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ABSTRACT

Electrolysis of seawater offers a highly promising and sustainable route to attain carbon-neutral hydrogen energy without
demanding on high-purity water resource. However, it is severely limited by the undesirable chlorine oxidation reaction (CIOR) on
the anode and the releasing toxic chlorine species, inducing anode corrosion and multiple pollutions to reduce the efficiency and
sustainability of this technology. The effective way is to limit the overpotential of oxygen evolution reaction (OER) below 480 mV
and thus suppress the CIOR. Herein, we demonstrate that nitrogen-doped carbon dots strongly coupled NiFe layered double
hydroxide nanosheet arrays on Ni foam (N-CDs/NiFe-LDH/NF) can efficiently facilitate OER with an ultralow overpotential of
260 mV to deliver the geometric current density of 100 mA-cm™ and a Tafel slope of as low as 43.4 mV-dec™ in 1.0 M KOH.
More importantly, the N-CDs/NiFe-LDH/NF electrode at 100 mA-cm™ shows overpotentials of 285 and 273 mV, respectively, by
utilizing 1.0 M KOH with 0.5 M NaCl and 1.0 M KOH with 1.0 M NaCl as the simulated seawater, well avoid triggering CIOR.
Notably, despite the complex environment of real seawater, N-CDs/NiFe-LDH/NF still effectively promotes alkaline seawater
(1.0 M KOH + seawater) electrolysis with a lifetime longer than 50 and 20 h, respectively, in 1.0 M KOH and alkaline seawater
electrolytes. The investigation result reveals that M-—N-C bonding generated between N-CDs and NiFe-LDH intrinsically
optimizes the charge transfer efficiency, further promoting the OER kinetics.
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efficiency of OER and produce chlorine-containing species (e.g.,
ClO;, Cl,, etc) to chemically etch electrode [14, 15]. Theoretical
studies show that the chemical potential between OER and CIOR
will be maximized, with a difference in oxidation potential .
reaching about 480 mV, which means that when the extra
overpotential (#7) of is less than 480 mV at a certain geometric
current density, the CIOR process will be thermodynamically
inhibited to achieve 100% seawater electrolysis [16,17].
Additionally, another crucial challenge of seawater electrolysis that
inorganic and organic microorganisms can cause catalyst
poisoning cannot be ignored [18]. Accordingly, rationally design
catalyst is imperative to provide high-efficiency OER activity for
seawater electrolysis in a mild electrochemical environment.

1 Introduction

With the increasing concern about the global energy crisis, and
ecological issues, the development of the renewable energy
conversion technologies for the production of hydrogen fuels has
gained much attention and become the research top [1-5].
Among them, electrocatalytic water splitting is one of the most
promising and matured alternative for the large-scale hydrogen
generation in terms of low cost, high processing efficiency, long
lifetime, and carbon neutrality [6-11]. However, the current water
electrolysis technology still highly depends on the feed of high-
purity fresh water, which largely hinders its commercial
development in various environment, such as arid, steppe, on- or
off-shore areas [12]. In this view, seawater electrolysis has been

attracting continuously increasing attention because of the
inexhaustible reserves of ocean (occupying about 96.5% of the
water reserve on the earth). However, the intricate ionic chemistry
of seawater brings great difficulty in dealing with ionic diffusion,
side reactions, and anode corrosion/poison during the electrolysis
of seawater [13]. Actually, the most notorious obstacle to seawater
electrolysis under alkaline conditions is the competitive reaction
between the oxygen evolution reaction (OER, 4OH™ > O, +
2H,0 + 4e, 1.23 V vs. reversible hydrogen electrode (RHE))
and the chlorine oxidation reaction (CIOR, ClI- + 20H™ > CIO™ +
H,O + 2¢, 1.72 V vs. RHE) on the anode owing to their similar
thermodynamic potential, and the latter will decrease the Faradaic

