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Two-dimensional (2D) (MOF) based heterostructures will be greatly

advantageous to enhance catalytic performance because they increase the contact surface and charge

metal-organic framework

transfer. Herein, a novel 2D heterostructure named CeO,@NiFe-MOFs, in which monolayer NiFe-MOFs
is coordinated with ceria (CeO,) to improve catalytic and stability performance, is successfully
constructed by the strategy of in situ growth on the surface of ultrathin CeO, nanosheets being
functionalized with monolayer carboxylic acid groups. The 2D heterostructure possesses a sandwich
structure, where monolayer NiFe-MOFs are coordinated to both the top and bottom surface of CeO,
nanosheets via joining carboxylic acid groups. In particular, CeO, with robust coordination plays
a significant role in the anchoring of carboxylic acid groups and binding strength of heterostructures.
The 2D CeO,@NiFe-MOF heterostructure with a joint effect of metal-ligand coordination not only
presents good structural stability but also significantly enhances the oxygen evolution reaction (OER)
efficiencies in comparison to bare NiFe-MOFs, achieving a current density of 20 mA cm™2 at a low

overpotential of 248 mV as well as durability for at least 40 h. Meanwhile, the electronics, optics, band
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Introduction

The energy crisis and environmental pollution are the most
crucial challenges facing humanity today. Electrocatalytic water
splitting plays a key role in addressing issues of energy
sustainability and environmental protection." The development
of a high-performance electrocatalyst for the oxygen evolution
reaction (OER) with sluggish kinetics is a great challenge in the
field. Heterostructures have attracted great attention in the
fields of materials, catalysis and energy, because the unique
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materials to be used in energy conversion or other fields.

structures generally exhibit enhanced -catalytic activity in
comparison with other uniformly structured counterparts.>*
Metal-organic frameworks (MOFs) are a class of porous crystal
coordination polymers, which are commonly constructed by the
coordination of metal nodes with diversiform organic ligands,*
possessing ultrahigh porosity, enormous surface areas, acces-
sible metal active sites, hybrid composition, good designability
and structural diversity. Benefitting from these merits, MOFs
have attracted considerable interest in electrocatalytic water
splitting.> However, many bulk MOFs still suffer from poor
conductivity, buried active sites and chemical instability caused
by the intrinsic shortages of organic ligands. Compared to bulk
MOFs, ultrathin two-dimensional (2D) MOFs afford not only an
enlarged surface area but also more active sites exposed on the
surface, which can be beneficial to the adsorption and activa-
tion of reactants and improvement of catalytic performance.®
MOF-based heterostructures can concurrently provide archi-
tectural features of MOFs and additional physicochemical
properties.”® Therefore, to take full advantage of MOFs, ultra-
thin 2D MOFs and MOF-based heterostructures as efficient
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electrocatalysts in the field of water splitting and related energy
conversion have aroused the attention of researchers.

Ultrathin 2D MOFs with thickness on a nanometer scale are
beneficial to improving the performance of electrocatalytic
water splitting.>'® Accordingly, two fabrication strategies have
been developed to synthesize ultrathin 2D MOFs, including the
top-down strategy (exfoliation methods) and bottom-up strategy
(direct syntheses from metal and organic precursors)."* The
exfoliation method mainly assisted by ultrasound is only
applicable to bulk MOFs with intralayer coordinated bonds that
can be easily broken, resulting in inhomogeneity, fragmenta-
tion and restacking of MOF-nanosheets.”> On the other hand,
the bottom-up strategy has proved to be an efficient method to
prepare ultrathin 2D MOFs. For example, the ultrathin 2D Co-
MOF nanosheets (thickness of ~2 nm), prepared under hydro-
thermal conditions using polyvinylpyrrolidone as the surfac-
tant, showed high intrinsic activity and enhanced electrical
conductivity.”® The surfactant may block some of the active
sites. In order to avoid the introduction of an organic surfac-
tant, recently, Lang and co-workers prepared ultrathin Ni-M-
MOFs (M = Fe, Al, Co, Mn, Zn, and Cd) with a thickness of
several atomic layers via a one-step hydrothermal method,
where the solvent played a crucial role in modulating the
formation of 2D MOFs.** Although many research achievements
have been achieved in the preparation of 2D MOFs, developing
the ideal technology to simultaneously control the growth of 2D
MOFs along the lateral direction only and suppress vertical
growth to the nanometer scale still remains challenging.* 2D
MOF-based heterostructures can provide the architectural
features of nanometer MOFs; moreover, heterostructures can
achieve the controllable growth of ultrathin MOFs. Therefore,
the novel functional heterostructures, especially those fabri-
cated from 2D MOFs or other 2D materials, have become the
current focus of research on electrocatalytic water splitting, due
to their increased contact surface and enhanced charge
transfer.'®"’

