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Transition metal oxide-based catalysts are known as the most active oxygen evolution reaction (OER)
catalysts due to their intrinsic electronic structures and binding strength of oxygenated intermediates.
However, even the most active transition metal oxide-based OER catalysts have a turnover frequency far
lower than that of the oxygen-evolving complexes in biological systems for intermolecular site
aggregation. Herein, we implement the hybridization of a metal-organic framework and tungstic acid
(WO3-xH,O-in-MIL-88) to achieve ordered FeNi site isolation at the molecular level and avoid
intermolecular decomposition during the catalysis process. The optimized hybrid with 15% tungstic acid
(15%-WO3-xH,0O-in-MIL-88) achieves a much-enhanced OER activity and stability in terms of a low
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and long-term stability, which is much superior to that of the commercial RuO, catalyst.

1 Introduction

Scalable water electrolysis is a promising solution for achieving
carbon-free and carbon-neutral under the urgent global warm-
ing issue.'” Developing efficient and low-cost oxygen evolution
reaction (OER) catalysts is a major challenge due to the four-
electron coupled process and higher energy barriers.® Elabo-
rately designed electrocatalysts have been proved to reduce the
overpotential and sluggish kinetics at the anode effectively.
Transition metal oxide-based catalysts are known as the most
active due to their intrinsic electronic structures and binding
strength of oxygenated intermediates.”® In particularl, well-
defined NiFe hydroxides treated with several different strate-
gies, such as optimizing the Ni/Fe ratio,” introducing a third
dopant,'*™** or manufacturing defects,'* are explored to be the
most efficient OER catalysts. However, such transition metal
oxide catalysts still have a turnover frequency (TOF) far lower
than that of the oxygen-evolving manganese complexes in
photosystem 1I in nature.’®" The four Mn atom complexes in
biological systems are discrete and encapsulated within
proteins to provide specific interactions with substrates and fast
water splitting.'®" Hybridization of inorganic clusters and
organic components into a robust framework to combine the
advantages of homogeneous systems with well-isolated oxide
active-sites still offers chances to break the current limitations
of traditional catalysts.

Metal-organic frameworks (MOFs) are constructed by con-
necting inorganic secondary building units (SBUs) with organic
ligands to form an infinitely three-dimensional chemical
space,”?* which provides a unique platform to design

This journal is © The Royal Society of Chemistry 2024
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homogeneous active catalytic sites into heterogeneous catalysts
due to its permanent open pores.***” Pioneering studies have
shown that the immobilization of the cobalt-oxo cubane core
(Co,0,) into a MOF will stabilize the active sites and prevent
them from intermolecular decomposition during OER catal-
ysis.”® However, MOF materials usually show poor conductivity
and stability, which limits their catalytic performance.*®
Recently, numerous efforts have been made to improve the
MOF conductivity and stability for electrocatalysis: combining
highly conductive graphene or polymers with MOFs,*® where the
access to catalytic sites was partially blocked by the coverage, or
conversion of the MOF into metal nanoparticles loaded on
carbon by thermal decomposition, where the porosity and the
isolation of the ordered site were compromised.**-** Therefore,
it is critical to find a new path to improve MOF conductivity
when applying it in OER catalysis and maintain its ordered
structures with well-isolated catalytic sites simultaneously.
Here, we designed a facile strategy to impregnate tungsten
oxide (WOs3) and its hydrate (tungstic acid, WO;-xH,0) in MOF
structures to form a series of hybrids for efficient OER catalysis
under alkaline and seawater conditions. Specifically, an FeNi-
based MOF, MIL-88, is used for fabricating the composites with
the spatial arrangement of WO; or WO;-xH,0. Such precise
positioning of these components within the pores of the MOF
structure was achieved by the encapsulation of peroxotungstic
acid and sequential gelation, syneresis, and aging. The MOF
backbone was well maintained during this gradual condensation
of peroxotungstic acid molecules in water solution while forming
the WO;-xH,O (Scheme 1).**** The amount of WO3-xH,O can be
fine-tuned by controlling the stoichiometry of the starting mate-
rials in the encapsulation process. The final products are termed
n%-WOj;-xH,0-in-MIL-88, where n is the weight percentage of
WO;-xH,0. The one with a 15% weight percentage of WO; - xH,0,
15%-WO;-xH,0-in-MIL-88, shows the best electronic conduc-
tivity and OER catalytic performance among the series of samples
with the overpotential of 263 mV at 10 mA cm 2 and a low Tafel
slope of 39 mV dec ™ in 1 M KOH, which are far better than those
of the commercial RuO, catalyst. The electrolyzer constructed
based on the 15%-WO;-xH,0-in-MIL-88 catalyst only requires
1.81 V to drive a current of 250 mA cm™> with good stability.

