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Abstract

A study on the hydrogen storage of composite materials derived from alloy glass in the
system of Zr-Pd-Pt was conducted through the integration of multiple methodologies.
The alloy following heat treatment in air at temperatures ranging from 280 ◦C to 800 ◦C
showed a precipitated structure comprising metallic Pd-Pt particles and a ZrO2 matrix.
In the sample treated at 280 ◦C, the spillover phenomenon of absorbed hydrogen was
suggested. The plateau region of the hydrogen pressure–concentration (PCT) isotherm
showed the gradient profiles for the samples oxidized at 400 ◦C, 600 ◦C, and 800 ◦C. In the
equilibrium absorption process, the ∆H◦ of approximately 38 kJ/mol was proposed, and
the highest storage of hydrogen was H/Pd = 0.61 by the sample oxidized in air at 600 ◦C.
The temperature programmed reduction (TPR) results exhibited rapid hydrogen release
behavior at temperatures ranging from 50 ◦C to 65 ◦C. The findings offer novel insights
into the microstructure, fabrication process, and overall hydrogen absorption/desorption
properties of the composites prepared from a Zr-Pd-Pt alloy glass.

Keywords: hydrogen storage; alloy glass; Pd; Pt; ZrO2; composites; spillover

1. Introduction
A significant amount of research has been conducted on hydrogen storage under

various conditions, including high-pressure hydrogen, liquid hydrogen, and solid-state
hydrogen storage [1]. The development of novel materials that can absorb and store
hydrogen has enabled more efficient utilization of this resource. These materials offer
advantages such as low-pressure storage and high volumetric storage density, enabling
reversible hydrogen absorption and desorption under moderate pressure and temperature
conditions [2–5].

Metallic glassy materials represent the ultimate state of solid metastability, as evi-
denced by their benefits in a variety of potential application areas [6–8]. Additionally, due
to the feasibility of preparing amorphous alloys through advanced processing techniques us-
ing large extended compositions, metallic glass can serve as a potential raw material [9,10].
The oxidation of metallic glass has revealed the synergistic effects of materials [11–14]. As
an alternative proposition, composites in the metal–ceramic system are likely to generate
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significant interest as a new class of hydrogen-related materials [15–18]. A notable example
of prior studies is the investigation of nanocrystalline metal-ceramic composites consist-
ing of Pd particles embedded in a ZrO2 matrix, which are formed upon heat treatment in
air [19–24]. Pd is a typical hydrogen storage metal, and Pd-based glass and the system of Pd
and Zr have received attention regarding their hydrogen energy-related properties [25–28].
Researchers have demonstrated a keen interest in the hydrogen storage properties of Zr-Pd
alloys following treatment in air, as evidenced by several reports [29,30], and preliminary
findings on Pd/ZrO2 composites have been documented [31–33]. However, the oxidized
composite material derived from alloy glass in the system of Zr-Pd-Pt has not yet been
examined in relation to its hydrogen storage potential.

The objective of this study is to investigate the preparation and hydrogen absorption
and release properties of composites derived from oxidized alloy glass in the system of
Zr-Pd-Pt. Platinum (Pt) lacks inherent hydrogen storage properties in its bulk state, and
Pd and Pt are immiscible systems [34–36]. However, the nanoparticles (NPs) in the Pd-
Pt system showed the hydrogen storage ability at low pressure [37–40]. The findings
have prompted further investigation, which may offer significant advantages in terms
of efficiency and performance. Conversely, the stabilization processing of the NPs in the
composite is generally imperative, as very fine powder materials, when unsupported, are
less efficient for handling and H2 storage/release operations. The processing of Pd-Pt
nanoparticle materials is also not straightforward; for example, seed-controlled core–shell-
type Pt-Pd NPs must be designed using multi-step solution methods [36,37]. In addition,
the particles must be followed by a final immobilization process in a matrix solid. Therefore,
it is necessary to develop innovative and simple methods for the preparation of these
composites. Alloy glass-driven composites, containing metal particles, will be a candidate
for easily processed hydrogen storage materials in multicomponent systems.