Various strategies have been reported to fabricate MOF-
based heterostructures, such as spin coating,"® electrochemical
deposition,* layer-by-layer assembly (LBL),*® in situ growth*
and so on.”” However, most of the proposed strategies are not
suitable to uniquely construct heterostructures by the control-
lable integration of 2D MOFs and nanomaterials with ultrathin
thickness and efficient activities. Therefore, it is urgent to
develop a facile and efficient method to synthesize hetero-
structures of 2D MOFs with 2D nanomaterials. Moreover, the
accurate selection of 2D nanomaterials with good properties to
support and control the growth of MOFs will lend a hand to
improve the activities and stabilities of the heterostructures.
Among the abundant 2D nanomaterials,> ceria (CeO,) is widely
used to improve the performance of materials in catalytic
conversion processes.”* Its excellent stability and corrosion
resistance also result in the structural robustness and durability
of materials.* In particular, ultrathin CeO, nanosheets display
the largest specific surface area, coordination-unsaturated Ce
sites and a surface defect-rich structure, which is conducive to
catalytic performance.?® As far as we are concerned, CeO, is an
ideal substrate for coordinated functionalization of carboxylic
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acid groups, which provides a strategy for the design of new
CeO,-based materials with tailored multiple functionalities.
Considering all the above, we envisage that ultrathin CeO,
would be an ideal nanomaterial to support MOFs. Besides, a Ce-
decorated transition metal was reported by Zheng and co-
workers,” and to the best of our knowledge, the hetero-
structures of ultrathin CeO, nanosheets with surface-coordi-
nated and confined transition metal-MOFs were poorly
understood until fairly recently.

Herein, we report the coordinated functionalization of
ultrathin CeO, nanosheets by attaching oxygen-containing
carboxylic functional groups to their surface via an approach of
ligand exchange, and then using a straightforward protocol of
the coordination between the carboxylic groups and the metal
ions to form monolayer MOFs on the surface of CeO, and
construct CeO,@NiFe-MOFs heterostructures. Since the surface
of CeO, can expose coordination-unsaturated Ce atoms, which
is beneficial to coordinate with oxygen-containing functional
groups, ligand exchange has been adopted to anchor the
oxygen-containing functional groups. We demonstrate that the
protocol is not only beneficial for the chemical functionaliza-
tion of CeO, with tailored oxygen-containing functional groups
but also affords well-defined 2D CeO,@NiFe-MOF hetero-
structures, in which ultrathin CeO, nanosheets with the largest
specific surface area provide a substrate for the dispersion of
the 2D NiFe-MOF layer and the thickness of the 2D NiFe-MOFs
could be controlled down to nanometers. Therefore, ultrathin
2D heterostructures efficiently increase the contact surface to
capture the targeted molecules and will accelerate charge
transfer between active NiFe-MOFs and inorganic CeO,. In
addition, compared with the properties of bare CeO,, CeO,
decorated with 2D NiFe-MOFs exhibits different properties of
electronics, optics, band gap energy and local strain. Mean-
while, 2D CeO,@NiFe-MOF heterostructures assisted by CeO,
nanosheets can be used as an electrocatalyst, exhibiting
significantly enhanced performance and long-term stability in
the OER.

Results and discussion

Ultrathin heterostructures have been prepared through an in
situ growth strategy on the CeO, surface functionalized by
carboxylic acid groups. As shown in Fig. 1a, the ultrathin 2D
CeO,@NiFe-MOF heterostructures are prepared via a two-step
procedure (ligand exchange and in situ growth). Firstly, ter-
ephthalic acid (1,4-BDC) coordinates with the cerium cation on
the CeO, surface, in place of oleic acid (OA) on the surface by
two-phase ligand exchange. Thus, ultrathin CeO, nanosheets
were functionalized by monolayer carboxylic acid groups (CeO,-
BDC).”® Secondly, CeO,-BDC provides the templates for the
crystallization of MOFs, where monolayer NiFe-MOFs are
coordinated to both the top and bottom surface of CeO,
nanosheets via joining carboxylic acid groups, obtaining ultra-
thin 2D CeO,@NiFe-MOF heterostructures with a sandwich
structure. In the process of reaction, when CeO,-BDC is sus-
pended in an alkaline solution, the carboxylic acid groups can
be polarized in the alkaline solution, and then uniformly adsorb

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the CeO,@NiFe-MOF heterostructure preparation procedure including two steps: two-phase ligand

exchange and in situ growth. (b) Atomic HAADF-STEM image of CeO,@NiFe-MOFs along the [111] orientation of CeOs,. (c) Corresponding FFT
pattern from (b). (d) The projected structural model of CeO, in CeO,@NiFe-MOFs. (e) FFT-filtered atomic resolution simulation image. (f)
Enlarged HR-TEM image of CeO,@NiFe-MOFs from Fig. S10e.t (g) The corresponding elemental mapping images of CeO,@NiFe-MOF

heterostructures.

metal ions (e.g. Ni**, Fe®") via strong electrostatic adsorption. As
a consequence, MOFs crystallize onto the CeO, surface as films.
Undoubtedly, these 2D templated 1,4-BDC tails coordinated
with metal ions can create abundant open metal sites, and the
1,4-BDC bridged heterostructures featured 2D layered struc-
tures, facilitating the increased interlaminar porosity and
largely promoted ion transport.

