REAFEEBUKNSFY

Tohoku University Repository

Heterolayered Ni Fe Hydroxide/Oxide
Nanostructures Generated on a Stainless-Steel
Substrate for Efficient Alkaline Water
Splitting

aad Naoto Todoroki, Toshimasa Wadayama
journal or ACS Applied Materials & Interfaces
publication title

volume 11

number 47

page range 44161-44169

year 2019-10-31

URL http://hdl.handle.net/10097/00129618

doi: 10.1021/acsami.9b14213



Hetero-Layered Ni-Fe Hydroxide/Oxide Nanostructures Generated on
Stainless-Steel Substrate for Efficient Alkaline Water Splitting

Naoto Todoroki* and Toshimasa Wadayama
Graduate School of Environmental Studies, Tohoku University, Sendai 980-8579, Japan

E-mail: naoto.todoroki.bl@tohoku.ac.ip

ORCID: https://orcid.org/0000-0003-4811-6398

Keywords: alkaline water electrolysis, oxygen evolution reaction, stainless steel, Ni-Fe

hydroxide, hetero-layered nanostructures

Abstract

Highly active and inexpensive anode materials are required for large-scale hydrogen production
using alkaline water electrolysis (AWE). Here, hetero-layered nanostructures of Ni-Fe
hydroxide/oxide with a high activity for an oxygen evolution reaction (OER) were synthesized
on a 316 stainless steel (SS) substrate through constant current density electrolysis. The
thicknesses, morphologies, and compositions of the nanostructures, generated through
dealloying and surface oxidation of the SS elements with severe oxygen micro-bubble evolution,
were dependent on the electrolysis time. Nano-structural analyses showed that Ni-Fe
hydroxide/oxide hetero-layered nanostructures were generated during the initial stage of
electrolysis, growing nanofiber-like Ni-Fe hydroxide layers with increasing electrolysis time
up to 5 h. The prolonged electrolysis resulted in densification of the nanofiber structures. The
OER overpotential at 10 mA/cm? was estimated to be 254 mV at 20 °C, demonstrating better

performance than that of a standard OER catalyst, e.g., Ir oxide, and obtaining the value of Ni-



Fe layered double hydroxide (LDH). Furthermore, the OER property surpassed the Ni-Fe LDH
catalysts at high current density regions greater than 100 mA/cm?. Moreover, stable electrolysis
was achieved for 20 h at conditions similar to that of the practical AWE of 400 mA/cm? in 20
and 75 °C solution. Therefore, the simple surface modification method could synthesize highly

active nanostructures for alkaline water splitting anodes.

1. INTRODUCTION

A hydrogen-based society, where pure hydrogen is used as an energy resource, could resolve
the problems of global warming and the depletion of fossil fuel resources. Ideally, the
production of pure hydrogen from abundant water sources should be achieved without CO2
emissions. Therefore, water electrolysis using electric power generated by renewable energy

sources, such as solar cells or wind or hydroelectric power,!"

is required for the mass
production of hydrogen. In particular, alkaline water electrolysis (AWE) is advantageous
relative to polymer electrolyte membrane water electrolysis (PEMWE) because non-precious,
inexpensive electrode materials can be utilized for the anode and cathode.*>* However, currently,
the energy efficiency of hydrogen production using AWE is insufficient and should be
improved® from an economical perspective. In practical AWE processes, the large overpotential
of the oxygen evolution reaction (OER) at the anode hinders the overall efficiency of AWE.
Furthermore, the anode materials used in AWE are exposed to an oxidative atmosphere and the
continuous evolution of vigorous oxygen micro-bubbles, inducing chemical and structural
degradation. Therefore, highly active and durable novel electrodes composed of economical,
non-precious materials are required to improve the efficiency of the AWE process.

