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Abstract

In this work, we show the influence of strain in two different forms (plate and foil) of nickel
for hydrogen evolution reaction (HER) in alkaline solution and 3.5% NaCl aqueous solution.
The presence of tensile strain in nickel foil lowers the overpotential by about 10 mV to reach a
current density of 10 mA cm and improves the reaction kinetics of HER in alkaline solution.
The Tafel slope showed a significant change in the strained nickel (i.e., in Ni foil) which gave
a value of 111 mV dec™ compared to unstrained nickel (Ni plate) which was found to be 151
mV dec?, thus indicating a change in reaction mechanism. Compared to alkaline solution, the
effect of strain becomes less pronounced in NaCl solution which can be attributed to CI°

adsorption on the electrode, thereby reducing its catalytic activity.
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Hydrogen is one of the most explored option for a benign source of renewable energy at recent
times [1]. Electrolysis of alkaline water provides one such convenient solution/s for producing
hydrogen where water is electrochemically split into H> and O with the help of a suitable
electrode. Along with economic factors, low maintenance, enhanced durability and reliability
are the prime reasons why Nickel (Ni) is popularly used at an industrial scale for the reduction
of water [2, 3]. Surface reactivity plays an important role in heterogeneous electrocatalysis and
depends on the crystal structure, surface electronic states and the number of active sites [4, 5].
These parameters can be tuned by inducing surface strain. Several recent studies have shown
the effect of strain in nanoparticles that can improve various electrocatalytic processes [4-7].
Surface strain can be induced in the material through external forces, doping, dealloying,
annealing, controlling the growth process (e.g., epitaxial growth) or through lattice mismatch
[8-13]. For example, Voiry et al. [14] showed that chemically exfoliated WS> contained high
concentration of strained metallic octahedral phase which resulted in improved hydrogen
evolution. Strasser et al. [15] showed that the catalytic activity of PtCu@Cu corer-shell system
(that was formed by de-alloying Pt—Cu nanoparticles) improved due to the elastic strain in the
de-alloyed shell.

However, most studies have been limited to understand the strain effect in noble metal
nanoparticles with the limited industrial prospect. Considerably, little is known about the effect
of strain in thin films and its influence on catalytic properties. Yan et al. [12] systematically
studied the effect of mechanical strain on Pt, Cu, and Ni films and its effect on hydrogen
evolution reaction (HER) by combining experiment and theory. They showed that the catalytic
activities of Ni and Pt thin films improved by compression, whereas in Cu thin films, tension
was required to improve the catalytic activity. More recently, it was shown that on applying
mechanical strain, the HER activity could be increased on Pd by reducing the hydrogen

absorption properties in Pd [16]. Application of mechanical strain has also been reported to



induce lattice mismatch in atomically developed thin films, finally influencing the catalytic
property [17].

Considering from an industrial perspective wherein nickel is used as cathodes for HER, we
looked into the HER performance in commercially available nickel forms for hydrogen
generation in alkaline and NaCl solution. The HER performances were recorded with two
different commercially available metallic forms of nickel: annealed thick nickel plate and thin
nickel foil. Surprising improvements in catalytic properties (in alkaline solution and 3.5wt%
NaCl) were noted for Ni foil. A subsequent analysis was followed to find out the contributing
factor for such an improved catalytic performance.

Fig. 1 compares the linear scan voltammetry (LSV) and Tafel plots of nickel plate and nickel
foil in 1M NaOH and 3.5% NaCl at different temperatures. It is evident from Fig. 1(a) that
HER of Ni foil in NaOH electrolyte occurs at lower overpotential compared to nickel plate.
Table 1 compares the overpotential to reach a current density of 10 mA cm for the nickel plate
and nickel foil at different temperatures. Noteworthy that, at all temperatures, Ni foil shows a
lower overpotential to attain 10 mA cm. This is further confirmed by plotting the Tafel plots
(Fig. 1(b)) wherein a Tafel slope of 111 mV dec™ is obtained for Ni foil whereas an increase
in Tafel slope of 151 mV dec? is obtained for Ni plate. Previous studies [18, 19] have shown
that bare nickel exhibits a Tafel slope of greater than 120 mV dec™ in 1M NaOH at 293 K, and
therefore obtaining a value of 111 mV dec™ indicates a possible lattice strain within the nickel

