partial pressure measured by the mass spectrometer is a 
measure of the rate of hydrogen desorbed from the membrane jout ∝ pUHV,  
as after an initial phase ∝f UHVp p , that is, jin = jout.
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corresponds to the attainment of steady state equilibrium in the 
membrane both methods deliver identical results.

A permeation experiment requires the measurement of the 
flux through the membrane at given feed and permeate pres-
sure. We discuss the specific setup used in this paper along 
results from a typical permeation experiment in Figure 2. The 
hydrogen reservoir is filled up to a predefined pressure with 
hydrogen, and then opened to the membrane. The pressure 
decrease is indicative of hydrogen diffusing into the membrane, 
that is, the flux jin. In case of a nondissociative coating (Ag) on 
the permeate side, no hydrogen escapes the membrane at the  
permeate side, that is, jout = 0 ∀ t, which is probed by a mass 
spectrometer. The measured flux into the Ag coated mem-
brane decreases to zero; the integrated flux corresponds to the 
amount of hydrogen absorbed by the Pd membrane. Removal 
of the blocking layer allows hydrogen to permeate through both 
sides of the membrane as evidenced by the now high hydrogen 
signal of the mass spectrometer. Depositing vanadium on the 
clean membrane decreases the overall flux, while eventually 
staying at a finite value (Figure  8). The temporal evolution of 
the pressure can be used to characterize the kinetics: − /f fp p  is 
constant for clean and V coated Pd, and reduces to zero for Ag 
coated membranes. However, for interpretation, a theoretical 
framework is indispensable, which relies on the knowledge of 
the hydrogen concentration in the membrane.

2.2. Operando Determination of Hydrogen  
Concentration by REELS

Electron energy loss spectroscopy is an established technique 
used primarily together with transmission electron spectros-
copy[20–22] to extract chemical information including hydride 
formation[15] from the interaction of electrons with the sample. 
In this paper, we utilize REELS for in situ determination of the 
hydrogen concentration in the surface layer during permeation. 

In REELS, an electron beam of energy Ei is reflected by the 
sample and its energy recorded by an electron analyzer. Elec-
trons scattered with kinetic energy different from the initial 
energy (energy loss) indicate excitation of single electrons from 
occupied to unoccupied states and/or excitation of a collective 
plasmon (Figure 3).

The dominant peak in Figure 3 is assigned to an excitation of 
a plasmon (assigned as ωp,bulk). Vanadium has five electrons in 
unfilled d bands, which can collectively be excited. Based on a 
simple free-electron model, the plasmon should have an energy 
of ℏωp,bulk  = 22 eV,[24] which is close to the observed value 
(Figure 3). With Ei ≥ 700 eV, the probing depth is ≈1.7 nm and 
thus contributions from surface excitations are likely to occur. 
The surface plasmon is expected around 1/ 2p,surf p,bulkω ω=  .  
Indeed the shoulder corresponding to a peak ωp,surf  ≈16 eV 
decreases at higher excitation energies, because of the larger 
information depths probed (see also refs. [25,26]). There are 
additional peaks at ≈8 and ≈5 eV, which are assigned to the 
excitations of interband transitions (ωel,i) from the vanadium 
M45 subshells (=3d bands) to unoccupied energy levels imme-
diately above the Fermi level (Figure 3).[25,26]

The spectra in Figure 3 change drastically upon hydrogena-
tion. The dominant plasmon peak ωp,bulk and the related ωp,surf  
shift by ≈1 eV, and new peaks occur. Due to the strong 
overlap of the peaks, it is difficult to distinguish, which peaks 
shift and which peaks gain or lose intensity. The progress of 
REELS measurements of vanadium exposed to incremen-
tally increased hydrogen pressure (Figure  4A and C) sug-
gests that the energy shifts of the peaks are relatively small, 
but the main change is in their amplitude. These changes 
are used to determine the hydrogen content. We focused on 
changes at the energy loss between 5 and 10 eV as expressed 
by ω ω ω= ⊕[ ( ) ( )]/ ( )H el,1

