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Developing efficient and stable oxygen evolution reaction (OER) catalysts that can work well at high current
densities for seawater electrolysis is desirable but remains a significant challenge. Here a novel and scalable
strategy is developed to synthesize partially amorphous boron-modified cobalt iron layered double hydroxides
(B-Co2Fe LDH). Benefiting from enhanced electronic kinetics and abundant active sites, this hierarchical
nanosheet-nanoflake-structured B-Co2Fe LDH catalyst shows superb OER catalytic activity, requiring over
potentials of 205 and 246 mV to drive current densities of 10 and 100 mA cm− 2, respectively, in 1 M KOH, along
with a small Tafel slope of 39.2 mV dec− 1. Its partial amorphousness feature leads to enhanced stability and
corrosion resistance, which help the B-Co2Fe LDH catalyst to work well in the critical seawater condition. It
requires overpotentials of 310 and 376 mV to drive current densities of 100 and 500 mA cm− 2, respectively, in 1
M KOH seawater and can work continuously for 100 h without producing any hypochlorite. This work can enable
the development of LDH catalysts for highly selective seawater oxidation using a general approach.

1. Introduction
Water electrolysis to produce high caloric hydrogen is a sustainable
and environmentally friendly energy-conversion technology that can be
used to decrease the excessive consumption of fossil fuels [1,2]. In
general, water electrolysis comprises two redox reactions: the cathodic
hydrogen evolution reaction (HER) and the anodic oxygen evolution
reaction (OER), of which OER is kinetically slower and controls the
overall efficiency [3–5]. To make overall water electrolysis more
energy-efficient and cost-effective, catalytically active OER catalysts
with long-term stability are in significant demand. On the other hand,
most current electrocatalytic research focuses on the splitting of fresh
water, which is a scarce resource in many regions around the world [6,
7]. Seawater, representing more than 96% of Earth’s total water re
serves, is an unlimited resource and has great potential for hydrogen
generation [8,9]. It is also easier to combine seawater electrolysis with
the sustainable electricity-generation technologies (such as wave, solar,
and wind) employed in the coastal zones [10,11]. Moreover, the con
sumption of H2 and O2 gas produced by seawater electrolysis can

produce safe drinking water, which is very meaningful for the coastal
arid areas [8,12,13]. Compared with freshwater electrolysis, seawater
electrolysis is more challenging due to the existence of chloride anions
(Cl-, ~ 0.5 M), which will compete with OER and form hypochlorite
(ClO-) at high oxidation potential [6]. Compared with acid or neutral
electrolytes, an alkaline electrolyte can provide a larger overpotential
(η) limit for selective OER. Under an alkaline condition (pH > 7.5), the
theoretical voltage for hypochlorite formation in seawater (Cl- + 2OH =
ClO- + H2O + 2e-) is around 480 mV higher than that of OER [6,7]. That
is to say, an OER catalyst must work at an overpotential lower than 480
mV for 100% seawater oxidation. Other critical issues in seawater
electrolysis are chloride corrosion and the presence of insoluble pre
cipitations [any of Ca(OH)2/Mg(OH)2, dust, or microbes], both of which
will result in the corrosion or poisoning of the catalyst and the decay of
its catalytic performance [10,12,13].
Among all of the catalysts studied for alkaline freshwater oxidation,
layered double hydroxides (LDHs) are the most promising due to their
high intrinsic OER activity and tunable chemical composition feature
[14,15]. Ni-Fe LDH was reported as an advanced OER catalyst by Gong
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et al. in 2013 and tremendous bi- and trimetallic LDHs, as well as their
compositions, have been explored and demonstrated to be efficient OER
catalysts [4,16–26]. However, LDH-based catalysts still suffer from de
ficiencies like poor electronic conductivity and limited active sites,
which need further enhancement for their application in industrial
hydrogen production [25,27]. Constructing self-supported LDH-based
catalysts on conductive substrates like nickel foam [4,17,23], copper
foam [18,21], and carbon cloth [22] is an effective way to enhance their
conductivity and stability but is still not adequate. Another issue is that
hydrothermal reaction, the most used synthesis method for LDH-based
catalysts, commonly requires strict reaction conditions (maintenance
at temperatures above the boiling point of water for 6–12 h in a sealed
container) that are not suitable for scaling up and always lead to a
nanosheet structure [15]. An easily scalable synthesis method, as well as
a novel structure that can rivet and expose more active sites to enhance
the catalytic activity should be explored to promote the potential
practical application of the LDH catalysts. Very recently, amorphous
catalysts have been greeted with great enthusiasm due to their structural
and chemical advantages [28–31]. Normally, amorphous catalysts
possess a large number of percolation pathways and a fast ion-diffusion
feature due to their structure disorder and relatively loose packing of
atoms [28,32–36]. Among various amorphous catalysts, boron-based
ones such as Co2B [29], Fe-Ni-P-B-O [30], Gd-CoB@Au [37], and
Cr1–xMoxB2 [38] have recently been synthesized and shown to exhibit
high catalytic activity [39–42].
Considering the features of LDH- and amorphous boron-based cata
lysts, amorphous boron-modified LDH materials might be promising
catalysts for seawater electrolysis, although relevant studies remain

