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Abstract

High entropy oxides (HEQOs), which contain multiple elements in the same crystallographic site,
are a promising platform for electrocatalysis in oxygen evolution reaction (OER). However, to date,
all OER studies involving HEOs have used it in polycrystalline bulk form. In this study, the OER ac-
tivity of a set of single crystalline thin films of (Lag 2PrsNdg 2Smg 2Eug 2)NiO3, grown on NdGaO;
substrates have been investigated. The OER activity increases with the thickness of the film. X-ray ab-
sorption spectroscopy measurements find an increase in Ni d-O p covalency and a decrease in charge
transfer energy with the increase in film thickness. These facilitate higher charge transfer between
Ni and surface adsorbates, resulting in higher OER activity. However, the epitaxial stabilization of
thicker film becomes difficult due to the requirement of +3 oxidation state of Ni and the OER activity
of a 75 unit cell thick film is found to be the optimal in the present study. This work demonstrates

that the thickness of perovskite oxides can be used as a parameter to enhance OER activity.
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I. INTRODUCTION

General consciousness about issues like global warming, depletion of fossil fuel resources,
etc., have fostered massive efforts in energy research in the 215" century. Oxygen evolution reac-
tion (OER) is a key process in several alternative energy generation platforms such as solar [1] and
electric [2, 3] driven water splitting, fuel cells [4], rechargeable metal-air batteries [5, 6], etc. How-
ever, the commercially available catalyst for OER is based on 4d/5d transition metal oxides (RuOs,
IrO,) [7-9], which involves higher costs and poor long-term stability. To avoid these issues, there
have been significant efforts with 3d transition metal oxides (TMO), where electronic structure pa-
rameters are being used as descriptors to obtain superior catalysts [10—14]. Epitaxial stabilization
of TMOs has added a new dimension to this field as it allows finding an intrinsic catalytic activity
without the effect of grain boundaries, defects, etc [15, 16]. Moreover, the heterostructure route

allows tuning of the electronic activity descriptors using the same material [17-26].

Parallelly, the synergetic development of ab-initio theoretical methods, materials prediction by
machine learning, progress in materials growth methods, and nanoscale materials characterization
techniques have enabled the community to explore new families of transition metal oxides. One
such rapidly developing class of materials is based on high entropy oxides (HEOs), where multiple
elements, generally five or more, occupy the same crystallographic site in equiatomic or near
equiatomic ratios [27]. The implementation of such HEOs for OER is a promising avenue as the
HEO allows access to unexplored regions of complex phase diagrams. However, this field is at
its infancy and all the efforts so far have used HEOs in polycrystalline, bulk form [28-36]. While
investigating OER with epitaxial films of HEO is certainly the next logical step, such studies are
completely missing so far, most likely due to the difficulty of thin-film growth of such multi-

component systems in single crystalline form.

To explore the electrocatalysis activity of HEO in thin film geometry, we consider the family of

RENiO; (RE = La, Pr, Nd, Sm, Eu.....Lu) [37-40]. Bulk LaNiOs [Ni3*: 5

04> €y (pure ionic pic-
ture)] remains metallic and rhombohedral to the lowest temperature. Bulk R ~NiOs with RE=Pr,
Nd undergoes a simultaneous metal to insulator transition (MIT), a magnetic transition (paramag-
netic to antiferromagnetic), and a structural transition (orthorhombic to monoclinic) around 135
K, 215 K, respectively. Bulk SmNiO3 and EuNiOj3 exhibit MIT around 400 K and 460 K, respec-
tively, accompanied by a structural symmetry change while the antiferromagnetic insulating phase

appears around 225 K and 205 K, respectively. This coherent increase in the MIT temperature with
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FIG. 1. Schematic structure of the bulk HEO. (a)-(e) Structure of bulk LaNiOs, PrNiO3, NdNiOs,
SmNiOs3, and EuNiOs, respectively at room temperature. LaNiOs is rhombohedral with one kind of Ni.
PrNiO3 and NdNiOj3 are orthorhombic in nature, having a single type of Ni. SmNiO3 and EuNiOs exist
in monoclinic structure and there are two types of Ni arranged in alternating fashion in all three directions.
(f) A schematic of the HEO possessing orthorhombic symmetry at room temperature having one type of
Ni. The RE site atoms (La, Pr, Nd, Sm, and Eu) can occupy any A site of the HEO perovskite with equal

probability.

