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Abstract

A B-FeOOH nanorod was investigated as a highly active and durable self-repairing anode
catalyst for alkaline water electrolysis with repeated potential change, simulating power
from renewable energy. The B-FeOOH nanorod was synthesized by coprecipitation, using
an organic buffer of tris(hydroxymethyl)aminomethane. The B-FeOOH nanorods
dispersed in 1 M KOH aq. as an alkaline electrolyte were electrochemically deposited on
a nickel electrode by a constant current electrolysis. The deposited B-FeOOH nanorods
formed bundled network on the surface of the electrode and exhibited high oxygen
evolution reaction (OER) activity, where the minimum OER overpotential was 285 mV
at 100 mA cm 2. The durability of the nickel electrode coated with p-FeOOH nanorods
were tested via shutdown-based accelerated durability test, where electrolysis at 600 mA
cm? for 1 min and the potential control at 0.5 V vs. reversible hydrogen electrode (RHE)
for 1 min are repeated in the presence of B-FeOOH nanorod in the electrolyte. The catalyst
coated electrode showed the low OER overpotential for 4000 cycles, whereas the OER
overpotential of a bare nickel electrode increased within only 200 cycles. The B-FeOOH
nanorod efficiently suppressed the corrosion of the nickel substrate and the layer of -
FeOOH nanorod was continuously repaired by accumulating the f-FeOOH nanorod from
the electrolyte. Therefore, the B-FeOOH nanorod is useful as a self-repairing anode
catalyst with high OER activity and durability.
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Highlights

® [(-FeOOH nanorod is synthesized via coprecipitation in the presence of organic buffer.

® Quite low overpotential for oxygen evolution reaction (285 mV at 100 mA cm2) was
achieved.

® The catalyst layer was self-repaired to show high durability under accelerated
durability test.
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1 Introduction

To change our energy source from fossil fuels to renewable energy, the
production of Hz as an energy carrier by water electrolysis powered by renewable energy
is highly demanded [1]. Alkaline water electrolysis (AWE) [2] and proton exchange
membrane water electrolysis (PEMWE) [3] are currently major types of water electrolysis
technologies. Although the efficiency of PEMWE is much higher than that of AWE,
PEMWE requires a large amount of noble metals, such as Pt for cathode and Ir for anode
because of the corrosion of base metals under acidic conditions. The use of noble metals
must be reduced because of both high cost and scarcity. AWE is useful for this purpose
because various base metals, such as Ni, Co, and Fe, can be used as electrode materials
[4]. Furthermore, anion exchange membrane water electrolysis (AEMWE) is a promising
as a possible solution to achieve both high efficiency and reduced usage of noble metals.
Therefore, AWE is important to promote large scale hydrogen production from renewable
energy.

Although AWE is quite stable under a constant power, degradation of electrodes
is induced under frequent start and stop due to renewable energy. For example, when a
bipolar alkaline water electrolyzer is operated, oxidation and reduction of anode and
cathode, respectively, occur together with oxygen and hydrogen evolution reactions. On
the suspension of the electrolyzer, the anode and cathode on the neighboring cells are
short-circuited through a bipolar plate and electrolyte in the manifold. Thus, reverse
current flows due to the discharge of the electrodes. The reverse current causes significant
change in the electrode potentials, which promotes degradation of an electrode, such as
corrosion of a substrate, detachment of electrocatalysts, and dissolution of electrocatalysts
[5-7]. The start/stop operation and gas crossover of AEMWE may also cause degradation
of electrode materials [8].

Because the oxygen evolution reaction (OER) has sluggish kinetics, the
development of highly active and durable anode is one of the most important issues in the
field of AWE [9]. To achieve highly durable anode under frequent potential change, the
coating of a nickel electrode with a conductive metal oxides, such as Li-doped NiO is
useful to protect the metal substrate from corrosion, though the OER activity of the
coating was somewhat lower than an activated nickel electrode [10, 11]. It has been
reported that stainless-steel is an active electrode durable under frequent potential change
[12-14]. Recently, Ventosa et al. [15] and we [16] have reported a concept of self-repairing
catalysts, where a catalyst dispersed in the electrolyte is self-assembled on the electrode

to repair a degraded catalyst layer. The self-repairing catalyst is promising to achieve both



high OER activity and durability because the catalytic activity and durability can
separately be designed. For the self-repairing catalysts, we proposed a hybrid cobalt
hydroxide nanosheet (Co-ns), consisting of a brucite-type cobalt hydroxide nanosheet
modified with a tripodal ligand on the surface [16]. Because of the surface functional
groups, Co-ns is highly dispersible in an alkaline electrolyte and possesses high surface
area. Nickel electrodes coated with Co-ns exhibited quite high durability under potential
cycling conditions.