quite limited [6,10,43]. Here, for the first time, we synthesized partially
amorphous boron-modified cobalt iron layered double hydroxides
(denoted as B-Co2Fe LDH) using a two-step water bath
reaction-chemical reduction approach in an open beaker at low tem
perature. A unique hierarchical nanosheet-nanoflake structure was ob
tained by tuning the Co/Fe ratio in the reactants and the partial
amorphousness feature was then achieved by the boron modification.
The catalyst’s open and hierarchical architecture, along with the partial
amorphousness feature, allows for abundant active sites, enhanced
electronic kinetics, and high corrosion resistance. Typically, it requires
overpotentials of only 205 and 246 mV to drive current densities of 10
and 100 mA cm− 2, respectively, in 1 M KOH and it exhibits a small Tafel
slope of 39.2 mV dec− 1, which place it among the best self-supported
OER catalysts reported thus far. As for seawater oxidation, it requires
overpotentials of 310 and 376 mV to drive current densities of 100 and
500 mA cm− 2, respectively, in 1 M KOH seawater and can work
continuously for 100 h without producing any hypochlorite. in situ and
ex situ Raman tests and post-OER analysis were applied to reveal its
transformation during OER. Long-term immersion and corrosion testing,
as well as chronopotentiometric measurements, were applied to prove
its corrosion resistance and catalytic durability.
2. Results and discussion
As illustrated in Fig. 1a, a two-step water bath reaction-chemical
reduction procedure was applied to synthesize partially amorphous BCo2Fe LDH. Here, commercial nickel foam (NF) was employed as the
substrate due to its three-dimensional structure, high conductivity, and

Fig. 1. (a) Schematic illustration of the formation of partially amorphous B-Co2Fe LDH via a two-step water bath reaction-chemical reduction procedure. (b-c) SEM,
(f) TEM, and (g) HRTEM images of the Co2Fe LDH precursor. Inset to (f): SAED pattern. (d-e) SEM, (h) TEM, and (i) HRTEM images of partially amorphous B-Co2Fe
LDH. Inset to (h): SAED pattern. (j) TEM image of partially amorphous B-Co2Fe LDH and the corresponding EDX element mapping for (k) Co, (l) Fe, (m) B, and (n) O.
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low cost [44]. Scanning electron microscopy (SEM) images show that
the structure of the CoxFey LDH(x/y = 3/1, 2/1, 1/1, and 1/2) pre
cursors could be tuned from nanorods (Co3Fe LDH in Fig. S1, Supporting
Information) to nanosheets with numerous nanoflakes attached on the
surface (Co2Fe LDH in Figs. S2 and 1b–c, and CoFe LDH in Fig. S3) and
finally transformed to dense nanosheets stacked together (CoFe2 LDH in
Fig. S4) by adjusting the Co/Fe ratio in the initial reactants. Meanwhile,
Co(OH)2 (Fig. S5) and Fe6(OH)12CO3.2 H2O (Fe CH) (Fig. S6) precursors
exhibit nanoflake and nanosheet structures, respectively. The Co2Fe
LDH precursor, which has a hierarchical nanosheet-nanoflake archi
tecture and superior OER catalytic activity compared with others
(Fig. S7), was then selected to prepare the partially amorphous
boron-modified Co2Fe LDH catalyst.
In the subsequent chemical reduction step, a series of B-Co2Fe LDH-Z
(Z = 0.25, 0.5, 1, and 2) samples were obtained by soaking Co2Fe LDH
precursors in 0.25, 0.5, 1, and 2 M NaBH4 solution, respectively, at room
temperature for 1 h. The H-, which originates from NaBH4 and exhibits
strong reducing ability, can act as an oxygen scavenger to create oxygen
defects and modify the crystallinity of the precursor [32,45]. As shown
in Fig. S8-11 and Fig. 1d–e, these B-Co2Fe LDH samples share a thinner
nanosheet and more porous nanoflake structure compared with the
Co2Fe LDH precursor. Such hierarchical structure can dramatically
enhance the surface area to disperse and expose more active sites for
water electrolysis compared with the pure nanosheet structure [15,25].
The SEM images of B-Co(OH)2 and B-Fe CH shown in Fig. S12-13,
respectively, also confirm that their structures could be slightly tuned
through modification by the NaBH4 solution. Among all of these B-Co2Fe
LDH-Z samples, the one modified by 0.5 M NaBH4 solution was found to
exhibit the best OER activity (Fig. S14) and was selected as the repre
sentative sample, specifically denoted as B-Co2Fe LDH in the following
discussion. This self-supported B-Co2Fe LDH catalyst exhibits a