In this study, the microstructural development of composites is examined as a deriva-
tive of alloy glass to form the composite. Subsequently, hydrogen isotherm measurements
are conducted to investigate the interaction and reactivity of hydrogen gas over the result-
ing composites. The correlation between the precipitated structure, particularly metallic
Pd-Pt particles, and PCT results was examined with the proposed model concerning hy-
drogen interaction. Furthermore, the H2 dynamic release properties of the composite
were examined in the heat cycle after H2 absorption. The present study proposes a novel
approach to form composites with hydrogen storage capabilities by utilizing a metallic
glass as a starting material in the system of Zr-Pd-Pt.

2. Experimental Methods
2.1. Sample Preparation

The initial alloy glass was prepared according to the following procedure. The mixture
of 99.6 wt% pure zirconium, 99.99 wt% pure palladium, and 99.99 wt% pure platinum
metal was melted in a purified argon (Ar) atmosphere on a water-cooled copper mold in an
arc furnace [41]. The chemical composition of the alloy was determined to be Zr65Pd30Pt5,
which corresponds to the atomic ratio. Samples of the ribbon form with a thickness of
approximately 0.02 mm and a width of approximately 1 mm were prepared from the
molten alloy using the single-roll melt-quench spinning method in an Ar atmosphere. The
resulting alloy glass was subsequently heated in air at 280 ◦C for 24 h and 400 ◦C, 600 ◦C,
and 800 ◦C for 3 h.

2.2. Characterization

The crystal phases of the specimen were analyzed with an XRD apparatus (Rigaku
MiniFlex, Tokyo, Japan) with Cu Kα radiation at 15 kV and 30 mA. The data were collected
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at a scanning rate of 1◦/min with a step size of 0.02◦ in the 2θ range between 20 and 80◦.
The crystallite size of the metal phase (Pd-Pt) was calculated with the Scherrer equation
using a peak of 2θ = 40◦. A field emission scanning electron microscopy device (FE-SEM;
Hitachi S-4800, Tokyo, Japan) at 15 keV was used for the observation of the microstructures
of the samples. The chemical element mapping images were also obtained for the selected
samples using an energy-dispersive spectroscopy (EDS) device equipped in the SEM.

2.3. Evaluation of Hydrogen Storage

The evaluation of hydrogen storage properties was conducted with a gas volumetric
apparatus (Microtruck Bell Belsorp-max, Tokyo, Japan). First, 0.5 g of the sample was
loaded into the chamber. The hydrogen pressure–concentration isotherm (denoted as PCT)
was obtained at different temperatures of 30 ◦C, 45 ◦C, and 60 ◦C. The initial measurement
at 60 ◦C was used as a pretreatment, and then the measurements were obtained at 30 ◦C,
45 ◦C, and 60 ◦C in that sequence. The dead volume of the sample chamber was measured
at each temperature, and the samples were vacuum-evacuated to remove absorbents.
This procedure was repeated for the subsequent measurements at the next temperature.
During the PCT measurements, the samples were held at each pressure for 60 s to reach
an equilibrium state before moving to the next pressure. The temperature-dependent PCT
data were analyzed using the van’t Hoff equation to derive the thermodynamic constants.

2.4. Evaluation of Dynamic Hydrogen Absorption/Release

The dynamic behaviors of H2 absorption and release were observed with a temperature-
programmed reduction (TPR) apparatus (BP-1S, Henmi Slide-rule Co., Ltd., Tokyo, Japan)
equipped with an online thermal conductivity gas detector (TCD). In the absorption ex-
periment, the sample was heated to 150 ◦C for 20 min, followed by cooling to 30 ◦C in
flowing Ar. Subsequently, the Ar gas was switched to 5% H2/Ar mixture flow at 30 ◦C,
where it was maintained for 20 min for the next H2 release experiment. In the H2 release
experiment, the subsequent desorption experiment was followed by gradual heating at
a rate of 10 ◦C min−1 from 30 ◦C to 150 ◦C. The occurrence of hydrogen release from the
sample was indicated by the observation of a peak signal in the reverse direction. The
signal of TCD corresponds to the differential of H2 concentration with respect to time,
allowing for the observation of the absorbing and releasing behavior (rate change).

