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ABSTRACT: The oxygen evolution reaction (OER) is an important half reaction in many
electrochemical energy conversion processes, such as water splitting and carbon dioxide
reduction. However, new, scalable and more efficient synthetic methods to inexpensive
OER electrocatalysts are currently needed in order to develop water electrolyzers and
carbon dioxide reduction cells on large scale. To this end, we here report efficient free-
standing FeNi-based electrocatalysts for OER derived from iron, one of the most Earth-
abundant metals, by a facile potential cycling synthetic method in an aqueous NiSO,
solution. The optimized catalyst requires a low overpotential of 236 mV to catalyze OER
with a current density of 10 mA/cm? in 1.0 M KOH solution. More importantly, this free-
standing water-oxidation electrode can maintain a current density of 100 mA/cm? for more 3 -? R ﬁi
than 72 h. During the course of the electrochemical activation, both cathodic reduction and Fﬁ Ity 6’&“ f v
anodic oxidation are found to play important roles in the surface reconstruction of metallic "{\ 'l 1,"‘ Rl
iron into electrocatalytically active FeNi-based bimetallic hydroxide nanosheet arrays for

OER electrocatalysis. This inexpensively fabricated OER electrode prepared from iron has a great potential to reduce the overall cost
of water electrolyzers and other related renewable energy systems.
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B INTRODUCTION

Clean energy technologies continue to attract much attention
because they have important roles to play in solving
environmental problems and building a sustainable future.
Renewable energy-powered water electrolyzers comprising the
oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER) are among such promising technologies since
they can produce hydrogen (a clean fuel) from water. Owing

Free-standing FeNi-based OER electrodes are predomi-
nantly synthesized by hydrothermal treatment,®”'” electro-
chemical processes,"*”'® sputtering,'” and corrosion engineer-
ing.'"® Among these synthetic strategies, electrochemical
synthetic processes are advantageous since they entail a short
reaction time, an ambient temperature and pressure, and
simple synthetic set-ups. In addition, they can easily be
tweaked (for example, by changing the applied potential or the
current density) to improve the structures and compositions of

to the multiple electron-transferring steps involved in it, OER
is a difficult half-reaction to carry out; however, it is the most
important one governing the overall performances of water
electrolyzers.'~* Thus, intensive research efforts have recently
been directed to the development of efficient OER electro-
catalysts, with low overpotentials and improved durability. Of
particular interest have been FeNi-based materials, especially
their oxyhydroxides, as they are found to effectively electro-
catalyze the OER in alkaline solutions.*””

To make OER electrocatalysts both active and durable,
fabricating them in free-standing forms rather than in
powdered forms helps, because the former do not require
binders and can be used directly as electrodes in electrolyzers.
The latter in contrast need additional polymer binders to help
them stick to conducting substrates and form OER electrodes.
Besides, the technical inconvenience, the oxygen bubbles
generated by OER can remove the binders as well as the active
catalysts, causing the deactivation of the OER electrodes.
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films deposited on substrates and thereby the properties of the
electrodes. Conversely, the other methods involve relatively
complicated procedures, time-consuming synthetic steps, or
high temperatures. For example, hydrothermal synthesis of
OER electrodes is generally performed by treating the
materials in autoclaves at elevated temperatures for a long
time.'””° Consequently, the other methods are relatively less
conducive for practical applications.

In electrochemical synthesis of OER electrodes, materials
such as titanium,”" nickel foam,">~'>** carbon cloths or carbon
fiber paper,”® and noble metals®* are frequently selected for
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electrodeposition due to their high conductivity and relative
stability. On the contrary, despite its low cost, iron is not as
widely used as a substrate to synthesize OER electrocatalysts
via electrodeposition because it is more susceptible to
oxidation in various electrolytes. Moreover, only a few
examples involving iron-based OER electrodes synthesized by
other methods can be found in the literature.'®**~*” In one
example, a corrosion engineering method using an iron
substrate was demonstrated to produce an electrode that is
able to catalyze OER at 1000 mA/ cm? for more than 6000 h.'®
However, the corrosion process still took as long as 12 h to
generate the required electrode. In a second example, surface-
modification was used to produce iron-based electrode that
can serve as an OER catalyst at 10 mA/cm? for more than
1000 h;** however, the surface modification process involved
multiple steps and an elevated temperature.