NiFe layered double hydroxide (LDH) has been favored by
researchers because of that their tunable layered and electronic
structures can be tuned to optimize the catalytic activity [19, 20].
Nevertheless, the intrinsically poor electrical conductivity and
limited specific surface area of NiFe-LDH hinder the further
improvement of performance in OER [21-23]. Selective building
heterostructure in NiFe-LDH for efficient utilization of each
individual component is considered as a promising approach to
design OER catalyst [24,25]. Carbon dots (CDs) are a class of
quasi-zero-dimensional ~ semiconducting nanomaterials with
carbon as the backbone, composed of extremely small-sized
spherical or quasi-spherical carbon particles (below 10 nm), and
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possess excellent properties such as superior electron transfer
ability, abundant edge defects and easy modification, which are
beneficial to facilitate the design of CDs-based advanced energy
materials [26-29]. Therefore, the diversity of properties makes
CDs very promising precursors for the preparation of
multifunctional electrode materials in electrocatalysis [30, 31]. In
addition, heteroatom doping in CDs endows strong and intimate
metal-carbon interactions, which tightly binds nanocarbons to
metal particles, single metal atoms or nanoalloys, enhancing the
catalyst stability against the dissolution and corrosion [32]. More
importantly, the simultaneously generated carbon-metal bonding
architecture would offer effective mass transport features, which is
profitable to boost the OER activities at the atomic level for the
carbon-based catalysts [33]. In this regard, it is well expected that
the uniform integration between N-doped CDs (N-CDs) and
NiFe-LDH can create abundant interface to enhance the
synergetic effects, which facilitate high exposure and dispersion of
catalytic active sites and enable fast mass transfer at high current
densities, thus exhibiting excellent OER performance.

Herein, N-CDs strongly coupled NiFe-LDH in situ grown on
Ni foam (N-CDs/NiFe-LDH/NF) was proposed as highly efficient
catalyst to facilitate electrocatalytic seawater oxidation. Benefiting
from the high exposure of metal active sites, the M-N-C bonding
produced by hybridization and optimized electronic structures in
composite components, the N-CDs/NiFe-LDH/NF electrode
exhibits superior performance for OER with low overpotentials of
260 and 273 mV, respectively, to deliver the current density of
100 mA-cm™ in 1.0 M KOH and simulated seawater, which well
avoids triggering CIOR. Impressively, the electrode performs well
even in the complex environment of alkaline seawater. Also, N-
CDs/NiFe-LDH/NF shows good durability within 50 and 20 h in
10 M KOH and alkaline seawater, respectively. This work
presents a novel route toward the rational design of the advanced
transition metal-carbon hybrid catalysts and especially, promotes
the wide applications of CDs-based functional materials in the
green and renewable energy technologies.

2 Experimental

2.1 Preparation of N-CDs

Typically, 1.0 g of ethylenediamine and 16 mmol of citric acid
were added to 30 mL of ultrapure water, and then it was
transferred to an autoclave and heated at 200 °C for 8 h. After
natural cooling of the reaction system to room temperature, the
obtained solution was centrifuged to remove the sediment. Then,
the CDs solution was lyophilized for 2 days to obtain the required
samples.

2.2 Preparation of N-CDs/NiFe-LDH/NF and NiFe-
LDH/NF

The N-CDs/NiFe-LDH/NF was prepared by a hydrothermal
method. At first, a piece of nickel foam (NF, 1 cm x 6 cm) was
treated with ultrapure water, acetone, and ethanol by ultrasonic
treatment. Subsequently, 0.56 g Ni(NO,)»6H,0, 0.111 g
Fe(NO;);9H,0, 0.6 g urea, 0.148 g NH,F, and different amount of
N-CDs (8, 16, 24, 32, and 40 mg, corresponding to N-CDs/NiFe-
LDH/NF-X, X = 0.1, 0.2, 0.3, 0.4, and 0.5 mg-mL™" N-CDs) were
dissolved into 40 mL ultrapure water under continuously vigorous
stirring to form a clear solution. Then, the above solution was
transferred to the autoclave with a piece of pretreated NF and
heated at 120 °C for 5 h. Finally, the obtained samples were
washed by centrifugation and vacuum dried at 70 °C for 3 h to
obtain N-CDs/NiFe-LDH/NF-X. NiFe-LDH/NF was also
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prepared by the similar way to that of N-CDs/NiFe-LDH/NF-X
without the adding of N-CDs.

2.3 Preparation of RuO,/NF

A mixture of 10 mg RuO,, 40 pL Nafion, 720 pL ethanol, and
240 L ultrapure water were sonicated for 10 min. Then, the active
material was coated on the pretreated NF surface. Finally, the
electrode was removed and placed on filter paper to dry at room
temperature.

