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ABSTRACT: Here, we show that we can synthesize free-standing palladium —
I

nanoparticles with a size of about 5 nm embedded in a fluorinated polymer
matrix using magnetron codeposition and a subsequent annealing step.
Indeed, we deposit with magnetron sputtering at the same time PTFE and
Pd, and a subsequent thermal annealing step under a hydrogen atmosphere
ensures agglomeration of the Pd atoms into small nanoparticles. This scalable
vapor-based method allows deposition on all kinds of surfaces, including
substrates and optical fibers. Using a combination of transmission electron
microscopy, grazing-incidence diffraction, neutron and X-ray reflectometry,
and X-ray photoelectron spectroscopy, we characterize the nanocomposite
films and the palladium particles inside. These palladium nanoparticles could have a variety of applications in catalysis, hydrogen
compressors, and optical hydrogen sensors. For the later application, we show using optical transmission measurements that the
nanoparticles can reversibly absorb hydrogen, having well-defined steps in optical transmission when the hydrogen pressure is
changed. Owing to their small size, the polymer matrix, and high surface-to-volume ratio, the nanoparticles show subsecond response
times to changes in hydrogen concentration.
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1. INTRODUCTION nucleation of the ff phase is accompanied by a volume increase of
roughly 7%, substantial mechanical work is required. As such,

Palladium nanoparticles have attracted a continuous stream of
this implies a substantial energy barrier to be present in the

attention. Palladium serves as the archetype metal-hydride

system and has been subject to a large body of fundamental system, and accordingly, hysteresis is seen in the system with a
studies in which the interaction of Pd and hydrogen and the much larger absorption than desorption pressure. For temper-
influence of size, shape, and strain are thereon.'”” In part, the atures larger than the critical temperature Tc ~# 290—300 °C, a
attractiveness of Pd stems from the fact that palladium possesses single phase is observed and the transition is coherent rather
both the ability to catalyze the hydrogen dissociation reaction in than incoherent in nature.”’

which molecular hydrogen is converted to atomic hydrogen and The thermodynamics of nanosized palladium are substantially
the ability to absorb relatively large quantities of hydrogen at different from its bulk counterparts (see, e.g, refs 1-7). As a
moderate hydrogen pressures. This enables its applications in result of the large lattice distortion needed to accommodate the
catalysis, hydrogen storage, hydrogen compressors, and hydro- hydrogen atoms, the phase transition is inherently size- and

gen sensors.

For bulk materials, the palladium—hydrogen phase diagram
consists of two phases. When bulk PdH,, is exposed to relatively
low hydrogen pressures at room temperature, a solid solution
between hydrogen and palladium forms for low hydrogen-to-
metal ratios of x < 0.02, the so-called a-PdH,, phase. For larger
values of x, obtained when the pressure exceeds the plateau

shape-dependent. Indeed, differences in surface-to-volume ratio,
stress/strain effects resulting, for example, from interactions
with a support, and the presence of defects can strongly affect the
thermodynamics of the system. Generally speaking, for the case
of palladium nanoparticles, smaller particles exhibit a lower
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pressure, attractive hydrogen—hydrogen interactions become Received: December 14, 2024
dominant, and a high-hydrogen concentration -phase nucleates Revised:  April 12, 2025
with x & 0.6. For even higher hydrogen pressures, the hydrogen- Accepted:  April 15, 2025

to-metal ratio x in the f-phase further increases with increasing Published: April 30, 2025

pressure. In both the & and f phases, hydrogen atoms occupy the
octahedral sites of the face-centered cubic Pd lattice. As the
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hydrogenation pressure than larger particles and a substantially
larger solubility of hydrogen within the a phase.

One of the applications of palladium is as an (optical)
hydrogen sensing material."*~"* In this application, the ability of
palladium to absorb hydrogen, and in turn change its optical
properties, is used to create a hydrogen sensor.'*'°~** In such a
sensor, palladium is, for example, produced as a thin film using
magnetron sputtering and, e.g., the optical transmission,
reflectivity, or (localized)-surface plasmon resonances are
probed, which all change when palladium absorbs hydrogen as
it is exposed to sufficiently high partial hydrogen pressures. As
such, one can, when the material has been calibrated as a sensor,
deduce the hydrogen concentration based on the measured
optical properties. In this light, the attractiveness of palladium as
a sensing material stems from the fact that it can readily absorb
hydrogen at room temperature without the need of an additional
catalyst, that the change of the optical properties is relatively
large, and that the sensor works for a relatively modest partial
hydrogen pressure sensing range of 10' < Py < 10* Pa.

Nevertheless, it has some severe problems: it is prone to
blistering and microcracking, making the sensor unstable; it
features long response times; and the sensing range is relatively
modest. Moreover, it suffers from hysteresis as a result of the
incoherent a-to-f-PdH, transition, making the optical response
to an increasing hydrogen pressure different from that of a
decreasing hydrogen pressure. As such, many alternative metal
hydride sensing materials have been developed, noteworthy

alladium-alloys and tantalum-based hydrogen sensing materi-
als 19212426

Another approach is to exploit the fact that palladium, as a tiny
nanoparticle (<10 nm), has profoundly different properties from
bulk or thin film palladium. For hydrogen sensing applications,
this potentially allows an abundance of advantages in terms of
hysteresis, sensing range, long-term durability, and response
time. Hysteresis may be drastically reduced, and the larger
solubility of hydrogen in the a-phase, in which the hydrogen-to-
metal ratio is gradually increased with increasing hydrogen
pressure, would facilitate a much larger partial hydrogen
pressure window in which hydrogen can be quantified.
Moreover, as stress release in small nanoparticles can be much
easily accomplished than in clamped thin films, the possibility of
microcrack formations and delamination is drastically reduced,
improving the long-term durability of the material. Last, the
small nanoparticles have a large surface-to-volume ratio and
short diffusion paths, allowing fast (de)hydrogenation kinetics
and thus short response times. These kinetics could be even
further enhanced when the particles could be embedded in a
PTFE layer, a material known to be able to boost the
hydrogenation kinetics and provide protection against un-
wanted chemical species.”” >’

