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Polymer-Induced Surface Modifications of Pd-based Thin Films
Leading to Improved Kinetics in Hydrogen Sensing and Energy Storage
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Abstract: The catalytic properties of Pd alloy thin films are
enhanced by a thin sputtered PTFE coating, resulting in
profound improvements in hydrogen adsorption and desorp-
tion in Pd-based and Pd-catalyzed hydrogen sensors and
hydrogen storage materials. The remarkably enhanced cata-
Iytic performance is attributed to chemical modifications of the
catalyst surface by the sputtered PTFE leading to a possible
change in the binding strength of the intermediate species
involved in the hydrogen sorption process.

Due to the high and selective affinity of palladium toward
hydrogen, Pd-based thin films are used in a variety of
(de)hydrogenation processes.*?! These include H, sensors,*
membranes for H, separation,”! membranes for direct
production of H,0, from H, and O, and as efficient
catalysts in smart windows, H, sensing, and H, storage
applications."'! When molecular H, reaches the Pd (or Pd-
alloy) surface, it dissociates rapidly into atomic hydrogen (H).
The atomic hydrogen can react with other reactants on the Pd
surface to form product molecules or may diffuse into the
bulk of Pd. The latter case is associated with a reversible
change in the optical, structural, and electronic properties of
Pd, which can be exploited to detect the presence of
H,.I:3*1274 Tt has been shown that the catalytic and sensing
properties of metals such as Pd are generally related to the
electronic structure of the surface atoms in particular,'>"!
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which determines the nature and extent to which reactants
interact with (bind to) the metal surface.'>'" ") A change in
the electronic structure of the surface may therefore lead to
a significant change in the performance. Thus significant
efforts have been made to tailor the catalytic performance of
metals by modification of the surface electronic proper-
ties.'®20-221 Electronic modification of Pd nanoparticles has
been successfully achieved by alloying,?* creating core—
shell structures,™?! and by tuning the metal-support inter-
action.”’?

Here, we show that a thin sputter-deposited polymer
coating significantly alters the catalytic properties of Pd and
Pd-Au alloy thin films. Sputtered polytetrafluoroethylene
(PTFE) has earlier been used in Pd-based H, sensors as
a hydrophobic material to protect Pd from water-based
contaminants.''?*3 We show for the first time that it actually
leads to a significant modification of the catalytic properties
of the Pd and Pd-Au surface. It appears that Pd—CF, bonds
are formed at the surface, resulting in a change in the electron
binding energy of the surface Pd atoms. Therefore we
attribute the remarkable increase in the hydrogen absorption
and desorption kinetics to a change in the binding strength of
the intermediate species involved in the (de)hydrogenation
reactions, resulting from a modification of the catalyst surface
by the sputter-deposited PTFE layer.

In Figure 1 the effect of PTFE on the performance of
a Pd-catalyzed H, detector is shown. In this case, Pd only
serves as a selective filter for hydrogen, whereas yttrium (Y)
is the actual sensing layer. The large optical changes occurring
in Y on the formation of the dihydride and trihydride phases
are visible by the naked eye.'” Figure 1 A shows the config-
uration of this eye-readable H, detector (See the Supporting
Information (SI) for experimental details). On top of the
60 nm Y layer is a 50 nm Pd,Au,_, thin film catalyst, which is
also capped with a 15 nm layer of sputtered PTFE. In the
presence of H,, the Pd,Au,_, thin film enables the dissociation
of molecular H, into atomic hydrogen, which diffuses rapidly
through the Pd,Au,_, layer, leading to hydrogenation of Y to
YH,,, YH,,, and YHj;, depending on the H, pressure. The
different optical properties of the three YH, states allow for
the detection of H, at <5 ppm (YH,,), > 5 ppm (YH,;), and
0.01vol% or 100 ppm (YH;).'”! Upon exposure of the
hydrogenated samples to air or O, at room temperature, the
Pd,Au,_, catalyzes the dehydrogenation of YH; to YH,,,
accompanied by the formation of H,O on the surface.”'* Tt
is important to note that although Pd Au,_, also undergoes
a small reversible optical change, in this configuration it is not
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Figure 1. Effect of sputtered PTFE on the kinetic properties of Pd- and
Pd—Au-coated Y thin film sensing layers. A) Configuration of the H,
detector. B) Response of the detectors to 0.105 mbar H, at room
temperature. C) Dehydrogenation of the loaded detector in

a 20 mLmin~' flow of 20% O,/Ar.

