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Abstract

Highly active interfaces are crucial to the hydrogen adsorption performance of nanoma-
terials. However, it remains challenging to conveniently and efficiently regulate atomic
stacking characteristics. Here, we present a straightforward yet effective strategy for gener-
ating a high density of stepped atoms at the surface of thin films by controlling the migration
behavior of sputtered atoms during deposition. Tuning sputtering power and substrate tem-
perature yields wide-scale stepped interface structures, thus generating irregular conical
columnar nanocrystals. Benefiting from the active and stable stepped atoms at the zigzag
interface, the samples exhibit an excellent threshold pressure at 200 °C and a hydrogen
adsorption of 110.06 cm®/g at 6 MPa, which is 2.2 times higher than that of conventional
Pd thin films. Based on the control of nucleation and crystal growth during magnetron
sputtering deposition, this method provides appropriate energy for surface atomic migra-
tion on columnar crystals, achieving high-density stepped interface structures. It can be
readily extended to other substrates and noble metal systems, thus offering a novel strategy
and guidance for the design of efficient and cost-effective hydrogen-interactive materials.

Keywords: stepped interface; thin films; magnetron sputtering; hydrogen; columnar crystal

1. Introduction

Adequate and reliable energy supply plays a pivotal role in societal development.
Hydrogen energy has been widely recognized as a benchmark for advanced renewable
energy [1-4]. However, the technologies for its production, storage, and safe utilization
are not yet fully mature. The absence of commercially and industrially viable electrode
and storage materials is the major bottleneck hindering its widespread application [5,6].
Enhancing noble metal utilization efficiency in reaction and storage systems to reduce costs
is a critical challenge.

Significant advances have been made in developing nanomaterials for hydrogen
applications. Though Pd and Pt-based materials have demonstrated promising catalytic
performance with the continuous optimization of structure and activity, they still fail to
meet the requirements for widespread deployment [7,8]. Studies have demonstrated that
the nanosize effect of powders can effectively enhance reaction performance due to a
significant increase in specific surface area [9-11]. However, the non-self-supporting nature
and inevitable self-aggregation of nanopowders compromise their reliability, hindering
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practical applications [12]. Nano-thin-film materials possess advantages including high
stability, controllable cost, and high single-atom utilization efficiency [13,14]. However,
their performance improvement is primarily constrained by the surface morphological
structures and the density of active sites.

In recent years, atomic-scale interface engineering has attracted widespread attention
for enhancing the intrinsic activity of nanomaterials, owing to its abundant active sites
and strong electronic effects [15-17]. Nevertheless, the cumbersome synthesis processes
and thermodynamic instability factors make it practically difficult to manipulate atomic
stacking characteristics at the interface. Therefore, it is essential to explore effective and
straightforward strategies for tuning the atomic interfaces of transition metals and to
unravel the underlying mechanisms governing interactions between interface structures
and hydrogen.

Magnetron sputtering is one of the most well-established techniques for fabricating
high-quality thin films and widely applied in the preparation of biomaterials, corrosion-
resistant materials and catalytic materials [18-21]. Driven by collisions with energetic
incident atoms and the external electromagnetic field, target atoms are converted into
sputtered atoms and gradually deposited onto the substrate surface [19]. Notably, by tuning
the density of incident atoms and the deposition energy of sputtered atoms during film
formation, we can modulate energy transfer, diffusion, and accumulation, thus controlling
the nucleation modes and growth processes of sputtered atoms, as well as regulating
the formation of crystalline and amorphous phases [22,23]. This offers the possibility of
introducing nanocrystals with controllable morphology, grain size, and volume fraction
into transition metal materials. More importantly, through the exploitation of columnar
crystal formation ability and unique kinetic deposition effect at different temperatures,
we can modulate the nucleation and growth of in-situ formed nanocrystals to retain the
desired active interface structures during film formation.

To validate this concept, this study reports a method for fabricating thin films enriched
with active interface structures by manipulating the deposition behavior of sputtered atoms,
yielding nanocrystals with both micro-nano- and sub-nano-scale wide-range stepped inter-
faces. The as-prepared thin films with abundant atomic stepped interfaces exhibit excellent
activity for hydrogen adsorption, with a maximum capacity of 110.06 cm®/g, which is
2.2 times higher than that of conventional Pd thin films. Furthermore, key deposition
parameters (such as temperature, sputtering power, and pressure) play a crucial role in
modulating the microstructure of films, which in turn affects the thin-film material prop-
erties. This study demonstrates that 100 W is the critical sputtering power for fabricating
nanocrystalline films with stepped interface structures. The density of stepped interface
and columnar grain size are closely related to sputtering power and deposition tempera-
ture: low-temperature and high-power deposition conditions enable the fabrication of Pd
films with small grain sizes and abundant stepped interface structures. Stepped interface
structures and smaller grain sizes not only create a higher density of active reaction sites but
also effectively tailor the local electronic structures with low-coordination characteristics,
thereby enhancing the hydrogen interaction activity.

2. Materials and Methods
2.1. Thin Film Deposition and Sample Preparation

Single-layer Pd and Pt films were deposited on Si and Ni substrates by using a high-
vacuum magnetron sputtering system (PVD500, SKY Technology Development Co., Ltd.,
Shenyang, China) with a DC source. The Si substrates were single-crystal, while the Ni
substrates were polycrystalline with a grain size of about 1 um. The Si substrates and Ni
substrates were purchased from Fangdao Semiconductor Co., Ltd. (Shenzhen, China) and
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Zhongnuo Advanced Material Technology Co., Ltd. (Beijing, China), respectively. Thin
films were prepared concurrently on Si and Ni substrates under each deposition condition.
SEM analysis indicated minimal differences in the microstructure of films on these two
substrates. Accordingly, the Pd films on Si substrates are presented as examples. The
thickness of the substrates was 1 mm, and the targets used in the system were high-purity
(99.99%) elemental Pd. The sputtering targets were purchased from Zhongnuo Advanced
Material Technology Co., Ltd. (Beijing, China), with a diameter of 3 inches. The target-
substrate distance was set at a constant 15 cm to ensure an appropriate deposition rate and
a dense film microstructure while reducing the interference of thermal radiation from the
target on the substrate. The base pressure of the chamber was maintained at 4 x 107> Pa,
thus precluding the introduction of extraneous contaminants, oxides, or unintended surface
adsorbates during film deposition. During sputtering, the Ar partial pressure was set to
2 Pa and 3 Pa, respectively. The sample stage rotated at 5 rpm to ensure film uniformity.
The substrate heating module was integrated into the magnetron sputtering system, which
adopted resistance heating. Table 1 presents the Pd thin film samples prepared under
different deposition parameters, including sputtering power (samples #1, #2, #3, and
#4), substrate temperature (samples #1 vs. #5 and samples #2 vs. #6), and Ar partial
pressure (samples #2 vs. #7). The deposition time varied for samples prepared at different
sputtering powers to ensure a comparable film thickness. All samples were fabricated
in two identical batches under identical experimental parameters, wherein one batch
was exclusively designated for structural characterization, and the other was directly
employed for hydrogen adsorption performance testing, so as to avoid the interference of
characterization procedures on the sample performance.