hydrophilic feature, as demonstrated in Video S1, showing a sharp
contrast with the pristine NF, which exhibits a hydrophobic feature.
Recent studies have confirmed that a hydrophilic surface feature is
generally helpful for fast electrolyte diffusion and easier gas bubble
release during water electrolysis [12,46,47].
doi:10.1016/j.nanoen.2021.105838
Transmission electron microscopy (TEM) analysis was then per
formed to characterize the structures in detail. As shown in Fig. 1f, a
slice of almost transparent Co2Fe LDH precursor nanosheet with
numerous nanoflakes on its edges can be clearly observed. The inter
planar spacings in the high-resolution TEM (HRTEM) image in Fig. 1g
were measured to be 0.38 and 0.23 nm, corresponding to the (006) and
(015) planes of Co2Fe LDH, respectively. Additionally, the discrete dots
in the selected area electron diffraction (SAED) pattern shown in the
inset to Fig. 1f reveal the characteristic (015) and (110) facets of Co2Fe
LDH. The clear space fringes along with the sharp discrete dots indicate
that the Co2Fe LDH precursor has a crystalline structure. On the other
hand, the TEM image of B-Co2Fe LDH in Fig. 1h shows a more porous
structure and the detailed HRTEM image in Fig. 1i indicates that parts of
the sample are amorphous (marked by yellow ellipses), which is further
confirmed by the broad rings, normally recognized as the intrinsic
characteristic of an amorphous material [30,48], in the SAED pattern
shown in the inset to Fig. 1h. The uniform modification of boron inside a
single B-Co2Fe LDH nanosheet (Fig. 1j) is illustrated by the
energy-dispersive X-ray spectrometry (EDX) mapping images in
Fig. 1k–n.
The exact phase compositions and crystal structures of these samples
were detected by X-ray diffraction (XRD). The resulting curve for the
Co2Fe LDH precursor in Fig. 2a corresponds well to cobalt iron car
bonate hydroxide (JCPDS#50–0235), showing that the LDH material
can be successfully synthesized by this low-temperature water-bath

Fig. 2. (a) XRD patterns of the Co2Fe LDH precursor and B-Co2Fe LDH along with the standard PDF cards for cobalt iron carbonate hydroxide (JCPDS#50–0235) and
Ni (JCPDS#04–0850). High-resolution XPS spectra of (b) Co, (c) Fe, (d) B, and (e) O for the as-prepared catalysts. (f) EPR spectra of Co2Fe LDH and B-Co2Fe
LDH catalysts.
3