Currently, Ni with mesh and foam structures is widely used as an anode material for the

AWE process because of its high OER performance among less noble metals.®’ In addition,
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hydroxides,*!* oxides, sulfides,?? and selenides of 3d-transition metals have been



evaluated as anode materials (OER electrocatalysts) to improve the water electrolysis
performance of AWE. However, the aforementioned powder-form of OER-active electrode
materials can detach from the support electrode through vigorous oxygen micro-bubble
evolutions, thus decreasing efficiency.?’-*

Stainless steel (SS), an alloy of Fe with Cr, Ni, and other added elements (Mn, Mo, etc.),
has attracted significant attention as an anode material for the AWE process.** In addition,
SS is a good support electrode for the formation of OER-active Ni-based hydroxide catalysts.>®-
3% Previous studies demonstrated that specific surface structural and compositional
modifications of an SS electrode, such as anodization in an acid solution®' and hydrothermal
oxidation®®, can be applied to form OER active surface layers. Huang et al. found that the OER
activity of three-dimensional printed cellular SS structures increased with increasing OER
polarization curve measurements.*® The activity enhancement was owing to the generation of
OER-active surface layers composed of Ni- and/or Fe-(oxy)hydroxide on the cellular SS surface.
However, to the best of our knowledge, a synthesis process for OER-active and -durable
nanostructures to maximize the OER performance of an SS electrode has not been determined.

In this study, high-performance OER surface nanostructures were synthesized onto a
316SS substrate through constant current density electrolysis in 1.0 M KOH at 75 °C. The
synthesized nanostructures and compositions on the SS substrate were analyzed using scanning
transmission electron microscopy (STEM) with electron dispersive spectroscopy (EDS),
selected area electron diffraction (SAED), and X-ray photoelectron spectroscopy (XPS). The
hetero-layers composed of Ni-Fe hydroxide nanofiber structures on the Ni-Fe oxide buffer
layers, showed estimated OER overpotentials at 10 mA/cm? of 254 mV at 20 °C. The
overpotential outperformed that of standard Ir-oxides*®, and Ni-Fe layered double hydroxides
(LDH) were obtained.” '* At high current density regions greater than 100 mA/cm?, the OER

performance surpassed the Ni-Fe LDH catalysts. Furthermore, stable electrolysis for 20 h was



performed at 400 mA/cm? both in a 20 and 75 °C electrolyte. Thus, we successfully synthesized

highly active OER electrocatalysts for AWE using SS through a simple electrolysis approach.

2. RESULTS AND DISCUSSIONS

To synthesize the surface nanostructures directly on SS, constant current density electrolysis

(CCE) was conducted using 316SS at 30 mA/cm? in a 1.0 M KOH solution at 75 °C. Hereafter,

the SS samples after electrolysis for x h (x =0, 1, 2, 5, and 10) are denoted as CCE-xh. As
shown in Figure la, the overpotentials for the OER increased during the initial stage of
electrolysis (e.g., 0 to 1 h), owing to the oxygen micro-bubble evolution at the electrode surface
and/or a decrease in the electroconductivity of the SS substrate through passive layer generation.
Note that the OER overpotentials were rather insensitive to the CCE time (Figure 1a), and the
overpotentials at the plateau regions (e.g., 1, 4, and 10 h) decreased with increasing CCE time.
The OER polarization curves and overpotentials for the OER of CCE-xh at 10 and 100 mA/cm?
are shown in Figure 1b and Ic, respectively. The onset potentials shifted to the lower potential
regions with an increase in the CCE times. Furthermore, the estimated overpotentials at 10
mA/cm? (red bar) and 100 mA/cm? (blue bar) gradually decreased with an increasing CCE time
up to 5 h and remained approximately constant for CCE-10h. As shown in Figure 1d, cyclic
voltammetry (CV) of CCE-Oh showed oxidation-reduction (redox) waves at 1.42 V (positive
potential sweep) and 1.32 V (negative sweep), which could be ascribable to the Ni** (Ni(OH)2)
and Ni** (NiOOH) species,*’ respectively. Therefore, CV demonstrated that a Ni-based
(oxy)hydroxide species was generated at the initial stage of electrolysis. In contrast, CV of the
CCE-10h sample (red) showed that the oxidation peaks at approximately 1.4 V became
indistinct and shifted to lower potentials relative to those of the CCE-Oh (black) and pure Ni
(dashed) samples. The negative-potential shifts of CV (Figure 1d) corresponded well with the

lower potential shifts of the OER onset (over potential, as shown in Figure 1b). The lower



potential shift could be derived from active-site formation for OER and microstructural changes
of the surface (hydro)oxide films formed on the SS substrate during CCE.