V
p,3d–1s
V H

el,2
2R A A A  being the area ratio of the 

two peaks with the most pronounced dependence on hydro-
genation at 5 and 8 eV, respectively. The electronic origin of the 
dependence will be discussed in great detail in a forthcoming 

Figure 3. A) Reflecting electron energy loss spectra (REELS) of vanadium at 100 °C as grown (black line) and after exposure to hydrogen at  
p = 996 mbar (red line). B) Simplified density of states of V and V2H (from ref. [23]). The interband transitions ωel,i (black arrows) are covered by the 
strong plasmon excitation caused by free electrons (ωp,bulk, ωp,surf). In V2H, some electrons from vanadium are bound to hydrogen, that is, the number 
of free electrons is reduced leading to a shift of the plasmon energy. At the same time, a new plasmon vibration establishes originating from H1s– V3d 
electrons ω( )−p,3d 1s

V H2 . Interband transitions in V2H are weak and thus omitted for clarity.
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paper. In short, the interband transition ωel,2 weakens because 
the corresponding d-bands shift due to H1s–3d hybridization 
(Figure 3B). The same can be assumed for the interband tran-
sition ωel,1. However, at the same position, a new peak arises 
which is ascribed as plasmon oscillation of electrons bound 
to hydrogen ω p,3d–1s

V H2 , as explained by the semi-quantitative two-
plasmon model of Brown et al.:[24] there are two groups of elec-
trons, one evolving as the “hydrogen plasmon” at ≈5 eV (ω p,3d–1s

V H2 ),  
the other at ≈20 eV (ωp,bulk) due to the free electrons minus the 
one bound to hydrogen (see Figure 3).

With this, it is possible to construct surface pressure– com-
position isotherms (Figure  4B and D), that is, the hydrogen 

pressure pUHV is plotted as a function of RH. The data resemble 
the hydrogen– vanadium phase diagram with RH being the 
hydrogen content in the vanadium. The minimum value is 
attributed to the ratio of the interband transitions without 
hydrogen, and thus set to zero. With this correction, the end 
of the plateau phase is reached at RH ≃ 0.5, which corresponds 
well to the hydrogen content of the first vanadium hydride 
phase, V2H, with cH = 0.5. We obtain the following calibration 
function: cH = RH − 0.1.

The absolute energy of Ei determines the information depth, 
that is, 700 and 2500 eV as used in Figure 5 correspond to an 
electron inelastic mean free path (IMFP) of l = 1.4 and 3.8 nm, 

Figure 4. Reflecting electron energy loss difference spectra (I(p) − I(pf = 0)) of vanadium at A) 100 °C and C) 200 °C exposed to incrementally increased 
hydrogen pressure as 2D-contour plots showing the continuous change of the spectra upon hydrogen uptake particularly strong at 5 and 8 eV.  
B,D) The corresponding pressure surface composition isotherms derived from the area ratio RH at these loss energies and the measured permeate 
pressure pUHV. Error bars indicate one standard deviation.
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respectively.[27] Taking into account the measurement geometry, 
the average information depth is ≈1.2l. Figure  6 shows only 
negligible energy shifts of the loss spectra dependent on the 
excitation energy, but significant intensity changes. Assuming 
that the intensity ratio, that is, ionization cross sections, does 
not depend significantly on the initial energy, the changes upon 
initial energy modulation can be attributed to a change of the 
hydrogen concentration as a function of information depth 

lengths. The measurements indicate a surface gradient with 
lower hydrogen concentration closer to the surface (dead layer) 
as sketched in Figure  6C. The width of this layer can only be 
approximated to be smaller than the probing depth of 1.7 nm 
because of the finite resolution of EELS of ≈1.2 nm.[28]

2.3. Discussion

Aim of this paper is to measure the pressure- and tempera-
ture dependent permeation kinetics of hydrogen through a 
membrane simultaneously with the (sub-) surface hydrogen 
concentration. Figure  1 gives an overview of the interrelation-
ships between hydrogen concentration cH, chemical potential m,  
and hypothetical energy potential surface in a membrane. 
Under certain conditions, some of the parameters are experi-
mentally accessible. If the surface barriers are negligible, 
chemical potential, and hydrogen concentration are linked via 
the bulk pressure-composition isotherms (pcT) of the corre-
sponding materials. Onsager’s relation gives the flux through 
the membrane, which is usually simplified assuming the sim-
plest pcT in the solid solution (mH = m0 + RT ln cH) to Fick’s law