Table 1. The deposition parameters for the film samples.

Deposition Parameters

Sample T t Ar P Depositi
N b empera ure r rressure ePOSI 10N
umber Power (W) ©C) (Pa) Time (s)
#1 50 RT 3 2500
# 100 RT 3 1500
3 200 RT 3 600
#4 300 RT 3 300
45 50 100 3 2500
46 200 100 3 600
47 100 RT 2 1500

2.2. Thin Film Characterization

The microstructure of the as-prepared films was characterized by a Tecnai F30 (FEI
Company, Hillsboro, OR, USA) transmission electron microscope (TEM) with an accelerating
voltage of 300 kV. Considering the particularity of the film samples and the focus on surface
structure, it is necessary to employ focused ion beam (FIB) techniques for irradiating and
cutting the macroscale film samples. The platinum—carbon (Pt-C) layer was deposited on top of
the film to protect its surface from damage by the high-energy ion beam. The surface and cross-
sectional morphologies as well as the film thickness of the samples were characterized using
a scanning electron microscope (SEM), model SEM5000P (Guoyi Quantum Co., Ltd., Hefei,
China), with an accelerating voltage of 5 kV. Given the excellent electrical conductivity of Pd
itself, no gold sputtering treatment was performed on the film surface for SEM characterization.
Statistical analysis of grain sizes was performed with the Nanomeasure software (Version 1.2.0).
The phase composition of the films was identified via X-ray diffractometer (XRD, Panalytical
Empyrean, Almelo, The Netherlands) using Cu K« radiation, with a scanning speed of
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0.04° /s and an incident angle of 1°. A grazing incidence mode was adopted in the XRD
measurement to avoid substrate signal interference. Additionally, adsorption performance
tests were conducted on a BSD-PH2001 (BesTech Co., Ltd., Beijing, China) high-pressure
gas adsorption-desorption apparatus to evaluate the hydrogen interaction capability of the
samples. Prior to formal hydrogen adsorption tests, the samples were degassed at 200 °C
under high vacuum in the instrument to remove physisorbed species on the Pd film surface.
The pressure range was 0-6.2 MPa, and the temperature was 200 °C. The adsorption curves of
each sample were obtained by subtracting the background signal from the film substrate to
eliminate the impact of the substrate material.

3. Results and Discussion
3.1. Stepped Interface Structures and Growth Mechanism of the Thin Films

Pd and Pt thin films with stepped interface structures can be prepared by magnetron
sputtering. Figure 1 illustrates the microstructure and phase structure of a typical Pd thin
film with stepped interface structures (sample #4). SEM images of the film surface and
cross-section are presented in Figure 1(a,al). The sample shows a smooth surface, uniform
grain pores, and polygonal grain morphology on the surface, with a statistically measured
grain size of 92 £ 7 nm. The cross-section of the sample indicates that the film is composed
of irregularly shaped columnar grains with a thickness of 628 + 5 nm, which are tightly
adhered to the substrate. Figure 1b presents a magnified image of the surface structure,
clearly demonstrating that the surface of each particle has a stepped structure. Semi-annular
stepped structures are observed on the surfaces of certain particles, as delineated by the
red dashed lines in the figure, whereas annular stepped structures are present on others, as
indicated by the yellow dashed lines.

Within the depth of field of SEM observation, the number of step layers on the particles
ranges from three to six, with most being five layers. Statistical analysis indicates that the
average spacing between the step layers on the particle surfaces is 13 & 1 nm. The particles
are separated by pores, which are uniformly distributed with a spacing of approximately
10 nm. Figure 1c displays the XRD pattern of the film sample. The diffraction peaks are
located at 40.2°, 46.7°, and 68.2°, indicating the formation of a single-phase Pd with a
face-centered cubic (FCC) structure.

TEM was employed to characterize the morphological features, lattice information,
and cross-sectional grain structures with high clarity. Figure 1d shows the morphology of
the sample cut by FIB, which has a length of approximately 10 um. Figure le is the TEM
image of the sample with the Si substrate at the bottom, the Pd thin film in the middle,
and the Pt-C protective layer on top. The measured thickness of the film is 626 £ 3 nm,
which is consistent with the result obtained from the SEM image. Figure 1(el-e3) show the
selected area electron diffraction (SAED) results of the three regions. The protective layer
exhibits amorphous diffraction rings, indicating that it possesses a long-range disordered
crystalline structure, which also ensures a clear distinction from the thin film sample.
The thin film layer exhibits concentric ring patterns composed of spots, demonstrating
its polycrystalline structure with crystallinity. By measuring the radii of the rings, it is
confirmed that the sample has different crystal orientations with Pd [111], [200], [220],
and [311]. The underlying Si substrate presents ordered lattice patterns, verifying its
single-crystal structure with a crystal orientation of Si [011].

To clarify the atomic arrangement inside the film, high-resolution transmission electron
microscopy (HRTEM) analysis was performed on the middle region of the sample, as shown
in Figure 1f. Within the characterization area (60 nm x 80 nm), the sample exhibits complex
lattice orientations. The regions marked with red dashed lines show three representative
individual grains, with a size range of 10 nm to 15 nm. The interplanar spacing indicates
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(d)

that these are Pd grains with [111] and [200] orientations. In addition, the interplanar angles
between adjacent grains vary in magnitude. The grains separated by blue dashed lines in
Figure 1f exhibit a gradual change in orientation with small interplanar angles, while the
grains in the bottom-right corner have larger interplanar angles.
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Figure 1. Microstructure of a typical Pd thin film with a stepped surface. SEM image from (a) plan-
view and (al) cross-sectional view. (b) High-magnification SEM image. (c) XRD pattern showing
the (111), (200), and (220) planes. (d) FIB image of the TEM sample. (e) TEM image where (el) is
the diffraction pattern of the protective layer region, (e2) is the diffraction pattern of the film layer
region, and (e3) is the diffraction pattern of the substrate layer region. (f) High-resolution TEM image,
in which the regions marked with red dashed lines represent typical grains, the blue dashed lines
denote adjacent grain boundaries, and the white solid lines indicate atomic arrangement orientations.

