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Tailoring the electronic structure of an exfoliated layered
double hydroxide using a lanthanide for chloride-ion
blocking in seawater splitting

Seawater is a widely available source of hydrogen in our
environment, possessing significant potential for hydrogen
generation. The chloride ion is the primary component in
seawater splitting, as it can hinder the active site responsible
for *OH adsorption. Consequently, it became imperative

to inhibit the chloride ion from reaching the active site. We
employed the concept of Lewis acidity for the inhibition of
the chloride ion. The Lewis acidity of Ni* and Fe** ions is
augmented by Ce doping via electronic manipulation.
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Broader context

Tailoring the electronic structure of an exfoliated
layered double hydroxide using a lanthanide
for chloride-ion blocking in seawater splitting¥

Ashish Gaur,$? Jiseok Kwon,#° Jatin Sharma,® Ghulam Ali, (2 ¢
Enkhtuvshin Enkhbayar,® Chan-Yeup Chung, & *® HyukSu Han*® and
Taeseup Song ) *P

Seawater is one of the most abundant sources of hydrogen in our environment, and it has great
potential for the production of hydrogen via water electrolysis. However, seawater electrolysis is
challenging as chloride ions could obstruct catalytic active sites, reducing *OH adsorption. Therefore, it
is crucial to prevent chloride ions from accessing the active sites. Herein, we modulated the Lewis
acidity of electrocatalysts to solve this problem. In particular, the Lewis acidity of Ni?* and Fe** ions in a
layered double hydroxide (LDH) was enhanced by incorporating the lanthanide dopant Ce, thereby
tuning the surface electronic configurations to prefer OH* adsorption over Cl* adsorption. Further, the
Ce-doped Ni-Fe LDH (CNF-LDH) was exfoliated via the O, plasma process to improve the accessibility
of active sites for intermediates. The resultant CNF-LDH-E exhibited an overpotential of 230 and 169 mV at
100 mA cm~2 for OER and HER, respectively, in alkaline freshwater (I M KOH) and 290 and 285 mV,
respectively, in simulated seawater (1 M KOH + 0.1 M NaCl) electrolytes. The impact of Lewis acidity on
blocking the chloride ions was further investigated using density functional theory (DFT) calculations.

Recently, there has been a significant increase in research focused on the production of hydrogen using the process of electrochemical seawater splitting.
Nevertheless, electrode performance and durability are constrained by many obstacles that must be resolved to ensure the technological suitability of this
process for industrial applications. The presence of chloride ions in saltwater obstructs the active site, resulting in chloride corrosion. This corrosion is the
primary concern as it has detrimental effects on both the performance and durability of the anode component. To address this particular problem, we

developed an electrode that contains Ce-incorporated NiFe-oxyhydroxides for splitting seawater. In addition, the active sites were significantly increased using
the argon plasma exfoliation technique. The efficacy of the aforementioned methodologies was shown by combining theoretical calculations and experimental
results. This investigation provides an excellent manual for the rational design of catalysts that are both efficient and robust for the electrolysis of seawater.
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Introduction

Hydrogen is often considered the best alternative for tackling
global energy challenges. Hydrogen energy possesses significant
potential owing to its exceptionally high gravimetric energy
density."* Currently, coal gasification or methane reforming pro-
cesses are practically applied in industries to produce hydrogen.
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However, both processes release a significant amount of global-
warming CO, gas along with potentially harmful byproducts.*™®
Water splitting has a high potential to provide an environmentally
benign alternative to hydrogen generation. However, current water
electrolysis techniques primarily rely on freshwater, which is
limited on our planet. Therefore, we must shift our attention
towards utilizing seawater for commercial hydrogen generation.””®
On the one hand, indirect seawater electrolysis (ISE) necessitates
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the implementation of a sophisticated water desalination system
before electrolysis, increasing the complexity of the system and
diminishing its long-term viability for industrial hydrogen
generation.'®™> On the other hand, the direct seawater electrolysis
(DSE) method, which eliminates the need for supplementary pre-
electrolysis systems, can substantially lower the production costs
of green hydrogen.”*™® Thus, DSE is an attractive technique
towards practical hydrogen production from seawater, but several
challenges need to be overcome for its realization.

