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[17_TD$DIFF]A B S T R A C T

The development of efficient and cost-effective electrocatalysts toward anodic oxygen evolution reaction
(OER) is crucial for the commercial application of electrochemical water splitting. As the most promising
electrocatalysts, the OER performances of nickel-iron-based materials can be further improved by
introducing metalloid elements to modify their electron structures. Herein, we developed an efficient
hybrid electrocatalyst with nickel-iron boride (NiFeB) as core and amorphous nickel-iron borate (NiFeBi)
as shell (NiFeB@NiFeBi) via a simple aqueous reduction. The obtained NiFeB@NiFeBi exhibits a small
overpotential of 237mV at 10mA/cm2 and Tafel slope of 57.65mV/dec in 1.0mol/L KOH, outperforming
most of the documented precious-metal-free based electrocatalysts. Benefiting from the in situ formed
amorphous NiFeBi layer, it shows excellent stability toward the oxygen evolution reaction (OER). These
findings might provide a new way to design advanced precious-metal-free electrocatalysts for OER and
the application of electrochemical water splitting.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
With increasing contradiction between energy demands and
environment problems, it is highly desirable to develop clean
energy as alternatives to traditional fossil fuels [1–5]. Hydrogen is
considered as one of the most promising energy carrier due to its
high specific energy density and zero carbon emission [6–8].
Electrochemical water splitting is an efficient and clean way to
produce hydrogen with high purity [9–12], while the anodic
oxygen evolution reaction (OER) with complicated multistep
proton-coupled four-electron transfer process and sluggish
oxygen–oxygen bonds formation, still limits the overall energy-
convent efficiency [13–15]. Although precious metal or metal
oxides (mostly Ir or Ru) is considered as the benchmarking OER
catalysts, their scarcity and high cost severely limit their practical
applications [16–18]. Consequently, it is greatly attractive to
investigate highly efficient and cost-effective precious-metal-free
OER electrocatalysts, but still remains a great challenge [19–21].

Recently, nickel-iron based electrocatalysts have been widely
investigated owing to its superior OER activity, easy access, and
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great stability [22,23]. For example, Dai’s group reported ultrathin
nickel-iron layered double hydroxide nanoplates on mildly
oxidized multiwalled carbon nanotubes (NiFe-LDH@CNT) with
an overpotential of 290mV to obtain the current density of 10
mA/cm2 toward OER in 0.1mol/L KOH [24]. Liang [18_TD$DIFF]et al. synthesized
a hierarchical Ni-Fe oxyhydroxide@NiFe alloy nanowire array by a
modified one-step chemical-deposition method under uniform
electromagnetic field for large current density water splitting [25].
Qu and co-workers reported the synthesis of nanosized NiFeP and
its OER performance with an overpotential of 270mV to achieve
10mA/cm2 in 1.0mol/L potassium hydroxide [26]. Zhang's group
reported anionic-regulated NiFe oxysulfides as OER electrocata-
lysts with an overpotential of 286mV at 10mA/cm2 in alkaline
condition [27]. Our group reported three-dimensional (3D)
mesoporous nickel-iron selenide with rose-like microsphere
architecture possessing superior OER activity of 271mV to achieve
10mA/cm2 in alkaline media [28]. Many researches have revealed
that nickel borides or iron borides showed great tendency towards
water oxidation due to their unique electronic structure and
apparentmetallicity [29,30]. Recently, our group reported a unique
structure of an amorphous cobalt borate nanosheet-coated cobalt
boride (Co-B@Co-Bi) hybrid with 291mV under a current density
of 10mA/cm2 toward OER in alkaline condition [31]. Despite great
efforts have been made, the obtained electrocatalytic perform-
ances are still far lower than the benchmarked RuO2/IrO2. More
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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critically, NiFe-based borates (or borides) towardsOER reaction has
been rarely studied.

