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A B S T R A C T   

The storage of renewable energy is an important step toward the global effort to combat air contamination and 
climate change. In this work, the influence of substrate-induced strain on the electrocatalytic properties of nickel 
oxide (NiO) films toward the hydrogen evolution reaction (HER) is studied. Using pulsed laser deposition, NiO 
thin films were deposited on strontium titanate, lanthanum aluminate, and sapphire substrates to examine how 
the substrate–film lattice mismatch influences the electrochemical properties. It was observed that the electro
catalytic activities of the NiO thin films exhibited strong sensitivity to strain; the NiO film with the smallest strain 
recorded the lowest overpotential for the HER. The NiO films were further explored to estimate the charge 
storage capacity and surface roughness. This work shows the use of simple thin-film synthesis as a way to 
evaluate the strain effect in electrocatalysis.   

1. Introduction 

The exponential population growth coupled with high-standard 
living demands have resulted in today’s unprecedented energy and 
environmental crisis. Over the next two decades, the energy demand is 
projected to increase by 50%, with the average global power require
ment anticipated to reach 30–46 TW by 2100 [1,2]. In addition to the 
growing energy demand, there are concerns regarding natural re
sources’ depletion as well as the associated environmental and socio- 
economic impacts stemming from the combustion and over- 
exploitation of petrochemicals [3–6]. Thus, sustainable energy is one 
of the most important priorities in the 21st century. Hydrogen is a 
promising clean energy option due to its zero-emission nature, storage 
convenience, versatility, and high energy density [7–10]. Hydrogen can 
be produced by electrical power through electrolysis, where water is 
split into hydrogen and oxygen fuels [11]. Fuel cells, on the other hand, 
reverse the process to generate energy [9]. Electrocatalysts are integral 
in the water-splitting processes as they increase the rates of the two 
electrochemical reactions during water splitting: the hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER) [12,13]. Transition 

metals such as nickel (Ni), titanium (Ti), iron (Fe), cobalt (Co), copper 
(Cu), and their mixtures have been widely studied for these applications 
due to their abundance and, hence, cost efficiency as compared to the 
conventionally used precious metals such as platinum (Pt), palladium 
(Pd), ruthenium (Ru), and iridium (Ir) [1,14–16]. Ni compounds have 
received substantial attention as an electrocatalyst for HER, OER, and 
oxygen reduction reaction (ORR) [17], having demonstrated low over
potential, high corrosion resistance, low cost, and abundance [6,18,19]. 
NiO is one of the few known p-type oxides with excellent electro
chemical capabilities [20–22]. It is, therefore, a great platform for the 
fundamental electrochemical studies of p-type oxides. P-type oxides can 
serve as a photoelectrode in a solar-driven water-splitting cell, when 
integrating with n-type materials such as titanium oxynitrides [14,23]. 
Our choice to investigate NiO is driven by this view that NiO holds a 
great future for photoelectrochemistry. It is important to point out that 
our findings can likely be extended to other Ni-based materials. Many 
groups have shown that the surface layers of NiP and NiS can transform 
to Ni-oxide species during electrochemistry [24,25]. We, therefore, 
believe that our results help elucidate how Ni-based compounds can be 
used for capacitors, batteries, sensors, catalysis and as a protective layer 
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for the anodic part of a p-n buried junctions in integrated water-splitting 
systems [26,27]. There are different NiO-thin film synthesis routes 
including spin coating [28], thermal evaporation [29], D.C. reactive 
magnetron sputtering [30], spray pyrolysis [31], R.F. sputtering [32] 
and pulsed laser deposition (PLD) [33]. These methods use different 
optimization parameters, which lead to a variation in the thin film 
properties. Among these, the ability to produce uniform thin films with 
well-controlled thickness and surface structure makes PLD an attractive 
deposition process [34–37]. In this study, we investigate the substrate- 
dependent electrochemical properties of PLD-prepared NiO thin films. 
To explore this, we have fabricated NiO thin films on strontium titanate 
(SrTiO3), lanthanum aluminate (LaAlO3), and Sapphire (Al2O3) 
substrates. 

