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ABSTRACT: Catalyzing capping layers on metal hydrides are H,
employed to enhance the hydrogenation kinetics of metal hydride- o0

based systems such as hydrogen sensors. Here, we use a novel o
experimental method to study the hydrogenation kinetics of i 10%
catalyzing capping layers composed of several alloys of Pd and Au 10 NO PTFE PTFE

as well as Pt, Ni, and Ru, all with and without an additional PTFE RNl aEC |9 " ' n T
polymer protection layer and under the same set of experimental i N
conditions. In particular, we employ a thin Ta film as an optical
indicator to study the kinetics of the catalytic layers deposited on
top of it and which allows one to determine the absolute |
hydrogenation rates. Our results demonstrate that doping Pd with 107 1o 107 10 10°
Au results in significantly faster hydrogenation kinetics, with g Pz [Pl

response times up to five times shorter than Pd through enhanced

diffusion and a reduction in the activation energy. On the other hand, the kinetics of non-Pd-based materials turn out to be
significantly slower and mainly limited by the diffusion through the capping layer itself. Surprisingly, the additional PTFE layer was
only found to improve the kinetics of Pd-based capping materials and has no significant effect on the kinetics of Pt, Ni, and Ru.
Taken together, the experimental results aid in rationally choosing a suitable capping material for the application of metal hydrides
and other materials in a hydrogen economy. In addition, the used method can be applied to simultaneously study the hydrogenation
kinetics in thin-film materials for a wide set of experimental conditions.
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1. INTRODUCTION when it is exposed to an environment containing hydrogen. In
turn, the absorption of hydrogen by the sensing layer changes
the optical properties of this layer. As such, one can determine
the hydrogen pressure or concentration in the environment of
the sensor by, for example, measuring the reflectivity or

Metal hydrides have been projected to play an important role
in a green economy in which hydrogen is an important energy
vector. ~* While these materials have traditionally been
studied as materials for hydro%en storage,”” other applications

as in switchable mirrors,”’ hydrogen-purifying mem- transmission of the sensing layer.”* "
branes,'®"> fuel cells," ar’l d especially hydrogen sensors While in fuel cells, Pt is typically used to catalyze the

. . . - hydrogen dissociation,”"* in capping layers, for metal hydride-
became increasingly prominent over the last years.”'*™" In yarogen dissociation, 11 capping fayers, Jor yer
Lo o ) based hydrogen sensors and in switchable mirrors, Pd is often
all of these applications, fast kinetics are extremely important.

However, while the diffusion of hydrogen is in most materials the material of choice. Pd can readily dissociate hydrogen at

7,14-17 -
relatively fast at room temperature, the observed kinetics are r(z)(l)metz?f]ljlfoerrj:tl}rle’lene (P;;i:) t}olre oatil; lrlca(t)llon ecl)‘ifc ia 3e0rs nomn
generally speaking much slower. Therefore, catalyzing layers polyt 4 polym A

top of Pd can significantly increase its chemical selectivity and
on top of the active material are often used. These layers P & 7 Yy

A / enhance the kinetics. These effects have been assigned to a
p rom‘ote the d1ssoc1at140n of hydrogen molecules (H,) into lower activation energy or to more active sites on the surface
atomic hydrogen at their surface and may also protect the layer remaining available to dissociate the hydrogen.25~28
from, for example, oxidation and poisonous chemical species. However, Pd has some major drawbacks 'as a catalyzing
ESP ecially, for me‘FaI hydride-based hydrogen se.nso.rs, layer. The first-order transition from the dilute @-PdH,, to the
capping layers play an important role to accelerate the kinetics
or as additional protection to avoid chemical cross-sensitivity.
One of the many different types of metal hydride-based sensors
are optical hydrogen sensors with a separate hydrogen
dissociation and sensing functionality.””°™*’ In such optical
hydrogen sensors, a separate capping layer on top catalyzes the
hydrogen dissociation and provides protection against
chemical poisoning, while the sensing layer absorbs hydrogen
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Figure 1. Schematic illustration of the method used to study the hydrogenation kinetics of the capping layers. In this method, we use a multilayer
thin film consisting of a Ti adhesion layer, a Ta indicator layer, and the capping layer of interest (see left inset). The thin film is positioned inside a
hydrogenation chamber with controlled temperature, itself located in a temperature-controlled environment. We monitor the time dependence of
the changes in optical transmission of the sample with a CMOS camera. Upon a change in hydrogen pressure, the optical transmission of the Ta
layer changes, which we use to determine the response time ty, that is here defined as the time to reach 90% of the total signal (see right inset).

higher concentration PdH, f phase occurring upon hydrogen
sorption renders the optical response highly hysteretic, which
is problematic for hydrogen sensors. Most importantly, the
high energy barriers associated with the nucleation of domains
when the f phase is formed result in relatively long response
times. Furthermore, long-term stability issues due to the
formation of cracks, buckling, and delamination as a result of
the large volumetric expansion upon hydrogenation have been
reported for thin layers of Pd.*”"’

Capping layers different from Pd are thus required, and in
this paper, we consider two approaches to find these alternative
capping layers. The first approach is to alloy Pd with other
elements such as Au, which suppresses the first-order phase
transition for sufficiently large Au concentrations,””’"**
increases the hydrogen solubility,”**"** and decreases the
activation energy.”” The second approach is to consider single-
element layers made of elements other than Pd as Pt, Ni, and
Ru, that is, materials that themselves hardly absorb hydrogen
but can catalyze the dissociation and recombination reaction of
hydrogen. Albeit it is well-known that these single element
layers may catalyze hydrogen absorption, a dedicated and
comprehensive study in which a series of capping layers are
tested under exactly the same circumstances and under a wide
variety of conditions (temperature and pressure) is at present
unavailable.