To compare the OER overpotentials with published results, the OER overpotential of
CCE-10h was estimated in a 20 °C, 1 M KOH solution (Figure S4). The estimated OER
overpotentials are shown in Figure le and 1f. Synthesized CCE-10h showed that the OER
activity (overpotential at both 10 and 100 mA/cm?) surpassed the published values of Ir oxide,*
NiOOH,*! and SS samples.* 3* Furthermore, the overpotential reached approximately the same
value for Ni-Fe LDH, which is one of the best OER catalysts.” * Furthermore, the OER current
density of CCE-10h was greater than 400 mA/cm?, which is the appropriate electrolysis current
density for practical AWE systems.* Moreover, approximately the same polarization curves
were obtained for several repeated electrochemical measurements, indicating the high structural
stability of the synthesized CCE-5h and CCE-10h against vigorous oxygen microbubble
evolution on the anode surface, which could cause a serious problem in a practical AWE
process,’ i.e., detachment of the OER catalyst materials.?’-> For practical use of an SS-related
anode in the AWE process, maintaining nanofiber-like Ni-Fe hydroxide layers during
electrolysis at a higher current density (> 400 mA/cm?) is required, and synthesized CCE-5h
and CCE-10h satisfied these requirements.

To clarify the nano-structural requirements for the active OER electrocatalysts of the
CCE-xh samples, electrolysis-induced structural changes were investigated using cross-
sectional STEM. The results are shown in Figure 2. For the polished SS substrate surface
(before electrolysis, as shown in Figure 2a), a passivation film composed of Fe and Cr oxide
with a thickness of approximately 5 nm (EDS line profiles shown in Figure S1) appeared.*? For
CCE-0Oh (immediately after the first OER polarization curve measurements at 75 °C), particle-
and rod-like nanostructures appeared on the 10 nm thick (hydro)oxide layers formed on the SS
substrate (Figure 2b). The corresponding STEM-EDS mapping (Figure S2) showed that the

particle- and rod-like nanostructures were Fe-Mn oxides, whereas the (hydro)oxide layers were



composed of Ni and Fe as the metal components. CCE-2h (Figure 2c) showed an approximately
30 nm thick surface oxide layer uniformly formed on the SS substrate. In the magnified image,
specific-textured nanofibers with a diameter of ~3 nm and a length of ~25 nm were observed
on the 5 nm thick buffer layers. The upper layer composed of nanofibers reached 50 nm for
CCE-5h in conjunction with an increase in the fiber diameter (approximately 5 nm, as shown
in Figure 2d). Furthermore, for CCE-5h, the thickness of the underlaid buffer layer, estimated
to be approximately 30 nm, was located between the upper fiber layer and the SS substrate.
After CCE-10h, the overall surface oxide layer thickness decreased to approximately 40 nm,
accompanying aggregations of the nanofibers (Figure 2e).

The crystal structures of the surface oxide layers were investigated using high-resolution
STEM observations and SAED analysis. Figure 3a and 3b shows bright-field low- and high-
resolution STEM images for CCE-5h, respectively. The lattice fringes of 0.21 and 0.25 nm
shown in Figure 3b correspond well with the (015) and (012) planes of Ni-Fe LDH.* In contrast,
the SAED pattern collected for the nanofiber region of CCE-5h (dotted yellow circle in Figure
3a) corresponded to the Ni(OH): crystal structure* (Figure 3c). SAED patterns were collected
from the corresponding regions of CCE-2h and -10h (Figure S6), showing that the main crystal
structures of the nanofiber region were Ni(OH)a, irrespective of the CCE time. The structural
analysis results suggested that the crystal phases of Ni-Fe LDH and Ni(OH)2 (Ni-rich Ni-Fe
hydroxides) generated specific nanofiber structures. On the other hand, the SAED pattern
collected from the buffer layer region demonstrated a rock-salt NiO structure.*’ Kim et al.*!
showed that Ni(OH)2/NiO(rock-salt)/Ni layered structures were formed through the
electrochemical oxidation of Ni octahedra nanoparticles during OER. From the high-resolution
TEM images, they deduced that the NiO rock-salt layers were generated to reduce the large
lattice mismatch between Ni(OH): and Ni and thereby stabilized the Ni(OH)2/NiO(rock-
salt)/Ni three-phase layered structures. Therefore, the oxide buffer layers on the SS substrate

could release the interface strains caused by large lattice mismatches between the nanofiber



layers and SS substrate. Ni-Fe hydroxide/Ni-Fe oxide/SS heterostructures could be formed
during CCE owing to the phenomena mitigating the structural misfit between the hydroxides
and oxides similar to that of the Ni electrode*!, because the crystal structures of hydroxide and
oxide observed for the CCE-5h samples were approximately the same as that reported for the
Ni electrode*!, except for the incorporation of Fe atoms.

