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Nanostructured metallic glass films (NMGF) can exhibit surface and intrinsic effects that give rise 

to unique physical and chemical properties. Here we report a facile synthesis and 

electrochemical, structural, and morphologic characterization of Pd-Au-Si based MGs of ~50 nm 

thickness supported on Si/SiO2. Impressively, the maximum total hydrogen charge stored in Pd-

Au-Si nanofilm is equal to that in polycrystalline Pd films with 1 µm thickness in 0.1 M H2SO4 

electrolyte. The same NMGF has a volumetric desorption charge that is more than eight times 

and 25% higher than that of polycrystalline PdNF and Pd-Cu-Si NMGF with the same thickness 

supported on Si/SiO2, respectively. A significant number of nanovoids originated from PdHx 

crystals, and an increase in average interatomic spacing is detected in Pd-Au-Si NMGF by high-

resolution TEM. Such a high amount of hydrogen sorption is linked to the unique density 

fluctuations without any chemical segregation exclusively observed for this NMGF.  

 

Introduction 

It is known that the selected composition at the deep eutectic point and its nearby 

compositions should have kinetics faster than any of the competing eutectic, and in some 

situations, the primary phases.1 Fully amorphous Pd82Si18 composition with a deep eutectic can 

be cast up to 8 mm which is even larger than many other ternary alloys and can be extended to 

15 mm with the replacement of small amounts of Pd with Cu.2  In terms of hydrogen interactions, 

compared to lattice expansion of the Pd polycrystal nanofilms of the same thickness (50 nm), the 

calculated maximum H⁄M=1.56 for Pd79Si16Cu5 MG thin film is around 2.5 times larger.3 Here, the 

third element Cu disturbs the symmetry of the PdSi-MGs leading to the formation of new 

interstitial positions for enhanced hydrogen sorption.4, 5 In terms of the sorption capacitance 
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parameter retrieved from the equivalent circuit modeling (ECM) of the electrochemical 

impedance spectroscopy (EIS), the value is approximately five times bigger than that of the 

pristine Pd thin films of the same thickness.6 Hydrogen intake also changes the electronic 

structure, rendering asymmetric peaks at Pd 3d3/2 and 3d5/2 orbitals.6 Interestingly, as opposed 

to the electrocatalytic hydrogen activity deterioration of Pt/C or Mo2C/C electrodes,  

Pd40Ni10Cu30P20 MG ribbons,7, 8 nanoporous Pd-Cu-S,9 Pd-Ru nanoparticles,10 Pd-Ni-P MG with 

micro/nano hierarchical porous structure,8, 11 and Pd-Si-Cu thin films in our previous study 12 

shows a remarkable improvement as the number of CV cycles increases. Similar to high entropy 

alloys,13-15 Pd-Ni-Si-P MG with hierarchical nanostructures,8, 16 Pd40Ni10Cu30P20 MG ribbons,7, 8 and 

nanoporous amorphous Pd-Cu-S 9 show a self-stabilizing behavior under long-term static 

overpotentials. Furthermore, the interaction of hydrogen atoms within Pd takes place with a 

minimum activation barrier enabling Pd to catalyze hydrogen sorption and desorption.17, 18  

This study concerns the development of a novel nanostructured metallic glass film (NMGF) 

composition by tuning the Au content in a near-eutectic Pd-Si binary glass former, and the 

electrochemical - cyclic voltammetry (CV), EIS and ECM, structural – X-ray diffraction (XRD) and 

aberration-corrected high-resolution scanning transmission electron microscopy (HRSTEM), and 

morphologic – atomic force microscopy (AFM) and field-emission gun scanning electron 

microscopy (FEG-SEM) characterization of the developed NMGF. Following ref.,19 the range of 

compositions were estimated based on the extent of the supercooled liquid region (∆𝑇 = 𝑇g −

𝑇x_onset, where 𝑇g is the glass-transition temperature, 𝑇x_onset is the onset temperature of 

crystallization), and the compositions at which single-phase bulk Pd-Si-Au and Pd-Si-Cu metallic 

glasses can be obtained. Based on these two criteria, three new compositions with Au additions 
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to Pd-Si metallic glass nanostructured films (NFs) were generated by DC magnetron sputtering 

(NF1, NF2, and NF3). Pd79Si16Cu5 NFs showing enhanced electrosorption and electrocatalytic 

behavior (NF4), as well as polycrystalline PdNF, was also investigated for comparison.3, 6  

