
Chinese Chemical Letters 32 (2021) 1210–1214

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
Communication
Efficient electrocatalytic [13_TD$DIFF]oxygen evolution at ultra-high [12_TD$DIFF]current
densities over 3D Fe, N doped Ni(OH)2 nanosheets

Pu Shi1, Xiaodi Cheng1, Siliu Lyu*
Key Laboratory of Biomass Chemical Engineering of Ministry of Education, College of Chemical and Biological Engineering, Zhejiang University, Hangzhou
310027, China
A R T I C L E I N F O

Article history:

Received 23 June 2020
Received in revised form 17 August 2020
Accepted 19 September 2020
Available online 21 September 2020
Keywords:
Vapor phase hydrothermal
Nitrogen doped
NiOOH
Oxygen evolution reaction
Ultra-high current density
* Corresponding author.
E-mail address: lsl1231@zju.edu.cn (S. L

1 These authors contributed equally to t

https://doi.org/10.1016/j.cclet.2020.09.030
1001-8417/© 2020 Chinese Chemical Socie
yu).
his work.

ty and Ins
A B S T R A C T

Developing highly efficient nickel or iron based hydroxide electrocatalysts is primary essential but
challenging for oxygen evolution reaction (OER) at ultra-high current densities. Herein, we developed a
facile method to prepare nitrogen and iron doped nickel(II) hydroxide nanosheets on self-supported
conductive nickel foam (denoted as Fe,N-Ni(OH)2/NF) through ammonia hydrothermal and impregna-
tion methods. Owing to the optimization of the electronic structure by nitrogen doping and the strong
synergistic effect between Fe and Ni(OH)2, the three-dimensional (3D) Fe,N-Ni(OH)2/NF nanosheets
delivered superior electrocatalytic OER performances in basic solution with low potentials of 1.57 V and
1.59 V under 500mA/cm2 and 1000mA/cm2 respectively and robust operation for 10 h with ignored
activity decay, comparing well with the potentials of previously reported NiFe based electrocatalysts as
well as the benchmark commercial Ir/C/NF. In-situ Raman spectroscopy revealed that the main active
species were NiOOH during the OER process. The present results are expected to provide new insights
into the study of OER process towards ultra-high current densities.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Water splitting to produce hydrogen and oxygen holds great
promise to address imperative energy and environment crisis
[1,2]. As one of the semi-reactions of electrochemical water
splitting, the oxygen evolution reaction (OER) relates to oxygen-
oxygen bond formation and proceeds through a four-proton-
coupled electron-transfer process which introduces a huge
kinetic barrier and thus dominates the whole reaction rate [3–
6]. So far, noble metal based electrocatalysts such as iridium
dioxide, iridium-carbon, and ruthenium dioxide are still most
effective to conduct OER owing to their low onset potentials [7–
9]. However, noble metal based electrocatalysts require a high
overpotential of �300mV to obtain a current density of 10
mA/cm2 [3,4]. Additionally, the low earth scarcity and high price
of noble metals severely restrict their large-scale applications
[3–5,9].

In recent years, tremendous efforts have been devoted to
explore earth-abundant and high-performing electrocatalysts
for OER [10–12], such as the layer structure materials [13–15],
metal carbides [16,17], metal chalcogenides [18], metal borides
[19], organometallics [20–22], perovskite oxides [23–26],
titute of Materia Medica, Chinese
spinels [27–29], and non-metal materials [30,31]. Among them,
NiFe based compounds have been regarded as the most active
catalysts in basic solutions and displayed superior OER
performances as compared to pure Ni or Fe oxides/hydroxides
[3–6,32,33]. It has been proved that Fe plays a key role during
OER because Fe would modify the electronic structure of the
active phase (NiOOH) and thus enhance the transformation of
Ni(OH)2 to NiOOH [10,34–36]. Nonetheless, there are still great
challenges to adopting the NiFe based catalysts for commercial
applications which need to deliver large catalytic current
densities (> 200mA/cm2) with a long-time operational stability
[37,38].