µ µ= − ∂
∂

= − ∂
∂

∂
∂

= − ∂
∂

H Hj L
x

L
c

c

x
D

c

x
 (1)

with D = RTL/cH. If the surface barriers are negligible, the 
layers in the vicinity to the membrane surfaces can be assumed 
to be in equilibrium with the hydrogen gas, and thus the con-
centrations at both sides of the membrane are H,c S pi i=  with 
Sieverts’ constant S (solubility constant). The permeation is 
then

Figure 6. B) Reflecting electron energy loss normalized intensity ratios (I(p)/I(pf = 0)) of VHx ≃ 0.5 and V at 100 °C for various electron excitation ener-
gies Ei, calculated from spectra such as in (A), as 2D contour plot. The energy of the loss peaks hardly change. Thus, we omit the dependence of the 
cross-sections on excitation energy, and only consider intensity changes as a result of different hydrogen concentration at different information depths.  
C) Hydrogen concentration as a function of the information depth x derived from the energy dependent peak ratio RH. The dashed curve is the 
hypothetical hydrogen concentration assuming chemisorbed hydrogen being more strongly bound than bulk hydrogen. We find a reduced hydrogen 
concentration (dead layer) approaching the surface from the bulk. Error bars indicate one standard deviation.

Figure 5. REELS of vanadium at 100 °C as grown (black lines) and after 
exposure to hydrogen at p = 996 mbar (red lines) measured for various 
excitation energies from 700 to 2500 eV. Peak assignment according to 
Figure 3. Dashed lines EELS reference data with Ei = 80 keV.[24]
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= −
−UHV f

j DS
p p

d
 (2)

where d is the membrane thickness. Equation  (2) is the 
common procedure to evaluate permeation kinetics and charac-
terize membrane materials.[4,8,10]

The Equation (2) breaks down if surface phenomena become 
relevant, which is the case even for Pd at lower temperature 
and/or contamination.[4,11,29] Experimentally, this situation is 
readily recognized by following the pressure dependence of per-
meation.[4,6,14,29] Diffusion limited kinetics follow a square-root 
pressure dependence (Equation  (2)); deviations from this law 
indicate influence from surface phenomena. A different proof 
of surface phenomena comes from the conditions required for 
Equation  (2): the hydrogen concentration near the surfaces of 
the membrane has to be in equilibrium with the surrounding 
hydrogen gas, that is, the equilibrium pressure composition 
isotherm links the concentration at the surface with the gas 
pressures. Figure  7 compares the bulk pressure-composition 
isotherms of hydrogen in vanadium with the measured surface  
pcT referenced to the permeate (UHV-) pressure. There is a 
difference of a factor of hundred in pressure clearly indicating 
the nonequilibrium between hydrogen in matter and in gas. 
This means that at a given pressure, the surface concentration 
cnonequi is much lower than the equilibrium concentration cequi 
because it is kinetically determined, and the by-definition con-
tinuous chemical potential exhibits now steps at the surface 
(dashed line in Figure  1). The kinetics at sharp interfaces are 
usually described by particle dynamics, that is, the fraction of 
particles impinging onto a surface overcoming a barrier[30,31]

∝ fj p  (3)

with the applied pressure pf corresponding to the impinge-
ment rate of hydrogen molecules. The latter is conceptually less 
defined for the back reaction. For this, one may use the virtual 
pressure pm within the material, which would be obtained if a 
surface barrier did not exist. Equation (3) is then

∝ −| |f mj p p  (4)

In equilibrium, the virtual and applied pressure pm and pf, 
respectively, are equal, that is, j = 0, and thus cnonequi = cequi. It is 
worth noting that the virtual pressure does not exist in reality; 
it is a parameter introduced to describe the impingement rate 
of hydrogen out of the membrane into the gas phase to counter 
the impingement rate of hydrogen from the gas phase into 
the membrane. Relation (4) has been experimentally found in 
metal hydrides,[12,32,33] and can also be related to the model of 
Alimov et al.,[14] see supporting information.