2. Materials and methods 

NiO thin film samples were synthesized on (0001) single-crystal 
sapphire, (100) strontium titanate, and (100) lanthanum aluminate 

substrate using PLD. High-purity NiO target was used to deposit the NiO 
films. A KrF laser (Coherent Complex Pro, wavelength 248 nm, pulse 
duration 30 ns, repetition rate 10 Hz) was used. A fixed number of laser 
pulses (shots) of 10,000 (deposition time = 2000 s) was used. We set the 
substrate temperature at 400 ◦C and oxygen pressure at 60 mTorr using 
the laser energy density at 2 J/cm2. The crystallographic orientation and 
phase purity of the NiO films were studied using X-ray diffraction (XRD, 
Bruker D8). The surface topography was characterized using an atomic 
force microscope (NTEGRA Prima) at ambient conditions (in air, 22 ◦C, 
and relative humidity below 40 %) using the contact mode with the 
resolution of 10 nm per point. A scan speed of 9 µm/s or lower was used 
for all measurements. The electrical resistivity was determined using a 
standard four-probe measurement. 

The electrochemical activities of NiO samples were analyzed using 
linear sweep voltammetry (LSV), cyclic voltammetry (CV), and elec
trochemical impedance spectroscopy (EIS). The electrochemical prop
erties were studied using an electrochemical workstation (Versatat 
4–500, Princeton Applied Research, USA). A three-electrode system was 
used for all these measurements: a reference electrode (Hg/HgO), a 
counter electrode (platinum), and a working electrode (NiO thin films). 
The electrolyte solution used was 1 M KOH. LSV and EIS measurements 
were performed at a rate of 5 mV/s and 0 V, respectively. The geometric 
area of the sample submerged in the electrolyte was 24 mm2, which was 
used in the calculation of current density. From the commercial stand
point, this surface area is not sufficient for water electrolysis, which 
requires significantly larger areas (>100 cm2). It should be noted that 
the objective of this research is to understand the fundamental struc
ture–property relationship of NiO thin films, not to scale up NiO films for 
commercial applications. To meet the commercialization target, the 
results from the PLD technique will have to be translated to more cost- 
effective deposition techniques such as sputtering, spin coating, or 
electrophoretic deposition. However, such efforts are beyond the scope 
of the present work. All the electrochemical data were analyzed after iR 
correction, using the solution resistance obtained from the EIS mea
surement at 0 V vs. Hg/HgO. 

3. Results and discussion 

3.1. Morphological and topographical characteristics 

XRD peaks were indexed for the NiO thin films grown on different 
substrates under identical growth conditions, using the 2 θ scan from 20◦

to 80◦ angle. The results are plotted in Fig. 1, which shows a peak at 2θ 
= 43◦ corresponding to the (200) orientation of the NiO film on SrTiO3 
and LaAlO3 substrates. Interestingly, the NiO film grown on the Al2O3 
substrate favored the growth in different orientation. These XRD peaks 
are attributed to (111) and (222) NiO at 2θ = 37◦ and 78◦, respectively. 
The appearance of narrow peaks with particular orientation suggests 
that the films are highly textured. The epitaxial nature of the NiO films 
on all three substrates was confirmed by the phi (ϕ)-scan of Ni (200) 
peak as presented in Fig. 2. In the case of the NiO films grown on SrTiO3 
and LaAlO3 substrates, there are four peaks spaced at 90◦ [38–40]. In the 
case of the hexagonal sapphire substrate, the NiO film acquires a hex
agonal structure as reflected by the appearance of the six peaks spaced at 
60⁰ in the ϕ - scan. It can be seen that the preferential orientation and 
crystallinity of the NiO film depend on the substrate type. Given that the 
surface orientation of the thin film electrocatalyst have different planar 
densities and different interatomic distance, we expect them to affect 
their interactions with the electrolyte. In the following, we will discuss 

Fig. 1. X-ray diffraction patterns of the NiO thin films grown on 
different substrates. 

