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Synergistic effect
Oxygen evolution
Overall water splitting
Cost estimate

at high current density (0.5-1.0 A cm?) as compared to the state-of the art RuO,/NF(+)||Pt
—C/NF(-) system, far better than most of the previously reported catalysts. The cost ana-
lyst revealed that using FeOOH—NiOOH/NF catalyst as both electrodes could potentially
reduce the price of H, around 7% compared with traditional industrial electrolyzers. These

excellent electrocatalytic properties can be attributed to the unique urchin-like structure
and the synergy between Ni and Fe species, which can not only provide more active sites
and accelerate electron transfer, but also promote electrolyte transport and gas emission.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

To produce H, through electrochemical water splitting as a
most effective approach is heavily dependent on developing
cost-effective catalysts that are easy to prepare, and rival the
noble metal-based catalysts [1]. This process involves
extending the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER) catalysts. Over the years,
three main research directions have been merged in this field
[2], namely active sites well-defined molecule catalyst tuned
through functional ligands [3], traditional highly active but
robust crystalline catalysts [4], and newly emerged versatile
amorphous catalysts that surpasses both molecule and crys-
talline catalysts in many aspects [5]. The advantages of the
amorphous catalysts are coming from their ability to endow-
ing particular phase and oxidation changes that facilitate
breaking and formation of new bonds thereof lower the acti-
vation energy. However, most of the highly active amorphous
catalysts are based on either phosphate or sulfite materials
that are not stable especially as OER catalysts [6]. Therefore,
the metal oxide-based catalysts such as nickel-iron (hydr)
oxide, cobalt iron bimetallic hydroxide, and nickel-cobalt
compound are studied extensively. It is owing to their stabil-
ity and the unique synergy between two different metals [7].
Specially, the Fe impurity in NiOOH generates detrimental
effects on Ni-based alkaline electrodes by greatly lowering the
OER over potential [8,9]. However, various attempts to un-
derstand the working mechanism of NiFe-based electro-cat-
alysts have been conducted by different surface techniques
[10,11] and density functional theory (DFT) calculations [12]. A
widely accepted convincing, and congruous theory has yet to
emerge due to the complexity of the problem [2].

However, those types of materials suffer from poor elec-
tronic conductivity that limits the practical application. As a
result, many researchers put forward their effort on coupling
catalysts with three-dimensional (3D) conductive supports to
dramatically improve electrochemical performance, like as
carbon cloth [13], nickel foam [14], graphene framework [15],
and so on. Lina Liu et al. successfully synthetized efficient
electrocatalyst to achieve overall water splitting through
FeNisN nanoparticles anchored on N-doped graphene [16].
Moreover, designing a bifunctional feature to this kind of
catalyst not only reduces the catalyst cost but also increases
the catalyst stability over higher voltage range [14,17]. Besides,
the catalyst can easily be regenerated in-situ by bias-switching
[18]. Despite the enormous progress in this field, there are only

a few reports on high current density operation. For example,
Feng Yan and co-workers fabricated a 3D NiFeOOH/CFC
catalyst using in-situ electrochemical activations. The elec-
trocatalyst has an excellent OER performance below
350 mA cm ™2 There was no report on the catalytic perfor-
mance at high current density (>500 mA cm2) and overall
water splitting applications [19]. Most importantly, none of the
paper has discussed the industrial significance of the findings
regarding its effect on the final price of H, generated through
an industrial Electrolyzer. Based on the above considerations,
we designed and prepared a low cost, high efficiency, and
durable bifunctional catalyst that can be used at the high
current density. Moreover, the cost of H, using this catalyst on
an industrial scale is discussed.