In the NMGF and Si/SiO2 assembly, the main function of the NMGF is the hydrogen storage via 

electrosorption using a combinatorial chronoamperometry and cyclic voltammetry. The 

substrate Si/SiO2 is chosen due to several reasons. First, a seamless adhesion of the NMGF to the 

substrate on the atomic-scale is achieved during DC magnetron sputtering. Secondly, according 

to our observations, Si/SiO2 is highly robust in the diluted H2SO4 environment, even in very long-

term exposures. Thirdly, and most important, Si/SiO2 acts as a barrier for the outer diffusion of 

the sorbed hydrogen, thus enhancing the volumetric sorption and charge density. The presented 

comprehensive study provides evidence for the highest amount of surface and volumetric gas 

storage for the Pd-based electrode assembly developed so far, where the developed Pd NMGF 

and Si/SiO2 assembly are predicted to be excellent alternative materials for hydrogen energy 

storage and release systems in the near future.  

 

Results and Discussion 

Table 1 gives the theoretical density and surface (𝑄d) and volumetric desorption charges (𝑄v) 

obtained from the CV for each NF electrode. NF1 is selected from a near-eutectic Pd-Si system 

with a slight replacement of Pd with Au.19 Further replacement of Pd with Si (NF2) with additional 

Au (NF3) were analyzed to understand the influence of each or both constituents on 

electrochemical properties. From the literature findings and our observations confirmed that the 

further increase of Au led to severe crystallization due to the dramatic drop of the glass forming 

A
cc

ep
te

d 
M

an
us

cr
ip

t

This article is protected by copyright. All rights reserved.



5 
 

kinetics 19. Finally, NF4, whose chemical composition was optimized in a previous study (Pd 

replaced with Cu), was chosen for comparison 6. 

 

Table 1. Comparison of crystalline PdNF and NMGF. The composition of each NMGFs in atomic percent 

was acquired with the TEM-EDX. The thickness of the nanofilms was measured from the High-angle 

annular dark-field – scanning transmission electron microscopy (HAADF-STEM) imaging. The theoretical 

densities were calculated from the elemental densities and atomic percentages. The desorption charge of 

each electrode (divided by the surface area and volume) was extracted from the corresponding CV curves. 

 

 

Sample Composition 
(± 1 at. % ) 

Thickness 
(± 2 𝑛𝑚) 

Theoretical 
Density (𝑔 𝑐𝑚−3) 
(±0.1) 

Maximum Surface 
Desorption 
Charge 𝑄𝑑 
(𝑚𝐶 𝑐𝑚−2) 
(± 0.20) 

Maximum 
Volumetric 
Desorption 
Charge 𝑄𝑣 (𝐶 𝑐𝑚−3) 
(± 40) 

PdNF  102 12.02 1.04 102 

NF1 Pd83Si14Au3 69 10.21 1.37 199 

NF2 Pd79Si17Au4 72 10.27 4.26 592 

NF3 Pd74Si17Au9 55 10.76 4.62 840 

NF4 Pd79Si16Cu5 56 9.88 2.48 443 

 

Three samples, i.e., NF3 with the highest desorption charge, PdNF, and Cu-containing NF4, 

show clear differences (Figure 1a, b, and 1c). The Bode magnitude lines for NF3 intersect at 𝑓 =

1000 Hz and |𝑍| = 45 . For PdNF, the inversion point is at 𝑓 = 1000 Hz and |𝑍| = 25 . 

Furthermore, PdNF reaches to lower |𝑍| values at lower frequencies. Compared to NF3, Cu 
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addition to Pd-Si MG  (NF4) shifts 𝑓 to higher values of 1585 Hz with a similar |𝑍| of 43 . The 

Nyquist diagrams (inset) show the distinct behavior of the three compositions; the largest and 

smallest drops in the impedance from the double-layer region towards the hydrogen evolution 

region (HER) are observed for the NF3 and NF4 samples, respectively. Moreover, the point where 

the second time constant disappears shifts from -160 mV for NF3 to -120 mV for PdNF, and 0 mV 

for NF4. Hence, the kinetics and potential range of hydrogen sorption/evolution in 0.1 M H2SO4  

differs from the behavior of polycrystalline Pd films when small additions of Cu or Au are 

incorporated into PdSi-MG. When the regions of the linear decrease in |𝑍| as a function of 𝑓 is 

compared, the largest slope is observed for the NF3 sample (0.87), followed by PdNF (0.85) and 

NF4 (0.76). For the NF3 sample, the characteristic frequency range defining this slope shifts to 

lower values (4 – 250 Hz, compared to 25 – 630 Hz for the other two samples). These findings 

indicate that the change from resistive to capacitive behavior of NF3 during hydrogen sorption 

happens much faster and at lower frequencies. 