The average quantity of salt in seawater is approximately
3.5 wt%, where the chloride ion has the largest concentration
among all the ions present in the seawater.'®' Thus, chloride
and water oxidation reactions compete at the anode.*?™**
According to the Pourbaix diagram, the oxygen evolution reac-
tion (OER) becomes more favourable than the chlorine evolu-
tion reaction (CER) as the pH of the electrolyte increases,
implying the advantages of alkaline seawater splitting.>>°
Hence, the anode must possess high selectivity for the adsorp-
tion of hydroxyl ions while blocking chloride ions to success-
fully split alkalized seawater.’’* Guo et al. introduced a hard
Lewis acid layer (Cr,O3) over the surface of the catalyst (CoO,) to
repel Cl~ ions and simultaneously capture OH™ ions.** Owing
to the high oxidation number of Cr*" in Cr,0s3, it is considered a
hard Lewis acid that can selectively capture a hard Lewis base
OH™. This signifies that metals with a higher oxidation state
can selectively capture OH™, inhibiting chloride corrosion
during seawater splitting.

Layered double hydroxide (LDH) materials have been exten-
sively studied for freshwater electrolysis, but their potential for
seawater electrolysis remains undefined.**® In this work, we
intended to improve the electrocatalytic activity of the nickel-
iron LDH by introducing a lanthanide dopant of Ce (CNF-LDH)
for seawater electrolysis. The addition of Ce to the Ni-Fe LDH
led to an increase in the valence states of Ni and Fe, increasing
their Lewis acidity and thus making them more favourable for

J High current density

J Highly stable at 500 mA cm?

Fig. 1 (a) Schematic of the formation of the CNF-LDH-E.
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capturing OH™ ions while also blocking Cl~ ions simulta-
neously. Further, the number of active sites of the CNF-LDH
was greatly enhanced by exfoliating the stacked layers in a two-
dimensional LDH structure using the O, plasma treatment
(CNF-LDH-E).

This resulted in a substantially reduced overpotential for
OER, shifting the working potential for seawater splitting to
avoid the potential at which CER occurs. In addition, the
morphological study confirmed the exfoliation of the stacked
sheets, while the XAS and XPS studies revealed the formation of
high-valent transition metal species on the CNF-LDH-E surface.
Further, density functional theory (DFT) calculations indicated
the unfavourable AG¢» on the CNF-LDH-E, supporting our
hypothesis. The final catalyst demonstrated exceptional bifunc-
tional activity in both alkaline freshwater and seawater. The
obtained overpotential for the alkaline freshwater is 230 mV
(290 mvV in alkalized seawater) and 169 mV (285 mV in alkalized
seawater) at 100 mA cm™ > for the OER and hydrogen evolution
reaction (HER), respectively. We believe that this work opens up
novel possibilities for the creation of chloride ion-blocking
materials in the field of DSE.

Results and discussion

Microstructural and valence state examination

The schematic illustration of the formation of the CNF-LDH-E
is provided in Fig. 1. The CNF-LDH was grown through a one-
step hydrothermal process (see Methods in ESIf). Next, the
stacked layers in the CNF-LDH were exfoliated via a facile O,
plasma treatment, exposing more active sites on the basal plane
of the layered structure. The phase of the catalysts was inves-
tigated using the powder X-ray diffraction (PXRD) pattern.
We investigated the impact of the Ce doping, which was followed
by exfoliation, on the phase of the NF-LDH structure (Fig. 2a).
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(a) PXRD pattern of the CNF-LDH-E (b) XPS spectra of Ni 2p (c) Fe 2p and (d) O 1s present in CNF-LDH-E. (e) and (f) SEM images of the exfoliated

CNF-LDH-E. (g) TEM image of the CNF-LDH-E (inset-SAED pattern for CNF-LDH-E). (h) STEM-EDS mapping of CNF-LDH-E for confirming the presence

of (i) Ce, () Ni, (k) Fe and () O.