In this work, the FeFOOH—NiOOH/NF catalyst with highly
conductive and exceptional activity is synthesized by a simple
soaking method, which possesses bifunctional activity to-
wards the OER and HER in alkaline solution. The
FeOOH—NiOOH/NF can be directly utilized as an anode to
deliver a high current density of 500 mA cm 2 for the OER at a
much lower over potential of 280 mV as compare to RuO,/NF.
Meanwhile, it also requires low overpotential of 480 mV to
reach the same current density using Pt—C/NF in 1.0 M KOH.
Consequently, the FeOOH—NiOOH/NF two-electrode system
steadily drives at the low cell voltages of 1.55 and 1.99 V to
achieve the current densities of 10 and 500 mA cm? in an
alkaline solution that are much smaller than these of RuO,/
NF||Pt—C/NF. To the best of our knowledge, the
FeOOH—NiOOH/NF bifunctional system showed the lowest
operation voltage reported so far. Interestingly, the system
showed superior stability at high current density as compare
to Pt—C/NF due to the integrated surface structure.

Experimental section
Synthesis of Ni(OH),/NF

Firstly, the nickel foam (NF) was cut into pieces with a size of
1cm x 3 cm. The tailored NF was ultrasonically treated in turn
by 0.5 M hydrochloric acid, deionized water, ethanol for 5 min
respectively, and then dried at room temperature for use.
Three pieces of NF were then immersed in 21 mL of a mixture
containing 8 mL NaOH (5 M), 4 mL (NH,4)S,0s (0.5 M), and 9 mL
of deionized water at room temperature. After 30 min, the
mixture was reacted with NF at 80 °C for 12 h. When cooled to
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room temperature, the resulting NF is taken out and air-dried
at 50 °C for 2 h. The Ni(OH), arrays grown directly on NF was
prepared by partial dissolution of NF. The resulting sample is
denoted as Ni(OH),/NF.

Synthesis of Fe—Ni solution precursor

In a facile synthesis, 30 mL FeCl; (0.2 M) and 1 mL SDS
(1.0 g L) were uniformly dispersed by ultrasound for 30 min.
Next, a piece of Ni(OH),/NF (1 cm x 3 cm) was immersed in the
above mixture and transformed into a Teflon-lined stainless
autoclave (50 mL) to react at 100 °C for about 12 h. After natural
cooling to room temperature, the resulting mixture was
allowed to rest for 12 h, then filtered to obtain the supernatant
for backup, while the lower powder was dried at 60 °C for 3h. It
is worth mentioning that the obtained supernatant was used
to prepare the target catalyst.

Synthesis of FFOOH—NiOOH/NF-xh

The FeOOH—NiOOH in-situ grown on NF was fabricated by a
facile immersion method. Specifically, a clean piece of NF
(1 cm x 3 cm) is placed at an angle in the prepared supernatant
at room temperature. The FeFOOH—NiOOH/NF-xh catalyst was
obtained by first soaking in the supernatant with different
times (12, 24, 36, 48 h) and then drying at 50 °C for 3 h. As a
result, the loading of catalysts is measured to be
0.53 mg cm ™2 by a precision balance.

Electrochemical measurements

Electrochemical measurements were implemented by a
VMP3B-2x2 electrochemical analyzer (CH Instruments, Inc,
France) using a standard three-electrode system with a
graphite plate as a counter electrode and saturated calomel
electrode (SCE) as a reference electrode. Simultaneously, the
catalysts loaded on NF (1 cm x 1 cm) were used as the working
electrode. The loading of FfFOOH—NiOOH catalysts on the NF is
0.53mgcm ™2, and the 1.0 mg cm 2 of commercial RuO, or Pt/C
was loaded onto NF for comparison. In a typical preparation
procedure, the RuO, or Pt/C catalysts (5.0 mg) were dispersed
in 450 uL ethanol, 450 pL distilled water, and 50 pL of 5% Nafion
solution with sonication to acquire the homogeneous catalyst
ink. Afterward, 190 pL of the ink was spread onto a piece of
pretreated NF (1 cm x 1 cm) and dried at room temperature.
Electrochemical measurements of those catalysts were
implemented in 1.0 M KOH solution. All the working elec-
trodes were firstly excited to become a stable state by cyclic
voltammetry (CV) at a scan rate of 10 mV s, including OER,
HER, and overall water splitting. The electrochemical data was
recorded, and the polarization curves were acquired using
linear sweep voltammetry (LSV) at a scan rate of 2 mV s~ .
Electrochemical impedance spectroscopy (EIS) measurements
were carried out in the frequency range of 200 kHz—0.1 Hz.
The chronopotentiometry was utilized for long-term stability
tests. The electrochemical double-layer capacitances (Ca)
were carried out by CV measurements to determine the
electrochemically active surface area (EASA) of the electrodes
in a non-Faradaic region at scan rates of 100, 120, 140, 160, 180
and 200 mV s '. As a practical application, two pieces of