To correlate the EIS findings with charge transfer resistance and double layer/sorption 

capacitance, two equivalent circuit models (ECM) of the evaluated materials were generated. 

The first circuit model was implemented until the second time constant in the Nyquist plots 

disappears (ECM 1). The Nyquist plots with a single time constant indicate the hydrogen evolution 

region (HER), which was modeled by the second circuit (ECM 2). Here, R1 is the solution 

resistance, R2 the charge transfer resistance, R3 the hydrogen evolution resistance, Q1 the 

double-layer capacitance, and Q2 the sorption capacitance. Figure 1d depicts the double-layer 

capacitance 𝐶dl the behavior of the electrodes as a function of potential. For the NF1, NF2, and 

NF3 samples, 𝐶dl gives a maximum of around −50 mV. Hence, compositional variation in the Pd-
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Si-Au system does not alter the potential corresponding to the maximum double layer. On the 

other hand, the maximum 𝐶dl drops from 0.30 mF cm−2 to 0.18 mF cm−2 as the Au content 

increases. Another increase for the metallic glass nanofilms is observed below −200 mV, which 

is related to the initiation of the hydrogen evolution reaction. For the NF4 sample (Pd-Si-Cu), the 

maximum sorption peak is almost negligible, and a small hump at around −50 mV with a 

maximum of 0.08 mF cm−2 is observed. This finding clearly indicates that the adsorption of H+ 

ions and the formation of a molecular dielectric by the polarization of the NF4 surface are less 

pronounced compared to the other MG films of interest. Interestingly, the polycrystalline Pd 

nanofilm shows a continuous rise in 𝐶dl below −100 mV, reaching a maximum at 0.35 mF cm−2 

in the HER region. Nevertheless, no apparent pronounced hump is observed, which could 

indicate a change in the double-layer kinetics. The detailed explanation of the Bode magnitude 

(Figure S1 and S2), Nyquist (Figure S3 and S4), and Bode phase plots (Figure S5) for all five samples 

are given in the Supporting Information. 

Figure 1e shows the charge-transfer resistance 𝑅ct of the electrodes as a function of potential. 

𝑅ct corresponds to a merely kinetically-controlled electron transfer between electrode and 

electrolyte, and can be calculated from the radius of the first semicircle.20 Although the general 

trend is a decrease in 𝑅ct with the drop of the potential towards the HER region, differences 

between the profiles and values are noticeable. When the double-layer maxima of the samples 

are compared, NF1 has much larger 𝑅ct (c.f. 51000   cm−2 for NF1 and 7640   cm−2 for NF3). 

For the same sample, a higher 𝑅ct is preserved in the HER region. In our previous studies, we 

have shown that the reduction of the size of the semicircles in the Nyquist plots towards negative 

potentials is due to the interaction of H+ ions to form PdHx in the bulk phase. Thus, for the NF1 
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sample, it is highly probable that the adsorbed hydrogen cannot easily diffuse to the inner layers, 

and shows relatively more resistive behavior compared to the other samples. The polycrystalline 

Pd nanofilm has a lower 𝑅ct with a pronounced resistance at −100 mV corresponding to 

hydrogen sorption. Hence, the charge-transfer resistance due to hydrogen sorption for the 

metallic glass NFs is less sensitive than for the PdNF. Figure 1f shows the sorption capacitance 

component, 𝑌sp, of the constant phase element. No clear sorption trend is observed for any 

sample above −50 mV. Among NFs, NF3 has the highest sorption- capacitance followed by the 

PdNF. On the other hand, NF1 shows the lowest 𝑌sp in the hydrogen sorption region. Similar to 

the literature,21 the 𝑌sp of all electrodes drops dramatically in the HER region due to the enhanced 

evolution kinetics. Graphs of charge transfer resistance 𝑅ct vs. characteristic phase-angle maxima 

𝜃c, 𝜃c vs. characteristic phase-angle frequency 𝜔c and Bode magnitude |𝑍| vs. 𝜔c are discussed 

in detail in Figure S6 and EIS of NFs – ESI, see the Supporting Information. 