Here, inspired by the previous works, we reported the synthesis
of a core-shell like catalyst of amorphous nickel-iron boride coated
nickel-iron borate (NiFeB@NiFeBi) through a facile sodium
borohydride (NaBH4) reduction approach. As expected, the
amorphous NiFeB@NiFeBi exhibits remarkable oxygen evolution
activitywith an overpotential of 237mV at 10mA/cm2 and a rather
low Tafel slope of 57.65mV/dec, outperforming the state-of-the-
art IrO2 catalyst and most of documented precious-metal-free OER
electrocatalysts.

The amorphous NiFeB@NiFeBi was synthesized through a
simple and cost-effective in situ chemical reduction method by
adding a mixture solution of nickel(II) chloride (NiCl2) and iron(II)
chloride (FeCl2) into aqueous solution of sodium borohydride
(NaBH4) (Supporting information for details). For comparison,
NiFeB was also prepared by adding the solution of NaBH4 into the
same amount of NiCl2 and FeCl2 solution through the traditional
approach. As displayed in [19_TD$DIFF]Figs. 1a–d, similar 3D morphologies of
NiFeB@NiFeBi and NiFeB fabricated by polydisperse nanoparticles
were investigated from scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images. The core-shell
morphology of NiFeB@NiFeBi can be observed unambiguously
from the high-resolution TEM image shown in Fig. 1e, indicating a
thick amorphous layer of NiFeBi coating on the surface of NiFeB.
However, aggregated nanoparticles with the range of about 50 nm
were observed from the TEM of NiFeB as shown in Fig. 1f, which is
similar to the previous report [32]. Furthermore, the selected area
electron diffraction (SAED) images further indicate the amorphous
structures of NiFeB@NiFeBi and NiFeB (Fig. S1 in Supporting
information). In addition, as shown in Fig. 2a, no obvious
diffraction peaks in the powder X-ray diffraction (XRD) can be
observed, further suggesting the amorphous states of the as-
synthesized catalysts. Moreover, the as-obtained NiFeB@NiFeBi

was further annealed at 800 �C (named as NiFeB@NiFeBi-800) and
the resultant XRD shown in Fig. S2 (Supporting information)
demonstrated identical pattern of Ni3(BO3)2 (PDFNo. 26-1284). For
comparison, we synthesized a series of NiFeB@NiFeBi-X (X means
the percentage of Fe in the total metal precursors) via varying the
feeding molar ratios of Ni/Fe. In addition, the NiB@NiBi and
FeB@FeBi were also synthesized through the similar method. Their
SEM/TEM images and XRD results are displayed in Figs. S3–S10
(Supporting information). It should be noted that all the prepared
NiFeB@NiFeBi-X displayed similar morphologies and amorphous
structures.
[(Fig._1)TD$FIG]

Fig. 1. [12_TD$DIFF]SEM images of (a) NiFeB@[13_TD$DIFF]NiFeBi and (b) NiFeB. TEM images of (c, e)
NiFeB@[14_TD$DIFF]NiFeBi and (d, f) NiFeB.
X-ray photoelectron spectroscopy (XPS) was further used to
characterize the chemical states of NiFeB@NiFeBi and NiFeB. The
XPS survey results (Fig. S11 and Table S1 in Supporting informa-
tion) suggest the Ni, Fe, B and O are coexisted. The inductively
coupled plasma atomic emission spectroscopy (ICP-AES) results
(Table S2 in Supporting information) indicated the atomic ratios of
Ni, Fe and B are 1:0.18:0.90 for NiFeB@NiFeBi and 1:0.20:0.59 for
NiFeB, which is in consistentwith the feeding ratios. In the Ni 2p3/2