L. Wu et al.

Nano Energy 83 (2021) 105838

reaction. Compared with that of the Co2Fe LDH precursor, the lower
intensity and broader half-width of the main diffraction peaks in the BCo2Fe LDH curve indicates that the modification by boron can decrease
the crystallinity [31,37,49]. This phenomenon can also be observed in
the XRD patterns of B-Co(OH)2 and B-Fe CH samples (Fig. S15a–b,
respectively), in which the intensity of the main peaks for the
boron-modified samples is lower than that for the initial precursors. A
similar phenomenon, that the NaBH4 solution can lower the crystallinity
of the material being modified or even transform it to completely
amorphous, has been previously reported [31,32,37,43,49]. To inves
tigate the change of the valence states before and after the
boron-modification, X-ray photoelectron spectroscopy (XPS) was con
ducted. As shown in Fig. 2b, in addition to a pair of satellite peaks, the
high-resolution XPS spectra of Co 2p for the Co2Fe LDH precursor can be
deconvolved to a Co2+ 2p3/2 peak at 781.3 eV and a Co2+ 2p1/2 peak at
796.7 eV [26]. An additional peak for Co-B at 778.0 eV can be observed
in both B-Co2Fe LDH and B-Co(OH)2, suggesting that the modification
by boron could lead to the formation of a Co-B bond [29]. Similarly, a
peak for Fe-B at 707.4 eV can be observed in the high-resolution XPS
spectra of Fe for both the B-Co2Fe LDH and B-Fe CH samples, in addition
to the regular Fe3+ 2p3/2 and 2p1/2 peaks (Fig. 2c). Both Co and Fe were
positively shifted to higher oxidation states by the boron modification.
As for the XPS spectra of B (Fig. 2d), in addition to the huge oxidation
peak for B-O at 192.0 eV, peaks for B-Co at 188.1 eV and B-Fe at
187.9 eV can be found in B-Co2Fe LDH [49]. These XPS results prove
that the NaBH4 solution can not only tune the structure and phase of
Co2Fe LDH, but can also react with it to form metallic boride [30]. As for
the XPS spectra of O in Fig. 2e, the peaks located at 529.3, 531.1, and
532.8 eV are assigned to oxygen-metal (O-M), hydroxide (O-H), and
chemisorbed water on the surface (H2O), respectively [22,33]. Addi
tionally, an extra peak for O-B located at 533 eV can be found for each of
the boron-modified catalysts. The asymmetric nature of the high energy
hydroxide bond (O-H) in the XPS spectrum indicates the presence of
oxygen vacancies, so the relative peak area ratio of O-H/O-M can be
used to roughly assess the amount of oxygen defects [33,50,51]. Fig. 2e

clearly shows that the ratio of O-H/O-M in the B-Co2Fe LDH is higher
than that of the pristine Co2Fe LDH precursor, confirming relatively
more oxygen defects. Additionally, the stronger magnetic signal at
around 3514 G for the B-Co2Fe LDH catalyst, determined by electron
paramagnetic resonance (EPR) spectroscopy (Fig. 2f) indicates a higher
concentration of unpaired electrons, which generally results from oxy
gen defects [32,52]. Thus, both XPS and EPR data prove that more ox
ygen defects were created by boron modification.
The OER activity of these catalysts was evaluated in three types of
electrolytes (1 M KOH, 1 M KOH + 0.5 M NaCl, and 1 M KOH seawater),
respectively. To avoid the oxidation peak and precisely measure the
overpotential at small current density, all polarization curves for these
catalysts were collected from high to low potential with a scan rate of
2 mV s− 1. As shown in Fig. 3a, the optimal partially amorphous B-Co2Fe
LDH catalyst requires overpotentials of only 205, 246, 289, and 309 mV
to attain current densities of 10, 100, 500, and 1000 mA cm− 2, respec
tively, in 1 M KOH, superior to that of boron-modified single-metallic
hydroxide catalysts [B-Co(OH)2 and B-Fe CH], the pristine bimetallic
LDH catalyst (Co2Fe LDH), and the benchmark noble-metal-based
catalyst (IrO2). The catalytic performance of the B-Co2Fe LDH catalyst
in 1 M KOH is also directly verified by Video S2, in which vigorous O2
bubbles release from the surface instantly and no peeled-off catalyst can
be observed, demonstrating excellent structure stability at high current
densities. The Tafel slope value of partially amorphous B-Co2Fe LDH is
only 39.2 mV dec− 1 (Fig. 3b), which is the lowest among all of these
catalysts and indicates a higher transfer coefficient and enhanced elec
trocatalytic kinetics. Such low overpotentials (η10 = 205 mV and η100
= 246 mV, where η10 and η100 are the overpotentials required to achieve
current densities of 10 and 100 mA cm− 2, respectively) together with a
small Tafel slope (39.2 mV dec− 1) place the B-Co2Fe LDH catalyst
among the best documented self-supported catalysts reported thus far
(Table S1). The modification by boron can significantly enhance the
conductivity of these catalysts as revealed by the electrochemical
impedance spectroscopy (EIS) analysis in Fig. 3c. Based on the equiva
lent circuit (inset, Fig. 3c), the charge-transfer resistance (Rct) values of

