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The catalytic activity of Pd surfaces towards hydrogen desorp-

tion was significantly improved by a nanometer-thin polytetra-
fluoroethylene (PTFE) layer, as shown by an enhancement in

the permeability of a Pd membrane coated on the permeate
side. The origin of this effect was found to be due to a lowering

of the barrier for hydrogen desorption, as evidenced by

a change in the rate-limiting mechanism of hydrogen permea-
tion through the membrane from desorption (un-coated) to

diffusion controlled. In situ X-ray photoelectron spectroscopy
(XPS) revealed the electronic structure of the sputtered PTFE.

Apart from C–Fn subunits (n = 1, 2, 3), we found that nonsatu-
rated carbon atoms became hydrogenated during hydrogen

permeation, which was indicative of an interaction between Pd

and PTFE. This interaction was weak; no Pd¢F bonds were
formed. We thus attributed the effect to an increase in the hy-

drophobicity of the surface by the porous PTFE layer and to
a promoter effect of hydrogen desorption as a result of elec-

trostatic interactions between chemisorbed hydrogen and
physisorbed PTFE.

The chemistry of polymer coatings on metals is of importance

in various disciplines ranging from tribology to catalysis and
photovoltaics. In terms of the combination of inert materials

such as polytetrafluoroethylene (PTFE) and copper, one ex-
pects only weak chemical interactions.[1] The case of Pd is spe-

cial, though: Pd0 sites are needed to deposit copper on PTFE

and to increase the adhesion between the layers.[2] Still, the
chemical interaction between metallic Pd and PTFE is negligi-
ble (Pd is catalytically active[1]). However, a profound chemical
interaction of PTFE adlayers on thin Pd–Au alloy layers was re-

cently found and was linked to the simultaneous observation
of improved hydrogen absorption and desorption properties.[3]

Metallic palladium, particularly its surface,[4, 5] is stable under
most conditions, in contrast to materials with superior bulk
properties (i.e. , other metal hydrides, complex hydrides), which

easily oxidize. The oxide layer blocks hydrogen adsorption.[6]

Despite the superiority of Pd-based surface modifications, Pd is

still the object of fundamental research efforts, notably focus-

ing on important issues such as catalytic activity, mechanical
stability, and resistance to contamination. One application of

dissociatively active Pd is hydrogen-selective membranes,
which are used in energy applications and in the chemical in-

dustry for the separation and purification of hydrogen. For hy-
drogen, dense metallic membranes show better performance

than porous membranes, both in terms of flux and selectivi-

ty.[7, 8] Hydrogen dissociates at the surface of the metallic mem-
brane, dissolves in the bulk, and diffuses through it before it

recombines at the other side of the membrane.[9] The permea-
bility of the membrane is determined by the surface properties

of both sides (dissociation/recombination) and by the bulk per-
meability (diffusion and solubility). Although materials with

a higher permeability than that of Pd are known (e.g. , V, Nb,

and Ta[10, 11]), expensive Pd and Pd-based alloys remain the su-
perior membrane materials owing to their favorable surface

properties.[4, 12, 13] Although it is well known that embrittlement
can be limited by alloying Pd with elements such as Ag,[14–20]

Y,[21, 22] and Cu,[23–27] the problem of contamination (e.g. , com-
petitive adsorption,[14, 16, 22, 28, 29] coking,[16, 30] and sulfur poison-

ing[22, 25–27]) remains unsolved. For porous membranes, Pd is

also commonly used as a catalytic, dense coating layer. From
such a system, one could expect the same permeability as that
of the uncoated membrane (permeation limited by diffusion
into the pores) and significantly better selectivity towards hy-

drogen. Surprisingly, it has been shown that Pd-coated PTFE
membranes lose approximately 15 % permeability,[31] an effect

for which no definitive answer has been provided. Taking the
structural point of view, one can also note that the growth of
Pd on PTFE is known to be more problematic than that on

other substrates,[31, 32] which results in the generation of rough
and defective coatings. These situations are the result of

a poor understanding of the Pd–PTFE interface and its effects
on the permeation mechanism.

