INORGANIC CHEMISTRY CCs RSt 7 rovar sociery
WP SOCIETY P

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Low-cost and multi-level structured NiFeMn
alloy@NiFeMn oxyhydroxide electrocatalysts for
highly efficient overall water splitting+

{ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2021,
8, 2713

Zeyu Ge,*® Fei Wang, 92 Junji Guo,® Jungang Ma,®° Chunyan Yu,*
Aihua Zhong 2 2€ and Yizhu Xie (& *@b<

Fabricating energy-saving, inexpensive and high-activity electrocatalysts for overall water splitting has
always been a significant challenge. Electrochemical deposition is considered as a promising method for
large-scale industrial applications, but it is prone to generating dense compounds, which reduces the
effective catalytic activity area of electrodes. Herein, a low-cost and high-performance bifunctional
NiFeMn alloy@NiFeMn oxyhydroxide electrocatalyst was deposited by several minute electrodeposition.
Due to the doping of manganese, this method effectively engineers a multi-level dendritic NiFeMn alloy
and oxyhydroxide layer, and significantly reduces the energy barrier for the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), which has been proved by the density functional theory
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calculations. Specifically, the as-prepared catalyst shows excellent electrocatalytic performance for OER
(219 mV) and HER (19 mV) at a current density of 10 mA cm™2. Experimentally and theoretically, the cata-
lyst demonstrated extraordinary performance for overall water splitting and provides a new possibility for
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Introduction

In order to reduce the adverse effects of traditional fossil
energy on the environment, it is attractive to obtain oxygen
and hydrogen fuel from water electrolysis by using renewable
energy sources, such as wind power, hydropower and solar
power."> However, the use of renewable energy to industrialize
electrolyzed water still requires a high cost compared to hydro-
gen, which is generated from the petrochemical industry, this
means that there is still a lot of work required for the pro-
duction of hydrogen from water splitting. Principally, water
electrolysis consists of two half-cell reactions, which are OER
and HER.>* The OER process is considered to be kinetically
sluggish because it includes several proton and electron
couple transfer steps.” Some precious metal oxide electrocata-
lysts, such as the oxides of ruthenium and iridium, are identi-
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fied to be remarkable OER catalysts, while the exorbitant price
and scarcity of these noble metals seriously limit their wide-
spread applications.>” Similar problems are encountered
when the platinum-based catalysts are used for HER.®
Moreover, when the cathode catalyst is different from the
anode catalyst, different production processes, equipment and
raw materials are needed, which means higher production
costs for water splitting.® Therefore, it is urgently needed to
find earth-abundant, high-efficient and durable catalysts for
HER and OER.

Recently, massive efforts have been aimed to research
various earth-abundant metal-based electrocatalysts, such as
transition-metal chalcogenides, oxides, selenides, borides,
nitrides, and phosphides.'®™** Among the abovementioned cat-
alysts, the NiFe-based oxide and oxyhydroxide electrocatalysts
have been researched extensively for their high electrolysis per-
formance in alkaline electrolytes.’> Some significant research
efforts have been devoted to increase the performance of NiFe-
based catalysts, such as special morphology construction,
surface defect engineering and integration with some conduc-
tive materials.'®® Specifically, increasing numbers of research
studies focus on the construction of active materials by adding
new elements to form multi-element catalysts because modu-
lating the energy levels of the catalyst by adding new elements
to regulate the electronic structure could change the bond
length of the active site and the adsorption energy of the HER/
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OER reaction intermediates.'® For example, NiVFe trimetallic
phosphor nitride was synthesized for overall water splitting,
which attained a current density of 10 mA cm™2 with the over-
potentials of 79 mV and 229 mV for HER and OER, respect-
ively.”® The two-electrode electrolyzer both fabricated by
CoFeZr oxides reached 10 mA cm™> at 1.63 V for water electro-
lysis.”’ However, there are few studies on multi-element cata-
lysts containing Mn because pure manganese-based oxide cat-
alysts are relatively catalytically inert and exhibit inherent poor
conductivity.”> However, manganese plays a crucial role in
water oxidation in nature, and it is the third most abundant
transition-metal in the earth’s crust.”® In order to imitate the
green and efficient method of water splitting in nature and
reduce the cost of electrocatalyst materials, substantial work
still needs to be done for the synergy of Mn and NiFe-based
catalysts to increase the bifunctional electrocatalytic activity.