The experimental results based on the comparison between 
clean and V coated membranes show that vanadium coating 
reduces the permeation through a Pd membrane (Figure  8). 
Ward et al.[4] calculated that the permeation through Pd mem-
branes of thickness ≤ 10 µm is desorption limited below 573 K, 
and hence is the V coated membrane. We assume one single 
barrier at each side of the membrane, and neglect the dif-
fusion gradient in the V-coating. Hydrogen diffusion is one 
order of magnitude faster in V than in Pd,[35] and the thickness 
of the V layer is three orders of magnitude thinner (see also 
Supporting Information). Then, the chemical potential inside 
the membrane is (nearly) constant, and we can describe the 

Figure 7. Comparison of pressure composition isotherms constructed by plotting the A) feed pressure and C) UHV pressure, respectively, as function 
of the surface hydrogen concentration determined by REELS. B) shows the pressure composition isotherm from literature bulk data[34] (lines), and the 
pcT derived from corrected feed pressure (pcT from corrected UHV pressure is omitted for clarity). The corresponding correction factors can be related 
to the kinetic constants of hydrogen flux into and through Pd, and through and out of V, respectively. See also Figure 9.
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pressure relations at the membrane surfaces by an virtual pres-
sure ln pm ∝ µm. The corresponding desorption kinetics may be 
described by

= −′ ( 0)out out mj K p  (5)

with “0” being the UHV pressure, which can be neglected here 
(pUHV  ≪ pm). This means that the virtual pressure pm can be 
determined by measuring the kinetics jout. We can assume con-
stant and high pumping speed in the used UHV-setup (Experi-
mental Section); that is, the measured UHV-pressure is a 
measure of the kinetics (basic assumption in thermodesorption 
spectroscopy,[36] page 204):

∝out UHVj p  (6)

which is also experimentally confirmed in this study in 
Figure 2. Thus

= /m UHV outp p K  (7)

The feed pressure pf drives the permeation, but although not 
rate-limiting, the chemical potential inside the V part of the 
membrane is not in chemical equilibrium with the hydrogen 
gas applied at the Pd side. The exact process is complex 
(Figure 1), we simplify

= − = =( ) /in in f m out m outj K p p K p j  (8)

using one parameter (Kin) and jin  = jout in steady state. With  
pf ≫ pm we obtain

=m
in

out
fp

K

K
p  (9)

The equation shows that the ratio of pm/pf only describes the 
degree of nonequilibrium. The virtual pressure in the surface 
can thus be determined by comparing the equilibrium pres-
sure composition isotherms with the surface pcT using pf as 
well as pUHV as pressure. In equilibrium, pf = pm = pUHV = pequi. 
In nonequilibrium, the pressures are not equal, but are propor-
tional to each other’s under isothermal conditions (Figure  7). 
The proportionality factors, here called correction factors, 
do not depend on pressure, which means that the permea-
tion kinetics are linear as described by Equations  (7) and 
(9), which is also observed by directly relating pf and pUHV 
(Figure 2 and 8).

The kinetic factors Kin, Kout are experimental values. Kin 
includes the transport coefficients through Pd (surface, bulk, 
interface), while Kout is the kinetic constant of hydrogen des-
orption from the vanadium surface. To derive these values, 
we compare the pressure composition isotherms of vanadium 
reference values with the measured ones using pf and pUHV in 
Figure  7. The correction factors used to match experimental 
and reference pcTs contain the prefactors, which include the 
concentration of hydrogen as well as the activation energies of 
the processes (compare also Figure 1). The latter are generally 
given by

= −
∂
∂A,

2E RT
j

T
i  (10)

what translates to the activation energies

,
1

A,Pd
2 in

out
A,V

2

out

E RT
T

K

K
E RT

T K
= − ∂

∂






 = − ∂

∂






  (11)

Figure  9 shows the correction factors at two different con-
ditions, at maximum applied pressure and at pressures of the 
plateaus. The differences resulting in different activation ener-
gies indicate that the permeation depends on the applied condi-
tions and cannot solely be explained by the simple activation 
barriers, for example, for diffusion, dissociation, and recombi-
nation. Our unique setup allows the quantification of hydrogen 
in the vanadium layer. The activation energies of correction  
factors as experimental measures of barrier heights on the 
feed- and permeate side of the membrane are markedly dif-
ferent: ΔEA,UHV < 5 kJ mol−1, and EA,f = 33 ± 3 kJ mol−1 H2.