the decrease in RE-ion radius is attributed to the distortion of NiOg octahedra, specifically to the
reduction in Ni-O—Ni bond angles [41]. OER activity of several members of the RENiOjg series
have been studied recently in thin film form [19-23]. The splitting between two e, orbitals, for-
mation of defects, and compressive strain are found to be favorable for OER [19, 20]. Hole doping
and application of pressure also enhance the OER activity [21, 22]. Surprisingly, the investigation
of the OER activity of nickelate perovskites as a function of the film thickness is missing even
though the strength of various descriptors are strongly dependent on the film thickness [42—45].
On the other hand, the stabilization of thicker nickelate films is challenging and very often, it leads
to phase decompositions [46], which will have also effect on electrocatalysis. Another interesting
and challenging problem to address would be how the OER activity evolves when several mem-

bers of this RENiOj3 series are combined to form a HEO composition. Very recently, we have
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been able to stabilize such a compound, (Lag oPrg 2Ndg2Smg 2Eug2)NiO3 [(LPNSE)NO] in single
crystalline form [47] (see Fig. 1), providing us the opportunity to explore both of these aspects.
In this work, we have investigated OER electrocatalytic activity of 15 uc, 30 uc, 45 uc, 75 uc
and 100 uc thin films of (LPNSE)NO (uc= unit cell in pseudocubic setting). These single crys-
talline films were grown in layer-by-layer fashion by pulsed laser depsition and the films have been
characterized by reflection high energy electron diffraction (RHEED), X-ray diffraction (XRD),
and electrical transport measurements. The RHEED images demonstrate that the films are 2D
up to 75 uc and develop a quasi-3D character for higher thickness. The XRD patterns testify
single crystallinity of all the films, whereas the transport measurements show all (LPNSE)NO
films undergo a first order metal to insulator transition with a thermal hysteresis. Comprehensive
OER measurements were done on all the HEO thin films and 75 uc film is found to be the best
eletrocatalyst among all films investigated here. Ni L3 o and O K edges XAS (X-ray absorption
spectroscopy) measurements demonstrate that the enhancement of OER activity is intimately con-
nected with electronic structure parameters (charge transfer energy between Ni d and O p states

and Ni-O covalency).

II. RESULTS AND DISCUSSION

A. Growth and structural characterization

We have grown a series of (LPNSE)NO thin films with varying thicknesses on single crys-
talline NdGaOs (1 1 0),, substrates [= (0 0 1), or and pc denote orthorhombic and pseudo-cubic
setting respectively] by a pulsed laser deposition unit, connected with a RHEED (reflection high
energy electron diffraction) set up. Synthesis of bulk RENiO3 requires high pressure as Ni has
an unusual +3 oxidation state. In spite of all attempts, large single crystals have been grown
only for LaNiOj3 [48] and PrNiO3 [49] so far. The stabilization of the single-crystalline phase of
(LPNSE)NO in thin film form without high oxygen pressure can be understood by considering a
model by Kaul et al. [50], where the relative difference between the free energies for the bulk and
epitaxially stabilized phases is given by

0
1—v

AE = AE" — AE® = d[AGy — AGY — ] + [0 — o] (1)

Here, the superscripts ic and c represent the epitaxially incoherent (free from substrate) and co-

herent phases, respectively. d denotes the film thickness and AG, is the Gibbs free energy per
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unit volume. p and v are the shear modulus and Poisson’s ratio, respectively. The relative lattice
mismatch between the unit cell parameters of the substrate and the desired phase is denoted by
¢ and the surface tension is represented by o,. The 2" term of the above Equation 1 is always
positive, which is the surface contribution, whereas the 1! term remains negative (volume term).
To stabilize an epitaxially coherent phase, AE > 0. Moreover, as per Equation 1, there may be a
phase decomposition (i.e. RE>03 and NiO) with the increase in film thickness (d) or the lattice
mismatch (¢).

