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This study investigates the hydrogen storage properties of Pd/Ti/Pd/Ti multilayer thin films fabricated using an
electron-beam evaporator. Rutherford backscattering spectrometry (RBS) was used for elemental composition
and thickness analysis. The hydrogen profiling was performed using elastic recoil detection analysis (ERDA).
The structural and morphological characterisations were performed using X-ray diffraction (XRD) and atomic
force microscopy (AFM). The results revealed that the Pd layers were pure and free of any contamination,
whereas the Ti layers were contaminated with oxygen, up to 63 at.%. Hydrogen absorption peaked at 200 °C

with a total concentration of 51.3 at.%.~ 1.9 wt.%., but declined at higher temperatures. XRD confirmed the
formation of TiH, at elevated temperatures, while AFM showed a correlation between surface roughness and

the hydrogen absorption.

1. Introduction

Due to their strong affinity for hydrogen, titanium (Ti) and its alloys
can reversibly react with hydrogen to form metal hydrides. Ti and its al-
loys are notable hydrogen storage materials due to their low molecular
weight and strong hydrogen affinity [1]. They can absorb up to 50 at.%
of hydrogen at 500°C [2], and even higher amounts can be absorbed
at lower temperatures [3]. Several experimental conditions, such as
temperature, time, pressure, and gas concentration, can influence the
solubility of hydrogen in Ti.

Many researchers have explored Ti-based multilayer thin films for
hydrogen storage due to their potential to enhance hydrogen absorption
and increase storage capacity. Other metals, such as magnesium (Mg),
palladium (Pd), and nickel (Ni), are often used to optimise the per-
formance of these films. The multilayer structure improves hydrogen
storage by preventing intermetallic phase transformations [4]. For
instance, it has been reported that multilayer stacks of Ti;C,Tx demon-
strate an enhanced hydrogen storage capacity compared to monolayer
Ti;C,Tx [5]. Additionally, research indicates that incorporating a Pd in-
terlayer in the Pd/Ti/Mg/Ti multilayer improves the hydrogen storage
properties [6].

Another challenge in hydrogen storage is the need for hydrogen
molecules to dissociate before they can be absorbed [7]. This chal-
lenge can be mitigated by applying a catalytic layer, such as Pd thin

film, on the surface [8]. Pd is a significant material in the hydrogen
economy, utilised in various applications including hydrogen sensors,
hydrogen fuel cell electrodes, catalysts for hydrogen absorption, and
selective membranes for hydrogen purification [9,10]. Studies have
shown that Pd thin films can enhance hydrogen absorption into Ti’s
interstitial sites and prevent oxidation on the Ti surface, facilitating
hydrogen absorption even at room temperature [8]. Ye et al. [11]
investigated Mg/Pd multilayer thin films for hydrogen storage. The
authors reported that these multilayers maintained stable hydrogen
storage capacity, despite changes in their microstructure during acti-
vation and absorption-desorption cycles. In another study, Reddy and
Kumar [12] found that Pd/Ti/Mg films exhibited a higher hydrogen
storage capacity compared to Pd/Mg films. Their findings surpassed
those reported by Jung et al. [6]. This improvement was attributed
to the insertion of a Ti layer between the Pd and Mg layers, which
prevented intermixing and also acted as a catalyst.

In this study, we investigate the hydrogen storage properties of
Pd/Ti/Pd/Ti multilayer thin films synthesised using an electron beam
evaporator. This technique allows precise control over layer thickness
and deposition parameters. A key focus of this research is to under-
stand how hydrogenation temperature affects the surface morphology,
structural changes, and hydrogen-absorption properties of the thin
films.
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Fig. 1. The RBS spectrum of the as-deposited multilayer film stack of Pd/Ti/Pd/Ti on a borosilicate glass substrate and (b) the corresponding concentration depth

profile.

To comprehensively analyse these thin films, we employed various
techniques: XRD for phase identification and crystallinity analysis, AFM
for surface morphology and roughness analysis, ERDA for hydrogen
profiling, and RBS for elemental composition and thickness analysis.