foil that may be responsible for lowering the Tafel slope.
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Fig. 1. (a) Linear scan voltammetry of nickel plate (solid lines) and nickel foil (dash lines) in
1M NaOH at different temperatures (b) Tafel plot of Ni plate and Ni foil in 1M NaOH (c) LSV
of nickel plate (solid lines) and nickel foil (dash lines) in 3.5 wt% NaCl at different

temperatures (d) Tafel plot of Ni plate and Ni foil in 3.5 wt% NaCl



Table 1

Kinetics parameters for the HER on Ni plate and Ni foam catalysts in 1 M NaOH and 3.5 wt%

NaCl

Ni plate Ni foil

1M NaOH

Temperature  Overpotential  Tafel Exchange Temperature Overpotential Tafel Exchange

(K) at 100 mA cm? slope current (K) at 10 mA cm? slope current
mV  density mV  density
dec! mAcm? dec! mA cm?

293 0.43V 151 0.27 293 0.35V 111 0.22

308 0.3V 171 0.13 308 027V 186  0.08

323 025V 180  0.07 323 0.23V 206  0.03

3.5 wt% NaCl

293 0.83Vv 336 041 293 0.83 218  0.52

308 0.72v 387 0.32 308 0.73 294 041

323 0.64V 410  0.23 323 0.64 330 031

On changing the electrolyte from NaOH to NaCl, the HER process does not show a significant
difference between the two Ni substrates at all temperatures (Fig. 1c). This can be ascribed to
the adsorption of Cl ions on the nickel. However, on calculating the Tafel slope (Fig. 1(d),
Table 1), a significant difference is observed wherein Ni foil shows a lower Tafel slope (by
more than 100 mV dec). This indicates that the reaction kinetics might be different on ClI
adsorption. The durability of Ni foil and plate were tested by running constant current density
experiments at 10 mA cm for 30 hours (Fig. S1a). A stable potential was observed. The
disturbance in the plot is due to hydrogen evolution at the Ni electrode. The HER performance
of the catalyst after 30 hours showed slight increase in overpotential for both Ni plate and Ni
foil (Fig. S1b, Fig. S1c). However, the magnitude of the overpotential on Ni foil was found to
be considerably lower compared to the Ni plate. Furthermore, the electrochemical surface
active area (ESCA) was determined using capacitive method (Fig. S2) from which it was
evident that the active surface area of Ni foil is three (03) times higher than Ni plate which led

to a change in reaction kinetics and lowering of overpotential.



To identify the improvement in reaction kinetics in HER and find a possible correlation (if any)
with lattice strain in the nickel substrates, X-ray diffraction (XRD) and electron backscatter

diffraction (EBSD) were performed.
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Fig. 2. (a) XRD plot for Nickel sample: plate and foil (b) magnified view of the (111) peak in

XRD showing peak broadening and peak shift towards lower 26 angle.

The XRD pattern of both nickel plate and foil, shown in Fig. 2(a), confirms a face-centered
cubic symmetry for nickel (JCPDS file no. 4-0850) with no evidence of extra/new phases. All
the XRD peaks of nickel foil were noted to shift to a lower angle and are broader as shown in
Fig. 2(b). This peak shift indicates an increase in the lattice parameter and suggests the presence
of tensile strain in nickel foil. The calculated full width at half maxima (FWHM) of both XRD
peaks (of Ni) reveals that FWHM of nickel foil was approx. 125% higher than nickel plate.
The fact that the peak shift (to a lower angle) occurred simultaneously with the broadening
shows that the induced strain is large and may possibly due to a microstructural rearrangement
on nickel foil. The same is confirmed from the grain size distributions as revealed from the
EBSD analyses. For the given same area, massive grain refinement (i.e., the significant increase

in number of grain boundaries) is noted for the nickel foil sample compared to the Ni plate



where mostly bigger grains (>50 um) are noted, (as shown in supplementary Fig. S3- S6). In
other words, the Ni plate may be taken as a ‘strain relaxed’ system owing to its bigger grains,
while the smaller grains in the Ni foil contributed to more defects and strains in the overall
matrix.

