Open Access Article. Published on 22 November 2024. Downloaded on 1/9/2026 5:05:41 PM.

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

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 685

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 28th September 2024
Accepted 15th November 2024

DOI: 10.1039/d4sc06574c¢

I ROYAL SOCIETY
PPN OF CHEMISTRY

Rare-earth element doped NiFe-MOFs as efficient
and robust bifunctional electrocatalysts for both
alkaline freshwater and seawater splittingy

*a

Jun Yang, 2 3 Yong Shen, 2 12 Jiahui Xian,® Runan Xiang® and Guangqin Li

Based on the target of carbon neutrality, it is very important to explore highly active and durable
electrocatalysts for both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
Herein, a series of NiFe-based metal-organic frameworks (MOFs) with the doping of various rare-earth
elements (Ce, Y, and La) were in situ grown on nickel foam by a facile solvothermal process. The
representative CeNiFe-MOF showed amazing OER performance with ultralow overpotentials of 224 and
277 mV at 500 mA cm™2 in 1.0 M KOH and 1.0 M KOH + seawater, respectively. Moreover, it also
exhibited favorable activity and durability for both alkaline freshwater and seawater splitting. Theoretical
calculations unveiled that Ce doping effectively optimized the adsorption energy of H* and reduced the
energy barrier from *OH to *O, thus leading to significant promotion of HER and OER performance. This
work provided new inspiration for the electron modulation and activity optimization of MOF-based

rsc.li/chemical-science electrocatalysts.

Introduction

Hydrogen has been regarded as a feasible alternative for
conventional fossil fuels due to its appealing energy density and
intrinsic carbon-neutral property.'® Electrocatalytic water
splitting, involving the cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER), is believed
to be an efficient approach to produce clean hydrogen with high
purity.* Recently, seawater electrolysis has caught increasing
attention in the field of large-scale hydrogen production
because seawater accounts for about 96.5% of global water
resources.**'>'* However, the sluggish kinetics of the HER and
OER has seriously hindered the advancement of this promising
technology. Pt/C and IrO, (RuO,) are known as the benchmark
HER and OER electrocatalysts, respectively, but they suffer from
high costs and low reserves, as well as poor durability."**¢
Therefore, it is highly desired to develop inexpensive bifunc-
tional electrocatalysts for both freshwater and seawater splitting
with high activity and long stability.

Metal-organic frameworks (MOFs), the emerging crystalline
materials with abundant sites, versatile functionalities, as well

“MOE Laboratory of Bioinorganic and Synthetic Chemistry, GBRCE for Functional
Molecular Engineering, Lehn Institute of Functional Materials, School of Chemistry,
Sun Yat-Sen University, Guangzhou 510006, China. E-mail: liguanggin@mail.sysu.
edu.cn

School of Chemical Engineering, Guangdong University of Petrochemical Technology,
Maoming 525000, China

t Electronic  supplementary  information
https://doi.org/10.1039/d45c06574c

1 These authors contributed equally to this work.

(ESI) available. See DOI:

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

as tunable structures and electronic properties,’”>* have indeed
shown fascinating prospects in a variety of electrochemical
applications. However, most of the pristine MOFs generally
exhibit poor conductivity, and the direct utilization of MOFs as
electrocatalysts for the HER and OER still suffers from unsat-
isfactory activity and stability. A number of efficient methods
were reported to promote the electrocatalytic performance of
MOFs, such as ligand regulation,*” element doping,***° and
interface engineering.*** Rare-earth elements have recently
inspired great interest of the scientific community, primarily
due to their unique 4f electron structure.>**” With the doping of
rare-earth species, not only can the structural properties of
MOFs be effectively regulated but abundant electroactive sites
can also be constructed, thus resulting in the remarkable opti-
mization of the HER/OER performance. For example, the
dysprosium-doped Fe-MOF (Dy, ¢sFe-MOF/NF) has been
prepared by a simple one-step approach and delivered 100 mA
ecm 2 for the OER at a low overpotential of 258 mV.*® The
ultrathin Ni-MOF nanosheet arrays doped with yttrium and
cerium (NiYCe-MOF/NF) also exhibited outstanding perfor-
mance for the HER, OER and overall water splitting in alkaline
electrolyte.*® Despite the above progress, the MOF-based elec-
trocatalysts have rarely been reported for seawater electrolysis
so far. Most importantly, the modulation mechanism of rare-
earth doping on the electrochemical performance has remained
largely unexplored.