In the NF-LDH structure, the peaks at 11.4°, 22.8°, 34.3°, 39.0°,
46.2° 59.9° and 61.1° correspond to the (003), (006), (012), (015),
(018), (110) and (113) crystal planes (JCPDS 40-0215).>° The crystal
structure of the NF-LDH remains intact after the Ce doping and
exfoliation. The valence state change in Ni, Fe and O after the
integration of Ce onto the NF-LDH lattice was investigated using
X-ray photoelectron spectroscopy (XPS). XPS survey spectra of
CNF-LDH-E and NF-LDH are provided in Fig. S1 (ESIt). The
high-resolution XPS spectra of Ni 2p for NF-LDH and CNF-LDH
are depicted in Fig. 2b. For NF-LDH, the peaks centered at 855.9 eV
and 861.3 eV correspond to Ni** and a satellite peak of Ni 2p;,
splitting. Similarly, two peaks were observed for the Ni 2p;;,
splitting.*>*' These peaks were also observed in the Ni 2p spectra
of CNF-LDH-E at 856.4 and 861.9 eV for Ni>" and a satellite peak of
Ni 2p;, splitting. The binding energy for the Ni 2p spectra
increases after incorporating Ce, confirming the modulation of
the electronic structure of Ni in the form of an increased valence
state. The enhancement in the valence state was consistent with
the Fe 2p spectra. In the Fe 2p XPS spectra of NF-LDH, the peaks
positioned at 713.2 and 713.7 eV correspond to Fe*" and one

© 2025 The Author(s). Published by the Royal Society of Chemistry

shake-up peak for the Fe 2p3), splitting (Fig. 2c).”> The same peaks
were observed at 713.7 eV and 714.2 eV for the CNF-LDH. Con-
sidering the aforementioned finding, it can be concluded that the
integration of Ce into the lattice led to an increase in the valence
states of Ni*" and Fe**. This, in turn, caused a partial shift in the
oxidation state, and the new oxidation states for these metals are
higher than those of the 2+ and 3+ states. Their characteristics are
being driven to produce a harder Lewis acid as a result of the
higher oxidation number, which ultimately results in a rise in the
capture of the hard Lewis base OH ™ selectively over the soft Lewis
base Cl". Furthermore, the O 1s spectra of NF-LDH depict three
peaks centered at 528.7 eV, 530.9 eV, and 532.2 eV, corresponding
to the M-O bond, M-OH bond, and adsorbed water molecules on
the lattice.*>**

Upon comparing the O 1s spectra of NF-LDH and CNF-LDH-
E (Fig. 2d), it was seen that the CNF-LDH-E had oxygen
vacancies. The XPS spectrum of Ce 3d in CNF-LDH-E is shown
in Fig. S2 (ESIt). These vacancies were a result of the NaBH,
treatment of the CNN-LDH during the exfoliation process. The
morphological analysis was conducted using transmission and

EES Catal., 2025, 3, 435-445 | 437
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scanning electron microscopy (TEM/SEM). The fine exfoliated
sheets of the CNF-LDH-E are shown in Fig. 2e and f. The 2D
sheet of the CNF-LDH can also be observed in the TEM images
(Fig. 2g). The inset of Fig. 2g depicts the selected area electron
diffraction pattern (SAED) of the CNF-LDH-E with the (018) and
(113) planes.*® Furthermore, the STEM energy dispersive X-ray
spectroscopy (EDS) mapping was employed for the estimation
of the surface uniformity of the elements. The STEM-EDS
mapping confirms the fine distribution of Ce, Ni, Fe, and O
over the CNF-LDH-E sheet (Fig. 2h and i). The atomic percen-
tage of the elements in the CNF-LDH-E catalyst has been
quantified using energy-dispersive X-ray spectroscopy (Fig. S3,
ESIT). The obtained atomic percentages of Ce, Fe, Ni and O are
1.23, 6.31, 28.50 and 63.96%, respectively.