Creating polymer—nanoparticle composite films in a scalable
manner is an art on its own. In the context of palladium-
nanocomposite films for hydrogen sensing applications,
colloidal synthesis was used to create a Pd-PMMA nano-
composite material,”® and a continuous-flow synthesis resulted
in the formation of Pd nanoparticles in an amorphous
fluorinated polymer”" with relatively thick thicknesses (~100
um). Furthermore, Mg nanoparticles have been synthesized in a
PMMA matrix where PMMA also provided protection against
humidity and oxygen.”””” Alternatively, magnetron sputtering
has been used in the literature to create metallic nanoparticles in
a polymer matrix.”*7*° If it were possible to use magnetron
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sputtering to synthesize palladium nanoparticles, this method
would have plenty of advantages: Magnetron sputtering is a well-
established method that is used commercially, has modest
deposition times, is solvent-free, and can be used to deposit on
almost any kind of surface, thus including optical fibers. The
latter is especially important for hydrogen sensing applications,
as many proposed sensor designs involve the use of optical
fibers.'®*>**

Here, we report a simple, scalable two-step method to create a
palladium-PTFE composite thin films by codeposition of Pd and
PTFE with magnetron sputtering and subsequent thermal
annealing. Using transmission electron microscopy (TEM) and
grazing-incidence X-ray diffraction (GIXRD), X-ray and
neutron reflectometry, and X-ray photoelectron spectroscopy,
we show that when sputtered in the correct ratio, we create a
nanocomposite film with Pd nanoparticles with a size of around
S nm inside a fluorinated polymer matrix. Optical transmission
measurements indicate that the composite film shows well-
defined optical changes when exposed to hydrogen and that the
material can efficiently absorb hydrogen with subsecond
response times.

2. EXPERIMENTAL SECTION

2.1. Sample Fabrication. The films are produced with
codeposition of Pd and PTFE using radio frequency (rf) magnetron
sputtering in combination with an annealing step. The depositions are
performed ultrahigh vacuum chamber (AJA Int.) with a base pressure of
P < 107%Pain 0.3 Pa of Ar and a sample-to-target distance of 150 mm. A
schematic of the sputter geometry can be found in Figure S1. The layers
are deposited on either silicon nitride TEM grids (PELCO 15 nm thick
with 9 apertures of each 0.1 X 0.1 mm? Ted Pella, Inc., Redding,
California, United States of America) for TEM studies, 0.5 X 10 X 10
mm? fused quartz substrates with a surface roughness < 0.4 nm (Mateck
GmbH, Jiilich, Germany) for X-ray diffraction, X-ray reflectometry and
optical measurements, and on fused quartz substrates with a diameter of
76.2mm (3 in), a thickness of 3.0 mm, and a surface roughness <0.5 nm
for neutron reflectometry measurements (Esco Optics inc., Oak Ridge,
New Jersey, United States of America). The sputter target has a
diameter of $0.1 mm (2 in), the Pd target has a purity of at least 99.9%
and a thickness of 6.35 mm (Mateck GmbH, Jiilich, Germany), and the
PTEFE target has a thickness of 5 mm and a density of 2.2 g cm™
(FP303200, Goodfellow Cambridge Ltd., Huntington, United King-
dom).

Films with in total four different compositions of Pd and PTFE were
fabricated, i.e., Pd+PTFE, Pd2SPTFE7S, PdSOPTFESO, and
Pd7SPTFE2S, where the ratios correspond to the volume of the
individual materials. These nominal compositions/thicknesses were
determined by XRR on individually sputtered films of approximately 40
nm of Pd and approximately 40 nm of PTFE. On the basis of these
measurements, the deposition rate at each sputter power/tilt angle
could be determined. The Pd+PTFE film is a film made by sequentially
sputtering 30 nm Pd and 30 nm PTFE. The Pd7SPTFE2S,
PdSOPTFESO, and Pd2SPTFE7S films were fabricated by simulta-
neously sputtering Pd and PTFE at different ratios by varying the
deposition powers and tilt angle of the gun. The thickness was scaled in
such a way that the amount of Pd atoms in each sample is approximately
the same, i.e, the Pd2SPTFESO is three times thicker than the
Pd7SPTFE2S film. The deposition power, time, rates, and tilt of the gun
for each of the samples are provided in Table 1. During the deposition,
the samples were rotated at 20 rotations per minute to obtain a
homogeneous composition and thickness. Subsequent annealing of the
samples was performed by exposing them to T = 200 °C for 4 days,
during which we exposed them to 8 cycles of hydrogen with 15
logarithmically spaced steps in pressure varying between Py = 110 Pa

and Py, = 10° Pa. These steps were equal in duration across time. The

Pd2SPTFE7S sample for neutron reflectometry measurements was

https://doi.org/10.1021/acsaem.4c03202
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Table 1. Deposition Conditions of the Films Made®

nominal power depostion
thickness power PTFE time tilt Pd
(nm) Pd (W) (W) (min: s) gun (°)
Pd + PTFE 30 + 30 16.5 70 9:16 S
Pd75PTFE2S 40 16.5 70 9:16 N
PdSOPTEESO 60 S.5 70 27:47 S
Pd25PTFE7S 120 42 70 83:00 0