To develop simpler and cost-effective materials, we focused on iron. Iron is one
of the most promising elements to be used as active and durable catalysts for OER in
highly concentrated alkaline electrolytes. High durability is expected for Fe-based oxides
and hydroxides because their redox reaction hardly occurs under the expected potential
region (i.e., 0.5-1.8 V vs. RHE) for the anode of AWE. Because of the quite high
abundance of Fe in the earth’s crust, the use of Fe-based materials is advantageous to the
resources and material costs. It is well known that the OER activity of Ni-based
(hydr)oxides is highly improved by incorporating iron within the structure. High OER
activity is expected for the combination of Fe-based (hydr)oxides and a nickel electrode.
Furthermore, B-FeOOH and its composite with Ni(OH), have been investigated as highly
active OER catalysts [17-20]. Iron oxyhydroxides are also expected as OER catalysts, and
B-FeOOH was predicted as the best OER catalysts among them [21].

On the other hand, we have to renew the method for the evaluation of the
durability of electrodes under the repeated potential changes, simulating renewable
energy. Many researchers have briefly applied cyclic voltammetry (CV) for many cycles,
whereas the range of potential and the cycle numbers have not been unified yet [16].
Importantly, the potential range of CV is affected by the ohmic loss due to uncompensated
resistance because the rated current density of AWE and AEMWE is usually high
(typically 0.2-2 A cm2). According to our previous study on a nickel electrode, the
degradation was observed from the 4000th cycle of CVs with the potential range of 0.5—
1.8 V vs. RHE [16]. Recently, we have proposed a new shutdown-based accelerated
durability test (SD-ADT) protocol, simulating the operation of AWE powered by
renewable energies, in which current-controlled electrolysis and potential-controlled
shutdown are repeated for many cycles [22]. This new protocol allows high
reproducibility and application of sufficiently high stress to evaluate the durability. For
example, a NiCoOx catalyst degraded in 800 cycles of the SD-ADT.

Here, we demonstrate the one-pot synthesis of ultrasmall 3-FeOOH nanorod (B-
FeOOH-nr), using tris(hydroxymethyl)aminomethane (denoted as Tris-NH) as an
organic buffer and its use as an OER catalyst (Fig. 1). We found that the soft-chemically



synthesized nanostructured catalyst is useful for its unique self-repairing property. The
ultrasmall nanorods were highly dispersible in an electrolyte, such as 1 M KOH aq.
Dispersed B-FeOOH-nr is deposited electrochemically on an electrode to form a layer
with both catalytic and protective abilities (Figs. 2a and b). Only a small amount of B-
FeOOH-nr was sufficient to exhibit durability under the SD-ADT conditions and high
OER activity in the presence of B-FeOOH-nr in the electrolyte. The catalyst layer is
degraded under SD-ADT to expose the nickel surface (Fig. 2c). B-FeOOH-nr was
continuously deposited on the electrode to protect the nickel substrate from corrosion
during the SD-ADT (Figs. 2d and e). Therefore, f-FeOOH-nr is promising as highly
active, durable, and cost-effective self-repairing OER catalyst for AWE powered by
renewable energy.

—>
One-pot
reaction

Fe*  Tris-NH, B-FeOOH-nr

Deposition on
a Ni electrode

Fig. 1 Schematic illustration of the synthesis of ultrasmall -FeOOH-nr and its use as an
OER catalyst.
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2 Experimental

2.1 Materials

Iron chloride hexahydrate (FeCls-6H20) and tris(hydroxymethyl)aminomethane
(denoted as Tris-NH; like in our previous study [23]) were purchased from FUJIFILM
Wako Pure Chemical Co. and used without purification. Nickel wire was purchased from
the Nilaco Co. The wire was etched in a boiling 6 M HCI aq. for 6 min. prior to the use.
Co-ns was used as self-repairing catalyst for comparison. The synthetic method of Co-ns
is reported elsewhere [16]. The mass percentages of Co, C, H, and N in the Co-ns were
38.9%, 13.5%, 4.2%, and 3.9%, respectively. The average particle size of the Co-ns was
about 30 nm measured by SEM.