3. Results and Discussion
3.1. Crystal Phase and Microstructure of Composites

Figure 1 shows a series of XRD patterns of the Zr65Pd30Pt5 after heat treatment in air at
280 ◦C for 24 h and 400, 600, and 800 ◦C for 3 h. The XRD patterns of the samples showed
phase and structural transformations from the amorphous state to the mixture of crystalline
phases by heat treatment. The samples contained metallic Pd, PdO, and ZrO2, consisting
of a mixture of tetragonal (t) and monoclinic (m) phases. Regarding Pd composition, the
predominant crystallized phase was PdO (2θ = 34◦), and the formation of metallic Pd was
also observed via a weak diffraction peak at around 2θ = 40◦. The fraction of the metallic
Pd phase increased with heat treatment at 800 ◦C. The absence of a distinct Pt phase was
attributed to the limitations in crystallinity of the Pd phase and the solute contribution
of Pt.
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Figure 1. The XRD patterns of the initial and oxidized Zr65Pd30Pt5 alloy glasses after heat treatment
in air at 280 ◦C for 24 h and 400 ◦C, 600 ◦C, and 800 ◦C for 3 h, respectively. ♢: Pd, ♦: PdO, #: m-ZrO2,
•: t-ZrO2.

Figure 2 shows the SEM images of the morphology of the Zr65Pd30Pt5 after heat
treatment in air at 280 ◦C for 24 h and 400 ◦C, 600 ◦C, and 800 ◦C for 3 h, respectively. The
microstructure indicated the formation of the composite in which granular precipitates
were dispersed in the matrix. Precipitates with diameters ranging from approximately
10 nm to 2 µm appeared on the surface. The average grain size of the particles was 36 nm
(280 ◦C), 92 nm (400 ◦C), 210 nm (600 ◦C), and 408 nm (800 ◦C), respectively, where the
values in parentheses represent the heat treatment temperatures (HTTs).

Figure 2. The SEM images of the oxidized Zr65Pd30Pt5 alloy glasses after heat treatment in air at
280 ◦C for 24 h (a) and 400◦C (b), 600◦C (c), and 800 ◦C (d) for 3 h, respectively.
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Figure 3 shows the sets of the SEM and the chemical elemental mapping image of
the sample heated in air at 600 ◦C for 3 h, revealing the presence of the precipitates.
The elemental distribution indicates that these precipitates mainly consist of Pd and are
embedded in the ZrO2 matrix. Although the image of the distribution of Pt exhibited low
contrast in the figures, its existence appeared to be analogous to that of Pd. The Pd (Pt)
phase in these composites was broadly characterized as being isolated in the matrix ZrO2.

Figure 3. The SEM and EDS element (Zr, Pd, and Pt) mapping images of a precipitate in the oxidized
Zr65Pd30Pt5 at 600 ◦C for 3 h.

Figure 4 shows the XRD patterns of the samples, which were obtained after PCT
measurement. They demonstrate that the PdO phase underwent a transformation into
metallic Pd following mild H2 treatment across all samples. However, no discernible
morphological alterations were observed in the samples after PCT measurement. As
illustrated in Figure 4b, the XRD peaks of Pd (111) exhibited broad features. The d-spacing
of Pd-Pt (111), assuming the presence of a single peak, was calculated to be 0.2258 nm
(280 ◦C), 0.2250 nm (400 ◦C), 0.2249 nm (600 ◦C), and 0.2250 nm (800 ◦C), where the values
in parentheses represent HTT. The fraction of Pd was calculated using the d-spacing of Pd
(111) (0.2246 nm) and Pt (111) (0.2265 nm). The resulting values for x were 0.36 (280 ◦C),
0.84 (400 ◦C), 0.81 (600 ◦C), and 0.84 (800 ◦C), respectively, for PdxPt1−x. The values were
consistent with the starting composition of Pd and Pt, i.e., x = 0.857, within the error range
under conditions where HTT exceeded 400 ◦C. In the case of 280 ◦C, the Pt metal phase
appears to precipitate initially, forming Pt-rich crystallites. The crystallite size of the Pd
phase particles was found to be 5.3 nm (280 ◦C), 7.8 nm (400 ◦C), 11.0 nm (600 ◦C), and
26.0 nm (800 ◦C), respectively. It was observed that both crystallite and grain sizes increased
with increasing HTT. The former was smaller than the latter, indicating the precipitates of
the polycrystalline grains.
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Figure 4. The XRD patterns of the oxidized Zr65Pd30Pt5 alloy glasses after heat treatment in air at
280 ◦C for 24 h and 400 ◦C, 600 ◦C, and 800 ◦C for 3 h, respectively, followed by PCT measurement.
♢: Pd; ♦: PdO; #: m-ZrO2; •: t-ZrO2. (a) Full chart, (b) Selected chart.