24 Preparation of N-CDs/NF

At first, 1.0 g of ammonium citrate was added to 40 mL of
ultrapure water under continuously vigorous stirring for 30 min.
Subsequently, the solution was transferred to a stainless-steel
autoclave containing a piece of prepared NF, and heated at 180 °C
for 2 h. Finally, the samples were washed by centrifugation and
dried under vacuum for several hours.

2.5 Preparation of alkaline seawater

0.68 g Na,CO; was added into 100 mL natural seawater to
effectively precipitate Mg* and Ca* cations, after which the
supernatant was collected for preparing the 1 M KOH seawater
electrolyte. Therefore, no M(OH), (M = Ca/Mg) formed on the
electrode during the electrolysis of seawater OER. Na,CO; is less
expensive than KOH, making it a reasonable chemical to treat the
natural seawater in the electrolyte-preparation process.

2.6 Characterization

In the Electronic Supplementary Material (ESM), details of the
instruments used to characterize the material are described.

2.7 Electrochemical measurements

Electrochemical tests were carried out via a CHI 660E potentiostat
in a standard three-electrode setup composing of working
electrode, the counter electrode, and the reference electrode. The
OER activity was assessed utilizing linear sweep voltammetry
(LSV, 5 mV-s™). The tests were performed in 1.0 M KOH solution,
simulated seawater (1.0 M KOH + 0.5 M/1 M NaCl) and alkaline
seawater (1.0 M KOH + seawater). All the potentials were
displayed versus RHE by: E (vs. RHE) = E (vs. SCE) + 0.0591 x
pH + 0.241. The 100% infrared (iR)-corrected was applied to
corresponding electrochemical data.

28 OER multi-step reaction process (alkaline
environment)

40H" — *OH + 30H™ + e~ (1)

*OH + 30H — *O + H,0 + 20H + e~ 2)

*O + 20H +H,0 —*OOH + H,0 + OH™ + ¢ (3)

*OOH + OH + H,0 — O, + 2H,0 + e~ (4)

where * represent the adsorption point on the catalyst surface.

2.9 Electrochemically active surface area (ECSA)

normalization

The geometric model used to estimate the surface area of the
catalyst suffers from large errors. Therefore, this work will employ
ECSA normalization to calculate the intrinsic activity of the
catalyst.

ECSA was measured by cyclic voltammetry (CV) in the
nonfaradaic region (at potentials where charge transfer reactions
do not occur but adsorption and desorption processes occur)
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Cdl

ECSA = (5)
where Cy is the double layer capacitance; Cs is the specific
capacitance.

ECSA normalization
N |
S Te TN ©

where j is the current density with iR-compensation.
In order to simplify the calculation process, the intrinsic activity
of the catalyst will be calculated by the following formula
Intrinsic activity = L (7)
dl

210 Calculation of turnover frequency (TOF)

TOF is defined as the number of turnovers of a single active site
per unit time, as a measurement of the intrinsic activity of the
catalyst. For OER, TOF value is derived using the following
formula

JxA

TOF = ———
4xNXF

(8)
where j means as sate above. A is the geometric surface area of NF
electrode (0.5 cm x 0.5 cm). F is Faraday’s constant. N is the
molar number of active site. According to previous studies, Ni is
defined as the active site, and the number is estimated by the
following method

(a) .

Figure1 (a) Schematic diagram of the N-CDs/NiFe-LDH/NF electrocatalyst. (b

) XRD patterns of N-CDs/NiFe-LDH, NiFe-LDH, and N-CDs. To note that, for more
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ECSA x C,,
Necsa = ——— Neen 9

Vean X Ny

In this equation, ECSA is the electrochemical surface area, V_q,
Ce» and ny are the volume of the unit cell, the ¢ axis length of the
unit cell, and the number of metal atoms per unit cell, respectively.
For NiFe, the crystal structure of NIOOH" was used as the model
structure, in which Vi = 4741 A%, Cy = 6.88 A (interlayer
spacing of the layered double hydroxide) and n.y = 1 Ni atoms
per unit cell [34, 35].