Fig. 2. Phi Scan of NiO (200) plane on SrTiO3, LaAlO3 and Al2O3 substrates.  
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the relationship between NiO films with different orientations and 
different strain levels and their electrochemical properties. 

The surface morphology of NiO films was analyzed by recording SEM 
images before and after each electrochemical test to understand be
haviors of the NiO thin films in the electrochemical solutions under 
applied currents. The images in Fig. 3 on the left (a, c, and e) represent 
the surface morphology before, and the images on the right (b, d, and f) 
in the same row are the surface morphology of the same sample after. 
We observe the formation of fine pits. Thermodynamically, the reduc
tion of NiO to Ni is expected to occur near the HER. 

The formation of these pits could occur as a result of this reduction 
during Ni redox cycling [41]. The topographical images of the NiO thin 
films (Fig. 4a-c) were recorded using AFM. The surface roughness of the 

NiO thin films on SrTiO3, LaAlO3, and Al2O3 has been found to be 9.69, 
3.63, and 1.58 nm, respectively. Rougher film texture on the nanoscale 
results in a larger electrode/electrolyte interfacial area. These surface 
roughness values are consistent with the charge-storage trend on the 
NiO films. 

The surface electronic and oxidation state of the NiO thin films 
grown on Al2O3, LaAlO3, and SrTiO3 were assessed via XPS analysis. The 
thickness of these films, measured with a surface profilometer, was 
found to be 240 ± 5 nm on all three substrates. The thickness value is in 
agreement with the thickness value inferred from the etch rate and time 
taken to reach the substrate surface while recording the depth profile in 
XPS. The XPS spectra were calibrated with the C 1s peak to 284.6 eV. 
The survey scan (Fig. 5a) certifies the presence of Ni, O, and C without 

Fig. 3. FE-SEM images at the magnification of 20,000 of the NiO films grown on SrTiO3 (a) before and (b) after electrolysis; LaAlO3 (c) before and (d) after 
electrolysis; Al2O3 (e) before and (f) after electrolysis. 
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any other elements in the films. This is consistent with the XRD micro
graphs obtained in Fig. 1, showing only peaks for the NiO films and the 
respective substrates. The presence of C is attributed to the atmospheric 
carbon [10]. The deconvoluted XPS spectrum of Ni2p is shown in Fig. 5b, 
where the peaks located in the region 853–860 eV are marked as a 
satellite and a main peak corresponding to Ni2p3/2. Shown also in this 
figure is the deconvoluted XPS spectrum of Ni2p in 872–878 eV region 
with one satellite peak and one main peak that corresponds to Ni2p1/2 

[42,43]. The O 1s peak (Fig. 6) recorded from the NiO film on all the 
three substrates is centered at the binding energy of 528 eV which is 
attributed to the Ni-O metal–oxygen bond corresponding to the lattice 

O2– ions in NiO [8,44]. The absence of additional peaks in the O 1s 
spectra suggests minimal surface oxygen and hydroxyl defects in our 
samples [37]. 

3.1.1. Lattice strain measurements 
The full width half maxima (FWHM) of the (200) peak, grain size, 

and surface roughness are listed in Table 1. The percentage out-of-plane 
lattice strain and dislocation density are also presented in Table 1. The 
NiO interfacial substrate-film lattice strain, called the external strain 
(εext) arising from the lattice mismatch between the NiO films and 
substrates is calculated using εext = (as -af)/af, where as and af are the 
substrate and film lattice parameters, respectively. When as is smaller 
than af there is a compressive lattice strain in the film at the interfacial 
region, while a tensile strain is experienced in the interfacial region 
when the opposite is true. The percent lattice strain (ε) obtained for the 
films deposited on the SrTiO3, LaAlO3 and Al2O3, have been found as 
7%, 10% and 12%, respectively. The NiO/ Al2O3 sample accounted for 
the highest strain of 12 % among the 3 samples. The dislocation density 
is calculated by taking inverse of D2, where D is the average grain size of 
the NiO film determined using the Scherrer Equation [45], D = Kλ/β 