3.2. PCT Isotherms

Figure 5 shows the PCT isotherms versus the hydrogen-to-platinum (H/Pd) ratio at
30 ◦C for four samples, which were prepared at 280, 400, 600, and 800 ◦C, respectively.
These isotherms reveal the distinct behavior exhibited by the samples in terms of hydrogen
absorption. Notably, pure Pd generally exhibits a pressure plateau in relation to the H/Pd
atomic ratio [4,5]. However, the line corresponding to the sample oxidized at 280 ◦C
showed a monotonic increase in hydrogen amount versus pressure on the logarithmic scale.
Conversely, the samples prepared at 400 and 600 ◦C exhibited a plateau region within
gradient isotherms. In contrast, the samples oxidized at 800 ◦C also showed the gradient
isotherm, though the plateau region was comparatively diminished in terms of hydrogen
storage capacity. The hydrogen storage capacity from the plateau region evaluated in
the present experiment was determined to be H/Pd = 0.30, 0.61, and 0.20 for the sample
oxidized at 400 ◦C, 600 ◦C, and 800 ◦C, respectively.

Figure 5. Hydrogen absorption isotherms at 30 ◦C of the oxidized Zr65Pd30Pt5 alloy glasses after
heat treatment in air at 280 ◦C for 24 h (red) and 400 ◦C (blue), 600 ◦C (green), and 800 ◦C (black) for
3 h, respectively.
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Figure 6a–d show the temperature-dependent hydrogen storage behaviors of the four
samples, representing the PCT curves at 30 ◦C, 45 ◦C, and 60 ◦C, respectively. As the temper-
ature increased, the curves shifted to higher pressure. As shown in Figures 5 and 6, a novel
observation has been made concerning the difference between the oxidized Zr65Pd30Pt5

sample at different temperatures. It is assumed that this phenomenon is influenced by
both the matrix and the intrinsic effects on the Pd-based metal phase in these composites.
The amount of absorbed hydrogen appears to be contingent on the pressure; however,
the profile in the oxidized sample at 280 ◦C (Figure 6a) seems to represent a monotonic
relation between log PH2 vs. H/Pd. In contrast, the samples oxidized at 400 ◦C and 600 ◦C
(Figure 6b,c) show hydrogen absorption behavior, characterized by a plateau region with
a gradient. Initially, the amount of hydrogen absorbed increased logarithmically with
hydrogen pressure before reaching the plateau region. The samples oxidized at 800 ◦C
(Figure 6d) exhibited an analogous hydrogen absorption behavior, although the maximum
H/Pd appeared to be reduced.