In this letter, we show that PTFE adlayers on bulk Pd im-

prove the catalytic properties of Pd surfaces for hydrogen de-
sorption and thereby the permeability for hydrogen of the

whole PTFE–Pd membrane system. We analyze the interface by
X-ray photoelectron spectroscopy (XPS) and find—in contrast

to Ref. [3]—no significant change in the binding energies of
PTFE and Pd. Instead, we explain the improvement in the cata-
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lytic properties by the hindrance of the adsorption of poison-
ing adsorbates such as water owing to hydrophobic properties

of the PTFE and to the promotion of hydrogen desorption by
electrostatic interactions between chemisorbed hydrogen and

the anchored groups of PTFE. The idea of using an additional
coating on the permeate side of a membrane is counterintui-

tive, because in the first instance it poses additional steric hin-
drance to hydrogen permeation. However, PTFE coatings are

used for hydrophobic Pt catalysts for the liquid-phase catalytic

exchange reaction between water and hydrogen gas. Here,
porous PTFE prevents the formation of a liquid water film on

Pt, which would be a kinetic barrier, but it allows access of gas-
eous species (e.g. , hydrogen and gaseous water) to the catalyt-

ically active surface.[33, 34] Electronegative atoms such as O and
Cl are known to be poisons for the adsorption of hydro-

gen.[35, 36] The electrostatic interaction between electronegative

fluorine and hydrogen thus promotes hydrogen desorption. In
this letter, we give experimental evidence of these effects,

which may have additional applications in membrane develop-
ment, catalysis, and chemical energy storage.

The experimental approach is as follows: the protective film
is sputter deposited on the permeate side of a Pd membrane,

and its performance is measured in detail by hydrogen perme-

ation experiments, whereas its chemistry is probed in situ by
XPS, in an experimental setup based on the use of membrane

specimen holders.[37] In this novel setup, the membrane perme-
ate side is actually the specimen holder surface, and it can be

saturated with hydrogen coming from the feed side without
critically affecting the vacuum level required for XPS measure-

ments (see inset of Figure 1 a). The permeation of hydrogen

through the membrane is measured by Sievert’s method, that
is, the pressure decrease dp/dt in the volume attached to the

membrane feed side is indicative of the hydrogen flux through
the membrane. The hydrogen flux through a 10 nm thick PTFE

coated 100 mm thick Pd membrane is plotted as a function of
the applied feed pressure (pfeed) in Figure 1 a. The PTFE coating

on the permeate side is then removed by Ar sputtering, and

the procedure is repeated. Although additional steric hin-
drance (the PTFE layer) is removed and the permeate side sur-
face is cleaned by the sputtering process, the flux through the
clean Pd membrane is decreased. A similar observation is

made if the permeate side is exposed to air : the PTFE-coated
membrane shows better performance than the pure Pd mem-

brane by one order of magnitude. A first hint of the mecha-
nism is given by analysis of the pressure dependence: A fit of
the data to power functions reveals an exponent n of 0.35 and

0.73 for PTFE-coated and clean Pd membranes, respectively.
According to classical kinetics theory, the pressure dependence

of the flux is j�pn, in which n defines the rate-limiting step,
that is, n close to 1 is indicative of a surface-controlled mecha-

nism and n close to 0.5 is indicative of a diffusion-controlled

mechanism.[37, 38] The derivation of n from Figure 1 a shows that
whereas permeation through the membrane with the PTFE

coating is limited by diffusion, the rate-limiting step tends to-
wards a desorption-limited case after sputtering. In a previous

study, we showed that n will further increase with the time
spent by the Pd membrane in ultrahigh vacuum (UHV).[37] The

Pd surface will progressively collect impurities, which will slow

down the desorption process, even in a vacuum environment.
The surface properties of the vacuum side of the membrane

are thus detrimental to the functioning of a membrane, and
our setup allows one to access these properties by in situ XPS.

Figure 1 b shows the overview XPS spectra of the membrane
surface on the permeate side, both before and after removal
of the PTFE coating by sputtering. Direct current (DC) sputter-

ing was performed with Ar plasma at a pressure of
3.10¢6 mbar. Within the binding energy range shown in Fig-
ure 1 b and with an electron collection angle of 908, as indicat-
ed by Figure 1 a, XPS typically probes a depth of a few nano-

meters, that is, a few tens of atomic layers.[39] This is the reason
why the spectrum before sputtering only contains the F and C
elements from the PTFE coating. Standard quantitative analy-

sis[40] of high-resolution regions of the C 1s and F 1s peaks re-
vealed a carbon concentration of 42 at % and a fluorine con-

centration of 58 at %. The carbon concentration was higher
than that expected from a stoichiometric PTFE specimen

(33.3 %). Consequently, the PTFE sputtering process did not

produce a perfectly stoichiometric composition, as previously
shown by Ngene et al.[3] The fluorine peaks completely disap-

peared in the overview spectrum after sputtering. A small
amount of carbon was still present. In fact, this irreducible

carbon contamination was present in most XPS specimens and
was even used as a standard calibration procedure,[40] for