In this work, we introduce a simple one-step electrochemical
method that activates the surfaces of an iron plate in 30 min at
room temperature to produce nanostructured FeNi bimetallic
hydroxide nanosheet that can serve as efficient and stable
electrocatalyst for OER. The resulting electrode requires an
overpotential of 236 mV to electrocatalyze OER with a current
density of 10 mA/cm® We also propose the mechanism that
leads to the electrochemical activation of an iron plate into this
FeNi-based catalyst. The results show that both cathodic
reduction and anodic oxidation in the presence of oxygen are
essential to convert an iron plate into an effective OER
electrode. The ease of the synthetic procedure and the high
abundance and inexpensiveness of the substrate (i.e., iron)
make this OER electrode highly appealing for practical water
electrolyzers.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Iron plate (thickness: 0.3 mm, 99.99%
purity) was purchased from Qinghe Guantai Metal Materials Co., Ltd.
Nickel sulfate hexahydrate (NiSO,:6H,0, 99.9% metals basis),
potassium sulfate (K,SO,, 99.99% metals basis), and potassium
hydroxide (KOH, 99.99% metals basis) were purchased from
Shanghai Aladdin Biochemical Co., Ltd. Deionized water (>182
MQ cm), which was purified by Aquaplore 2S system, was used for all
experiments.

Electrochemical Activation Method. An iron plate (size: 0.5
cm X S cm) was polished with a fine sandpaper (3M) and washed
with ethanol several times by ultrasonication to clean its surface. The
electrochemical activation of the iron plate was carried out in a three-
electrode cell using 8 mL of 0.1 M NiSO, as electrolyte at room
temperature. The pH of the electrolyte was 5.6. The iron plate was
directly used as a working electrode (WE). Prior to this, a hot melt
adhesive was used to cover the iron plate leaving ca. 0.2 cm? exposed.
A graphite carbon rod and a saturated calomel electrode (SCE) were
used as counter electrode (CE) and reference electrode (RE),
respectively.

The electrochemical activation of the iron plate was conducted
with cyclic voltammetry (CV) in a potential range of —1.0 to —0.4 V
vs SCE for 15 cycles at a scan rate of 10 mV/s. The activated
electrode was named as FeNiRedox. The suffix “Redox” indicates the
involvement of a redox process (reduction and oxidation) for the
synthesis of this electrode. For comparison, two other electrodes were
prepared using different potential windows, namely, from —1.0 to
—0.65 V (a reduction window) and from —0.65 to —0.4 V (an
oxidation window). The resulting electrodes were named as FeNiRed
and FeNiOx, respectively. After electrochemical activation, the
electrodes were all rinsed with deionized water, and any residual
water on them was removed with filter papers through capillary forces.
To convert the potentials in RHE scale, the following eq (eq 1) was
used

15551

Epup = Egcp + 0.241 V + 00592 X pH (1)

Characterizations. The morphology and structure of the
electrodes were characterized by a field emission scanning electron
microscope (SEM) (SU-70, Hitachi) and a transmission electron
microscope (TEM) (JEM F200, JEOL). Contact angles of the
electrodes were measured with a contact angle meter (Theta, Biolin
Scientific) using a drop of 1 M KOH solution (4 yL). Inductively
coupled plasma atomic emission spectroscopy (ICP-OES) was
performed with an Agilent 720ES ICP spectrometer. X-ray photo-
electron spectroscopy (XPS) was performed with a K-Alpha XPS
instrument (Thermo Fisher Scientific) with a monochromatic X-ray
source (mono Al Ka, hv = 1486.6 eV). The energy scale of the
spectrometer was calibrated using the XPS peak of C 1s (at 284.8 eV)
of an adventitious carbon present on the sample. X-ray diffraction
(XRD) patterns were obtained with a Bruker D8 Advance
diffractometer.

Electrochemical Measurements. All electrochemical measure-
ment were conducted in a cell containing three-electrodes using a
PARSTAT MC potentiostat (Princeton Applied Research). The iron-
based electrodes fabricated via surface activation, a Hg/HgO
electrode, and a graphitic carbon rod were used as working electrodes
(WEs), a reference electrode (RE), and a counter electrode (CE),
respectively. Linear sweep voltammetry (LSV) curves were collected
in 1 M KOH solution at a scan rate of 1 mV/s to evaluate the catalytic
activities the iron-based electrodes for OER. The Tafel plots were
obtained at a lower scan rate of 0.5 mV/s. Electrochemical impedance
spectroscopy (EIS) was performed at a potential of 1.55 V vs RHE
under OER condition in a frequency range of 10* to 107> Hz and
using an AC voltage with an amplitude of 5 mV. The system’s
resistance was estimated from a single point impedance measurement
after compensating it for 85% iR-drop.