This paper fills this void by experimentally studying the
hydrogenation kinetics of various capping layers composed of
(i) several alloys of Pd and Au and (ii) single elements Pt, Nij,
and Ru, all with and without a PTFE protection layer and
under exactly the same experimental conditions. We do this
using a newly developed method based on studying the optical
transmission of capped films of Ta. Here, the Ta serves as an
indicator layer owing to its large changes in the optical
properties and high diffusivity of hydrogen. These changes are
not only large but also gradual: the optical transmission
continuously decreases when the hydrogen pressure is
increased, allowing us to assess the kinetics of the capping
layers over a wide pressure (and temperature) range.””** As
such, we can in this way systematically measure the
hydrogenation kinetics of many different samples simulta-
neously and under a wide range of experimental conditions.

The results presented in this paper demonstrate that doping
Pd with Au significantly accelerates the hydrogenation kinetics
under all probed experimental conditions, with response times
up to five times shorter than Pd. These improved kinetics
result both from enhanced diffusion and a reduction in the
activation energy. From the non-Pd-based capping layers, only
Ni turns out to be competitive at room temperature with
response times slightly longer than Pd. Surprisingly, PTFE was
only found to improve the kinetics of Pd-based capping
materials and had no significant effect on the kinetics of Pt, Ni,
and Ru. As such, these results aid in rationally selecting a
suitable capping material for the application of metal hydrides
in a green economy. In a wider perspective, the method
developed in this paper can be used to simultaneously study
the hydrogenation kinetics in thin-film materials for a wide set
of experimental conditions.

2. EXPERIMENTAL SECTION

2.1. Experimental Method and Sample Composition. To
study the hydrogenation kinetics of the catalyzing capping layers, we
use a multilayer thin film consisting of a Ti adhesion layer, a Ta
indicator layer, and the capping layer of interest. As schematically
illustrated in Figure 1, we monitor the changes in optical transmission
of the Ta layer inside a hydrogenation chamber as a function of time
from which we determine the response time. As previous measure-
ments indicate that the logarithm of the relative change in
transmission of Ta is proportional to the hydrogenation of the
layer,” this allows an absolute determination of the hydrogenation
rate.

The reasons for selecting Ta as our indicator layer are threefold.
First, thin-film Ta has a large hydrogen solubility window and gradual
hydrogenation over a large partial pressure range without any
hysteresis and within one single thermodynamic phase.”® As such, it
allows us to examine the (de)hydrogenation kinetics of capping layers
over both a large temperature and pressure window without the
presence of any sluggish, hysteretic, or irreversible phase transition.
Second, the changes in optical transmission of Ta upon exposure to
hydrogen are large and proportional to the hydrogenation of the layer
over the entire solubility range,”* allowing for high-resolution
response time measurements and absolute calibration of the
hydrogenation rate. Most importantly, previous measurements
indicate that diffusion of hydrogen through body-centered cubic
(bcc) Ta thin films is, as for bulk,”* fast,* occurring at the subsecond
time scale, and will thus not influence the total response times. In
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ACS Appl. Mater. Interfaces 2021, 13, 52530—52541


https://pubs.acs.org/doi/10.1021/acsami.1c13240?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13240?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13240?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13240?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

other words, the limiting factor of the kinetics is the catalyzing layers
on top of the Ta indicator layer.

We measure the changes in optical transmission in the same way as
in hydrogenography™” using an Imaging Source 1/2.5” Aptina CMOS
2592 X 1944 pixel monochrome camera equipped with an Edmunds
Optics 55—906 lens, that is, the same camera used in ref 36 which has
an maximum acquisition frequency of 20 Hz. Five Philips MR16
MASTER LEDs (10/50 W) with a color temperature of 4000 K are
used as a light source and provide a white spectrum (Figure S1). The
transmission is averaged over an area of 180 X 180 pixels,
corresponding to about 80 mm?® A reference sample is used to
compensate for fluctuations of the LED white light source. The partial
hydrogen pressures of 107" < Py < 10*® Pa are obtained using 0.1,

3.5, and 100% H, in Ar gas mixtures. During the experiments, a
minimum gas flow of 20 s.c.c.m. is always maintained.