Many breakthroughs have been made in the synthesis of
catalysts for the electrolysis of water, but those electrocatalysts
are still far away from large-scale water electrolysis. Since many
complex chemical or physical methods were used to fabricate
the catalysts in order to achieve a better performance than that
of the current industrial catalysts, it significantly increases the
cost of water splitting.>***> Additionally, most of the catalysts
are in the form of a powder of nanoparticles or nanosheets. A
binder will inevitably be used when coating the powders onto
the electrode, which will lead to a decrease in conductivity and
reduced catalytically active sites.>®>” Although many catalysts
are also directly synthesized onto the substrate, their electro-
chemically active surface area (ECSA) is often subjected to the
small surface area of the substrates.”® These factors limit
further improvement of the catalyst performance. Meanwhile,
the mechanisms among the multiple elements of transition
metal catalysts are still not fully mastered. Thus, an in-depth
research study on achieving low-cost and high-performance of
multi-component catalysts is urgently needed.

Herein, we successfully fabricated NiFeMn alloy (core)-oxy-
hydroxide nanosheet (shell) arrays (denoted as NiFeMn-AOs)
as high-performance bifunctional catalysts for both OER and
HER. The NiFeMn-AOs was fabricated on nickel foam (NF) or
carbon cloth substrate by chronoamperometry deposition
method. The NiFeMn-AOs is cheaper and more environmen-
tally friendly compared with the NiFe-based catalysts syn-
thesized through conventional hydrothermal method or physi-
cal vapor deposition method. The particular multi-level den-
dritic structures of the NiFeMn-AOs samples, which possess
larger ECSA and more active sites, facilitate faster electron and
ion transfer. As a result, the as-prepared NiFeMn-AOs catalyst
shows excellent electrocatalytic performance for OER, attaining
a current density of 10 mA cm™> with a low overpotential of
219 mV and a small Tafel slope of 26 mV dec . It also shows
excellent stability during a 140-hour test. This catalyst drives a
current density of 1 A cm™? with an ultra-low potential of 1.473
V under harsh industrial conditions. Moreover, it exhibits
superior HER performance, and reaches 10 mA cm™> with an
overpotential of only 19 mV in alkaline electrolyte. The result
is one of the best records for the NiFe-based catalyst for HER.
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Furthermore, the two-electrode electrolyzer manufactured by
NiFeMn-AOs shows outstanding performances on water split-
ting, achieving 15 mA cm™> at a low voltage of 1.46 V. The
current density can reach 500 mA ecm~> when the voltage of
the electrolytic cell is 2.1 V in 1 M KOH. The fundamental
mechanism of Mn doping in the NiFeMn-AOs behind the
excellent performance of OER and HER has been studied by
density-functional-theory (DFT) calculations. The conclusion
drawn from the experimental data and DFT calculation shows
that NiFeMn-AOs has both outstanding HER catalytic activity
and strong OER activity, which provides a new possibility for
industrial application in the future.

Experimental

Chemicals and materials

NiCl,-6H,0, MnSO,-H,0, FeCl;-6H,0 and KOH were bought
from Aladdin Co., Ltd. HCI (37 wt%) and acetone were pur-
chased from Sinopharm Chemical Reagent. Carbon cloth
(W0S1009) was purchased from CeTech. RuO, (Ru >59.5%)
was purchased from Leyan. Nafion (D520 5%) was purchased
from DuPont. Nickel foam (NF) was supplied by Annuohe New
Energy Technology Co., Ltd. All reagents were analytically
pure, and used without further purification.