Figure 8. Hydrogen permeation through Pd (dashed lines) and Pd/V 
(solid lines) composite membrane at 195 °C, respectively. The instan-
taneous pressure drop of pf occurs due to the increase of the constant 
feed volume (tubing, valves). V coating reduces the permeation through 
the membrane. Owing to the higher temperature compared to Figure 2, 
steady state (jin = jout) is achieved more rapidly.

Figure 9. Arrhenius analysis of the flux and correction factors yields the 
overall and reaction step dependent ΔEi; the Van’t Hoff analysis of the plateau  
pressures using literature data gives ∆ = − ± −82 5kJ(molH )f 2

1H .[34,38,39]  
Datapoints at 50 °C are omitted from fits as the kinetics were too slow 
to attain steady state, while at 230 °C pressures were too low to reach 
the plateau.
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The correction factor Kin/Kout adjusts the chemical potential 
of the overlayer on Pd to that of the corresponding hydrogen 
gas. Thus, ΔEA,f can be equated with EA,Pd (see also Figure 1) as 
an averaged activation energy for permeation in a free standing 
Pd membrane in good agreement with literature values of 
hydrogen permeation through Pd: EA,Pd ≃ 2 · 16 kJ (mol H2)−1.[37]  
The factor two is due to the fact that here permeation in Pd is 
controlled by diffusion of atomic hydrogen in the metal

= + ∆− − −[(H ) ] 2 [H ] 2 | | [H ]A,Pd 2
1

diff
1

sol
1E E H  (12)

while the experimental activation energies refer to molecular 
hydrogen (H2).

It may appear surprising that despite assuming desorp-
tion limited kinetics, the activation energy EA,V derived from 
the correction factor ΔEA,UHV is practically zero, which corre-
sponds to a negligible barrier for dissociation/recombination  
(Ediss,V  = 0, see Figure  1), which is in good agreement with  
calculations.[40] Still, the kinetics is desorption limited, com-
plicating the picture: based on surface science works,[41] Ward 
et al. approximate the desorption kinetics of hydrogen from Pd 
by first-order kinetics[4]

∝out des AAj k N  (13)

where NAA is the concentration of nearest neighbor occupied 
site pairs at the surface, which is ∝ θF(θ), with F(θ) being a 
result from H–H interaction on the surface. The main tempera-
ture parameter is kdes

= −exp( / )des 0 desk k E RT  (14)

with Edes  =  |ΔHads|  + Ediss (per 2H). For Pd, Behm et  al.[41] as 
well as[4] assume Ediss = 0, and a finite value of ΔHads, similar to 
our case V. In this paper, we can link kinetics to the hydrogen 
surface concentration, in particular to the development of a pla-
teau. We obtain ΔEplateau = 80 ± 9 kJ (mol H2)−1, to be compared 
to the heat of formation of −∆ = ±82 1V H2H  kJ (mol H2)−1 (see 
Figure  9). Furthermore, at higher hydrogen concentrations, 
ΔEmax = 65 ± 29 kJ (mol H2)−1, and indeed, the heat of formation 
of −∆ >VHx 0.5H  is ≃ 60 kJ (mol H2)−1.[39,42]