2.2 Synthesis of B-FeOOH-nr



An aqueous solution of 1 M Tris-NH; was mixed with an aqueous solution of
0.5 M FeCls, followed by stirring for 30 min. The mixture was poured in a tightly capped
polypropylene bottle and placed in an oven at 90 °C for 48 h, and a suspension of -
FeOOH-nr was obtained. B-FeOOH-nr was collected by vacuum filtration, using a
membrane filter (pore size: 0.2 um). The collected gel was redispersed in deionized water,
stirred for 30 min and then filtrated. This washing process was repeated two times. The
resultant gel was used for electrochemical tests without drying. On the other hand, a part
of the gel was separated and dried in an oven at 80 °C, ground on a mortar. The dried

powder was used for the characterizations. The iron-based yield of B-FeOOH-nr was 32%.

2.3 Characterization

Elemental analysis of B-FEOOH-nr was performed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using an SII SPS3000 spectrometer.
The samples were dissolved in nitric acid for measurements. A catalyst deposited on a
nickel electrode was dissolved in a 1 M HCl aq. and then diluted to 0.1 M HCl aq. for the
measurement. The CHN elemental analysis was performed by a yanaco CHN corder MT-
5 instrument at A RABBIT SCIENCE. X-ray absorption near edge structure (XANES)
analyses were performed at BL16B2 synchrotron radiation facility in the SPring-8 (Japan).
XANES spectra were recorded at the Fe K-edge in conversion electron yield method. X-
ray diffraction (XRD) patterns were collected by a Rigaku Ultima IV diffractometer,
using CuKa radiation at 40 kV and 40 mA. Fourier transform infrared spectroscopy
(FTIR) spectra were obtained by a JASCO FT/IR6100 using a KBr disk. Transmission
electron microscopy (TEM) images were recorded using a JEOL JEM-2100F microscope
at the accelerating voltage 200 kV. The samples were dispersed in ethanol and dried on a
holey carbon-coated Cu microgrid. Scanning electron microscopy (SEM) images and
energy dispersive X-ray spectroscopy (EDX) were collected using a JEOL JCM-7000
microscope at the accelerating voltage 15 kV. Field emission SEM (FE-SEM) images
were collected using a Hitachi SU8010 microscope at the accelerating voltage 15 and 30
kV.

2.4 Instruments for electrochemical tests

Electrochemical test was performed, using a three-electrode cell composed of
PFA. Ni wire, Ni coil, and reversible hydrogen electrode (RHE) are used as the working,

counter, and reference electrodes, respectively. The counter electrode was covered with a



cylindrical membrane made of Zirfon Perl UTP500 (AGFA) to suppress transportation of
H; to the working electrode [22]. Aqueous solutions of 1 and 7 M KOH purged with N>
are used as the electrolyte at 30 + 1 °C. Approximately 250 mL of electrolyte was poured
in the cell, and 0.40 mL of the dispersion of Fe-based catalysts (25 mg/mL) were added
in the electrolyte under vigorous stirring (800 rpm). The cell was connected to the

BioLogic VSP-3e potentiogalvanostat for the electrochemical measurements.

2.5 Electrochemical deposition of B-FeOOH-nr

To deposit f-FeOOH-nr dispersed in the electrolyte on the working electrode (Ni
wire) by constant current electrolysis, the following protocol was applied. 1) Constant
current electrolysis (denoted as CP) at 1000 mA c¢cm ™ for 30 min, ii) cyclic voltammetry
(CV) between 1.0 and 2.0 V vs. RHE at 5 mV s™! for a cycle, iii) CV between 1.0 and 1.6
V vs. RHE at 50 mV s™! for two cycles, and iv) electrochemical impedance spectroscopy
(EIS) between 10° and 1 Hz with the amplitude of 15 mA cm™ at the bias current density
of 50 mA cm 2. The uncompensated resistance of all potentials was corrected, using the
solution resistance obtained by the EIS (Fig. S1). The charge of the anodic peak (Qa) from
the CV obtained by the process iii) was calculated between 1.20 and 1.50 V vs. RHE. The
OER current was subtracted by the Tafel equation fitted between 1.48 and 1.49 V vs. RHE.
As a control experiment, the similar protocol was applied for the coating of a nickel
electrode with Co-ns, though the current density of CP was 800 mA c¢cm 2 according to
our previous study [16]. 0.40 mL of the dispersion of Co-ns (50 mg/mL) were added in
the electrolyte. The nickel substrates coated with f-FeOOH-nr and Co-ns by 240 min of
CP are hereafter denoted as f-FeOOH-nr/Ni and Co-ns/Ni, respectively.

