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A B S T R A C T

Platinum-group metals are currently the most efficient catalysts for hydrogen evolution reaction (HER), however 
their high cost and scarcity urge introduction and development of affordable alternatives. Herein, the effect of 
elastic strains on gold (Au) thin films is investigated to tune and enhance their catalytic activity towards HER. 
Tensile and compressive strains are introduced into Au films deposited via magnetron sputtering onto nitinol 
substrates using one-way shape memory effect of the alloy. The generated elastic strains are measured by X-ray 
diffraction, revealing maximum ~ 0.43 % tension and ~ 0.25 % compression. Electrochemical tests demonstrate 
that applying tensile strains to the Au thin film increases the HER catalytic activity, e.g., by reducing the 
overpotential at 50 mA/cm2 by 24 %. On the contrary, compressive strains decrease the catalytic activity, 
resulting in an increased overpotential of 32 %. Such effect is further confirmed from the kinetics study through 
Tafel analysis and charge transfer resistance measurements. Accordingly, this study not only results in Au 
samples with improved HER activity but also paves the path towards better understanding and application of 
elastic strain engineering for metals with enhanced catalytic activity for sustainable hydrogen production.

1. Introduction

The hydrogen economy is one of the most promising strategies to 
spread the use of clean energies in the world. Within this framework, 
hydrogen is generated by water splitting through a catalytic process 
involving the hydrogen evolution reaction (HER) in the cathode and the 
oxygen evolution reaction in the anode. Both reactions require high 
overpotentials or temperatures to attain substantial rates [1,2] and 
efficient catalysts are necessary to overcome this limitation. In partic
ular, the HER is a classic example of a two-electron transfer reaction 
through the Volmer-Heyrovsky or Volmer-Tafel mechanisms [3], with 
hindered kinetics by hydrogen adsorption on the surface: the adsorption 
process (Volmer) limits the kinetics if hydrogen binds weakly on the 
catalyst surface, while desorption (Heyrovsky/Tafel) is the limiting 
process otherwise.

Typically, Pt − and other Pt-group metal compounds- are used as 
catalysts for the HER in acidic environments due to its efficiency, sta
bility, and selectivity, but its availability and price stand as a limiting 

factor from the industrial viewpoint [4–7]. Thus, the search for cheaper 
and more affordable catalysts that can compete with Pt-group metals is 
an active area of research [8,9].

Application of elastic strains has been widely recognized as an 
interesting strategy to improve the activity of heterogeneous catalysts 
[10]. In general, the effect of elastic deformations on the physical and 
chemical properties of materials becomes relevant when elastic strains 
equal to or greater than 1 % are reached [11,12]. These levels of elastic 
deformation cannot be reached in tension or shear in bulk solids because 
defects − such as dislocations or cracks- develop at lower elastic strains. 
However, they can be achieved in nanomaterials (nanowires, two- 
dimensional materials), thin foils or bulk nanostructured materials 
[13,14]. These deformations associated to the microstructure of the 
material (e.g. epitaxial deformations in a thin foil) or applied from 
external sources. Thus, the electronic, optical, magnetic, catalytic, etc. 
properties of solids can be modified by systematically varying the 6 
components of the elastic strain tensor. This strategy opens many op
portunities to develop materials with optimized functional properties for 
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specific applications.
The contribution of elastic strains to improve catalytic properties of 

