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A B S T R A C T   

Seawater electrolysis for hydrogen generation has received increasing attention recently due to the scarcity of 
freshwater and the additional prospect of seawater desalination. The development of non-noble-metal-based 
oxygen evolution reaction (OER) electrocatalysts with high catalytic activity, long-term durability, and high 
OER selectivity is crucial for large-scale seawater electrolysis but remains a significant challenge. Here we 
develop a three-dimensional core-shell dendritic catalyst by vertically growing NiFe layered double hydroxide 
(LDH) nanosheets on dendritic NiCo branches (denoted as NiCo@NiFe LDH). The dendritic NiCo@NiFe LDH is 
highly active and stable in alkaline seawater due to its large surface area, fast charge transfer and effective mass 
transfer, and excellent corrosion resistance. It requires only a small overpotential of 222 mV to achieve current 
densities of 100 mA cm− 2 in 1 M KOH seawater. To deliver a large current density of 500 mA cm− 2, the NiC
o@NiFe LDH catalyst requires a record-low overpotential of 266 mV. The nearly 100% OER Faradaic efficiency 
and the absence of ClO− in the electrolyte following seawater electrolysis indicate the high OER selectivity of our 
catalyst. The stability of NiCo@NiFe LDH in seawater is proven by its small overpotential fluctuation at a 
constant current density of 500 mA cm− 2 over 100 h.   

1. Introduction 

Hydrogen, due to its high energy density and the absence of pollution 
in its use, has become the most attractive renewable energy carrier 
[1–3]. One sustainable way to produce hydrogen is electrolysis of water, 
which involves two half-reactions, the cathodic hydrogen evolution re
action (HER) and the anodic oxygen evolution reaction (OER) [4,5]. 
Between these, OER is the bottleneck because of its sluggish 
four-electron transfer process [6]. In the past few years, extensive effort 
has been devoted to developing efficient OER catalysts, including 
transition-metal oxides [7], layered double hydroxides (LDHs) [8–10], 
oxyhydroxides [11], nitrides [12–14], phosphides [15,16], sulfides 

[17], and selenides [18], to improve the efficiency of freshwater elec
trolysis. However, the shortage of freshwater is an urgent issue, espe
cially for arid zones [19], while seawater is the most abundant resource 
on Earth. In addition, seawater electrolysis offers a possibility for 
seawater desalination. However, direct electrolysis of seawater faces the 
significant challenges of selectivity and stability, as discussed in recent 
representative reports [20–24]. Due to the presence of Cl− in seawater, 
the undesired chlorine evolution reaction (ClER) and hypochlorite for
mation would occur on the anode in acidic and alkaline conditions, 
respectively, and either would compete with the OER and decrease 
overall seawater-splitting efficiency [25]. In addition, the impurities in 
seawater would degrade the catalyst by blocking some active sites. Due 
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to the high corrosivity of Cl− , catalysts’ stability in seawater is also a 
major issue compared with that in freshwater electrolytes [19,26]. To 
address the aforementioned challenges, some strategies have been pro
posed [27–30]. Dionigi et al. suggested that high pH enables OER to be 
preferred rather than chloride oxidation reactions [31]. Our group 
developed three-dimensional (3D) porous structured catalysts for 
seawater electrolysis, proving that hierarchical structure accelerates 
electron and mass transport [20]. Dai et al. demonstrated that sulfate- 
and carbonate-ion co-intercalated NiFe LDH could improve corrosion 
resistance against Cl− [21,22,32,33]. Therefore, a good seawater OER 
catalyst should have the following properties: 1) be chemically stable in 
alkaline conditions; 2) have a hierarchical structure with a large surface 
area; and 3) have a protective layer with high anti-corrosion ability. 

Here we designed a 3D core-shell dendritic NiCo@NiFe LDH catalyst, 
in which NiFe LDH nanosheets were vertically grown on dendritic NiCo 
branches. The NiFe LDH outer layer serves as an OER-active and large- 
surface-area catalyst. The dendritic NiCo core not only serves as a large- 
surface-area, high-conductivity substrate, but also optimizes the 

electronic structure of the surface NiFe LDH for better catalytic perfor
mance. This NiCo@NiFe LDH was found to require extremely low 
overpotentials of 209 and 244 mV to achieve current densities of 100 
and 500 mA cm− 2, respectively, in 1 M KOH. Benefiting from its large 
surface area with sufficient active sites, the NiCo@NiFe LDH still 
required only small overpotentials of 222 and 266 mV to achieve current 
densities of 100 and 500 mA cm− 2, respectively, in alkaline natural 
seawater (1 M KOH + seawater). The catalyst also exhibited impressive 
stability in seawater over 100 h at a current density of 500 mA cm− 2, in 
which the high corrosion resistance was found to play an important role. 