Figure 1. a) Hydrogen flux through a 10 nm thick PTFE coated 100 mm thick
Pd membrane. Derivation of the power-law exponent n before and after
sputtering out the protective PTFE coating. Inset) Scheme of the membrane
configuration, with in situ XPS on the permeate side. b) Overview spectra of
the surface of the membrane permeate side before and after sputtering out
the protective PTFE coating.
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which the C 1s peak was usually set to 284.5 eV. Apart from
this small carbon signal, Pd was the only element left after

sputtering.
Depth profiling was performed by repeatedly acquiring

high-resolution XPS spectra over different regions during the
sputtering process. Figure 2 shows these high-resolution re-

gions (including regions acquired before performing the H2

permeation study of Figure 1 a for C and F). As expected, the
Pd 3d peaks shown in Figure 2 a became more and more in-

tense as etching of the PTFE coating progressed. The Pd 3d3/2

peak appears at a binding energy of 340.6 eV, whereas the
Pd 3d5/2 peak appears at a binding energy of 335.3 eV, in agree-

ment with standard Pd foil data.[41] Moreover, the positions of
these peaks were not affected by the deposition process. No

Pd chemical shift was detected, in contrast with the results of
Ngene et al.[3] This might be due to the fact that the Pd–Au

surfaces studied by Ngene et al. are more prone to form chem-
ical bonds with PTFE than the pure Pd surfaces studied here.
Moreover, the PTFE in that case was sputtered directly onto

Pd, without exposure to air. In contrast, we show here that the
electronic configuration of Pd with PTFE is identical to that of

a freshly sputtered Pd surface in UHV. Consequently, the inter-
action of hydrogen with Pd in this case is not strongly affected
by the PTFE coating.

To obtain further insight into the surface chemistry, we fo-

cused on the electronic structure of the coating. The C 1s
peaks shown in Figure 2 b were fitted according to models pre-
viously developed for vacuum-deposited PTFE. This particular
type of synthesis is known to result in nonstoichiometric com-
positions.[3, 42] It was then not surprising to find different CFx

bonds on the as-deposited material, indicative of nonsaturated
carbon species. This initial composition changed upon the first

hydrogenation, as also shown in Figure 2 b. The total carbon

concentration increased further away from stoichiometry,
reaching 49.5 %, and the relative proportions of the different

CFx species were altered. This indicated hydrogenation of the
polymer coating—including C¢F bonds and nonsaturated

carbon atoms—catalyzed by Pd, a phenomenon that is well
known in the field of catalysis.[43]

The sputtering process shown in Figure 2 b revealed the fol-

lowing behavior: the intensities of the peaks indicative of the
most strongly fluorinated carbon atoms initially decreased,

whereas the CF and C¢CF components increased. Subsequent-
ly, once the CF3 and CF2 components had vanished—and did

not convert into less-fluorinated components anymore—the
CF and C¢CF components decreased as well. In the end, only
a small amount of graphitic carbon remained. The PTFE com-

position was not expected to exhibit such dramatic changes as
a function of the coating thickness; the well-known phenom-
enon of preferential sputtering is more likely to occur in this
case, as the fluorine atoms are much more easily removed

from the surface by the argon plasma than the carbon atoms.
The F 1s peak shown in Figure 2 c also reflects this behavior. It

decreases gradually, whereas it exhibits a chemical shift consis-

tent with a decrease in the fluorine concentration in the PTFE.
Indeed, the peak starts at a binding energy of 688.8 eV—

slightly below the value of 689.4 eV corresponding to stoichio-
metric PTFE[44]—and ends at approximately 686 eV, in agree-

ment with previous data for compositions such as CHF¢CH2.[45]

A quantitative view of these observations is provided in

Figure 3. Figure 3 a details the evolution of the concentrations

of F, Pd, and C during sputtering. Given that the volume of Pd
probed by photoelectrons linearly increases with decreasing

PTFE thickness, it was not surprising to see the quasilinear evo-
lution of the Pd concentration. The initial increase in the

carbon concentration was only apparent because the fluorine
atoms were preferentially sputtered; it only started to decrease

Figure 2. High-resolution XPS spectral regions acquired in situ during sput-
tering of the PTFE coating: a) Pd 3d, b) C 1s, and c) F 1s.

ChemCatChem 2016, 8, 1646 – 1650 www.chemcatchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1648

Communications



once the F concentration reached approximately 20 at %. Fig-

ure 3 b confirms the trends observed above: whereas the CF3

and CF2 concentrations decreased right from the beginning of
sputtering, the relative amounts of the less-fluorinated compo-

nents initially increased, before decreasing as well. Here again,
the preferential sputtering of fluorine is evident.