2. Materials and methods

The Pd/Ti/Pd/Ti multilayer thin films were fabricated using the
NEE-400 e-beam evaporator under a vacuum of 1073 Pa. Five samples
were prepared by depositing Ti and Pd onto the borosilicate glass
substrate at room temperature. The deposition rate was kept at 0.6 A/s.
The sample’s thickness was controlled to be Pd (5 nm)/Ti (50 nm)/Pd
(5 nm)/Ti (50 nm), as verified by RBS using the 3MeV Tandetron
accelerator at iThemba LABS. The Ti thickness was kept at 50 nm, as
we are investigating the hydrogen storage properties of Ti with Pd as
a catalyst; hence, a thin layer is required. Furthermore, the samples
were hydrogenated at 200°C, 300°C, and 500°C in a pure hydrogen
atmosphere with a flow rate of 100 sccm for 30 min. The vacuum
pressure was maintained at 1.33 x 107! Pa. The deposition, hydrogena-
tion procedures, and characterisation technique used were the same
as those detailed by Rampai et al. [13]. ERDA was used to quantify
the hydrogen absorption in the layers. The phase transformations of
the thin films were investigated by XRD. The XRD data were collected
using the Bruker D-8 Advanced X-ray diffractometer on a sample with
CuKe radiation (A = 1.5 ./7\). The XRD data were collected in the 260
range 35° to 80°. The counts were gathered at 96s per step, with an
angle increment of 0.034° [14]. The AFM was used to characterise
the samples and assess their surface morphology and roughness. The
measurements were performed using the CoorsTek 040 AFM, and the
surface roughness parameters were extracted with Gwyddion [15].

3. Results and discussion

Fig. 1(a) shows the RBS spectrum of the as-deposited multilayer film
stack of Pd/Ti/Pd/Ti on (a) borosilicate glass and (b) the corresponding
depth profile obtained from simulating and fitting the spectrum using
SIMNRA software. All peak positions for all elements were identified
and labelled in Fig. 1(a). The surface Pd layer appeared at ~1241,
and the Pd buried layer appeared at a lower position at ~1209. The
shift in the channel position of the Pd buried layer was caused by
the energy loss experienced by probing ions in the Pd layer on the
surface and the subsequent Ti layer [16]. The two Ti layers appeared

Table 1
Thickness and composition of the thin film layers of the Pd-Ti system obtained
from RBS measurements (see Fig. 1).

Layer Element Thickness (10" atoms/cm?) Composition (at.%)
1 Pd 26.2 100

2 Ti:O 391.4 38:62

3 Pd 27.5 100

4 Ti:O 548.4 37:63

5 Substrate (O:Si:K) 22983.4 62:34:4

at ~1012 and ~982 channel positions. Another noticeable element
detected was oxygen (O), which appeared at a channel position of
approximately 480; this element O was found in the Ti layer during the
simulation [17]. Each layer’s composition and thickness (in atoms/cm?),
as obtained from the SIMNRA simulation and fitting, are presented in
Table 1. The concentration depth profiles plot is shown in Fig. 1(b).
The depth profile indicates that the Pd layers comprise 100 at.% Pd with
no impurities, while the Ti contained element O of up to 63 at.%. This
appearance of the element O indicated the presence of residual gases
in the deposition chamber during the film preparation process, and Ti
is known to react easily with the element O [18]. In a similar study by
Magogodi et al. [19] reported the formation of TiO, in the Ti layer, but
they only reported in samples annealed in H, (15 %) / Ar (85 %).

Fig. 2 shows the ERDA spectra of the as-deposited Pd/Ti/Pd/Ti
multilayer thin films plotted together with the samples after hydro-
genating them at 200°C, 300°C and 500°C. Fig. 3 (a to d) shows
the concentration depth profile plots. Fig. 2 indicates that the as-
deposited samples only display the surface component of hydrogen.
This surface component is unavoidable due to the pre-analysis exposure
to the atmosphere; all samples are expected to have it. However, as
hydrogen is introduced into the system via the hydrogenation process,
more H atoms are added, increasing the intensity of the surface peak, as
observed in Figs. 2 and 3. Additionally, the diffusion of H atoms into the
bulk of the samples changes with temperature [14,19]. For example, at
200°C, the H content in the bulk was higher than that at 300°C and
500°C. Jung et al. studied a similar system and reported it 150°C as
the optimum temperature [4]. The negative impact of oxides in the
system was not easily observed, as reported in the literature by Schulke
et al. [20]. This behaviour can be associated with the presence of the
Pd catalytic layer, which enhances the H, dissociation process while
participating in the absorption process [21]. In this investigation, the
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Fig. 2. ERDA spectra of the (a) as-deposited multilayer stack plotted with samples after annealing at (b) 200°C, (c) 300°C and (d) 500°C in a pure hydrogen

environment with a flow rate of 100 sccm for 30 min.
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Fig. 3. Depth profile of an (a) as-deposited multilayer stack plotted together with samples after annealing at (b) 200 °C, (c) 300 °C and (d) 500°C in pure hydrogen

environment with a flow rate of 100 sccm for 30 min.
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Fig. 4. Average and total H concentration over the total probed depth of the samples deposited on (a-b) on borosilicate glass substrate, respectively, indicating
the optimum operation temperature (~ 200 °C).