Pt-based nanoparticles for the HER has been recognized [1] and these 
results are supported by first principles calculations that show the effect 
of elastic strains on the adsorption of hydrogen on different metallic 
surfaces [15]. In fact, density functional theory calculations of the 
adsorption energy of H on 8 face-centered cubic (Rh, Ir, Ni, Cu, Pt, Au, 
Pd, Ag) and 3 hexagonal closed packed (Cd, Zn, Co) transition metal 
surfaces were carried as a function of tensile, compressive, and shear 
strains. This information was used to calculate volcano plots of the 
catalytic activity for the HER following the strategy developed by 
Nørskov et al. [16], in which the free energy of every step in the HER 
mechanism is calculated from the adsorption energies of the different 
species involved [17,18]. The volcano plots for the HER in the absence 
of strain were in good agreement with the experimental data in the 
literature, validating the theoretical model. Moreover, it was predicted 
that compressive strains increased the catalytic activity of metals on the 
ascending branch of the volcanos (Pt, Pd, Rh, Ni, and Ir) because they 
decreased the energy barrier for H* desorption, which is the limiting 
step. On the contrary, tensile strains improved the activity of metals in 
the descending branch of the volcano, as they decreased the energy 
barrier for H adsorption (Au and Ag). The largest improvements in ac
tivity were found in Au, which had a large sensitivity of the H adsorption 
energy to elastic strains. Smetanin M. et al. [19] observed the change in 
the electrical response of an Au electrode to tensile strains but did not 
investigate the HER.

Elastic deformations can be introduced using catalysts in the form of 
particles with a diameter of less than 10 nm [20] and/or by adding el
ements in solid solution whose atomic radius is much less than or greater 
than the radius of the host atoms [21–23]. Moreover, epitaxial growth 
can also be used to introduce elastic strains in thin films [24]. However, 
the sign and magnitude of the elastic strains that can be introduced 
through these strategies is often limited and does not allow to explore a 
wide range of strains and materials.

A more versatile strategy to introduce tensile or compressive elastic 
strains on thin films is presented in this investigation. It is based on the 
deposition of the catalytic thin film by magnetron sputtering on a NiTi 
alloy substrate, to take advantage of its shape memory effect [25–27]. 
With this strategy, the Au thin film is deposited on a nitinol substrate 
that has been previously curved by four-point bending from its initially 
flat shape. After deposition, heating induces the shape memory effect in 
the substrate, which results in it recovering its initial flat shape and 
straining the thin film in the process [28]. Tensile or compressive strains 

can be induced on the thin film, depending on whether it is deposited on 
the concave or convex surface of the substrate, respectively. Afterwards, 
the elastic strains induced in the film can be measured by X-ray 
diffraction [29–31] while the catalytic activity is obtained using stan
dard electromechanical tests. This strategy allows us to explore experi
mentally the effect of elastic strains on the catalytic activity of thin films 
manufactured by magnetron sputtering.

2. Experimental section

2.1. Substrate preparation

NiTi substrates were acquired from Baoji Seabird Metal Material Co. 
Ltd. in the form of 50 mm × 10 mm × 1.5 mm slabs with a nominal 
composition of 50 at. % Ti – 50 at. % Ni. The specimens were ground and 
polished to a mirror-like surface, achieving an average surface rough
ness of 40 nm. The substrates then were deformed in the martensitic 
state at room temperature using a 4-point bending set-up. Inner supports 
were placed 10 mm away from each other, so the maximum strain can be 
applied to an area of ≈100 mm2 (Fig. 1a). The outer supports were 
placed 40 mm apart. A force of 270 N was applied to the substrates, 
leading to a deflection of 10 mm. The positive (negative) strain, ε, on the 
lower (upper) surface of the slab is given by the equation [32]: 

ε =
6dt
L2 (1) 

where d is the deflection, t is the thickness of the NiTi substrate, and L 
represents distance between the outer supports (Fig. 1b). For the actual 
dimensions and the deflection applied, the maximum strain was 5.6 % 
(positive on the lower surface and negative in the upper one).