To investigate the vertical deposition process and atomic stacking behavior of the
Pd thin film, more detailed TEM characterization was conducted. Figure 2a is the cross-
sectional TEM image of the Pd thin film deposited on the Si substrate. The majority of
grains near the upper surface of the sample exhibit a columnar structure, and the width
of the columnar grains is dependent on their position. The portion near the surface is
wider than that near the substrate. Thus, the columnar grains appear trapezoidal in shape
in the cross-sectional view. In addition, some regions close to the Si substrate exhibit a
unique microstructure. The SAED patterns acquired from the upper, middle, and lower
regions along the axial direction of the film (as shown in Figure 2(al-a3)) and the selected
area dark-field TEM image (as shown in Figure 2b) clearly reveal the structural differences
between the grains in the substrate region and those in the surface region.

In region I near the substrate, the dominant species are localized nanocrystals with
ultra-small particle sizes, which are characterized by indistinct grain boundaries and random
crystallographic orientations. In the dark-field image, axial crystal orientations present bright
contrast, whereas off-axial crystal orientations exhibit dark contrast. Therefore, this region
mostly appears as white dots, as indicated by the red arrows in Figure 2b. In region II, the
structure is dominated by equiaxed nanocrystals (as indicated by the yellow dashed-line region
in Figure 2b). SAED patterns of these two regions (as shown in Figure 2(a3)) reveal that they
are mainly characterized by a multi-spot ring structure formed by nanocrystals. The widths
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of the local nanocrystalline region and the equiaxed crystalline region are approximately
10 nm and 65 nm, respectively. Above the equiaxed crystalline region (Region III), the grain
orientations begin to exhibit anisotropy, as indicated by the blue region in Figure 2b.

Pd (111)

0.226 nm
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"ld“’f""a“'“*""'---I
P AT
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PrrFEr LN DL LI LD L LD Ll

Figure 2. (a) TEM image of the Pd thin film sample, where regions I, II, III, and IV correspond to
the local nanocrystalline region, equiaxed nanocrystalline region, non-equiaxed crystalline region,
and columnar crystalline region, respectively. Insets (al-a3) are SAED patterns of the green circled
regions in the image. The blue areas in (a3) represent the Si diffraction lattice spots, while the red
dashed rings correspond to the polycrystalline diffraction rings of Pd. (b) Dark-field TEM image.
The red arrows indicate the axial crystal domain regions. The yellow, blue, and orange dashed lines
indicate the equiaxed nanocrystalline, sub-columnar crystalline, and columnar crystalline regions,
respectively. (c) TEM image and (d) high-resolution TEM image of the surface columnar crystals. The
blue dashed lines illustrate the stepped structures on the sample interface. (e) Schematic diagram of
the typical structure. (f) TEM image of the Pt film sample.
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The grains tend to align along the film growth direction (axial direction), while the
radial dimensions show little variation. The weakened diffraction rings and reduced
lattice spots in Figure 2a also confirm this observation, and the width of this region is
approximately 150 nm. The anisotropy of the grains gradually increases with film growth.
A higher axial atomic deposition rate than radial spreading rate yields a columnar crystal
structure, as shown in the orange region of Figure 2b. Furthermore, the columnar grains
near the film surface (Region IV) exhibit increasingly larger size and aspect ratio. The
SAED pattern of this region (Figure 2(al)) shows fewer lattice spots, higher intensity, and
nearly vanished ring patterns. This phenomenon is attributed to the large grain size in this
region, which results in fewer grains being enclosed by the selected area aperture and a
more extensive distribution range of grains with identical orientations.

The interface structure of the film surface exerts a more direct impact on its hydrogen
interaction performance. Consequently, we conducted a more detailed characterization
of surface atomic stacking, the results of which are shown in Figure 2c,d. The structure
is dominated by columnar crystals with vertical pores between adjacent grains. The
upper surface of a single columnar crystal is generally conical and uneven, with step-like
structures where the step heights range from 8 nm to 23 nm. High-resolution analysis of
the step regions reveals that a large number of closely packed atomic steps are exposed on
the serrated interface, as indicated by the blue dashed lines in Figure 2d.

Comprehensive multi-scale (top-view, cross-section, micro/nano) characterization
yielded the structural information of the Pd thin films and the deposition process. Figure 2e
presents a structural schematic diagram of the Pd thin film, showing that the sample
possesses a cross-scale stepped interface structure. Despite its macroscopic flatness, the film
exhibits a ring-shaped or semi-ring-shaped stepped surface morphology at the micro-nano
scale. Furthermore, Pd atoms at the step edges demonstrate a distinct serrated stacking
behavior at the lattice scale. To verify the universality of this technology, characterization
was also performed on a Pt thin film, as shown in Figure 2f. Its microstructure is similar to
that of the Pd thin film, and is thus not elaborated upon herein.

Typically, Pd thin films prepared via methods such as chemical synthesis or pulsed
laser deposition exhibit a nearly spherical or snowman-like morphology [24,25]. In contrast,
by regulating the magnetron sputtering parameters, we have obtained Pd thin films with a
distinctive stepped microstructure. The formation mechanism of this stepped morphology
is closely tied to the atomic deposition mode, as the overall growth process of the thin film
is governed by the kinetic behavior of deposited atoms.

During the film deposition process, atoms on the surface of the Pd target are sput-
tered by high-energy Ar ions and subsequently deposited onto the substrate. Thin film
formation from deposited target atoms involves nucleation, island growth and coalescence,
and grain coarsening. Energetic sputtered atoms interact with substrate atoms and trans-
form into weakly bonded adsorbed atoms via kinetic energy transfer [26]. These atoms
then accumulate and migrate to form cluster-island structures. More sputtered atoms
lead cluster-island structures to form local nanocrystals, which support epitaxy for small
equiaxed nanocrystals at low-energy sites. High-energy deposition, recrystallization, and
surface migration drive film thickening and columnar grain formation. Sputtered and
deposited atom energy governs the film formation and structure. Both Pt and Pd possess
FCC crystal structures with an ultralow lattice mismatch of only about 0.87%, and their
intrinsic physicochemical properties (e.g., atomic radius, valence electron configuration) are
well matched. Meanwhile, during magnetron sputtering deposition, they exhibit identical
nucleation and growth modes, as well as consistent response tendencies to key process
parameters, leading to convergent deposition kinetic behaviors. Given that Pd films display
comparable microstructural evolution behavior to Pt films during deposition, while fea-
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turing lower cost and higher activity for typical electrocatalytic and hydrogen adsorption
applications, the experimental results of Pd thin films are highlighted as the research focus
in this work.