2. Results and discussion 

The dendritic NiCo core was first fabricated on Ni foam (Fig. 1a-c) by 
electrodeposition (synthesis details are provided in the Experimental 
Section of the ESI), and the dendritic structure contributes additional 
porosity to commercial Ni foam (Fig. S1, ESI) [34,35]. Following a 
second electrodeposition step, abundant NiFe LDH nanosheets were 

Fig. 1. Microscopic and structural characterizations of catalysts. Scanning electron microscopy (SEM) images of (a–c) NiCo foam and (d–f) NiCo@NiFe LDH. (g and 
h) TEM images, (i) HRTEM image, and (j) SAED pattern of NiCo@NiFe LDH. (k) Raman spectra and high-resolution XPS spectra of (l) Ni 2p and (m) Fe 2p for 
NiCo@NiFe LDH and Ni@NiFe LDH. 
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homogeneously and vertically deposited on the branches of the dendritic 
NiCo foam, generating a favorable 3D core-shell nanostructure 
(Fig. 1d-f). The transmission electron microscopy (TEM) image dis
played in Fig. 1g shows the core-shell nanostructure in greater detail, 
from which it can be seen that the core and shell are 1.14 and 0.59 μm 
thick, respectively. Fig. 1h further reveals the mesoporous surface 
structure of the NiFe LDH nanosheets, showing that the thickness of each 
nanosheet is around 8.86 nm. A high-resolution TEM (HRTEM) image of 
the nanosheets (Fig. 1i) shows distinctive lattice fringes with interplanar 
spacings of 0.20 and 0.23 nm, which are assigned to the (018) and (015) 
planes, respectively, of NiFe LDH [36]. A selected area electron 
diffraction (SAED) pattern (Fig. 1j) recorded from the nanosheet shell 
also confirms the existence of the NiFe LDH phase. 

To determine the chemical states of NiCo@NiFe LDH, Raman and X- 
ray photoelectron spectroscopy (XPS) spectra were obtained. As shown 
in Fig. 1k, NiCo@NiFe LDH displays a Raman spectrum similar to that of 
Ni@NiFe LDH (pure NiFe LDH nanosheets grown on commercial Ni 
foam) and features vibration bands at 295, 442, 538, and 710 cm− 1, 
which are attributed to lattice vibrations of β-Ni1-xFex (OH)2 [37], 
demonstrating successful fabrication of NiFe LDH on the surfaces of the 
NiCo foam. In the high-resolution XPS spectra of Ni 2p for NiCo@NiFe 
LDH and Ni@NiFe LDH (Figure 1l), two doublet peaks (856.1 and 873.8 
eV) belonging to Ni 2p3/2 and Ni 2p1/2, as well as two satellite peaks, are 
detected, indicating the presence of the Ni2+ state in the two catalysts 
[38,39]. Similarly, as shown in Figure 1m, two doublet peaks of Fe 2p3/2 
and Fe 2p1/2 are located at 710.9 and 724.1 eV, respectively, which 
suggests that Fe3+ is the main oxidation state of Fe [40]. The slight peak 
shift for both Ni 2p and Fe 2p between the spectra for Ni@NiFe LDH and 
NiCo@NiFe LDH confirms that the NiCo substrate interacts with the 
outer layer of NiFe LDH. Two doublet peaks of Fe2+ 2p3/2 (708.9 eV) and 
Fe2+ 2p1/2 (722.4 eV) are observed in the spectrum for NiCo@NiFe LDH 
but are absent from that for Ni@NiFe LDH, which indicates that NiCo 
helps stabilize the Fe2+ ions in NiFe LDH. The existence of stable Fe2+

has been proved to be beneficial for oxygen evolution [41,42]. 
The electrocatalytic OER performance of the as-prepared catalysts 