In this paper, (LPNSE)NO films with thicknesses 15 uc, 30 uc, 45 uc, 75 uc and 100 uc (uc= unit
cell in p.c. setting) have been investigated. All of the growths were carried out in a PLD system
at 735°C with a dynamic oxygen pressure of 150 millitorr [47]. During the growing process, an
excimer laser with a fluence of 1.5 Jem~2 was used. Following the growths, the samples were post-
annealed for 30 minutes at the growth temperature under a 500 torr oxygen pressure before being
cooled to ambient temperature. The RHEED pattern of NGO (1 1 0),, substrate consists of very
sharp specular (0 0) and off-specular (0 +1) Bragg spots (Fig. 2(a)), which are very typical for an
infinite crystal with a very smooth surface. For each thin film, we have monitored the progress of
the growth by recording the variation of the intensity of the specular spots of the RHEED pattern
and Fig. 2(b) displays such a RHEED oscillation pattern during the growth of a (LPNSE)NO thin
film, confirming the desired layer-by-layer growth of the film. Fig. 2(c), (d) represent RHEED
images after cooling the 15 uc and 75 uc samples to room temperature, respectively. The streaky
pattern of the specular (0 0) and off specular (0 £1) spots establishes that we have been able to
maintain two-dimensional nature of the film with very smooth surface morphology even in the 75
uc (LPNSE)NO film. However, we have observed broken streaks in the RHEED pattern of the 100
uc film (Fig. 2(e)), signifying development of quasi 3D nature of the film surface. Hence, we have

restricted the thickness dependent OER study up to 100 uc thick film.

To confirm epitaxial growth, we have performed X-ray diffraction (XRD) measurements of all
films. Fig. 2(f) shows XRD pattern around the (002),,. reflection of NdGaOj; substrate. The single
crystallinity of all the films were confirmed by the broad film peak (denoted by *) in the vicinity
of the sharp substrate peak. In addition, the presence of well defined Kiessig fringes confirm high
structural quality of all these films. The out of plane lattice constant (c;) of these 15 uc, 30 uc, 45
uc, 75 uc and 100 uc (LPNSE)NO films are found to be 3.8 A, 3.792 A, 3.784 A, 3.788 A, 3.798
A, respectively. The film thickness, evaluated from the separation of the Kiessig fringes is very

close to the expected value from the number of RHEED oscillations multiplied by c,.
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FIG. 2. Structural and electrical characterization. (a) RHEED image of the single terminated NGO
(1 1 0)o, substrate. (b)The change in the intensity of the specular spot with time of a (LPNSE)NO film
during the growth. (c)-(e) The RHEED image of the 15 uc, 75 uc, and 100 uc samples after cooling to
room temperature. (f) 260-w XRD scan around (002),. peak of the NGO substrate for all the thin films. (g)
Temperature dependent resistivities of the (LPNSO)NO films. The metal to insulator transition temperature
in the heating run as a function of the thickness has been shown in the inset of (g). The XRD and transport

data for 30 uc and 45 uc thin films have been reproduced with permission'*’! 2020, Appl. Phys. Lett.

B. Electrical characterization

To check the electronic transport properties, resistivity is measured as a function of temperature
for this series of (LPNSE)NO films (Fig. 2(g)). All of the films undergo first order MIT with a
thermal hysteresis and the hysteresis is known to be arises due to the coexistence of insulating
and metallic domains [51, 52]. The 100 uc sample shows a very sharp MIT (Tygr ~ 218 K
in the heating run) and the Ty shifts towards lower temperature with the decrease in the film
thickness (inset of Fig. 2(g)). A similar trend has already been observed for NdNiOj3 thin films
and is related to the epitaxy and finite thickness [53-55]. It may be noted here that some earlier
work has demonstrated that the OER activity of RENiOjs thin films are also affected by oxygen
vacancies [23]. We would like to emphasize that the resistivity of all thin films investigated in this
present work are very similar at room temperature, implying oxygen vacancies, if present, should

be of a similar order in all cases [56].
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FIG. 3. Oxygen evolution reaction of HEO thin films. (a) LSV curve of (LPNSE)NO thin films with
different thicknesses in 0.1 M KOH electrolyte, normalized by the exposed areas with voltage corrected for
the resistance of the electrolyte. (b) Comparison of OER catalytic activity, defined by the current density
obtained at 1.7 V vs. RHE of the OER overpotential and thickness of the films. The y-axis is in the log

scale. (c) Tafel slopes and (d) electrochemical impedance spectra of the corresponding (LPNSE)NO films.