Fig. 3. (a) OER polarization curves of B-Co(OH)2, B-Fe CH, Co2Fe LDH, B-Co2Fe LDH, and IrO2 catalysts in 1 M KOH electrolyte. (b) Tafel plots derived from the
polarization curves in (a). (c) Nyquist plots, (d) ECSA, and (e) ECSA-normalized OER activity of these catalysts. (f) TOF curves of the B-Co(OH)2, B-Fe CH, Co2Fe LDH,
and B-Co2Fe LDH catalysts.
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partially amorphous B-Co2Fe LDH, B-Co(OH)2, and B-‒Fe CH were
measured to be ~ 1.3, ~ 3.0, and ~1.9 Ω, respectively, much smaller
than those of the Co2Fe LDH precursor (~ 11.7 Ω) and IrO2 (~ 16.4 Ω).
Such an enhancement of conductivity for these boron-modified catalysts
should be attributed to the morphology tuning and the formation of
conductive metallic boride on their surfaces. The electrochemically
active surface area (ECSA) of each catalyst, which is proportional to its
double-layer capacitance (Cdl) shown in Fig. S16, can be used to eval
uate the catalyst’s intrinsic surface-area activity. As shown in Fig. 3d,
the ECSA of B-Co2Fe LDH (202.5 cm− 2ECSA) is larger than that of the
Co2Fe LDH precursor (140 cm− 2ECSA), which is due to the greater
number of oxygen defects and the partial amorphousness feature created
through the modification by boron. We further normalized current
density by the ECSA (Fig. 3e) and the partially amorphous B-Co2Fe LDH
catalyst still exhibited the best OER activity, indicating its highest
intrinsic catalytic activity among these catalysts. Furthermore, the
turnover frequency (TOF) value of the B-Co2Fe LDH catalyst at the po
tential of 1.50 V vs. RHE (η = 270 mV) is calculated to be 0.065 s− 1
(Fig. 3f), which is much higher than that of B-Co(OH)2 (0.0089 s− 1), BFe CH (0.026 s− 1), and the pristine Co2Fe LDH precursor (0.023 s− 1),
indicating its highest instantaneous efficiency for OER.
doi:10.1016/j.nanoen.2021.105838
As mentioned above, the most critical challenge for alkaline seawater

electrolysis is the formation of hypochlorite, which will compete with
OER and severely lower the efficiency of seawater oxidation. This BCo2Fe LDH catalyst requires an overpotential of 309 mV to drive a large
current density of 1000 mA cm− 2 in 1 M KOH, much lower than the
maximum theoretical value of ~ 480 mV for avoiding the formation of
hypochlorite. Its corrosion resistance performance in natural seawater
was first roughly evaluated using long-term immersion testing. As
shown in Fig. S17, no obvious corrosion pitting or structural collapse can
be found at different magnification levels after immersion in natural
seawater for 28 days, indicating excellent structure stability. We then
conducted corrosion testing of Co2Fe LDH and B-Co2Fe LDH catalysts in
natural seawater, and the corresponding data are displayed in Fig. S18
and Fig. 4a. The corrosion current density of B-Co2Fe LDH is merely
1.38 μA cm− 2, which is around half of that of Co2Fe LDH (2.4 μA cm− 2),
showing its higher corrosion resistance after boron modification. The
excellent structure stability and the high corrosion resistance indicate
that this partially amorphous B-Co2Fe LDH has a high probability to be a
stable catalyst for seawater oxidation. We then measured the OER ac
tivity of all of these as-prepared catalysts in both alkaline saline (1 M
KOH in 0.5 M NaCl water, simulated seawater electrolyte) and alkaline
seawater (1 M KOH seawater). As shown in Fig. S19a, all five catalysts
show a slight decline in OER activity when tested in alkaline saline water
than in pure water due to the blockage of active sites by the Cl-. This