X-ray absorption near edge structure (XANES) is highly valuable
in resolving the electronic structure of the NF-LDH and CNF-LDH
samples. Fig. 3a shows XANES spectra of NF-LDH, CNF-LDH-E,
and the Fe,O; standard material at the Fe K-edge. It can be
observed that the main edge of the XANES spectra of both NF-
LDH and CNF-LDH-E almost overlap with the standard Fe,Os;
spectrum, indicating the 3+ oxidation state of Fe. However, the
position of the main edge in the XANES spectra of Ni K-edge
(Fig. 3b) is observed in the middle of the Ni metal and NiO,
indicating mixed Ni oxidation states in NF-LDH and CNF-LDH-E
samples. However, the pre-edge photon energy of the Ni-K edge
and Fe-K edge of the CNF-LDH-E is higher than that of the NF-
LDH, indicating the increased valence states of Fe and Ni. This
information is in line with the information obtained from the
XPS analysis. The XANES spectra at the Ce L3 edge, shown in
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Fig. S4 (ESIY), of the CNF-LDH and the CeO, powder samples show
a different peak behaviour. The CNF-LDH-E shows a single main
edge peak at a lower energy position, while the CeO, powder
sample shows a double edge peak with a higher energy position,
indicating a significant difference in the local structure. The local
structure was further probed using a continuous Cauchy wavelet
transform (CCWT), which provides significant information in
three dimensions. The CCWT of NF-LDH at Fe K-edge (Fig. 3c)
shows the 1st dense peak around 1.64 A, which corresponds to
the Fe-O coordination. The 2nd dense peak was observed around
1.77 A, which corresponds to the Fe-M (M = metal) coordination.
The CCWT of CNF-LDH-E at Fe K-edge (Fig. 3d) shows the 1st
dense peak centered at 1.61 A with more distribution, indicating
slight contraction of the Fe-O bond, and the 2nd dense peak was
observed centered at 3.48 A. In the case of Ni K-edge, the CCWT of
NF-LDH (Fig. 3e) shows the 1st dense peak around 2.15 A (Ni-O/M
coordination), while the same coordination was noticed at 2.22 A
for CNF-LDH-E (Fig. 3f). Hence, Ni coordination is noted to be
different compared to Fe in the samples. Similarly, the CCWT of
CNF-LDH-E at Ce L3-edge is noticed differently and the intense
peaks are noted at 2.15 A compared to 1.82 A of the CeO, powder
(Fig. S5, ESIt). The EXAFS spectra of the Fe-K edge, Ni-K edge, and
Ce-L3 edge are provided in Fig. S6 (ESIt). The CCWT plots of the
standards, Ni-foil, NiO, Fe-foil, and Fe,O; are also provided in
Fig. S7 (ESIY).

HER and OER properties in alkaline freshwater and seawater

The bifunctional behaviour of the self-standing -catalytic
electrode towards HER and OER is investigated using the
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Fig. 3 X-ray absorption near edge (XANES) spectra of (a) Fe-K edge and (b) Ni-K edge, continuous Cauchy wavelet transform (CCWT) plots of Fe-K edge
for (c) NF-LDH (d) CNF-LDH-E, and Ni-K edge for (e) NF-LDH and (f) CNF-LDH-E.
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Fig. 4 Electrochemical activity in 1 M KOH solution. (a) Polarization curves for the OER (b) overpotential at the current densities of 100 and
200 mA cm~2 for OER (c) Tafel slope of CNF-LDH-E and other control samples for OER (d) EIS Nyquist plot for OER (e) Cq of all the samples
(f) durability of the catalyst towards OER (g) polarization curves for the HER (h) overpotential at the current densities of 100 and 200 mA cm™~2 for OER (i)
Tafel plot for HER (j) ESI Nyquist plot for HER (k) durability test at the high current density of 500 mA cm™2.

three-electrode setup. The complete details of the electroche-
mical procedure and conditions are provided in the Electro-
chemical section of the ESI.{ First, the CNF-LDH-E was tested
for the OER, and it exhibits extremely good catalytic activity
towards OER with the overpotential of 230 mV, 140, Wwhereas the
overpotential obtained for the CNF-LDH, NF-LDH-E, NF-LDH
and IrO,/NF was 300 mV,o0, 305 mVy 00, 370 mVy;00 and
390 mV, 14 (Fig. 4a and b). The overpotential of the catalyst for
OER is significantly superior to the recently published state-of-
the-art catalyst (Table S1, ESIT). We computed the Tafel slope
value from the polarization curves, and the obtained Tafel slope
values for the CNF-LDH-E, CNF-LDH, NF-LDH-E, NF-LDH and
IrO, are 60, 62, 78, 99 and 82 mV dec ' (Fig. 4c). The obtained