Stepped interface formation on the film surface arises from sputtered atom deposition
and migration following columnar crystallization. As shown in Figure 2b, growth rates
of individual crystal nuclei and island structures differ during the process of columnar
crystal formation, causing competitive growth. Specifically, oriented nuclei achieve pref-
erential growth via matching growth directions to incident atom directions and substrate
lattice structure [19,27]. Enhanced atomic surface diffusion enables sufficient migration on
columnar crystal tops and sides. Protruding regions preferentially capture incoming atoms
and grow, forming a conical surface. According to crystal growth theory, sputtered atoms
tend to diffuse along the surface to step or kink sites for adsorption and incorporation
into primary crystals [28,29]. Atoms preferentially bind to existing surface steps, ulti-
mately forming stepped zigzag structures on the crystal surface. Usually, these high-energy
stepped planes grow faster and disappear preferentially in mature crystals [30]. Never-
theless, regulating deposition power and substrate temperature suppresses the surface
diffusion energy of Pd atoms, preventing step atoms from acquiring enough kinetic energy
for further growth toward a smooth surface and thus retaining the stepped interface.

3.2. Effects of Deposition Parameters on the Stepped Interface Structure

To clarify the correlation between deposition parameters (including sputtering power,
substrate temperature, and argon pressure) and stepped interface structure, Pd thin films
prepared under distinct deposition conditions were characterized and analyzed in this
work. Figure 3 shows the SEM images of samples prepared under different deposition
parameters. Figure 3a,c,e are the top-view SEM images of thin film samples (#1, #2, and
#3, respectively) with the applied powers being 50 W, 100 W, and 200 W. Figure 3b,d f
are the corresponding magnified SEM images of the selected regions. As illustrated in
Figure 3a, when the sputtering power was 50 W, the grain edges were rather smooth with
an average grain size of 25 & 2 nm. High-magnification observation indicates that most
surface regions lacked a stepped interface structure (as shown by blue arrows), and only a
few particles displayed a layered structure with blurred edges (as shown by red arrows).
When the power increased to 80 W, the film surface exhibited a similar structure to that
of this sample and is not further discussed. Figure 3c,d display the planar morphology of
the 100 W sample, where almost all surface particles exhibited a stepped structure with
some rough stepped planes. The statistical grain size was determined to be 60 £+ 5 nm,
and the step width was 11 &+ 2 nm. At a sputtering power of 200 W, all particles on the
film surface exhibited a stepped structure featuring smooth, predominantly ring-shaped
steps. With the number of step layers ranging from 5 to 10, the grain size increased to
87 £ 7 nm. This suggests that sputtering power is a key factor that not only modulates the
grain size of columnar crystals but also determines whether stepped structures can form
and their density.

In addition to the sputtering power, substrate temperature, and argon pressure are
also key factors affecting the energy of sputtered and deposited atoms. Figure 4a,c are the
SEM images of sample #5 and sample #6, sputtered at powers of 50 W and 200 W under
high-temperature conditions. Figure 4e shows the SEM image of sample #7 deposited at
an argon pressure of 2 Pa. Figure 4b,d,f are the corresponding magnified SEM images of
the selected regions. As shown in Figure 4a, when the substrate temperature was 100 °C
and the sputtering power was 50 W, the film surface was flat and free of pores, with the
grain edges displaying smooth profiles. The statistical grain size was determined to be
39 £ 4 nm. High-magnification observation reveals a spherical surface morphology for this
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sample. In contrast to sample #1, elevating the substrate temperature at a 50 W sputtering
power results in increased particle sizes and smoother grains, yet fails to generate stepped
interface structures. Figure 4c demonstrates the structural changes caused by increased
substrate temperature under 200 W sputtering power: the film surface consists of densely
packed polygonal particles and displays a stepped structure with unclear step boundaries.
The measured grain size of this sample is 89 & 7 nm, showing a slight increase compared
with sample #3. As illustrated in Figure 4e, decreasing the argon pressure from 3 Pa to 2 Pa
resulted in an augmentation of grain size from 60 &= 5 nm to 63 £ 5 nm, accompanied by
weakened surface stepped structures and higher film compactness.

Figure 3. SEM images of Pd films deposited with different parameters. (a) Sample #1 at 50 W,
(c) sample #2 at 100 W, and (e) sample #3 at 200 W. (b,d,f) are the high-magnification SEM images of
(a,c,e). Blue and red arrows show particles without stepped interfaces and with ill-defined interfaces.

To clearly contrast the effects of key parameters on the columnar grain size, as well
as the step size and density, Figure 5 presents the data compilation and analysis. With
increasing sputtering power, the grain size of Pd thin films rises, and more significant
growth is observed at 100 W and 200 W. Specifically, the grain size at 100 W is 140% larger
than that at 50 W, and the grain size at 200 W is 45% larger than that at 100 W, whereas the
relative increase from 200 W to 300 W is merely 5.7%. This indicates that the sputtering
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power can modulate the columnar grain size, with the effect on grain size becoming weaker
as the power increases. On the other hand, regarding the step size, no stepped structure
was observed at 50 W, while stepped structures began to emerge at 100 W with a size of
11 nm, which is comparable to the pore size within the film. When the sputtering power
was increased to 200 W, both the density and size of stepped interface structures increased,
with a more pronounced rise in density. At 300 W, the stepped interface density decreased
while the step size increased slightly from 11 nm to 13 nm. It can be concluded that the
density and size of stepped interface structures can be tailored by controlling the sputtering
power, with the power exerting a weaker effect on step size but a stronger influence on
interface density.

Figure 4. SEM images of Pd films deposited with different parameters. (a) Sample #5 at 50 W
and 100 °C, (c) sample #6 at 200 W and 100 °C, (e) sample #7 at 100 W and 2 Pa. (b,d,f) are the
high-magnification SEM images of (a,c,e).

Regarding the influence of substrate temperature, the most significant effect is upon
grain size. Raising the substrate temperature results in an increase in grain size. As
the temperature increases from room temperature to 100 °C, the grain size increases
from 25 nm to 39 nm for the 50 W sample, and the grain size increases from 87 nm to
89 nm for the 200 W sample. The intense ion bombardment at high power counteracts
the grain growth promotion effect of adatom diffusion induced by elevated temperature.
Conversely, increasing substrate temperature does not generate stepped structures at low
power, whereas at high power, it barely affects stepped interface morphology but reduces
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interface density. At a high sputtering power of 200 W, the sample #6 prepared at a substrate
temperature of 100 °C exhibits an increased interlayer spacing accompanied by a reduced
number of step layers compared with that fabricated at room temperature (sample #3).
This is because elevated substrate temperature enhances the surface diffusion of deposited
atoms, which fill the step gaps and thus reduce the number of step layers on the grain
surfaces. A comparison of the experimental results of sample #2 and sample #7 shows that
decreasing the argon pressure from 3 Pa to 2 Pa increased the film grain size from 60 nm to
63 nm and the step size from 12 nm to 19 nm. This indicates that reducing pressure leads to
increases in both grain size and step size, with a more pronounced effect on step size.