Ce0,-OA nanosheets with an ultrathin thickness and organic
ligand coordinately functionalized ultrathin CeO, were
prepared according to previous reports (Fig. S1-S3t).2>°° The
success of coordinated modification of organic ligands on CeO,
nanosheets can be observed by vibrational spectroscopy (Fig. S4
and S5t).** In this work, we mainly focus on CeO,-BDC nano-
sheets. CeO,-OA and CeO,-BDC were investigated by powder X-
ray diffraction (PXRD). As shown in Fig. S6,1 the shifted
diffraction peaks of CeO,-BDC compared to that of pristine
Ce0,-OA can probably be ascribed to the partial transition from
Ce*" to Ce*" in the process of substitution. The appearance of
a peak at =15.38° can be ascribed to the coordinated combi-
nation of the Ce-ligand.*” The water contact angle was also
measured to further investigate the CeO, surface (Fig. S71). The

© 2022 The Author(s). Published by the Royal Society of Chemistry

above results elucidate the successful functionalization of
carboxylic acid groups onto the CeO, surface.

The transmission electron microscopy (TEM) image of CeO,-
OA shows the characteristic structure of nanosheets with
diverse lateral sizes (Fig. S8at). The nanosheet structure is well
preserved in CeO,-BDC nanosheets (Fig. S8bt) with a relatively
more disrupted morphology compared to pristine CeO,-OA
nanosheets. Morphologies of CeO,-OH and CeO,-PMA (Fig. S9F)
are also strikingly different from CeO,-OA, although nanosheets
can be observed. The dramatic change in the morphologies of
Ce0,-BDC, Ce0,-OH and CeO,-PMA is mainly caused by coor-
dination modification, which can be regarded as a sign of
chemical modification. The TEM images of 2D CeO,@NiFe-
MOF heterostructures (Fig. S10a and bf) show an ultrathin
sandwich-like structure with multiple stacking faults. High-
resolution TEM (HR-TEM) reveals the crystal structure of 2D
CeO,@NiFe-MOF heterostructures. As depicted in Fig. S10c,¥
the lattice spacing of CeO, is measured to be 0.31 nm corre-
sponding to the [111] interplanar spacing, and the d = 0.21 nm
corresponds to the interplanar distance in the [103] plane of
NiFe-MOFs."** The corresponding selected area electron
diffraction (SAED) pattern (Fig. S10d{) can be indexed to the
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[111] and [103] lattice planes of CeO, and NiFe-MOFs, respec-
tively. The high-angle annular dark field aberration corrected
scanning TEM (HAADF-STEM) image reveals the fine structure
of CeO, within CeO,@NiFe-MOF heterostructures (Fig. 1b). The
fast Fourier transform (FFT) image in Fig. 1c shows the coex-
istence of two clearly distinct structural domains. Fig. 1d shows
the corresponding crystal structure of CeO, unit cells in
CeO,@NiFe-MOF heterostructures taken along the [111] orien-
tation. The FFT-filtered atomic resolution image was further
used to visualize the corroboration along the [111] orientation
(Fig. 1e), and Fig. S11t shows the corresponding three-dimen-
sional atom intensity profile. 2D NiFe-MOFs are nonuniform on
the surface of CeO, nanosheets, and this may be attributed to
the nonuniformity of the monolayer carboxylic acid groups
(Fig. 1f). The elemental composition of CeO,@NiFe-MOF het-
erostructures is identified by HAADF-STEM mapping (Fig. 1g
and S10ff), confirming the uniform distribution of Ce, Ni, Fe
and O elements throughout the entire nanosheets.

The structure of CeO,@NiFe-MOF heterostructures is
further confirmed by the PXRD pattern (Fig. 2a), in which the
decrease of crystallinity results from the increased amounts of
open metal sites.** The diffraction peaks of CeO,@NiFe-MOF
heterostructures are slightly shifted, revealing structural trans-
formation induced by ligand distortion. Comparing Raman
spectra of CeO,@NiFe-MOF heterostructures with those of
NiFe-MOFs, the intensity of CeO,@NiFe-MOF heterostructures
at 525 cm ™' is found to be considerably lower (Fig. S127). The
atomic force microscopy (AFM) tests are further performed to
observe the thickness and surface of CeO,-OA and CeO,@NiFe-
MOFs deposited on silicon substrates. As shown in Fig. S13,f
compared to Ce0,-OA, CeO,@NiFe-MOF heterostructures
exhibit a significant change of thickness in the range of 3.8-8
nm and surface morphology. These results verified the
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successful synthesis of ultrathin CeO,@NiFe-MOF hetero-
structures. Fig. 2b shows the specific surface area of CeO,@-
NiFe-MOFs which is estimated to be 53 m> g~'. Besides, the
pore size distribution can also be seen from the inset of Fig. 2b,
exhibiting a pore diameter of 2.3 nm, allowing the faster
diffusion of ions. The thermogravimetric (TG) analysis also
demonstrated good stability of NiFe-MOF nanosheets in
CeO,@NiFe-MOFs (Fig. S14t).