Theoretically, the electronic structure would determine the
catalytic performance of a catalyst which can be optimized
through engineering the composition by doping method [39–41].
While, nitrogen doping is demonstrated as a feasible means to
optimize electrochemical activity through conquering the intrinsic
activation barriers during the OER process [39,42,43]. In terms of
electronic information, N doping is favorable to the interaction
with reactants because the N has lone-pair electrons in the
extranuclear electron [39,42,44–46]. Therefore, dopingwith N into
NiFe based electrocatalysts would provide a promising method to
improve the electrocatalytic activities under ultra-high current
densities for OER due to its remarkable electronic properties and
structural characteristics.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Encouraged by the findings above, we fabricated three-dimen-
sional (3D) N and Fe doped Ni(OH)2 nanosheets on self-supported
conductive nickel foam (denoted as Fe,N-Ni(OH)2/NF) through
simple ammonia hydrothermal and impregnation method to
catalyze the OER. The ammonia solution was selected as the N
source to adjust the electronic structurewhichendowed the catalyst
withexcellentOERperformancesunderultra-highcurrentdensities.
On the other hand, Fe doping through simple impregnationmethod
endowed the catalyst with superior kinetic performance. Owing to
the optimized electronic structure by nitrogen doping and the
assistance of the phase transformation of Ni(OH)2 to NiOOH by Fe
doping, the Fe,N-Ni(OH)2/NF catalyst achieved sharp subtractive
potentials of 1.57 V and 1.59 V under ultra-high current densities of
500mA/cm2 and 1000mA/cm2, respectively. The long termdurabil-
ity study of Fe,N-Ni(OH)2/NFat constant potentials of 1.9 V and 2.1 V
showed no obvious decay of the overall current densities after 10 h.

The fabricationprocess of the 3D Fe,N-Ni(OH)2/NFwas based on
two steps (Fig. 1a): Firstly, a piece of acid-prepared Ni foam was
soaked into ammonia solution and heated at 90 �C for 8 h.
Secondly, the dry N-Ni(OH)2 on Ni foam was dipped in Fe(NO3)3
solution and dried spontaneously in fume hood. Besides, the
synthetic details were provided in Supporting information. We
methodically figured out the effects of Fe contents to obtain the
highest OER capacity, and the Fe(NO3)3 solution concentration of
0.1mol/L was optimized (Fig. S1 in Supporting information). The
field emission scanning electron microscope (FESEM) and trans-
mission electron microscope (TEM) images presented that the Fe,
N-Ni(OH)2 nanosheets were homogeneously grown on Ni foam ([14_TD$DIFF]
Figs.1b and c and Fig. S2 in Supporting information). The elemental
mapping images resulted via energy-dispersive X-ray spectroscopy
(EDX) exhibited that the actual presence of Fe, Ni, N, and O
elements in 3D Fe, N-Ni(OH)2/NF ([14_TD$DIFF]Figs. 1d and e). The X-ray
diffraction (XRD) pattern of 3D Fe,N-Ni(OH)2/NF showed five
featured XRD peaks centered at 19.2�, 33.1�, 38.5�, 59.0�, and 62.7�

which could be attributed to the (001), (100), (101), (110) [15_TD$DIFF]and (111)
of α-Ni(OH)2 planes, confirming the existence of α-Ni(OH)2 (Fig. S3
in Supporting information), without any peaks for Fe. The high
resolution transmission electron microscope (HRTEM) of N-Ni
[(Fig._1)TD$FIG]

Fig. 1. (a) The fabrication process and (b-d) [10_TD$DIFF]field emission scanning electronmicroscope
mappings of 3D Fe,N-Ni(OH)2/NF. (f) The Raman spectra of Fe,N-Ni(OH)2/NF and N-Ni(
(OH)2/NF showed the interplanars of 0.270 nm, 0.231 nm, and
0.461 nm, which could be attributed to the (001), (100), and (101)
crystal planes of α-Ni(OH)2. Also, selected area electron diffraction
(SAED) pattern showed the lattice planes of (001), (100), and (110)
of crystalline α-Ni(OH)2 (Fig. S4 in Supporting information).
Furthermore, Raman spectra of 3D Fe,N-Ni(OH)2/NF showed four
peaks (392 cm-1, [16_TD$DIFF] 531 cm-1, 679 cm-1, and 707 cm-1) which were
related to Fe-O bond. Besides, the other two peaks (308 cm-1

[17_TD$DIFF] and
451 cm-1) were assigned to the Ni-O bond peaks (Fig. 1f) [47,48].
The results above showed the Fe was introduced and Fe,N-Ni(OH)2
nanosheets were successfully grown in NF.