3 Results and discussion

The N-CDs/NiFe-LDH/NF with bridged structures, where
uniformly dispersed CDs are connected to NiFe-LDH by M-N-C
bonds, are schematically exhibited in Fig. 1(a). The phase
composition and morphology of N-CDs/NiFe-LDH/NF were
carefully investigated. The X-ray powder diffraction (XRD)
patterns of N-CDs/NiFe-LDH in Fig. 1(b) show some clear
diffraction peaks, which are matched with the (003), (006), (101),
(012), (015), (018), (110), and (113) crystal planes of NiFe-LDH
(JCPDS No. 40-0215), indicative of the successful synthesis of the
NiFe-LDH phase in N-CDs/NiFe-LDH. The carbon peak, as can
be seen from the pattern of N-CDs, was not detected in N-
CDs/NiFe-LDH and it may be attributed to its poor crystallization
and low content in compared with metal species (Fig. S1 in the
ESM). In addition, it can be observed that the smooth surface of
pure NF (Fig. S2 in the ESM) was covered with crisscross N-
CDs/NiFe-LDH nanosheet arrays to form a complete self-
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qualitative analysis of the crystalline species, N-CDs/NiFe-LDH is scrapped from the N-CDs/NiFe-LDH/NF to avoid the influence of NF. (c) High-magnification SEM
images of N-CDs/NiFe-LDH/NF. (d) HRTEM images of N-CDs/NiFe-LDH. Insets to the right exhibit the intensity profiles for NiFe-LDH and N-CDs, as labelled with
red and green dashed boxes. (¢) TEM and the corresponding EDX elemental mapping images of N-CDs/NiFe-LDH.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



7066

supporting electrode, as shown in Fig. 1(c) and Fig. S3 in the ESM.
Further analysis from the transmission electron microscope
(TEM) and the high-resolution TEM (HRTEM) images (Fig. 1(d)
and Fig. $4 in the ESM) reveals the ultrathin lamella property and
distribution of N-CDs of the as-prepared sample, and N-CDs are
embedded on the surface of NiFe-LDH can be clearly observed.
Furthermore, HRTEM image confirmed that the nanosheet arrays
are well crystallized with a lattice spacing of 0.25 nm, which is a
signal of the (012) plane of NiFe-LDH. Also, the CDs with an
interlayer spacing of 0.21 nm, attributed to the (100) plane of
carbon [36], can be observed. Energy-dispersive X-ray (EDX)
elemental mapping in Fig. 1(e) displays that the Ni, Fe, O, N, and
C elements are uniformly distributed over N-CDs/NiFe-LDH,
further supporting the above discussions. As illustrated in Table S1
in the ESM, the atomic ratio of Ni-to-Fe is approximately 7:1
measured by inductively coupled plasma-mass spectrometry (ICP-
MS), which is consistent with the feeding ratio. For comparison,
NiFe-LDH in situ grown on NF without N-CDs (NiFe-LDH/NF)
and different amounts of N-CDs loaded on NiFe-LDH (N-
CDs/NiFe-LDH/NF-X) were also synthesized under the same
hydrothermal conditions, as exhibited in detail in Figs. S5 and S6
in the ESM.