The Hg/HgO RE was calibrated by following a previously reported
method.”® Two Pt sheets were polished and cycled from —2 V to +2
V in H,SO, solution (0.5 M) for 2 h to clean their surfaces. The two
cleaned Pt electrodes were used as a WE and a CE, respectively. An
aqueous solution of KOH (1 M) was bubbled with high purity H, gas
for, at least, 30 min prior to the calibration. LSV curve at a low scan
rate of 0.5 mV/s was obtained to find the potential that gives zero
current. On the basis of the LSV curve (see in Figure S1), the
potential corresponding to zero current was found to be —0.925 V vs
Hg/HgO. Accordingly, the measured potentials were converted to
RHE scale by using eq 2 below

Epye = Epg/pgo + 0925V (2)
Electrochemically active surface areas (ECSA) of the catalysts were
determined by measuring their double layer capacitances (Cg)).'>*’
Several CV measurements were first conducted in the non-Faradaic
potential window between 1.125 to 1.225 V vs RHE at different scan
rates (50, 25, 10, 5, and 1 mV/s). The difference between half of the
anodic and half of the cathodic current densities (junodic — jeathodic) at
1.175 V was then plotted against scan rate. The slope of the fitted line
was taken as the value of Cy. ESCA of each material was then
obtained by dividing the value of Cy with the specific capacitance of
the material, which is taken as 0.04 mF/ cm?2. 1821

To quantify the gaseous product produced during catalytic OER,
the water displacement method was used. From the measured volume
of gaseous product, the amount of oxygen (O,) was determined based
on the ideal gas law. The presence of O, in the product was confirmed
by a gas chromatography (GC) instrument (Agilent 7890B) equipped
with a thermal conductivity detector (TCD).

Calculation of Catalytic Turnover Frequencies (TOFs) of
Electrodes. TOFs of the electrodes was calculated to compare their
intrinsic electrocatalytic activities with one another.”’ ICP-OES was
used to measure the amounts of active catalysts, FexNiy(OH)y present
on the electrodes. ICP-OES was specifically used to measure the
amount of nickel on the electrodes. And XPS was used to determine
the atomic ratios of Ni and Fe on the surfaces of the electrodes. The
TOF of each electrode then calculated according to the following
equation (eq 3)

https://dx.doi.org/10.1021/acssuschemeng.0c04666
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TOF =1/(4 X F X n) 3)

where I is the current measured at a given potential, 4 represents the
number of electrons transferred during the OER to form one
molecule of O,, F is the Faraday constant, and n is the number of
moles of the total Fe and Ni in Fe,Ni,(OH),.

Calculation of Catalytic Mass Activity. The mass activity (in
A/g) of the electrocatalysts was calculated by normalizing the
measured current (I) with the mass (m) of total Fe and Ni in

FexN(i]y(OH)z loaded on the electrode using the following equation, eq
4293

mass activity = I/m 4

B RESULTS AND DISCUSSION

The electrochemical activation of an iron plate is performed in
a conventional three-electrode cell through cyclic voltammetry
(CV) (Scheme 1). The procedure is detailed in the

Scheme 1. Illustration for the Synthesis Processes Leading
to Iron-Based Electrodes for OER via Activation of Iron
Plates through CV in NiSO, Solution

Experimental section above. The optimized freestanding
electrode is synthesized by conducting 15 cycles of CV in
0.1 M NiSO, solution under ambient atmosphere from —427
to 173 mV vs RHE at a scan rate of 10 mV/s (vide infra).
(Note that all measured potentials are reported with respect to
RHE unless mentioned otherwise.) The overall CV cycling
time needed to produce this optimal electrocatalyst is only 30
min. After the potential cycling, a dark film is observed on the
surface of the iron plate (see Figure S2). So most of the
discussion below will focus on the electrodes obtained with 15
CV cycles.

As shown in Figure 1A, the anodic oxidation current in the
potential window of —77 to 173 mV increases rapidly as the
CV cycles go from 1 to 12 but becomes somewhat stable
thereafter. This current corresponds to the oxidation of surface
Fe atoms into Fe** and Fe** species. On the other side, in the
sweeping potential window between —427 and —77 mV, a
cathodic reduction peak starts to show up but then gradually
diminishes, as indicated by the black arrow in Figure 1A. The
peaks in the potential window between —320 to —240 mV are
ascribed to the reduction of oxidized Fe species, which are
formed at the anodic side. The cathodic current may have also
been contributed by the hydrogen evolution reaction (HER:
2H,0 + 2e” = H, + 20H7, E vs RHE = 0 V) because the
applied potential is more negative than the thermodynamic
potential required to reduce a H' ion. Besides HER, the
oxygen reduction reaction (ORR: O, + 2H,0 + 4e~ = 40H",