2.2. Au thin film deposition

Polycrystalline Au thin films were deposited on either the concave or 
the convex sides of the NiTi substrates at room temperature by direct 
current magnetron sputtering. The sputtering chamber was evacuated to 
a base pressure of 6x10-6 mbar. Prior to Au deposition, a thin Cr bonding 
layer was deposited onto the NiTi substrate to improve the adhesion of 
the Au thin film onto the substrate. The Cr bonding layer was deposited 
at a power of 10 W over 1 min, resulting in a 6–7 nm-thick layer of Cr. 
The amorphous nature of the Cr bonding layer is supported by the 
absence of diffraction peaks of Cr in the X-Ray diffractograms. After
wards, Au thin film deposition was carried out from a 99.99 %-pure Au 

Fig. 1. Schematic representation for the procedure to apply elastic strains on Au thin films using shape memory effect of NiTi. (a) 4-point bending of martensitic NiTi 
substrates. (b) Bent NiTi substrates. (c) Sputtered gold on concave/convex surface of NiTi substrates. (d) Phase change of NiTi substrate heated on a hot plate with Au 
on top of it.
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(Photon Export S.L) target using an Ar working pressure of 2.7x10-3 
mbar, at 10 W. The goal was to obtain an Au film of ≈ 100 nm in 
thickness. A deposition rate of ≈0.083 nm/s was estimated according to 
the Au thin film thickness obtained after 20 min of deposition.

2.3. Introduction of elastic strains

Elastic strains in the Au thin films were introduced using the one-way 
shape memory effect (OWSME) of NiTi. After deposition (Fig. 1c), the Au 
thin film/substrate was heated up to 150 ◦C to trigger the phase trans
formation in the NiTi substrate from the martensitic to the austenitic 
phase. As a result, the curved NiTi substrate recovered the initial flat 
shape, which deforms the Au thin film with respect to the as-deposited 
state. For those cases in which the Au was deposited onto the concave 
side of the curve substrate, shape recovery deforms the thin film in 
tension, while those deposited on the convex shape result in compressive 
deformations (Fig. 1d). Based on equation (1), the maximum deforma
tion imposed on the Au films using this method would be 5.6 %. How
ever, the total elastic strain introduced in the thin films might be lower 
due to plastic relaxation effects, film debonding and/or cracking, and it 
must be determined by XRD as shown below.

2.4. Material characterization

An X-raybot (MRX Rays) X-ray diffractometer was employed to 
measure the elastic strains in the as-deposited and strained gold thin 
films, using Bragg’s law (2dsinθ = λ), where d is the interplanar spacing, 
2θ the diffraction angle (between the incident and diffracted beam), and 
λ the X-ray wavelength. K-alpha radiation from a Cr source was used (λ 
= 0.2291 nm), resulting in a diffraction peak around 2θ = 153◦ for the 
Au (2 2 2) planes, with χ = 0◦ and φ = 90◦, where χ is the tilt angle, 
which defines the inclination of the sample surface relative to the plane 
that is perpendicular to the incident beam; and ϕ, the azimuthal angle, 
defines the in-plane rotation of the sample with respect to the incident 
beam. The diffraction measurements were focused specifically on grains 
that had the (222) planes parallel to the film surface, due to the strong 
texture of the thin films. This orientation was chosen because the (222) 
planes in face-centered cubic (FCC) materials, such as Au, stand for a 
high-symmetry direction that is sensitive to strain, making easier to 
quantify accurately elastic deformations. The measurement range of 2θ 
employed was between 141.9◦ and 170◦, which covers the expected 
range for the diffraction peak of the (222) planes under different strain 
states. The penetration depth was determined based on the diffraction 
angle and the linear attenuation coefficient, obtaining a value of 0.42 
µm. The mass attenuation coefficient for Au was calculated using the 
data from National Institute of Standards and Technology (NIST), 
interpolating the tabulated values for the photon energy corresponding 
to the employed wavelength. Finally, a collimator of 2 mm in diameter 
was used, giving a radiated spot size of 2.5 mm. The XRD measurements 
were performed inside the 10 mm2 area where the elastic strains were 
maximum (Fig. 1).

An Empyrean Diffractometer (Malvern Panalytical LTD) was 
employed to assess the phase characterization of the NiTi substrates. 
Bragg-Brentano measurement was employed in a flat stage, from 20◦ to 
85◦ of 2θ at scan speed of 0.0514 ◦/s and Cu source.