2.6 Shutdown-based accelerated durability test

The SD-ADT was performed using a bare nickel electrode without any catalysts,
Co-ns/Ni in the presence of Co-ns dispersed in the electrolyte or B-FeOOH-nr/Ni in the
presence of B-FeOOH-nr dispersed in the electrolyte. The SD-ADT protocol is as follows
(Fig. S2). v) CP at 600 mA cm 2 for 1 min, vi) potential sweep from open circuit potential
to 0.5 V vs. RHE at the sweep rate of 500 mV s™!, vii) keeping constant potential at 0.5 V
vs. RHE for 1 min. The set of processes v)—vii) is denoted as an ADT cycle. After the
processes v)—vii) were repeated for 100 cycles, the processes 1)—iv) in the previous section
were performed to evaluate the OER activity. The constant current electrolysis of the
process 1) was performed to repair the catalyst layer by accumulating the catalyst from
the electrolyte. When the bare nickel electrode was used for SD-ADT, the process 1) was



avoided. These cycles were repeated for 20 cycles up to the total ADT cycle of 2000 or
4000.

3 Results and discussion

3.1 Characterization of B-FeOOH nanorods

The mass percentages of Fe, C, H, N, Cl in the B-FeOOH-nr were 55.1%, 0.0%,
1.6%, 0.0%, and 7.7%, respectively. The diffractions in the XRD pattern of the f-FeOOH-
nr were assigned to those of B-FeOOH (JCPDS 013-0157) (Fig. 3a). The crystallite size
was estimated to be 4.8 nm by the Scherrer’s equation. In the FTIR spectrum of B-
FeOOH-nr, bands at 418, 679, and 846 cm™! were observed (Fig. 3b). These bands are
consistent with those of B-FeOOH [24]. The Fe K-edge XANES spectrum of 3-FeOOH-
nr exhibited the similar rising edge to that of Fe;Os3, whereas FeO exhibited the rising
edge at lower energy (Figs. 3c—e). The fitting of the spectrum of f-FeOOH-nr with those
of FeO and Fe>O3 showed that the average oxidation number of Fe in B-FeOOH-nr was
3.0. According to the above results, the sample has the 2x2 tunnel structure of B-FeOOH
in which CI” and water molecules are present inside the tunnels (Fig. 3a, inset). A part of
O’ within the FeOOH framework should be protonated to compensate the charge of CI".
Thus, the formula of B-FeOOH-nr is estimated to be FeEOOH; 22-Clo22:0.19H20. It is said
that the ideal Cl/Fe ratio of B-FeOOH is 1/8 (= 0.125) on the basis of the crystal structure
[25]. The much higher Cl/Fe ratio of B-FeOOH/nr (0.22) than the ideal value, implying
that much CI” is present not only in tunnel but also on the outer surface.

Different from the case of brucite-type metal hydroxides [23], no modification
occurred on B-FeOOH, probably because the non-flat surface structure of B-FeOOH is
not suited for the formation of a tridentate alkoxy linkage. A tripodal ligand forms
tridentate alkoxy linkage with the surface hydroxy groups on the brucite layer due to size
matching effect, though such a structural matching is not expected for the f-FeOOH and
the tripodal ligands. Although B-FeOOH was not modified with the tripodal ligand, the
addition of Tris-NH; influenced significantly on the morphology of the products as shown

below.
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The rodlike shape of the B-FeOOH-nr was observed by TEM (Fig. 4a). The width
was in the range of 3—6 nm and the length was widely distributed from 4 nm to 200 nm
(Figs. 4b and c). Such a rodlike shape is characteristic of f-FeOOH, though the length
and width of the B-FeOOH-nr are near the smallest values among reported f-FeOOH [26].
In our previous reports [27, 28], the surface modification of layered double hydroxides
with Tris-NH> suppressed the crystal growth, whereas it is not appropriate to apply the
mechanism to the synthesis of ultrasmall B-FeOOH-nr. Because the concentration of
FeCl; in the reaction solution was relatively high (0.25 M), the nucleation of B-FeOOH
should occur frequently in the solution, resulting in the formation of many crystals with
a small size. In addition, the pH of the solution was stable around at 10 because of the

buffering action of Tris-NHo.
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nr

Yellow and semi-transparent dispersion of f-FeOOH-nr was obtained at the
concentration of 40 ppm in both deionized water and 1 M KOH agq. (Figs. 4d and e). The
Tyndall effect for the green laser indicates that colloidal B-FeOOH-nr is present in the
solvent; thus, B-FeOOH-nr did not dissolve even in the highly concentrated alkaline
electrolyte. The high transparency of the dispersion means that the f-FeOOH-nr are finely
dispersed in water. Such a high dispersibility has also been observed for Co-ns which was
used as self-repairing catalyst for OER [16, 23]. Therefore, B-FeOOH-nr is promising as

a catalyst dispersible in alkaline electrolytes.