The response time ty, is defined as the time to reach 90% of the
total signal. To measure the hydrogen absorption response times, the
pressure was increased from the base pressure of 0.9 mbar total
pressure to the pressure of interest (maximum 100 mbar total
pressure). As a result of the large partial hydrogen pressure range
investigated, three different hydrogen base pressures were used for the
three H, in Ar gas mixtures. The pressure was stepwise increased from
Py, = 0.090 Pa for response times measured for Py; < 10 Pa, from Py,

= § Pa for response times measured for 9 Pa < Py, < 350 Pa, and
from Py, = 90 Pa (the regions partly overlap) for response times
measured for Py, > 150 Pa. The minimum time required to achieve a

stable pressure, that is, the shortest response time that can be reliably
detected, was found to be 0.3 s.

2.2. Sample Preparation and Characterization. All samples
are produced with magnetron sputtering and composed of a 4 nm Ti
adhesion layer, a 40 nm Ta indicator layer that generates the fast
majority of the optical contrast, a 10 nm capping layer, and an
optional 30 nm PTFE layer. As a capping layer, we consider Pd,_ Au,
layers with y = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 and Nj, Pt, and Ru. Direct
current (DC) magnetron sputtering of the metallic layers is performed
in 0.3 Pa of argon and inside an ultrahigh vacuum chamber (AJA Int.)
with a base pressure of 107'% Pa. The layers were deposited on 10 X
10 mm? quartz substrates (thickness of 0.5 mm and surface roughness
< 0.4 nm) which were rotated to enhance the homogeneity of the
deposited layers. Typical deposition rates include 0.11—0.22 nm s™*
(22—50 W DC) for Pd, 0.10 nm s™* (125 W DC) for Ta, 0.05 nm s™*
(100 W DC) for Ti, 0.11—0.22 nm s* (6—25 W DC) for Au, 0.07
nm s~ (100 W DC) for Nj, 0.12 nm s™* (50 W DC) for Pt, and 0.13
nm s”' (100 W DC) for Ru. These rates were determined by
sputtering each target independently at a fixed power over a well-
defined time interval. Subsequently, X-ray reflectometry (XRR) was
used to estimate the layer thickness of this reference sample (see
below for the Experimental Section), from which the sputter rate was
computed. Different from the other layers, PTFE was deposited by
radiofrequency magnetron sputtering in 0.5 Pa of Ar. The thickness of
the reference film was in this case measured with a DekTak3
profilometer. While all targets were presputtered for at least S min, the
Ta target was presputtered for at least 240 min to avoid possible
contamination from the tantalum oxide and nitride layers possibly
present at the surface of the target.

The structure and thickness of all samples were verified with X-ray
diffraction (XRD) and XRR (Figures S2, S4) using a Bruker D8
DISCOVER (Cu Ka A = 0.1542 nm). The XRR measurements were
fitted with GenX3®” to obtain estimates for the layer thickness,
roughness, and density of the thin films. These fitted parameters are
reported in Table S4 and reveal that the deviation of the layer
thickness between the different samples is at maximum 3%, that the
density of the various layers is consistent with the literature value
reported for bulk materials, and that the roughness of the surface of
the capping layer is at maximum 1.5 nm. Atomic force microscopy
(AFM) measurements (Figure S3) performed with a Bruker
Multimode AFM are used to characterize the morphology and
confirm the smooth surface and indicate the absence of mesopores or

holes in the film. XRD measurements reveal that all capping layers
crystallize in a face-centered cubic structure and are textured with the
(111)—crystallographic direction in the out-of-plane direction. The
lattice constants for the Pd,_,Au, samples follow Vergard’s law
[Figure S4b].

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a ThermoFisher K-Alpha spectrometer equipped
with a focused monochromatic Al Ka source (1486.6 eV) anode
operating at 36 W (12 kV, 3 mA) and a flood gun operating at 1 V,
100 pA. The pass energy of the analyzer was set to 50 eV, the spot
size was approximately 800 X 400 ym? and the base pressure in the
analysis chamber is approximately 2 X 107° mbar. The binding energy
BE was corrected for the charge shift relative to the primary C 1s
hydrocarbon peak at BE = 284.8 eV, leading to a correction of the BE
of max 0.1 eV. The C 1s and F 1s spectra were fitted with Thermo
Scientific Avantage Software (Version 5.986) using a pseudo-Voigt
with a 70% Gaussian and a 30% Lorentzian contribution (weighted
least-squares fitting method) and a nonlinear Shirley-type back-
ground. Similar to previous reports,”® the C 1s spectra of the PTFE
layer (Figure SS) sputtered on top of the layers indicate the presence
of C—C, C—CF, C-F, C-F,, and C—F; bonds, which is different
from bulk PTFE where only CF, bonds are present. Additional
measurements (Figure S6) indicate that the C 1s, O 1s, and F 1s
spectra remain unchanged after exposure to hydrogen, indicating that
the distribution of bonds within the PTFE layer is largely unaffected
by the hydrogenation of the sample.