The transition between α-solid solution and β-hydride phases is confirmed by cyclic 

voltammetry and electrochemical impedance spectroscopy (Figure 2a and b). The steady current 

density and phase of Z above 80 mV correspond to the α-phase formation with very limited 

hydrogenation.6, 21-24 Below this potential, the current density for the desorption peak increases, 

where the phase of Z simultaneously starts to decrease. A small increase followed by a very sharp 

decrease in current density below −40 mV with a corresponding steady decrease in the phase 

of Z  is accounted for by β-hydride formation. The highest amount of hydrogenation in Pd, around 

35 times higher than that of the α-phase, as well as 3.33 times higher diffusion coefficient, was 

previously determined in the β-hydride phase (ratios calculated from ref.25). For very negative 
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potentials (−180 mV and lower), the deviation from the linear decrease in the phase of the Z 

plot marks the initiation of hydrogen evolution. 

The XRD results presented in Figure 3 confirm structural modifications by the compositional 

variation. The Pd(111) peak located at 40.16° for the PdNF becomes the first broad diffraction 

maximum of the amorphous NFs. Si additions (NF1) shift this maximum to higher values, while 

an increased Au content shifts the maximum to lower 2𝜃 angles, i.e., its position decreases to 

39.76° as the Au content increases (NF3). Similarly, the second broad diffraction maximum shifts 

to lower angles with increasing Au content. The position of the first broad maximum in the XRD 

scan of the amorphous material is related to the interatomic distances. Due to its relatively 

smaller atomic size than that of Au, 5 at. % of Cu addition (NF4) shifts the first broad diffraction 

maximum to higher diffraction angles. The second broad maximum, which is mainly due to the 

atomic bond interactions between Cu and Pd on the short-range order, is not as pronounced. For 

the as-sputtered samples, a fully amorphous structure without nanocrystals for all NMGFs is 

confirmed by HRTEM, and seamless attachment between Si/SiO2 and MG is observed for all the 

samples (Figure S7 for a representative NF3 sample, see the Supporting Information).   

One of the main reasons for the enhanced sorption of NF3 is its smoother surface (Figure 4); 

the root-mean-square (RMS) roughness is 0.34 nm, which is less than half compared to the other 

Au-containing alloys (NF1 and NF2). Furthermore, fewer surface defects are observed for NF3 

films. The roughness is an order of magnitude larger in NF4 (3.45 nm) and 3 times larger in PdNF 

(1.16 nm). When we also refer to our set of Pd–Si–Cu compositions, using Au instead of Cu 

promotes surface evenness, and quality (free from irregular bumps, pits, etc.).6 The FEGSEM 
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images of polycrystalline PdNFs show a pronounced roughness whereas amorphous NF3 films 

have a smooth surface (Figure S8, see the Supporting Information). 

The increase in the 𝑄d and 𝑌sp values for NF3 are mainly linked to the replacement of Pd atoms 

with Au in the right proportions. Figure 5a schematically explains the high abundance of surface-

active sites in the NF3 sample. Compared to Pd (137 pm), the larger atomic size of Au (144 pm) 

increases the size of the interstitial sites. This enlargement facilitates diffusion of H+ ions from 

the surface to the bulk of the nanofilm and increases the possibility of electrochemical hydrogen 

entrapment. Moreover, the presence of Au facilitates the orientation and homogenization of the 

distribution of crystalline sites, which results in the highest desorption capacity. Hence, it can be 

concluded that an optimized Au concentration while considering a sufficient glass-forming ability 

to produce fully amorphous thin films can yield a higher number of active sites, i.e., voids 

between and inside atomic clusters, for hydrogen entrapment. Instead, when a Cu atom with an 

atomic size of 128 pm replaces Pd (Figure 5b), the interstitial sites shrink and render the diffusion 

of H+ ions from the electrolyte into the bulk NF more challenging. Also, the surface-active area 

for hydrogen entrapment becomes smaller. Our previous findings for the similar-sized thin films 

corroborate that NF4 with 5 at. % Cu has the highest hydrogen-metal activity registered by CV 

and EIS, whereas further replacement of Pd with Cu could degrade this activity.6  For Pd, it has 

been observed that palladium hydride generally forms by the occupation of octahedral interstitial 

sites.26, 27 However, due to the fcc close-packed structure of Pd, the size and number of 

octahedral sites are small, which limits the amount of hydrogen uptake. A representative 

illustration of the PdHx formation and the H2 evolution on the PdNFs is depicted in Figure 5c. 
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Cyclic voltammetry of the samples in 0.1 M H2SO4  indicates clear differences between the 

hydrogen (de)sorption and evolution behavior of NMGF and PdNF electrodes (Figure S9, see the 