Surface-sensitive X-ray photoelectron spectroscopy (XPS)
characterization was carried out to establish the surface
elemental composition and valence state, which helps to
analyze the intrinsic electronic structure of the prepared
materials. As shown in the full XPS spectra of CeO,@NiFe-MOF
heterostructures (Fig. S157), Ce, Ni, Fe, O, and C elements were
identified. In the high-resolution O 1s XPS spectra (Fig. 2c), the
broad peak at 529 eV can be assigned to the characteristic peak
of Ce0,;***** the O 1s of CeO,-BDC (529.6 eV) shifts to higher
binding energy compared to that of CeO,-OA (529.3 eV). A much
broader peak at around 529.3 eV in CeO,@NiFe-MOFs suggests
possible electronic interactions between carboxylic acid groups
and CeO,. The ratio of the Ni"/Ni"" XPS peak in Ni (2ps,) is used
as the reference, and the Ni'"/Ni™ ratio on the surface of
CeO,@NiFe-MOFs (0.7) decreases compared with the NiFe-
MOFs (1.2) (Fig. 2d), suggesting that the Ni" is oxidized when
NiFe-MOFs is coordinated with CeO,. The Fe peaks of CeO,@-
NiFe-MOFs show apparent shifts toward the lower binding
energies (Fig. 2e). The Fe*' sites serve as Lewis acid sites,?” and
Ce atoms act as electron-accepting sites, confirming partial
electron transfer from Ni to Fe and Ce atoms.*®

XPS spectra of Ce 3d are shown in Fig. 2f, the peaks v, v/, v/
and v° arise from the ionization of the 3d5/, electron, the u”, u”,
u/, u and u® peaks arise from the 3ds, electron, and the peaks
(labeled v°, v/, u°, u’) are coincident with previously reported
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(a) PXRD patterns of CeO, (no. 34-394), CeO,-BDC, CeO,@NiFe-MOFs and NiFe-MOFs. (b) Nitrogen adsorption/desorption isotherm of

CeO,@NiFe-MOFs, pore size distributions (inset). (c—f) XPS spectra of O 1s, Ni 2p, Fe 2p and Ce 3d; Ce 3d XPS spectra reveal the change of

valence of Ce caused by coordinated functionalization.
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XPS peaks of Ce*" of the Ce,0; compound.® It is clear that
Ce0,-OA shows binding energy related to Ce*", while CeO,-BDC
shows decrease of intensity of Ce®" related peaks, indicating the
efficient replacement of OA by 1,4-BDC, which leads to a partial
transition from Ce** to Ce*". For CeO,@NiFe-MOFs, the Ce**
related peaks at 903.8 and 885.5 eV dramatically decrease,
showing features related to Ce*". The comparison of results
shows that coordinated functionalization to CeO,-OA may
induce gradual oxidation of Ce®". Therefore, the interactions
between CeO, and organic ligands can be testified according to
the electronic charge transfer. To further confirm valence states
of Ce ions in CeO,@NiFe-MOFs, the Ce-M edge was measured
by STEM-EELS (electron energy loss spectroscopy), which was
performed to directly collect the cerium signal. EELS spectra are
depicted in Fig. S16,7 where the intensity of the M, edge is
higher than that of the M; edge, which is attributed to Ce**.%**
The result of EELS spectral analysis for the valence state of Ce
ions is coincident with that of the XPS spectral analysis. The
valence of Ce ions is nominally +4 in CeO,@NiFe-MOFs, indi-
cating that reversible charge transfer is easier between the Ce**
and Ce*" oxidation stages, which is advantageous to the oxygen
evolution reaction.

The lattice distortion in CeO, can be caused by first disso-
lution of surface Ce of CeO, by carboxylic acid and then coor-
dination of carboxylic acid groups onto the CeO, surface. To
further confirm the existence of lattice distortion and surface
strains, the HR-TEM lattice images were used to measure the
nanoscale spatial distribution of the strains (Fig. 3a—c). The
degree of CeO, surface strains is associated with the extent of
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dissolution of surface Ce in CeO,, and thus, surface strain is
readily adjusted by organic ligands. CeO, has a standard lattice
spacing and thus ensures the degree of strain. Strain mapping
measured by geometric phase analysis (GPA) can indicate the
existence of legible CeO, lattice strains upon coordinated
modification, resulting from the interactions of CeO, and
organic ligands. The NiFe-MOFs on CeO, nanosheets are
negligible (Fig. 3a), giving CeO, only slight lattice strain. As
shown in Fig. 3b and c, the surface strain of CeO, revert
proportional to dense coverage of NiFe-MOFs, demonstrating
that surface strain is caused by dissolution of surface Ce of
CeO,. Meanwhile, the FFT diffractogram of the HR-TEM lattice
in Fig. 3c also unambiguously identifies the coexistence of CeO,
and NiFe-MOFs (Fig. 3d). The dislocations are clearly observed
in Fig. 3e, which indicates the existence of a defect-rich
structure.