Before the measurements, we exposed the thin films to three cycles
of hydrogen with a maximum pressure of Py = 10*° Pa at T = 28 °C.
Reproducible results in terms of both hydrogenation kinetics and the
absolute hydrogen solubility are obtained from the second cycle
onward. The difference between the first and subsequent cycles is
common to thin-film metal hydrides. Generally speaking, a few cycles
of exposure to hydrogen are required to show reproducible results due
to settling of the microstructure (see also Figure S4). In particular, we
note that during the first exposure to hydrogen, the Ni-capped sample
only hydrogenated after 12 h of exposure to Py = 10*° Pa at room
temperature, while much faster responses were observed for
subsequent cycles. This suggests a substantial rearrangement of the
microstructure upon first exposure to hydrogen.

3. RESULTS

3.1. Pd-Based Capping Layers. 3.1.1. Optical Response
and Hydrogenation of the Capping Layer. We start our
empirical analysis by studying the hydrogenation(kinetics) of
the Pd,_,Au, capping layers. The rationale to partly substitute
Pd by Au is threefold. First of all, a previous experimental study
by Namba et al. indicates that alloying the Pd(110) surface
with Au may significantly increase the hydrogen absorption
kinetics through a reduction in the activation energy,33 while
Nugroho et al. also report that substitution with Au reduces
the apparent activation energy in Pd,_,Au, nanoparticles.””
Second, substitution by Au reduces the hydrogenation of the
layer at higher hydrogen pressures and, for sufficiently large Au
concentrations (y 2 0.2), suppresses the first-order metal-to-
metal hydride phase transition from the dilute a-PdH, to the
higher concentration PdH, f-phase, that is, thus eliminating
the associated hysteresis and the sluggish phase transi-
tion.”***%~*" This is especially relevant to hydrogen-sensing
applications as it ensures that the hydrogenation of the capping
layer, and thus the (optical) response, is free of any hysteresis.
Furthermore, a limited hydrogenation of the capping layer
reduces the volumetric expansion and thus improves the long-
term stability of the layer. In addition, a large hydrogenation of
the capping layer itself also increases the total amount of
hydrogen to be dissociated at the surface and transported to
the subsurface, which may result in larger response times.

https://doi.org/10.1021/acsami.1c13240
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Figure 2. Partial hydrogen pressure dependence of the optical responses of 10 nm Pd;_,Au, capping layers at (a) T = 28, (b) 60, (c) 90, and (d)
120 °C. The response was measured by stepwise increasing and decreasing the pressure between Py = 1 X 10" and 4 X 10° Pa. The optical
response is measured as the natural logarithm of the changes in the white light optical transmission 7 relative to the transmission of the as-
prepared film (‘Tprep) and has been computed by subtracting the response of the 4 nm Ti adhesion layer and 40 nm Ta layer as reported in ref 23

from the Pd,_,Au,-capped 40 nm Ta thin films with a 4 nm Ti adhesion layer. As the changes in transmission of the capping layer are relatively
small w.r.t. of the Ta indicator layer and the measurement time was relatively long, this caused some long-term fluctuations in the determined

changes in transmission of the capping layers. Previous neutron reflectometry measurements indicate that In(77/ T

hydrogen content x in the Pd,_,Au,H, layer.**
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Figure 3. Normalized optical transmissions showing the absorption kinetics of a 40 nm Ta thin film with a 4 nm Ti adhesion layer capped with a 10
nm (ae) Pd, (bf) Pdy;Aug;, (c,g) PdyeAug,, and (dh) PdysAuy;s layer to a series of pressure steps between Py, = 0.5 10” Pa and the partial
hydrogen pressure indicated. The samples in (e—h) are covered with a 30 nm PTFE layer.

Third, substitution by Au increases the size of the face-
centered cubic unit cell (see Figure S4c), which may together
with an increased hydrogen solubility at lower pressures
accelerate the transport across the capping layer. Indeed,
although Au itself does not absorb hydrogen and the
substitution of Pd by Au reduces the hydrogenation at larger
hydrogen pressures, the increased unit cell results in lower
hydrogen pressures in larger hydrogen solubilities of the
capping layer, showing a maximum for y &~ 0.3, and this
enhanced solubility may in turn accelerate the hydrogen
transport.

These trends are quantitatively reproduced for the 10 nm
capping layers. Figure 2 displays the partial hydrogen pressure

52533

dependence of the optical response of our 10 nm Pd,_,Au,
capping layers at four different temperatures. Neutron
reflectometry measurements®> show that the optical response,
measured as the natural logarithm of the white light optical
transmission 7 relative to the transmission of the as-prepared
film (7)), is irrespective of the Au concentration of the alloy

directly proportional to the hydrogenation of Pd,_,Au,H, thin
films. Most importantly, no hysteresis (and sluggish phase
transitions) can be discerned for the compositions with y > 0.2,
which together with the strongly reduced hydrogenation at
high hydrogen pressures and the increased hydrogen solubility
at low hydrogen pressures make these compositions most

https://doi.org/10.1021/acsami.1c13240
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Figure 4. Hydrogen absorption kinetics of 40 nm Ta thin films capped with 10 nm Pd,_,Au, at T = 28 °C. Hydrogen pressure dependence of the
response time (a) without and (b) with a 30 nm PTFE layer on top of the capping layer. The solid lines indicate fits to a power law (
t = a-Pﬁz). The response time is defined as the time to reach 90% of the total signal in Figure 3. (c) Pressure dependence of the hydrogen

response

absorption rate R computed according to eq 1. The solid lines indicate fits to a power law (R = a~P{IZ) for which the exponents y are reported in
Table 1.