A TA Instruments Q200 Differential Scanning Calorimeter (DSC) was 
used to conduct DSC measurements of the NiTi within a temperature 
range of − 90 ◦C to 140 ◦C under a nitrogen atmosphere. Both heating 
and cooling rates were maintained at 10 ◦C/min. The transformation 
temperatures—namely, the martensite start (Ms), martensite finish (Mf), 
austenite start (As), and austenite finish (Af)—were determined from the 
resulting curves using the tangent method.

The topography of the surface was analyzed using a XE-150 Parḱs 
system AFM. AFM imaging of the samples was performed in non-contact 
mode using a scan area of 1x1 µm2 and a resolution of 1024 × 1024 
pixels.

The microstructure of the films was investigated by Transmission 
Electron Microscopy (TEM) using a Thermofischer FEI F200X and by 
Scanning Electron Microscopy (SEM) using a ThermoFisher Helios 
Nanolab 600i instrument. Thin lamella of approximately 100 nm in 
thickness and perpendicular to the cross-section were prepared by the 
lift-out method using the focused Ga ions of the dual beam Helios 
Nanolab instrument operated at 30 kV. The final polishing step with Ga 
ions was performed at 5 kV accelerating voltage and 41 pA ion-current. 
The average grain size was measured using the ImageJ software with the 
line intercept method.

2.5. Electrochemical measurements

The electrocatalytic activity of the samples for the HER was probed 
in a three-electrode configuration using the Au thin film/NiTi sample as 
the working electrode (WE), Ag/AgCl reference electrode (RE), And Pt 
mesh as counter electrode (CE, BASInc. MW-4132), with an area of 875 
mm2, in a 0.5 M H2SO4 electrolyte. The exposed area of the working 
electrode was limited to 50 mm2 using a Kapton mask, and NiTi sub
strate was completely covered to prevent any contact with the electro
lyte. All electrochemical measurements were conducted at 25 ◦C in a 
double-walled glass vessel and water circulator. The electrochemical 
experiments were carried out using a BioLogic VSP-300 potentiostat. 
The potentials were reported against reversible hydrogen electrode 
(RHE). Prior to any activity measurement, the surface of the catalyst was 
activated and stabilized by conducting 40 cyclic voltammograms (CV) in 
a potential range of 0.510 and − 0.010 V (vs. RHE) at a scan rate of 20 
mV/s. Afterwards, Linear Sweep Voltammetry (LSV) was performed at a 
scan rate of 1 mV/s between − 0.010 V and − 0.810 V. The voltage loss 
was corrected by the ex-situ IR-compensation method. This voltage was 
subtracted with the voltage drop (Vdrop) calculated from the resistance 
(Rs) obtained in the Electrochemical Impedance Spectroscopy (EIS) 
under the high frequency region, following the relation: Vcorrected =

Vapplied – Vdrop, where Vdrop = I ⋅ Rs. The IR-correction was performed 
before every LSV to ensure reproducibility and accuracy of the measured 
overpotentials. Electrochemical Impedance Spectroscopy (EIS) data 
were collected under low HER region over a frequency range of 1 MHz to 
0.010 Hz.

3. Results and discussion

3.1. Microstructural analysis of NiTi substrates

The phase transition temperatures were determined by means of 
differential scanning calorimetry (Fig. 2). To this end, the tangent line 
intercept method was used to calculate the transformation tempera
tures. It shows that Ms temperature is 60 ◦C, the Mf temperature is 21 ◦C, 
the As at 50 ◦C, and the Af at 80 ◦C. This indicates that the stable phase of 
the nitinol substrate at room temperature was martensite (B19′), also 
confirmed by XRD in Fig. 3. Small peaks of TiO2 were found in the 
diffractogram, which are related to the oxidation NiTi during fabrica
tion. A small amount of retained austenite (≈ 5 %) is present in the 
substrate at room temperature. According to the transformation tem
peratures in Fig. 2, room temperature deformation of the nitinol sub
strate should occur by detwinning of the martensitic phase and shape 
can be recovered by inducing the phase transformation to austenite 
upon heating above Af.