Fig. 4. (a) Corrosion potentials (red) and corrosion current densities (purple) of Co2Fe LDH and B-Co2Fe LDH catalysts in natural seawater. (b) OER polarization
curves of the B-Co(OH)2, B-Fe CH, Co2Fe LDH, B-Co2Fe LDH, and IrO2 catalysts in 1 M KOH seawater electrolyte. (c) Measured (dots) and theoretical (solid lines)
gaseous products from B-Co2Fe LDH at a current density of 500 mA cm− 2 in 1 M KOH seawater. (d) in situ Raman spectra of B-Co2Fe LDH running from 1.2 to 1.65 V
(V vs. RHE) in 1 M KOH seawater. (e) ex situ Raman spectra of B-Co2Fe LDH before and after 100 CV scans in 1 M KOH seawater in the air. (f) OER polarization curves
of B-Co2Fe LDH before and after 2000 CV scans in 1 M KOH and 1 M KOH seawater. Chronopotentiometric curves of B-Co2Fe LDH at constant current densities of 100
and 500 mA cm− 2 in (g) 1 M KOH and (h) 1 M KOH seawater electrolytes.
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decline was greatly increased when the catalysts were tested under the
actual seawater condition (Fig. 4b), which has a much more complicated
composition, such as including alkaline metal cations (Ca2+, Mg2+, Na+,
K+) chloride ions (Cl-), sulfate ions (SO4−
2 ), and insoluble precipitates.
Specifically, the B-Co2Fe LDH catalyst requires overpotentials of 245,
310, 376, and 415 mV to drive current densities of 10, 100, 500, and
1000 mA cm− 2, respectively, in 1 M KOH seawater. The Tafel slope
values of these catalysts in different electrolytes shown in Fig. S19b–d
also indicate that their catalytic kinetics and transfer coefficient values
are slightly and severely lowered in saline and natural seawater,
respectively. The catalytic performance of the B-Co2Fe LDH catalyst in
1 M KOH seawater is verified by Video S3, in which this catalyst is
observed to work effectively to produce oxygen gas at low and high
current densities in the turbid electrolyte. Even though the Co2Fe LDH
precursor shows the second-best OER activity among these catalysts in
1 M KOH (Fig. 3a), its performance declined more heavily than that of
the boron-modified ones when tested in alkaline seawater (Fig. 4b). This
proves that the modification by boron, which can enhance a catalyst’s
conductivity and enlarge its ECSA, contributes significantly to main
taining catalytic activity in the critical seawater electrolyte. The faradaic
efficiency of B-Co2Fe LDH was measured by a gas chromatography (GC)
test performed at a current density of 500 mA cm− 2 in 1 M KOH
seawater to identify whether this catalyst can work efficiently for
seawater oxidation. As shown in Fig. 4c, the amount of measured O2 gas
matches well with the theoretical values, showing a faradaic efficiency
higher than 97.5%. in situ Raman testing was then performed to reveal
the transformation of this catalyst during OER. As shown in Fig. 4d, the
peaks corresponding to the -LDH system (at around 431 and 508 cm− 1)
gradually changed to the -‒OOH system (at around 459 and 531 cm− 1)
while the peaks corresponding to the B‒O bond (at around 263 and
708 cm− 1) gradually disappeared with the application of higher oxida
tion potential [53–55]. ex situ Raman spectra of the catalyst displayed in
Fig. 4e show more obvious -OOH peaks without the interference of the
electrolyte liquid and the O2 bubbles. These results indicate that the
gradually formed Co-/Fe- (oxy)hydroxide, which have the optimized
adsorption/desorption ability of intermediates (O*, OH*, and OOH*)
[56], are the active sites of B-Co2Fe LDH for OER. To further explore the
catalytic activity of the partially amorphous B-Co2Fe LDH under real
conditions [56–58], CV curves without iR compensation were obtained
and are shown in Fig. S20.
doi:10.1016/j.nanoen.2021.105838
Catalytic durability is another important criterion for the practical
application of a catalyst. The almost overlapping polarization curves
before and after 2000 cyclic voltammetry CV scans in 1 M KOH (Fig. 4f)
and the well-maintained hierarchical structure after CV scanning
(Fig. S21) prove that this B-Co2Fe LDH catalyst has excellent catalytic
durability and structural stability in alkaline freshwater. When cycled in
1 M KOH seawater, the resultant polarization curve shows some decline
compared with the initial curve (Fig. 4f). SEM images of the post-cycling
catalyst (Fig. S22) show that even though some cracks and insoluble
precipitates can be observed on the macro scale, the overall hierarchical
nanosheet-nanoflake structure is maintained on the micro scale, con
firming the good chlorine corrosion resistance of the partially amor
phous B-Co2Fe LDH catalyst. Some common metal elements such as Mg
and Ca in the natural seawater can be clearly observed in the corre
sponding EDS spectrum in Fig. S22e. This result reveals that even though
some portions of the surface of this catalyst become covered by the
precipitates, the underlying or side parts of the catalyst can remain in
contact with, and react with, the electrolyte to allow the seawater
electrolysis to continue. Such a hierarchical nanosheet-nanoflake
structure feature, which provides large surface area to expose active