C. Oxygen evolution reaction

After competent structural and electrical characterization of the (LPNSE)NO thin films, we
investigate the impact of thickness on the oxygen evolution reaction (OER) activities. All the
(LPNSE)NO thin films were electrically contacted at one corner of the front side and a standard
three electrode configuration: (LPNSE)NO film as working, Mercury-mercuric oxide (MMO) as
the reference, and carbon rod as the counter electrode, were used to measure the OER activity in
0.1 M KOH (potassium hydroxide) solution. Fig. 3(a) shows the ¢ R-corrected LSV (linear-scan
voltammetry) curves for (LPNSE)NO films with varying thicknesses. The onset potentials are
very similar (see Table I) for all of these films. In general, specific activity [current density (7)
at a particular potential V' vs. RHE (reversible hydrogen electrode) is used to compare the OER

activity more clearly. Here, we have compared the j at 1.7 V vs RHE in the Fig. 3(b), which
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TABLE 1. Summary of OER electrocatalytic data

thickness onset potential Tafel slope j @1.7V RgT
(VvsRHE) (mVdec™') (uAcm~?) (Ohms)

15 uc 1.60 226 31 6169
30 uc 1.55 194 192 4428
45 uc 1.59 81 580 668
75 uc 1.56 90 3816 330
100 uc 1.60 150 745 1332

demonstrates an increase of 7 with film thickness up to the 75 uc thick film. Interestingly, the
current density is much lower for 100 uc film compared to the 75 uc one. Our detailed post-OER
sample characterizations (Fig. S2) revealed the degradation of the 100 uc film under an electrolysis
environment. We attribute this to the lower stability of thicker (LPNSE)NO film, as inferred from
Equation 1.

To investigate OER kinetics, Tafel slopes have been calculated by plotting the potential as a
function of log (j) and taking the slope of it (Fig. 3(c)). The Tafel slope decreases from 226
mVdec™! to 90 mVdec ! with the increase of film thickness from 15 uc to 75 uc (Table I), implying
an accelerated OER kinetics in 75 uc film. This is further supported by electrochemical impedance
spectroscopy (EIS) measurements. The charge transfer resistances (R,.;) were calculated by fitting
the Nyquist plots (Fig. 3(d)), and a decrease of R to 330 €2 for 75 uc film is observed (R, is
6169 €2 for the 15 uc film). The summary of all the data of the electrocatalytic measurements are
shown in Table I. From all these analyses, it is evident that the thickness of these samples follows
a volcano shaped OER activity trend, with the 75 uc (LPNSE)NO thin film seeming to be the best

candidate among the films investigated in this work.

D. X-ray absorption spectroscopy

In order to understand the enhancement of OER activity as a function of film thickness, we
focus on electronic structure parameters. The electronic structure of complex oxides is generally
described by electron hopping strength (%), electron-electron correlation (U), and charge transfer
energy (A) within the scheme of the Zaanen-Sawatzky-Allen (ZSA) phase diagram [57, 58] . The
separation between the lower Hubbard band (LHB) and the upper Hubbard band (UHB) is defined
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FIG. 4. Ni L-edge X-ray absorption spectroscopy. (a)-(c) A schematic density of states representation of
the Mott-Hubbard (MH) insulator (U <A), Charge Transfer (CT) insulator (U>A), and pd metal, respec-
tively. The HEO at room temperature belongs to the pd metal. (d) The relation between the activity of some
bulk material (in terms of current density) and A are listed, showing a linear kind of trend. The data set has
been reproduced with permission!'!! 2017, Energy Environ. Sci. (e) Ni L3 2-edge XAS spectra for 15, 30,
and 75 uc (LPNSE)NO films. The peak around 849 eV arises due to La M,-edge. (f) The energy separation
between the two peaks of the Ni Ls-edge as a function of the thickness of the films. (g) The current density
as a function of the energy separation between the two peaks of the Ni L3-edge, which is a measure of A.

The y-axis is in the log scale.

as U, whereas the separation between the UHB and the O 2p is interpreted as A. In accordance to
the ZSA phase diagram, there are several ground states like Mott-Hubbard (MH) insulator, charge
transfer (CT) insulator, d metal or pd metal (Fig. 4(a)-(c)). For MH insulator, where U <A, the O
2p lies below the LHB in the energy band diagram and the band gap is mainly controlled by U. On
the other hand, A primarily controls the bandgap in the case of CT insulator as U>A. In the case
of a pd metal, the UHB overlaps with the O 2p band. The electronic state of our (LPNSE)NO films

at room temperature belongs to this pd metal phase [59]. In recent years, the trends in OER activity
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of transition metal oxides are often described by different electronic structure parameters like the
occupancy of the e,* orbital of the B site of ABOs perovskite, A and the covalency between
2p and 3d orbital of the O and B sites, respectively. For example, the activity pattern of several
perovskite oxides follow a volcano shaped relation with the occupancy of the e,* orbital and the
materials with nearly 1 electron in the e,* orbital shows maximum OER activity [10, 12, 60].
Furthermore, the OER activity increases with increase in the covalency [10, 20, 22, 23] or by
decreasing the charge transfer energy of the materials [22]. Interestingly, Hong et al. [11] have
emphasized that A is enough to understand the trends in the OER activities of the oxide materials
without considering the e,* occupancy, in contrary to previous study [10]. The dependence of
OER activity of different compounds in their bulk form available in the literature [11] with the
corresponding A has been shown in Fig. 4(d), which clearly shows strong dependence of j on A.
Interestingly, the current density decreases sharply with the increase A for A < 2 eV, whereas
the decrease is more gradual in the higher A regime. This might be related to the fact that the
electronic structure in U < A regimes (MH insulators and d metals) is controlled by U, whereas