3.2 Electrochemical deposition of B-FeOOH-nr

B-FeOOH-nr was deposited on a nickel substrate by the electrolysis while OER
proceeds simultaneously, which is similar to the deposition of Co-ns in our previous
report [16]. The FE-SEM image of B-FeOOH-nr/Ni showed that the surface of the
electrode was covered with a network of fibrous materials that consist of bundled -
FeOOH-nr nanorods (Fig. 5a). Shiny metallic surface was observed on the surface of -
FeOOH-nr/Ni (Fig. 5¢) like that of a bare nickel electrode (Fig. 5f), whereas Co-ns/Ni
exhibited black surface on which a thick layer of Co-ns was formed (Fig. 5h). These
results mean that the deposited amount of B-FeOOH-nr was much smaller than that of
Co-ns. The deposited amount of B-FeOOH-nr was only 2.00 pgr.-cm 2, whereas that of
Co-ns was 0.128 mgc,-cm 2. The fact that B-FeOOH-nr is electrochemically deposited on
the nickel electrode means that B-FeOOH-nr can be used as a self-repairing catalyst to be

accumulated catalyst from an electrolyte during electrolysis.
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Fig. 5 FE-SEM image of B-FeOOH-nr/Ni a after 240 min of electrolysis for catalyst
deposition and b after 4000 cycles of SD-ADT. Photographs of B-FeOOH-nr/Ni ¢ after
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240 min of electrolysis for catalyst deposition and after 4000 cycles of SD-ADT in the d
presence and e absence of B-FeOOH dispersed in the electrolyte, the bare nickel electrode
f after etching and g after 2000 cycles of SD-ADT, and Co-ns/Ni h after 240 min of
electrolysis for catalyst deposition and i after 4000 cycles of SD-ADT.

The electric double layer capacitances (Cai) of B-FeOOH-nr/Ni, Co-ns/Ni, and a
bare nickel electrode were 5.1, 774, and 0.18 mF cm™2, respectively. The Ca value is
usually proportional to the electrochemically active surface area, while pseudo
capacitance due to redox of the surface hydroxide often contributes to increase in the
apparent Cai. Thus, the large Cq value of Co-ns/Ni is due to the large amount of deposited
Co-ns. The Cq value of B-FeEOOH-nr/Ni is much smaller than that of Co-ns/Ni and
slightly higher than the bare nickel electrode. Because B-FeOOH-nr formed a thin layer
on the nickel electrode, it is consistent that the electrochemically active surface area of 3-
FeOOH-nr/Ni is slightly higher than that of the bare nickel electrode.

The CV curve of B-FeOOH-nr/Ni exhibited only small peaks between 1.20 and
1.50 V vs. RHE (Fig. 6a), and the charge of the anodic peak (Q.) was approximately 3
mC cm? integrated at 1.20-1.50 V vs. RHE after 240 min of electrolysis. Because the
redox potential of Fe(OH); + ¢ — Fe(OH), + OH™ is very low (0.266 V vs. RHE in 1 M
KOH, calculated from the data reported in ref. [29]), the peak is assignable to the
Ni?*/Ni** redox reaction of surface hydroxide on the nickel electrode. The Qa value of 3
mC cm™? is similar to those for an oxidized bare nickel electrode. On the other hand, the
CV curve of Co-ns/Ni showed large currents due to Co*”** and Co*"*" redox reactions
(Fig. 6a). The Q. value was approximately 400 mC cm 2 integrated at 0.8—1.55 V vs. RHE
after 240 min of electrolysis. The quite high Q. value is due to the large amount of Co-ns
deposited on the nickel electrode. Because the degradation of metal hydroxide catalysts
is related with the repeated redox reaction to promote phase transition (e.g., B-NiOOH to
v-NiOOH [30]), B-FeOOH-nr is expected to be very stable under potential change due to

reverse current.
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As we discussed previously [16], we hypothesized that Co-ns was deposited on
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the surface of a nickel electrode by the anodic decomposition of organic groups. The
decomposed Co-ns may lose their dispersibility and forms aggregates. Contrary, only
weaker driving force was obtained for B-FeOOH-nr, containing no organic functional
groups. On the surface of the nickel electrode, NiOOH is formed by the oxidation, the
hydrogen bonding between f-FeOOH-nr and NiOOH possibly immobilizes f-FeOOH-nr
on the surface. Further covalent bonds may also be formed among those hydroxides.
Because of the weaker interparticle interactions of f-FeOOH-nr than those of Co-ns, B-
FeOOH-nr possibly formed only a thin layer on the surface of a nickel substrate.