 
(a) (b) 

 
(c) (d) 

Figure 6. Hydrogen absorption isotherms of the oxidized Zr65Pd35 samples after heat treatment in
air at 280 ◦C for 24 h (a) and 400 ◦C (b), 600 ◦C (c), and 800 ◦C (d) for 3 h, measured at 30 ◦C (red),
45 ◦C (blue), and 60 ◦C (green), respectively.
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The isotherm of the oxidized sample at 280 ◦C lacks a plateau region, showing a
different isotherm profile from that of the other three samples. Solid hydrogenation is
generally initiated by the presence of dissociated hydrogen, which directly interacts with
the solid surfaces. The remarkable absorption of ZrO2 itself has not been previously
documented. The solubility of hydrogen in ZrO2 at temperatures between 500 and 1000 ◦C
was measured to decrease with increasing hydration temperature from ∼10−4 to ∼10−5 H
per ZrO2 [42]. The catalytic hydrogenation mechanism involves hydrogen activation on a
dispersed metallic surface, often followed by the atomic hydrogen spillover behavior on
supports. The phenomenon of hydrogen spillover is defined as the transport of activated
hydrogen across a solid surface/interface, and a number of sites should be replaced by the
spillover sites near metal atoms and/or clusters (interface besides the ZrO2 matrix). This
occurs as a hydrogen flow via the Pd surface to the interface before the formation of the
metal hydride.

The gas adsorption of porous media is represented by the Dubinin–Radushkevich
(D–R) Equation (1) [43,44], as follows:

a = a0 exp (A/E)2 (1)

where a is the value of adsorption, and a0 is the limiting value, which is a function of
micropore volume. A = −RTln(P/P0) is the differential molar work of adsorption; P is
pressure and P0 is the standard pressure (usually the saturation pressure); R is the gas
constant; T is the absolute temperature; and E is the characteristic energy of adsorption,
which is a function of the pore radius. The function establishes a linear relationship
between ln(a) and the function f = −RTln(P/P0)2. This has been observed and applied to
the hydrogen storage of carbonaceous materials and MOF complexes [45]. Figure 7 shows
the plot of a profile of the oxidized sample at 280 ◦C and indicates a well-fitted result in the
wide range of H/Pd. The SEM images of the present composite (Figure 2a) show the uneven
surface of the ZrO2 matrix with fine, irregularly shaped precipitates. In consideration of
the chemical process involved in the spillover of hydrogen on the metal/support system, it
is postulated that the composite may undergo continuous absorption of hydrogen within
its porous surface. A portion of the palladium does not coalesce into a substantial metal
domain but rather into smaller clusters. These are incapable of readily storing hydrogen
within metal lattices but instead send it into the interface and/or pore surfaces.

A series of profiles from three other composites oxidized at 400 ◦C, 600 ◦C, and
800 ◦C, respectively, showed the plateau regions with a gradient. These plateau regions
appear to be indicative of a balance between two hydrogen pick-up stages. Consequently,
a transition from spillover-type hydrogen to hydrogen storage within Pd-based metal
particles, surrounded by a ZrO2 matrix, is anticipated. However, the fraction of these
particles varies depending on the crystallite size, which is influenced by the different HTT.

In recent research, Pd NPs have emerged as a new class of hydrogen storage
materials [46–49]. Bardhan et al. examined hydrogen storage in metal hydride systems,
particularly focusing on an intrinsic size-scaling law for hydriding transformations in
manomaterials [47]. For example, the fraction of one layer unit (a = 0.39 nm) of the surface
was estimated to affect final hydrogen storage in Pd, and the ratio of H/Pd was determined
to be 0.48 for Pd NP with 4 nm in diameter. The PdHx phase must undergo growth within
a strained crystal lattice in each nanoparticle. The hydrogen storage capacity is diminished
by very small clusters and/or nanocrystals, in the isolated state, due to the presence of
non-bulky crystal lattices. Also, the polycrystalline crystallites in the grains of 20–70 nm
were understood to exhibit similar characteristics to isolated nanocrystals during a hydride
phase transformation [50].
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Figure 7. Dubinin–Radushkevich (D–R) plots of ln(H/Pd) versus DR function (= −RTln(P/P0)2) for
the oxidized Zr65Pd30Pt5 samples after heat treatment in air at 280 ◦C.

