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The development of efficient and cost-effective electrocatalysts for oxygen evolution reaction (OER) is
crucial for the overall water splitting. Herein, we prepared a highly exposed NiFeOy ultra-small nanoclus-
ters supported on boron-doped carbon nonotubes catalyst, which achieves a 10 mA/cm?2 anodic current
density at a low overpotential of 213 mV and the Tafel slope of 52 mV/dec in 1.0 mol/L KOH, superior to
the pristine NiFeOx-CNTs and other state-of-the-art OER catalysts in alkaline media. A combination study
(XPS, sXAS and XAFS) verifies that the local atomic structure of Ni and Fe atoms in the nanoclusters are
similar to NiO and Fe,0s, respectively, and the B atoms which are doped into the crystal lattice of CNTs
leads to the optimization of Ni 3d e, orbitals. Furthermore, in-situ X-ray absorption spectroscopies reveal
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In-situ XAFS that the high valence state of Ni atoms are served as the real active sites. This work highlights that the
Ili—_dl?pe ;gTS precise control of highly exposed multicomponent nanocluster catalysts paves a new way for designing
1-Fe oxides

highly efficient catalysts at the atomic scale.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen is deemed to one of the most potential clean energies
with the highest mass-specific energy density in the 215t century
[1]. From a renewable and inoffensive perspective, electrochemical
water splitting represents a carbon-free and environment-friendly
strategy for hydrogen production [2-4]. However, the sluggish ki-
netics of the oxygen evolution reaction (OER) in the cathode largely
limits energy conversion efficiency in comparison to hydrogen evo-
lution reaction (HER) [5-7]. The state-of-the-art catalysts such as
RuO, and IrO, have exhibited desirable OER activity [8], how-
ever, the high cost and low reserves of these precious metals
make it not appropriate for practical large-scale application [9]. It
is thus imperative to develop highly efficient and earth-abundant
OER electrocatalysts. First-row (3d) transition metals-based com-
ponents, including single atom catalysts [10,11], transition-metal
(Ni, Fe, Co) hydroxides [12-14] and metal-organic frameworks [15],
have emerged as promising candidates for OER catalysts. Among
them, Ni-Fe oxide catalysts have been attracted much attention
due to their excellent electrocatalytic performances [16,17]. How-
ever, the poor electronic conductivity and the insufficient surface
with exposed active sites of Ni-Fe oxide hinder their practical ap-
plication. Therefore, it is still highly desired to develop the Ni-Fe
oxide catalysts with excellent OER performance and low cost.
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Recently, Ding Ma et al. have reported a new type of catalyst
named fully exposed cluster catalyst (FECC) with high surface area
[18]. The dispersion of active metal atoms is much higher than
nanoparticle catalyst, which makes it possible for FECC to main-
tain a highly atomic utilization efficiency. Geometrically, the ultra-
small clusters also expose more low-coordination sites that consid-
erably change the breaking and forming of chemical bond during
the reaction. Simultaneously, compared with single atom catalysts
that present the highly discrete metal centers, the FECC could offer
multiple metal atoms at the same surface site, which is critically
significant in the adsorption and transformation of diverse reac-
tants or intermediates. The rich surface-site diversity endows FECC
with excellent reactivity toward certain reaction paths [19]. For in-
stance, Yang et al. successfully synthesized subnanometer iron ox-
ide clusters, which exhibits much higher catalytic activity for the
Fischer—Tropsch synthesis reaction on account of their higher frac-
tion of exposed surfaces [20]. Inspired by FECC, highly exposed Ni-
Fe oxide nanocluster will be a promising catalyst to achieve ex-
ceptional OER performance. Considering the fact that the size and
performance of catalysts are strongly relevant to their interactions
with the supports, thus, one of the important issues for the for-
mation of highly exposed nanocluster catalysts is to choose a suit-
able support which deliberately tunes the catalyst-support interac-
tions, avoiding the unintentional formation of nanoparticles or sin-
gle atoms. Carbon-based nanomaterials, such as carbon nanotubes
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Fig. 1. TEM images of NiFeOx-B@CNTs with low (a) and high (b) magnification. (c) HAADF-STEM image of the nanocluster of NiFeOx-B@CNTs. (d) Elemental mappings image
of NiFeOx-B@CNTs. TEM images of NiFeOx-CNTs with low (e) and high (f) magnification. (g) HAADF-STEM image of the nanocluster of NiFeOyx-CNTs. (h) Optimized structure

of NiFeOy clusters embedded into B-doped CNTs from side view.