Inspired by the aforementioned regulation strategies,
herein, a series of rare-earth element (Ce, Y, and La) doped
NiFe-MOFs have been successfully grown on nickel foam (NF)
through a facile solvothermal reaction. Benefiting from the
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highly exposed sites and fast reaction kinetics, the as-prepared
electrocatalysts demonstrated excellent performance in both
alkaline freshwater and seawater electrolytes. Specifically, the
representative CeNiFe-MOF only required low overpotentials of
113 and 198 mV to achieve current densities of 10 mA em ™ for
the HER and 100 mA cm ™2 for the OER in 1.0 M KOH. Moreover,
it can deliver 10 and 100 mA cm ™2 at low cell voltages of 1.56
and 1.71 V when applied as both the cathode and anode for
alkaline freshwater splitting. In 1.0 M KOH + seawater, the
CeNiFe-MOF also exhibited a low cell voltage of 1.59 V at 10 mA
cm 2 and limited activity loss even after long-term operation for
515 h. Furthermore, theoretical calculations were performed to
expound the mechanism for performance improvement of
CeNiFe-MOF.

Results and discussion

As depicted in Fig. 1a, the CeNiFe-MOF was in situ grown on NF
by a one-step solvothermal process using FeCl,-4H,0,

()

© FeCl,-4H,0
® Ce(NO,);6H,0
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\“\\ )]

Solvothermal

Fig. 1 (a) Schematic synthesis of CeNiFe-MOF on nickel foam. (b)
SEM, (c) TEM and (d—g) elemental mapping images of CeNiFe-MOF.
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Ce(NO;);-6H,0 and terephthalic acid as raw materials. Notably,
the NF can not only act as a conductive substrate to support the
electrocatalyst but also release Ni** ions due to the etching of
Fe*",* which originated from the partial oxidation of Fe**. The
morphologies of the as-prepared samples were first observed by
scanning electron microscopy (SEM). It can be seen that both
CeNiFe-MOF and NiFe-MOF exhibited the unique coral-like
morphology (Fig. 1b and S1t). Transmission electron micros-
copy (TEM) observation revealed the sheet feature of CeNiFe-
MOF (Fig. 1c). Furthermore, the elemental mapping images of
CeNiFe-MOF showed the uniform distribution of Ce, Ni and Fe
(Fig. 1d-g), which suggested that Ce has been successfully
doped into NiFe-MOF.

The X-ray diffraction (XRD) patterns of NiFe-MOF and CeN-
iFe-MOF in Fig. 2a matched well with that reported for Ni-
BDC,* confirming the successful growth of these MOFs on NF.
This also demonstrated that the incorporation of Ce does not
damage the original crystal structure. Additionally, two
diffraction peaks derived from the NF substrate emerged at 20 =
44.6° and 52.0°, which could be attributed to the (111) and (200)
crystal planes of metallic Ni. X-ray photoelectron spectroscopy
(XPS) measurements were further conducted to investigate the
chemical compositions and electronic features of NiFe-MOF
and CeNiFe-MOF. The high-resolution Ce 3d scan was decon-
voluted into two sets of subpeaks and presented in Fig. S2.7 The
pair at 885.26 and 904.04 eV corresponded to the 3ds/, and 3d3),
of Ce*", whereas the other pairs at 881.95 and 900.78 eV, 887.59
and 906.90 eV, as well as 898.39 and 916.54 eV were associated
with Ce*".33424 Ag displayed in Fig. 2b, the binding energy of Ni
2p for CeNiFe-MOF was higher than that for pristine NiFe-MOF,
which suggested that the introduction of Ce could tailor the
electronic structure of Ni.*”*>** Specifically, the binding
energies of Ni 2p;/, and Ni 2p,, for CeNiFe-MOF were identified
at 855.98 and 873.66 eV, respectively, in good agreement with
those of Ni** 347 Additionally, two tiny peaks located at 852.71
and 871.57 eV could be attributed to Ni’ derived from the
NF.**! Fig. 2c exhibits the deconvolution results of high-reso-
lution Fe 2p spectra, where the two peaks at around 710.39 and
723.83 eV were assigned to the 2p;,, and 2p,, of Fe**, while the
other pair at binding energies of 712.12 and 725.69 eV corre-
sponded to Fe**.*”52-5 Moreover, two satellite peaks (denoted as
“Sat.”) were also detected at around 714.72 and 718.84 eV,
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(a) XRD patterns, (b) Ni 2p and (c) Fe 2p spectra of NiFe-MOF and CeNiFe-MOF.
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respectively.'**”** There was no obvious difference in the posi-
tion of Fe 2p of these samples, but CeNiFe-MOF was superior in
the content of Fe*" to pristine NiFe-MOF (Fig. S37), indicating
that the chemical state of Fe has also been regulated after
doping with Ce.***>*® The above XPS results clearly revealed that
the electronic properties of Ni and Fe could be effectively
modulated by the introduction of Ce into NiFe-MOF, which is
expected to optimize the electrochemical performance of the as-
prepared CeNiFe-MOF.