E vs RHE = 1.23 V) may occur in the entire potential window
of —427 to 173 mV because the upper potential is lower than
the thermodynamic reduction potential of ORR. These mean,
both the HER and the ORR processes can produce hydroxide
species at the solid/liquid interfaces, and these hydroxide
species can readily react with Fe®*/Ni** ions and form
bimetallic hydroxides on the surfaces of the iron plate. These
electrochemical processes can also lead to surface reconstruc-
tion on the iron plate as depicted in Scheme 1. In other words,
during continuous CV cycles, the iron electrode undergoes
repeated cathodic reduction and anodic oxidation, and thus
surface reconstruction, finally forming the OER electrodes.
The one prepared under most optimal CV cycling (15 cycles)
is named FeNiRedox.

In order to understand the effect of cathodic reduction as
well as anodic oxidation on the surface reconstruction of the
iron plate independent of each other, two other electrodes are
synthesized in the potential windows where only cathodic
reduction or anodic oxidation is dominant. The resulting
electrodes are named as FeNiRed and FeNiOx, respectively. As
shown in Figure 1B, during the synthesis of FeNiRed in a
potential window from —427 to —77 mV, a cathodic reduction
peak at ca. —314 mV forms and then remains stable. Since the
electrochemical oxidation of iron does not occur when the
applied potential is < —77 mV, as discussed earlier, the peak at
ca. =314 mV must be associated with the reduction of some
iron containing species present on the iron plate due to aerobic
oxidation. In the case of FeNiOx (Figure 1C), the anodic
oxidation current increases quickly in the first few cycles and
then reaches a steady state in the later cycles. This current is
primarily related to the oxidation of metallic iron. On the basis
of the applied potential windows mentioned above as well as
the thermodynamic reduction potentials of HER and ORR, the
sources of hydroxide species in FeNiRed can be HER or ORR
and the sources of hydroxide species in FeNiOx can be ORR.

To determine if oxygen is required for the electrochemical
activation, an additional electrode is synthesized by the same
procedure as the one used to make FeNiRedox, except by
bubbling the electrolyte (0.1 M NiSO,) with argon to remove
oxygen. The resulting electrode is denoted as FeNiRedox-Ar.
Figure 1D displays the 15 CV curves obtained for this material.
Unlike the oxidation current given by FeNiRedox (Figure 1A),
the one given by FeNiRedox-Ar in the range of —77 to 173 mV
decreases when going from the first to 15th cycle (Figure 1D),
indicating that the oxidation of the iron plate substantially
slows down without oxygen.

In order to check the oxidative dissolution of iron under
different applied potentials and measure the amounts of ionic
iron species leached into the solution during the electro-
chemical synthesis, inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) is used. As shown in Figure S3,
the electrolyte after the synthesis of FeNiO, has the highest
concentration of iron (23.09 mg/L). This indicates that the
dissolution of iron to the corresponding high oxidation species
is prevalent when the applied potential is > —77 mV. The
electrolyte in which FeNiRedox is synthesized, in contrast,
contains less iron (13.16 mg/L). This implies that a significant
amount of iron cations react with hydroxide species and
remain on the surfaces of the iron plate when the potential is <
—77 mV. Meanwhile, the electrolyte after the preparation of
FeNiRed has the least amount of iron (0.33 mg/L), which is
however 6.6-fold higher compared with the trace amount of
iron (0.05 mg/L) found in a fresh 0.1 M NiSO, solution. This

https://dx.doi.org/10.1021/acssuschemeng.0c04666
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Figure 1. Electrochemical activation of iron plates in 0.1 M NiSO, solution by running 15 CV cycles at the scan rate of 10 mV/s in different

potential windows. The potential windows used for CV cycles are (A) —

0.427 to 0.173 V, (B) —0.427 V to —0.077 V, and (C) —0.077 to 0.173 V,

and these produce FeNiRedox, FeNiRed, and FeNiOx electrodes, respectively. (D) FeNiRedox-Ar is obtained by cycling an iron plate from —0.427
to 0.173 V in Ar-saturated 0.1 M NiSO, solution for 15 cycles at a scan rate of 10 mV/s. (E) The major redox reactions that can occur on the

electrodes in different applied potential windows are provided.

means that, even in the potential range of —427 to =77 mV,
metallic iron leaches into the solution; however, the amount is
small compared with the one that leaches into the solution in
the potential range of —77 to 173 mV.