The OER performance of 3D Fe,N-Ni(OH)2/NF was studied
through using a three-electrode system, while N-Ni(OH)2/NF, pure
NF and commercial Ir/C/NF were used as references (Fig. 2a). As
shown in Fig. 2b, the 3D Fe,N-Ni(OH)2/NF required a lowest OER
potential of 1.50 V at 100mA/cm2, which was smaller than that of
N-Ni(OH)2/NF, NF and Ir/C/NF (1.68 V, 1.83 V, and 1.69 V, respec-
tively). The potential reported here was switched to the value [18_TD$DIFF]

versus the reversible hydrogen electrode (RHE). The 3D Fe,N-
Ni(OH)2/NF only required low potentials of 1.5 V, 1.57 V, and 1.59 V
to realize the ultra-high current densities of 100mA/cm2, 500
mA/cm2, and 1000mA/cm2, respectively (Fig. 2c). Notably, a high
current density of 1300mA/cm2 (> 1000mA/cm2) can be achieved
at a relative low potential of 1.61 V, which made the 3D Fe,N-
Ni(OH)2/NF a promising OER electrocatalyst towards practical
application in industrial water splitting in basic electrolyte [37,38].
The 3D Fe,N-Ni(OH)2/NF showed a much higher OER catalytic
activity than the N-Ni(OH)2/NFwith potentials of 1.68 V,1.81 V and
1.89 V at 100mA/cm2, 500mA/cm2, and 1000mA/cm2, respective-
ly. The Tafel plots showed a lower Tafel slope of 66.4mV/dec for 3D
Fe,N-Ni(OH)2/NF as compared to that of 145.3mV/dec for N-
Ni(OH)2/NF, indicating faster OER kinetics of Fe,N-Ni(OH)2/NF
(Fig. 2d). The multiple-current step curve of the 3D Fe,N-Ni(OH)2/
NF at increasing current densities from 320 to 960mA/cm2 is
shown in Fig. 2e.With the start current density of 320mA/cm2, the
potential step located at 1.72 V remained uniform for the rest 200 s,
and the rest four steps also showed similar trends. Moreover, the
multiple-potential-steps of 3D Fe,N-Ni(OH)2/NF showed the
(FESEM) images of Fe,N-Ni(OH)2/NF, inset: the enlarged FESEM image. (e) Elemental
OH)2/NF.
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Fig. 2. (a) The scheme of electrochemical cell. (b) Polarization curves of 3D Fe,N-Ni(OH)2/NF, N-Ni(OH)2/NF, NF and Ir/C/NF. (c) Comparison of potentials required at the
current densities of 100mA/cm2, 500mA/cm2, and 1000mA/cm2 for Fe,N-Ni(OH)2/NF and N-Ni(OH)2/NF electrocatalysts. (d) Tafel plots of Fe,N-Ni(OH)2/NF, N-Ni(OH)2/NF
and Ir/C/NF. (e) Multiple-current step curve and (f) multiple-potential step curve of Fe,N-Ni(OH)2/NF without iR-corrected. All above data were tested in 1.0mol/L KOH.
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potential from 1.50 to 2.30 V for three cycles with the start level of
47mA/cm2 at 1.50 V (Fig. 2f) [49].

Double layer capacitances (Cdl) of Fe,N-Ni(OH)2/NF was 23.3 [19_TD$DIFF]

mF/cm2, which was higher than that of N-Ni(OH)2/NF (21.5 [19_TD$DIFF]

mF/cm2) (Fig. 3a), indicating larger active surface area of Fe,N-Ni
(OH)2/NF [50]. Besides, the charge transfer resistance of the
electrodes for the OER evaluated by electrochemical impedance
spectroscopy (EIS) are shown in Fig. 3b, and the 3D Fe,N-Ni(OH)2/
[(Fig._3)TD$FIG]

Fig. 3. (a) ECSAs of Fe,N-Ni(OH)2/NFandN-Ni(OH)2/NF. (b) Nyquist plots of Fe,N-Ni(OH)2
Ni(OH)2/NF at potentials of 1.9 V and 2.1 V without iR-correction. (d) Comparison of Ta
NF exhibited a much smaller charge-transfer resistance compared
with the N-Ni(OH)2/NF, NF and Ir/C/NF, indicating a fast electron
transfer in the 3D Fe,N-Ni(OH)2/NF. Moreover, chronopotentio-
metric measurement of Fe,N-Ni(OH)2/NF (Fig. 3c) showed excel-
lent potential sustentions with initial values of 2.1 V and 1.9 V at
around 1000mA/cm2 and 500mA/cm2 respectively after a long
period of 10 h test, verifying an intensive stability. What’s more,
Fig. 3d exhibited the potential at 100mA/cm2 and corresponding
/NF, N-Ni(OH)2/NF, NF, and Ir/C/NF. (c) Chronopotentiometricmeasurements of Fe,N-
fel slopes and potentials required for a current density of 100mA/cm2.
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Fig. 4. (a) XPS survey spectra of Fe,N-Ni(OH)2/NF and N-Ni(OH)2/NF. High revolution (b) Fe 2p, (c) Ni 2p, and (d) N 1s of Fe,N-Ni(OH)2/NF before and post OER process. (e) In-
suit Raman spectra of the 3D Fe,N-Ni(OH)2/NF with the potentials from 1.0 [11_TD$DIFF]V to 1.8 V.
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Tafel slope of Fe,N-Ni(OH)2/NF, which compared well with those
previously reported Ni/Fe-based selenides and other nonprecious
OER electrocatalysts in 1.0mol/L KOH (Table S1 in Supporting
information).