Table 2

Comparative summary of multilayer thin film systems and their hydrogen
storage capacities.

Layers Preparation method Results Citation
Mg/Pd Magnetron sputtering The hydrogen storage [11]
was 2.5wt.%
Mg/Pd Ultra-high vacuum DC Hydrogen storage [4]
magnetron sputtering peaked at 150°C with
1.4wt.%
Ti/Mg/Ti/Mg  Ultra-high-vacuum DC The hydrogen storage [4]
magnetron sputtering. peaked at 150°C with
4.7 wt.%
Pd/Ti/Mg Resistive and e-beam The hydrogen storage [12]
evaporation. was ~7.0wt.%
Pd/Ti/Pd/Ti  e-beam evaporator at The hydrogen storage This study

1073 Pa

peaked at 200°C with

51.3at.% ~ 1.9wt.%

oxide content matched the TiO (1:1) stoichiometry, which significantly
affected the multilayer’s hydrogen absorption capacity. Samples with
oxygen contamination have been reported to exhibit significantly lower
absorption than oxygen-free samples [22].

Fig. 4 shows the average and total H concentration profile plots
over the probed depth of samples deposited on the glass substrate,
respectively. It can be seen that the optimum operating temperature
where the maximum H concentration is observed is between 200 °C
and 300°C; these results are similar to what Rampai et al. [13] re-
ported, other multilayer thin films hydrogen storage capacity have
been tabulated in Table 2. At 300°C, the hydrogen concentration is
relatively high at 3.7at.%, decreasing to 2.6at.% at 500°C. The total
hydrogen concentration follows a similar trend, peaking at 200 °C with
a concentration of 51.3at.% and then dropping at higher temperatures,
as reported in a similar study by Jung et al. where they noticed the
dependence of the hydrogen absorption in Ti-based multilayer thin
films [4]. This suggests that for the Pd-Ti system, 200 °C is the optimum
hydrogen absorption temperature.

Fig. 5 displays the XRD patterns of the as-deposited multilayer
stack, together with those of the samples annealed at 200 °C, 300 °C,
and 500 °C. According to the diffraction peaks, prominent peaks were
only observed at 20 =~ 64° [Ti(110)]; the second peak, which is
the biggest, was observed at 26 ~ 72° [Ti(200)], and the remaining
peaks were observed at 20 ~ 73°[Pd(101)], 76°[Ti(112)] and 85°, as
labelled in Fig. 5. The as-deposited samples show the diffraction peaks
emanating from the Pd/Ti/Pd/Ti film stack and no additional peaks

—-—as-deposited

Intensity (arb. units)

L S ——

30 35 40 45 50 55 60 65 70 75 80 85

20 (degrees)

Fig. 5. XRD spectra of an as-deposited multilayer stack plotted together with
samples after annealing at 200°C, 300°C and 500°C.

from the glass substrate, as it is amorphous [23]. These diffraction
peaks are associated with diffraction phases such as Ti (100), Ti (101),
Ti (103), Pd (101) as labelled in Fig. 5. Additionally, the formation
of Ti-hydrides, the face-centred tetragonal (FCC) TiH, (pattern no: 00-
020-0902), and space group Fm3m (225) with lattice parameters a =
0.445 nm was observed. This indicates the amorphous nature compared
to the as-deposited films, which displayed clear diffraction peaks. At
low diffraction angles 26 < 40°, the borosilicate glass shows a broader
peak [24] that then diminishes as the films crystallise. The peaks
observed for Pd (101) at 26 ~ 72° confirm the presence of Pd, which
typically has a face-centred cubic (FCC) structure. This observation is
consistent with the findings of Jassen et al. [25], who confirmed the
FCC structure of Pd.

Fig. 6 shows the AFM images of Pd/Ti/Pd/Ti multilayer thin films,
(a) the as-deposited samples, and samples hydrogenated at (b) 200 °C,
(c) 300°C and (d) 500°C. Fig. 6 results display a clear evolution
in surface morphology as a function of annealing temperature. The
image of the as-deposited sample in Fig. 6 shows a small nanostructure
with a few agglomerates on the surface. These nanostructures are
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Fig. 6. AFM images of the as-deposited multilayer stack plotted together with samples after annealing at 200 °C, 300 °C and 500 °C in a pure hydrogen environment

with a flow rate of 100 sccm for 30 min.

evenly distributed, indicating that they formed spontaneously during
film deposition. For the samples annealed at 200 °C and 300 °C, larger
agglomerates are observed, while the underlying nanostructures remain
small. However, the agglomeration disappeared at 500°C, and the
surface is generally covered with similar-sized nanostructures.