These results are corroborated by X-ray photoemission
spectroscopy (XPS) (Figures 2 and S2). The oxidation state of
the metallic species present on the materials and the possible
origins of the current during potential cycling are also
determined from the XPS results. The atomic percentages of
surface iron with respect to the total surface metal atoms (i.e.,
Fe + Ni) in FeNiRedox, FeNiRed, and FeNiOx are found to be
35.9%, 17.5%, and 73.8%, respectively. FeNiRed has the lowest

15553

amount of iron because iron has less tendency to oxidize when
the potential is below —77 mV. FeNiOx has the highest
amount of iron because the anodic current from —77 to 173
mV is mainly associated with the oxidative dissolution of iron.
In addition, the XPS spectra depicted in Figure 2A show two
doublet peaks at binding energies of ca. 712 and 725 eV that
correspond to Fe 2p;, and Fe 2p,, of Fe®* species,
respectively.””" This indicates the existence of Fe>* on the
surfaces of the electrochemically activated iron electrode.
Furthermore, a peak at 856.2 eV corresponding to Ni 2p;,, of
Ni**, and an associated satellite peak at 861.8 eV, are observed
(Figure 2B—D)."" In the case of the high-resolution XPS

https://dx.doi.org/10.1021/acssuschemeng.0c04666
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Figure 2. (A) High resolution XPS spectra of Fe 2p peaks of
FeNiRedox, FeNiRed, and FeNiOx electrodes. High-resolution XPS
spectra of Ni 2p peaks of (B) FeNiRedox, (C) FeNiRed, and (D)
FeNiOx electrodes. High-resolution XPS spectra of (E) Fe 2p and (F)
Ni 2p peaks of FeNiRedox-Ar electrode.

spectra of Ni 2p peak of FeNiRedox and FeNiRed, besides the
major peak at 856.2 eV due to Ni 2p,/, of Ni*', there is a
minor one at ca. 852.5 eV due to Ni 2p;/, of metallic Ni. The
latter peak is absent in the XPS spectra of Ni 2p of FeNiOx.
These results suggest that a small portion of the cathodic
current in the potential window of —427 to —77 mV must have
been due to the formation of metallic Ni. The XPS spectra of
O 1s of FeNiRedox and FeNiRed show a single peak at 531.8
eV, indicating the presence of metal-OH species on the
materials (Figure S4A,B). For FeNiOx electrode (see Figure
S4C,D), in addition to the major peak at 531.8 eV, there is a
shoulder at a lower binding energy of 530 eV attributable to
metal-O species.’*> These data are consistent with our
proposed mechanism that the hydroxide species produced
during HER and ORR must have reacted with Fe’* and Ni**
cations to form bimetallic hydroxides, FexNiy(OH)Z. The
surface composition of FeNiRedox-Ar is also analyzed using
XPS (Figure 2E). The Fe 2p signal confirms the presence of
Fe* on the surface of the electrode. The peak for Ni 2p of
metallic Ni at ca. 852.5 eV in FeNiRedox-Ar is much stronger
compared with the one seen in the spectrum for FeNiRedox
(Figure 2F). This reveals that not only a large amount of
metallic Ni is present on FeNiRedox-Ar but also the reduction
of Ni** into Ni’ takes place more readily without competing
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with ORR during the synthesis of this electrode via potential
cycling

Conventional electrodeposition can be either cathodic or
anodic. The former is the most commonly used method to
deposit metallic hydroxides on conducting substrates. For
example, a solution containing metal nitrate can be used as a
cathodic deposition electrolyte, where nitrate ions are reduced
through the following equation: NO;~ + 7H,0 + 8¢~ = NH,"
+ 100H". The hydroxide ions generated by the reaction can
then react with surface metallic species and form metallic
hydroxide films on different substrates.'> Anodic electro-
deposition can produce transition metal (oxy)hydroxide thin
films through oxidative deposition mechanism with the
reaction: M**(aq) + 2H,0 = MOOH(s) + e~ + 3H"* Our
electrochemical activation approach is different from these
previously reported electrochemical deposition processes,
because both cathodic reduction and anodic oxidation are
essential to produce the OER electrode.

SEM images of the as-synthesized electrodes (Figures 3 and
SS) show uniformly grown FexNiy(OH)z nanosheets on all of
them except on FeNiRedox-Ar. The thickness of the
nanosheets on FeNiRedox, FeNiRed, and FeNiOx are 18.7
+4.5,18.8 + 3.7, and 17.9 + 2.2 nm, respectively. It should be
noted that the pores formed in the nanosheets of FeNiRedox
are larger than those formed in the nanosheets of the other two
electrodes. Such pores can assist with mass transport during
electrocatalysis. Transmission electron microscope (TEM)
image of FeNiRedox shows a lattice spacing of ca. 0.27 nm,
which can be indexed as the (101) facet of FeNi hydroxide
(Figure S6)."° SEM image of FeNiRedox-Ar (Figure 3D)
shows a dense film, which appears different from the nanosheet
arrays seen in the corresponding electrode prepared in the
presence of oxygen. This also explains why the anodic current
is decreasing when going from cycle 1 to cycle 1S in the former
(Figure 1D), which means the dense film covering the iron
surface must have been prohibiting the oxidation of underlying
metallic iron further.