spectra of NiFeB@NiFeBi (Fig. 2b), two obvious peaks of Ni0[20_TD$DIFF] and
Ni2+ located at 852.3 eV and 855.8 eV can be observed, with
positive shift of about 0.2 eV compared to those in NiFeB,
suggesting electron transfer and synergistic effect between NiFeB
core and NiFeBi shell. In the Fe 2p3/2 region, similar positive shift
about 0.2 eV can be also observed. The peaks located at 711.9 eV
and 705.6 eV can be assigned to Fe3+ and Fe0[21_TD$DIFF] for NiFeB@NiFeBi,
while these peaks were located at 711.7 eV and 705.4 eV for NiFeB
(Fig. 2c). As shown in Fig. 2d, the B 1s spectra of both samples
showed two distinct peaks. For NiFeB, the peak located at 187.5 eV
can be assigned to the B signal in metal boride, indicating the
presence of nickel borides. The peak at higher binding energy
191.7 eV can be attributed to the B��O bonding in borate or boron
oxide. However, these peaks exhibit positive shifts of about 0.6 eV
in NiFeB@NiFeBi. This result suggests the electron transfer from
NiFeB core to NiFeBi shell, thus modifying the electron structure of
NiFeB@NiFeBi and promoting its OER activity (vide infra) [33]. As
shown in the O 1s region (Fig. S12 in Supporting information),
three peaks located at 530.4, 531.1 and 532.2 eV can be observed,
corresponding to the binding energy of lattice oxygen, substituted
hydroxyl species and surface oxygen, respectively [34]. However,
only substituted hydroxyl species and surface oxygen peaks can be
observed in NiFeB@NiFeBi.

The electrocatalytic activities of NiFeB@ NiFeBi, NiFeB,
NiB@NiBi and FeB@FeBi catalysts, as well as commercial IrO2,
were tested in the 1.0 mol/L KOH electrolyte using a three-
electrode system (pH 13.6). Those catalysts were deposited
onto the glass carbon electrode (GCE) to evaluate them OER
activity and the catalyst loading was 0.306 mg/cm2. Polariza-
tion curves were recorded from linear sweep voltammetry
(LSV) test with a scan rate of 1.0 mV/s. In order to eliminate
the effect of ohmic resistance, we conducted an iR correction
to all raw data in the further discussions. Firstly, we dig out
the most suitable nickel to iron ratios of NiFeB@NiFeBi-X. As
shown in Figs. S13 and S14 (Supporting information), the best
OER performance catalyst is NiFeB@NiFeBi- [22_TD$DIFF]15% and we further
continued the experiments with this sample. As shown in
Fig. 3a, NiFeB@NiFeBi shows the best performance in those
catalysts with an overpotential of 237 mV to drive a current
density of 10 mA/cm2 (h10 = 237mV), which is much lower than
that of NiFeB (h10 = 273mV), NiB@NiBi (h10 = 303mV), FeB@FeBi

(h10 = 373mV) and IrO2 (h10 = 287mV). In addition, the OER
activity of annealed NiFeB@NiFeBi-800 was also tested and it
showed much lower OER activity than the amorphous NiFeB@-
NiFeBi, further highlighting the key role of amorphous state of
NiFeBi in facilitating the OER process (Fig. S15 in Supporting
information). It is worth noting that the OER catalytic activity of
NiFeB@NiFeBi is among the top of the reported metal borates/
borides and higher than most of the reported metal-metalloid-
based electrocatalysts as indicated in Table S3 (Supporting
information). To investigate the catalytic kinetics, the Tafel slopes
were calculated as shown in Fig. 3b, demonstrating that
NiFeB@NiFeBi exhibited the most favorable OER dynamics,
suggesting that the introduction of iron dominated the improve-
ment of the overall OER process [35,36]. In addition, we
calculated the TOFs of NiFeB@NiFeBi across the OER region
([23_TD$DIFF]Fig. S16 and details of the TOF calculation in Supporting
information) [37,38]. As shown in Fig. 3c, the iron species can
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Fig. 2. (a) XRD patterns of (i) NiFeB@NiFeBi and (ii) NiFeB; High resolution XPS
spectra of (b) Ni 2p3/2, (c) Fe 2p3/2, (d) B 1 [3_TD$DIFF]s of (i) NiFeB@NiFeBi and (ii) NiFeB.