100 -+ J— . .
== Grain size |

Size / nm

Figure 5. Statistical plot of grain size and step size of thin film samples under different deposi-
tion conditions.

During the thin film deposition process, the energy of the deposited adatoms dictates
their migration ability and rate, which is determined by the substrate temperature and
target power [31,32]. Adatoms are trapped at low-energy lattice sites, forming small
localized nanocrystals. When these sites are saturated, remaining adatoms need higher
energy to migrate to stable sites. Elevated substrate temperatures supply this energy,
enabling adatoms to form continuous crystalline structures, thus improving crystalline
quality. However, excessively high temperatures introduce excess energy that accelerates
surface atom migration to stable positions, hindering zigzag atomic arrangements and
reducing stepped interface density.

Target power energizes sputtered-substrate atom interactions. Higher sputtering
power increases the kinetic energy and flux of sputtered atoms, thereby enhancing the
surface diffusion of adatoms and promoting grain growth. Reducing both temperature and
power thus reduces grain size, but low power inhibits surface atom migration, hindering
zigzag stacking and eliminating stepped structures. Therefore, low-temperature and high-
power deposition conditions are ideal for fabricating Pd thin films with small grains and
abundant stepped interfaces.

During sputter deposition, sputtered atoms collide with Ar plasma prior to reaching
the substrate, which constitutes a key mechanism underlying the dependence of film
quality on Ar pressure. At low pressure, fewer gas molecules lead to less ionization and
fewer ions bombarding the target, thus reducing the sputtering rate. Meanwhile, the
longer mean free path of sputtered atoms enables them to acquire higher energy under
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the electric field before reaching the substrate, which is conducive to increasing the grain
size, compactness, and step size of Pd films. In conclusion, sputtering power and substrate
temperature dictate the energy of sputtered and deposited atoms, respectively. Moreover,
argon pressure during sputtering directly modulates plasma density, thereby altering the
collision paths and energy of sputtered atoms. Stepped microstructures in the thin films
can be controllably tailored by tuning the critical parameters of magnetron sputtering.

3.3. Effects of Microstructure on Hydrogen Adsorption Properties

Based on the revealed microstructure of thin films with stepped interfaces and the key
factors affecting the structure and size, we conducted hydrogen adsorption performance
tests on Pd thin films with distinct characteristics, as well as phase composition charac-
terization tests before and after hydrogen loading. The results are presented in Figure 6.
Samples #1 to #5 with representative structures were chosen for hydrogen adsorption
measurements, where Figure 6a shows the adsorption capacity-pressure curves of these
samples. As demonstrated in the curves, the adsorption capacity of all samples increases
with increasing test pressure, but their threshold pressures differ. Samples #1 and #5 have
higher threshold pressures, with significant adsorption capacity growth occurring only
above 2.5 MPa; whereas samples #2, #3, and #4 show a lower threshold pressure, with
notable adsorption increases starting at pressures above 0.3 MPa. As test pressure increases,
the adsorption capacity of different samples grows at distinct rates. The sample structure
exerts a significant influence on the adsorption capacity. Sample #3 achieves the highest
adsorption capacity of 110.06 cm®/g, which is 2.2 times higher than that of sample #5. The
maximum adsorption capacity of sample #4 is 104.83 cm3/g, which is slightly lower than
that of sample #3. Although Pd thin films have limited practical applications as hydrogen
storage materials, they are indispensable for investigating the mechanisms underlying
hydrogen-Pd interactions. Pd thin films with a stepped microstructure exhibit excellent
hydrogen adsorption performance; specifically, the sample with the optimal step density
and grain size achieves a hydrogen adsorption capacity of 0.983 wt.%. Compared with
previous studies on multilayered materials where the Pd layer accounted for approximately
0.15-0.3 wt.% [33], the stepped microstructure improves the hydrogen adsorption capacity
of samples by about 3.28 times. These results demonstrate that the atoms located at the
stepped microstructures possess higher reactivity toward hydrogen.

(a)’_\ 120 Sample #1 (b)

Sample #2
1004 Sample #3
Sample #4
Sample #5

Original sample

Sample after
Pd (111) hydrogenation

“ Pd (200) Pd (220)
y -

80 4
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Figure 6. (a) Hydrogen adsorption capacity vs. pressure curves of samples #1 to #5 with different
microstructures. (b) XRD patterns of sample #3 before and after hydrogen loading.

To further reveal the mechanism by which stepped interface structures affect the
hydrogen absorption, XRD experiments under the grazing incidence mode were conducted
on sample #3 before and after the hydrogen loading reaction, as shown in Figure 6b. Distinct
Pd (111), (200), and (220) peaks appear in the sample patterns before and after the reaction,
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which are characteristic of a polycrystalline FCC Pd phase. XRD results indicate that
the thin films exhibit a [111] preferred orientation both before and after interaction with
hydrogen. To further clarify the effect of hydrogen on the samples, a comparative analysis
was conducted on the peak positions and full width at half maximum (FWHM) of the three
main diffraction peaks. It was found that compared with the as-prepared samples, the peak
positions of the sample after hydrogenation showed varying degrees of leftward shift. The
Pd (111) and (200) peaks exhibit obvious left shifts from 40.13° to 39.72° and from 46.86° to
46.26°, respectively.

The diffraction peaks show a noticeable left shift after hydrogen loading, a direct
consequence of lattice expansion induced by the formation of palladium hydride dur-
ing hydrogen absorption by Pd. Upon intercalation into the octahedral and tetrahedral
interstitial sites of the Pd lattice, hydrogen atoms exert repulsive forces on adjacent Pd
atoms, which in turn induces isotropic lattice expansion. Based on Bragg’s equation, the
increased interplanar spacing causes the peaks to shift toward lower 20 angles, which
is consistent with classical reports on Pd-H systems [34]. The Pd (111) and (200) planes
bind to hydrogen more readily, resulting in a more significant swelling of their interplanar
spacing. On the other hand, the FWHM of the Pd (111) peak for the pristine sample is
0.59°, while that of the hydrogen-loaded sample at the same peak position is 0.57°. The
slight reduction in FWHM is attributed to high-temperature hydrogen loading. Ordinarily,
inhomogeneous hydrogen distribution and differential strain across the grains and domains
reduce the consistency of crystal plane orientation and weaken coherent XRD scattering.
By contrast, elevated temperature enables uniform hydrogen diffusion, which mitigates
inhomogeneous hydrogen distribution and differential strain [35]. Additionally, thermal
effects repair intrinsic Pd lattice defects, including dislocations and vacancies, to reduce
lattice distortion and improve lattice orderliness [36].