© 2025 The Author(s). Published by the Royal Society of Chemistry

Tafel slope for the CNF-LDH-E is the lowest among all control
samples, suggesting the faster reaction kinetics.** The elec-
trode-electrolyte interfacial interaction was investigated by
the electrochemical impedance spectroscopy (EIS) analysis
(Fig. 4d). When compared with the control samples, the lowest
charge transfer resistance was obtained for the CNF-LDH-E
sample, which implies that the electron transfer from the
interfaces generated between the catalytically active site and
the electrolyte is very rapid, resulting in the higher adsorption
of the intermediate ion at the electrode surface.*® Similarly, the
electrochemically active surface area (ECSA) was computed with
the help of the double-layer capacitance data (Cg). The
obtained Cg values for the CNF-LDH-E, CNF-LDH, NF-LDH-E

EES Catal., 2025, 3, 435-445 | 439
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and NF-LDH are 1.6, 0.33, 0.54, and 0.38 mF cm ™~ (Fig. 4e). The
higher Cy, value for the CNF-LDH-E indicates the existence of a
larger number of active sites on the catalyst surface.’® The LSV
curve was further normalized with the ECSA values (Fig. S8,
ESIT) and it was found that the intrinsic activity of the catalyst
is higher after the ECSA normalization when compared to the
other control samples. The cyclic voltammetry curves utilized
for the estimation of the Cq are provided in Fig. S9 (ESIT).
Durability is the primary determinant of the electrode’s resi-
lience under hard environments with high current densities.
The durability of the CNF-LDH-E electrode was estimated using
the chronoamperometry technique, and the catalyst is highly
stable for 90 h by maintaining a higher current density of
500 mA cm ™ ? continuously (Fig. 4f). Under similar conditions,
all the samples were also tested for the HER activity. The
polarization curves show the overpotential of 169 mV, o,
290 mVy 100, 108 MVyy199, 308 mMVy 100 and 379 mV, o0 for
CNF-LDH-E, CNF-LDH, Pt/C, NF-LDH-E and NF-LDH, respec-
tively (Fig. 4g and h). The Tafel slope analysis revealed the
lowest Tafel slope of 106 mV dec™ ' for the CNF-LDH-E and
comparatively higher values for the CNF-LDH (137 mV dec™ %),
NF-LDH-E (179 mV dec™ '), NF-LDH (210 mV dec™ ") (Fig. 4i).
The EIS Nyquist plot confirms the lowest value of the charge
transfer resistance for the CNF-LDH-E and comparatively higher
values for the control samples (Fig. 4j). The analysis reveals that as
for OER the charge transfer through the electrode-electrolyte inter-
face is higher for the CNF-LDH-E catalyst for HER also. The
durability of the catalyst was measured using chronoamperometry
at a very high current density of 500 mA cm > The catalyst
maintained the current density for almost 100 h without any
significant drop (Fig. 4k). This confirms that the catalyst is highly
robust for performing the HER at industrial-scale current densities.
The ECSA-normalized LSV curves for the HER are shown in Fig. S10
(ESIT). The intrinsic catalytic activity of the CNF-LDH-E is higher
than that of the other control samples.*”*8