To identify the elemental compositions and the chemical
environments, as well as the changes of electronic structure, the N-
CDs/NiFe-LDH and NiFe-LDH samples were characterized by X-
ray photoelectron spectroscopy (XPS). The XPS survey spectrum
in Fig. S7(a) in the ESM shows the distribution of Ni, Fe, N, C,
and O elements in N-CDs/NiFe-LDH. As exhibited in Fig. 2(a),
the two major peaks at 874.0 and 856.2 eV in the Ni 2p region of
N-CDs/NiFe-LDH can be attributed to the typical signals of Ni
2py, and Ni 2ps,, respectively, along with two shakeup satellite
peaks (marked as “Sat.”) at 880.0 and 862.1 eV, verifying the
coexistence of Ni** and Ni*. Impressively, compared with that of
NiFe-LDH, the binding energies of Ni 2p,,, and Ni 2p;, peaks in
N-CDs/NiFe-LDH exhibit positive shift of 1.28 and 1.12 eV,
respectively, demonstrating the electron transfer from metal sites
to N-CDs. For the Fe 2p region in Fig. 2(b), two typical peaks at
724.8 and 7129 eV are matched with Fe 2p,, and Fe 2p,,,
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respectively. The peaks (Sat.) located at 721.0 and 736.4 eV are
consistent with Fe*/Fe’™ ions in iron hydroxide. Similarly, the
binding energies of Fe 2p,,, and Fe 2p,, peaks in N-CDs/NiFe-
LDH show the positive shift of 1.0 and 0.29 eV, respectively,
compared to that of NiFe-LDH, indicative of that electron transfer
from metal sites to N-CDs. In addition, the N 1s region in Fig.
2(c) shows three characteristic peaks of N-CDs, namely, oxidized-
N (403.5 eV), pyrrolic-N (401.0 eV), and pyridinic-N (399.0 V).
More importantly, it should be noted that a prominent peak for
M-N-C (M = Ni or Fe) bond appears at 400.0 eV, which
establishes a bridge between N-CDs and NiFe-LDH through to
facilitate the electron transfer during OER process. It is obvious
that pyridinic-N and pyrrolic-N are the two major species to
maintain the strong interactions. Furthermore, as shown in Fig.
2(d), C=C/C-C (284.8 eV), C-N/C-OH (286.5 V), and
C=N/C=0 (288.8 V) can be clearly observed in the C Is region
[37]. Similarly, the O 1s region can be simply deconvoluted into
three peaks (Fig. S7(b) in the ESM), located at 528.2, 530.7, and
531.7 eV, which are assigned to lattice oxygen (O;), metal-O (M-
O: Ni/Fe-0O), and metal-OH (M-OH: Ni/Fe-OH), respectively. As
stated above, the strong interaction between NiFe-LDH and N-
CDs via M-N-C bond can effectively optimize the electronic
structure and simultaneously provide additional active sites,
thereby may promoting the OER kinetics and enhancing the
catalytic activity.

The performance in OER electrolysis of N-CDs/NiFe-LDH/NF
was systematically examined in 1.0 M KOH electrolyte. Figure S8
in the ESM demonstrates LSV curves and Tafel plots of the as-
obtained samples with different amounts of N-CDs. Among them,
N-CDs/NiFe-LDH/NF (unless otherwise stated, the marked N-
CDs/NiFe-LDH/NF in the following discussions just represents N-
CDs/NiFe-LDH/NF-0.3) exhibits the best OER electrocatalytic
activity and the fastest OER kinetics. It only requires an
overpotential of 260 mV to deliver 100 mA-cm,2, and the Tafel
slope is as low as 434 mV-dec™. As illustrated in Figs. 3(a) and
3(b), the LSV polarization curves of the as-prepared electrodes,
namely, N-CDs/NiFe-LDH/NF, NiFe-LDH/NF, RuO,/NF, N-
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Figure 2 High-resolution XPS spectra for (a) Ni 2p and (b) Fe 2p of N-CDs/NiFe-LDH and NiFe-LDH. High-resolution XPS spectra for (c) N 1s and (d) C 1s of N-

CDs/NiFe-LDH.
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Figure 3 Electrocatalytic OER in 1.0 M KOH: (a) LSV curves of N-CDs/NiFe-LDH/NF, NiFe-LDH/NF, RuO,/NF, N-CDs/NF, and pure NF. (b) Overpotentials (17)
of A, B, C, and D (A = N-CDs/NF, B = RuO,/NF, C = NiFe-LDH/NF, and D = N-CDs/NiFe-LDH/NF). (c) Tafel slopes, and (d) Nyquist plots of N-CDs/NiFe-
LDH/NF, NiFe-LDH/NF, RuO,/NF, and N-CDs/NF. (e) Overpotentials and Tafel slopes of N-CDs/NiFe-LDH/NF, compared with the results of previously reported
OER electrocatalysts. (f) Capacitive currents of the as-prepared samples at 1.375 V vs. RHE as a function of the scan rate. (g) Intrinsic OER catalytic activities of N-
CDs/NiFe-LDH/NF and NiFe-LDH/NF after ECSA normalization. (h) TOF at # = 300 mV of C and D (same as C and D in (b)). (i) Time-dependent current density

curve at a fixed overpotential of 198 mV for 50 h.