the active sensing material but it mainly serves as a selective
catalyst for hydrogenation (loading) and dehydrogenation
(unloading) of the Y-sensing layer.l")

Figure 1B compares the change in reflectance of detectors
with different catalyst layer (with or without PTFE), on
exposure to 0.105 mbar H, at room temperature. The samples
without PTFE did not show the full optical transition even
after exposure for 7000 s (1 h, 56 min) meaning that these
samples are not fully hydrogenated from YH, y—YH;. Since
the equilibrium pressure for the formation of YHj is 0.1 mbar
H, at room temperature, very rapid hydrogenation of the
samples is unexpected at 0.105 mbar H, due to kinetic
limitations resulting from the low chemical potential.
Remarkably, full hydrogenation to YH; occurred in the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

samples with PTFE top layer, in less than 1000 s. The samples
containing Pd—Au alloy catalysts show slightly faster kinetics
than the pure Pd. Clearly, the presence of PTFE leads to
a tremendous increase in the hydrogenation kinetics. The
dehydrogenation kinetics of the loaded samples in 20 % O,/
Ar is shown in Figure 1C. It is evident that the presence of
PTFE also results in a much faster dehydrogenation reaction.
The data shows that the unloading kinetics decreases as the
concentration of Au in the catalyst increases, irrespective of
the presence of PTFE.

Hydrogenation in this case involves the dissociation of H,
to H (Reaction 1) on the catalyst surface, the transport of H
through the catalyst to the sensing layer, and H absorption by
the sensing layer. The last step is governed by the thermody-
namics of hydrogen absorption in Y. The improved hydro-
genation kinetics of the samples in the presence of PTFE is
certainly related to an increase in the H, adsorption/
dissociation rates on the Pd,Au,_, surface. This is apparent
given the fact that the sensing layer is essentially the same in
each case, and especially because the effect of PTFE is limited
to the catalyst surface. During dehydrogenation in O,, H,O is

formed on the catalyst surface according to reaction steps 2—
4,323

H, —2H* o))
0, »20* @)
2H* +20* - 20H* 3)
20H* - H,0 + O* 4)

Pd-catalyzed dehydrogenation of thin films in O, has
shown to be limited by O, dissociation/adsorption on the
surface (step 2).°3¥ Thus the observed decrease in dehydro-
genation rate with increasing Au concentration is due to the
fact that oxygen dissociation/adsorption is significantly higher
on Pd than on Au.">'"*! Increasing the concentration of Au
in the catalyst will lead to a decrease of the desorption
kinetics because of a decrease in the number of adsorption
sites available for O,. Therefore, the response of the detector
to H, in an O,-rich environment is usually enhanced by
alloying Pd with Au.'! Nevertheless, we find that PTFE is
able to significantly enhance the dehydrogenation rates even
when the catalyst contains 20 at % Au. This suggests that the
presence of PTFE promotes the dissociation/adsorption of O,
on the catalyst, thereby enhancing the H,O forming reaction.
This explains why the hydrogenation kinetics of PTFE-
capped detectors are much slower for very low concentrations
of hydrogen in an oxygen-rich environments,'” as reac-
tions 3-4 are more favored in this case (Figure S1). No
tangible difference in kinetics was observed for samples with
10-50 nm PTFE, showing that within this range the PTFE
thickness does not affect the transport of H,, O,, and H,O to
and from the catalyst during (de)hydrogenation (Figure S2).