After testing the catalyst in the alkaline freshwater for the
bifunctional activity, we tested the activity in the simulated
seawater (1 M KOH + 0.5 M NaCl). The obtained overpotential
for the OER of CNF-LDH-E is 290 mV.,,;o, Whereas the CNF-LDH,
NF-LDH-E, NF-LDH shows the overpotential of 330 mV, g,
440 mVy100 and 470 mV,, respectively (Fig. 5a). The CNF-
LDH-E exhibits the least amount of chloride poisoning, as indi-
cated by the fact that it has the lowest overpotential of the catalyst
among all of the control samples. Further, the Tafel slope was
computed and the lowest value of 61 mV dec * was obtained for
the CNF-LDH-E when compared to the CNF-LDH (142 mV dec ™),
NF-LDH-E (174 mV dec ), and NF-LDH (189 mV dec™ ) (Fig. 5b).
Further, EIS was employed for the elucidation of the charge
transfer resistance and the lowest value of the R. was obtained
for the CNF-LDH-E, indicating the fast electron transfer (Fig. 5c).
The CNF-LDH-E also exhibits good catalytic activity towards HER
in the seawater. The obtained overpotential was 285 mV; g0,
whereas for CNF-LDH, NF-LDH-E, NF-LDH the corresponding
values were 309 mV, 100, 359 MVyy100, 420 MV, 100. The commer-
cially available Pt/C exhibits the overpotential of 145 mV, oo
(Fig. 5d). The Tafel slope for CNF-LDH-E was 96 mV dec™ ', which
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was the lowest when compared to the CNF-LDH (157 mV dec '),
NF-LDH-E (229 mV dec ") and NF-LDH (279 mV dec™ ") (Fig. 5e).
Similarly, the charge transfer resistance was also low for the CNF-
LDH-E when compared to the other control samples (Fig. 5f). The
durability of the catalyst towards HER and OER was tested using
chronoamperometry. For both reactions, the catalyst was able to
maintain the current density of 100 mA cm ™~ for 100 h (Fig. 5g and
h). The excess amount of the Cl™ in the seawater caused chloride
corrosion and formed the oxidized chloride species on the anode.
We used the iodide titration method to identify the oxidised
chloride species in the electrolyte after the prolonged durability
test. The information is provided in Fig. S11 (ESIt), and no colour
change was observed after the iodide titration, confirming the
excellent chloride resistance properties of the CNF-LDH-E elec-
trode towards seawater oxidation. We have assessed the corrosion
behaviour of CNF-LDH-E, CNF-LDH, NF-LDH-E and NF-LDH
by the Tafel scans in the simulated seawater electrolyte. All the
electrodes were exposed to the electrolyte for a long duration, and
the Tafel scan was obtained from the polarization curve taken in
the range of —0.15 to 0.2 V (V vs. RHE) at the scan rate of
5 mV s '. The information regarding the corrosion resistance
(Ecorr) and the corrosion current (I..,) was obtained from the Tafel
plots (Fig. S12, ESIT). The CNF-LDH-E exhibited a more positive
corrosion potential, and the lowest corrosion current compared to
CNF-LDH, NF-LDH-E, and NF-LDH, indicating superior corrosion
resistance of the electrode.

The STEM-EDS mapping was carried out after the durability
test for HER and OER, and we found the uniform distribution
of all the elements even after prolonged stability (Fig. S13 and
S14, ESIt). The PXRD pattern after the durability test also refers
to the excellent stability of the catalyst after long-term HER and
OER tests (Fig. S15 and S16, ESIT). After the excellent perfor-
mance of the CNF-LDH-E in the alkaline freshwater and simu-
lated seawater, we constructed a cell containing CNF-LDH-E
as both the anode and cathode. The obtained cell potential is
1.61 and 1.62 V for the alkaline freshwater and seawater
electrolyte (Fig. 5i). The overall efficiency of the electrochemical
reaction is determined by calculating the faradaic efficiency
(F.E.). In this case, we calculated F.E. by the water displacement
method in the 2-electrode setup, in which both the parts were
separated by the membrane. We obtained 92% of the F.E. in the
2-electrode overall seawater splitting (Fig. 5j). The durability of
the catalyst was also tested in the 2-electrode setup for the
seawater electrolysis. The catalyst demonstrates excellent dur-
ability by maintaining a high current density of 200 mA ¢cm >
for 95 h (Fig. 5k). We also tested the catalytic performance of
the catalyst in the alkaline real seawater in which we noted
good stability and durability (Fig. S17, ESIt). The obtained
overpotential in the real seawater was 289 mV for the HER
and 370 for the OER at the current density of 100 mA cm ™2, The
catalyst also shows a durability for 50 hours by maintaining the
current density of 100 mA cm ™ for HER and OER.

Mechanistic analysis using theoretical calculation

DFT calculations were implemented to understand the catalytic
reaction mechanisms and identify the active sites. The optimum

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical activity in 1 M KOH + 0.5 M NaCl solution. (a) Polarization curves for the OER. (b) Tafel slope of CNF-LDH-E and other control
samples for OER. (c) EIS Nyquist plot for OER. (d) Polarization curves for the HER (e) Tafel plot for HER. (f) ESI Nyquist plot for HER (g) durability test at a
high current density of 100 mA cm™2 for OER (h) and for HER. (i) Catalytic activity in the 2-electrode cell constructed with CNF-LDH-E as a cathode and
anode (j) faradaic efficiency determined using water displacement method. (k) Durability of the catalyst in the 2-electrode setup.