FeOOH—NiOOH/NF catalysts (1 cm x 1 cm) were utilized as
anode and cathode electrodes in a two-electrode system. The
overall water splitting test was performed with a scan rate of
5 mV s~ ! in 1.0 M KOH electrolyte at room temperature. All
potentials were calibrated to RHE using the following equa-
tion: E(RHE) = E(SCE) + 1.040 V, which is consistent with the
theoretical Nernst equation (Fig. S1). All electrochemical data
are corrected against ohm potential drop by 100% iR
compensation.

Result and discussion
Synthetic strategy analysis

The fabricating process of FfFOOH—NiOOH/NF is schematically
illustrated in Scheme 1. First, the clean surface of NF is con-
verted into a filamentary nickel hydroxide layer supported by
NF in an alkaline solution by a thermal oxidation etching
process and marked as Ni(OH),/NF. During the procedure,
nickel is selectively oxidized into Ni(OH),, and then, the as-
prepared Ni(OH),/NF as a source of nickel, which was further
hydrothermally heated with FeCl; solution. During the ther-
mal treatment, a Fe—Ni hydroxyoxide-rich solution was
formed due to the continuous etching of Ni surface in the
FeCl; solution (Fig. S2) [20]. When a piece of clean NF was
immersed in the above suspension, urchin-like Ni—Fe oxy-
hydroxides were growth in-situ on the surface of NF, thereof
different types of FeOOH—NiOOH/NF-xh (x = 12, 24, 36 or 43)
materials were prepared over time (Fig. S3).

Crystallinity and microstructure analysis

The phase chemical composition and crystalline level of
FeOOH—NiOOH/NF catalysts (Fig. S4) were analyzed by X-ray
diffraction (XRD). Due to the sharp diffraction peaks of the
metallic nickel of NF, the composition of the substance on the
surface could not be detected. Hence, the scribed powder from
the NF surface was used for characterization. As shown in
Fig. 1a, the crystal structure of the catalyst shows a series of
diffraction peaks of FeOOH (JCPDS: 34-1266) [21]. It means that
there is abundant FeOOH species in the clarified solution
separating from the nickel-iron mixture. In Fig. 1b, the exis-
tence of FeOOH is further confirmed by the Raman spectrum
of FeOOH—NiOOH/NF-24 h, where two characteristic bands
appeared at 243 cm™ ' and 667 cm ™' [22—24]. In addition,
Raman spectrum also shows a main band at 381 cm ™" that can
be assigned to Fe,O3; impurity resulted from FeOOH decom-
position upon heat treatment [25].

Meanwhile, the composite displays two peaks at 474 cm™
and 554 cm™! attributing to the vibration modes of Ni—O and
Ni—OH respectively [26—28]. The both peaks were broadened
with increasing Fe contents reflecting higher degrees of the
disorder as well as the decreased crystallinity at high Fe/Ni
ratios. Since the catalyst will start to dissociate, and the OER
activity will decrease beyond a certain Fe/Ni ratio, the optimal
performance can be achieved by changing the FeCl; etching
time. The results show that the time is 24 h.