The clean Pd surface exhibits slower permeation kinetics
than the same surface covered with PTFE, both in UHV and in

air, as detailed above. From the fact that the interface between

PTFE and Pd does not show any chemical bond—as shown
here by in situ XPS—an alternative explanation for the promot-

er effect comes into play: The PTFE coating is porous,[3, 46, 47]

that is, the surface is not fully covered by PTFE. Consequently,

the Pd surface is accessible to gases, a property that is used in
membrane and thin-film systems.[46, 47] Still, the hydrophobic

properties of PTFE prevent the formation of liquid water (see
Figure 4 a), which will be formed upon hydrogenation in an ox-
idizing environment. A liquid water film is more strongly

bound to the surface than water monomers: the adsorption
enthalpy of water on Pd increases from 28 kJ molecule¢1 for

low coverage to 48 kJ molecule¢1 for full coverage, according
to calculations.[48] The reason for this is illustrated by calcula-

tions of the related water/Pt system:[49] the dipole–dipole inter-

actions between water molecules exist only for an ordered,
dense water layer. Water formed by reaction with oxygen con-

taminations can thus leave the Pd surface through the PTFE
layer and will not form a blocking layer. In contrast, the PTFE

coating will not affect other potential contaminants such as
CO and SO2. Furthermore, the strong electrostatic potential

generated by the fluorine atoms in the coating might have an

effect on hydrogen desorption by reducing the adsorption
energy of hydrogen on Pd, that is, it will facilitate desorption

of hydrogen, as illustrated in Figure 4 a. However, vice versa, it
will not promote (or even inhibit) hydrogen adsorption if it is

deposited on the feed side, in good agreement with thin-film
results of Ngene et al.[3] Figure 4 b shows how the electrostatic
effect proposed here is expected to affect the activation en-

thalpy for hydrogen desorption DH�
des and, therefore, also the

desorption kinetics. The electrostatic field produced by the flu-
orine atoms in the physisorbed PTFE coating is indeed strong
enough to affect the chemisorbed hydrogen, which in turn

leads to a significant change in the rate constant for desorp-
tion, as the latter is affected by DH�

des through Arrhenius’ law.

To conclude, the present study showed that the permeation
kinetics of hydrogen through a Pd membrane were significant-
ly enhanced by the presence of a PTFE coating deposited on

the permeate side. The hydrogen flux was indeed increased by
one order of magnitude, both in UHV and in air. This effect

was attributed to the combination of the hydrophobicity of
PTFE and a promoter effect that enhanced the desorption ki-

netics by the electrostatic field generated by the halogen

atoms present in the coating. This mechanism took place on
the free surface sites left by the pores in the PTFE layer, at

which hydrogen was allowed to be transported, whereas water
was kept away from these active sites. The composition of the

coating did not correspond to stoichiometric PTFE, as revealed
by quantitative XPS elemental analysis performed in situ

Figure 3. a) Evolution of the atomic concentrations of C, F, and Pd during
sputtering of the PTFE coating. b) Evolution of the different carbon environ-
ments.

Figure 4. a) Schematic representation of the promoter effect. The hydroge-
nation of PTFE by replacement of one fluorine atom (yellow) by hydrogen
(red). The hydrophobic properties are illustrated by circles depicting the
electrostatic forces of the electronegative fluorine atoms. b) Influence of the
promoter effect on energy potential surface of hydrogen on the Pd surface:
the chemisorption of hydrogen on Pd is weakened, which improves hydro-
gen desorption but not hydrogen adsorption.
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during hydrogen permeation and sputtering. In our view, the
(complex) control of this composition—namely, the fluorine/

carbon ratio, which determines the concentration of active sur-
face species—is an important chemical engineering aspect

that, in the future, will determine the effective potential of the
promoter effect described in the present study.

From an experimental point of view, such surface-driven ki-
netic tuning requires the design of specific approaches, involv-

ing an operating system representative of the target applica-

tion (here an operating membrane system with continuous
permeation monitoring) combined with an in situ surface anal-

ysis technique (here XPS). As a matter of fact, the present
study was only possible subsequent to the development of

a unique in situ XPS setup, the details of which can be found
in Ref. [37]. The present study is one of the first steps towards
unraveling the full potential of this setup. We believe that the

latter can be adapted to other membrane systems, namely,
those based on the permeation of gas species other than hy-

drogen. It will also be extended to other hydrogen-related sys-
tems, for example, catalysts, sensors, and electrodes. Finally,
coming back to the topic of the present study, an emphasis
was put on the performance of the peculiar interface proper-

ties of a porous polymer layer on Pd; however, the potential of

interface design of polymer–metal junctions at the nanoscale
may be explored in the future from a fundamental point of

view, including its chemical, physical, and geometric aspects.
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