(CNTs), graphene, and functionalized carbon are identified as ap-
propriate support materials because of their high surface area and
conductivity [21]. However, the weak interactions between metal
and carbon materials spark a flurry of the Ostwald ripening ef-
fects which means the migration and aggregation of metal atoms
[22]. Alternatively, substitution of carbon atoms by heteroatoms in
carbon materials is an advisable method to regulate the interac-
tions between metal and substrates. Whereas, according to pre-
vious reports, highly electronegative heteroatoms (e.g., N and P)
are introduced to anchor metal atoms, leading to the formation
of single-atom catalysts [23,24]. Based on this, it is essential to
find a heteroatom-doped carbon matrix that interacts with metal
neither too strong nor too weak for the synthesis of nanoclusters.
Due to an appropriate interaction between the metal and boron
(B) atoms, B-doped CNTs might be a promising candidate. In addi-
tion, doping B in CNTs induces a partial positive charge and form-
ing electron deficiency for “p-type doping”, promoting the electron
transfer [25]. Therefore, B-doped CNTs is a suitable candidate for
the support material. Nevertheless, few studies have built bridges
between B-doped CNTs and Ni-Fe oxide catalysts and find out the
modification effects of B atoms in these catalysts.

In this work, targeting the fact that the low atomic utilization
efficiency and electrical conductivity are the major limiting fac-
tors of Ni-Fe oxide catalysts activity. We prepared a highly ex-
posed NiFeOx nanoclusters supported on B-doped CNTs catalyst,
which exhibits superior performance for OER, with an overpoten-
tial as low as 213 mV at 10 mA/cm? and a Tafel slope of 52 mV/dec,
far better than the commercial RuO, catalyst with the overpoten-
tial of 302 mV. The HAADF-STEM verifies that the size of FeNiOx
compounds dramatically reduces to highly exposed nanoclusters
after doping B atoms. A combination study (XAFS, XANES, XPS and
sXAS) reveals the local atomic structure of Ni and Fe atoms in
the nanoclusters are similar to NiO and Fe,03; and doped B atoms
change the 3d e orbital occupation of Ni element. Furthermore, by
using the in-situ XAFS, we directly observe that the high-state Ni
atoms act as the real active sites. The enhanced activity of NiFeOx-
B@CNTs could be ascribed to the unique B doping, which brings
about multiple beneficial factors for OER catalysis: highly exposed
surface active sites, optimization of the Ni 3d eg orbital and in-
creased electrical conductivity.

The NiFeOx clusters supposed on CNTs were synthesized
through a facile two-step strategy. More details are described

in Supporting information. In order to investigate the micro-
morphology of NiFeOx-B@CNTs and NiFeOx-CNTs, transmission
electron microscopy (TEM), high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and Energy-
dispersive spectroscopy (EDS) mapping were performed. Figs. 1a
and b show TEM images of NiFeOx-B@CNTs. It is obvious that
abundant island-like nanoclusters were grown over the surface of
B-doped CNTs. The HAADF-STEM (Fig. 1c) shows the sizes of the
nanoclusters are ~2nm with highly exposed surface (the white
line). Additionally, EDS mapping (Fig. 1d) reveals uniform spatial
distribution of B in CNTs, in contrast, Ni, Fe agglomerate together
to form the nanoclusters on the surface of NiFeOx-B@CNTs. How-
ever, for the sample without B-doped, the sizes of the nanoclus-
ters are ~10nm (Figs. 1e-g). And the charts of particle size distri-
bution (Fig. S1 in Supporting information) manifest that the size
of the clusters in NiFeOx-B@CNTs is wildly smaller than that of
NiFeOx-CNTs. More importantly, Fig. S1 shows the relationship of
the size dependence on the doped B content, inferring the doped
B in the CNTs play a critical role in reducing the size of nanoclus-
ters. Taking together, we successfully constructed the ultra-small
and highly exposed NiFe-based nanoclusters on the B@CNTs (Fig.
1h).