Supporting Information). The asymmetric sorption/desorption profile is typical for Pd electrodes 

owing to the diffusion of hydrogen into the bulk structure.28, 29 The desorption charge profiles 

calculated from the potential-dependent region between the anodic and cathodic scans in terms 

of volume 𝑄v, and surface area, 𝑄d (inset) are provided in Figure 5d. The maximum 𝑄v and 

𝑄d values sorbed until the onset of hydrogen sorption (position estimated from the desorption 

peak) are tabulated in Table 1. The results highlight that the hydrogen-storage capacity of NF3 is 

almost 25% higher than that of the NF4. Furthermore, the hydrogenation in the PdNF and NF4 

samples starts and finishes earlier at larger potentials. Polycrystalline Pd can absorb only 22.5% 

as much as the NF3 sample per unit area (𝑄d). When the volumetric desorption charges, 𝑄v, are 

compared, 𝑄v_NF3 = 840 C cm−3 is more than eight times larger than that for the 𝑄v_PdNF. This 

value is also almost twice that for the 𝑄v_NF4 (443 C cm−3) (Table 1). The maximum total 

hydrogen charge stored in NF3 nanofilm, 𝑄d = 4.62 𝑚𝐶 𝑐𝑚−2, is equal to that in Pd films of 1 µm 

(see Figure 11 in ref. 23). Moreover, this value is larger than for the Pd and Pd3Co nanoparticles, 

with sizes of a few nanometers electrocoated on the carbon electrode with the calculated overall 

surface area of 1.2 𝑐𝑚2, are 0.36 and 0.65 𝑚𝐶 𝑐𝑚−2, respectively.21 

HAADF-STEM of the NMGF and the corresponding EDX analysis within the accuracy of ±1 at.% 

confirm the presence and homogenous dispersion of the constituent atoms after hydrogenation 

(Figure S10, see the Supporting Information). There is no apparent correlation between the dark 

spots on HAADF images and the composition of the films. The dark spots (present in all samples) 

correspond to the hydrogenated regions. A seamless attachment between the Si/SiO2 substrate 
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and the PVD-sputtered NMGFs is preserved. The polycrystalline structure of Pd is confirmed by 

HRTEM (Figure 6a). Similar to our previous findings, the Cu-containing NF4 sample exhibits large 

nanovoids (20 nm or larger) emanating from the Si/SiO2 substrate and bumps on the surface 

(Figure S11, see the Supporting Information). On the other hand, nanovoids across the film due 

to hydrogen sorption are observed for the Au-containing NF1, NF2, and NF3 MGs (Figure 6b). 

Differently from the other samples, an enlarged view of NF3 (Figure 7a) shows a pronounced 

periodic modulation of the HAADF contrast with a wavelength of 1.5 nm (Figure 7b and c). Figure 

S12 (see the Supporting Information) confirms that these fluctuations already exists in the as-

sputtered NMGF. The HAADF contrast can be varied across the sample due to the following 

reasons: inhomogeneities in the average atomic number, local density, specimen thickness, or 

diffraction contrast variation. The last two are ruled out due to the homogeneous thickness of 

the specimen and prepared lamellae for TEM, and amorphous structure of the thin film. 

Moreover, EDX confirms the even composition throughout the cross-section. On the other hand, 

Au inhomogeneities can also play a role in the formation of the periodic undulations within the 

NF3 sample, but the possible composition change is extremely small (below 0.5 at %), which is 

below the detection limit of the high-resolution EDX mapping. Hence, the modulations do not 

correlate with composition, but with the nanostructured density fluctuations, which is due to the 

local topology differences between layers, occurring during the DC magnetron sputtering. The 

amplitude of the undulations is rather weak (1.5-2.5 % only) but sufficient to be imaged by the 

HAADF detector. The undulations correspond to a few percent deviations in material density, 

assuming the linear relationship between the HAADF intensity and the local density change 30.  
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No nanovoids are present for the crystalline Pd nanofilm, whereas the voids for NF1-NF3 are 

on the order of several nanometers. For the NF4 samples, only a few large voids, originating at 

the interface with Si/SiO2 substrate, are observed (Figure 7d). The highest number of voids 

homogeneously dispersed over the cross-section is detected for the NF3 samples after 

hydrogenation (Figure 7e). When compared to the volumetric content of hydride particles (4.5 ± 