CDs/NF, and pure NF, exhibit significant differences for water
oxidation electrocatalytic activity in 1.0 M KOH. By contrast, the
N-CDs/NiFe-LDH/NF electrode exhibits the lowest overpotential
(7 =260 mV at 100 mA-cm™), surpassing that of NiFe-LDH/NF,
RuO,/NF, N-CDs/NF, and pure NF. Moreover, Figs. 3(c) and 3(d)
show the smallest Tafel slopes and Nyquist plots of various
samples, in which the N-CDs/NiFe-LDH/NF electrode displays
the smallest Tafel slope of 43.4 mV-dec” and the lowest charge-
transfer resistance (R, = 1.31 (), Table S2 in the ESM), reflecting
the favorable OER process. As discussed above, it is demonstrated
that the integration of N-CDs with NiFe-LDH enables to
enhances the electronic conductivity and accelerate efficient mass
transfer, and the outstanding OER performance of N-CDs/NiFe-
LDH/NEF electrocatalysis is more superior than most of the similar
OER catalysts [38-51], as shown in Fig. 3(e).

For a more in-depth understanding of the intrinsic
electrocatalytic activity toward water oxidation, the Cy was
measured to investigate the ECSA via using a CV test (from 30 to
80 mV-s™ in a nonfaradaic region) in Fig. 3(f) and Fig. S9 in the
ESM. The Cy value for N-CDs/NiFe-LDH/NF is 27.6 mF-cm?,
which is the highest Cy value among the as-prepared samples,
demonstrating the sufficient exposure of specific surface area and
active sites. Similarly, the result shows NiFe-LDH/NF has a Cy
value of 24.0 mF-cm, which is comparable to that of N-CDs/NiFe-
LDH/NF, demonstrating that the active surface area of NiFe-LDH
before and after loading N-CDs is relatively identical.
Consequently, it can be hypothesized that the improved
electrocatalytic activity of N-CDs/NiFe-LDH/NF is attributed to
the synergistic effect of the individual components to enhance
intrinsic activity. As depicted in Fig. 3(g), even after ECSA
normalization, the intrinsic OER catalytic activity (mA-mF") of N-

CDs/NiFe-LDH/NF and NiFe-LDH/NF still follows the same
trend in their overall electrode performance: The N-CDs/NiFe-
LDH/NF electrodes are indeed intrinsically more active toward
OER than NiFe-LDH/NF. The TOF values of N-CDs/NiFe-
LDH/NF and NiFe-LDH/NF are further calculated by
normalizing the total number of electrochemically accessible Ni
active sites. The TOF values of these two samples still follow the
same trend in their intrinsic OER catalytic activity (Fig. S10 in the
ESM): N-CDs/NiFe-LDH/NF exhibits a higher TOF value under
the same overpotential. As shown in Fig. 3(h), at # = 300 mV, N-
CDs/NiFe-LDH/NF reaches a TOF value of 0.28 s, which is
approximately three-fold higher than that of NiFe-LDH/NF.
Furthermore, Fig. S11 in the ESM shows that the mass activity
(current density/electrocatalyst loading) of N-CDs/NiFe-LDH/NF
(110.1 mA-mg™, loading: 2.6 mg-cm™) is about three-fold that of
NiFe-LDH/NF (38.3 mA-mg, loading: 2.2 mg-cm™), also further
supporting the above results as discussed above.

Furthermore, long-term stability is an important parameter for
evaluating the electrocatalyst. As illustrated in Fig. S12 in the ESM,
the LSV polarization curves show a slight decay after a 1,000-cycle
of CV test for N-CDs/NiFe-LDH/NF, which is coincided with
chronoamperometry measurement at an overpotential of 198 mV
for an extended reaction time of 50 h (Fig. 3(i)). Impressively, the
LSV polarization curves in different electrolytes show almost only
extremely slight changes before and after the stability test (Fig. S13
in the ESM). The slight current attenuation in the stability test is
attributed to the local acidic environment caused by the N-
CDs/NiFe-LDH/NF catalyst can retain an almost stable current
trend under stepwise increasing applied voltage, generation of H
ions on the surface of the catalyst, which leads to the trace
dissolution of active sites in N-CDs/NiFe-LDH/NF [52].
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Moreover, Fig.S14 in the ESM displays a multi-step
chronopotentiometric curve for N-CDs/NiFe-LDH/NF without iR
correction, which shows superior mechanical stability and mass
transfer of the catalyst. Subsequently, SEM, XRD, and XPS were
also carried out to explore the structural changes of N-CDs/NiFe-
LDH/NF after stability testing. The N-CDs/NiFe-LDH/NF
electrode shows a rough morphology on the surface of the
nanosheets after reaction, while it still maintains the structural
characteristics of the nanosheets (Fig.S15 in the ESM). The
catalysts show significant changes in phase and composition. In
addition to the original N-CDs/NiFe-LDH phase, a new phase
appears after the stability test. The diffraction peaks at 18.353°,
37.28°, and 66.761° correspond to the (001), (002), and (110)
planes of the new phase y-NiOOH, respectively (Fig. S16 in the
ESM). Moreover, as depicted in Figs. S17(a) and S17(b) in the
ESM, the Ni 2p;, and Ni 2p,, peaks in N-CDs/NiFe-LDH/NF
shift to higher binding energy in comparison with the initial one,
while Fe 2p shows almost no obvious change, demonstrating the
improved oxidation state after OER. As further observed in Figs.
S17(c) and S17(d) in the ESM, the signal assigned to the M-O of
oxyhydroxides significantly increases, indicative of the generation
of high-valence-state nickel species (e.g., Ni(OH), > y-NiOOH),
further consisting with the oxidation reaction of Ni**/Ni** [53], as
exhibited in the LSV polarization curves.