Subsequently, the research is focused on understanding
intrinsic interactions of electronic charge transfer, and to then
monitor how coordinated modification affects the optical
properties of CeO,. The excitation spectra of CeO,-OA display
intense bands in the ultra-violet region (Fig. 3f). As expected, the
excitonic transition bands of CeO,-BDC were red shifted in
comparison to CeO,-OA, and the band of 2D CeO,@NiFe-MOF
heterostructures is up-shifted compared to that of CeO,-OA and
Ce0,-BDC, which could be ascribed to increased scattering
effects arising from aggregate and electronic interactions
between CeO, and NiFe-MOFs.**** To further elucidate the
influence of coordinated functionalization for optical proper-
ties of CeO,, UV-vis diffuse reflection spectroscopy was carried
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Fig. 3 Characterization of lattice strain of CeO,@NiFe-MOFs. (a—c) The
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HR-TEM images of CeO,@NiFe-MOFs from the local magnification of

Fig. S17.7 (a;—c1) The corresponding strain mapping in (a—c). (d) FFT diffractogram of the HR-TEM lattice of (c). (e) HR-TEM image of CeO,@NiFe-
MOFs. (f) UV-vis absorption spectra of CeO,-OA cyclohexane solution and CeO,-BDC, NiFe-MOFs and CeO,@NiFe-MOFs DMF solution. (g) The
band gap energy of CeO,-OA, CeO,-BDC and CeO,@NiFe-MOFs calculated from the UV/Vis diffuse reflectance spectra. (h) The corresponding

Raman spectroscopy.
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out, which showed that band gap energies are 3.03 eV and 2.92
eV for Ce0,-OA and CeO,-BDC, respectively (Fig. 3g), indicating
that surface coordination can result in fine-tuning of electronic
and optical properties of CeO,. The red-shift of band gap energy
can be also assigned to the increase of surface strain and defects
from CeO,-OA to CeO,-BDC. Conversely, CeO,@NiFe-MOFs
exhibit a broad band gap, which can be attributed to the
increase of oxygenated groups and indicating the CeO, surface
coordinated with NiFe-MOFs. Different characteristics of CeO,
after coordination have been demonstrated. The Raman spec-
trum signal of CeO,-BDC (Fig. 3h) is asymmetrically broadened
relative to that of pristine CeO,-OA, caused by the increase of
the lattice constant.** Meanwhile, the asymmetrical broadening
also indicates the decreasing CeO, size. The decreasing size
proves that carboxylic acids properly dissolve surface Ce of CeO,
and coordinate with CeO,. The tight bonding between CeO,
nanosheets and NiFe-MOF layers is the linchpin. Thus,
carboxylic acid groups strongly coordinate with cerium and the
tails anchor on the metal ions. Besides, the m-conjugated
structure in carboxylic acid groups also provides a platform to
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facilitate electron transfer between them in the process of
catalytic conversion.

The OER is chosen as the primary catalytic model to verify
the catalytic performance because NiFe-MOFs have a good water
oxidation potential, because Fe incorporation enhances the
reducibility of Ni in NiFe-MOFs, thereby potentially increasing
the generation of oxygen vacancies and facilitating OER cata-
Iytic activity.***® Here, we mainly emphasize the importance of
coordination of ultrathin CeO, in promoting catalytic perfor-
mance. In comparison, control groups and commercial IrO,
catalysts toward the OER were tested under the same conditions
of a standard three-electrode measuring system in 1 M KOH
solution at room temperature. Control groups were also
prepared (Fig. S18-S20t). As revealed by the linear sweep vol-
tammetry (LSV) polarization curves with iR correction (Fig. 4a),
Ce0,-OA shows very limited OER activity, and CeO,@NiFe-
MOFs are testified to have the best activity toward the OER with
the lowest overpotential of 248 mV at a current density of 20 mA
em™?, and outperform control groups at the same current
density. The detailed comparison of the overpotentials of these

a 60— ceo0n b 110, ¢ 0.40 Vdsd‘
|——ceo.@remors = CeO,@Ni-MOFs 1 5A™ A
o 45 ~—— Ce0,@Ni-MOFs E 400 == NiFe-MOFs 2 0'36__ /\0‘630
g P, = = CeO/NiFe-MOFs | T g 35 e
G {——NiFoMOFs © = CeO,@NiFe-MOFs| &~~~ |——CoO,/NiFe-MOFs ~ 5™
< ~—CeO,@NiFe-MOFs = 350 4 s 1
£ 30+ —— C6O,/NiFe-MOFs 5 L2810, N 0€€
= | 2 g 4—NiFe-MOFs a
ST o3 5 0.24 4—CeO,@NiFe-MOFs <
o 300 - > | Ce0,@Ni-MOFs @\e’
1 > O 0.20 4 5
p— NS
0 O ]
b T 2 T 4 T N T 4 T 250 U T 1 T T
12 13 14 15 16 17 00 04 08 12 16
E (V vs. RHE) @20 mA/cm™? log|i(mA cm™)|
d 15 - » Ce0.@NiFe-MOFs e 60— ceo,@niFe-MOFs f 2.1 |—NiFe-MOFs
1 » NiFe-MOFs = After 500 cycles - : ~—— CeO0,@NiFe-MOFs
;C:‘Z T 075‘ 45 2
S o 3] © 1.8+
- < a S
F\le. “,»,“ 530 f_! .
R I - £ 1.54— ]
3 = ’;a Ja‘
| T T — - — T 0 —_— 1.2 T T T
20 25 30 35 40 12 13 14 15 16 17 0 10 20 30 40
-Z' (ohm) E (V vs. RHE) Time (h)
g - i AN j 20
b M it PAWN
- ™M o~ AN ]
RESEE gy, SOTEM PP L
] o WU 558 T 4 AN Y16
= N Sl I | 314
e e : | R
| et ey e W A~ W2
W, ,_/\/\
T T T 4 T T T |
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800