Photosystem Il in plant cells
N\ & a O\ < N /4

K CaMn,-complex
| . /

Discrete catalytic sites
protected by protein hosts
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2 Materials and methods
2.1 Materials

Iron chloride hexahydrate (FeCl;-6H,0, AR, Aladdin), nickel(m)
nitrate hexahydrate (Ni(NOs),-6H,0, AR, Aladdin), 1,4-benzene-
dicarboxylic acid (BDC, 99%, Aladdin), N,N-dimethyl-
formamide (DMF, C3;H,;NO, 99.5%, Aladdin), tungstic acid
(H,WO,, 99%, Aladdin), hydrogen peroxide(H,0,, 30%),
iridium oxide powder (RuO,, 99%, Alfa Aesar), Nafion (D520,
5 wt%, Alfa Aesar), Ketjen Black (KB), and potassium hydroxide
(KOH, 85%, Aladdin) were used as received. Ultrapure water was
used to prepare all aqueous solutions.

2.2 Synthesis

MIL-88-Fe/Ni was synthesized according to the reported proce-
dure.*** A mixture of 181.1 mg FeCl;-6H,0, 96 mg Ni(NOj;),-
-6H,0, and 166.1 mg 1,4-benzene-dicarboxylic acid was
combined with DMF (10 mL) in a Teflon-lined autoclave (25 mL)
under continuous stirring until the solution achieved clarity.
Subsequently, 2 mL NaOH (0.4 M) was added dropwise while
stirring. After stirring for 15 minutes, the autoclave was trans-
ferred to a conventional oven and heated at 100 °C for 48 hours
to synthesize MIL-88-Fe/Ni, referred to as MIL-88 in this article.
WO;-xH,0-in-MIL-88 was synthesized according to the reported
procedure.® First, 0.4 g of WO;-H,0 was dissolved in 10 mL of
30% H,0, at 60 °C for 5 hours with continuous stirring to form
a peroxotungstic precursor. Subsequently, the mixed solution
was naturally cooled to room temperature before adding
a specific amount of peroxotungstic acid solution and 50 mg of
activated MIL-88 into a 20 mL glass bottle containing 5 mL of
EtOH under continuous stirring at 24 °C for 12 hours. Finally,
the solvent in the mixture was evaporated at room temperature
and further aged at 80 °C for an additional period of 12 hours.
The precise loading of tungstic acid is regulated by adjusting the
dosage of the peroxotungstic acid solution (Table S17).

2.3 Characteristic measurements

Scanning electron microscopy (SEM) images were obtained by
using a Hitachi Regulus 8220, Japan; the elemental mapping is

WO,xH,0-in-MIL-88
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Scheme1 Illustration of the materials design. Mimicking the isolated and encapsulated active manganese sites within proteins in nature through
the integration of NiFe sites and tungstic acid nanoparticles in an ordered open framework in an isolated manner.
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obtained from an energy-dispersive X-ray detector (Quantax
FlatQUAD, Bruker). The platinum coating was deposited with
a layer of about 1 nm. Transmission electron microscopy (TEM)
was performed with a Tecnai G2 F20 S-TWIN operated at 200 kV.
X-ray diffraction (XRD) measurements were performed by using
an Empyrean PIXcel3D with Co Ka irradiation and a Rigaku
Ultima IV with Cu Ka irradiation. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on a K-Alpha™ +
X-ray photoelectron spectrometer (Thermo Scientific) with
a hemispheric 180° dual-focus analyzer with a 128-channel
detector and monochromatic Al Ko irradiation. Thermogravi-
metric analysis of 15%-WOj;-xH,0-in-MIL-88 and 15%-WO;-in-
MIL-88 composites was performed on a thermogravimetric
analyzer with samples held in aluminum oxide pans. The
heating temperature ranged from 25 °C to 800 °C at a constant
heating rate of 5 °C min ' with an airflow rate of 20.0 mL
min~'. Ar was used in this measurement as both balance gas
and sample gas.