An important aspect of the discussion above is the exact 
location of the barriers and associated hydrogen. The meas-
urements have an average information depth of x ≥ 1.7 nm 
(Figure 6), that is, the concentration is the weighted integral of 
hydrogen chemisorbed at the surface, subsurface hydrogen and 
bulk hydrogen integrated over the information depth. Com-
monly, one assumes hydrogen to be stronger bound as chem-
isorbed hydrogen than as interstitial in the bulk, resulting in 
a higher surface concentration than bulk concentration (see 
hypothetical concentration in Figure  6C). The energy depend-
ence of the EELS spectra yields a different behavior: the con-
centration increases with greater information depth. Further 
measurements must confirm this surprising result, but it is in 
good agreement with thermodynamic arguments: The a-phase 
(cH < 0.1) is less stable than the a–b-interim range in the phase 
diagram, and the b-phase is the least stable phase.[39] A small 
gradient toward the permeate surface is needed to drive the 
hydrogen transport, and this gradient is further amplified by the 
different heats of formation. In this respect, it is worth noting 
that vanadium hydride layers form so-called “dead-layers” if 

in contact to adjacent nonhydrogen absorbing metal layers.[43] 
Here we report on a dead layer near to the surface, which may 
also be explained by a decreased H–H interaction as suggested 
for nano-sized vanadium systems.[44,45]

Both results, the localization of hydrogen and its thermody-
namic properties (pcT) indicate that a bulk property is the rate 
limiting property of a surface process. Interestingly, already 
Ward et al. had difficulties in assigning the activation energy of 
desorption limited permeation in Pd Edes to a thermodynamic 
property:[4] the activation energy of desorption limited permea-
tion (in thin Pd membranes) is higher than that in diffusion 
limited kinetics (Equation (12)), but with 40 to 50 kJ (2mol H)−1 
much too weak to be associated to chemisorbed hydrogen 
(ΔHchemis ≃ −100 kJ (mol H2)−1[4,41]). Ward et  al. referred to 
values of around ΔH ≃ −40 kJ (mol H2)−1 published by Lynch 
and Flanagan.[46] The line of thought of Lynch and Flanagan 
is enlightening: the authors argued that the chemisorbed 
hydrogen atoms are spectators, which are not involved in the 
desorption process. They assigned the dynamic hydrogen to 
hydrogen on surface interstitials with properties very similar  
to hydrogen on bulk interstitials.[46] In particular, hydrogen 
on surface interstitials is exposed to the same nonlocal elastic 
interactions of hydrogen in a metal lattice.[47,48] This endo-
thermic term is also one of the main contribution to the overall 
heat of hydrogen absorption in transition metal hydrides 
including the hydrides of vanadium.[49]

The discovery in this paper, the link of hydrogen ad/desorp-
tion at the surface to the thermodynamics of hydrogen in the 
bulk, has a far reaching consequence: It complicates the design 
of novel membrane materials such as the ones proposed in 
ref.  [8]. These materials are optimized for high bulk permea-
bility, which is associated with a high solubility S (Equation (2)) 
and thus high negative heat of solution.[50] This results in a high 
surface barrier. Indeed, only very few materials function at tem-
peratures below 300 °C where the surface is rate-limiting; and 
even at high temperature only a few have a higher permeability 
than Pd.[8] Hydrogen sorption kinetics may also be surface lim-
ited in a number of metal hydrides for hydrogen storage.[33,51–53] 
Some additives with low dissociation barriers including Pd 
attached to the metal-hydride surface are known.[52] This study 
may provide a different way at interpreting the experimentally 
derived activation energies of such systems.

The results have further consequences: if metal hydride sur-
faces are considered for catalysis, that is, for surface reactions, 
the thermodynamics of bulk hydrogen may be decisive.[16,54,55] 
Recently, new interest in this scientific question was triggered 
by the discovery of novel ammonia synthesis catalysts based on 
bcc metal hydrides.[54,56] The hydrides of titanium and vanadium 
are active but not the corresponding metals; and consequently 
vanadium membrane reactors, in which hydrogen is brought to 
the reaction center through the bulk, have been developed,[57] 
for an overview on membrane reactors see refs. [37,58]. On the 
basis of electronic structure calculations, Tsuji et  al. proposed 
that hydrogen vacancies are responsible for the high catalytic 
activity in TiHx.[59] The existence of these vacancies was experi-
mentally confirmed by Billeter et  al.[16] The study highlighted 
that the surface properties of the hydride are directly linked to 
its bulk properties. In vanadium, the origin of the effect is less 
clear, lacking detailed information on the surface properties of 
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the corresponding hydride. Nonhydride forming catalysts such 
as Ni may still be affected by bulk hydrogen if its concentration 
is significant.[60] Furthermore, in catalysis, the dependence of 
ΔH of a transition state and the activation energy is well known 
as Brønsted–Evans–Polanyi (BEP) relation.[61,62] However, BEP 
relates the kinetics to the adsorption enthalpy, while we find a 
bulk property to be the descriptor.