The kinetics of Pd-catalyzed hydrogen absorption and
desorption in metal thin films have been shown to be strongly
affected by the enthalpy of solution of hydrogen in the
underlying metal layer.®! To verify that the observed effect of
PTFE on the Kinetics is not limited to YH, thin films, we
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investigated the sensing properties of PdgyAu,, thin films with
and without a PTFE top layer. This alloy on its own is an
interesting H, sensor material with a linear relationship
between the applied H, pressure and its reflectance and
transmittance.’® Additionally, the case of PdgAu,, is inter-
esting, because it can be dehydrogenated without the help of
O, and provides therefore a suitable comparison to evaluate
the unloading kinetics in the absence of O,.® Figure 2 shows
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Figure 2. Effects of PTFE on the response kinetics of a 50 nm PdgoAus,
hydrogen sensor deposited on a quartz substrate.

the H,-sensing properties of a 50 nm PdgAu,, thin film.
Clearly, the addition of a PTFE top layer leads to a visible
increase in the loading kinetics and a profound increase in the
unloading kinetics both in pure Ar and in 20 % O,/Ar. Again,
unloading is much faster in O,/Ar than pure Ar, because the
formation of H,O is energetically more favorable than the
recombination of atomic H to molecular H, that occurs in the
absence of O,. The much higher desorption kinetics of the
PTFE-coated sample in Ar compared to the non-coated
sample reveals that PTFE also enhances the recombination of
atomic H to H, on the Pd-Au surface. As expected, the
loading and unloading kinetics are generally faster than for
the Y-Pd,Au,_, samples due to the absence of the additional
step of H transport to and from the 60 nm YH, film.?! These
results confirm that the PTFE enhanced H, sorption kinetics
is indeed due to a change in the adsorption/dissociation of H,
and O, on the Pd-Au surface. Additional experiments show
that this effect is not limited to H, sensors as PTFE also
significantly increased the kinetics of Pd-catalyzed H, sorp-
tion in magnesium hydride thin films used for reversible H,
storage applications (Figure S3).

A compelling reason for this profound change in catalytic
activity (adsorption/dissociation of H, and O, on Pd,Au,_,) in
the presence of PTFE is a chemical or/and structural
modification of the (sub)surface Pd-Au atoms by the
sputtered PTFE. Such modifications will lead to a change in
the binding energy of the (sub)surface atoms.'®?*! Therefore
we employed X-ray photoelectron spectroscopy (XPS) to
compare the electron binding energy of the sub(surface) Pd
and Au (at the interface with PTFE) to that within the bulk of
the Pd and Pd-Au alloy layer. Figure 3 compares the photo-
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Figure 3. Comparison of the Pd (3ds;, and 3d;;) XPS spectra of bulk
Pd and PdgyAuy, thin films to those of Pd,Au,—PTFE samples with
a 5,10, 15, 20, and 25 nm PTFE layer.

electron signals of Pd in bulk Pd and Pdg,Au,, thin films to
those of Y-Pdg,Au,, capped with PTFE of different thickness.
Comparing the spectra of bulk Pd and PdgAu,,, we find
a slight (ca. 0.2 eV) decrease in the Pd 3ds, and Pd 3ds,
binding energy when Pd is alloyed with 20 at % Au. This shift
is due to electron redistribution in the alloy, whereby Au loses
some d electrons and gains sp electrons, whereas Pd loses sp
and gains d electrons, resulting in a small net charge transfer
from Pd to Au.’”*! Interestingly, the addition of 5 or 10 nm
sputtered PTFE to PdgAu,, already results in a significant
change in the Pd XPS spectra. Firstly, the 3ds, binding energy
shifts from 335eV in PdgAu, to 335.5eV in PdgAuy—
10PTFE. A similar change is also observed for Pd 3d;,. We
attribute this change to carbon implantation into Pd during
the PTFE sputter deposition process leading to about 0.5 eV
increase in the binding energy (when compared to bulk Pd),
as reported for Pd-C, phases.’”) Secondly, a new broad peak
centered at 338.0 eV is observed for the PTFE-containing
samples. This is very close to 337.7 eV reported for the rutile
phase PdF,;*! therefore we attribute the presence of this
peak to the formation of Pd—F bonds. Please note, that we do
not know the exact nature of the Teflon fragments deposited.
The Pd—F peak increases and becomes narrower with an
increase in PTFE thickness, whereas the Pd—C peak
(335.5 eV) decreases. This suggests that during PTFE sputter-
ing some carbon is implanted into the subsurface of the
catalyst layer while the Pd—F bonds are mostly formed at the
catalyst surface.