Table 1. Fitted Exponents y of the Fit of the Power Law R = a-P{IZ to the Pressure Dependence of the Hydrogen Absorption

Rate R”

No PTEFE PTFE
28 °C 60 °C 90 °C 120 °C 28 °C 60 °C 90 °C 120 °C
Pd 0.71 0.89 1.00 1.02 0.74 0.98 1.05 1.17
Pd,,Aug s 0.84 0.86 0.99 1.09 0.73 0.93 1.04 1.14
PdysAug, 091 0.90 1.07 112 0.73 0.90 1.04 1.14
Pd,sAugs 0.87 0.87 1.02 1.10 0.63 0.79 0.98 112
Ni 0.67 0.63 0.78 0.88 0.66 0.65 0.87 0.97
Pt 0.75 0.53 0.63 0.64 0.70 0.51 0.63 0.65
Ru 0.64 0.64

“The fits are displayed in Figures 4c, 6, and 11.

suitable as capping layers. On top of that, the reduced
hydrogenation of the capping layer and thus the reduced
volumetric/thickness expansion as well as the increased
adhesion of Pd,_,Au, enhance the long-term structural stability
of the film. We note here that the presence of hysteresis and
the hydrogenation of the capping layers may depend on the
layer thickness and adhesion conditions.””***>*=**

3.1.2. Response times. Next, we investigate the room-
temperature response times of Pdj,Auy; PdjsAuy, and
PdysAuys, that is, the Pd;_,Au, compositions for which we
did not find any signs of hysteresis. As a reference, we also
consider widely used Pd. In Figure 3, we display the response
of these samples to a series of increasing pressure steps
between Py, = 150 and 10,000 Pa without (Figure 3a—d) and

with an additional PTFE layer on top of the capping layer
(Figure 3e—h).

The results show three general trends. First of all, we find
that the substitution of Pd by Au in the capping layer
significantly reduces the response times. The reduction is the
largest for Pdy¢Au,, (Figure 3c), showing response times that
are about five times shorter than those for Pd (Figure 3a). The
enhancement of the kinetics is even greater for Py, > 1000 Pa,

where the first-order metal-to-metal hydride transition renders
the response of Pd highly hysteretic and for which response
times are in the minute time scale (not shown). In stark
contrast, PdycAu,, has, as a result of the absence of a first-
order metal-to-metal hydride transition (Figure 2), response
times below 2 s for Py, > 1000 Pa.

Second, we observe that the presence of the PTFE layer on
top of the capping layer significantly reduces the response
times. This reduction is the strongest for Pd, for which PTFE
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reduces the response times by a factor of approximately 1S.
With increasing Au concentration, the effect of PTFE on the
response times is reduced. However, with the reduction of the
response times with a factor of about four for Pdj Au,, the
effect remains significant. We note that the diffusion of
hydrogen through the PTFE layer is nearly instantaneous as
the diffusion constant of H, in PTFE is of the same order of
magnitude as in bulk and thin-film Ta.*®

Third, we find that the response times are reduced
considerably with increasing pressures. Figure 4a,b displays
the pressure dependence of the response time, here defined as
the time to reach 90% of the total signal, at room temperature
and for Py between 0.5 and 10,000 Pa. The variation in

response times is considerable: at a pressure of Py = 1.0 Pa,

the response time of the Pd, 4Au,, capping layer with PTFE is
about 2.0 X 10* s, while at Py, = 10,000 Pa, it has reduced to

about 0.3 s.

To further study the hydrogen absorption kinetics and to
identify the rate-limiting step in the hydrogen absorption, we
consider the hydrogen sorption rate R instead of the response
times in Figure 4c. When the kinetics are purely surface-limited
and the hydrogen dissociation and/or the transport of
hydrogen from the surface to the subsurface are the rate-
limiting step(s), the rate is proportional to the applied pressure
(R o Py ), whereas if the kinetics are solely dictated by

diffusion, R o Py, (see, e.g, refs 46—474849). If the rate is

limited by a combination of the two, the exponent will be
between 0.5 and 1.0.

We compute the reaction rate from the response times ty,
the thickness of the Ta layer d, and the difference in

https://doi.org/10.1021/acsami.1c13240
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Figure S. Hydrogen pressure dependence of the hydrogen absorption response times of 40 nm Ta thin films capped with 10 nm Pd,_,Au, at (a,d)
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Power law (tresponse

= a-PIy{Z). The response time is defined as the time to reach 90% of the total signal in Figure 3.