The surface morphology, nanostructure, and dispersion of
the catalysts are examined by scanning electron microscopy

1
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Scheme 1 — Schematic illustration of the synthesis process for FeFOOH—NiOOH/NF.

(SEM) and transmission electron microscopy (TEM). Fig. S5
shows the microstructure of Ni(OH),/NF precursor, where
Ni(OH), species are anchored on the surface of NF with a
vertical and interconnected sheet-like structure. After further
processing, the SEM image appears to be a unique urchin-like
structure of FFOOH—NiOOH/NF-24 h, which is constituted by
highly oriented needle-like nanosheets (Fig. 1c). Besides, the
SEM images of FeOOH—NiOOH/NF-xh materials obtained at
different soaking times are shown in Fig. S6, which indicates
crystal growth process starting from seeding (12 h), directional
growth to urchin-like structures (24—36 h), and excessive ag-
gregation (48 h). The TEM image illustrates that the thickness
of the urchin-like structured FeOOH—NiOOH/NF-24 h is ca.
3.1 nm (Fig. 1d). Besides, the TEM demonstrates two types of
clear lattice fringes, in which the lattice spacing of 0.236 nm
points to the (301) plane of FeOOH, and the lattice spacing of

O]

0.253 nm corresponds to the (101) plane of NiOOH (Fig. 1e).
Moreover, the HAADF-STEM and elemental mappings of
FeOOH—NiOOH/NF-24 h prove the uniform distribution of Ni,
Fe, and O on the surface of the composite (Fig. 1f). These re-
sults indicate that the FeOOH—-NiOOH/NF-24 h with urchin-
like structure has a larger surface area, which can provide
more active sites, contribute to electrolyte diffusion and gas

release, and thereof significantly improve OER catalytic
activity.

XPS analysis

X-ray photoelectron spectroscopy (XPS) is further used to
study the composition and chemical state of different mate-
rials. The survey spectrum (Fig. S7a) reveals the presence of C,
O, Ni and Fe in the composites, where the high-resolution C 1s

o
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Fig. 1 — - (a) XRD pattern of collected powder. (b) Raman spectrum, (c) SEM image, (d) TEM image, (e) high-resolution TEM
image, and (f) HAADF-STEM image and the corresponding elemental mappings of O, Ni and Fe from FEOOH—NiOOH/NF-24 h.
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spectrum is deconvolved into C—C (284.8 eV), C—0 (286.0 eV)
and C=0 (289.5 eV) as calibration standards (Fig. S7b) [29,30].
The M-0 (529.8 eV), O—H (531.5 eV)) and O—O (533.0 €V) are
acquired in the high-resolution O 1s spectrum (Fig. S7c),
accordance with the literature reports [31,32]. A large O—O
bond peak area indicates an oxyhydroxide rich environment
[33] and the content of high-valence NiOOH species increased
with the extension of soaking time. The peaks located at
852—870 eV correspond to Ni 2ps/,, which could be decon-
volved into four peaks with various binding energies including
NiO (853.8 eV), Ni(OH), (855.6 eV), NiOOH (857.0 eV), and two
concomitant satellites, respectively (Fig. 2a) [8,34]. Moreover,
the high-resolution Fe 2p region of FefOOH—NiOOH/NF could
be deconvolved into two significant peaks of Fe*" (709.5 eV)
and Fe®" (711.0 eV) with the satellites at ca. 714.3 eV and
714.2 eV (Fig. 2b) [35,36].

Interestingly, the Fe*'/Fe?" gradually increased with the
extension of the soaking time up to 48 h and the NiOOH film
steadily collects the Fe impurities remaining in the solution. In
general, formation of Fe—NiOOH shifts the OER onset poten-
tial to lower values due to the synergy between Fe and Ni
which results an active O radical intermediate, while cata-
lyzes the subsequent O—O coupling [37]. However, increasing
Fe content, on the other hand, causes the lattice distortion
thereof to decrease the catalyst stability. Therefore, an
optimal point where the catalyst showed highest performance
is expected upon the changing of the soaking time in the FeCl;
solution. The bulk contents of Ni and Fe species in
FeOOH—NiOOH/NF-xh, suspension and supernatant mate-
rials were determined by inductively coupled plasma spec-
trometer (ICP, Table S1) and Ni/Fe ratio was calculated
accordingly.