3.2. Microstructural analysis of Au thin films

The microstructure of the unstrained (pristine) Au thin film was 
analyzed by TEM. A bright-field TEM image of the cross-section of the 
Au thin film is shown in Fig. 4a. The thicknesses of the Au thin film and 
the Cr bonding layer were ≈100 nm and ≈ 7 nm, respectively. The Cr 
bonding layer was amorphous and provided a good adhesion with the 
NiTi substrate. The thin film was polycrystalline with columnar grains 
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that grow with a [111] preferred orientation, as shown in the high- 
resolution transmission electron microscopy (HRTEM) image of 
Fig. 4b and its corresponding Fast Fourier Transform (FFT) pattern. 
Fig. 4c shows a magnified HRTEM image close to the surface of the film, 
which shows lattice fringes whose spacing d = 0.231 nm, is consistent 
with the fundamental reflection of the Au (111) plane [33].

The morphological aspect of the Au thin film surface is probed via 
SEM and the corresponding micrographs are shown for the unstrained 
sample (Fig. 5a), strained in compression (Fig. 5b) and strained in ten
sion (Fig. 5c). A homogeneous surface with uniform equiaxed grains can 
be observed in all cases. There are not major differences in the 
morphology of the films. A few pores and some microcracks can be 
observed, especially in the strained films (Fig. 5b and c). The average 
grain size was measured using ImageJ software with the line intercept 

method. The grain size distribution in the Au film was in the range 23 
nm to 35 nm. The average roughness measured by AFM was very similar 
in all cases: 48 ± 6 nm for the unstrained thin-film (Fig. 5d), 47 ± 7 nm 
for the film strained in compression (Fig. 5e) and 43 ± 6 nm for the film 
strained in tension (Fig. 5f).

3.3. Measurements of elastic strains

X-ray diffraction (XRD) was employed to measure the elastic strains 
on the thin films. K-alpha radiation from Cr, which provides a shorter X- 
ray wavelength, was selected for its ability to produce higher-diffraction 
angles, thereby optimizing the strain sensitivity and reducing the 
experimental error. Fig. 6 shows the experimental set-up used.

The elastic strains were determined from the interplanar spacing of 
the Au (222) planes, parallel to the film surface, determined from the 
diffraction peak position using Bragg’s law. The (222) peak shifts 
observed in the strained thin films with respect to the as deposited state 
are seen in Fig. 7. The film strained in tension displays a shift of the 
(222) peak to higher diffraction angles, indicating a reduction in their 
interplanar spacing, which is expected due to the Poisson effect. The 
contrary was seen in compression. Two hypotheses were made to esti
mate the elastic strains. The first hypothesis neglects any elastic strain 
present in the thin film in the as-deposited condition, considering this as 
the reference unstrained state. The second one assumes that the shape 
recovery from the bent to the flat substrate introduces a uniaxial strain 
in the thin film, which is reasonable considering that the curvature was 
introduced by four-point bending.

If dexp is the (002) lattice spacing measured after shape recovery and 
d0 is the lattice spacing in the as-deposited unstrained state, the out-of- 
plane strain ε⊥, that is the strain along the (222) direction, or perpen
dicular to the surface of the Au thin film, is given by: 

ε⊥ =
dexp − d0

d0
(2) 

The in-plane elastic strain in the direction parallel to the longest 
dimension of thin film, that is the one along all the surface of the Au thin 
film and the strain that effects on the catalytic activity of it, is then given 

Fig. 2. Differential scanning calorimetry test of NiTi substrate. The main 
transformation temperatures are indicated in the figure.