was evaluated in both 1 M KOH and 1 M KOH + natural seawater 
electrolytes using a standard three-electrode system. Backward cyclic 
voltammetry (CV) performed under a scan rate of 2 mV s− 1 was chosen 
to avoid oxidation peaks in the resulting curves during the OER process. 
As shown in Fig. 2a and b, NiCo@NiFe LDH exhibits outstanding OER 
activity in 1 M KOH, with very low overpotentials of 209 and 244 mV 
required to achieve current densities of 100 and 500 mA cm− 2, much 
better than those required by Ni@NiFe LDH (312 and 388 mV, respec
tively) and the benchmark commercial IrO2 (Fig. S2, ESI; 397 mV at a 
curretn density of 100 mA cm− 2) under the same conditions. Such good 
performance is well maintained after 1000 polarization cycles (Fig. S3, 
ESI). The corresponding Tafel slope of 46.1 mV dec− 1 for NiCo@NiFe 
LDH (Fig. 2c) indicates its faster kinetics during the OER process in 
comparison to Ni@NiFe LDH (103.4 mV dec− 1). Mostly due to the ex
istence of Cl− and solids such as Mg(OH)2 and bacteria in seawater, 
activity degradation has been a major challenge when OER catalysts are 
operated in alkaline natural seawater [43]. As shown in Fig. 2a, NiC
o@NiFe LDH shows slight activity decay in 1 M KOH + seawater, but it 
still requires overpotentials of only 222 mV to achieve a current density 
of 100 mA cm− 2. To deliver a larger current density of 500 mA cm− 2, the 
overpotential required is still as low as 266 mV, which is significantly 
lower than that required to trigger hypochlorite formation (≥490 mV in 
pH of 14) [31]. To the best of our knowledge, this is the best OER activity 
in alkaline seawater reported to date (see Table S1, ESI, for a detailed 
comparison between NiCo@NiFe LDH and other recently reported OER 
electrocatalysts in 1 M KOH and 1 M KOH + seawater electrolytes). 
Notably, the OER activity of Ni@NiFe LDH is significantly degraded in 
the seawater electrolyte in comparison with that of NiCo@NiFe LDH. At 
a current density of 100 mA cm− 2, the overpotential required by 
Ni@NiFe LDH increases by 74 mV between the freshwater and seawater 
electrolytes, while the corresponding increase for NiCo@NiFe LDH is 
only 13 mV, indicating that the 3D dendritic core-shell structure of the 
latter catalyst plays a crucial role in suppressing OER activity degrada
tion in seawater electrolyte. More importantly, NiCo@NiFe LDH ex
hibits high Faradaic efficiency for OER in seawater (Fig. 2d) and no 

Fig. 2. (a–b) OER activity and (c) corresponding Tafel slopes of NiCo@NiFe LDH and Ni@NiFe LDH in 1 M KOH and 1 M KOH + seawater electrolytes. (d) Faradaic 
efficiency of NiCo@NiFe LDH in 1 M KOH + seawater tested at 500 mA cm− 2. (e) Double-layer capacitance of the NiCo@NiFe LDH and Ni@NiFe LDH catalysts and 
the NiCo foam substrate. (f) ECSA-normalized activity of the NiCo@NiFe LDH and Ni@NiFe LDH catalysts. 
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hypochlorite ions were detected in the electrolyte following electrolysis 
(Fig. S4, ESI), demonstrating the catalyst’s high selectivity for OER over 
hypochlorite formation reaction. 

To investigate the exposure of active sites in the as-prepared cata
lysts, their double-layer capacitance (Cdl), an indicator of the electro
chemically active surface area (ECSA), was measured using CV cycling 
(Fig. S5, ESI) in 1 M KOH. As shown in Fig. 2e, the Cdl of NiCo@NiFe 
LDH is nearly 4.14 mF cm− 2, while that of Ni@NiFe LDH is only 0.22 mF 
cm− 2, indicating that dendritic NiCo successfully increases the ECSA 
with greater exposure of active sites. Furthermore, compared with that 
of the NiCo foam substrate (1.84 mF cm− 2), the Cdl of the NiCo@NiFe 
LDH catalyst increases by 225% after growth of the NiFe LDH nano
sheets, suggesting that these vertically grown nanosheets are also 
beneficial for high ECSA. Based on polarization curves normalized by 
ECSA in 1 M KOH, the intrinsic activity of the as-prepared catalysts was 
determined and is shown in Fig. 2f. In 1 M KOH, NiCo@NiFe LDH ex
hibits better performance than Ni@NiFe LDH, which indicates its higher 
intrinsic activity and demonstrates that the apparent promotion in ac
tivity does not benefit only from its enlarged surface area with a greater 
number of active sites. In 1 M KOH + seawater, both NiCo@NiFe LDH 
and Ni@NiFe LDH show degradation of activity due to the decreased 
number of active sites, but the activity degradation of NiCo@NiFe LDH 
is less significant compared with that of Ni@NiFe LDH, especially at 
large current densities, which proves that having sufficient active sites is 
extremely useful for alleviating degradation in seawater electrolyte. The 
factors that may improve intrinsic activity have been taken into 
consideration. As discussed above, the XPS results for NiCo@NiFe LDH 
suggest the existence of stable Fe2+, which may contribute to its pro
moted OER activity [41,42]. The robust contact between the NiFe LDH 
shell and the NiCo core accelerates charge transfer, as proved by the 
results of electrochemical impedance spectroscopy (EIS). As shown in 
Fig. S6, ESI, the charge-transfer resistance (Rct) of NiCo@NiFe LDH is 
only 0.98 Ω, which is much smaller than that of Ni@NiFe LDH (2.75 Ω). 
Surface wettability is also an important factor affecting catalytic activity 
in water electrolysis at high current densities. The hydrophilic property 
(Fig. S7, ESI) and large surface area of NiCo@NiFe LDH synergistically 
contribute to its promoted mass transport, which further boosts the OER 
activity. 