The elemental distributions of the oxide layers were analyzed using STEM-EDS
mapping for CCE-5h (Figure 3d). The mapping image showed that the main elements were Fe
and Ni, while Cr was not present in the (hydro)oxide region. The mapping images for CCE-2h
and -10h showed that the surface (hydro)oxide layers were also comprised of the afore-
mentioned elements (Figure S7). However, the elemental distributions on the surface
(hydro)oxide layers were dependent on the CCE time. Figure 4a shows changes in the
distributions of Ni and Fe in the upper nanofiber and underlaid buffer layer regions as a function
of the CCE-time. For the nanofiber regions, the Ni:Fe ratio of CCE-2h was approximately 7:3.
The Fe gradually increased with increasing CCE time, and the Ni:Fe ratio was estimated to be
1:1 for CCE-10h. Conversely, the Ni:Fe ratio of the buffer oxide layers for the CCE-5h and -
10h samples were approximately the same at 7:3 (that for CCE-2h was too thin to estimate the
Ni:Fe ratio). The nanofiber layers increased in Fe concentration over time because the Fe
dissolved in the solution from the SS substrate during CCE was incorporated into the nanofiber
layers preferentially in contact with the electrolyte. However, because the buffer layers located
below the nanofiber layers had minimal parts in contact with the electrolyte, there was minimal
change in the composition in CCE. The chemical states at the surface regions were investigated
using XPS for the CCE-xh samples (Figure S9). The surface regions of the hydroxide nanofibers
for CCE-2h, -5h, and -10h were mainly composed of Ni** and Fe*".

The CCE-time-dependent changes in the electrochemical surface area (ECSA) and OER
overpotentials at 10 mA/cm? normalized by ECSA are shown in Figure 4b and 4c, respectively.

The detailed ECSA estimation methods and results are described in the experiment section and



supporting information (Figure S10). The estimated ECSA increased from CCE-0Oh (7.5 cm?)
to CCE-2h (13 cm?), owing to the formation of nanofibers. After a CCE of 5 h, the ECSA
increased to 14.5 cm?, although the ECSA of CCE-10h decreased slightly to 14 cm?. As shown
in Figure 4c, the OER overpotentials normalized by the estimated ECSAs was lowered at the
initial stage of CCE and further gradually decreased during the period of 2 h to 10 h of CCE.
One of the most efficient OER catalysts in an alkaline electrolyte contains Ni-Fe LDH, with
Ni:Fe atomic ratios of 7:3 to 1:1.%*® Friebel et al. demonstrated, based on their DFT
calculations®, that the enhanced OER activity of Ni-Fe LDH could be derived from the
appropriate OH adsorption energy of the Fe site in an NiOOH crystal lattice. Furthermore, Chen
et al. found that local electronic structures of Ni-Fe LDH could be modulated through the strong
interfacial interactions of FeOOH nanoparticles of approximately 2 nm in diameter®. Therefore,
the highly efficient OER property originated from a pronounced synergy of the Fe-species in
and/or on Ni-based hydroxides nanostructure. Considering the results obtained in this study
and in previous reports, we can conclude that significant decrease in the OER overpotentials at
the initial stage of the CCE (~2h) should stem from generation of Ni-Fe hydroxide
nanostructures on the SS substrate. On the other hand, the high OER performances of CCE-5h
and CCE-10h could stem from two factors. One is enrichment of OER-active Fe sites in the
upper Ni-Fe hydroxide nanofiber layers, because the ECSA-normalized OER overpotentials
gradually decreased from CCE-2h to -10h. Another is structural change of Ni-Fe hydroxide
nanofibers. Judging from the STEM images, CCE process gradually altered the morphology of
the Ni-Fe nanofibers, suggesting that the local atomic structural changes (surface defects,
vacancies, etc.) also affect the increase of OER activity.