The OER polarization curves during the repeated electrolysis are shown in the
Fig. 6b. The OER activity of the electrodes were improved along with the electrolysis for
the deposition of catalysts. The OER overpotential at 100 mA cm™ (37100) was plotted as
a function of the duration of electrolysis (#cp) (Figs. 4e and f). When B-FeOOH-nr was
used as a catalyst, low OER overpotential of 326 mV was observed at zcp = 30 min and it
was slightly decreased to 320 mV at tcp = 240 min during the repeated electrolysis (Fig.
6¢). Contrary, when Co-ns is used as a catalyst, 77100 was gradually decreased from 370
mV at tcp = 30 min to 342 mV at fcp = 240 min during the repeated electrolysis. The better
OER activity of B-FeOOH-nr/Ni was achieved in much shorter electrolysis time than Co-
ns/Ni because B-FeOOH-nr/Ni can exhibit high OER activity from very thin catalyst layer.
The final OER overpotential of B-FeOOH-nr/Ni was 22 mV lower than that of Co-ns/Ni.

3.3 Shutdown-based durability test

(1) Durability of the self-repairing catalysts

The SD-ADT was applied for B-FeOOH-nr/Ni, Co-ns/Ni, a bare nickel electrode,
and a commercial NiCoOx. The B-FeOOH-nr/Ni and Co-ns/Ni were tested in the presence
of the dispersed catalysts (denoted as B-FeOOH-nr/Ni w/ dispersion and Co-ns/Ni w/
dispersion, respectively). The B-FeOOH-nr/Ni was also tested in the absence of the
dispersed catalyst (denoted as B-FeOOH-nr/Ni w/o catalyst). The 7100 value was plotted
as a function of the ADT cycle in Fig. 7a. The bare nickel electrode showed the increase
in the #7100 value at the early stage of SD-ADT. The 7100 value reached 530 mV at the 50th
cycle and 620 mV at the 200the cycle (Fig. 7a). It is evident that the SD-ADT drastically
promotes degradation of nickel due to repeated potential changes, simulating renewable
energy. For example, it took approximately 10000 cycles to reach the 7100 value of 500
mV by rapid potential cycling (potential range: 0.5-1.8 V vs. RHE, sweep rate 500 mV
s[16].

We applied the SD-ADT method for Co-ns/Ni while CP at 800 mA cm for 60
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min was applied at every 100 ADT cycles to repair the catalyst, and found that Co-ns/Ni
exhibited stable OER activity up to 2000th cycle (Fig. 7a). Because it seemed degrading
after the 2000th cycle, we added another Co-ns (equivalent to 30 ppm in the electrolyte)
at the 2800th cycle. The OER overpotential became stable after the addition. The
degradation occurs if Co-ns is lost in the electrolyte, whereas the repairing ability is
regenerated only by adding the catalyst in the electrolyte.

B-FeOOH-nr/Ni showed very low 7100 value during 4000 cycles (Fig. 7a). No
additional B-FeOOH-nr was necessary to suppress the increase in overpotential probably
because the required amount of B-FeOOH-nr to cover the nickel electrode is much smaller
than that of Co-ns. The OER overpotential was the smallest (247 mV at 10 mA cm 2 and
285 mV at 100 mA cm2) at the 2000th cycle, which is comparable to the most active
NiFe LDHs [31]. Our previous report also showed that a NiCoOy anode degraded within
1000 ADT cycles (Fig. 7a). B-FeOOH-nr/Ni exhibited quite high durability under
potential changes.