To further explore the structure change of Fe,N-Ni(OH)2 before
and after OER, the X-ray photoelectron spectroscopy (XPS)
measurements were conducted to probe the mechanism towards
the OER performance (Fig. 4a). The intensity of Ni 2p had no
obvious change while the binding energy of Fe 2p had positive
shifts about 0.6 eV which could be attributed to the oxidation of Fe
ions ([14_TD$DIFF]Figs. 4b and c) [3]. The intensity of N 1s also showed an
ignored change, indicating that the presence of Nwas stable during
the OER process owing to the introduction of Fe (Fig. 4d).Moreover,
for the purpose of figuring out electrocatalytic mechanism of Fe,N-
Ni(OH)2/NF during the OER process, in-situ electrochemical Raman
spectroscopy was conducted at different applied potentials in
1.0mol/L KOH (Fig. 4e). The Ni-O peaks located at 307 cm-1

[20_TD$DIFF] and
455 cm-1, as well as Fe-O peaks located at 528 cm-1

[21_TD$DIFF] and 716 cm-1

weremaintained at low potentials of 1.0 V [48]. The intensity of Ni-[22_TD$DIFF]
OH decreased with applied potential increasing to 1.50 V.
Meanwhile, two peaks located at 473 cm-1

[23_TD$DIFF] and 557 cm-1 for
NiOOH increased with applied potential increasing above 1.60 V
[51,52], and then α-Ni(OH)2 persistently converted to NiOOHwhen
the potential was above 1.80 V. Hence, the amorphous NiOOH was
verified comprehensively to be the active species leading to the
improved OER performance based on above results. Furthermore,
the induction of Fe into the Ni(OH)2 lattice may promote the phase
transformation of Ni(OH)2 to NiOOH, which is beneficial to obtain
high OER activity [10,34–36].

Meanwhile, more comparative experiments were carried out to
explore the optimized conditions for Fe,N-Ni(OH)2 to present the
best OER activity. Fig. S11 (Supporting information) showed the
polarization curves of Fe,N-Ni-Ni(OH)2/NF with different hydro-
thermal times. When treated through ammonia hydrothermal
method for 8 h, Fe,N-Ni(OH)2/NF exhibited outstanding OER
activity. Besides, the effect of hydrothermal temperature was
investigated to confirm 90 �C as the optimized choice.
In conclusion,we have demonstrated a facilemethod to fabricate
3DNandFedopedα-Ni(OH)2nanosheets grownonNi foamthrough
the ammonia hydrothermal and impregnationmethods to conduct
OER under ultra-high current densities in alkaline electrolyte. The
as-resultant Fe,N-Ni(OH)2/NF catalyst delivered low potentials of
1.57 V and 1.59 V to trigger the OER under ultra-high current
densities of 500mA/cm2 and 1000mA/cm2 with strong durability,
respectively,whichcomparedwellwith thepotentials ofpreviously
reported NiFe-based electrocatalysts toward the same current
densities and were even superior to the benchmark Ir/C/NF
electrode. In-situ Raman spectroscopy was employed to confirm
NiOOHas theactive species in Fe,N-Ni(OH)2/NFduringOERprocess.
The excellent OER electrocatalytic performances can be attributed
to the optimized electronic structure through N doping. Further-
more, the incorporation of Fe into Ni(OH)2 lattice helped the phase
transformation of Ni(OH)2 to NiOOH, and thus played a crucial role
in efficient OER process. The as-prepared Fe,N-Ni(OH)2/NF pre-
sented in this work may offer new ideas to synthesize transition
metal based hydroxides and provide new insights into the study of
OER process towards ultra-high current densities.
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