3 Results and discussion
3.1 Synthesis and morphological characterization

MIL-88 with the FeNi bi-component was synthesized using
a solvothermal method by mixing iron chloride hexahydrate,
nickel chloride hexahydrate, and 1,4-benzene dicarboxylic acid
in N,N-dimethyl-formamide.*® Fig. 1a shows the uniform spatial
arrangements of Fe and Ni atoms in the MIL-88 structure. The
scanning electron microscopy (SEM) image shows a typical
spindle structure for MIL-88, which was selected as the
substrate to encapsulate WO;-xH,O (Fig. 1b). We applied the
sol-gel chemistry to gradually grow WO;-H,O in the confined
space of MIL-88.** Sequentially, the prepared WO;-H,O is dis-
solved in H,0, to form a homogeneous aqueous solution of the
peroxotungstic acid precursor. Then, different amounts of
peroxotungstic acid solution were mixed with MIL-88 in ethanol
under continuous stirring for gradual gelation for 12 h. The gels
were then aged at 80 °C to obtain the n%-WO;-xH,0-MIL-88
samples. The SEM images in Fig. 1c-e reveal similar spindle
structures of 7%-WOj;-xH,0O-MIL-88, 15%-WO;-xH,0-MIL-88,
and 30%-WO;-xH,0-MIL-88 with that of the original MIL-88,
indicating that the impregnation of WO;-H,0O does not
change the morphology of MIL-88. Furthermore, it can be seen
that after the introduction of up to 30% WO;-H,O into the
pores, the crystal surface is still as smooth as the original MIL-
88, which could be evidence that the WO;-H,0 is growing
inside the pores of MIL-88 rather than on the surface. When the
loading content increases to 50%, it far exceeds the pore
capacity, the morphology of the MIL-88 cannot be well main-
tained, and large particles are observed in SEM images (Fig.
S1f). Energy-dispersive X-ray spectroscopy (EDS) mapping
analysis by SEM demonstrated the uniform distribution of Fe,
Ni, O, and W elements in the MIL-88 and n%-WO;-xH,O-in-
MIL-88 samples. In particular, the evenly distributed W signal
within the entire MIL-88 structure strongly supports the inclu-
sion of WO;-H,O0 in the pores (Fig. S2-S67).

Powder X-ray diffraction (PXRD) was conducted to investi-
gate the crystal structures. With increasing the loading amount
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of WO;-xH,0 from 7% to 15%, the crystal structure of MIL-88
can be well maintained. The decrease in peak intensity
happens when 30% WOj;-xH,O is introduced, and the crystal
structure is destroyed for 50%-WO,-xH,0-MIL-88 (Fig. 1f). It is
worth noting that the (101) reflection for MIL-88 shifted from
10.36° to 10.60° when 15% WO;3-H,O was introduced (15%-
WOj;-xH,0-MIL-88), which indicates the slight lattice contrac-
tion for MIL-88.3**° Such lattice shrinkage indicates the close
interactions between WO;-H,0 nanoparticles and the MIL-88
backbone. Transition electron microscopy (TEM) was further
employed to characterize the crystal structures of MIL-88 and
15%-WO;-xH,0-in-MIL-88, which first revealed the similar
uniform spindle-shaped crystals with 60-80 nm in width and
200-400 nm in length for MIL-88 and 15%-WO;-xH,0-in-MIL-
88 (Fig. S771). High-resolution TEM images show clear lattice
fringes of the (101) plane with d-spacings of 0.945 nm for MIL-
88 and 0.937 nm for 15%-WOj3;-xH,0-in-MIL-88 (Fig. 1g and h),
which confirms the lattice shrinkage observed in PXRD results.
TEM elemental mapping reveals again the uniformly distrib-
uted Fe and Ni elements in MIL-88 and Fe, Ni, and W elements
in 15%-WO;-xH,0-in-MIL-88 (Fig. 1i-1 and S8f), which
evidences the inclusion of WOj;-xH,0O nanoparticles into the
pores.