XRD patterns of all electrodes (Figure S7) show two major
peaks at ca. 44.7° and 65.0°, corresponding to metallic Fe
(110) and (200) planes. The XRD patterns of FeNiRedox,
FeNiRed, and FeNiRedox-Ar show two peaks, albeit minor
ones, at ca. 51.9° and 76.4°, indicating the presence of metallic
Ni on these electrodes. The results are consistent with those
obtained by XPS analysis. The formation of metallic Ni is due
to the electrochemical reaction of Ni** + 2e” = Ni. For
FeNiRedox, there are minor and broad peaks at 26 of 11.6°,
23.3°% and 34.9°, which can be assigned to the (003), (006),
and (012)/(101) signals of FeNi hydroxide, respectively.
Other peaks associated with FeNi hydroxide are not observed
as the amount of the catalyst (FeNi hydroxide) on the iron
plate is small and has low crystallinity. For FeNiRed and
FeNiOx electrodes, no peaks associated with FeNi hydroxide
are observed, presumably due to the smaller amount of this
catalyst on their surfaces and possibly also due to the low
crystallinity of the FeNi hydroxide, if any.

Next, linear sweep voltammetry (LSV) curves of OER over
activated iron plates synthesized in NiSO, electrolyte (0.1 M)
with different CV cycles are obtained (Figure S8). Comparison
of the current densities show that the electrocatalytic
performances of FeNiRedox electrodes for OER increases
significantly when the cycling number is increased from S to
15; however, after 15 cycles, their activity shows only a very
minor change/improvement. By taking these into consider-
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Figure 3. SEM images of (A) FeNiRedox, (B) FeNiRed, (C) FeNiOx, and (D) FeNiRedox-Ar. Larger-sized images for parts A, B, and C showing
the measured thicknesses of the frameworks more clearly are also available in Figure S5 in the SI
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Figure 4. (A) LSV curves of OER in 1 M KOH solution over FeNiRedox, FeNiRed, and FeNiOx at a scan rate of 1 mV/s. (B) Comparison of the
overpotentials (17) required by the three electrodes to electrocatalyze OER at a current density of 10 mA/cm? and their current densities at 270 mV.
(C) Calculated TOFs of FeNiRedox, FeNiRed, and FeNiOx, with the inset showing the loading of active catalyst on each electrode. (D) Contact
angles of a fresh iron plate and iron plates after electrochemical activation with 15 CV cycles in 0.1 M NiSO, solution in different potential windows
(namely, FeNiRedox, FeNiRed, and FeNiOx). (E) Tafel plots of OER over FeNiRedox, FeNiRed, and FeNiOx.

ation, the most optimal electrode, which is prepared in 15 The catalytic performances of the electrodes synthesized
with 15 cycles for OER are evaluated in 1 M KOH electrolyte
via LSV at a slow scan rate of of 1 mV/s to minimize the effect
of capacitive current. The results are summarized in Figure
control electrodes were prepared in 15 CV cycles. 4AB. Their relative catalytic activities, expressed by the

cycles or in the shortest possible time via activation of an iron

plate (FeNiRedox), was used for further studies. Similarly, the
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Figure 5. (A) Comparison of LSV curves of OER over of FeNiRedox and FeNiRedox-Ar electrodes. (B) Comparison of the their catalytic activities
for OER as normalized by their geometrical surface area (black curve) and (blue curve).

overpotentials they require to catalyze OER at a geometric
current density of 10 mA/cm? are FeNiRedox (236 mV) >
FeNiRed (270 mV) > FeNiOx (279 mV). It is also worth
adding here that at an overpotential of 270 mV, FeNiRedox
achieves a current density of 77.4 mA/cm? which is 7.2-fold
and 13.4-fold higher than the values obtained for FeNiRed and
FeNiOx, respectively. These results indicate that FeNiRedox is
the most active electrode for OER. This also highlights the
importance in selecting the right potential window to
electrochemically activate and convert iron into highly OER
active bimetallic hydroxides with optimized Fe/Ni composi-
tion.”">* Consistent with this result, the Nyquist plots reveal
the lowest charge-transfer resistance in FeNiRedox (Figure
S9), suggesting that this electrode can provide the fastest
charge transfer rate during OER. In order to compare the
intrinsic catalytic activities, the loadings of catalytic active
groups on the surfaces of the electrodes are measured and
compiled in the inset of Figure 4C. It is clear that FeNiRedox
has a higher catalyst loading compared with the two other
electrodes. Assuming all the Fe and Ni sites are the active
centers driving the OER, the TOF calculated based on both
metals confirms that FeNiRedox still has the highest intrinsic
activity among all these electrodes (Figure 4C). In addition,
FeNiRedox has the highest mass activity compared with the
other two electrodes (Figure S10).