The electrochemical measurements were first conducted in
1.0 M KOH solution by using a typical three-electrode cell. It is
found that the CeNiFe-MOF with the Ce(NO;);-6H,0 addition
amount of 0.05 mmol showed the best electrocatalytic perfor-
mance (Fig. S4 and S57). The content of Ce in this optimal
CeNiFe-MOF composite was determined to be 0.59 wt% by
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inductively coupled plasma mass spectrometry (ICP-MS).
Compared to pristine NiFe-MOF, the HER overpotential of
CeNiFe-MOF was more close to that of commercial Pt/C (Fig. 3a
and S67). Specifically, CeNiFe-MOF exhibited a relatively lower
value of 113 mV at 10 mA cm 2 than NiFe-MOF (151 mV),
suggesting that the introduction of Ce is beneficial for the
improvement of HER activity. The Tafel slope of 59.4 mV dec ™"
was observed for CeNiFe-MOF (Fig. 3b), which was much lower
than that of pristine NiFe-MOF (71.3 mV dec ). This smaller
Tafel slope is indicative of the superior reaction rates of CeNiFe-
MOF for the HER with the Volmer-Heyrovsky mecha-
nism.>'*7%® Ag exhibited in Fig. 3c, the self-supporting CeNiFe-
MOF electrode also delivered favorable OER activity with an
overpotential of only 198 mV at 100 mA cm ™2, which was 50, 96
and 160 mV lower than those of pristine NiFe-MOF (248 mV),
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Fig. 3 Electrochemical performance of the samples in 1.0 M KOH. (a) HER polarization curves and (b) the corresponding Tafel slopes. (c) OER
polarization curves and (d) the corresponding Tafel slopes. (e) Polarization curves of CeNiFe-MOF||CeNiFe-MOF and Pt/C||IrO, for water
electrolysis. (f) Chronoamperometry curve of CeNiFe-MOF||CeNiFe-MOF toward overall water splitting.
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commercial IrO, (294 mV) and bare NF (358 mV), respectively.
More strikingly, CeNiFe-MOF only required ultralow over-
potentials of 224 and 228 mV to drive the large current densities
of 500 and 700 mA cm? (Fig. S71), demonstrating bright
prospects for practical applications. In Fig. 3d, the Tafel slopes
of CeNiFe-MOF, NiFe-MOF, IrO, and NF were seen to be 43.5,
48.9, 49.2 and 54.3 mV dec ™, respectively, which indicated the
fastest electrocatalytic kinetics of CeNiFe-MOF toward the
OER‘19,47,58760

To better elucidate the improved electrocatalytic activity of
CeNiFe-MOF for both the HER and OER, the electrochemically
active surface area (ECSA) was then estimated by the double-
layer capacitance (Cq;) (Fig. S8t). The Cq4; of CeNiFe-MOF (1.0
mF cm™?) is larger than those of pristine NiFe-MOF (0.84 mF
cm™ %) and bare NF (0.51 mF ¢cm™?), indicating that CeNiFe-
MOF has more available sites for the efficient HER and
OER.'*%%6%6> The current density was further normalized by
the ECSA (Fig. S91). CeNiFe-MOF was found to deliver the
largest HER current density of 0.39 mA cmgcgs > at an over-
potential of 100 mV, in comparison to 0.14 mA cmpcgs > for
NiFe-MOF and 0.13 mA cmggsa > for NF. Moreover, the OER
current density of CeNiFe-MOF could reach up to 6.89 mA
cMmgcsa ~ at 1.43 V vs. RHE, which was approximately 8.2 and
32.8 times higher than those of NiFe-MOF (0.84 mA cmgcss )
and NF (0.21 mA cmgcsa ), respectively. These results sug-
gested that CeNiFe-MOF has exceptional intrinsic electro-
catalytic HER and OER activity. As seen in Fig. $10,7 the
CeNiFe-MOF electrocatalyst displayed much smaller charge
transfer resistance (R.) than NiFe-MOF and NF, implying the
faster electron transfer during HER and OER processes.®***
The above results revealed that the doping of Ce can not only
construct abundant electroactive sites but also accelerate
electrocatalytic kinetics, thus remarkably improving the HER
and OER performance.