The lattice parameters calculated for the nickel plate from XRD data (from all three major
reflections) was 3.5236 + 0.0009 A. It matches with the stated JCPDS file that portrays the
lattice parameter value of 3.5238 A. For the nickel foil, an increased lattice parameter was
observed (3.5412 + 0.0014 A). As no doping was involved, the increased lattice parameter can
be attributed to tensile strain within the foil. Various earlier results [20, 21] have also
contributed the factor of increase in lattice parameter to tensile strain enhancements.
Noteworthy that, possible important sources of strain in any metallic sample (e.g., Ni) may be
due to a variety of factors, e.g., stacking faults, twinning, grain boundaries, sub boundaries, etc.
[22]. However, we believe that with smaller grains (i.e., more number of grain boundaries), the
in-plane tensile strain also contributed to the cause of peak shift. To separate individual
contributions of stacking faults, twinning, grain boundary etc. for their roles on XRD peak shift
and subsequently on the HER response may only be realised with in-depth future study. We
have intentionally avoided the calculation of micro-strain (for Ni foil) via Williamson-Hall
equation (W-H) as the grains in Ni foil are coupled with the strain factor that is coming from
the neighborhood grain and, this would eventually lead to the wrong estimation of strain and
size of grains [23]. The individual peak intensities of the metallic nickel samples were noted
for a massive (> 350%) decrease; from nickel plate to the nickel foil sample. Such a huge
decline in the peak intensities for the Ni foil sample once again indicate possible presence of
various strain-induced defects. The lowering of overpotential can be ascribed to the residual
tensile strain within the nickel foil along with difference in the grain size which improves the

catalytic activity. A recent report has also suggested remarkable enhancements in catalytic



activities with increased grain boundary density [24]. This agrees with our studies for the case
of Ni foil where smaller grains induce an in-plane tensile strain to portray enhanced HER
responses.

Based on the d-band model, lattice strain causes an upshift in the d-band centre which improves
the interaction with the adsorbate [6, 25, 26]. Therefore, in the case of nickel foil, it appears
that there is good interaction between OH ions and the nickel surface which possibly reduces
the overpotential required for HER. Based on the Tafel analysis, a Tafel slope of greater than
120 mV dec? clearly represents a Volmer step as the rate determining process for HER.
However, theoretical studies have suggested that with high coverage of hydrogen atoms on the
surface, Heyrovsky step also show a similar Tafel slope [27]. Therefore, in the case of Ni foil,
the obtained slope of 111 mV dec indicates that Heyrovsky step could be the kinetic controlled
process for HER due to the presence of strain that leads to higher coverage of adsorbed
hydrogen atoms. On increasing the temperature, a lowering of overpotential is observed (Fig.
1(a), Table 1) with an increase in Tafel slope and decrease in exchange current density (Fig.
1(b), Table 1). These changes could be related to the formation of a passive layer of NiOH/NiO
on Ni substrate in 1M NaOH and is consistent with previous observations [18, 19, 28]. To
further evaluate the influence of strain on interfacial processes of HER, impedance
spectroscopy was performed at selected potentials on both Ni plate and Ni foil. Fig. 3 shows
the impedance spectra of nickel foil and plate fitted with an Armstrong equivalent circuit. Clear
difference in impedance spectra is observed and the values of the different elements are shown
in supplementary Table S1. Table S1 clearly shows that the charge transfer resistance (Rct) and
double layer capacitance (Cq) in Ni foil is lower than Ni plate close to the onset of hydrogen
evolution reaction (125 mV). Furthermore, the sum of R and pseudo-resistance (Rp) which
represents the Faradaic resistance is also lower at 125 mV for Ni foil eventually resulting in