To further broaden the practical application environment of N-
CDs/NiFe-LDH/NF, the OER activity of N-CDs/NiFe-LDH/NF
was also evaluated in simulated seawater (1.0 M KOH + 0.5 M/
1.0 M NaCl) and alkaline seawater (1.0 M KOH + seawater)
electrolytes. As illustrated Figs. 4(a) and 4(b), the three LSV curves
of N-CDs/NiFe-LDH/NF display nearly the same trend no matter
whether CI™ exists or not, due to the very low overpotential of
below 480 mV, which is not big enough to trigger the CIOR, so as
to achieve 100% seawater electrolysis. Furthermore, the OER
activity of the N-CDs/NiFe-LDH/NF catalyst still performs well
with only a slight decay in the real seawater electrolyte, requiring
only 340 mV to drive 100 mA-cm?, as illustrated in Fig. 4(c). The
peak caused by a large current increase can be observed in the
LSV curve at about 1.46 V, which is derived from the oxidation
reaction of Ni*/Ni*. As we know, the source of catalyst activity
decay is inseparable from the complex environment of real
seawater. Various species (e.g., microorganisms, organic, and
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covering the surface of the catalyst during OER operation,
resulting in the inability of some active sites to play a catalytic role
[54]. In spite of this, N-CDs/NiFe-LDH/NF can still maintain the
current density of 10 mA-cm™ for 20 h in both the simulated and
alkaline seawater electrolytes without significant attenuation as
shown in Figs. 4(d)-4(f), indicating that the existing chloride-
containg species have no significant poison effect on the active
sites mainly due to superior performance of N-CDs/NiFe-
LDH/NF with a low overpotential.

4 Conclusions

In summary, we have proposed a facile strategy to fabricate robust
and stable catalysts for electrocatalytic alkaline water and seawater
oxidation, in which NiFe-LDH was modified by N-CDs to form
M-N-C bonding to promote the charge transfer process and
improve the intrinsic activity. Attributed to the strong coupled
interaction between the composite components and optimized
electronic structures in the hybrids, the well fabricated N-
CDs/NiFe-LDH/NF effectively precludes the chloride ion from
corroding the electrode, resulting in the excellent electrocatalytic
performance in both 1.0 M KOH and simulated seawater
electrolyte.  Briefly, N-CDs/NiFe-LDH/NF shows a low
overpotential of only 260 mV (1.0 M KOH), 285 mV, and 273 mV
(1.0 M KOH + 0.5 M/1.0 M NaCl) at 100 mA-cm? for the
electrolytic OER process, respectively. Also, such a catalyst could
resist the poisoning reaction caused by the complex environment
of real seawater, and still exert high catalytic activity to deliver
100 mA-cm™ at a low overpotential of 340 mV, which well avoids
triggering CIOR. Furthermore, N-CDs/NiFe-LDH/NF displays
long-term durability within dozens of hours in both 1.0 M KOH
and alkaline seawater splitting. Overall, this work may shed a new
light on the fabrication of robust catalysts for seawater oxidation,
and it is envisioned that the design concept can inspire the
research and development of carbon-based materials with
excellent OER performance.
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