sites, is more important in seawater electrolysis due to the existence of
insoluble precipitates. The corresponding XPS spectra of B-Co2Fe LDH
after CV scanning (Fig. S23) show that the specific peak for B almost
disappeared, indicating that boron in this case serves more as a modifier
to the crystallinity of Co2Fe LDH than to form a metallic boride catalyst
(either Fe-B or Co-B). Both Co and Fe were oxidized to higher oxidation
states corresponding to Co-‒/Fe-‒OOH, as shown by the slight shifts in
their XPS spectra in Fig. S23a–b, respectively. The increased intensity of
the specific peak for O in Fig. S23d proves the formation of -‒OOH
during CV cycling, matching the Raman result (Fig. 4e). The wellmaintained hierarchical structure and the partially amorphous phase
feature were also confirmed by TEM and HRTEM images obtained after
CV scanning and shown in Fig. S24a–b and S24c, respectively. The
durability of the B-Co2Fe LDH catalyst was then determined by chro
nopotentiometric measurements performed at industrial-scale densities
of 100 and 500 mA cm− 2 in both 1 M KOH and 1 M KOH seawater
electrolytes. As shown in Fig. 4g, the potential fluctuations at current
densities of 100 and 500 mA cm− 2 over 100 h continuous testing in 1 M
KOH are only 22 and 37 mV, respectively. In 1 M KOH seawater
(Fig. 4h), this catalyst can still work over such long-term testing with
only slight increases in the potential fluctuations (46 and 65 mV for 100
and 500 mA cm− 2, respectively), showing great potential for practical
fuel gas production from natural seawater at industrial-scale current
densities. The poorer catalytic activity in seawater is mainly due to
obstruction of active sites by chlorine ions and surface poisoning by
insoluble precipitates, which has also been discussed in previous studies
[6–8,10]. Additionally, the possible existence of hypochlorite products
in the 1 M KOH seawater electrolyte after long-term stability testing was
determined using a colorimetric reagent. As shown in Fig. S25, there is
no color change in the reagent, indicating that no hypochlorite was
formed during OER stability testing, which matches well with the GC
test result shown in Fig. 4c.
A tremendous amount of research on LDH-based catalysts has been
reported in the last few years, most of which has focused on doping or
coupling with other compounds to enhance the catalytic performance,
while structure modeling and crystallinity tuning have been less studied.
Here, to overcome the drawbacks of LDH catalysts, such as poor con
ductivity and limited active sites, a novel and scalable strategy was
developed to synthesize partially amorphous B-Co2Fe LDH with a hier
archical nanosheet-nanoflake structure. First, the direct growth of the BCo2Fe LDH catalyst on conductive NF can enhance the transportation of
electrons and stabilize the structure, while the hierarchical structure can
provide a large surface area to rivet and disperse the active sites [59,60].
The self-supported and hydrophilic characteristics of the B-Co2Fe LDH
catalyst can provide adequate space for the diffusion of the electrolyte
and accelerate the release of the bubbles, ensuring superior OER cata
lytic activity and long-term stability at high current density [12,46,47,
59]. Second, in the modification step, NaBH4 serves as both the boron
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3. Conclusions
We have successfully synthesized a partially amorphous B-Co2Fe
LDH catalyst using a two-step water bath reaction-chemical reduction
approach. Its hierarchical nanosheet-nanoflake structure, along with its
hydrophilic feature, help it possess abundant active sites and accelerated
bubble-release ability, producing favorable synergistic effects for
seawater electrolysis. It also has higher intrinsic catalytic kinetics, a
larger ECSA, and an improved TOF, as compared with the Co2Fe LDH
precursor, resulting from the modification by boron. in situ Raman
testing and post-OER analysis were applied to reveal its chemical and
physical transformation during OER. Therefore, our work not only in
troduces and analyzes an OER catalyst for highly selective and stable
seawater oxidation, but also provides a novel approach toward the
fabrication of partially amorphous boron-modified LDH-based catalysts.
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