“The Pd+PTFE film is a film made by sequentially sputtering 30 nm
Pd and 30 nm PTFE. The Pd7SPTFE2S, PdSOPTFES0, and
Pd25PTFE7S films were fabricated by simultaneously sputtering Pd
and PTFE at the indicated power and for the indicated time.
Subsequently, an annealing procedure was followed (see the text).
The thickness referred to in the table is the intended nominal
thickness before annealing. The thickness was scaled in such a way
that the number of Pd atoms in each sample is approximately the
same. The tilt of the Pd gun is defined as the angle away from the
direct line of sight between the sputter target and the substrate.

made roughly a factor of 3 thinner (33 nm) than for the other
measurements to enhance the sensitivity of the technique.

2.2. Structural Measurements. Grazing-incidence X-ray diffrac-
tion (GIXRD) and X-ray reflectometry (XRR) measurements were
performed with a Bruker D8 Discover (Bruker AXS GmbH, Karlsruhe,
Germany). This diffractometer is equipped with a LYNXEYE XE
detector operating in 0D high count-rate mode and a Cu—Ka, 4 =
0.1542 nm X-ray source. For the GIXRD measurements, an incident
angle of @ = 0.6° was used, and a Gobel mirror in combination with an
exit slit of 0.2 mm was used on the primary side. On the secondary side,
a 2.5° Soller slit was used. The GIXRD data were corrected for the
background by subtracting the signal of an empty substrate measured
under identical conditions.

For the XRR measurements, a Gobel mirror in combination with an
exit slit of 0.1 mm on the primary side were used. On the secondary side,
two 0.1 mm slits were used to control the divergence of the beam. The
XRR data are fitted with GenX3>”*® to obtain estimates of the layer
thickness, scattering length density, and roughness of the film.

Neutron reflectometry measurements were performed at the time-
of-flight neutron reflectometer ROG connected to the 2.3 MW HOR
reactor of the Delft University of Technology, Delft, The Nether-
lands.*® During the time of the measurements, the reflectometer was
connected to a thermal neutron source. The settings chosen were a
chopper frequency of 17.7 Hz with an interdisc distance of 0.280 m, an
incident angle of 8.5 mrad, and a first and second slit width of 1.5 and
0.75 mm, respectively. Together, these settings resulted in a footprint of
65/80 X 40 mm* (umbra/penumbra) and a resolution of AQ/Q = 5%.
To expose the cell to different partial hydrogen pressures at T = 22 °C,
the sample was positioned inside the temperature- and pressure-
controlled cell described in ref 40. Subsequently, the absolute pressure
of the gas mixtures of 4.00 + 0.08% H, and 96.00% Ar was varied
between 10 mbar and 6.1 bar (Linde Gas Benelux BV, Dieren, The
Netherlands). After setting the pressure, we waited at least 10 min to
commence the measurement to ensure that the sample was in
equilibrium with its environment. A model was fitted to the data
using GenX3**® to obtain quantitative estimates of the thickness,
scattering length density, and roughness of the sample. The hydrogen-
to-metal ratio was calculated using the procedure outlined in the
Supporting Information of ref 41. In the analysis, we made the
assumption that the PTFE composition is unaffected by the hydrogen
absorption. We note that as the Pd only constitutes 25% of the total
material, the error bar of the hydrogen-to-metal ratio is larger than in
other neutron reflectometry experiments.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a ThermoFisher K-Alpha spectrometer with a
monochromatic Al Ka (1486.6 eV) X-ray source operating at 36 W
(12kV,3mA), a flood gun operating at 1V, 100 uA, a pass energy of SO
eV and a spot size of approximately 800 X 400 ym® (Thermo Fisher
Scientific Inc., Waltham, MA, United States of America). The base
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pressure in the analysis chamber was approximately 2 X 10~ mbar. The
binding energy was corrected for the charge shift using the primary C 1s
hydrocarbon peak at BE = 284.8 eV as a reference, while the
spectrometer was calibrated using an Au reference sample. The
ThermoFisher Avantage software was used to fit the data using the
weighted least-squares fitting method and a nonlinear Shirley-type
background, a pseudo-Voight peak shape with a fixed Lorentzian—
Gaussian ratio.

Scanning transmission electron microscopy (STEM) and STEM
energy dispersive X-ray (EDX) analyses were performed using a
ThermoFisher Spectra Ultra microscope equipped with a field emission
gun (X-FEG) with double correctors for probe and image formation. It
is equipped with an UltiMono electron source. The microscope was
operated at 300 kV to record high-angle annular dark field (HAADF)
images with a probe convergence angle of 21.4 mrad with a 50 ym
condenser aperture. STEM EDX was performed using ultra-X, which
provides a solid angle of >4.4 Sr. The STEM EDX was performed using
an 8.5 mrad convergence angle with a 20 ym condenser aperture.