0.5 vol.%) of NF4,  NF3 has almost twice as large amounts (8.6 ± 0.5 vol.%). The findings 

corroborate the fact that hydrogen ion inclusions in MGs give rise to nanovoid formation, where 

the MG composition determines the size-distribution over the film. The population of palladium 

hydride crystals (PdHx) around the nanovoids detected in HRTEM images is higher because of the 

increased surface area of the nanovoid-containing NF3 samples, confirming the high desorption 

charge obtained from the CV curves (Table 1). Kajita et al. and Fukunaga et al. explained that Si 

is the element for constructing trigonal prisms, where the number density of prisms increases 

with the increase with Si and if any additional second metal inclusion in the PdSi-based MG 4, 31, 

32. However, the crystallization study of Chen & Turnbull 19 using PdSi-MG compositions with Ge, 

Au, Cu, Ag additions confirmed that the glass formation and thermal stability kinetics depend on 

the composition optimization per each system. The trigonal prisms construct a cluster structure, 

and the clusters form random cluster networks; thus, H atoms are supposed to occupy the free 

volume between the clusters 33. However, compared to fully amorphous as-sputtered state 6, we 

have recently proven that hydride crystals on the order of 5 nm are formed 3. Thus we believe 

that the hydride is sorbed both in tiny nanocrystals and amorphous clusters surrounding them. 

The larger hydrogen-storage capacity is also reflected in the volumetric lattice expansion. The 

hydrogenated PdNF has a lattice spacing of 0.394 ± 0.001 nm (Figure S13, see the Supporting 
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Information), whereas the as-sputtered PdNF is retrieved from the XRD diffractogram is 0.389 ±

0.001 nm, confirming the literature 34. Thus, compared to the maximum unit lattice of Pd 

(0.402 ± 0.001 nm found in the literature 35,  which can also be confirmed by the small shoulder 

observed on the left side of the (111) peak of the hydrogenated PdNF in Figure S13 - inset, see 

the Supporting Information) partial hydrogenation is achieved. The positions of the first 

diffraction maximum of the as-sputtered NF3 and NF4 nanofilms acquired from XRD analysis 

correspond to the average interatomic spacing of 0.392 ± 0.001 nm and 0.384 ± 0.001 nm for 

NF3 and NF4, respectively. The average interatomic spacing in the hydrogenated samples after 

15 minutes of CA was calculated as 0.400 ± 0.001 nm and 0.391 ± 0.001 nm, respectively (see 

Figure S12 and inset for a representative azimuthal profile, see the Supporting Information). 

Compared to Cu-containing NF4, hydrogenation in the Au-containing NF3 samples results in 

much larger changes in the average interatomic spacing of atoms (cf. ∆𝑉NF3 = 3.76 Å3, ∆𝑉NF4 =

3.15 Å3, and ∆𝑉PdNF = 2.30 Å3).  

 

Conclusions 

This study describes the synthesis and analysis of a new-generation Pd-based NMGF/Si-SiO2 

hybrid structures which may be suitable as potential electrodes for hydrogen storage and 

evolution systems. In 0.1 M H2SO4, Pd-Si metallic glass (MG) with 9 at.% Au (NF3) exhibits ~25% 

higher sorption capacitance and ~85% higher surface desorption charge compared to 5 at.% Cu 

containing Pd-Si MG. When the volumetric desorption charges are compared, the NMGF with 

highest Au-content has 𝑄v more than eight times that of Pd nanocrystalline films. This value is 
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almost twice larger that of NMGF with similar amounts of Cu replacing Pd. A dramatic increase 

in 𝑄v is observed when Pd content drops below 80 at.%. Au replacing Pd has a higher 𝑄v 

compared to Cu replacing Pd in similar atomic percent. The highest 𝑄v is obtained when the Au 

content reaches 9 at. %, which is linked to the enlargement of the interstitial sites due to the 

replacement of Pd with a bigger element. The more pronounced PdHx formation is attributed to 

evenly-distributed several-nm-sized voids in the NF3 sample containing almost twice as large 

volume percent compared to the Cu-containing NF4 sample, which contains only a few large 

nanovoids (~20 nm) emanating from the interface with the Si/SiO2 substrate. HRTEM and STEM-

HAADF analyses evidence that the origin of the excellent hydrogen interactions in Au-containing 

samples (NF3) with the highest amount of Au (9 at.%) is most likely the nanostructured periodic 

density fluctuations rendering void formation with similar size and spacing. The periodic 

undulations occur during the DC magnetron sputtering of the nanofilms and are unique to this 

NF3 sample without any indication of pronounced compositional fluctuations across the 

nanofilm. The most substantial changes in the interatomic spacing are observed for the 9 at.% 