OER catalytic performance

The OER activities of the catalysts were evaluated by linear
sweep voltammetry (LSV) at a scan rate of 2 mV s~ ' in 1.0 M
KOH solution. All LSV polarization curves are processed by iR
compensation (Fig. S8) and RHE correction due to the effect of
ohmic resistance. For comparison, the RuO, (Aladdin Indus-
trial Corporation, loads of 1.0 mg cm~2 on NF) catalyst is used
as a control. Electrochemical impedance spectroscopy (EIS) is
utilized to investigate the dynamics of interfacial electron
transfer. As observed in Fig. S8, the FeOOH—NiOOH/NF-24 h
has a much smaller semicircle and the charge-transfer
impedance of approximately 0.84 Q, comparing to other con-
trol materials. It means that the FeOOH—NiOOH/NF-24 h
catalyst possesses a sizeable electrical conductivity as well as
charge transfer kinetics at the electrode-electrolyte interface
during the OER process [38].

Besides, the overpotential range of 0.1-0.2 V has a pair of
strong Ni*!/Ni** redox peaks from the polarization curves in
Fig. 3a [39]. Notably, the FeFOOH—NiOOH/NF-24 h catalyst ex-
hibits excellent OER activity with an overpotential of 211 mV
at the current density of 10 mA cm ™2, much lower than that of
—12 h (232 mV), —36 h (222 mV), —48 h (239 mV) and com-
mercial RuO, on NF (232 mV). Meanwhile, the FeFOOH—NiOOH/
NF-24 h catalyst also shows stable OER performance at high
current density, requiring only 222, 280, and 329 mV over-
potentials to achieve current densities of 100, 500 and
1000 mA cm? in the identical experimental setting. The re-
sults are much lower than most of the previously reported
OER catalysts and RuO, control. To further validate the prac-
tical application, the etching solution was reused up to 9
times, and no apparent changes in OER performance of the
FeOOH—-NiOOH/NF-24 h at high current densities were
observed (Fig. S9). As expected, it still outperforms most other
control catalysts and previously reported catalysts at high
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Fig. 2 — - High-resolution XPS spectra of (a) Ni 2p and (b) Fe 2p from FeEOOH—NiOOH/NF-12 h, —24 h and —48 h, respectively.
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Fig. 3 — - OER catalytic performance of different catalysts in 1.0 M KOH. (a) LSV curves with a scan rate of 2 mV s~ 2. (b)

Comparison of OER activities among the published catalysts at a current density of 500 mA cm 2. (c) Tafel slopes calculated
from LSV curves. (d) The summarized double-layer capacitance (Cq) of different catalysts. () Chronoamperometric test of
FeOOH—NiOOH/NF-24 h catalyst at 500 mA cm 2 for 40 h (Inset: 20 mA cm~2 for 200 h). (f) Multi-step chronopotentiometric
curves of FFOOH—NiOOH/NF-24 h from 100 to 1000 mA cm~2 with an increment of 100 mA cm~2 per 2 h (Inset: test photo).

current densities even after repeated use for several times
indicating high durability (Fig. 3b and Table S2) [40—42].