2.3. Optical Measurements. Optical transmission measurements
as a function of partial hydrogen pressure were Eerformed with the
hydrogenography setup at multiple temperatures.** This setup consists
of a pressure cell located inside an oven (Genlab, Widnes, United
Kingdom). Windows on the top and bottom of the pressure cell allow
light to be transmitted from the five Philips MR16 MASTER LEDs
(10/50 W) with a color temperature of 4000 K light source through the
samples to the Imaging Source DFK 23UMO021 1/3 in Aptina CMOS
MT9MO021 1280 X 960 pixels color camera with an Edmunds Optics
55-906 lens. This camera records the red, green, and blue transmissions
separately. The transmission is averaged over an area of approximately
80 mm? corresponding to roughly 100 X 100 pixels. An Al reference
sample is used to compensate for fluctuations of the LED white light
source.

To vary the partial hydrogen pressures between 107" < Py; < 10° Pa,

we change the absolute pressure inside the pressure cell by changing the
absolute hydrogen pressure of 0.10, 4.0, and 100% H, in Ar gas mixtures
(Acy,/cy, < 2%, Linde Gas Benelux BV, Dieren, The Netherlands).
Typical gas flows are 20 s.c.c.m. for increasing pressure steps and 100
s.c.c.m. for decreasing pressure steps. A more detailed description of the
optical measurements can be found in ref 43.

The absolute transmission measurements were performed using an
Ocean Optics HL-2000-FSHA halogen light source and an Ocean
Optics Maya2000 Pro Series Spectrometer (Ocean Insights Orlando,
FL, United States of America). The intensity measured by the
spectrometer is corrected for the background by subtracting a spectrum
measured with a closed shutter from the measured intensity.

3. RESULTS

3.1. Fabrication and Structure of the Samples. The
fabrication of the thin films consists of two steps: (i) a
codeposition step and (ii) a thermal annealing step. It starts by
cosputtering Pd (direct current magnetron sputtering) and
PTFE (radiofrequency magnetron sputtering) in different ratios
on quartz substrates or TEM grids (see experimental methods
for more details). We have selected four ratios: 25% Pd and 75%
PTFE (Pd25PTFE7S), 50% Pd and 50% PTFE (PdSOPTFESO),
75% Pd and 25% PTFE (Pd7SPTFE2S), and a sample with
100% Pd and a 30 nm PTFE layer on top (Pd+PTFE). Here, the
ratios refer to the volumetric ratios determined from individually
sputtering the two targets (see the experimental methods). To
ensure that the number of Pd atoms in each sample is
approximately the same, we scaled the thickness with the
inverse of the Pd concentration. This yielded a nominal
thickness varying from 30 nm for the 100% Pd sample to 120
nm total thickness of the Pd2SPTFE7S sample (Table 1).

Figures 1 and 2a,b show photographs of the films produced by
codepositing. Remarkable is that despite that the number of Pd
atoms is roughly the same in each of the as-prepared films and

https://doi.org/10.1021/acsaem.4c03202
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Pd Pd50PTFES0
Pd75PTFE25

Pd25PTFE75

Before Annealing

After Annealing

Figure 1. Photographs of the samples before and after annealing for 4
days at 200 °C during which the samples were exposed to 8 cycles of
hydrogen. The Pd + PTFE sample consists of a Pd layer, followed by a
PTFE layer. The Pd7SPTFE2S, PdSOPTFESO, and Pd2SPTFE7S
samples are produced by cosputtering Pd and PTFE in different
volumetric ratios followed by an annealing step (see experimental

details).

the pure Pd is clearly metallic (Figure 1), the composite films
have a more insulating nature and become almost fully
transparent with a brown-yellowish color for Pd25PTFE7S
(Figure 2a). As we will see below, the transparent nature of the
films is due to the agglomeration of the Pd atoms in
nanoparticles, while the brownish color is attributed to
(localized) surface plasmon resonances (LSPR): when a
metal-dielectric interface or a metal nanoparticle is exposed to
light, the oscillating field of the light causes electrons in the metal
(particle) to oscillate coherently. This, in turn, causes an
absorption maximum at a particular wavelength that depends on
the shape, size, and type of metal and dielectric medium.”* As
the metallic particles in the sample are likely polydisperse, the
LSPR absorption wavelength varies widely across the sample,
causing a brownish color of the sample. This is consistent with
the optical transmission measurements of Figure 2a,b, which
show a wide range of wavelengths at which the optical
transmission is decreased rather than a sharp dip.

The second step in fabricating the samples is thermal
annealing under hydrogen. The idea behind this step is to
ensure agglomeration of the Pd atoms within the thin film, such
that they form small nanoparticles inside a polymer matrix. To
do this, we exposed the samples for 4 days to 200 °C and 8 cycles
of hydrogen. The annealing temperature was chosen to be high
enough to allow palladium atom reorganization, yet low enough
not to melt the polymer. The exposure to 8 cycles of hydrogen
between 0 and 10 bar results in additional settling of the
microstructure such that the material becomes structurally
stable.

The annealing has a profound influence on the optical
properties of the samples. The samples become notably darker
(Figure 1), and with the exception of the Pd2SPTFE7S sample,
have a more metallic character. This is confirmed by the optical
transmission measurements, which show for the Pd75PTFE25
and PASOPTFESO a more comparable transmission to that of Pd
than to that of PA2SPTFE7S. The fact that the character of the
Pd7SPTFE25 and PASOPTFESO became more metallic suggests
that, in these cases, no individual nanoparticles in a polymer
matrix are formed. Therefore, the PA2SPTFE7S sample is the
most likely candidate for this.