It should be emphasized that the iron plate treated with
electrochemical activation in NiSO, electrolyte for 30 min
(FeNiRedox) shows a very high catalytic activity for OER
while the pure iron plate (before activation) barely shows any
activity. To investigate whether Ni** is necessary for the
formation of efficient OER electrode, an additional control
electrode is synthesized by running 15 CV cycles on an iron
plate in 0.1 M Na,SO, (instead of NiSO,) electrolyte (Figure
S11). The electrode displays slightly improved activity
compared with a fresh iron plate, but its performance is far
inferior to that of FeNiRedox. (Figure S12). This result
indicates that nickel plays a very essential role in improving the
electrocatalytic activity of the electrode for OER. In fact, the
concentration of Ni** used for activating the iron plate matters
based on the additional study we have conducted. Two more
electrodes electrochemically activated using lower concen-
trations of NiSO, are synthesized under similar condition as
FeNiRedox. The LSV curves of OER over the electrodes
synthesized in 0.001, 0.01, and 0.1 M NiSO, electrolytes
(Figure S13) shows that the overpotentials required by the
electrodes to catalyze the reaction with a geometric current
density of 10 mA/cm? are 281, 242, and 236 mV, respectively.
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This result indicates that higher concentrations of Ni** favors
the electrochemical activation of iron into more active OER
electrodes.

The contact angles of FeNiRedox electrode and iron plate
are measured to study their surface hydrophobicity or
hydrophilicity. As shown in Figure 4D, after electrochemical
activation, the surface of FeNiRedox becomes more hydro-
philic with a contact angle of 23.4°, which is much lower than
that of the original iron plate, whose contact angle is 75.6°.
This must be due to the hydroxyl groups present on the
surfaces of FeNiRedox. This hydrophilic property is beneficial
for electrocatalysis in aqueous and polar electrolytes as it
allows electrolytes to interact with the surfaces of catalysts
better.”> The contact angles of FeNiRed and FeNiOx are
found to be close to that of FeNiRedox.

To explore the OER kinetics over the materials, the Tafel
slopes are determined by plotting the OER overpotential
versus current density in logarithmic scale. As shown in Figure
4E, the Tafel slopes of FeNiRedox, FeNiRed, and FeNiOx are
37.0, 35.4, and 36.2 mV/dec, respectively. The results suggest
that the differences in the transition metal composition of
these Fe—Ni-based electrocatalysts do not lead to significant
differences in their Tafel slopes. Moreover, the values are
consistent with the Tafel slope of ca. 40 mV/dec reforted for
OER over FeNi films by other research groups.””" The fact
that the three catalysts studied herein have similar Tafel slopes
indicates that the OER processes over them have a similar rate-
determining step. OER in basic solution can be described with
the following four elementary steps (eqs 5—8)°

* + OH™ = OH* + e~ (%)
OH* + OH™ = O* + H,0 + ¢~ (6)
O* + OH™ = OOH* + e~ (7)
OOH* + OH™ 2 * + O, + H,0 + ¢~ (8)

where * in the equations represents the catalytic active site on
the catalyst’s surface. A Tafel slope close to 40 mV/dec implies
that the second step of O* intermediate formation (OH* +
OH™ = O* + H,O + e7) is the rate-determining step of OER
over the three electrodes.’

The LSV curves in Figure SA show that FeNiRedox-Ar
needs an overpotential of 293 mV to catalyze OER with a
current density of 10 mA/cm? which is 57 mV higher than
that of FeNiRedox. This indicates that the presence of oxygen
during potential cycling plays an important role in the
formation of the highly active Fe—Ni-based OER catalyst.
FeNiRedox’s high OER activity is also evidenced by its high
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specific activity: an activity normalized by the electrochemical
active surface area (ECSA) of the material. ESCA of the
electrodes are obtained from the double layer capacitances of
the materials (Figure S14). Meanwhile, as shown in Figure SB,
the specific activity of FeNiRedox at an overpotential of 270
mV is 1.8 mA/cm?, which is about 33-times higher than that of
FeNiRedox-Ar (0.054 mA/cm?). This means, FeNiRedox has a
higher catalytic activity compared with FeNiRedox-Ar. This is
because, in the absence of oxygen, the nickel cations can be
reduced to metallic nickel and deposit on the iron surface.
(Note that metallic nickel has much lower catalytic activity
compared with FeNi hydroxides). As shown in Table SI,
FeNiRedox-Ar has the highest percentage of Ni(0) out of the
total Ni present in the electrode, as determined by XPS
analysis. In the case of FeNiRedox, the presence of oxygen
helps with the formation of the more catalytically active FeNi
hydroxide on the substrate.