3. Conclusion

Using a combination of thin film technology with surface 
science analysis, we were able to directly show the interplay 
between hydrogen permeation through and hydrogen con-
tent in composite membranes. In situ preparation allows the 
design of simple but expressive model membranes by adding 
or removing functional layers on a carrier membrane (Pd); and 
from the subsequent in situ characterization by electron spec-
troscopy and Sieverts permeation measurement conclusions 
on the physical surface as well as bulk parameters influencing 
hydrogen permeation can be drawn. The results showcase 
that although the kinetics may be surface limited the bulk 
thermodynamics can be the basis of permeation kinetics. The 
measurements were conducted along the specific example 
Pd/V, but both method as well as outcome are applicable to a 
number of other cases, in particular generally composite mem-
branes, and in hydrogen storage in catalyzed (i.e., composite-) 
metal hydrides.

4. Experimental Section
UHV Chamber: The permeation experiments as well as the operando 

surface analysis were performed in a tailored UHV chamber with a 
preparation and an analysis level with a base pressure of ≈10−9 mbar. 
Main chamber and electron analyzer were pumped by Pfeiffer HiPace 
300 and HiPace 80 turbo pumps, respectively, to maintain UHV 
compatible pressures also under high hydrogen load introduced into the 
chamber by the membrane.

Sample Preparation: The sample preparation level included a variable 
energy argon ion source (Leybold), a magnetron sputter deposition 
source (AJA A300 XP), and an active capacitance pressure gauge 
(Pfeiffer CMR 363). For sputter deposition/etching, argon was fed 
into the chamber continuously by mass flow controller. In order to 
achieve sufficiently high argon pressure in the chamber of ≈10 Pa, the 
turbomolecular pumps were slowed down. Vanadium growth rate was  
≈1 nm min−1 at a total power of 80 W. Typical thickness of the vanadium 
layer was ≈60 nm. After each measurement cycle, the vanadium was 
removed by Ar-ion etching with 4 keV Ar ions. Each time, the purity of 
the cleaned palladium membrane as well as of the new vanadium layer 
was checked by AES and XPS (supporting information) .

Surface Analysis: The analysis level consisted of a VSW Class100 
hemispherical electron analyzer equipped with a single channel electron 
multiplier. A dual anode X-ray source (Prevac RS 40B1) was mounted 
at a 58° angle and a tunable electron source (Specs EQ 22/35) was 
mounted at 50° with respect to the entrance of the electron analyzer. 
The spectrometer energy resolution (Epass  = 30 eV) was ≈100 meV for 
XPS experiments. The energy resolution of REELS further degradated 
due to convolution with the primary electron beam energy width. 
Additionally, the chamber was equipped with a quadrupol mass analyzer  
(SRS RGA 100).

Data Processing and Statistical Analysis: The elastic recoil peak in the 
unprocessed REELS spectra was fitted in RStudio with a Gaussian peak 

shape, the center of which was shifted to 0 eV energy loss. All spectra 
were normalized to the peak height of the elastic recoil peak. The peak 
fitting analysis was performed in CasaXPS (version 2.3.24 PR1.0) and 
consisted of six Gaussian peaks fitted over a Shirley background from 
1 to 35  eV energy loss (see Figure  5). Peak area uncertainties were 
assessed with the Monte Carlo routine for error estimation within 
CasaXPS. The uncertainties of the parameters extracted from the 
Arrhenius analysis were derived by linear regression. All uncertainties 
represent mean ± standard deviation.
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