Au-containing NF3 nanofilm. The obtained 𝑄d = 4.62 𝑚𝐶 𝑐𝑚−2 from the Pd MGNF – Si/SiO2 

assembly is similar to the free-standing ~1 µm crystalline Pd films, while this value can be an 

order of magnitude larger compared to nanoparticles of Pd and their alloys per unit area. This 

production (by DC magnetron-sputtering) and characterization methodology allow for the 

development of metallic glasses with maximum hydrogen uptake via controllable nanovoid 

formation. 
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Experimental Section 

Nanofilm Deposition 

Nanofilms (thickness 50 −  100 nm) were deposited on Si(100)/SiO2 substrates (10 × 10 ×

0.525 mm3, p-type boron-doped, ρ = 1 - 20  cm) using a custom-built laboratory-scale unbalanced DC 

magnetron sputtering system with a base pressure <  10−4 Pa. The deposition was performed with 2″-

diameter circular targets (Pd, 99.95% purity; Si, 99.999% purity; Au, 99.99% purity) in a confocal 

arrangement (120° in between). The substrates were rinsed in an ultrasonic bath of ethanol and mounted 

on a rotatable sample holder with a target-to-substrate distance of 75 mm. Prior to deposition, the targets 

were sputter-cleaned in pure Ar for 10 s, with closed target shutters to protect the substrates and adjacent 

targets. The thin films were deposited under an Ar atmosphere with a pressure of 0.4 Pa and no 

intentional substrate heating. Three different chemical compositions of the films were achieved by 

adjusting the DC power applied to the individual targets (B09: Si 175 W, Pd 108 W, Au 3 W; B10: Si 175 W, 

Pd 105 W, Au 7 W; B11: Si 175 W, Pd 100 W, Au 14 W, Pd NF: 105 W). For co-deposition of the NFs, the 

applied power resulted in a total deposition rate of about 7 nm s−1. The deposition time was fixed for all 

three NFs at 45 s. Due to the lower deposition rate of pure Pd, the deposition time was increased to 90 s 

to obtain comparable film thicknesses. The film thicknesses were measured by surface step-height 

measurements using an optical 3D white-light profilometer (Wyko NT 1000). For this purpose, one side of 

a substrate was masked with Kapton™-tape, which was removed after deposition to produce a sharp 

surface step. Profilometry (accuracy ± 5nm) was carried out across the step over areas of 0.5 × 0.5 mm2.  

Nanofilm Characterization 

The composition was analyzed by field-emission gun scanning electron microscopy – X-ray energy 

dispersive spectroscopy (FEGSEM-EDS) on the microscale. The amorphous structure was confirmed by 

grazing-incidence X-ray diffraction (GIXRD), where the grazing incidence mode eliminated the peaks of Si 

or SiO2 coming from the Si(100) substrate on to which the Pd and MG films were sputtered. Atomic force 
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microscopy (AFM) imaging was conducted with a NanoMagnetics Instruments - ezAFM+ in tapping mode 

using a standard silicon tapping mode cantilever with a nominal tip radius of 10 nm. The scan area of 

interest was 5 ×  5 µm2 (256 × 256 pixels), and the scan rate was 1 Hz. The theoretical alloy density 𝐷M 

is calculated from the equation 
1

𝐷M
=

𝜔A 

𝐷A
+  

𝜔B 

𝐷B
+  

𝜔C 

𝐷C
. Here, 𝐷A, 𝐷B and 𝐷C are the densities of A, B, and 

C, respectively. 𝜔A, 𝜔B and 𝜔C are the mass fractions of A, B, and C in the mixture, respectively, where 

𝜔A + 𝜔B + 𝜔C = 1. For TEM investigations, cross-sectional specimens were prepared by a focused ion 

beam (FIB) protocol on a Helios NanoLab DualBeam microscope equipped with a field-emission gun (FEG) 

electron source and a high-resolution ion column. For the FIB sample preparation, a protective Pt layer 

was deposited on the samples after hydrogenation. In order to obtain high-quality TEM specimens with 

no post-induced crystallization, ion milling was carried out under low-voltage conditions. HRTEM studies 

were performed on a Tecnai Osiris S/TEM (FEI, Netherlands) equipped with a high-brightness gun, Super-

X windowless energy dispersive X-ray (EDX) detector system with SDD technology and Gatan Quantum 

GIF (Gatan, USA). Imaging and spectroscopy studies were performed at 200 kV. The thickness of the areas 

of interest was estimated from zero-loss EEL spectrum imaging. HRTEM images were analyzed using 

custom DigitalMicrograph scripts based on the evaluation of the local autocorrelation function.36 The 

average volume expansion of NMGFs, ∆𝑉 = 𝑉NFHx
− 𝑉NF was calculated from the difference in the 

volume of the hydrided (𝑉NFHx
) and as-sputtered (𝑉NF) films. 