3.2 Elemental analysis

To further investigate the components and electronic state of
the synthesized samples, X-ray photoelectron spectroscopy
(XPS) has been conducted. As shown in the survey spectra, the
presence of Ni, Fe, O, and C in the MIL-88 can be confirmed,
while clear W peaks were observed for n%-WOj;-xH,0-in-MIL-
88, revealing the successful loading of WO, -xH,O in MIL-88
(Fig. 2a, b and S9 and Table S3t). As shown in Fig. 2c and
S10,1 the Fe 2p spectrum of MIL-88 and WO;-xH,0-in-MIL-88
both exhibits a mixture of Fe** and Fe*' valences, and the
peaks at 709.8 eV and 713.2 eV can be indexed to Fe** and Fe*".
For MIL-88, the Ni 2p spectrum shows an apparent 2p3/2 peak
at 855.1 eV, which is the characteristic peak of Ni*" and was
increased to 855.3 eV in WO;-xH,0-in-MIL-88 (AE = 0.15 V)
(Fig. 2d and S117). The O 1s region of MIL-88 consists of organic
C-0O (530.8 eV), organic C=0 (533.0 eV), and metal oxides
(528.5 eV), with a calculated metal oxide peak area ratio of 0.022
(Fig. 2e). After loading WO;-xH,O, the peak area ratio of oxides
increases to 5.9% in 7%-WO;-xH,0-in-MIL-88, 6.2% in 15%-
WO, -xH,0-in-MIL-88, 12.2% in 30%-WO;-xH,O-in-MIL-88,
and 34.8% in 50%-WO;-xH,0-in-MIL-88 (Fig. S12}). In the W
4f region, a peak at 34.6 eV indicates that the W element
distributed inside the channel is in the form of tungstic acid
(Fig. 2f and S137).

3.3 Electrocatalytic activity toward the OER in 1 M KOH

The electrocatalytic performance of n%-WO;-xH,0-in-MIL-88
composites for the OER is first measured via a three-electrode
configuration with rotating disk electrodes.**> The OER
performance of MIL-88 was also assessed for comparison in an
identical environment. As shown by the linear sweep voltam-
metry (LSV) curves in Fig. 3a, the MIL-88 requires an

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Illustration of the hybridization of WO3-H,O into MIL-88 pores. SEM images of the as-synthesized (b) MIL-88, (c) 7%-WOz-xH,O-in-
MIL-88, (d) 15%-WOs3-xH,O-in-MIL-88, and (e) 30%-WO3-xH,O-in-MIL-88. (f) XRD patterns of the series of WO3-xH,O-in-MIL-88 samples
collected using the Co target X-ray source (1 = 1.789 A). Transmission electron microscopy (TEM) images of (g) MIL-88 and (h) 15%-WOs3-xH,O-
in-MIL-88. (i—1) The corresponding elemental mapping of 15%-WO3-xH,O-in-MIL-88 from TEM.

overpotential of 297 mV to reach a current density of 10 mA
cm 2, while it can be largely reduced to 270 mV by introducing
7% WO;-xH,0. The best performance can be reached at 15%
WO;-xH,0; the 15%-WO;-xH,0-in-MIL-88 catalysts show the
lowest overpotential of 263 mV to reach a current density of 10
mA cm ™2, which is even better than that of the 30%-WO; - xH,O-
in-MIL-88 (279 mV), 50%-WOj;-xH,0-in-MIL-88 (300 mV), and
commercial noble-metal based RuO, catalysts (270 mV) (Fig.
S147). The outstanding OER performance of 15%-WOj;-xH,0-