Fig. 4. AFM topography profiles of NiO films grown on (a) SrTiO3, (b) LaAlO3 
and (C) Al2O3 substrates. 

Fig. 5. XPS spectra of (a) Survey Scan (b) Ni 2p peaks.  
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cosθ. Here K is the dimensionless shape factor close to unity, λ is the X- 
ray wavelength (=1.54 Å), β is FWHM, and θ is the Bragg angle. The 
presence of the dislocations in the NiO films impede the conduction of 
electrons leading to higher electrical resistivity as reflected from their 
four probe resistivity values of 5.7, 7.2, and 8.1 Ω-m for NiO/SrTiO3, 
NiO/LaAlO3 and NiO/Al2O3, respectively. The electrical resistivity was 
measured using the Van der Pauw method. Increasing electrical re
sistivity values in the NiO films are in accordance with the increase in 
the dislocation density measured in these films, i.e., 0.9, 1.1, and 1.9 
(×10 15) m−2, respectively [46,47]. 

3.2. Electrochemical properties 

The electrochemical properties of the NiO films were investigated 
using linear sweep voltammetry (LSV) in 1 M KOH solution. The po
larization curves of the NiO films are shown in Fig. 7a, where the current 
density (j) is plotted as a function of sweeping potential for three NiO 
thin film samples. As marked in this figure, the HER overpotential the 
NiO thin films on Al2O3, LaAlO3, and SrTiO3 substrates are 215 mV, 192 
mV, and 120 mV, respectively. The reference potential was converted to 
RHE using the equation by considering the Hg/HgO standard potential 
(0.098 V vs. standard hydrogen electrode) and pH shift. We have used 
the 10 mA/cm2 current density criterion as it is a metric for the over
potential requirement of a photoelectrochemical device [14,48]. The 
lowest overpotential for the HER electrocatalysis is observed on NiO/ 
SrTiO3. This observation is consistent with the presence of the high 
surface roughness of the NiO/SrTiO3 sample, providing more active sites 
for electrocatalysis. The NiO/SrTiO3 sample, as previously established, 
also displayed the lowest electrical resistivity. Therefore, the catalytic 
enhancement could also come from improved electron transferability, 
which has been reported for the oxygen electrocatalysis on LaMnO3 
[49]. 

The HER kinetics of the films have been analyzed using Tafel slopes, 
which are shown in Fig. 7b. The Tafel slopes are measured to be 196, 
217, 230 mV/decade for the NiO films grown on SrTiO3, LaAlO3, and 
Al2O3, respectively. These results demonstrate the dependence of the 
NiO’s catalytic behavior on the substrate. The Nyquist plots obtained at 
0.6 V vs. Hg/HgO are shown in Fig. 7c. The radii of semicircular Nyquist 
plots represent the charge transfer resistance; the smaller is the radius, 
the smaller is the charge transfer resistance and hence the faster is the 
reaction kinetics [14]. Thus, as seen in the Nyquist plots in Fig. 7c, NiO 
film on STO has the smallest radius among all the films, indicating the 
least charge transfer resistance, and hence, the best electrochemical 
catalytic behavior. The NiO films on LaAlO3 and Al2O3 follow the suit. 
Fig. 7d shows the relation between the lattice strain and overpotential of 
NiO thin films. The bottom x-axis represents the substrate-induced 
external strain (εext) and top x-axis represents the internal strain (εint 

Fig. 6. O 1s XPS spectra recorded from sputtered clean NiO films deposited on 
(a) Al2O3, (b) LaAlO3, and (c) SrTiO3 substrates. 