Fig. 3c shows the corresponding Tafel slopes. The
FeOOH—NiOOH/NF-24 h reveals a Tafel slope of 69.6 mV dec ™},
much smaller than those of —12 h (88.1 mV dec '), =36 h
(107.9mV dec™?), —48 h (88.1 mV dec %), and even smaller than
RuO;, (77.1 mV dec™?). Subsequently, the double-layer capaci-
tance (Cq) is also detected from the cyclic voltammetry (CV)
curves at the non-Faradaic region with different scan rates
(Fig. S10) [43]. As shown in Fig. 3d, the Cg of the
FeOOH—NiOOH/NF-24 h has the highest Cq of 2.13 mF cm 2
than —12 h (0.50 mF cm?) and —48 h (1.13 mF cm?). Because
electrochemical active surface area (EASA) is proportional to
Ca, the FeOOH—-NiOOH/NF-24 h catalyst with the maximum
Ca; value implies the highest EASA, consistent with the
optimal OER catalytic activity as discussed above.

Furthermore, the long-term stabilites of the
FeOOH—NiOOH/NF-24 h catalyst were tested at constant cur-
rent densities of 20, and 500 mA cm 2 in a three-electrode

system. The catalyst showed a high degree of stability under
both cases (Fig. 3e). The kinetics of electrolyte diffusion,
migration, and gas release during the electrochemical process
was evaluated using a multi-step chronopotentiometry curve
at various current densities ranging from 100 to 1000 mA cm 2
with an increment of 100 mA cm~2 per 2 h (Fig. 3f) [44]. These
results indicate that the FefOOH—NiOOH/NF-24 h catalyst has
excellent durability, which maybe attributes to its unique
urchin-like structure, good electrical conductivity owing to
the strong catalyst-support interaction. Moreover, the SEM
images and XPS analysis after the long-term stability test of
the FeOOH—NiOOH/NF-24 h (Figs. S11—13) reveal that the
catalyst remains intact to the original morphology and high
content of Ni*" and Fe®*" species meaning maintained suffi-
cient active sites. The above results further emphasize that
the 3D urchin-like FeOOH—NiOOH/NF-24 h catalyst has
excellent OER catalytic performance and stability at large
current density.
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In addition, the HER performances of FeOOH—NiOOH/NF-
xh catalysts were also studied in 1.0 M KOH at room temper-
ature. As shown in Fig. S14, the FeOOH—NiOOH/NF-12 h
catalyst only requires an overpotential of 98 mV to reach
—10 mA cm 2 (Fig. S14a), superior to all control catalysts and
most previously reported catalysts in alkaline media (Table
S3) [45—47]. The Tafel slope of FeOOH—NiOOH/NF-12 h cata-
lyst is 127 mV dec™?, which is much lower than that for —24 h
of 204 mV dec™* as well as —48 h of 239 mV dec~* (Fig. S14b). It
also indicated that the FFOOH—NiOOH/NF-12 h possesses fast
reaction kinetics and the reaction rate is controlled by Volmer
reaction at low current density [48]. Moreover, the optimal
FeOOH—NiOOH/NF-12 h catalyst exhibits much lower charge-
transfer impedance (R = 0.94 Q) than others (Fig. Sl4c),
meaning a faster electronic transferability. Besides, the long-
term durability tests show that the FeOOH—NiOOH/NF-12 h
catalyst can maintain reliable high activity for 120 h at a
current density of —10 mA cm™? (Fig. S14d). The SEM image
after the stability test is shown in Fig. S15. The results reveal
that almost no changes in the FFOOH—NiOOH/NF-12 h cata-
lyst morphology; therefore, the catalyst showed a stable per-
formance even after 120 h of stability test. The
FeOOH—NiOOH/NF-12 h exhibits excellent HER performance
but moderate OER activity.