Although the electron inelastic mean free path (IMFP) for
bulk PTFE is approximately 3.4 nm at 1400 eV,*! we are still
able to obtain a signal from Pd capped with 25 nm sputtered
PTFE. This is likely due to the huge difference between the
chemical properties of bulk and sputtered PTFE (Figure 4).
In addition, we believe that the sputtered PTFE is more
porous than the bulk, which explains why H,, O,, and H,O
(formed during unloading in O,) are easily transported to and
from the catalysts even when coated with 50 nm sputtered
PTFE.

Next we investigated the 1s photoelectron signals of the C
and F atoms which constitutes the PTFE. Figure 4 shows that
the C 1s region spectra of sputter-deposited PTFE are quite
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Figure 4. Comparison of the C 1s XPS spectra of bulk PTFE, 30 nm
PTFE sputtered deposited on quartz (as a reference), and Pdg,Auy, thin
films capped with a 5, 10, 15, 20, and 25 nm sputter-deposited PTFE
layer.

different from the one of the bulk. In addition to the peak at
291.8 eV due to the CF, bonds, three additional peaks appear
in PTFE sputter-deposited on quartz. These peaks are related
to the breaking and rearrangement of the C—F, bonds to
different CF, bonds during the deposition process.[**] For a 5
and 10 nm layer of PTFE on Pdg,Au,,, we observe a 0.9 eV
decrease in the C1s binding energy compared to CF,. A
similar decrease also occurred in the other CF,’s. This
decrease in the C1s binding energy is ascribed to the
formation of Pd—CF, bonds at the (sub)surface of the catalyst,
as also seen in Figure 3 for the Pd 3d XPS. A closer look
reveals that as the PTFE thickness increases, the spectra tend
to shift toward the one of sputtered bulk PTFE. This is due to
an increase in the ratio of the signal contributed from the
upper layer of the sputtered PTFE which are not in direct
contact with the Pd—Au. The corresponding region spectra for
the F 1s are shown in Figure S4.

The XPS results clearly indicate that PTFE indeed
modifies the chemical properties of the (sub)surface Pd-Au
alloy. As no significant change is observed for Au when
capped with PTFE (Figure S5), we propose that the high
energy of the Teflon fragments created during sputter
deposition process must have enabled the formation of
different Pd—CF, bonds at the (sub)surface of the catalyst.
It appears that this chemical modification results in a more
favorable interaction (adsorption/dissociation) of H, and O,
on Pd and Pd-Au surfaces, leading to the improved (de)hy-
drogenation kinetics. As a result, the PTFE-capped H,
detectors can be loaded and unloaded more than 40 times
in H, and O,, without any noticeable decrease in the kinetics
(Figure S6). These findings agree well with recent results
which suggest that Pd-C, phases improve the kinetics and
selectivity of Pd-based catalysts in alkyne hydrogenation and
CO oxidation reactions.***! Similarly, attaching some
polymer groups on the surface of Pd nanoparticles led to
improved kinetics in the Pd-catalyzed decomposition of
formic acid at ambient conditions, due to surface electronic
effects.’ Our results pave the way to further improve the
kinetics and tune the selectivity of Pd-based and Pd-catalyzed

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

thin film (de)hydrogenation processes. Preliminary results
show that poly(methyl methacrylate) (PMMA) and fluori-
nated ethylene propylene (FEP) exhibits similar effects.

In summary, the data presented here clearly show that
sputtered PTFE modifies the chemical properties of (sub)sur-
face Pd atoms in Pd-Au thin films, resulting in pronounced
effects on their catalytic properties and stability in H, sensing
and energy storage applications. This demonstrates that the
combination of alloying and polymer sputtering is a promising
strategy to tune the properties of thin-film-based catalysts and
offers the potential for a rationale design of these catalysts
with tailored properties for a variety of applications.
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