Besides excellent catalytic activity, stability is another
important requirement that OER catalysts should meet in
order find practical applications. The stability of FeNiRedox
electrode is tested in 1 M KOH solution. Remarkably, the
electrode remains stable while catalyzing OER at a high current
density of 100 mA/cm? for, at least, 72 h (Figure 6A). In
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Figure 6. (A) Chronopotentiometric curve of OER over FeNiRedox
for 70 hours at a constant current density of 100 mA/ cm? without iR-
correction. (B) Comparison of theoretically calculated and exper-
imentally measured O, evolved by OER.

addition, the amount of O, evolved is in agreement with the
theoretically calculated O, (Figure 6B), suggesting a near
100% Faradaic efficiency. The ability to catalyze OER at high
current density is important for practical applications. As
shown in Figure S15, FeNiRedox can do so at a current density
of 1000 mA/cm? while remaining stable for, at least, 24 h.
During the course of chronopotentiometric measurement at
1000 mA/cm?, the electrolyte was sampled at 0, 2, 4, and 20 h
for ICP-MS analysis to probe the possible leaching of metal
during OER catalysis. As shown in Table S2, the amount of
leached iron is below 1 mg/L even after 20 h operation, further
suggesting that FeNiRedox is stable during OER. The SEM
image of FeNiRedox electrode after 24 h operation at high
current density (1000 mA/cm?) is compared with that of the
original electrode before electrocatalysis (Figure S16). The
images show that the structure and morphology of the
electrode remains almost unchanged. This results, coupled
with its stable electrocatalytic activity, indicate the stability of
FeNiRedox electrode during OER.

A previous study showed that the corrosion of iron plate in
NiSO, solution after 12 h would lead to a Ni-Fe-based
electrocatalyst for OER."® To confirm the major contribution
of electrochemical activation in our case, an additional control
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material was prepared by immersing the iron plate in 0.1 M
NiSO, solution (or a corrosion experiment) under ambient
conditions for 30 min, or the same amount of time needed for
the electrochemical activation synthesis. The LSV curves in
Figure S17 indicate that the electrode prepared without
electrochemical activation requires a much higher over-
potential to give the same current density than FeNiRedox.
This further proves that the electrochemical activation is critical
in the formation of this highly active OER electrode in a much
shorter time. Moreover, in terms of the overpotential required
to generate a current density of 10 mA/cm? in OER, the
catalytic activity of FeNiRedox is comparable with those of
other notable recently reported electrocatalysts (see Table S3).

B CONCLUSIONS

In summary, we have developed a facile electrochemical
method to synthesize efficient and stable OER electrodes using
an inexpensive iron plate via CV cycling in NiSO, solution.
The iron plate underwent compositional and structural
changes during successive CV cycling and accompanying
electrochemical processes. In the process, surface metallic iron
was oxidized and transformed into Fe*" species, particularly
when the potential was higher than —77 mV. Meanwhile, the
ORR in the potential window of —437 to 173 mV and the
HER at a potential of less than —77 mV produced hydroxide
anions that then reacted with the Ni** ions present in the
electrolyte and with the Fe®* ions leached from the iron plate.
This process ultimately formed electrocatalytically active
bimetallic hydroxides on the surfaces of the iron plate. We
have also shown that the potential range for electrochemical
activation would play an important role in generating this
highly active OER electrode, and the presence of oxygen
during the activation process was vital for improving the
electrode’s catalytic performances in OER. The electrode
obtained under optimal conditions (FeNiRedox) demonstra-
ted a high catalytic activity for OER, requiring an overpotential
of 236 mV to catalyze the reaction at a current density of 10
mA/cm?. It also remained stable for at least 72 h at a current
density of 100 mA/cm?. Its catalytic activity, stability, and the
facile synthetic method and inexpensive iron substrate it
involves make this electrode attractive for water electrolyzers.
Furthermore, this novel method could be further extended to
synthesize other catalytic films with different compositions
from iron plates or other substrates.
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