Fig. 3. X-ray diffraction pattern in Bragg-Brentano mode of NiTi substrate with Cu source at room temperature.
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from: 

ε‖ = −
ε⊥
ν (3) 

where ν = 0.42 [34] is the Poisson’s ratio of Au along the (111) 

direction.
The estimated elastic strains in the strained Au films were 0.43 % in 

tension and 0.27 % in compression, as shown in Table 1. The actual 
elastic strains were much lower than the total strain of 5.6 % estimated if 
the entire substrate shape recovery was transferred to the films. These 

Fig. 4. (a) Bright field tem image of the cross-section of the NiTi/Cr/Au sample. (b) and (c) HRTEM images of the selected Au grain.

Fig. 5. SEM images of the surface of the Au thin films. (a) Unstrained, (b) deformed in compression and (c) deformed in tension and corresponding AFM images for 
(d) unstrained, (e) deformed in compression and (f) deformed in tension.
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differences can be associated to relaxation effects, such as plastic 
deformation, debonding or cracking of the Au film. The cross-sectional 
analysis of the films did not reveal any decohesion at either the NiTi/ 
Cr or the Au/Cr interface, but some cracks and pores could be seen in the 
strained Au thin films in Fig. 5a and 5b. The elastic strains obtained are 
not far from the theoretical maximum elastic strain that a 100 nm thick 
Au thin film can withstand, which have been estimated to be of the order 
of 1 %-1.5 % in tension and 0.5 % in compression in other studies 
[33,34].

3.4. Strain effect on HER activity

The surface of Au films, unstrained (pristine) and subjected to 
compressive and tensile strains, was first stabilized by conducting 40 CV 
cycles at 20 mV/s. The current density is plotted as a function of the IR- 
corrected potential in Fig. 8 during consecutive cycles for the three 
films. As it is seen for all the samples, the current density increases 
gradually over cycling. The most significant gains in current are found in 
the initial cycles, indicating improved activity as a result of surface 
electrochemical activation.

Afterwards, the HER electrocatalytic activity of the films was probed 
using different electrochemical techniques. Fig. 9(a) shows the LSV 
curves after IR-correction, demonstrating superior electrocatalytic ac
tivity of the tensile sample with the smallest overpotential, with 175 mV 
vs. RHE at 50 mA/cm2. On the contrary, the compressive sample 
exhibited the highest overpotential, with 305 mV under the same 

Fig. 6. X-Ray diffraction set up used to measure elastic strains.

Fig. 7. Peak position for Au (222) peak.

Table 1 
Peak position for Au (222) peak, corresponding d222 spacing  and calculated 
elastic strain of unstrained and strained Au thin films.

Sample 2θ d222(nm) ε‖(%)

Unstrained 152.81 ± 0.042 1.1780 ± 0.005 0
Tensile strained 153.67 ± 0.034 1.1759 ± 0.008 0.43
Compressive strained 152.29 ± 0.029 1.1793 ± 0.007 − 0.27
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conditions, and inferior to that of the pristine one, with 230 mV. The 
corresponding Tafel plots are reported in Fig. 9(b). They reveal that 
tensile strains lead to the smallest Tafel slope, 84 mV/dec, followed by 
the unstrained catalyst, 93 mV/dec, and the sampled subjected to 
compressive strains, that presents the highest slope, 156 mV/dec. This 
observation demonstrates that the HER kinetics are faster on the tensile 
thin films. Furthermore, these Tafel slopes suggest that the Volmer step 
(H+ + e- → H*) is the rate-determining step for all three electrodes, 
where a proton is adsorbed onto the electrode surface to form an 
adsorbed hydrogen atom (H*), in agreement with the theoretical anal
ysis [35].

The boosted HER electrocatalytic activity of Au under tensile strain 
was further supported by impedance measurements at HER dominant 
potential (− 0.3 V vs. RHE), shown in Fig. 9(c). As is seen, the Nyquist 
plot for all three electrodes has the shape of a suppressed semi-circle, 
with the tensile electrode showing the smallest diameter and overall 
impedance, corresponding to the best catalytic performance. The 
experimental data were fitted to a Randel equivalent circuit, including 
solution resistance (Rs) double-layer capacitance (Cdl) representing 
charge storage at the electrode–electrolyte interface, and charge transfer 
resistance (Rct), which directly indicates the surface’s conductivity to
ward hydrogen species adsorption. Being a key indicator of catalytic 
activity, estimated Rct through fitting is shown in Fig. 9(d). The tensile 
electrode exhibited the lowest Rct value, confirming that its surface is the 
most active towards HER among all the samples tested here.