The STEM-EDS analysis results revealed changes in the chemical compositions of the
CCE-xh samples, as shown in Figure 3d, S2, and S7. For CCE-Oh (Figure S2), a small amount
of Mn was detected in the surface oxide precipitate. Furthermore, Cr was not present in the

surface oxide layers for all CCE-xh samples, although Cr is a main element of the SS substrate.



Fe and Ni remained as metal components on the surface (hydro)oxide regions of the CCE-xh
samples for greater than X = 2 h (Figure S7). From the pH-potential diagrams* of the
corresponding metal elements, Cr, Fe, and Mn should dissolve into a solution of pH = 14 at
25 °C, whereas Ni is stable as Ni(OH)2. Considering each dissolution potential, the potentials
of Cr (0.73 V vs. the reversible hydrogen electrode (RHE)) and Mn (0.93 V vs. RHE) were
lower than that of Fe (1.13 V vs. RHE). Because the average applied potential of the CCE
condition was approximately 1.45 V vs. RHE (Figure la), the Cr and Mn included in the
substrate easily dissolved into the electrolyte, remaining in the Fe-enriched surface oxide layers.
Protopopoff and Marcus calculated the pH-potential diagram of a Ni-Cr-Fe trimetallic alloy
system and showed that the Ni-Fe oxides could reach a stable phase at a higher potential than
0.41 V vs. RHE.”® Based on the above-mentioned electrochemical oxidation/dissolution
behaviors of each metal element, the possible electrolysis time evolutions are shown in Figure
5 for the synthesized hetero-layered nanostructures of the Ni-Fe hydroxide fiber/Ni-Fe oxide
buffer layers. The passivation film of an SS substrate, which is mainly composed of Fe and Cr
oxides, was removed through the first CV and polarization curve measurements, leaving the
Fe-Mn oxide particles on the substrate surface (Figure 2a and S2). The Ni-rich layer (Figure
S1) of the polished SS substrate was then oxidized to generate Ni-Fe hydroxides on the SS
substrate. Simultaneously, the Fe-Mn oxide particles dissolved under the strong oxidation
conditions during electrolysis. The surface Ni and a portion of Fe should be exposed to the
electrolyte to generate Ni-Fe hydroxide and/or oxide, accompanied with an electrochemical
dealloying of the Cr (Cr depletion) and most of the Fe from the SS substrate. As shown in
Figure S11, CCE on the pure Ni substrate under the same conditions (30 mA/cm? for 2 h at
75 °C) generated only nanoparticles and an ultrathin film of Ni hydroxide. Thus, nanofiber-like
Ni-Fe hydroxide was generated by CCE of the SS substrate owing to the simultaneous
electrochemical dealloying of Cr and Fe. Oxygen micro-bubbles generated on the sample

surfaces under the electrolysis conditions (30 mA/cm? at 75 °C) should also correlate with the



generated hetero-layered nanostructures of the hydroxides. The vigorous oxygen micro-bubbles
on the growing surface (Ni-Fe hydroxides) should provide inhomogeneous growth of the
hydroxide layers at the topmost surface, creating nanofiber-like hydroxides. The hetero-layered
nanostructures (Figure 2) and elemental distributions (Figure S7) changed depending on the
CCE time. With an increase in the CCE time from 2 to 5 h, the nanofiber and buffer layer
thicknesses increased, owing to a further growth of the hetero-layer structures of Ni-Fe
hydroxide and oxide. The prolonged CCE of 10 h decreased the overall hetero-layer thickness
and densified the nanofiber layer. The results suggested that the diffusion paths of Ni and Fe
from the underlaid buffer layer and/or SS substrate to the growing topmost surface were limited
by the densification of the nanofiber layer. The nano-structural changes for CCE-10h should
come from the limited supplies of the SS substrate elements. The densification should decrease
the electrochemical surface area (Figure 4b). However, Fe was enriched in the upper Ni-Fe
hydroxide layer, maintaining the overpotential of that of CCE-5h, which had a slightly larger
surface area than that of CCE-10h.