The hydrogen adsorption performance of Pd nanofilms is significantly affected by
multiple factors, among which temperature, pressure, grain size, and surface microstructure
play key roles. As the hydrogen pressure increases, the adsorption capacity of the sample
rises progressively. This is due to the elevated collision frequency between hydrogen and
the Pd surface at higher pressures, which allows more molecules to undergo adsorption
and dissociation on the surface. Nevertheless, a saturation tendency appears when the
pressure goes beyond a specific value. The reason lies in the finite active sites on the surface.
After these sites are fully occupied, further pressure increments will exert little effect on the
enhancement of loading capacity.

Particle size and microstructure also play an important role in hydrogen interactions.
For the non-stepped-structure samples (#1 and #5), sample #1 exhibits a higher hydrogen
loading capacity than sample #5, which can be attributed to its smaller grain size, rougher
surface morphology, and intrinsic pore structure. In general, nano-Pd with a smaller grain
size exhibits a larger specific surface area and more exposed surface atoms, which not
only act as highly active adsorption sites for hydrogen atoms but also modulate the local
electronic structure to lower the hydrogen adsorption energy barrier, thus synergistically
enhancing hydrogen adsorption capacity and stability [37].

In addition, sample morphology, especially surface microstructure, significantly affects
hydrogen loading capacity. The average grain sizes of samples #2, #3, and #4 are 60 nm,
87 nm, and 92 nm, respectively, which are larger than the 25 nm of sample #1. Nevertheless,
samples #2, #3, and #4 exhibit superior hydrogen adsorption performance compared to
sample #1. A key structural distinction is that samples #2, #3, and #4 possess stepped
structures, while sample #1 does not. Thus, it can be reasonably inferred that the stepped
structures increase the active sites for hydrogen interactions, offsetting the adverse effects
of increased grain size. This phenomenon may be attributable to the unique interfacial

https://doi.org/10.3390/ma19030596


https://doi.org/10.3390/ma19030596

Materials 2026, 19, 596

14 of 17

crystalline structure of the sample. Specifically, atoms at the step sites have optimized
electronic structures and higher energy, thus acting as active sites for hydrogen interactions.
First-principles calculations have confirmed that such atomic-scale steps induce charge
transfer effects and local density of states rearrangement, which modulate the Pd-H bond
strength to enhance adsorption stability [38]. Surface stress release at steps introduces inho-
mogeneous strain fields, leading to distinct electronic structures and reactivity for terrace
atoms with identical local coordination, and resulting in atomic site-specific enhancement
of surface reaction activity [39].

Among the samples with stepped interface structures, sample #3 exhibits the highest
hydrogen loading capacity, owing to its combination of small grain size and high-density
stepped interface structures. For samples with stepped interfaces, interface density is one
of the key factors influencing hydrogen interaction performance. It is characterized by
the number of step layers on the surface of individual grains and the interlayer spacing.
Sample #2 had an average interlayer spacing of approximately 11 nm, with most individual
grains exhibiting 3-5 step layers; sample #3 had an average interlayer spacing of about
12 nm, where 5-10 step layers were predominant on individual grains; and sample #4 had
an average interlayer spacing of roughly 13 nm, with 3-6 step layers on most individual
grains. Considering the step layer number and interlayer spacing comprehensively, sample
#3 exhibited the highest stepped interface density, followed by sample #4, and sample #2
exhibited the lowest. Accordingly, although samples #3 and #4 had slightly larger grain
sizes than sample #2, their higher stepped interface density endowed them with superior
hydrogen interaction performance.

These results confirm the positive effect of stepped interfaces on hydrogen loading
capacity and demonstrate that regulating grain size and interface morphology through
controlled preparation constitutes an effective strategy for enhancing hydrogen interaction
performance. The undercoordinated atoms at stepped interfaces kinetically lower the acti-
vation energy barrier for H adsorption and dissociation [39]. Additionally, the distinctive
local electronic structure and atomic configuration at step sites accelerate the charge transfer
and mass transport of hydrogen species, thereby rendering these sites kinetically favorable
active centers for hydrogen adsorption.

4. Conclusions

This work focuses on the deposition of Pd thin films and systematically investi-
gates the relationship between stepped microstructure and hydrogen adsorption. The
thin films with stable and wide-scale stepped interfaces were successfully prepared via
atomic deposition under optimized magnetron sputtering parameters, showing excellent
hydrogen interaction properties. A detailed analysis of the microstructures was con-
ducted to clarify the growth mechanism of such thin films and the formation mechanism
of stepped interfaces. Interactions occur between sputtered atoms and substrate atoms,
accompanied by atomic migration and aggregation that lead to the formation of local
nanocrystals on the substrate. As energy accumulates, equiaxed nanocrystal structures
are formed. Columnar crystals are subsequently grown on these equiaxed nanocrystals
via local epitaxy. The migration and diffusion of surface atoms on columnar crystals are
moderately inhibited at optimal input energy, thereby yielding stable stepped interface
structures. This study clarifies the relationship between the key parameters and the
microstructural characteristics of Pd thin films, including grain size, morphology, as well
as the density and size of stepped interfaces. Sputtering power, substrate temperature,
and plasma density significantly affect the crystal structure size by regulating the move-
ment and diffusion of sputtered atoms and adsorbed atoms. The Pd thin film deposited
at room temperature with a power of 200 W exhibits the highest density of stepped
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interfaces and optimal hydrogen loading performance, with a hydrogen adsorption of
110.06 cm3/ g, which is 2.2 times higher than that of conventional Pd thin films. The
enhancement is attributed to its optimized electronic structure and surface energy, which
effectively reduce the interaction threshold with hydrogen. Given the excellent hydro-
gen interaction performance of the tailored stepped Pd thin films, the findings pave
the way for promising applications in hydrogen-related fields, such as high-sensitivity
hydrogen sensors, lightweight electrochemical hydrogen storage devices, and selective
separation layers in industrial hydrogen purification membranes. Furthermore, the
stepped interfaces obtained in this study can be extended to other noble metal thin film
systems, providing a new universal strategy for the development of high-performance
hydrogen-interactive materials.