Table 3 presents important statistical parameters extracted by the
Gwyddion software [15] from the AFM images. The RMS roughness
(S,) value of the as-deposited was 13.9nm. This value increased to
18.0nm at 200 °C, implying coarsening at this temperature. The rough-
ness values follow a similar trend to the hydrogen profiling in Fig. 4(b),
decreasing at 300 °C, corresponding to the temperature at which the
value of H absorbed is low. The skewness and kurtosis parameters are
important in giving a better understanding of the surface. The skewness
parameter indicates when the peak distribution is symmetrical, while
the kurtosis parameter determines whether the peak distribution of
height is Gaussian [26]. The skewness .S, is extremely positive in the
as-deposited sample and the ones hydrogenated at 200°C and 300 °C,
with S, > 3, implying that the surface is dominated by peaks [27],
and then move to extreme negativity at 500 °C with a value of —0.4.
The maximum pit depth (S,) reported in this investigation is 143.5 nm at
500 °C, which aligns with the change in skewness, as at this temperature
S, = —0.4, which implies that the surface has deep cracks which is
usually caused by hydrogen embrittlement [27]. The excess kurtosis
(S}, indicates the distribution’s sharpness and whether the surface has
peak valleys that are either steep or rounded. From Table 3 it can be
seen that the S, for the as-deposited samples and that of the samples
annealed at 200°C and 300°C is greater than 3, which implies that
the samples have sharp or steep peaks and valleys [28]. This is further
supported by the peak height of the as-deposited sample. Additionally,

Table 3

Surface roughness parameters at different hydrogenation temperatures.
Parameters As-dep Hydrogenation temperatures

200°C 300°C 500°C

RMS roughness, S, (nm) 13.9 18.0 6.7 32.8
Mean square roughness, .S, (nm) 8.0 9.4 3.4 24.1
Skewness, S 5.0 5.2 4.7 —-0.4
Excess Kurtosis, .S, 38.6 38.3 26.1 1.6
Max peak height, S, (nm) 161.6 270.1 61.8 145.4
Max pit depth, .S, (nm) 21.1 13.9 6.3 143.5

from the statistical parameters from Table 3, the maximum peak height
is 270.1 nm found at 200 °C and the total thickness of the Pd/Ti/Pd/Ti
stack is & 110nm. The maximum peak height is almost twice the
thickness of the thin-film stack. This indicates that the samples are
characterised by prominent aggregates rather than a smooth contin-
uous morphology. The presence of these vertical structures provided
additional active sites for hydrogen absorption, which directly supports
the observed peak absorption at this temperature.

Fig. 7 shows the plot of the RMS roughness alongside total hy-
drogen concentration versus temperature at which the samples were
annealed, and compared with the as-deposited sample. Comparing the
RMS roughness from Table 3, there is a clear correlation between the
RMS roughness values and the hydrogen concentration absorbed at
different temperatures. From Table 3, at 300°C, the roughness of the
sample decreases from 18.0nm to 6.7 nm, and the hydrogen absorption
remains good but lower than that of 200°C. A secondary peak in
roughness occurs 500 °C (32.8 nm), likely due to grain coarsening, while
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the hydrogen absorption remains relatively high compared to the as-
deposited sample. Higher surface roughness increases surface energy,
which in turn enhances hydrogen uptake by providing more active
sites [29]. These trends align with the findings of Rampai et al. [13],
where we reported that higher surface roughness effectively enhances
hydrogen uptake.

4. Conclusion

This study investigated the hydrogen-storage properties of the
Pd/Ti/Pd/Ti structure. It was found by RBS that the Pd layers were pure
100 % Pd, while the Ti layers were contaminated with oxygen, contain-
ing up to 63.0 at.%. ERDA was used to analyse hydrogen absorption, and
the results revealed that hydrogen absorption varies with temperature,
reaching a maximum at 200 °C, with a total hydrogen concentration
of 51.3at.%. XRD confirmed the presence of Pd and Ti phases, with
Ti hydrides forming at elevated temperatures. AFM results showed
that the surface roughness increased at 200°C, decreased at 300 °C,
and then spiked again at 500°C. At lower temperatures, aggregation
was observed, while nanostructures dominated at higher temperatures.
A correlation was noted between the RMS roughness and hydrogen
absorption, with both following a similar trend as the hydrogenation
temperature increased, peaking at 200 °C.
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