This journal is © The Royal Society of Chemistry 2024

in-MIL-88 was further confirmed by its substantially lower
Tafel slope (39 mV dec ") than those of RuO, (50 mV dec™ '),
MIL-88 (46 mV dec™ '), 7%-WO; - xH,0-in-MIL-88 (40 mV dec™ ),
30%-WO;-xH,0-in-MIL-88 (44 mV dec '), and 50%- WO;-
-xH,0-in-MIL-88 (60 mV dec ') (Fig. 3b). Taking the catalyst
loading into consideration for practical applications, the mass
activities of the n%-WO;-xH,0-in-MIL-88 and MIL-88 were
evaluated by normalizing the LSV curves with the mass of Fe +
Ni. As depicted in Fig. 3c, the n%-WO; - xH,0-in-MIL-88 catalyst

J. Mater. Chem. A, 2024, 12,19968-19978 | 19971


https://doi.org/10.1039/d4ta02924k

Published on 05 Juni 2024. Downloaded on 16/11/2024 09:33:10.

View Article Online

Journal of Materials Chemistry A Paper
a b c c
a o 435
o N -
S o O ~ 40 39.1 Fe
z w » = Ni
- - b w -
g M/% ° = g 220 i ;;
= MIL-88 _,,M-\J 8 %
g N3 8. 204 5 ~ _/1/"\
L L2 155 E ‘4\;;7;\; N
= E : 137 e
,.—\,\/AALI\«A‘ ] 12.0
' = 75 15%-WO, xH,O-in-MIL-88
15%-WO,-xH,0-in-MIL-88 ' I
T T T T 0 r T T T T T T T T
1200 900 600 300 0 MIL-88 15%-WO,-xH,0-in-MIL-88 735 730 725 720 715 710 705
Binding energy (eV) Binding energy (eV)
d Iy Ni 2p,, € o f ™
Ni 2p,,, ) /’\ Organic C-O W 4f
% "Sat A W 4f [
- K\LQ—Xh ' N _ Organic C=0 / )\ Metal oxides ‘; .
s | miLse K 4 \ s [
z 2 | MIL-88 =y
a B c /
(7} 0] 7\ o loss feature /
£ E / \ £
- e - - / 15%-WO, xH,0-in-MIL-88
15%-WO, xH,0-in-MIL-88 e (A .
15%-WO,-xH,0-in-MIL-88
880 875 870 865 860 855 850 536 534 532 530 528 526 44 42 40 38 36 34 32 30
Binding energy (eV) Binding energy (eV) Binding energy (eV)
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(c) Fe 2p, (d) Ni 2p, (e) O 1s, (f) W 4f.

exhibits an extraordinarily efficient mass activity of 190.6 A
Zreni - at an over-potential of 300 mV, which is 5 times higher
than that of MIL-88 (36.0 A gpen; ) and higher than that of
RuO, (117.6 A g~ 1). The turnover frequency (TOF) is calculated
to evaluate the intrinsic activity of each Fe/Ni atom. The highest
TOF value is obtained for 15%-WO;-xH,0-in-MIL-88 as 0.135
s~', which is higher than that of 7%-WO;-xH,0-in-MIL-88
(0.112 s71), 30%-WO;-xH,0-in-MIL-88 (0.091 s~ '), and 50%-
WO, xH,0-in-MIL-88 (0.0519 s~ ') and MIL-88 (0.022 s ')
(Fig. 3d). This result further ascertains the highest OER
performance of 15%-WO;-xH,0-in-MIL-88.

In addition, we investigated the double-layer capacitances
(Ca1) of the catalysts to evaluate electrochemically active surface
areas (ECSAs) (Fig. S151). The similar Cq; of 7%-WO3-xH,0-in-
MIL-88, 15%-WOj;-xH,0-in-MIL-88, and 30%-WO;-xH,0-in-
MIL-88 indicates their similar ECSA for electrocatalysis (1.67
mF cm ™2 for 7%-WOj; - xH,0-in-MIL-88, 30%, 1.70 mF cm > for
15%-WO; - xH,0-in-MIL-88, and 1.47 mF cm™? for 30%-WO;-
-xH,0-in-MIL-88). Electrochemical impedance spectroscopy
(EIS) was used to investigate the electron/proton transfer at the
interface between the catalyst and electrolyte (Fig. S16 and
Table S41). 15%-WO;-xH,0-in-MIL-88 has an appropriate
loading content to form an ideal intermingled structure to
feature the lowest electrochemical impedance among all the
series of samples, indicating the fastest charge transfer, while
its porosity is well maintained. Thus, 15%-WO;-xH,0O-in-MIL-
88 is able to facilitate both charge transfer and mass transfer
during catalysis to achieve better catalytic performance. It can
be concluded that the accurate filling of MIL-88 with 15%
WO;-xH,0 leads to superior catalytic activity as evidenced by