higher kinetics of HER.
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Fig. 3. Electrochemical impedance spectroscopy measurements conducted at various values of

overpotential (a) -25 mV (b) -125 mV (c) -225 mV (d) -325 mV in 1M NaOH at 293 K

At higher overpotentials, Rct for both nickel plate and nickel foil is similar whereas the double
layer capacitance is lower for Ni foil. This suggests that a faster conversion of adsorbed
hydrogen occurs on Ni foil which reduces to hydrogen. Thus, from the impedance
measurements, it is apparent that the presence of strain in Ni foil clearly affects the interfacial

processes to lower the overpotential of HER and also to improve the reaction kinetics of HER.

In order to confirm that strain increases the adsorption of ions, X-ray photoelectron

spectroscopy was performed on the Ni foil and plate exposed to the electrolyte for 5 minutes
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(Fig. 4). Fig. 4a compares the survey spectra of Ni foil and plate exposed to NaOH and NaCl
electrolytes from which Ni, O, C and CI peaks are observed. The C 1s peak arises from the
impurity from air during sample transfer. Fig. 4b compares the high-resolution Ni 2p for the
plate and foil exposed to 1M NaOH. Three major peaks related to Ni2pz/; are observed at 852.5
eV, 855.8 and 861.5 eV. The first two peaks correspond to metallic nickel and Ni(OH); and the
third broad peak relates to Ni2pz. satellite. The broad peak above 870 eV corresponds to
multiplet-split arising from NiO and Ni(OH)2 [29]. On comparison of the Ni2ps» at 852.5 eV
it is evident that the intensity of metallic nickel has decreased considerably in Ni foil compared
to Ni plate indicating a higher concentration of hydroxides on Ni foil due to strain
contributions. The O1s spectra in Fig. 4c at 531 eV corresponds well with the formation of
Ni(OH) [30] and the additional deconvoluted peaks at 532.8 and 535.8 eV can be attributed to
the presence of carbonate due to exposure of the sample in air. The high-resolution spectra of
Na 1s and C 1s is shown in the supporting information (Fig. S7). Based on the XPS peak area,
the Na concentration was found to be twice on Ni foil compared to that on Ni plate which
confirms that adsorption of molecules on strained Ni surface is greater than the unstrained

surface (of the Ni plate).
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Fig. 4. (a) Comparison of XPS survey spectra of Ni plate and Ni foil spectra dipped in NaOH
and NaCl electrolyte (b, c) Comparison of high-resolution Ni 2p and O1s spectra of nickel plate
and foil dipped in NaOH (d, e) Comparison of high-resolution Ni 2p and CI 1s spectra of nickel

plate and foil dipped in NaCl

Similar observation is noted as Ni substrates were dipped in NaCl electrolyte. In Fig. 4d, the
peak intensity of metallic nickel at 852.7 eV is much lower for Ni foil compared to Ni plate
and the peak intensity of NiCl/Ni(OH). at 855.7 eV (both peaks overlap) [31] is also high for
the foil. The ClI 1s spectra in Fig. 4e shows a main peak and shoulder at 198.2 eV and 200.3
eV, respectively. The peak at 198.2 eV may be correlated to NaCl while the shoulder peak
suggests the formation of NiCl». Clearly the peak intensity of NiCl> is high for Ni foil compared
to Ni plate which might have changed the reaction kinetics as observed in Table 1. This is also

consistent with the ESCA measurement which showed an increased in active surface area.
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In summary, we have shown the significant impact of tensile strain (in nickel foils) that reduces
the overpotential of HER in alkaline solution and increases its reaction kinetics. Tafel slope
indicated that in strained nickel foils, Heyrovsky step could be the kinetic controlled process
rather than VVolmer step which is usually observed on nickel samples. Furthermore, impedance
spectroscopy showed that charge transfer resistance is lower for strained nickel foils leading to
an improved reaction Kkinetics for hydrogen evolution. Considering the fact that nickel is
industrially used for water splitting reactions, our work indicates a new possible pathway where
introduction of residual strains may lead to enhanced performances for these applications.
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