The resulting catalytic performance showed a clear dependence on 
the nature of the strain, with tensile strain significantly enhancing ac
tivity and compressive strain having the opposite effect. These results 
validate the theoretical predictions made by Martínez-Alonso et al. [19] 

that tensile strains reduce the energy barriers for hydrogen adsorption, a 
critical step in HER. Beyond the practical implications, this work bridges 
experimental and computational studies in the field of strain-engineered 
catalysis, offering a pathway to tailor the catalytic properties of noble 
metals through controlled deformation. The agreement between our 
experimental findings and computational predictions strengthens the 
case for integrating strain-engineering strategies into catalyst design 
frameworks, particularly for applications in renewable energy technol
ogies such as water splitting and hydrogen production.

The use of XRD to confirm the application of elastic strain and the 
systematic evaluation of catalytic performance through LSV, Tafel plots 
and charge transfer resistance analysis provided robust experimental 
evidence for the relationship between strain and HER activity. The 
observed 24 % improvement in activity under tensile strain highlights 
the feasibility of using elastic deformation to tune the electronic and 
chemical properties of Au thin films, while the 32 % reduction in activity 
under compressive strain underscores the importance of strain type and 
magnitude in designing optimized electrocatalysts.

Future work could expand on this foundation by exploring other 
catalytic systems and investigating the long-term stability of strained 
configurations under operational conditions. The incorporation of 
additional analytical techniques, such as in situ stress measurements and 
advanced surface characterization methods, could provide deeper in
sights into the mechanistic interplay between strain and catalytic ac
tivity. The effect of high intrinsic strains induced by epitaxial growth on 
thin films deposited by molecular beam epitaxy on the catalytic activity 
is another interesting area of research. This technique can introduce 
high elastic strains in the thin film, as shown in [36]; however, it in
volves complex conditions such as ultra-high vacuum and appropriate 

Fig. 8. Electrochemical activation of Au thin films in 0.5 H2SO4 acidic solution at 25 ◦C during 40 CV cycles (0.510 to − 0.010 V vs. RHE, 20 mV/s). (a) Unstrained. 
(b) Under compression. (c) Under tension. CVs are shown from top to bottom at 5-cycle intervals, displaying cycles 1, 5, 10, 15, 20, 25, 30, 35, and 40.
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selection of a substrate with the proper lattice parameter. Overall, this 
study underscores the transformative potential of strain-engineering in 
advancing the performance of next-generation electrocatalysts.

4. Conclusions

A shape memory alloy (NiTi) was used as a substrate to introduce 
elastic strains in Au thin films to modify their catalytic activity for the 
HER. To this end, the NiTi substrates were deformed by four-point 
bending, the Au thin was deposited by magnetron sputtering on the 
convex or concave surfaces of the substrate and elastic strains were 
incorporated when the substrate recovered the initial shape as a result of 
the heating that induced the shape recovery. The magnitude of the 
tensile (0.43 %) and compressive (0.27 %) elastic strains was measured 
by XRD analysis. It was found that the tensile strains in the Au thin film 
increased the catalytic activity of Au for the HER by reducing by 24 % 
the overpotential at 50 mA/cm2. On the contrary, compressive strain 
decreased the catalytic activity by increasing the overpotential by 32 % 
at the same current density. This behavior was further confirmed from 
the kinetics of the reaction according to the Tafel plots and the charge 
transfer resistance.

The results confirm that the electrocatalytic activity of Au thin films 
towards HER can be modulated by applying elastic strains and that 
tensile strains can boost Au performance. These experimental findings 
align well with previous computational predictions, demonstrating that 
tensile strains lower the energy barriers for hydrogen adsorption in Au.
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