The determination of local atomic structure of NiFe-based com-
pound is extremely significant to explore the real active species.
Whereas conventional characterized techniques such as TEM (Fig.
S2 in Supporting information) or XRD (Fig. S3 in Supporting in-
formation) are difficult to give the exactly structural information
of the ultra-small nanoclusters. Therefore, we used X-ray absorp-
tion fine structure (XAFS), which is high sensitivity to local chem-
ical environment of the materials [20], to study the phase compo-
sition and microstructure of the NiFe-based clusters. From the Ni
K-edge XANES spectra (Fig. 2a), both NiFeOx-B@CNTs and NiFeOy-
CNTs are observed a strong signal at 8350eV, which are similar
to the commercial NiO but different from that of Ni foil. This ob-
servation is validated by the EXAFS as well. As shown in Fig. 2b,
two strong peaks of NiFeOx-B@CNTs and NiFeOx-CNTs located at
1.6 and 2.6 A which are assigned to Ni-O and Ni-Ni scattering fea-
ture, respectively. The positions of these two peaks are in align-
ment with those of the N-O and Ni-Ni scattering paths of NiO
[26], suggesting the local structure of Ni atoms in the nanoclusters
is similar to NiO. Similar approach was also used to analyze the Fe
K-edge XANES spectra (Fig. 2¢) and the EXAFS spectra (Fig. 2d), and



L. Lv, B. Tang, Q. Ji et al.

a NiK-edge — NiFeO,-CNTs b NiK-edge NiFeO,-CNTs
—— NiFeO,-B@CNTs _ —— NiFeO,-B@CNTS|
= NiO 5 NiO
2 Ni Foil s Ni foil
=) <
) [&]
5 = ___/‘\/\/\/\_\
2 =
= w
8320 8340 8360 8380 8400 8420 0 1 2 3 4 5 6
Energy (eV) d R (A)
¢ Fe K-edge —— NiFeO,-CNTs Fe K-edge — Ni.Fer—CNTs
—— NiFeO,-B@CNTs . —— NiFeO,-B@CNTs
—~ Fe,04 S Fe,0,
i Fe foil & | Fe-0 Fe foil
:; _Q) e~ é Fe-Fe
‘© ()
<
= i
7100 7120 7140 7160 7180 7200 0 1 2 3 2 5 6
Energy (eV) R (A)

Fig. 2. (a) Ni K-edge XANES spectra of NiFeOx-CNTs, NiFeOx-B@CNTs, NiO and Ni
foil. (b) k*-weighted FT spectra in R-space at the Ni K edge. (c) Fe K-edge XANES
spectra NiFeOyx-CNTs, NiFeOy-B@CNTs, Fe,05 and Fe foil. (d) k*-weighted FT spectra
in R-space at the Fe K-edge.

the Fe characteristic peaks of NiFeOx-B@CNTs and NiFeOx-CNTs are
similar to the standard sample of Fe,05. These results demonstrate
that the details of local atomic structure of Ni and Fe atoms are
similar to NiO and Fe,03. What is more, as shown in Fig. 2a and
insert, the position of the absorption edge slightly moved toward
the higher energy side with the boron doping, implying that the
unoccupied 3d hybrid orbitals the Ni atoms is increased. In con-
trast, the position of the adsorption edge of the Fe K-edge XANES
remain unchanged. Those are in agreement with the results of XPS
and soft XAS spectra that will be discussed later.

The electrocatalytic OER activities of the catalysts were evalu-
ated by a standard three-electrode system in 1.0 mol/L KOH elec-
trolyte. The HgO electrode and platinum net were used as ref-
erence electrode and counter electrode, respectively. The polar-
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Fig. 3. (a) LSV curves of NiFeOx-CNTs, NiFeOx-B@CNTs, Ni-B@CNTs, Fe-B@CNTs and
RuO, at a scan rate of 10mV/s. (b) Corresponding Tafel plots. (c) Nyquist plots of
NiFeOx-B@CNTs, NiFeOx-CNTs, Ni-B@CNTs, Fe-B@CNTs and RuO, at 240 mV overpo-
tential in 1mol/L KOH. (d) The difference in current density between the anodic
and cathodic sweeps versus scan rate of NiFeOx-CNTs and NiFeOx-B@CNTs.