XRR, a technique in which the reflectivity of X-rays of a
material is measured as a function of glancing angle to obtain
information about the thickness, roughness, and density of thin
films, shows that annealing induces a densification of the
material (Figure 3). The shift of the critical edge, that is, the
angle at which the reflected X-ray intensity drops significantly,
shifts for each sample to higher angles after annealing. Careful
fitting of the XRR data to a one-layer model resulted in scattering
length density (SLD) profiles. The SLD can, in the case of X-ray,
be interpreted as a quantity that is roughly proportional to the
electron density of the material. These SLD profiles confirm the
densification of the film after annealing and indicate a
concurrent decrease in layer thickness.

1.0 :
_ (a) As prepared (c). As prepared (d). After Annealing
0.8  Pd+PTFE o
S N PA75PTFE25 =
@ 0.6 2501 o PA50PTFES0 500 S
A = .o N
€ o4 PA25PTFE75 28 N @
1)) s
: A TOUAA A B
Lo2 % 200 £ 400 AV W | W,
0.0 5 -8 N S
300 400 500 600 700 800 9001000 - 3 5 S
Wavelength [nm] . -t g =, @
— ° —_
1.0 Aftor Anneali g Y 5 N| 8300
b er Annealin ‘ f
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€04
C
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Figure 2. Optical transmission and grazing incidence X-ray diffraction (GIXRD) data of the (a, c) as-prepared samples and the (b, d) samples after
annealing for 4 days at 200 °C during which the samples were exposed to 8 cycles of increasing and deceasing pressures of hydrogen. The Pd + PTFE
sample consists of a Pd layer followed by a PTFE layer. (a, b) Wavelength dependence of the optical transmission. (¢, d) GIXRD diffraction patterns.
The data are vertically shifted to facilitate an improved presentation. The inset in (a, b) show color photographs of the PA2SPTFE7S sample before and

after annealing.
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Figure 3. X-ray reflectometry (XRR) data of the (a, c) as prepared samples and the (b, d) samples after annealing for 4 days at 200 °C during which the
samples were exposed to 8 cycles of increasing and deceasing pressures of hydrogen. (a, b) Measured XRR data and the corresponding fits to the data
(continuous lines). The critical angle, indicated by an arrow, shifts to higher angles with increasing electron density of the film. (¢, d) Scattering length
density (SLD) plots, obtained by fitting the data to a one-layer model. For the PASOPTFESO sample after annealing no satisfactory fit could be
obtained. The data are vertically shifted to facilitate an improved presentation.

Figure 4. Transmission electron microscopy (TEM) measurements of the PdA2SPTFE7S sample after annealing for 4 days at 200 °C during which the
samples were exposed to 8 cycles of increasing and deceasing pressures of hydrogen. (a) Electron diffraction pattern, where the rings correspond to the
(111), (200), (220), (311), and (222) lattice planes as seen from the inner to the outer ring. (b) High-resolution TEM image showing (200) lattice
planes. (c—e) Scanning transmission electron microscopy (STEM) images at various magnification levels. (f—h) (S)TEM energy-dispersive X-ray
(EDX) spectroscopy elemental compositional maps of (f) palladium, (g) carbon, and (h) fluorine.

Moreover, GIXRD shows that the annealing induces in the
Pd2SPTFE7S5 film the formation of Pd nanoparticles in
presumably a PTFE matrix. Differently, for the other composite
films, the diffraction patterns resemble those of a pure Pd film.
Grazing-incidence diffraction, in which the sample was exposed
to X-rays under a constant angle of @ = 0.6° while the detector
angle was varied to scan 20, was chosen as it yields a much higher
sensitivity than commonly used Bragg—Brentano diffraction in
the case of thin films. In the latter technique, both the incident
and detector angles are moved synchronously and this way
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resulting in barely any signal when the film is thin (Figure S2).
While before annealing no peak appears in the diffraction
pattern of Pd2SPTFE7S around 26 = 40° (Figure 2c), i.e., the
expected position for the Pd(111) face-centered cubic (fcc)
peak, a clear peak with a maximum at 26 = 40.17° is observed
after annealing (Figure 2d). The position corresponds to a
lattice constant of a = 0.389 + 0.002 nm, which is similar to that
of bulk Pd (a = 0.389 + 0.0001, e.g., powder diffraction files
(PDF) 05-0681, 46-1043, or 65-6174). The width of this peak is
large, and as the width of the peak is inversely proportional to the
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Figure 5. In situ neutron reflectometry results of a 34 nm Pd2SPTFE7S thin film after annealing as measured in air and at a partial hydrogen pressure of
Py, = 3048 Pa at room temperature. (a) Neutron reflectometry data as a function of the momentum transfer Q. The points indicate the measured data,

and the continuous lines are fits to it. (b) Corresponding scattering length density profile. The film hydrogenates at Py, = 8600 Pa to approximately
PdH,, with a total expansion of the film of approximately 2%.
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Figure 6. X-ray photoelectron spectroscopy (XPS) results of the Pd7SPTFE2S, PASOPTFESO, and Pd2SPTFE7S samples, as well as a sputtered PTFE
or Pd reference sample. The Pd75SPTFE2S, PASOPTFESO, and Pd2SPTFE7S samples are produced by cosputtering Pd and PTFE in the different
volumetric ratios followed by an annealing step (see experimental details). Panel (a) shows the detailed scan around the C 1s binding energy that is
fitted to S pseudovoigt functions and a nonlinear Shirley-type background. These pseudovoigt peaks represent the different chemical bonds indicated
in the figure. Panel (b) shows the detailed scans around the F 1s binding energy and (c) around the Pd 3d binding energy. The vertical dashed lines
serve as a guide to the eye. The data are vertically shifted to facilitate an improved presentation. The Pd 3d signal of the PA2SPTFE7S sample has been
multiplied by a factor 300 to improve the presentation.