[(Fig._4)TD$FIG]

Fig. 4. (a) Chronopotentiometry curves for NiB@NiBi, NiFeB@NiFeBi, and NiFeB at
10mA/cm2 in 1mol/L KOH. (b) Faraday efficiency of O2 production for
NiFeB@NiFeBi.
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significantly increase the catalytic performance of NiB@NiBi

[39,40]. However, a larger ratio of iron in the NiFe hybrid may
lower the number of actual Ni site and result in the decrease of
the overall OER activity. In addition, electrochemical impedance
spectroscopy (EIS) was carried out to evaluate the charge transfer
resistance during OER process. As shown in Fig. 3d, the Nyquist
plot of NiFeB@NiFeB shows the smallest semicircle diameter,
suggesting the fastest charge transfer because of the lowest
resistance of charge transfer (Rct) [41]. The small Tafel slope and
Rct of NiFeB@NiFeBi suggest the fast reaction kinetics under the
OER conditions, which should be attributed to bimetallic cores
with favorable electronic conductivity as well as the amorphous
NiFeBi nanosheets with higher intrinsic activity. In addition, both
2000 CV cycling test and chronopotentiometry results suggest the
superior stability of the NiFeB@NiFeBi in alkaline media. As
illustrated in the Fig. S17 (Supporting information), after the
continuously cyclic voltammetry (CV) scanning for 2000 cycles
with a range of 1.2–1.7 V (vs. RHE), a slight positive shift of h10
[(Fig._3)TD$FIG]

Fig. 3. (a) LSV curves (with iR-correction) for FeB@FeBi, NiB@NiBi, NiFeB@NiFeBi,
NiFiB, and IrO2 with a scan rate of 1mV/ s for OER in 1mol/L KOH. (b) Tafel plots for
FeB@FeBi, NiB@NiBi, NiFeB@NiFeBi, NiFeB and IrO2. (c) TOFs of NiFeB@NiFeBi-X and
NiB@NiBi. (d) Nyquist plot of FeB@FeBi, NiB@NiBi, NiFeB@NiFeBi, NiFeB and IrO2.
from the linear sweep voltammetry (LSV) curve is observed,
which is also in correspondence with the chronopotentiometry
results.

For comparison, the stability test of the NiFeB and NiB@NiBi

were also conducted. As shown in Fig. 4a, they are both inferior
to NiFeB@NiFeBi. Characterizations of NiFeB@NiFeBi after OER
stability test indicate the well-maintained morphology from
SEM and TEM images (Figs. S18 and S19 in Supporting
information). Furthermore, for the high-resolution Ni 2p

surface was transformed to Ni2+ after the OER process, which
was similar to the previous reports. The B 1s and Fe 2p spectra
were kept unchanged, suggesting the core-shell architecture is
maintained well (Figs. S21 and S22 in Supporting information).
For the high-resolution O spectra, absorbed oxygen indicates
that activity O spices was formed and attached onto the surface
of the catalyst (Fig. S23 in Supporting information). However,
after the OER test, the XPS results indicate that the NiFeB
would transform into NiFeBi and its original structure might be
destroyed, which is contributed to its much inferior stability to
NiFeB@NiFeBi. Besides, the Faraday efficiency of NiFeB@NiFeBi

was estimated via quantifying O2 gases produced during the
electrolysis, which fitting well with the theoretical yields with the
molar ratio O2, corresponding to a Faraday efficiency of almost
[24_TD$DIFF]99.0% (Fig. 4b).

In summary, a series of amorphous nickel-iron boride coated
nickel-iron borate (NiFeB@NiFeBi-X) electrocatalysts have been
successfully fabricated through a simple sodium borohydride
reduction approach. The as-obtained NiFeB@NiFeBi exhibits
remarkable OER activity under alkaline media, with an over-
potential of 237mV to achieve the current density of 10mA/cm2

and long-term durability. The XPS and TOFs results indicated that
the unique core-shell structure and the electron transfer
between the core and shell are contributed to the excellent
OER activity of NiFeB@NiFeBi. This work might provide a new
way for developing advanced metal borates based electro-
catalysts for OER and beyond.
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