Finally, a durability test of the Ni-Fe hydroxide/oxide formed SS was conducted to
evaluate its potential as an AWE anode. Figure 6a shows the chronoamperometric curves of the
CCE-5h samples recorded at 400 mA/cm? in a 1.0 M KOH solution at 20 and 75 °C. The OER
overpotentials at 400 mA/cm? were stable for 20 h at 20 and 75 °C, except for the initial stage
up to ca. 2.5 h. The polarization curves recorded at 20 °C before and after the durability test in
the 20 and 75 °C solutions are shown in Figure 6b. The overpotentials at 400 mA/cm? estimated
from the polarization curves are also shown in the insets. The overpotential increase after the
test at 20 and 75 °C was 30 and 80 mV, respectively, suggesting that electrolysis at the higher
temperature deteriorated the surface electrocatalyst layer. Figure 6¢ shows the cross-sectional
STEM images of CCE-5h before and after the durability test at 400 mA/cm? in the 20 °C
solution. The nanofiber structures with a ca. 5 nm diameter remained on the SS substrate even

after the test. However, the total thickness decreased to ca. 30 nm, and the oxide-buffer-layers
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became unclear. Furthermore, the nanofiber layer was sparse relative to the initial CCE-5h.
From STEM-EDS mapping (Figure 6d), Ni and Fe were present in the nanofiber regions. The
EDS-composition analysis (Table S3) showed that the Ni:Fe ratio after the test was
approximately 6:4, which was the same as that of the initial CCE-5h. Therefore, the
overpotential increase after the durability test was owing to a decrease in the surface area from
dissolution and/or detachment of parts of the nanofiber under the high anodic potentials and
vigorous oxygen bubble formation. While parts of the nanofiber were removed, CCE-5h
achieved stable electrolysis at 400 mA/cm? and 20 and 75 °C . Although a more durable catalyst
layer should be developed under a real AWE operating time (> 50,000 h)*, the results obtained
in this study demonstrated the Ni-Fe hydroxide/oxide formed SS electrode is a promising

material that could be used for practical AWE anodes.

3. CONCLUSIONS

Hetero-layered nanostructures of an Ni-Fe hydroxide nanofiber/Ni-Fe oxide buffer were
synthesized on a 316SS substrate through a simple electrolysis process, i.e., a constant current
density of 30 mA/cm? in 1.0 M KOH at 75 °C . The cross-sectional STEM-EDS observations
revealed that Ni-Fe hydroxide nanofibers were generated on the underlaid Ni-rich Ni-Fe oxide
buffer layers of the SS substrate at the initial stage of electrolysis (2 h). The hetero-structured
layers grew with an increase in the electrolysis time up to 5 h, and further electrolysis (10 h)
resulted in densification of the upper layer nanofiber structures. The OER overpotentials at 10
mA/cm? for the hetero-layered nanostructures evaluated for CCE-5h and -10h were
approximately the same, 254 mV at 20 °C, and the estimated value at 20 °C outperformed
standard OER catalysts, e.g., Ir oxide. An overpotential of reported Ni-Fe LDH catalysts was
obtained. Furthermore, the OER performance surpassed the powder-based Ni-Fe LDH catalysts
at high current density regions greater than 100 mA/cm?. Moreover, for the CCE-5h samples,

stable electrolysis for 20 h was performed under similar conditions to that of a practical AWE
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condition at 400 mA/cm? in a 20 and 75 °C solution. This study demonstrated that a simple
method, i.e., electrolysis of the SS substrate, could be used to synthesize highly OER-active Ni-
Fe hydroxide/oxides with hetero-layered nanostructures on a substrate and that electrolysis
could be applicable for novel energy material developments for nano-structural controls, such

as electrochemical capacitors and secondary battery electrodes.

4. EXPERIMENTAL SECTION
Materials

316 SS (o = 5 mm, t = 4 mm; Nilako Co.) was used as the substrate for electrolysis. The SS
surface was pre-polished using emery paper (#800, #1200, and #2000) and alumina paste (1
pum, 0.3 pm, and 0.05 um) and then washed with ultrapure water and acetone prior to
electrochemical treatments. Pure Ni and Fe (99.99 %, Nilako Co., & = 5 mm, t = 4 mm)
substrates were used as reference electrolysis substrates after applying the same pre-processing

procedures.