ization curves of as-prepared catalysts were obtained by the lin-
ear sweep voltammetry (LSV) at a scan rate of 10mV/s, with-
out iR-correction. As shown in Fig. 3a, the LSV curves illustrate
that the NiFeOx-B@CNTs exhibits substantially improved OER per-
formance compared to that of the NiFeOx-CNTs. The overpoten-
tial of NiFeOx-B@CNTs was 213 mV, which is much lower than
the other samples (242 mV for Ni-B@CNTs, 232 mV for Fe-B@CNTs,
314mV for NiFeOx-CNTs and 302 mV for commercial RuO, which
is consistent with previous work [27]), indicating that B atoms
play a vital role in improving the intrinsic catalytic activities. Fig.
3b compares the kinetics of the intrinsic activities by Tafel plots
acquired from corresponding polarization curves, and manifests
the Tafel slope of NiFeOx-B@CNTs is only 52 mV/dec, considerably
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Fig. 4. (a) C K-edge soft XAS spectra of NiFeOx-CNTs, NiFeOx-B@CNTs, Pre-B@CNTs and B@CNTs. (b) Ni 2p XPS of the NiFeOx-CNTs and NiFeOx-B@CNTs. (c) Ni L-edge soft XAS
spectra of the NiFeOx-CNTs and NiFeOx-B@CNTs. (d) B K-edge soft XAS spectra of the NiFeOx-B@CNTs and B@CNTs. (e) Fe 2p XPS of the NiFeOyx-CNTs and NiFeOyx-B@CNTs.

(f) Fe L-edge soft XAS spectra of the NiFeOx-CNTs and NiFeOx-B@CNTs.
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lower than those Fe-B@CNTs (63 mV/dec), Ni-B@CNTs (67 mV/dec),
NiFeOx-CNTs (73 mV/dec) and RuO, (98 mV/dec). This suggests the
rate-determination step has been changed after the B doping. To
further understand the electrical exchange between the electrolyte
and electrode, we measured the electrochemical impedance spec-
troscopy (EIS) of all electrocatalysts (Fig. 3c). The total change-
transfer resistances (R.t) of Fe-B@CNTs, Ni-B@CNTs and NiFeOx-
CNTs are 49.2, 52.7 and 91.2 , respectively, while the Ry of
NiFeOx-B@CNTs is as small as 28.3 2 at the 240 mV overpotential.
A direct comparison between NiFeOx-B@CNTs and others clearly
illustrates that the NiFeOx-B@CNTs possesses a fast charge trans-
fer process and a low kinetic impedance. Additionally, we evalu-
ate the electrochemical surface areas (ECSA) of NiFeOx-B@CNTs and
NiFeOx-CNTs by double-layer capacitance (Cy;). As shown in Fig. 3d
and Fig. S4 (Supporting information), the Cy of NiFeOx-B@CNTs is
12.12 mF/cm?, which is 1.9 times higher than NiFeOx-CNTs (6.34
mF/cm?), inferring that the NiFeOx-B@CNTs has larger active sur-
face areas. As a momentous indicator for practical application, the
stability the NiFeOx-B@CNTs is one of the most noteworthy fea-
tures. The long-term chronoamperometric experiment was done to
assess the stability of catalyst (Fig. S5 in Supporting information).
At 1.44V versus RHE, the curve of NiFeOx-B@CNTs exhibits litter
deterioration during the 20 h tests, highlighting a superior durabil-
ity and excellent stability. To sum up, based on the above electro-
chemical experimental results, we infer that NiFeOx-B@CNTs un-
derwent an activation process boosted by doped B atoms that con-
tributes to its remarkable OER performance.