=
o
S

(a)
T=60°C

(b)
T=90°C

No PTFE

103
102
10!
10°

1071
1072

e
S%e0 rd
e Pd70Au30

© Pd60AuU40
Pd50Au50

Rate [atoms nm~2s5~1]

o

Fv- e rd
Pd70Au30

(c)
T=120°C

No PTFE No PTFE

2t

Pd
Pd70Au30

©® Pd60AuU40
Pd50AuS0

® Pd60Au40
Pd50Au50

10*

(e)
T=90°C

103 g ¢ ]
102
10t
10°
107!
1072

® Pd
Pd70Au30

® Pd60AU40
Pd50AUS0

Rate [atoms nm~2s~1]

® Pd

Pd70Au30

®
T=120°C

Pd60AU40
Pd50AuS0

® Pd
Pd70Au30

©® Pd60AU40
Pd50Au50

10! 102 103

PH2 [Pa]

107t 10° 10107t 10°

10t

PH2 [Pa]

10! 102 10° 104

P2 [Pa]

102 10°  10*107! 10°

Figure 6. Hydrogen pressure dependence of the hydrogen absorption rate of 40 nm Ta thin films capped with 10 nm Pd,_ Au, at (a,d) T = 60,
(bse) 90, and (c,f) 120 °C (a—c) without and (d—f) with a 30 nm PTEE layer on top of the capping layer. The hydrogen absorption rate R is
computed according to eq 1. The solid lines indicate fits to a power law (R = a-PI},'IZ) for which the exponents y are reported in Table 1.

hydrogenation of the TaH, layer Ax obtained from previous
neutron reflectometry experiments22 according to

: dpAx
tooM (1)

where p and M are the experimentally determined density and
molar mass of the Ta thin film, respectively.
The exponents of the power law R = a-P{;z that are fitted to

R

0.

the data are reported in Table 1 and take values of y = 0.7 for
Pd and y 0.9 for Pdy4Auy, and PdyAuys at room
temperature. From these values, we conclude that especially
for Pd, the hydrogen sorption is limited both by surface and
diffusion effects, whereas especially for the Pd,sAug,- and
Pd, sAu, s-capped samples, the rate is limited predominately by
surface effects. As such, the results indicate that the diffusion of
hydrogen through Pd,_,Au, can, possibly as a result of the

increased hydrogen solubility at lower pressures and the

~
~
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increased unit cell, be significantly enhanced as compared with
Pd.

The kinetics accelerate at increasing temperatures. Figure 5
shows that the response times decrease substantially with
increasing temperature. Comparing data at T = 60 °C to that at
T = 28 °C, we find for the best-performing sample, Pdy¢Aug 4
with PTFE, and at a pressure Py = 250 Pa, a reduction from
tog = 6.9 to 2.4 s. This is reflected in the hydrogen sorption
rates displayed in Figure 6, for which we find an increase of
about a factor two per 30 °C for all samples. Also, at elevated
temperatures, the pressure dependence for all samples can be
satisfactory described by the power law R = a-Pﬁz. For all
elevated temperatures of T > 60 °C and all Pd,_jAu,
compositions studied, the exponents take values of y = 1
while at T = 120 °C, the values slightly exceed one. As such, it
indicates that the hydrogen uptake is limited by the surface

https://doi.org/10.1021/acsami.1c13240
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Figure 7. Arrhenius plots of the hydrogen absorption rate at Py, = 700 Pa of 40 nm Ta thin films capped with 10 nm Pd,_ Au, (a) without and (b)
with a 30 nm PTEE layer on top of the capping layer. The solid lines indicate fits to the Arrhenius equation of eq 2 and the numbers indicate the

apparent activation energy obtained from the fits.

reaction, suggesting that diffusion is enhanced considerably at
elevated temperatures and is not limiting the sorption rates.
To extract the activation energy barriers from the temper-
ature dependence of the hydrogenation rates, we display in
Figure 7 the so-called Arrhenius plots of the absorption rates at
a constant hydrogen pressure of Py, = 700 Pa for the Pd,_,Au,

capping layers. The temperature dependence of the rates is
well-described using the Arrhenius function

R = Rge /() )

where E, is the apparent activation energy, R, is a constant,
and kg is the Boltzmann’s constant. For bare Pd, we find an
apparent activation energy of E, = 16 kJ mol™!, of a similar
magnitude as the value reported for Pd nanoparticles deposited
on a glass support of 20 kJ mol™.>°

The activation energies, tabulated in Table 2, show two

important trends. First of all, consistent with previous

Table 2. Apparent Activation Energy E, and Prefactor R,
Obtained by Fitting the Temperature Dependence of the
Hydrogen Absorption Rate R to the Arrhenius Equation of
eq 2

E, [k mol™] R, [atoms nm™ s7']
No PTFE PTFE No PTFE PTFE

Pd 16 13 6.5 7.6
Pd, ,Aug s 13 10 5.6 6.6
Pdo sAug 12 10 52 6.6
PdysAugs 12 12 5.0 6.7
Ni 16 16 6.5 6.6
Pt 18 18 5.8 59

“The corresponding fits are displayed in Figures 7 and 12.

research,”®*® the activation energy decreases with increasing
Au concentration. Compared with Pd, the activation energy is
reduced by about 25% to 12 kJ mol™ for Pd,cAu,, and
Pd;sAuys. Second, in accordance with the observation that
PTFE can significantly shorten the response times, the
activation energy of all layers with PTFE is reduced by
about 2 kJ mol™". Consistent with our previous measurements,
the best-performing capping layer Pdy4Au,, with PTFE has
the lowest activation energy of only 10 kJ mol™".