size of a crystallite, it is consistent with the formation of very this is a very crude approximation as the particles do not
small crystallites with an fcc lattice. Differently, the X—ray necessarﬂy need to be spherical and as it ignores other
diffraction patterns for Pd7SPTFE2S and PdSOPTFESO show contributions to peak broadening, such as microstrain.

relatively sharp diffraction peaks as those for Pd (Figure 2d), TEM confirms that annealing induces the formation of

indicative of much larger crystallites.

To obtain a quantitative estimate of the characteristic size of
the nanoparticles, we employ Scherrer’s equation that relates the
width of a diffraction peak to the typical size of the crystallites in
a material: D = KA/f cos 0, where 4 is the X-ray’s wavelength, T ) : ’
the fwhm of the peak in degrees, and K a shape factor that is 0.9 highlighted by the electron diffraction patterns (Figures 4a and

crystalline Pd nanoparticles in a polymer matrix. To allow
transmission of an electron beam, Pd7SPTFE2S samples were
also prepared and annealed on SiN TEM grids under exactly the
same conditions as the samples on quartz substrates. This is also

for spherical particles.” Performing the analysis on the annealed $3b,d), showing a stark contrast before and after annealing:
samples provides a characteristic crystallite size of about S nm before annealing, no sharp diffraction rings are visible, while
for Pd2SPTFE7S, while for the other samples, including Pd, a after annealing, sharp rings emerge, indicating the presence of
crystallite size of about 20 nm is obtained. We wish to note that crystalline Pd. The TEM images of Figure 4b confirm this and
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display nanoparticles around 5 nm in size, which is in excellent
agreement with the GIXRD data.

Most importantly, STEM shows that the majority of the
nanoparticles are free-standing and not clamped to the substrate.
Indeed, the STEM images portrayed in Figure 4c—e show that
the nanoparticles are ‘floating’ in the polymer matrix and are
present at various depths inside the film. Comparing the
complementary EDX spectroscopy composition maps of Figure
4f—h with the corresponding STEM image provides further
support for the formation of Pd nanoparticles and the fact that
no significant quantities of individual Pd atoms are found inside
the polymer matrix. As such, we established a method that can
successfully produce Pd particles in a polymer matrix. In
addition, based on the obtained SLD derived from XRR of the
film (1.2 X 107> nm™?), and comparing it with that of Pd (3.1 X
1072 nm™?) and sputtered PTFE (0.6 X 107> nm™2) for the case
of the PA2SPTFE7S film, we deduce that the volume fraction of
the Pd nanoparticles is approximately 25%, consistent with what
is expected based on the sputtered ratios.

We employ in situ neutron reflectometry to obtain
quantitative data of the expansion of the film and the
hydrogen-to-metal ratio of the palladium nanoparticle when it
is exposed to a partial hydrogen pressure of Py, = 8600 Pa.

Analogue to X-ray reflectometry, in neutron reflectometry the
reflectivity of neutrons by a material is measured as a function of
glancing angle to obtain information about the thickness,
roughness, and composition of thin films. The major difference
with X-ray reflectometry is that neutrons interact with the core
of an atom rather whereas X-rays interact with the electrons in
the material. As the interaction with the core of the hydrogen
atom is relatively strong, this allows for the quantification of the
hydrogen-to-metal ratio. The resulting measurements, provided
in Figure S, show a total volume expansion of about 2% at the
highest partial hydrogen pressure measured. At this pressure, the
Pd nanoparticles are hydrogenated to PdH,, ,, which is similar to
bulk.”” We note that as the volume fraction of the Pd
nanoparticles is around 25%, this implies a volumetric expansion
of around 8% of the Pd crystallites, which also corresponds well
with the values reported for bulk Pd.*’

XPS is used to establish whether the properties of the polymer
are altered by the annealing of the samples. This plays an
important role in hydrogen sensing applications, as PTFE can
accelerate the hydrogenation kinetics of palladium substantially
by atleast a factor of 5. Two mechanisms have been proposed to
explain this acceleration. First of all, it can keep the palladium
surface clean such that all Pd sites remain available for catalyzing
the hydrogen dissociation reaction and the absorption of
hydrogen by the lattice.”” Second, it has been shown that the
presence of PTFE shifts the binding energy of the Pd 3d
electrons, which is linked to a lower activation energy of the
hydrogen dissociation reaction, resulting in accelerated
kinetics.””® As such, from a (hydrogen sensing) application
perspective, it is desirable that the structural integrity and thus
the chemical bonds within the coating stay intact. It is important
to note here that the structure of sputtered PTFE is substantially
different from that of bulk PTFE: rather than predominantly
consisting of C—F, bonds, sputtered PTFE also features CF,
CF;, C—C, and C—CF bonds, typically in approximately equal
ratios 27294547

The results, depicted in Figure 6a, show that compared to the
reference sputtered PTFE sample, the ratio of bonds has been
altered substantially after annealing. We find that most C atoms
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bond to another C atom, and that the amount of carbon—
fluorine bonds has decreased substantially. Nevertheless, a
substantial fraction of C—F bonds is still present in the samples.
These results are consistent with the F 1s scans depicted in
Figure 6b in which a shift of the binding energy of fluorine is
seen. Most importantly, we observe a small shift in the binding
energy by about 0.5 eV of the Pd 3d electrons between the
metallic Pd film and the Pd-PTFE composite films, even after
annealing. This has previously”®”” been linked to a reduced
activation energy of the hydrogen dissociation reaction and fast
hydrogenation kinetics. In the next section, we will study how
the films respond to hydrogen and the hydrogenation kinetics.