In addition, since Pt alone does not form a hydride, the subunit of Pt in the alloyed
crystal unit of Pd-Pt cannot stabilize hydrogen in the bulk lattice as a hydride [36]. However,
a hydrogen storage phenomenon has been reported for core–shell structured Pd-Pt NPs by
focusing on the interfacial properties [39]. For the Pd-Pt alloy composite, hydrogen storage
can be observed, even when the pressure is far lower than the equilibrium condition of
hydride formation.

It is noteworthy that the present H/Pd of a sample oxidized at 600 ◦C was found to be
a large capacity of H/Pd = 0.61, which is comparable to that of a Pd black powder [49]. The
crystallite size of the Pd-Pt particle in the present sample was approximately 10 nm. The
specific surface area from the measurement of nitrogen adsorption at 77K was 20 m2g−1.
It is suggested that the relatively substantial hydrogen storage capacity is attributable to
the application of nanoparticulate Pd-Pt and the embedding of NPs within a matrix in
a composite. This phenomenon can be ascribed to the strain relaxation at the interface
between metal NPs and a matrix. While the maximum H/Pd of the samples oxidized
at 800 ◦C is reduced, this is due to the inhibition of the hydride phase in the Pd-Pt solid
solution following grain growth. The generation of the current PCT isotherms is influenced
by a multitude of factors, including the state of the NPs, the Pd-Pt alloy, and the impact
of the matrix effects. Consequently, the optimization of the nanostructure for hydrogen
storage capacity is achieved by selecting the heat treatment temperature for a starting
alloy glass.

Finally, the thermodynamics of hydrogen storage are discussed. For a reaction (2)
between a metal M and hydrogen, the thermodynamics are described by the van’t Hoff
relation (3) [51,52]:

M + (x/2)H2 → MHx (2)

ln pH2 =
∆Ho

RT
− ∆So

R
(3)

where ∆H◦ and ∆S◦ are the equilibrium enthalpy and entropy changes, respectively, and R
is the gas constant. The equilibrium pressure of hydrogen, pH2, in the plateau region is
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related to the absolute temperature T. The plateau pressures increased due to the decreased
stability of the hydride phase. The PCT curves of three samples (oxidized at 400 ◦C, 600 ◦C,
and 800 ◦C) exhibited such a shift with respect to the plateau pressure, depending on the
measurement temperature.

The van’t Hoff plots from the PCT profiles for three samples prepared at each HTT
are shown in Figure 8. Table 1 shows the measured ∆H◦ and ∆S◦ of the three samples.
For the samples (HTT), ∆H◦ was −38.0 ± 5.1 kJ/mol (for 400 ◦C), −37.8 ± 3.2 kJ/mol (for
600 ◦C), and −37.9 ± 2.0 kJ/mol (for 800 ◦C). The calculated ∆H◦ for the hydride phase
formation in these samples was approximately −38 kJ/mol. While the ∆H◦ was slightly
larger than that of pure Pd, the bulk properties remain constant for the hydride formation
reaction in the composites. Table 2 presents a comparison of the experimental ∆H◦ values
for the absorption of hydrogen in Pd-Pt alloy particles [37,52,53]. The present ∆H◦ was
found to be less substantial in comparison with the other data pertaining to isolated Pd-Pt
particles. This phenomenon is likely attributable to the microstructure of the composite,
which is composed of nanoparticle-embedded ZrO2. Upon the entry of the hydrogen atom
into the nanoparticle to form a hydride domain, a strain is induced between the surface
and the inner part of a metal hydride particle. This phenomenon can be understood as an
increase in the enthalpy of the nanoparticle state, accompanied by a corresponding rise in
its instability. Conversely, the strain will be relaxed by the consistent adhesion between
the embedded Pd-Pt particles and a ZrO2 matrix at the interface. The present value of
∆H◦ indicates a tendency for the stabilization of the hydride phase in comparison with
the isolated nanoparticle state. It is also noteworthy that the mixing phase of Pd and Pt
exhibits the H2 storage properties at low hydrogen pressures (10−3–10−4 MPa in Figure 5)
when the metal phase was dispersed in the ZrO2 matrix.