19972 | J. Mater. Chem. A, 2024, 12, 19968-19978

its lowest overpotential, smallest Tafel slope, and highest mass
activity among other comparative catalysts and most of the
currently reported catalysts (Fig. 3e and f and Table S57).
Furthermore, chronopotentiometry measurements were
employed to assess the durability of the 15%-WO;-xH,0-in-
MIL-88 catalyst on carbon cloth, which exhibited more than
100 hours of stability at constant working current densities of
10 mA cm > and 50 mA ¢cm ™ (Fig. 3g). The oxidation state of
both Ni and Fe slightly changed after the stability test, which
was indicated by the marginal shifts in their XPS spectra (Fig.
S17%). It can be seen that the overall deposition of catalysts on
carbon cloth doesn't change too much, however, the shape of
catalysts themselves slightly changes from needle-shape to
cross-linked particles (Fig. S187). The slightly increased Fe and
Ni content and decreased W content indicate the formation
of an active Fe, Ni oxide layer on the surface of the catalyst
(Table S67).

3.4 Activity mechanism study

To investigate the roles and mechanisms of WO;-H,O
enhanced OER activity, a series of control experiments and
theoretical analysis were conducted. First, the H,O,-treated
MIL-88 shows a much-decreased OER activity with an over-
potential of up to ~340 mV, indicating that the performance
enhancement can be attributed to the WO;-H,O (Fig. S19, Table
S21). The diffusion of water molecules to have close contact with
catalytic sites is critical for the OER kinetics.**** The inclusion
of WO;-H,0 will hugely influence the water molecule diffusion
within MOF pores by improving the hydrophilicity of the
composites. Fourier-transform infrared (FTIR) spectra of MIL-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3
potentials at 10 mA cm ™2

(a) OER polarization curves and (b) Tafel plots of MIL-88 and the series of WOz-xH,O-in-MIL-88 in 1 M KOH. (c) Comparison of over-
and mass current densities and (d) TOF values at an overpotential of 300 mV. Overall evaluation of the OER perfor-

mance (e) comparison with synthesized catalysts and (f) comparison with reported OER catalysts. () Long-term stability test of 15%-WOz-xH,O-

in-MIL-88 and RuO, performed at a current density of 10 mA cm 2.

88 and WO;-xH,0-in-MIL-88 indicate that the water peak shows
a significant increase when the framework structure remains
consistent (Fig. S207). As indicated by the thermal gravimetric
analysis (TGA) results, the coordinated water in the crystal can
be well removed before 150 °C (Fig. S217).** We then treated the
15%-WO;-xH,0-in-MIL-88 catalyst under 150 °C to synthesize
the control sample 15%-WO;-in-MIL-88, while the water peak in
FTIR weakened significantly, and the morphology remained
unchanged (Fig. 4a, b, S22 and $23t). The much lower OER
performance of 15%-WO;-in-MIL-88 in terms of higher over-
potential (280 mV) and much higher Tafel slope (90 mV dec ™)
than that of 15%-WO;-xH,0-in-MIL-88 (Fig. 4c and S24f)
indicates the crucial roles of the coordinated water in OER
catalysis. The water contact angle experiments are conducted to
evaluate the surface hydrophilicity, where 15%-WO;-xH,0-in-
MIL-88 shows a much smaller contact angle of 25° than that