Electrochemical Nanofilm Hydrogenation 

Electrochemical impedance spectroscopy (EIS) of NFs and subsequent electrochemical circuit modeling 

(ECM) provided the double-layer and sorption capacitance, as well as the charge transfer resistance of 

each electrode. Prior to measurements, samples were chronoamperometrically hydrogenated at a 

potential (10 mV) above the hydrogen evolution reaction region for 900 s, where the current stabilization 

indicating a full saturation is reached within 150 s for all samples. The potential scans were performed 

from 200 mV to -300 mV, covering the entire range of the hydrogen interactions with the electrode. The 
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frequency range was 0.1 –  10000 Hz at an amplitude of  5 mV. The scans were performed from 0.4 V to 

-1.2 V, covering the entire hydrogen interactions. Cyclic voltammograms (CV) subsequently recorded 

between 0 V and 0.6 V at sweep rates of 10 mV s−1 depicted the sorption-desorption profile of the NF 

electrodes. All potentials in this study are given with respect to Ag/AgCl (3M NaCl), where its redox 

potential is +0.209 V vs. a standard hydrogen electrode at 25 °C. Hydrogen oxidation (a.k.a. desorption) 

charges were estimated by integrating the area below the CV curve from 0.4 V to different potentials until 

the start of hydrogen sorption, according to ref. 23.  
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Figure 1. Bode magnitude and Nyquist (insets) diagrams for (a) NF3, (b) PdNF, and (c) NF4 samples. 

Variation of the (d) double-layer capacitance, (e) charge-transfer resistance, (f) sorption capacitance as a 

function of the applied potential.  

 

Figure 2. α − solid solution to β − hydride phase transition in terms of a decrease in applied potential 

determined by (a) CV and (b) EIS – 𝜃c of Bode phase plots. 
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Figure 3. XRD structural characterization of PdNF, NF1, NF2, NF3, and NF4 samples. Green dashed lines 

are drawn to indicate the diffraction maximum for each composition. Blue ticks indicate the maximum of 

the second broad peak. The positions of the maxima for the samples except PdNF were determined by 

fitting to a pseudo-Voigt function, whereas for Pd peaks, a Pearson VII fitting function was used. The 

indexed Pd peaks corroborate the measurement accuracy within 0.02°. 
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Figure 4. AFM profiles obtained from representative 5 ×  5 µm2 areas. The RMS roughness of each 

composition is provided in the inset table. All Au-containing NMGFs have roughness lower than 1 nm, 

whereas the Cu-containing NMGFs have remarkably higher roughness. 
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Figure 5. Schematic representation of (a) NF3, (b) NF4, and (c) PdNF electrodes. The hydrogen interaction 

with Pd and H2 formation is shown in (c). (d) Increase in volumetric charge 𝑄v plotted against the potential. 

The inset shows the charge density 𝑄d as a function of potential. 
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Figure 6. (a) HRTEM and (b) HAADF imaging of crystalline Pd and NMGFs recorded after full saturation 

with hydrogen. 
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Figure 7. (a) HAADF image of NF3 (white region). Dark spots on the order of several nanometers are voids 

formed due to hydrogenation (b) Enlarged HAADF view of the periodic undulations in the area shown in 

(a) by the red dashed square. (c) Linear profiles across the thickness of NF2 and NF3 NFs showing 

pronounced modulations of the HAADF contrast due to nanostructured density fluctuations in NF3 

nanofilms (wavelength 1.5 nm). (d) – (e) Mapping of the local atomic arrangement retrieved by 

autocorrelation analysis of the HRTEM image (similar to ref.37). The pink color indicates regions that are 

more ordered than the matrix with observable local atomic fringes. (d) The Cu-containing NF4 samples 

contain large nanovoids of around 20 nm, whereas (e) the Au-containing NF3 samples taken from the 

blue region in (a) have homogenously distributed voids several nanometers in diameter. 
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Efficient hydrogen storage and release using new-generation nanostructured metallic glass films 

(NMGFs) offer green solutions for nano-scale energy applications. This study introduces Pd-Au-Si 

based metallic glass with unique atomic density fluctuations sputtered on a Si/SiO2 electrode and 

their electrochemical, structural, and morphologic properties. 
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