Author Contributions: Conceptualization, Y.L. and W.X.; data curation, L.H. and X.M.; formal
analysis, Y.L. and H.Z.; investigation, Y.L.; methodology, W.X. and D.L.; project administration, D.L.
and X.M.; resources, W.X. and Y.F; supervision, Y.L. and T.S.; validation, L.H.; visualization, Y.L.;
writing—review and editing, Y.L., L.H., and Y.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(Grant No. 12205371).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: Y.L. acknowledges the support from the State Key Laboratory of Chemistry for
NBC Hazards Protection.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Dai, S.T,; Shen, P; Deng, W.Y.; Yu, Q. Hydrogen Energy in Electrical Power Systems: A Review and Future Outlook. Electronics
2024, 13, 3370. [CrossRef]

2. Dawood, F,; Anda, M.; Shafiullah, G.M. Hydrogen production for energy: An overview. Int. J. Hydrogen Energy 2020, 45, 3847-3869.
[CrossRef]

3. Ge, LJ,; Zhang, B.H.,; Huang, W.T,; Li, Y.Z.; Hou, L.Y,; Xiao, ].B.; Mao, Z.M.; Li, X.P. A review of hydrogen generation, storage,
and applications in power system. . Energy Storage 2024, 75, 109307. [CrossRef]

4. Rivard, E.; Trudeau, M.; Zaghib, K. Hydrogen Storage for Mobility: A Review. Materials 2019, 12, 1973. [CrossRef]

5. Yang, W.; Chen, S.W. Recent progress in electrode fabrication for electrocatalytic hydrogen evolution reaction: A mini review.
Chem. Eng. |. 2020, 393, 124726. [CrossRef]

6. Li, L.B,; Tang, X.N.; Wu, B.; Huang, B.Y,; Yuan, K,; Chen, YW. Advanced Architectures of Air Electrodes in Zinc-Air Batteries and
Hydrogen Fuel Cells. Adv. Mater. 2024, 36, €2308326. [CrossRef]

7. Ologunagba, D.; Kattel, S. Pt- and Pd-modified transition metal nitride catalysts for the hydrogen evolution reaction. Phys. Chem.
Chem. Phys. 2022, 24, 12149-12157. [CrossRef]

8. Kobayashi, H.; Yamauchi, M.; Kitagawa, H.; Kubota, Y.; Kato, K.; Takata, M. Atomic-Level Pd-Pt Alloying and Largely Enhanced
Hydrogen-Storage Capacity in Bimetallic Nanoparticles Reconstructed from Core/Shell Structure by a Process of Hydrogen
Absorption/Desorption. J. Am. Chem. Soc. 2010, 132, 5576. [CrossRef]

9.  Kobayashi, H.; Yamauchi, M.; Kitagawa, H.; Kubota, Y.; Kato, K.; Takata, M. Hydrogen absorption in the core/shell interface of
Pd /Pt nanoparticles. . Am. Chem. Soc. 2008, 130, 1818. [CrossRef]

10. Kobayashi, H.; Yamauchi, M.; Kitagawa, H. Finding Hydrogen-Storage Capability in Iridium Induced by the Nanosize Effect. .
Am. Chem. Soc. 2012, 134, 6893-6895. [CrossRef]

11.  Yamauchi, M.; Kobayashi, H.; Kitagawa, H. Hydrogen Storage Mediated by Pd and Pt Nanoparticles. Chemphyschem 2009, 10,
2566-2576. [CrossRef]

12.  Kruth, A.;; Hansen, S.; Beweries, T.; Briiser, V.; Weltmann, K.D. Plasma Synthesis of Polymer-Capped Dye-Sensitised Anatase

Nanopowders for Visible-Light-Driven Hydrogen Evolution. Chemsuschem 2013, 6, 152-159. [CrossRef]

https://doi.org/10.3390/ma19030596


https://doi.org/10.3390/electronics13173370
https://doi.org/10.1016/j.ijhydene.2019.12.059
https://doi.org/10.1016/j.est.2023.109307
https://doi.org/10.3390/ma12121973
https://doi.org/10.1016/j.cej.2020.124726
https://doi.org/10.1002/adma.202308326
https://doi.org/10.1039/D2CP00792D
https://doi.org/10.1021/ja1013163
https://doi.org/10.1021/ja078126k
https://doi.org/10.1021/ja302021d
https://doi.org/10.1002/cphc.200900289
https://doi.org/10.1002/cssc.201200408
https://doi.org/10.3390/ma19030596

Materials 2026, 19, 596 16 of 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Das, S.S.; Kopnov, G.; Gerber, A. Resistivity Testing of Palladium Dilution Limits in CoPd Alloys for Hydrogen Storage. Materials
2022, 15, 111. [CrossRef] [PubMed]

Miyazaki, H.; Shiota, M. Fabrication of Pt/WOj Films for Visible Hydrogen Sensing at Room Temperature. Chem. Lett. 2020, 49,
1147-1149. [CrossRef]

Chen, Y.P;; Zheng, X.B.; Yang, Y.Y.; Wang, P.Y.; Sun, W.P. Palladium Metallene-Based Electrocatalysts for Energy Conversion
Applications. Adv. Funct. Mater. 2024, 34, 2404408. [CrossRef]

Xu, B.Y,; Zhang, Y.; Li, L.G.; Shao, Q.; Huang, X.Q. Recent progress in low-dimensional palladium-based nanostructures for
electrocatalysis and beyond. Coord. Chem. Rev. 2022, 459, 214388. [CrossRef]

Li, M.G,; Xia, Z.H.; Luo, M.C.; He, L.; Tao, L.; Yang, WW.; Yu, Y.S.; Guo, S.J. Structural Regulation of Pd-Based Nanoalloys for
Advanced Electrocatalysis. Small Sci. 2021, 1, 2100061. [CrossRef]

Ni, HJ.; Huang, Q.S.; Liu, G.C.; Qi, R.Z,; Zhang, Z.; Li, X.H.; Li, Z.L.; Wang, ].; Wang, Z.S. Comparative Study of Pd/B4C X-ray
Multilayer Mirrors Fabricated by Magnetron Sputtering with Kr and Ar Gas. Materials 2020, 13, 4504. [CrossRef]
Gudmundsson, ].T. Physics and technology of magnetron sputtering discharges. Plasma Sources Sci. Technol. 2020, 29, 113001.
[CrossRef]

Borowski, P.; Mysliwiec, J. Recent Advances in Magnetron Sputtering: From Fundamentals to Industrial Applications. Coatings
2025, 15, 922. [CrossRef]

Chioibasu, D.; Duta, L.; Popescu-Pelin, G.; Popa, N.; Milodin, N.; Iosub, S.; Balescu, L.M.; Galca, A.C.; Popa, A.C.; Oktar, EN.;
et al. Animal Origin Bioactive Hydroxyapatite Thin Films Synthesized by RF-Magnetron Sputtering on 3D Printed Cranial
Implants. Metals 2020, 9, 1332. [CrossRef]

Abid, N.; Khan, M.; Shujait, S.; Chaudhary, K.; Ikram, M.; Imran, M.; Haider, J.; Khan, M.; Khan, Q.; Magbool, M. Synthesis of
nanomaterials using various top-down and bottom-up approaches, influencing factors, advantages, and disadvantages: A review.
Adv. Colloid Interface Sci. 2022, 300, 102597. [CrossRef]

Liang, Y.X.; Wang, P.P.; Wang, Y.F; Dai, Y.J.; Hu, Z.Y,; Tranca, D.E.; Hristu, R.; Stanciu, S.G.; Toma, A.; Stanciu, G.A.; et al. Growth
Mechanisms and the Effects of Deposition Parameters on the Structure and Properties of High Entropy Film by Magnetron
Sputtering. Materials 2019, 12, 3008. [CrossRef]