Raman shift (cm™)

Raman shift (cm™)

Fig. 4

(a) OER polarization curves for different electrocatalysts in 1 M KOH solution. (b) The corresponding overpotentials to drive 20 mA cm™ <.

Raman shift (cm™) Raman shift (cm™)

2

(c) Corresponding Tafel plots. (d) Nyquist plots of NiFe-MOFs and CeO,@NiFe-MOFs recorded at 1.53 V versus RHE. (e) Polarization curves of
CeO,@NiFe-MOFs before and after 500 cycles. (f) Chronopotentiometry curves of the NiFe-MOFs and CeO,@NiFe-MOFs at 20 mA cm™2. In situ
electrochemical Raman spectra of (g) NiFe-MOFs and (i) CeO,@NiFe-MOFs under different applied potentials. (h and j) Corresponding contour

plots of NiFe-MOFs and CeO,@NiFe-MOFs.
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samples is presented in Fig. 4b, and the electrocatalytic activity
follows this order: CeO,@NiFe-MOFs (248 mV) > CeO,/NiFe-
MOFs (280 mV) > NiFe-MOFs (282 mV) > IrO, (297 mV) >
CeO,@Ni-MOFs (352 mV). In addition, OER catalytic activity of
CeO,@NiFe-MOFs was also measured at various temperatures
to investigate the impact of temperature on catalytic activity
(Fig. S21%). According to the experimental results, electro-
catalytic activity was positively correlated with temperature,
implying feasible application of CeO,@NiFe-MOFs in alkaline
solution at various temperatures. Tafel plots obtained from LSV
curves were further used to evaluate the OER kinetics of the
prepared samples (Fig. 4c). As expected, the Tafel slope of
CeO,@NiFe-MOFs is lower than that of the other control
groups, indicating that NiFe-MOFs with coordination of CeO,
shows better OER kinetics. Benefiting from the unique elec-
tronic configurations of cerium, the coordination of CeO, may
optimize the electronic structure and spatial arrangements of
materials.*” In addition, NiFe-MOFs are nonuniformly distrib-
uted on the surface of CeO, nanosheets, which can expose more
active sites and enhance catalytic performance. Notably, the
summary and comparison of CeO,@NiFe-MOFs and different
materials are listed in Table S1.f Comparatively, CeO,@NiFe-
MOF heterostructures in this work have relatively better
performance and stability.

Electrochemical impedance spectroscopy (EIS) was carried
out to investigate the charge transfer resistance (Fig. 4d) for
CeO,@NiFe-MOFs, and the smaller semi-circular diameter of
Nyquist plots indicated that the coordination of CeO, effectively
enhanced the electron transfer rate of NiFe-MOFs, implying
that there was charge transfer between CeO, and MOFs. Long-
term electrocatalytic stability is an important challenge for
electrocatalysts under alkaline conditions, and especially some
unsupported MOF electrocatalysts are prone to degeneration.*
Therefore, it is essential to survey the stability to shed light on
the importance of CeO, coordination. As seen in Fig. 4e, the
activity of CeO,@NiFe-MOFs shows almost no decay after 500
cycles. As shown in Fig. 4f, the stability of NiFe-MOFs and
CeO,@NiFe-MOFs was evaluated by chronopotentiometric
measurement at / = 20 mA cm > Obviously, the required
potential of CeO,@NiFe-MOFs for 40 h shows almost no
change, whereas the potential applied on NiFe-MOFs increases
over 40 h. The morphology and structure of CeO,@NiFe-MOFs
were again characterized after the stability test, and they were
found to roughly preserve the initial morphology and structure
(Fig. S22 and S23t). The above results reveal enhanced catalytic
activity and structural durability of CeO,@NiFe-MOFs toward
the OER. CeO,/NiFe-MOFs, which is an electrostatic composite
material, show that CeO, almost does not improve OER activity.
Electrostatically associated materials have moderate binding
strengths, and are unstable in solvents, while the coordinated
linked conjugates have robust and strong bonding.*"** There-
fore, this further explains that the coordination of CeO, can
promote OER catalytic performance (Fig. S24-S267).