The prefactor R, in the Arrhenius equation also indicates
two trends. First of all, it tends to be higher for the PTFE-
based layers, which is consistent with the fact that the layers
with an additional PTFE layer show higher hydrogenation

rates. Second, there seems to be an inverse relation between
the apparent activation energy and R, This implies that a
higher apparent activation energy is (partly) compensated by a
higher prefactor. This so-called compensation effect has been
observed for many systems in catalysis including in metal
hydrides™'™>* and follows the following relation

InR,=4aE, + b (3)

To further analyze the compensation effect, we plot in
Figure 8 E, versus In R, The data are consistent with the

® NoPTFE
2.0 PTFE
1.9
=)
o
518
1.7
1.6

10 11 12 13 14 15 16
Ea [K) mol~1]

Figure 8. Constable plot to investigate the presence of the
compensation effect in 40 nm Ta thin films capped with 10 nm
Pd;_,Au, without and with a 30 nm PTFE layer on top of the capping
layer. The prefactors In R, and apparent activation energies E, are
extracted from the Arrhenius fits (eq 2) displayed in Figure 7 and are
tabulated in Table 2. The solid lines indicate fits to eq 3.

compensation effect for both the samples with and without a
PTFE layer; however, given the limited number of data points
and the small variation of both R, and E,, the analysis should
be interpreted with the necessary precautions.

3.2. Non-Pd-Based Capping Layers. Next, we consider
the capping layers that are based on elements different from
Pd, that is, Ni, Pt, and Ru, all materials that hardly hydrogenate
under moderate conditions. Exemplary response time measure-
ments at room temperature for Ni and Pt with and without a
PTFE capping layer are displayed in Figure 9, the
corresponding response times in Figure 10, and the computed
reaction rates in Figure 11.

Based on these figures, we draw two important conclusions.
First, we find that the response times of Ni, Pt, and Ru are
much longer than those for all Pd-based materials. While the
room-temperature response times of Ni are about 50—300%
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Figure 9. Normalized optical transmissions showing the absorption kinetics of a 40 nm Ta thin film with a 4 nm Ti adhesion layer capped with a 10
nm Ni (a,b) and Pt (c,d) layer to a series of pressure steps between Py, = 0.5 10” Pa and the partial hydrogen pressure indicated. The samples in

(b,d) are covered with a 30 nm PTFE layer.
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Figure 10. Hydrogen pressure dependence of the hydrogen absorption response times of 40 nm Ta thin films capped with 10 nm Ni, Pt, Ru, and
PdyAug, at (a) T = 28, (b) 60, (c) 90, and (d) 120 °C without and with a 30 nm PTFE layer on top of the capping layer. The response time is
defined as the time to reach 90% of the total signal in Figure 3. The solid lines indicate fits to a power law (R = a~P{12) for which the exponents y

are reported in Table 1.

longer than Pd, the response times of Pt are about a factor 20
longer (largely depends on pressure), and no complete
response was found at room temperature for Ru within 1 h.
These trends persist at elevated temperatures. For example, at
T = 60 °C and for a pressure of Py = 700 Pa, the response

times are 30 s, 8 X 10% s, and 2 X 10° s for Ni, Pt, and Ru,
respectively, while the same response is achieved within S s for
the fastest material studied, Pd,¢Auy .

The longer response times of Ni, Pt, and Ru as compared
with the Pd-based materials may stem from surface effects such
as a slower dissociation of hydrogen and a sluggish transport of
hydrogen from the surface to the subsurface and/or from
slower diffusion of hydrogen through the capping layer. To
study this, we consider the pressure and temperature
dependence of the hydrogen absorption rates. The pressure
dependence of the rates can, as for the Pd-based materials, be
described by the power law R = a-P{IZ. The corresponding fits

to the data are indicated in Figure 11 and the exponents y are
tabulated in Table 1. The most striking observation is that the
exponents are, regardless of temperature, much lower than that
for the Pd-based materials. Indeed, we find exponents at T =
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60 °C of about y = 0.5—0.6, much lower than y = 0.9 for Pd
and Pd,_,Au, alloys. As the exponents for Ni, Pt, and Ru are
relatively low and reasonably close to 0.5, this indicates that
the kinetics are largely limited by the diffusion of hydrogen
through the capping layer. As such, the long response times of
these materials at room temperature may not come as a
complete surprise: The diffusion constant of hydrogen in Ru of
2 X 107" m? s7! is at room temperature about four orders of
magnitude smaller than in Pd thin films.>*>> While diffusion
data on thin films of Ni are to the best of our knowledge
unknown, the values reported for bulk suggest that they are of
a similar order of magnitude at elevated temperature but that
diffusion is at room temperature in Ni substantially slower than
in P4.>7

In Figure 12, we display the Arrhenius plots of the
absorption rates at a constant hydrogen pressure of Py =