Gautam, Y.K; Jain, R.; Tanwar, S.K; Agrawal, R.D.; Chandra, R. Studies on hydrogen sensing properties of nanostructured Pd
and Pd/Mg thin films prepared by pulsed laser deposition. Sens. Actuators B-Chem. 2013, 176, 453-459. [CrossRef]

Hoseini, S.J.; Bahrami, M.; Dehghani, M. Formation of snowman-like Pt/Pd thin film and Pt/Pd/reduced-graphene oxide thin
film at liquid-liquid interface by use of organometallic complexes, suitable for methanol fuel cells. RSC Adv. 2014, 4, 13796-13804.
[CrossRef]

Thornton, J.A. High-rate Thick-film Growth. Annu. Rev. Mater. Sci. 1977, 7, 239-260. [CrossRef]

Wang, K; Jiao, P.; Cheng, Y.; Xu, H.; Zhu, G.; Zhao, Y.; Jiang, K,; Zhang, X.; Su, Y. ITO films with different preferred orientations
prepared by DC magnetron sputtering. Opt. Mater. 2022, 134, 113040. [CrossRef]

Zhang, Y.; Li, B,; Liu, J.; Han, D.; Rohani, S.; Gao, Z.; Gong, ]. Inhibition of Crystal Nucleation and Growth: A Review. Cryst.
Growth Des. 2024, 24, 2645-2665. [CrossRef]

Yao, T.; Hao, Y.; Ding, W. Relationship Between Growth Surface Temperature and Crystal Structure of TiO Coatings Prepared
Using Direct Current Pulsed Magnetron Sputtering Technology. Narno 2025, 20, 2450150. [CrossRef]

Ju, G.X.; Xu, D.W,; Thompson, C.; Highland, M.].; Eastman, J.A.; Walkosz, W.; Zapol, P.; Stephenson, G.B. In situ microbeam
surface X-ray scattering reveals alternating step kinetics during crystal growth. Nat. Commun. 2021, 12, 1721. [CrossRef]

Ekpe, S.D.; Dew, S.K. 3D numerical simulation of gas heating effects in a magnetron sputter deposition system. J. Phys. D-Appl.
Phys. 2006, 39, 1413-1421. [CrossRef]

Alami, J.; Sarakinos, K.; Mark, G.; Wuttig, M. On the deposition rate in a high power pulsed magnetron sputtering discharge.
Appl. Phys. Lett. 2006, 89, 154104. [CrossRef]

Higuchi, K.; Yamamoto, K.; Kajioka, H.; Toiyama, K.; Honda, M.; Orimo, S.; Fujii, H. Remarkable hydrogen storage properties in
three-layered Pd/Mg/Pd thin films. J. Alloys Compd. 2002, 330, 526-530. [CrossRef]

Shim, Y.S.; Jang, B.; Suh, J.M.; Noh, M.S.; Kim, S.; Han, S.D.; Song, Y.G.; Kim, D.H.; Kang, C.Y,; Jang, HW.; et al. Nanogap-
controlled Pd coating for hydrogen sensitive switches and hydrogen sensors. Sens. Actuators B-Chem. 2018, 255, 1841-1848.
[CrossRef]

Maeda, T.; Naito, S.; Yamamoto, M.; Mabuchi, M.; Hashino, T. High-Temperature Diffusion of Hydrogen and Deuteriun in
Palladium. J. Chem. Soc.-Faraday Trans. 1994, 90, 899-903. [CrossRef]

Sato, W.; Furumoto, M.; Shimizu, H.; Ohkubo, Y. Thermal behavior of open-volume defects and absorbed hydrogen atoms in
palladium. J. Appl. Phys. 2024, 135, 245103. [CrossRef]

Mohtadi-Bonab, M.A.; Masoumi, M. Different aspects of hydrogen diffusion behavior in pipeline steel. . Mater. Res. Technol.
JMRT 2023, 24, 4762-4783. [CrossRef]

https:/ /doi.org/10.3390/ma19030596


https://doi.org/10.3390/ma15010111
https://www.ncbi.nlm.nih.gov/pubmed/35009264
https://doi.org/10.1246/cl.200451
https://doi.org/10.1002/adfm.202404408
https://doi.org/10.1016/j.ccr.2021.214388
https://doi.org/10.1002/smsc.202100061
https://doi.org/10.3390/ma13204504
https://doi.org/10.1088/1361-6595/abb7bd
https://doi.org/10.3390/coatings15080922
https://doi.org/10.3390/met9121332
https://doi.org/10.1016/j.cis.2021.102597
https://doi.org/10.3390/ma12183008
https://doi.org/10.1016/j.snb.2012.09.065
https://doi.org/10.1039/c4ra01625d
https://doi.org/10.1146/annurev.ms.07.080177.001323
https://doi.org/10.1016/j.optmat.2022.113040
https://doi.org/10.1021/acs.cgd.3c01345
https://doi.org/10.1142/S1793292024501509
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1088/0022-3727/39/7/012
https://doi.org/10.1063/1.2362575
https://doi.org/10.1016/S0925-8388(01)01542-0
https://doi.org/10.1016/j.snb.2017.08.198
https://doi.org/10.1039/ft9949000899
https://doi.org/10.1063/5.0207064
https://doi.org/10.1016/j.jmrt.2023.04.026
https://doi.org/10.3390/ma19030596

Materials 2026, 19, 596 17 of 17

38. Tsysar, KM.; Bazhanov, D.I,; Saletsky, A.M.; Brovko, O.0O.; Stepanyuk, V.S. Influence of hydrogen impurities on atomic and
electronic structure of palladium nanowires and nanocontacts. Phys. Rev. B 2011, 84, 85457. [CrossRef]

39. Liu, G.D,; Shih, A.].; Deng, H.Q.; Ojha, K.; Chen, X.T.; Luo, M.C.; McCrum, L.T.; Koper, M.T.M.; Greeley, J.; Zeng, Z.H. Site-specific
reactivity of stepped Pt surfaces driven by stress release. Nature 2024, 626, 1005-1010. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ma19030596


https://doi.org/10.1103/PhysRevB.84.085457
https://doi.org/10.1038/s41586-024-07090-z
https://doi.org/10.3390/ma19030596

	Introduction 
	Materials and Methods 
	Thin Film Deposition and Sample Preparation 
	Thin Film Characterization 

	Results and Discussion 
	Stepped Interface Structures and Growth Mechanism of the Thin Films 
	Effects of Deposition Parameters on the Stepped Interface Structure 
	Effects of Microstructure on Hydrogen Adsorption Properties 

	Conclusions 
	References