Electrochemical Measurements

A potentio-galvanostat (PGSTATI128A, Autolab) equipped with an impedance module
(FRA32A) and a rotating disk electrode (RDE) (WaveVortex 10, Pine Instrument) were used
for the electrochemical treatments and OER activity evaluations of the electrolysis-synthesized
SS samples. A water-jacket containing a glass-made cell, Pt-mesh, and Hg/HgO (1 M KOH)
were employed as the EC cell, counter electrode, and reference electrode, respectively. Here,
1.0 M KOH was prepared using a 99.99 % KOH pellet (Semiconductor grade, Aldrich) and
ultra-pure water (Milli-Q). The prepared electrolyte was purged with Na. After the electrodes
were attached to the RDE tip (E5TQ, Pine Instrument), the electrode surfaces were forged under
electrochemical oxidation/reduction cycles between —0.3 and 1.0 V, and cyclic voltammetry

was then conducted at a scan rate of 50 mV/s. The OER polarization curves were measured at
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5 mV/s with a disc rotation rate of 1600 rpm. The temperature-dependent polarization curves
presented the RHE, considering the experimentally estimated potential difference between the
Hg/HgO electrode and RHE at each solution temperature. All OER polarization curves were
corrected using 90% iR compensation. The electrochemical treatments and OER activity
evaluations were conducted at electrolyte temperatures of 20 °C and 75 °C.
Chronopotentiometry at a constant current density of 30 mA/cm? was adopted for the surface
treatment of the substrate. The electrochemical stability was examined by conducting
chronopotentiometry at a constant current density of 400 mA/cm? for 20 °C and 75 °C solutions.
The solution resistance (Rs) was measured based on the ac impedance spectra, which were
applied at frequencies ranging from 10 kHz to 100 mHz at 1.45 V (vs. RHE) (Figure S4). The
electrochemical surface areas were estimated based on the electrochemical double-layer (EDL)
capacitances measured from the cyclic voltammograms in non-faradaic potential regions
(0.83-0.93 V vs. RHE). General specific EDL capacitance values of 0.040 mF cm ™2 in 1.0 M

NaOH were used.*’

Structural Analysis

The surface nanostructures of the electrochemically treated SS substrates under various
conditions were observed using STEM-EDS (ARM200F, JEOL) after a pre-processing of the
samples using a focused ion beam (FIB; JIB-4600F, JEOL). The surface chemical bonding
states of the samples were analyzed using XPS (Theta Probe, ThermoFisher Scientific) with a

monochromatized Al X-ray source.
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Additional details on the structural analysis, electrochemical results, and reference data for the

Ni electrodes. This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. (a) Chronopotentiometry curve of SS recorded at a constant current density of 30 mA
cm 2 in 1.0 M KOH at 75 “C. Polarization curves for OER (b) and OER overpotentials at 10
and 100 mA/cm? of the SS as a function of the CCE times. (d) Cyclic voltammograms of the
SS of CCE-0h and -10h. Comparison of OER overpotentials at 10 mA/cm? (¢) and 100 mA/cm?
() estimated at 20°C with the reported values; the corresponding reference numbers are shown
below each bar graph.
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Figure 2. Cross-sectional HAADF-STEM images at low (upper) and high (bottom)
magnifications of the near surface regions of the SS: (a) as-polished and after constant current
density electrolysis (CCE) at 30 mA/cm? for (b) 0 h, (c) 2 h, (d) 5 h, and (e) 10 h.
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Figure 3. Cross-sectional STEM images at (a) low and (b) high resolution of the SS after CCE
of 5 h. (¢) SAED patterns for 25 nm square regions (depicted in orange) of nanofiber and buffer
layers of CCE-5h. (d) Corresponding STEM-EDS mappings of CCE-5h.
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Figure 4. Changes in metal compositions of Ni and Fe for the (a) nanofiber and buffer layers,
(b) the estimated ECSAs, and (c) ECSA-normalized OER overpotentials at 10 mA/cm?.Ecsa as
a function of the CCE-times.
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Figure 5. Schematic of time evolutions of the hetero-layered nanostructures generated on an
SS substrate under the CCE.
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Figure 6. Results of durability test of CCE-5h. (a) Chronopotentiometry curves recorded at a
constant current density of 400 mA cm 2 in 1.0 M KOH both at 20 and 75 °C. (b) Cross-
sectional HAADF-STEM images of CCE-5h before and after the durability test at 20 °C. (d)
STEM-EDS mappings of CCE-5h after the durability test at 20 °C.
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