Stability is another vital parameter for evaluating a catalyst’s suit
ability for water electrolysis, especially in seawater electrolytes since 
these contain aggressive chlorine ions. We conducted long-term stability 
tests of the two as-prepared catalysts at a constant current density of 
100 mA cm− 2 in 1 M KOH + seawater. NiCo@NiFe LDH exhibits a small 
fluctuation in overpotential of 18 mV, much less than that of Ni@NiFe 
LDH (86 mV), proving its good stability in alkaline seawater electrolysis 
(Fig. S8, ESI). As shown in Fig. 3a, NiCo@NiFe LDH exhibits good sta
bility throughout 100 h testing at a large current density of 500 mA cm− 2 

in 1 M KOH + seawater. To explore the origins of such enhanced sta
bility, we obtained corrosion polarization curves for Ni@NiFe LDH and 
NiCo@NiFe LDH in natural seawater (Fig. S9, ESI). As shown in Fig. 3b, 
NiCo@NiFe LDH has a lower corrosion current density of 1.995 μA cm− 2 

than Ni@NiFe LDH (12.023 μA cm− 2) and a higher corrosion potential 
(− 0.104 V vs. − 0.198 V for Ni@NiFe LDH), indicating higher corrosion 
resistance ability in seawater that contributes to its good stability. 

Surface reconstruction of catalysts during OER has been widely re
ported previously [32,35,44], and NiCo@NiFe LDH is no exception. A 
clear color change from yellow to black was observed in the catalyst 
after OER stability testing (Fig. S10, ESI). Based on Raman spectroscopy 
analysis, the NiFe LDH outer layer partly changes to Ni1− xFexOOH 
during OER [45]. As shown in Fig. 3c, two bands at 466 and 534 cm− 1 

become pronounced after 24 h stability testing, which indicates the 
formation of Ni1− xFexOOH [37]. The XPS spectra of Ni 2p and Fe 2p 
were also obtained after 24 h OER stability testing. As shown in Fig. 3d 
and e, the oxidation states of Ni and Fe remain unchanged. Additionally, 
although the outer layer of the catalyst is reconstructed, its core-shell 
dendritic structure is maintained (Fig. S11, ESI) during seawater elec
trolysis. Given that Ni1− xFexOOH has also been proved to be an efficient 
OER catalyst [46,47], the performance of our catalyst showed negligible 
degradation during stability testing. 

3. Conclusion 

In summary, we developed a large-surface-area 3D core-shell NiC
o@NiFe LDH electrode that shows efficient and stable OER performance 
in alkaline seawater electrolyte. Large surface area, fast charge transfer, 
and high corrosion resistance were found to contribute to its good 

Fig. 3. (a) Stability testing of NiCo@NiFe LDH for 100 h at a current density of 500 mA cm− 2 in 1 M KOH + seawater. (b) Corrosion current densities and potentials 
of NiCo@NiFe LDH and Ni@NiFe LDH in natural seawater. (c) Raman spectra and high-resolution XPS spectra of (d) Ni 2p and (e) Fe 2p for NiCo@NiFe LDH before 
and after 24 h stability testing. 
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performance. By comparing the as-prepared NiCo@NiFe LDH catalyst 
with NiFe LDH grown on commercial Ni foam, the importance of a large 
surface area in seawater electrolysis has been investigated. Our study 
highlights an effective strategy of large-surface-area construction for the 
rational design of OER catalysts toward efficient and stable seawater 
electrolysis. 
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