Given the good HER and OER activity, a two-electrode elec-
trolyser assembled with CeNiFe-MOF as both the cathode and
anode was further employed to evaluate the capability for
overall water splitting. As depicted in Fig. 3e, the cell voltage of
CeNiFe-MOF||CeNiFe-MOF (1.56 V) at 10 mA cm ™ is lower than
that of Pt/C||IrO, (1.59 V). Encouragingly, it required a low cell
voltage of merely 1.71 V to drive the high density of 100 mA
cm %, manifesting the excellent activity of CeNiFe-MOF for
water electrolysis. CeNiFe-MOF|/CeNiFe-MOF can be seen to
present considerable stability toward overall water splitting,
with a high current retention of 92% even after continuous
operation for 200 h (Fig. 3f). The chemical states of CeNiFe-MOF
showed very limited changes after a long-term test (Fig. S117),
further indicating its electrocatalytic stability.

The electrochemical properties of as-prepared electro-
catalysts were then investigated in simulated seawater electro-
lyte (1.0 M KOH + 0.5 M NacCl) and alkaline seawater electrolyte
(1.0 M KOH + seawater). As compared with pristine NiFe-MOF
(Fig. 4a and b), the CeNiFe-MOF required lower overpotentials
of 117 and 222 mV in simulated seawater electrolyte to attain
current densities of 10 mA cm ™2 for the HER and 100 mA cm >
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for the OER, respectively. Even at the higher current density of
700 mA cm 2, the required overpotential of CeNiFe-MOF was
still as low as 271 mV (Fig. S121), much better than those of
pristine NiFe-MOF (307 mV) and commercial IrO, (406 mV).
Moreover, the CeNiFe-MOF also exhibited the smaller Tafel
slope (Fig. S13%), larger Cq4 value (Fig. S147), higher intrinsic
activity (Fig. 4c and S15%) and faster charge transfer rate
(Fig. S167) for both the HER and OER, clearly demonstrating its
good properties in 1.0 M KOH + 0.5 M NacCl.

Note that the HER activity of CeNiFe-MOF (136 mV@10 mA
ecm™?) in 1.0 M KOH + seawater was significantly higher than
that of pristine NiFe-MOF (182 mV@10 mA cm ™ ?) and even
comparable to that of commercial Pt/C at a large current
density (Fig. 4d). Additionally, the CeNiFe-MOF electrocatalyst
also exhibited superb performance for the OER in alkaline
seawater electrolyte, with the lowest overpotentials of 224, 255
and 277 mV at 100, 300 and 500 mA cm ™2, in comparison to
264,294 and 312 mV for pristine NiFe-MOF, as well as 349, 407
and 433 mV for commercial IrO, (Fig. 4e and S177). It can be
seen that the Tafel slopes of CeNiFe-MOF for the HER and OER
were much smaller than those of pristine NiFe-MOF
(Fig. S181), which suggested that the Ce doping can effectively
accelerate the electrochemical kinetics. The Cq4; values were
further calculated to be 0.45, 0.57 and 0.67 mF cm ™2 for NF,
NiFe-MOF and CeNiFe-MOF, respectively (Fig. S191), implying
more sites in CeNiFe-MOF for alkaline seawater electrol-
ysis.”'>% As expected, CeNiFe-MOF also displayed the best
intrinsic activity in 1.0 M KOH + seawater (Fig. S207t), with the
highest HER current density of 1.38 mA cmgcgs > at an over-
potential of 150 mV and OER current density of 24.26 mA
cMmgcsa > at 1.48 V vs. RHE (Fig. 4f). Moreover, the much
smaller R, of CeNiFe-MOF (Fig. S217) could contribute well to
the electron transport and thus to performance
enhancement.®** As depicted in Fig. 4g, CeNiFe-MOF||Ce-
NiFe-MOF just required a low cell voltage of 1.59 V to achieve
a current density of 10 mA cm ™2, which is 100 mV smaller than
that of Pt/C|IrO,. Impressively, CeNiFe-MOF|/CeNiFe-MOF
exhibited exceptional durability for electrocatalytic seawater
splitting, with limited current fluctuation during long-term
operation over 515 h (Fig. 4h). These results demonstrate that
the as-prepared CeNiFe-MOF can serve as a robust bifunc-
tional electrocatalyst for highly efficient alkaline seawater
electrolysis. Compared with other reported electrocatalysts in
recent literature, this bifunctional CeNiFe-MOF exhibited
better electrochemical performance for the HER, OER and
overall water splitting in both alkaline freshwater and
seawater electrolytes (Fig. S22-S27 and Table S1-Sé6t). It is
worth mentioning that this is so far among the best OER
electrocatalysts in 1.0 M KOH and 1.0 M KOH + seawater,
especially compared to the MOF-based composites.