To assess the effect of f-FeOOH-nr dispersed in the electrolyte during SD-ADT,
the SD-ADT of B-FeOOH-nt/Ni in a fresh KOH electrolyte without dispersed B-FeOOH-
nr was performed (Fig. 7a). The #5100 value increased during the 1000 ADT cycles from
380 to 528 mV, which is similar to the behavior of the NiCoOx anode. These results show
that the B-FeOOH-nr dispersed in the electrolyte is deposited to repair the f-FeOOH-nr
layer during the SD-ADT. Consequently, B-FeOOH-nr is a self-repairing catalyst which

exhibits higher OER activity and lower requirement for amount than Co-ns.
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The Q. value of the electrodes were plotted as a function of the ADT cycle (Fig.
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7b). The bare nickel electrode exhibited increase in the O, value from 6 mC cm™ at the
50th cycle to approximately 50 mC cm 2 at the 2000th cycle. This increase corresponds
to the evolution of surface oxidized layer consisting of Ni(OH),, NiOOH, and hydrous
nickel oxides with higher oxidation number together with the decrease in the OER activity
[30]. The Co-ns/Ni exhibited the highest O, value throughout the SD-ADT because of the
deposition of large amount of catalyst. The Q. value decreased after the 2000th cycle
together with the slight decrease in the OER activity. However, after the addition of
another Co-ns in the electrolyte at the 2800th cycle, the Q. value remained low. It implied
that the replacement of the Co-ns with a fresh one on the surface of the catalyst layer
possibly influenced the OER activity.

Surprisingly, B-FEOOH-nr/Ni exhibited quite small Q. (5-10 mC cm™)
throughout the 4000 cycles of SD-ADT in the presence of dispersed f-FeOOH-nr (Fig.
7b). It means that the oxidation of the nickel electrode was effectively suppressed by the
coating with B-FeOOH-nr. When the SD-ADT of B-FeOOH-nr/Ni was performed in the
fresh KOH electrolyte without dispersed B-FeOOH-nr, the Q. value increased like the
bare nickel electrode. Therefore, the repair of the B-FeOOH-nr layer is important to
suppress the corrosion of the nickel electrode. Tentatively, we hypothesized that the
porous B-FeOOH-nr layer prohibited the formation of nickel hydroxides on the surface

because there is less space on the nickel substrate.

(2) Active species of the p-FeOOH-nr/Ni electrode

The CV curves of the bare nickel electrode, B-FeOOH-nr/Ni in the presence and
absence of B-FeOOH-nr dispersed in the electrolyte at the 2000th cycle are shown in the
Fig. 7c. The peak positions of the bare nickel electrode and B-FeOOH-nr/Ni in the
presence of B-FeOOH-nr dispersed in the electrolyte are obviously different from each
other throughout the SD-ADT (Fig. 7d). The B-FeOOH-nr/Ni exhibited the redox peaks
at higher potential (anodic: 1.44 V vs. RHE, cathodic: 1.36 V vs. RHE) than those of the
bare nickel electrode (anodic: 1.41 V vs. RHE, cathodic: 1.26 V vs. RHE). Such a high-
potential peak has been observed for Ni(OH)./B-FeOOH composites [32]. The
Ni(OH)/B-FeOOH composites have been reported as highly active OER catalysts [18,
20, 32, 33]. Therefore, the high OER activity of B-FeOOH-nr/Ni is probably due to the
in-situ formation of highly active Ni(OH),/B-FeOOH composites due to the deposition of
B-FeOOH-nr and the oxidation of a small amount of nickel electrode on the surface. The
peak potential was almost constant for the bare nickel electrode, whereas those of -
FeOOH-nr/Ni was increased during the 2000 ADT cycles. These results suggest that the
gradual structural change of the active catalytic materials occur during the SD-ADT. The
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peak potentials of B-FeOOH-nr/Ni in the absence of B-FeOOH-nr dispersed in the
electrolyte showed the similar value to those of B-FeOOH-n1/Ni in the presence of f3-
FeOOH-nr dispersed in the electrolyte only at the 100th cycle. After that, it showed the
similar peak potentials to those of the bare nickel electrode. These results support that the
B-FeOOH-nr layer peeled off during the SD-ADT.