Overall water splitting

A two-electrode electrochemical system with FFOOH—NiOOH/
NF-xh as the anode and cathode was constructed for overall
water splitting to investigate the potential industrial applica-
tion. As shown in Fig. 4a, the FeOOH—NiOOH/NF-24 h(+)|-
12 h(-) electrolyzer delivers a current density of 10mA cm 2 at
a cell voltage of 1.55 V in 1.0 M KOH solution, lower than that
of commercial RuO,/NF(+)|[Pt—C/NF(—) with cell voltage of
1.61 V. When the current densities reach 500 and
1000 mA cm 2, the optimal catalysts only require cell voltages
of 1.99 and 2.15 V respectively, which are lower than the
commercial RuO,/NF(+)|[Pt/C/NF(—) catalysts with 0.16 and
0.13 V. Notably, the outstanding overall water splitting per-
formance of our catalyst is further highlighted by comparing
to other previously reported bifunctional electrocatalysts in

alkaline media (Table S4) [49-52]. As expected, the optimal
catalyst also demonstrated excellent two-electrode water
splitting stability under high current conditions (Fig. 4b). More
importantly, there was no obvious decay after continuous
operation at 500 mA cm~2 for 100 h.

Cost estimate

The levelized cost of H, ($/kg) (LCOH) is calculated to estimate
the cost reduction of the optimized electrocatalyst at the final
price of the hydrogen produced by PEM electrolysis. The
following assumptions were applied to achieve a reasonable
estimate.

e The lifetime of the PEM Electrolyzer is 10 years.

e Return of investigating 20 years.

e The H, pressure is raging from 1 to 700 bar.

o Levelized cost of H, (LCOH) ($/kg) = Capital cost (Capex)/
capacity x lifetime + Operating cost (Opex).

e Operating cost (Opex) = standard hydrogen consumption
(kWh/Nm?) x electricity price (electricity price).

e The state of art catalyst based electrolyzer cell voltage of
1.8 V at 600 mA cm~2 and 80 °C [53].

e The cost of electricity 7 cent/kwh [54].

e The voltage reduction using FeOOH—NiOOH/NF-24 h(+)//-
12 h(-) at high current density (500—1000 mA cm?) is
0.15 V.

The cost estimation of the electrolytic system is based on
market research prices and related literature [55,56]. The cost
of the electrodes is around 8% of the total Electrolyzer’s cost,
and the industrial electrodes are stainless steel alloy consist-
ing nickel, iron, and chromium therefore there is no signifi-
cant cost-benefit by changing the electrodes to Fe—Ni based
materials [S57]. However, the main cost reduction comes from
the lowering the cell voltage at same current density. More-
over, 80% of the LCOH is dominated by electricity price. The
voltage reduction of 0.15 V using FFOOH—NiOOH/NF-24 h(+)||-
12 h(—) at 30 bar can be translated into a power reduction of 3.7
kwh according to DOE H,A Analysis meaning 0.32 $ saving for
per kg of H, at 0.07$/kwh electricity price [58].

a
1400 FeOOH-NIOOH/NF-24h(+) || 12h(-) b 4.0{ "9 FeOOH-NiOOH/NF-24h(+) |[12h()
£ 1200] RuO,/NF(+) || PUC/NF(-) 4is] e }' 3
< 1000 222vf fassv | N
£ e *
> 800 <
_d‘;n- 8, 2.5 |
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z 400, > 201099504000000999909990099
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Fig. 4 — (a) Overall water splitting of different catalysts in two-electrode system. (b) Chronopotentiometric test of
FeOOH—NiOOH/NF-24 h||-12 h catalysts at a fixed current density of 500 mA cm 2 for 100 h (Inset: test photo).
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Conclusion

In summary, a 3D urchin-like FFOOH—NiOOH/NF catalyst is
successfully fabricated by the in-situ growth of FfFOOH—NiOOH
on NF in synthetic solution. The optimal FeOOH—NiOOH/NF
showed outstanding bifunctional OER and HER properties at
high current density (500—1000 mA cm™2) as compared to the
similar catalyst reported in the literature. As a binder-free
electrode, the FeOOH—NiOOH/NF catalyst can decrease the
voltage required by 0.15 V at the high current density and
subsequently drop the price of H, by 0.32 $ for per kg of H,
generated. This unique method has shown a promising in-
dustrial prospect.
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