This journal is © The Royal Society of Chemistry 2024

of MIL-88 (67°) and 15%-WO;-in-MIL-88 (60°), indicating the
best hydrophilicity for 15%-WO;-xH,0-in-MIL-88 (Fig. 4d).*>**
Raman spectroscopy results suggested the in situ formation of
Fe-O-O-Ni during electrooxidation, where molecular water
adsorption is essential (Fig. 4e).** To better understand how the
water molecules diffuse inside the catalysts, we carry out
molecular dynamics (MD) simulation (Fig. 4f). We first build
two supercells of 15%-WO;-xH,0-in-MIL-88 and 15%-WO;-in-
MIL-88 that are filled with a certain number of water mole-
cules, respectively (Fig. S251). As evident from Fig. 4g and h, the
average metal-water (Fe/Ni) distance in MIL-88 with WO;-xH,0
is noticeably shorter, as reflected by a reduced position at the
initial peak in the radial distribution function (g(r)) (Fig. S267).
This implies a heightened affinity between 15%-WO;-xH,0-in-
MIL-88 and water molecules, suggesting a more favorable
interaction. This increased affinity could be the main
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(a and b) Structure illustration of WOz-H,0O and WOz nanoparticles in MIL-88. (c) The polarization curves of 15%-WOz-xH,0-in-MIL-88

and 15%-WOs3-in-MIL-88. (d) The water contact angle of different catalysts. (e) The in situ Raman spectra of 15%-WO3z-xH,O-in-MIL-88 during
OER catalysis. (f) The simulation illustration shows MIL-88 cavities filled with water molecules (blue spheres). For clarity, MIL-88 is shown as
a green wireframe. WOz or WO3-H,O is represented by red spheres. (g and h) Radial distribution function g(r) of water molecules around Fe and

Ni atoms in 15%-WO3-xH,O-in-MIL-88.

contribution to the improved OER performance of 15%-WO;-
-xH,0-in-MIL-88.

3.5 Electrocatalytic activity toward the OER in alkaline
seawater

Such a water molecule enriched microenvironment in the pores
of 15%-WO;-xH,0-in-MIL-88 could also benefit the OER
performance under complicated ion conditions, for example,
seawater. Therefore, initial trials were made to extend the
applications of the 15%-WO;-xH,0-in-MIL-88 catalyst for the
OER in alkaline seawater. As shown in Fig. 5a, the OER polari-
zation curves indicate that the MIL-88 requires an overpotential
of 390 mV to reach a current density of 10 mA cm ™2, while it can

19974 | J Mater. Chem. A, 2024, 12, 19968-19978

be largely reduced by introducing WO;-xH,0. The best perfor-
mance can be reached at 15% WO;-xH,0; the 15%-WO;-xH,O-
in-MIL-88 catalysts show the lowest overpotential of 360 mV to
reach a current density of 10 mA ecm™?, which is much better
than that of the 30%-WO; - xH,0-in-MIL-88, 50%-WOQO; - xH,O-in-
MIL-88, and commercial RuO, catalysts (Fig. S27 and S28%). The
outstanding OER performance of 15%-WO; - xH,0-in-MIL-88 in
alkaline seawater was further confirmed by its substantially
lower Tafel slope (59.4 mV dec ') than MIL-88 (86.4 mV dec )
(Fig. 5b and c). As shown in Fig. 5d, 15%-WO;-xH,0-in-MIL-88
shows TOF values of 0.115 s~ ' at an overpotential of 400 mV,
which is higher than that of MIL-88 (0.030 s~ '). Remarkably, the
15%-WO;-xH,0-in-MIL-88 catalyst enables stable oxygen

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) OER polarization curves, (b) the Tafel plots, (c) overpotentials and the Tafel slope, and (d) TOF values of MIL-88 and 15%-WO3-xH,O-

in-MIL-88 in alkaline seawater. (e) Stability of 15%-WOs-xH,O-in-MIL-88 and RuO in alkaline seawater at a current density of 10 mA cm™2. (f)
The scheme of the anti-corrosion mechanism in alkaline seawater. (g) The overall evaluation of OER performance in alkaline seawater.

production in alkaline seawater for over 70 hours at 10 mA cm >

due to the effective resistance of CI~ poisoning on active Fe/Ni
sites by tungstic acid nanoparticles within MOF pores
(Fig. 5e-g).*® Such long-term stability offers promising potential
for practical application.