To further explore electrochemical behavior of the obtained
samples, in situ electrochemical Raman spectroscopy measure-
ments were conducted to capture structural evolution under OER
conditions. The potential-dependent spectral traces of samples

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were measured (1 M KOH). Fig. S27at shows Raman spectra of
the O-Ce-O vibration of CeO,-OA at approximately 446 cm ™" in
electrolyte, which is down-shifted compared to that of dry CeO,-
OA (457 em ™', Fig. 3h) and the CeO, fluorite crystal (460 cm ™ *).*
The Raman signals of CeO,-BDC emerge at approximately 217,
350, 440 and 462 cm ™! (Fig. S27ct), and the Raman signal at 217
em ! was previously ascribed to a functionalization related to
phonon mode.* The above results suggest lattice distortions and
creation of a fluorite crystal unit of CeO, indicating that CeO,-OA
and CeO,-BDC present excellent stability with increasing applied
potential. As for NiFe-MOFs, two main Raman peaks at 456 and
525 cm™ ! are correlated with the bending and stretching vibra-
tion modes of Ni-O in NiOOH, respectively. NiOOH, acting as
potential active sites in electrocatalysis, significantly decreases
with increasing applied potential, and the Raman peak at 525
cm ' disappears at 1.9 V vs. RHE (Fig. 4g and h). As expected, the
intensity of Raman peaks centered at 458 and 524 cm ', origi-
nating from CeO,@NiFe-MOFs, changes a little upon the
potential increasing from 1.0 to 2.1 V vs. RHE (Fig. 4i and j)
demonstrating that materials with CeO, will give better mecha-
nistic functionalities.

We propose the following electron transfer paths responsible
for the observed enhancements in performance over CeO,@-
NiFe-MOF electrode under the OER conditions (Fig. 5). Mono-
layer NiFe-MOFs are coordinated to both the top and bottom
surface of CeO, nanosheets via joining carboxylic acid groups,
and thus the m-conjugated structure in carboxylic acid groups
will facilitate electron transfer from potential NiOOH active
species to the CeO, substrate. Therefore, generating Ni""'V
active species under the process of electrocatalysis then
extracting electrons from adsorbate OH* and accomplishing
desorption of the formed O, (Fig. S28t) enhance the OER
process, which is testified by the clearly observed enhancement
in performance (Fig. 4a). In addition, CeO, easily undergoes
reversible charge transfer between Ce** and Ce*' oxidation
stages, which is advantageous for facilitating OER catalysis. On
the other hand, oxygen vacancies on CeO, functioning as
effective electron trappers can capture electrons, and this is

Nill

inactive

Fig. 5 Schematic illustration of possible electron transfer paths
occurring in the CeO,@NiFe-MOF heterostructures under electro-
catalysis processes for the OER catalysis.
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beneficial for the extraction of electrons from adsorbate OH*
and promoting the electrocatalytic reaction. According to
previous reports, CeO,[111] has been recognized to present the
most stable surface, and CeO,[110] can very easily generate
oxygen vacancies.”"** Nevertheless, CeO, nanosheets present
the most stable surface of CeO,[111] in CeO,@NiFe-MOFs
(Fig. S10ct); meanwhile, no typical peak of defect-induced mode
at around 592 cm ™" was observed in the Raman spectra (Fig. 3h
and 4i), which was attributed to the fact that carboxylic acid
functional groups can heal the oxygen vacancies of CeO,. The
result indicates that intrinsic properties of CeO, rather than
oxygen vacancies contribute to catalytic activity.

The XPS spectra further confirm electronic behavior of
CeO,@NiFe-MOFs before and after OER testing (Fig. 6a-c and
S297). Compared with the original CeO,@NiFe-MOFs, Ni 2p3/,
and 2p,,, peaks of CeO,@NiFe-MOFs after OER show apparent
shifts toward the higher binding energies by 0.4 eV and 0.2 eV,
respectively (Fig. 6a) and Fe 2p peaks show shifts toward the
lower binding energies by 0.5 eV (Fig. 6b), indicating the
reduction of Fe to a lower valence state. This result suggests that
there is partial electron transfer from Ni to Fe sites via the
bridging O atoms.*® The intensity of the Ce®* related peak at
903.8 eV also increases (Fig. 6¢), demonstrating that the charge
transfer occurs from NiOOH active species to the CeO,
substrate. In addition, the Ni'/Ni™ ratio on the surface of
CeO,@NiFe-MOFs after OER increases, and likewise, the
consistent reduction of the valence state is also observed from
the negative shift in the corresponding electron energy loss
spectra (Fig. 6d-f and S30%), indicating the reduction of the
valence state to a lower valence state after OER testing.
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Therefore, the high valence state Ce®" as electron-accepting
sites on the pristine CeO,@NiFe-MOF surface significantly
promotes intrinsic electron transfer from NiOOH to CeO,
through m-donation.*® Electron conjugation can improve elec-
tron communication between them,> making a greater amount
of coordinated NiOOH electrochemically active and then facil-
itating the generation of Ni"™'V active species in the CeO,@-
NiFe-MOF electrode during catalysis.** This could also be clearly
evaluated by EIS analysis. Simultaneously, the oxygen storage
capacity generated from the fast reversible variation between
Ce*" and Ce*" and the surface defect-rich structure of ultrathin
CeO, serves as an oxygen buffer to enhance wettability and
release stress from a drastic reaction.”® Though CeO, is not
a good OER catalyst, these results clearly demonstrate that CeO,
could essentially improve activity and stability of electro-
catalysis by coordination with particular 2D MOF materials.*® In
comparison with other uniformly structured counterparts, 2D
heterostructures exhibit greater stability and provide more
efficient charge transfer.’”>*