 

Figure 8. Van’t Hoff plots of the oxidized Zr65Pd30Pt5 samples after heat treatment in air at 400 ◦C
(blue), 600 ◦C (purple green), and 800 ◦C (red) for 3 h.

Table 1. ∆H◦ and ∆S◦ of the samples. Due to the absence of a plateau in the data at 280 ◦C, the
parameters could not be obtained.

Sample (HTT) 280 ◦C 400 ◦C 600 ◦C 800 ◦C

∆H/kJ mol−1 - −38.1 −37.8 −37.9
∆S/J mol−1 - −91.5 −91.5 −92.9
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Table 2. Comparison of ∆H◦ for the Pd-Pt nanoparticles.

Composition Diameter ∆H◦/kJ mol−1 Ref.

Pd0.86Pt0.14 5–26 nm −37.8–−38(±5) This study
Pd0.95Pt0.05 74 µm −29.1 [53]
Pd0.92Pt0.08 6.7 nm −30 [37]
Pd0.85Pt0.15 7.4 nm −24.5 [37]
Pd0.80Pt0.20 5.1 nm −20.7 [54]

3.3. H2 Absorption/Desorption Behavior

Figure 9a shows a series of TPR profiles for the H2 absorption behaviors at 30 ◦C.
In this figure, the time-dependent change in the gaseous H2 concentration is observed
when switching the Ar gas to the 5% H2/Ar mixture flow. Since the first run was unstable,
the profiles are shown in the second run. The absorption of hydrogen in the downward
direction is found after the introduction of H2 at 135 s. They show that the spontaneous
absorbing behavior of H2 in the solid can be achieved on the present composites with the
multi-step process, except for a sample oxidized at 280 ◦C. The delayed and complex signals
with time lag suggest a diffusion-limited H2 absorption phenomenon of distributed-sized
metal precipitates in the ribbon sample.

Figure 9. The TPR profile of absorption and release of H2. Panel (a): The H2-TPR profile of the four
Pd/ZrO2 samples. The heat treatment condition is in air at 280 ◦C for 24 h (red and 400 ◦C (blue),
600 ◦C (green), and 800 ◦C (black) for 3 h, respectively, as a reference to Pd black (black). Panel
(b): The TPR profile of hydrogen release during the heating ramp experiment. The samples are the
same as in (a).

Figure 9b shows the H2 release properties of the composites during the heat-up
stage in the second TRR runs. The profile of a sample oxidized at 280 ◦C exhibited a
very broad signal, suggesting difficulty in rapidly recovering spillover hydrogen. In the
remaining three samples, the gas phase concentration rate of H2 exhibited an increase
at temperatures ranging from 50 ◦C to 65 ◦C (the inset in Figure 9a) during a heating
ramp. It is noteworthy that the release peaks of H2 in the samples were observed to be
lower than the same evaluation that yielded a peak of Pd black powder at 79 ◦C. The main
release peak was observed at 50 ◦C for the composite oxidized at 600 ◦C. Therefore, the
Pd-Pt/ZrO2 composite has been found to have advantages in terms of the rapid operation
of H2 recovery at lower temperatures.

4. Conclusions
In this study, the formation and hydrogen storage of composite materials derived from

alloy glass in the system of Zr-Pd-Pt are discussed. The results yielded the novel properties
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of the overall hydrogen absorption/desorption, indicating a new type of hydrogen storage
material. The findings were as follows:

1. The XRD and surface morphology of the alloy glass after heat treatment in air at
280–800 ◦C showed a precipitated structure consisting of metallic Pd-Pt particles on
the matrix of ZrO2.

2. The PCT isotherms of the composites exhibited the characteristic hydrogen absorption
behaviors. In the equilibrium absorption process, the amount of the stored H2 reaches
its maximum of H/Pd = 0.61 in the composite prepared at 600 ◦C. The ∆H◦ of
approximately 38 kJ/mol was for the hydride formation reaction.

3. The H2-TPR results demonstrated the hydrogen absorption/release behavior on the
composite. The desorption of H2 occurred at relatively low temperatures ranging
from 50 ◦C to 65 ◦C at atmospheric pressure.
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