3.6 Practical application of the catalyst

The overall water-splitting performance in an alkaline electro-
lyte was assessed using a two-electrode device. The anode was
fabricated with 15%-WO;-xH,0-in-MIL-88 supported on
a nickel foam (NF) substrate, while the cathode was commercial
Pt/C supported on a NF substrate (referred to as 15%-WO;-
-xH,0-in-MIL-88/NF||Pt/C/NF). For comparison, the overall
water-splitting performance of RuO,/NF||Pt/C/NF made from
commercial catalysts was also tested in 1 M KOH. According to
Fig. 6a, the polarization curves found that a voltage of only
1.50 V is required for delivering a current density of 10 mA cm >
with the 15%-WO;-xH,0-in-MIL-88/NF||Pt/C/NF setup. More-
over, only a low voltage of 1.91 V was needed for driving
a current density of 100 mA cm™>. Notably, the device based on

This journal is © The Royal Society of Chemistry 2024

15%-WO;-xH,0-in-MIL-88/NF||Pt/C/NF exhibits excellent oper-
ation stability at 100 mA ecm~> for over 24 h without any
noticeable decline in performance (Fig. 6b). Due to its
outstanding overall water-splitting activity, this electrolyzer can
be powered with a standard AA battery operating at room
temperature (Fig. 6¢). Compared to other reported water elec-
trolyzers (Fig. 6d and Table S7f), such as Cu@NiFe
LDH|/Cu@NiFe LDH (1.54 V)," Ni/NigP;||Ni/NigP; (1.61 V),**
CoFeZr oxides||CoFeZr oxides (1.63 V),* etc., the cell voltage
requirement for achieving a current density of 10 mA cm ™2 is
much lower in our proposed configuration (15%-WO;-xH,O-in-
MIL-88/NF||Pt/C/NF). To assess the practical viability of the
catalyst, the membrane electrode assembly (MEA) electrolyzer
was also tested by employing 15%-WO;-xH,0-in-MIL-88 as the
OER catalyst (Fig. 6e). At a temperature of 25 °C, the electrolyzer
achieves a current density of 250 mA cm™> at a cell voltage of
1.81V and more than 24 h stability, outperforming RuO,/CP||Pt/
C/CP (2.27 V) (Fig. 6f and g). These findings highlight the
potential practical application prospects of 15%-WO;-xH,O-in-
MIL-88.
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Fig. 6 (a) The polarization curves, (b) long-time stability at 100 mA cm~2 of 15%-WOj3-xH,O-in-MIL-88/NF||Pt/C/NF and RuO.,/NF||Pt/C/NF
toward overall water splitting in a H type cell. (c) The photo of the H-type cell driven by a 1.5 V AA battery. (d) Comparison of the cell voltage at 10
mA cm™2 with reported results. (e) The scheme of a simple MEA electrolyzer. (f) Polarization curves and (g) stability tests at 250 mA cm™2 of the

MEA equipped with 15%-WOs-xH,O-in-MIL-88/CP||Pt/C/CP.

4 Conclusion

In summary, we report a facile synthesis strategy to integrate
active FeNi sites and tungstic acid nanoparticles into an ordered
open framework in an isolated manner for efficient OER catal-
ysis by mimicking the nature of discrete manganese oxo-
complexes encapsulated by proteins in photosystem II. The
synergy between precisely positioned tungstic acid and the MIL-
88 structure brings hydrophilic FeNi active sites in the frame-
work, leading to an efficient electron transfer and fast reactive
substrate diffusion. The composite, 15%-WO;-xH,0-in-MIL-88,
exhibits a low overpotential of 263 mV at 10 mA cm > and
a low Tafel slope of 39 mV dec™', which are much better than
those of the commercial noble-metal RuO, catalyst. Notably, the
catalyst shows a remarkable 72 h long-term operating stability in
alkaline seawater. Further studies explored the practical poten-
tial of using this catalyst in membrane electrode assembly and

19976 | J Mater. Chem. A, 2024, 12, 19968-19978

a water-splitting device. This work offers new insights for the
design of OER catalysts based on crystalline porous materials.
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