The coordinated CeO,@NiFe-MOF heterostructures as
a structural model were constructed, and their electrocatalytic
performance was examined by using the OER as a model
system. In the designed 2D heterostructures with a sandwich
structure, CeO, not only assisted the coordinately supported
and confined MOFs to easily expose more accessible active sites,
but also provided a surface defect-rich and unique electronic
structure in favor of the catalytic reaction. Meanwhile, the
organic-inorganic hybrid heterostructures provide sufficient
surface area for the catalytic reaction. The structure and cata-
Iytic performance, as well as the key electron transfer in 2D

a Ni2p| b ! Fe2p| C
2p3p; i
o Ni2/Ni**(1.4) ) = i —~
S| S\ 2P : A = | =
s==dh ALV |S : s
>|AfteroER | . N 1 >
i " 04eV' B =
P 7]
% 02eV” Ni“/Ni**(0.7) I (lC.) %
= - 1] Nize [} bt | Q
[ gl Sat, ¢ 1 C | Before OER c
= —/\//l\\ B = | | = Before OER
Before OER 1 ! |
I L | L L LI I 4 i 1 N I ' I ' I N I ' I T T T T T T T T T
885 880 875 870 865 860 85 730 725 720 715 710 705 70 920 910 900 890 880
Binding energy (eV) Binding energy (eV) Binding energy (eV)
—— Before OER Before OER o —— Before OER
d Aftor OER Ni-L3 | e After OER Fe-Laj f|CaMs Co-tg After OER
\ \
> _ | - ! = |1 !
g 1.2 eV shift :‘/ P g e s :/707.5 eV g I | 1.2 eV shift
N N N !
> 2 687.8 eV 2 2|/ 4
(2] on %) g
o) o) &
= = =

=T+ T+« T+ T ' T 7
820 830 840 850 860 870
Energy Loss (eV)

I ; I £ I I I . I
660 675 690 705 720 735
Energy Loss (eV)

I 2 I . I " I K I v I
880 890 900 910 920 930
Energy Loss (eV)

Fig. 6 High-resolution XPS spectra of CeO,@NiFe-MOFs before and after the OER: (a) Ni 2p, (b) Fe 2p, and (c) Ce 3d. (d—f) The corresponding
EELS spectra of CeO,@NiFe-MOFs before and after the OER: (d) Ni-L, (e) Fe-L, the peak at 687.8 eV is attributed to F-K (Fig. S317), and (f) Ce-M.
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heterostructures were well proved by the characterization
studies. Therefore the clear coordination environment of the 2D
heterostructures is beneficial to establish the catalytic process
and elucidate the catalytic mechanism in the heterostructures.
Besides, the clear coordinated combination is not only struc-
turally suitable for 2D CeO,-supported MOFs, but also can be
extended to a general strategy for the combination of 2D CeO,
and other molecular layers or precursors, where the interactions
between metal oxides and molecular layer require a deeper
understanding.* As we developed this strategy to construct the
integrated structure as a superior model system, researchers
can be inspired to regulate other hybrid structures for the
improvement of catalytic performance by considering the role
of CeO, coordination. Therefore, the hybrid materials of coor-
dinated combination possess superiority as a model system,
and high activity of 2D MOF-based or CeO,-based hetero-
structures can be expected by adjusting interactions between
the constituents.

Conclusions

In this work, by employing the means of coordination, we first
construct ultrathin 2D CeO,@NiFe-MOF heterostructures. It
proves the multiple effects of metal-coordinated interactions in
CeO,@NiFe-MOF heterostructures. CeO, nanosheets decorated
with 2D NiFe-MOFs present different electronic and optical
properties, as well as local strain. On the other hand, 2D NiFe-
MOFs on the surface of the CeO, nanosheet substrate not only
present an excellent OER catalytic activity but also display good
long-term stability, achieving a current density of 20 mA cm > at
a low overpotential of 248 mV as well as long-term durability for
at least 40 h. In addition, the ultrathin 2D CeO, surface can also
be functionalized by other organic ligands through this
approach. As a consequence, an extensive class of multi-func-
tional 2D CeO, materials can be predictably synthesized by
rationally tailoring structures of organic ligands. It is antici-
pated that our study will provide a reference for the improve-
ment of the catalytic process by using coordinated
heterostructures and open new avenues for the formation of
novel 2D MOF composites/heterostructures or multi-functional
2D CeO, for extensive applications.
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