Table 1 
Parameters extracted from NiO thin films.  

Substrate FWHM Grain size(nm) Surface roughness(nm) %Lattice strain (ε) Dislocation Density (1015 m2) 

SrTiO3  0.254 34  9.7 7  0.9 
LaAlO3  0.284 30  3.6 10  1.1 
Al2O3  0.450 22  1.6 12  1.9  
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= [ab -af]/af, where ab and af are the bulk and film lattice parameters, 
respectively) in the NiO films. The internal NiO strain is almost an order 
of magnitude smaller than the substrate-induced external NiO lattice 
strain. However, the trend of the effect of both strains on the HER 
overpotential is similar; the overpotential increases as the strain in the 
NiO film increases. 

The cyclic voltammograms (CVs) of the three samples are shown in 
Fig. 8a. All three voltammograms displayed oxidation/reduction peaks. 
The specific capacitance, obtained by dividing the area under the CV 
curves by the product of the potential range and scan rate, is plotted as a 
function of current density in Fig. 8b. It can be observed from this figure 
that the NiO/SrTiO3 and NiO/Al2O3 electrodes displayed, respectively, 
the highest and lowest values of specific capacitance, in all current 
density range used in the present study with NiO/Al2O3 electrodes 
showing in between behavior. The specific capacitance values for NiO 
on the three substrates are plotted as function of their overpotential in 
the inset of Fig. 8b. The monotonic decrease of specific capacitance with 
an increase in overpotential can be taken as an evidence of electron 
conduction between electrolyte and the NiO electrodes. The enhanced 
storage behavior of the NiO thin film on the SrTiO3 substrate (even at 
higher current densities) may be attributed to the lower resistivity at the 
NiO/SrTiO3 interface due to the smaller lattice strain and the increased 
active sites for storage due to the enhanced surface roughness. 
Conversely, the NiO/Al2O3 interface had the highest lattice strain den
sity and, therefore, electrical resistivity. This situation hampers access to 
the active sites for electrochemistry. The NiO films were also tested for 
their electrochemical stability; the results obtained is presented in 
Fig. 8c. The stability test was carried out at an applied voltage of 1.65 V 

vs. RHE. The results show that the decay of current density of the NiO/ 
SrTiO3 and NiO/LaAlO3 samples were almost negligible while NiO/ 
Al2O3 samples showed a slight degradation in the 45-hour timespan of 
testing. 

4. Conclusions 

NiO thin films have been fabricated on three different substrates 
using PLD. The effect of the lattice strain in the NiO thin films, brought 
about by the substrate-film lattice mismatch, on the HER overpotential 
and pseudocapacitive Ni redox have been investigated. Linear sweep 
voltammetry data shows that the overpotential value of NiO thin films 
on the SrTiO3 substrate is up to 1.8 times lower at a lattice strain of 7% 
compared to Al2O3 substrate with the highest lattice strain of 12%. It is 
also evident from the Nyquist plot that the SrTiO3/NiO sample has the 
fastest reaction kinetic rate among the other samples in this study. The 
specific capacitance was recorded for all samples, and the NiO/SrTiO3 
sample recorded the highest value of 172 mF/cm2. The substrate ma
terial is an important factor in the electrochemical system since the 
substrate-film lattice mismatch influences the strain and the storage 
capabilities of the electrode. The results could be technologically more 
practical if NiO films were grown on conducting substrates. However, 
for better control of structural orientation, grain size, and epitaxy, the 
present study was carried out on three well-known single crystal 
substrates. 

Fig. 7. (a) Polarization curves, (b) Tafel Slopes, and (c) Nyquist plots for the NiO thin film grown on Al2O3, LaAlO3, and SrTiO3 substrates (d) Variation of over
potential with lattice strain for as-deposited NiO thin films. 
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