To unravel the origin of the distinguished OER performance of
the NiFeOx-B@CNTs from the electronic level, we used the X-ray
photoelectron spectroscopy (XPS) and ex-situ soft XAS to gain an
insight into the electron interaction between B doped CNTs and
NiFeOx nanoclusters. The C K-edge soft XAS spectra of NiFeOy-
CNTs and NiFeOx-B@CNTs are shown in Fig. 4a, and the B@CNTs
and CNT are also given for comparison. The peak A at 285.6eV
and peak C at 292.1eV can be assigned to the 7* excitation the
o* excitation of C-C bonds, respectively [28,29]. These two peaks
are similar in all samples, inferring that the carbon support was
still graphitized after doped by B atoms. Whereas, a new peak lo-
cated at 288.9 eV, which may assign to the excitation of C-B bonds
[30], is observed in NiFeOx-B@CNTs and B@CNTs, implying that
the B atoms have been doped into the crystal lattice of CNTs. The
XPS of B 1s spectrum for the NiFeOx-B@CNTs (Fig. S6 in Support-
ing information) is deconvoluted into three distinct characteristic
peaks, and the peaks located at 187.6eV, 189.5eV and 192.4eV are
corresponding to the B4C, BC3 and BCO, structures, respectively,
which is in agreement with reported results [30-32]. This is fur-
ther supported by the XPS of C 1s spectra (Fig. S7 in Support-
ing information), where a difference at 283.7 eV, which assigned
to B-C bond, was observed in the NiFeOx-B@CNTs. For NiFeOy-
CNTs, the Ni 2p spectrum (Fig. 4b) exhibits two broad peaks at
873.9 (Ni 2pyj3) and 855.6eV (Ni 2p3j;) along with two shakeup
satellites at 878.4 and 860.1eV. Those are characteristic peaks for
the Ni%+ oxidation state [33,34]. After boride treatment, the peak
centered at 855.6eV shifts to a higher energy, suggesting there
are some electrons transferring out from the Ni atoms. This sce-
nario is also confirmed by the Ni L, 3-edge spectra (Fig. 4c and in-
sert), which is originated from the dipole transitions from 2p;,
and 2p;p, core levels to the unoccupied 3d hybrid orbitals, and
the peaks at 853.6eV and 855.2€V are assigned to Ni 3d t; and
3d eg sub-bands [35]. Noteworthy that the intensity of Ni 3d eg
peak is intensified after boronation, implying that the 3d e; elec-
tron occupation of the Ni atoms is decreased. In contrast, without
any change was observed in the Fe 2p XPS spectra (Fig. 4e) and Fe
L, 3-edge XANES spectra (Fig. 4f). More importantly, from Fig. 4d,
it can be seen that the B K-edge of B@CNTs shift from 194.2 eV to
193.8 eV, indicating that B atoms accept the electron from NiFeOx
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Fig. 5. (a) In-situ Ni K-edge XANES spectra of NiFeOx-B@CNTs. (b) FT curves of Ni
K-edge EXAFS k3 (k) functions obtained from the XANES spectra and the corre-
sponding fitting curves. (c) In-situ Fe K-edge XANES spectra of NiFeOx-B@CNTs. (d)
FT curves of Fe K-edge EXAFS k3 x (k) functions obtained from the XANES spectra.

nanoclusters. These results indicate that the electrons transfer from
Ni 3d eg to the B 2p. As a consequence, the optimized electronic
structure of Ni could effectively improve the OER performance of
NiFeOx nanoclusters.

To elucidate the real active site for OER in NiFeOx-B@CNTs,
we did in-situ XAFS measurements with and without applied bias
to track the changes in geometric and electronic structures. The
XANES of Ni and Fe K-edge spectra of the NiFeOx-B@CNTs elec-
trode were recorded at different applied bias (0V, 1.3V, 1.7V ver-
sus RHE). As shown in Fig. 5a and insert, with the increasing ap-
plied potential, the Ni atoms in NiFeOx-B@CNTs possessed higher
valence state as the position of the adsorption edge and white-
line peak of Ni K-edge distinctly moved toward the higher energy
side. Additionally, the Ni K-edge FT curves (Fig. 5b) clearly depict
the average Ni-O bond length shrunk from 1.79A to 1.6 A, implying
the oxidation state of Ni atoms is slightly increased [36], which fa-
cilitates the formation of the intermediate species (such as OOH*)
over the Ni active sites during the OER reaction [37]. In addition,
the EXAFS fitting results (Fig. 5b and Table S1 in Supporting infor-
mation) show that the coordination number of the first shell of Ni-
O increases with the applied potential, suggesting the emergence
of an oxygen intermediate specie over the Ni active site during the
OER reaction. In contrast, the Fe K-edge XANES and FT curves of
K-edge EXAFS (Figs. 5¢c and d) hardly alters under different applied
potential, suggesting that the Fe atoms are inert during the OER
reaction. These results essentially reveal that the B doping could
optimize the Ni 3d eg orbital of active site, contributing to a highly
efficient OER activity.

In summary, a highly efficient and cost-effective NiFeOx-
B@CNTs nanoclusters electrocatalyst with highly exposed has been
synthesized through a facile pyrolysis strategy. Soft XAS and XPS
reveal that the B doping leads to the optimization of 3d electron
occupation of the Ni atoms. Accordingly, the as-prepared NiFeOx-
B@CNTs hybrids exhibited excellent OER electrocatalytic activity
in alkaline solution, with an overpotential as low as 213mV at
10mA/cm? and Tafel slope of 52 mV/dec. Furthermore, in-situ XAFS
tests indicate that the Ni atoms with increased oxidation are the
real active sites. This work shows that the construction of highly
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exposed nanoclusters is feasible strategy to create a great deal of
novel electrocatalysts for water splitting.
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