700 Pa for Ni and Pt. The temperature dependence of the rates
are well-described using the Arrhenius function (eq 2), from
which we obtain values of the apparent activation energy of E,
= 16 and 18 kJ mol™" for Ni and Pt, respectively. Thus, the
activation energy of Ni is comparable to the activation energy
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Figure 11. Hydrogen pressure dependence of the hydrogen absorption rate of 40 nm Ta thin films capped with 10 nm Ni, Pt, Ru, and Pdy¢Au, , at
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lines indicate fits to the Arrhenius equation of eq 2 and the numbers
indicate the apparent activation energy obtained from the fits.

of Pd while the one of Pt is slightly larger. Although the
difference in activation energy is small, these results may
suggest that the slower kinetics in Pt may thus in part be
explained by the larger activation energy of the hydrogen
dissociation process or the transport of hydrogen atoms from
the surface to the subsurface. Most remarkable is that these
activation energies are much smaller than the activation energy
of hydr0§en diffusion in the bulk metal of around 40 kJ mol™"
for Ni®>°" This points in the direction that the actual
microstructure of the capping layers has a substantial effect, as
also hinted by the kinetics of the Ni-capped samples being
accelerated substantially after precycling the sample (see the
Sample Preparation and Characterization). This calls for
further research in this direction.

Second, Figures 9, 10, and 11 show that unlike for the Pd-
based capping materials, the PTFE layer hardly affects the
response times. Consistently, we find that the activation
energies of Ni and Pt are not affected by the presence of PTFE
(Figure 12). In the literature, the hydrogenation kinetics
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enhancing effects of PTFE have been suggested to be due to
(i) a lower activation energy of hydrogen dissociation for the
diffusion of hydrogen atoms from the surface to subsurface as a
result of the formation of Pd—C bonds or (ii) to more active
sites on the surface remaining available to dissociate the
hydrogen.”*™** Consistent with the first explanation, we find
that the activation energy is only reduced for Pd-based capping
layers and not for Ni and Pt.

The modifications of the (sub)surface of Pd and Pt by the
application of PTFE are confirmed by XPS measurements
shown in Figure 13. Consistent with previous reports on
PTFE-coated Pd,”*** a shift in binding energy of the 3ds,
peak from 335.0 eV for Pd to 335.5 eV for the PTFE-capped
sample is observed, which is indicative of the formation of Pd—
C bonds.”***%* In addition, a second 3ds,, peak at around Eg;,
/R 337.7 eV emerges for the PTFE-capped Pd layer, which
indicates the formation of Pd—F bonds.”*®> For Pt, a broad
second 4f;/, peak emerges at Ey;, & 75 eV, indicative of Pt-
halide bonds such as Pt—F.°* Unfortunately, the presence of
Pt—C bonds cannot be unambiguously detected owing to the
fact that the binding energy of this bond is similar to the one of
the metallic states of Pt. In sum, although XPS indicates that
the (sub)surface of Pt is altered by the presence of PTFE, the
activation energy and response times are not affected.

In addition, we find empirical support for the fact that PTFE
ensures that more active sites on the surface remain available
to dissociate the hydrogen. Our results indicate that the
prefactor R, of the Arrhenius equation of eq 2 as tabulated in
Table 2 is for all the Pd-based capping layers about 20% larger
for the layers covered with PTFE than the ones without an
additional PTFE layer. Consistent with the fact that PTFE
does not enhance the kinetics of the Pt- and Ni-capped
samples, no effect of the PTFE layer is observed on R, for
these samples. In sum, the result thus indicates that the
enhancement of the hydrogenation kinetics is thus both due to
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Figure 13. XPS results of the 40 nm Ta thin films capped with a 4 nm Ti adhesion layer and capped with a 10 nm capping layer after exposure to
hydrogen of (a) Pd and (b) Pt with and without a 30 nm PTFE layer. The counts for the samples with PTFE are multiplied by a factor of 200.

the reduction of the activation energy and the effect that PTFE
ensures that more active sites remain available.

4. CONCLUSIONS

In summary, we systematically studied the hydrogenation
kinetics of catalyzing capping layers made of several alloys of
Pd and Au as well as single elements Pt, Ni, and Ru by
exploiting the profound changes in optical transmission of
capped Ta thin films. Our results demonstrate that doping Pd
with Au results in significantly faster hydrogenation kinetics,
with response times up to five times shorter than Pd through
enhanced diffusion and a reduction in the activation energy.
Detailed analysis of the pressure and temperature dependence
of the reaction rates reveals that the hydrogen dissociation at
the surface is the rate-limiting step for the Pd-based materials.
The kinetics of non-Pd-based materials turn out to be
significantly slower and mainly limited by the diffusion
through the capping layer itself. Surprisingly, PTFE was only
found to improve the kinetics of Pd-based capping materials
and had no significant effect on the kinetics of Pt, Ni, and Ru.
As such, these results aid in rationally choosing a suitable
capping material for the application of metal hydrides in a
green economy. In a wider perspective, the method developed
in this paper can be used to simultaneously study the
hydrogenation kinetics in thin-film materials for a wide set of
experimental conditions.
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