3.2. Application as a Hydrogen Sensing Material. As
the next step, we consider how the sample responds to hydrogen.
This is, for example, important for hydrogen sensing
applications, where a gradual change of the metal-to-hydrogen
ratio of the material is required to enable a smooth change of the
optical properties over a large partial hydrogen pressure/
concentration window.

To study the hydrogenation of the Pd nanoparticles
embedded in the PTFE matrix, we use optical transmission
measurement (hydrogenography).** We expose the particles
first to a stepwise increase in partial hydrogen concentration and
subsequently to a stepwise decrease. Simultaneously, we record
the optical transmission, which we normalize to the optical
transmission of the film in the absence of hydrogen to obtain the
relative optical transmission. Both the logarithm of the relative
changes of the transmission (Ln(7 / ‘Tp,ep)) and the partial

hydrogen pressure is plotted as a function of time in Figure 7.
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Figure 7. Changes of the green light optical transmission 7 of the Pd
+PTFE, Pd7SPTFE2S, PASOPTFESO, and PA2SPTFE7S samples after
annealing. The Pd+PTFE sample consists of a Pd layer followed by a
PTFE layer. The Pd7SPTFE25, PdSOPTFESO, and Pd2SPTFE7S
samples are produced by cosputtering Pd and PTFE in the different
volumetric ratios followed by an annealing step (see experimental
details). The optical transmission is measured as a function of time and
relative to the transmission of the film after annealing (‘Tp,ep). The film

was exposed at T =28 °C to various increasing and decreasing pressure
steps, during which the optical transmission was recorded. The
horizontal dashed lines serve as a guide to the eye and indicate levels of
the same partial hydrogen pressure and optical transmission.
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Figure 8. Partial hydrogen pressure and temperature dependence of the optical transmission of green light 7 of the Pd + PTFE, Pd7SPTFE2S,
PdSOPTFESO, and Pd25SPTFE7S samples after annealing. The Pd + PTFE sample consists of a Pd layer followed by a PTFE layer. The Pd7SPTFE2S,
PdSOPTFESO, and Pd2SPTFE7S samples are produced by cosputtering Pd and PTFE in the different volumetric ratios followed by an annealing step

(see experimental details). The optical transmission is measured relative to the optical transmission of the as-prepared state (‘7'1,

,ep). Each data point

corresponds to the optical transmission after exposing the film for at least 30 min to a constant pressure. The closed data points correspond to
increasing pressure steps and the open ones to decreasing pressure steps. Panel (a) presents the pressure dependence for the different samples. Panel
(b, c) present the pressure dependence of the changes in optical transmission for (b) the Pd and (c) Pd2SPTFE7S films at different temperatures.

This figure reveals that for each step in partial hydrogen
pressure, there is a well-defined optical transmission level that is
stable across time. For all cases, substantial optical changes are
observed before and around Py, = 4000 Pa (¢, = 4%), i.e., the

explosive limit in air, which is beneficial for hydrogen sensing
applications.

The data in Figure 7 can be summarized by taking the average
optical transmission of each step in pressure, after both
increasing and decreasing pressure steps. In this way, the
pressure-transmission-isotherms (PTIs) are obtained, which
show the optical transmission as a function of the partial
hydrogen pressure at a constant temperature. Comparing the
PTIs of the different samples in Figures 8 and S4 reveals three
remarkable observations. First of all, while for Pd thin films we
observe an increase in the optical transmission when the film is
exposed to hydrogen, for the nanoparticles in the PdA2SPTFE75
film, we observe the reverse. We attribute the opposite optical
response to different dominating effects. For pure Pd, the
increase of the optical transmission is attributed to changes in
the band structure of the material when hydrogen is absorbed by
the material (see, e.g, refs 49—51). This causes palladium to
become more transparent. Differently, for the nanoparticles, the
optical transmissions could be approximated as a weighted sum
of areas with a relatively high transmission, i.e.,, PTFE, where no
nanoparticle is present, and areas with a fairly low transmission,
i.e., the Pd nanoparticles. Upon hydrogen absorption by the
palladium nanoparticle, the particle expands. As such, the
relative weight of the low transmission Pd nanoparticle with
increasing partial hydrogen pressure increases, causing an overall
decrease in the optical transmission. As a very simplistic model,
we can consider the Beer—Lambert Law. When the nano-
particles are exposed to hydrogen, they expand by about 8% in
volume (see the neutron reflectometry results). Consequently,
this would, according to the Beer—Lambert Law, result in a
decrease of the optical transmission by 8%, which corresponds
well with the observed decrease in optical transmission of about
7%. We note that apart from absorption effects, light scattering
and other effects may play an important role in explaining the
(change in) optical transmission when the particles are exposed
to a hydrogen-containing atmosphere.