A is the determining factor in the U > A region (CT insulators and pd metals) [39].

While a d” electronic configuration of Ni** is expected in rare-earth nickelate from a pure
ionic picture, the ground state, in reality, consists of d” and d®L configurations due to strong hy-
bridization and negative A [61, 62]. To investigate how the OER activity is linked to the electronic
structure details for our (LNPNSE)NO thin films, we have measured XAS at the Ni L3 5-edges at
300 K in bulk sensitive TFY (total fluorescence mode). In Ni XAS, an electron either from the
completely filled Ni 2p, s, or 2p3/, state absorb the energy from the X-ray and goes to a partially
filled Ni 3d state, giving rise to Ni Ly and L3 edges, respectively. Ni XAS spectra for the 15
uc, 30 uc and 75 uc films are shown in Fig. 4(e), which confirms desired +3 oxidation state of
Ni. Although there is a strong overlap between the La M -edge (around 849 eV) and Ni Ls-edge
(around 853 eV), double peak feature of the Ni L3-edge is quite prominent. The decrease in the
peak separation of Ni L3-edge in rare-earth nickelate is considered as a result of a decrease in
A [43, 63, 64]. Fig. 4(f) shows an analysis of the Ni L3-edge corroborating that a decrease in peak
separation, implying a decrease in A, with the increase in the thickness of the (LPNSE)NO films.
According to earlier cluster calculations [43, 63, 64], this decrease of L3 peak separation by 0.3
eV would correspond to a decrease of A by 1 eV. A comparison between the OER activity and
L3 peak separation for our 15, 30 and 75 uc (LPNSE)NO thin films is shown in Fig. 4(g), which

clearly shows that a decrease in A results higher OER activity.
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FIG. 5. O K-edge X-ray absorption spectroscopy. (a) The pre-peak of Oxygen K-edge XAS spectra for
15, 30, and 75 uc (LPNSE)NO films. The pre-peak intensity as a function of the thickness of the film has
been shown in the inset. (b) The current density as a function of the pre-peak intensity of the O K-edge,

which is a measure of the covalency between O 2p and Ni 3d states. The y-axis is in the log scale.

The decrease in A with the increasing thickness should enhance the hybridization between O 2p
and Ni 3d states. To check how the covalency affects OER activity of (LPNSE)NO films, we have
measured O K-edge XAS. A pre-peak around 527.5 eV (Fig. 5(a)) arises due to the d®L — cd®
transition ( ¢ denotes a core hole in O 1s core level). [55, 63, 65, 66]. The inset of Fig. 5(a) shows
that the pre-peak intensity, which is a measure of the covalency, increases with the increase in

film thickness. Fig. 5(b) demonstrates that an increase in the covalency improves OER activity of

(LPNSE)NO films.

The change in the charge transfer energy A as a function of film thickness is related to the
change in the Madelung potential difference (0V,,) between Ni and O as the A is microscopically
related [67] with the electron affinity of oxygen [/(O?~)], ionization potential of Ni**+ [A(Ni*T)],
the Ni and O bond distance (dx;_o) and §V); by the relation A= edVy-ANiT)+1(0*7)-e*/dy;_o.
An increase in covalency and a decrease in A favors charge transfer between Ni** ions located at
the surface and surface adsorbates during the formation of O-O bond [Ni**-O*~+OH~ —Ni?*-
OOH™+¢7], resulting in higher OER activity with the increase in (LPNSE)NO film thickness [10,
22].
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III. CONCLUSION