Although the high durability of B-FeOOH-nr/Ni originates from the intrinsic
stability and self-repairing behavior of B-FeOOH-nr, there are changes in the cyclic
voltammogram and OER activity. It is necessary to analyze B-FeOOH-nr and nickel
species separately. The surface appearance of f-FeOOH-nr/Ni after 4000 ADT cycles in
the presence of B-FeOOH-nr dispersed in the electrolyte was shiny silver (Fig. 5d), being
almost unchanged from the as-prepared form. On the other hand, B-FeOOH-nr/Ni after
4000 ADT cycles in the absence of f-FeOOH-nr dispersed in the electrolyte was dappled
black and brown (Fig. 5e), which is similar to that of the bare nickel electrode after 2000
ADT cycles (Fig. 5g). The surface appearance of Co-ns/Ni was brown and dappled (Fig.
51), indicating the retainment of the catalyst layer. The FE-SEM image of B-FeOOH-nr/Ni
after 4000 ADT cycles showed fibrous B-FeOOH-nr (Fig. 5b). The fibrous morphology
indicates the retainment of the crystal structure. The surface of the nickel electrode was
not observed because of the increased thickness of the f-FeOOH-nr coating (see also Fig.
S3 for low magnification images.). The Fe/Ni molar ratio of f-FeOOH-nr/Ni measured
by SEM—EDX increased from 0.014 to 0.053 during the 4000 ADT cycles, implying that
the deposited amount of B-FeOOH-nr is around 7.6 pgre-cm 2. The value is approximately
four times higher than that before SD-ADT, and it is consistent with the change in the FE-
SEM images. The increase in the amount of deposited B-FeOOH-nr corresponds to an
excessive repair of f-FeOOH-nr layer during SD-ADT. It should be noted that the value
is still quite low, compared with the thicker catalyst layer of Co-ns. Therefore, the
structure and layer thickness of B-FeOOH-nr is basically unchanged during the SD-ADT.

The current density at 1.52 V vs. RHE (i1.52) was plotted as a function of the
charge of anodic redox peak (Q.) due to nickel species (Figs. 8a and b). The i1.52/Qa ratio
is virtually proportional to the OER activity of electrochemically active nickel species
(i.e., turnover frequency of OER). The i1.52/Qa ratio is constant if the change in the
catalytic activity is not due to the change in the chemical nature of the active site but due
to the change in the number of active sites. There are several linear regions with different
slopes. The change in the slope of linear regions should be related to the qualitative
change in the catalytically active sites. Thus, we take the slope of each line as an indicator
of the OER activity of active site.

The plots are divided into five regions, (i) catalyst formation step from 30 to 240
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min of the electrolysis, (ii) initial steps of SD-ADT from the 100th to the 300th cycles,
(ii1) middle activating steps of SD-ADT from the 1000th to the 2000th cycles, (iv) middle
declining steps of SD-ADT from the 2000th to the 3000th cycles, and (v) final steps of
SD-ADT with relatively small changes in activity. The slopes of the regions (i), (ii), (iii),
(iv), and (v) are 12, 7,26, 15, and 26 A Ccai !, respectively, indicating that the OER activity
of active sites changed during the SD-ADT. The redox peaks in the CV curves provide
the information on the state of the active sites. Two anodic peaks appeared at 1.33 and
1.40 V vs. RHE in the region (i) (Fig. 8c). The potential of the latter one is similar to that
of surface hydroxides of the bare nickel electrode (1.41 V vs. RHE). The peaks shifted to
1.41 (weak) and 1.43 (strong) V vs. RHE in the region (ii) (Fig. 8d), implying the
formation of Ni(OH),/B-FeOOH-nr composites. The peak was further shifted to 1.45 V
vs. RHE before the region (iii) (Fig. 8¢) and the potential of the peak was almost
unchanged in the regions (iii)—(v) (Figs. 8f and g). Therefore, the active nickel species are
formed until the 1000th cycle and the change in the activity is mainly due to the change

in the number of active sites after the 1000th cycle.
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The excessive corrosion of the nickel electrode is suppressed by the deposition
of B-FeOOH-nr and the protective ability is maintained due to the high stability of B-
FeOOH-nr. The activity of f-FeOOH-nr/Ni is mainly governed by the active nickel
species formed by the partial anodic oxidation of the nickel electrode. The active nickel
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species, such as Ni(OH)., is simultaneously combined with f-FeOOH-nr to enhance the
OER activity. Therefore, the B-FeOOH-nr and nickel species act as protecting and active

materials, respectively.

4. Conclusion

In conclusion, purely inorganic B-FeOOH-nr was found to be useful as a self-
repairing anode catalyst for alkaline water electrolysis powered by fluctuating renewable
energy. B-FeOOH-nr formed thin layer to protect the nickel substrate from corrosion. The
SD-ADT of the nickel electrode coated with f-FeOOH-nr in the presence of B-FeOOH-
nr dispersed in the electrolyte showed quite high durability due to self-repair of the -
FeOOH-nr layer. The OER activity is probably governed by the active nickel species,
combined with B-FeOOH-nr. The composite electrode exhibits not only self-repairing
ability under frequent shutdown but also high OER activity. B-FeOOH-nr/Ni is useful for
alkaline water electrolysis because of its low cost, abundant resource in nature, and high

activity and durability.
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