Density functional theory (DFT) calculations were then
conducted to understand the modulation mechanism of Ce
doping on the electrocatalytic performance. The optimized
calculation models are presented in Fig. S28-S33.f It can be
seen that the total density of states (DOS) of CeNiFe-MOF near

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) HER and (b) OER polarization curves of the samplesin 1.0 M KOH + 0.5 M NaCl. (c) Comparison of their specific activity in 1.0 M KOH +

0.5M NaCl. (d) HER and (e) OER polarization curves of the samplesin 1.0 M KOH + seawater. (f) Comparison of their specific activity in 1.0 M KOH
+ seawater. (g) Polarization curves of CeNiFe-MOF||CeNiFe-MOF and Pt/C||IrO, for alkaline seawater electrolysis. (h) Chronoamperometry curve

of CeNiFe-MOF||CeNiFe-MOF toward overall seawater splitting.

the Fermi level was more than that of pristine NiFe-MOF
(Fig. 5a), corresponding to the enhanced conductivity and
electron transport capability,***>®” as verified by EIS
measurements. Notably, the d-band center of CeNiFe-MOF
(—3.09 eV) was much closer to the Fermi level, in comparison
to that of NiFe-MOF (—3.47 eV), which indicated the better
adsorption of reaction intermediates on active sites.®®”* The
Gibbs free energy of H* (AGy+) was further calculated to
evaluate the HER activity of as-prepared electrocatalysts. As
illustrated in Fig. 5b, the Fe in CeNiFe-MOF exhibited the
lowest value of AGy-+ (0.1 eV), which was responsible for the
accelerated HER kinetics and the improved HER activity.*®
Fig. S34t depicts the free energy for the OER process, where
the limiting barrier of Ni in NiFe-MOF was significantly lower
than that of Fe in NiFe-MOF and CeNiFe-MOF, suggesting that
Ni atoms are the major active sites for the OER. As shown in
Fig. 5c, the rate-determining step (RDS) on Ni sites of NiFe-
MOF and CeNiFe-MOF is the conversion of OH* to O*. It was
found that the energy barrier of RDS decreased from 2.15 to
1.82 eV after incorporating Ce into NiFe-MOF, implying that
the introduction of Ce is beneficial to stimulate the OER

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

process.*””> Additionally, the calculations also manifested that
Ce is highly efficient for the electrocatalytic OER but inactive
for the HER (Fig. 5d and S35t). The above results demon-
strated that Ce doping played a key role in modulating the
electronic structure of reaction sites and optimizing the
adsorption of intermediates, thus leading to superior HER and
OER performance.

To further demonstrate the universality of this doping
engineering for performance boost, other rare-earth
elements such as Y and La were also introduced into NiFe-
MOF to prepare the self-supporting YNiFe-MOF and LaNiFe-
MOF electrodes. XRD measurements confirmed their
successful preparation (Fig. S367). As expected, YNiFe-MOF
and LaNiFe-MOF were found to exhibit enhanced electro-
catalytic properties for both the HER and OER in different
electrolytes, including lower reaction overpotentials, smaller
Tafel slopes, larger Cq values, higher specific activity and
faster charge transport (Fig. S37-S447t), which further indi-
cated the important role of rare-earth doping in performance
optimization.
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Conclusions

In summary, rare-earth element doped NiFe-MOFs were
proposed to be efficient bifunctional electrocatalysts for both
the HER and OER in alkaline freshwater and seawater elec-
trolytes. The self-supporting CeNiFe-MOF electrodes pre-
sented excellent electrocatalytic capacity in 1.0 M KOH, with
a low overpotential of 113 mV at 10 mA cm ™ for the HER and
198 mV at 100 mA cm™ 2 for the OER. Furthermore, it only
required low cell voltages of 1.56 and 1.71 V to deliver 10 and
100 mA cm > for alkaline freshwater electrolysis. This CeN-
iFe-MOF also exhibited outstanding activity (1.59 V@10 mA
cm™?) and amazing stability (515 h) in 1.0 M KOH + seawater.
DFT calculations revealed that the introduction of Ce regu-
lated the electronic structure of active sites and optimized
the binding strength of reaction intermediates, thus signifi-
cantly accelerating the HER/OER process. Compared to
pristine NiFe-MOF, the YNiFe-MOF and LaNiFe-MOF also
demonstrated much improved electrocatalytic performance
in 1.0 M KOH and 1.0 M KOH + seawater. This simple and
effective rare-earth doping strategy can be widely exploited
for the design and construction of high-performance elec-
trocatalysts for both alkaline freshwater and seawater
splitting.
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