In summary, we have stabilized single thin films of a HEO and successfully demonstrated them
as potential platform for OER activity. We have found that a 75 uc film provides the best results
with the current density (1.7 V vs RHE) of 3816 Acm ™2 and a Tafel slope of 90 mVdec™1. The
thicker films are less effective due to the development of quasi-3D nature of their surface. As the
strength of different descriptors are strongly correlated to the thickness, our XAS studies show that
the increase of film thickness results a decrease in charge transfer energy, which in turn enhances
the covalency between Ni 3d and O 2p and favors better OER activity. Further study with HEOs
having multiple elements at the transition metal site will be interesting to elucidate the role of

multiple sets of electronic structure parameters in catalytic activity.
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EXPERIMENTAL METHODS

All the films were grown by a Neocera pulsed laser deposition system and the growths were
monitored in situ by a high pressure RHEED from the Staib Instruments, Germany. The X-ray
diffraction patterns were recorded by laboratory-based Rigaku Smartlab X-ray diffractometer to
confirm the single phase of all the thin films. The electrical transport measurements were done in
four probe Van der Pauw geometry using an ARS closed cycle cryostat and Keithley 6221 current
source and Keithley 2182 A nanovoltmeter. X-ray absorption spectroscopy at Ni L3, and O-K
edges using bulk-sensitive total fluorescence yield mode were performed at the 4.0.2 beam line of
the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, Berkeley, USA.

All Electrochemical measurements were performed in a three-electrode set-up using CHI 660A
electrochemical analyzer (CHI Instruments, USA). The high entropy oxides grown on NGO sub-
strate work as the working electrodes. Mercury-mercuric oxide (MMO) is used as a reference
electrode which is converted to reversible hydrogen electrode (RHE) and carbon rod is utilized
as the counter electrode. The OER testing is performed in 0.1 M potassium hydroxide (KOH)
electrolyte. Linear scan voltammetry (LSV) was performed with a scan rate of 10mVsec™!. The
stability test of the electrodes are carried out by measuring the current over time period at a con-
stant voltage. The Tafel slopes were determined by taking the linear region of polarization curves,
which fitted according to Butler-Volmer equation given by 1 = b log j + a, where 7, j, a, and b are

over potential, current density, intercept, and Tafel slope, respectively.
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Supplementary Material

S1. Post OER characterization by XRD and transport measurements:

The oxygen evolution reaction (OER) may damage the sample through formation of metal
oxide/hydroxide/oxyhydroxide. Hence, checking the status of the samples after the OER mea-
surement is absolutely necessary. In this regard, we have checked the X-ray diffraction (XRD) and
transport properties after the electrocatalysis. Fig. S1(a) shows a comparison between the XRD
scan of the 45 uc (Lag 2Prg2Ndy2Smg2Euy2)NiOs (HEO) thin film before and after the oxygen
evolution reaction. The film peaks have very similar intensity, demonstrating that the HEO phase
is intact upon electrocatalysis. Again, the overlapping thickness fringes confirm high quality of
the film is preserved without any film degradation after the OER process. Similar comparison of
the transport data of the 45 uc film has been shown in Fig. S1(b). The resistivity data measured
after the OER still shows a metal to insulator transition (MIT), similar to the pristine case. A small
change of the peak position in the XRD and a deviation of the metal-insulator transition tempera-
ture in the transport measurement can be attributed to the some changes within the surface of the
film during OER. Overall, the structural and electronic properties are very similar before and after

the OER measurements.
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FIG. S1. (a) The XRD scan around the NdGaO3 (002)pc and (b) the resistivity as a function of temperature

of the 45 uc HEO thin film before and after the OER electrocatalysis.
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S2.Stability test:

If an electrode can keep the activity for a long time, it can be used for large-scale applications.
To check the durability of the electrodes, a chronoamperometric experiment was performed at 1.7
V vs. RHE. All the samples are stable (Fig. S2(a)) and the 75 uc thin film shows the highest current
density. Fig. S2(b) shows a comparison in the stability data between the 45 uc and 100 uc samples
upto 24 hours. The 45 uc thin film, the current density does not go to zero suggesting the durable
performance of the electrode for long-term use (the sudden jumps are due to the formation and
annihilation of the bubbles during the stability test), whereas the current density decreases with
time and became zero after 14 hours for the 100 uc thin film. This instability of the 100 uc film
can be ascribed to the poor quality of the 100 uc film (3D growth from the broken streaks in the
RHEED pattern and the possibility of phase decomposition) due to higher thickness, which has

been discussed in the main text of the paper.

(a) 2.0 T T T T = (b) 20F T T T T =
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FIG. S2. The chronoamperometric stability experiment of the samples at 1.7 V vs. RHE (a) for 5 hours and

(b) the extended data for 24 hours of the 45 uc and 100 uc thin films.
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