Second, we find that the Pd nanoparticles hydrogenate much
more gradually than the Pd thin film. This is consistent with
reports in the literature and beneficial for hydrogen sensing
applications. Indeed, Figure 8 shows that the Pd thin film shows
a step-like change in the optical transmission with increasing
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partial hydrogen pressure,”>* while a more gradual evolution of
the optical transmission is seen with increasing partial pressure
for the Pd2SPTFE7S film. There could be at least two
explanations for this: The TEM images in Figure 4 show that
the shape of the nanoparticles does not seem to be spherical but
appears more faceted. In many cases, it most closely seems to
resembles an icosahedron shape. This would be in line with
previous research that reported such a shape for small Pd
particles (e.g., 7 nm”). For this case, a single-phase particle has
also been reported in which any hydrogen-to-metal ratio can
occur depending on hydrogen pressure. In other words, the
pressure-transmission/composition-isotherm would vary grad-
ually with the partial hydrogen pressure.” Furthermore, the
sample is not composed of a single-sized nanoparticle but rather
a distribution of sizes and possibly also shapes. As the plateau
pressure of small nanoparticles is found to be size dependent, at
a given pressure around the absorption plateau pressure, only a
fraction of the particles will be transformed into the f-phase
(see, e.g., refs 1—7). The optical transmission measurements
reflect the properties of an ensemble of nanoparticles, and as
such, the PTTs are naturally smeared out over a larger pressure
region and become more gradual in nature. As a side note, the
Van't Hoft analysis presented in Figure S5 shows that the
enthalpy and entropy of hydrogenation at the plateau are
approximately the same for all samples: —42 + 2 and 104 & S kJ
molg), respectively, which is consistent with the values reported

in ref 3.

Third, we also observe that at room temperature the optical
transmission of the Pd2SPTFE7S film already starts to change
for Py; 2 20 Pa (corresponding to a hydrogen concentration of

0.02% in Ar), a pressure lower than that for the Pd thin film that
shows only a minor optical change before the onset of the
plateau at Py, 2 2000 Pa. It is consistent with previous research

that the solubility window of hydrogen in small Pd nanoparticles
is substantially enlarged. This finding is beneficial for optical
hydrogen sensing applications, as it allows hydrogen to be
detected optically at lower partial hydrogen pressures and over a
much larger pressure window. Nevertheless, even for the
Pd25PTFE7S, a relatively modest hysteresis remains present,
although substantially smaller than for the Pd film. The larger
sensing range and reduced hysteresis thus make the nano-
composite film an improved material with respect to Pd films.
Fast kinetics is also an important aspect for hydrogen sensor
applications. To study this, we report in Figure 9 the response
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Figure 9. Adsorption kinetics of the Pd+PTFE and Pd2SPTFE7S samples after annealing at T = 48 °C. Panels a and b show the normalized responses
of the samples to a series of pressure steps between Py = 0.5 X 10” Pa and the partial hydrogen pressure indicated for the Pd + PTFE and Pd2SPTFE7S,

respectively. (c) Partial hydrogen pressure dependence of the response time of the thin films. The response time is defined as the time to reach 90% of

the total signal.

time to an increasing step in hydrogen pressure. These response
times correspond to the time at which 90% of the final optical
response is observed. The response times are, for all partial
hydrogen pressures considered, less than or around 1 s. As this
corresponds to approximately the intrinsic response time of the
experimental setup, it could well be that the response times are
even faster. Indeed, although the response time of the material is
expected to drop with increasing partial hydrogen pressure, we
do not observe such a trend. This hints that at higher pressures,
where it takes longer for the setup to reach the desired partial
hydrogen pressure, the measurements reflect the intrinsic
response time of the setup. Most importantly, the measurements
illustrate that the goal of achieving a fast response material has
been realized. Furthermore, for the Pd+PTFE reference sample,
we observe a relatively noisy signal at lower hydrogen pressures.
This stems from the small optical contrast observed in this
pressure regime for Pd, while the PA2SPTFE7S sample has a
larger optical response (and thus larger sensitivity as a hydrogen
sensing material) due to the more gradual hydrogenation of the
sample at lower hydrogen pressures (see Figure 8). This
highlights the advantage of using nanoparticles instead of a
continuous Pd film.

4. CONCLUSIONS

In conclusion, we have successfully synthesized palladium
nanoparticles that are embedded in a polymer matrix using
magnetron cosputtering and a subsequent thermal annealing
step. These palladium nanoparticles have a characteristic size of
approximately 5 nm, as identified with TEM and GIXRD
measurements. Furthermore, the effect of hydrogen on the
optical transmission of the nanoparticles is opposite that of
continuous thin films: Whereas for thin films the material
becomes more transparent upon hydrogen absorption as a result
of the change of the dielectric function, for nanoparticles the
changes in optical transmission make the sample more opaque
and can be explained by considering the expansion of the particle
upon absorption. The gradual change of the optical transmission
of the nanocomposite film across a wide range of partial
hydrogen pressures with subsecond response time makes the
material suitable for optical hydrogen sensing, despite a
relatively small hysteresis. In a more general perspective, we
have thus illustrated that cosputtering of a polymer and a metal,
followed by annealing, is a scalable method to produce
nanoparticles embedded in a polymer matrix. In further
research, the annealing temperature and polymer-to-metal
sputtering ratio can be tuned to control the size and density of
metallic particles inside the polymer matrix. In addition, other
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materials, including metallic alloys, can be considered, such as
palladium—gold alloys for hydrogen sensing applications.
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