plane for the calculation of the free energy was computed by the
estimation of the surface energy for the different planes. The most
suitable plane for the DFT calculation was found to be (001) with
the lowest surface energies for the intermediate adsorption first,
the PDOS plot was computed for the determination of the electron
density at the Fermi level for the CNF-LDH-E and it was found
that there is a considerable amount of electron density at the
Fermi level, which is good for the catalysis (Fig. 6a). Further, we
calculated the adsorption energies of CI* on different sites in the
CNF-LDH-E (Fig. 6b and c). Most of the values for the CI*
adsorption on the different catalytic sites are endothermic in
nature, suggesting the unfavorable adsorption of the Cl™ onto the
catalytic surface. Notably, the Ce-Ni-Ni site exhibited the most

© 2025 The Author(s). Published by the Royal Society of Chemistry

favorable adsorption energy for H* (Fig. 6d); for the ideal HER
process, the AEy~ values should not be more negative or positive.
However, it should be close to ‘0’. These results indicate that the
HER active site in the CNF-LDH-E can simultaneously act as
an effective chloride-blocking site during seawater splitting. For
determining OER reaction pathways, we have analyzed the
adsorption of reaction intermediates (*OH, *O and *OOH) on
different sites available on the catalyst surface; undoped NF-LDH
is also modeled as a control system. The final energy of each
intermediate was taken as an average of the different adsorption
energies on different hollow positions (i.e., Ce-Ni-Fe, Ce-Ni-Ni,
and Ni-Ni-Fe). The potential limiting step (PLS) generally deter-
mines the rate-determining step for any multistep reaction.

EES Catal., 2025, 3, 435-445 | 441


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00278d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 February 2025. Downloaded on 6/11/2026 9:34:42 PM.

(cc)

Paper

a 40
——— Ni-d (up)
i —— Ni-d (dn)
30 Fe-d (up)
Fe-d (dn)
20 4 ~—— Ce-d (up)

——— Ce-d (dn)
104 m\ Ce-f (up)
Ce-f (dn)

0

V g

PDOS

-10
-20
-30

-40 T T T T T T
1210 -8 6 4 -2 0 2
Energy (eV)

4 6 8 10

3.5

3.0
2.5

5 2.0
(O]
<

1.5
1.0 1

0.5+

0.0 T

View Article Online

EES Catalysis

2.0
1.5
1.0
0.5 1

Ce-ontop
Ni-ontop
Fe-ontop
Ce-Ni-Fe hollow
Ce-Ni-Ni- hollow
Ni-Ni-Fe hollow

O 0.0 =,
<

-1.0 4
-1.51
-2.0

Reaction Coordinates

- B NF-LDH
4 - ® CNF-LDH-E

w
|

-
|

Free energy (eV)
N
|

N =)

| |

*
¢o—---1

*OOH O

Reaction Coordinates (eV)
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for NF-LDH and NF-LDH-E.

The PLS for the NF-LDH is the transition from *OOH to O,,
whereas the PLS for CNF-LDH-E is the transition from *O to
*OOH (Fig. 6d). The lower PLS value for the CNF-LDH-E confirms
a better oxygen evolution reaction performance, demonstrating
the important role of Ce incorporation into the NF-LDH.

Conclusions

To summarize, the CNF-LDH-E was constructed by the incor-
poration of Ce into the NF-LDH lattice, followed by the

442 | EES Catal, 2025, 3, 435-445

exfoliation step, in which an O, plasma treatment was per-
formed. Further, it was found that the electronic structure of
NF-LDH was modulated after the Ce incorporation in the form
of the enhanced valence state of the Ni*" and Fe*" ions. This
enhancement was well investigated by the XPS and XAS studies.
Further, the enhanced valence state makes the Ni and Fe
centers more Lewis acidic, which enhances the selectivity
towards the OH™ capture over Cl. The catalyst exhibits excel-
lent catalytic performance towards overall water splitting for
alkaline freshwater and alkaline seawater. Further, the experi-
mental findings were verified by the DFT calculations, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also approve the poor adsorption of CI” on CNF-LDH-E. The
corrosion resistance was confirmed by the high durability
of the CNF-LDH-E electrode in the seawater for almost 100 h.
This study proposes a way to adjust the local environment to
inhibit chloride ions in saltwater electrolysis. It also presents
new opportunities for researchers in the field of seawater
electrolysis.
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