Synthesis of NiFeMn-AOs, NiFe-AOs and Ni/NF electrodes

The NiFeMn-AOs was fabricated on a Ni foam substrate by a
one-step chronoamperometry deposition process. Before the
deposition, the nickel foam was washed in 3 M HCI solution
for 15 min with sonication, and followed by water and acetone
washing to remove organics and oxides on the surface, then
drying under vacuum at room temperature. Then, the NiFeMn-
AOs was in situ deposited onto the nickel foam by using a
chronoamperometry method. The details of the deposition
process are as follows: the treated nickel foam was transferred
to an electroplating bath with 50 mL aqueous solution, which
contains 1 mmol of MnSO,-H,O, 1 mmol of FeCl;-6H,0,
2 mmol of NiCl,-6H,0. Then, the graphite rod, the cleaned
nickel foam and Ag/AgCl were used as anode, cathode and
reference electrode, respectively. The electroplating process ran
for 600 s with a cathode voltage of —2.5 V at an electrochemical
workstation. After electrodeposition, the as-prepared NiFeMn-
AOs on nickel foam was cleaned by ethanol and DI water, then
dried in a vacuum at room temperature, and the mass load of
the catalyst is about 21 mg ecm™>.

The NiFe-AOs and Ni/NF electrodes were prepared as refer-
ence electrodes by an essentially identical procedure with
adjusting the molar ratio of Mn, Ni and Fe metal ions in elec-
trodeposition solution. The overall molar amount of metal
ions in the electroplating bath is the same. The Ni/Fe ratio of
NiFe-AOs is 2:1 and the Ni/NF only with Ni**. The method of
manufacturing the flexible NiFeMn-AOs electrode was made in
the same way, except that the nickel foam substrate was
replaced by a carbon cloth substrate.
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Synthesis of NiFe-layered double hydroxide (NiFe-LDH)
electrode

NiFe-LDH was synthesized by a one-step hydrothermal
method.* In a typical procedure, 0.5 mmol NiCl,-6H,0 and Fe
(NO3)3-9H,0 were dissolved in 30 mL of distilled water. Then,
5 mmol of CO(NH,), was added to adjust the pH of the solu-
tion. Then, the solution and foamed nickel substrate were
transferred to a 50 ml Teflon-lined stainless-steel jar, and then
the jar was kept at 120 °C for 12 hours. After washing with de-
ionized water, the NiFe-LDH was achieved on the nickel foam
substrate.

Fabrication of the Pt plate and RuO,/NF electrodes

The Pt plate electrode was a piece of pure platinum with the
size of 10 x 10 x 0.5 mm”’. The RuO,/NF electrode was prepared
by the following procedure. First, 10 mg RuO,, 0.5 mL ethanol,
0.4 mL purity water and 60 pL Nafion were mixed and ultraso-
nicated for 20 min to acquire a homogeneous dispersion.
Second, a piece of treated NF was dipped into the dispersion,
and then dried in air at 60 °C. The mass loading of the RuO,
catalyst on the nickel foam was controlled at approximately

2 mg cm™>,

Materials analysis

The crystallinity of the prepared electrodes was probed by an
X-ray diffractometer (XRD, Rigaku Ultima IV, Cu Ka, 4 =
0.154178 nm). The surface topography characteristics of the
catalyst, the elemental content and the elemental distribution
characteristics of the catalyst were detected by scanning elec-
tron microscope (SEM, Zeiss Supra 55) and energy dispersive
X-ray detector (EDX). The transmission electron microscopy
(TEM) and high-angle annular dark field scanning TEM
(HAADF-STEM) measurements were conducted by a FEI Tecnai
G2 F20 with an acceleration voltage of 200 kV, and the
STEM-EDS point sweep was obtained using an OXFORD X-max
80T with an acceleration voltage of 200 kV. Corresponding
valence states of the elements were determined by X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientific K-Alpha,
Al Ka). The Raman spectra of the materials were characterized
by Raman spectrometer (Renishaw inVia plus; the laser wave-
length is 532 nm).

Computational methods

The surface properties of the NiFeMn-AOs and NiFe-AOs were
obtained by density functional theory calculations plus
Hubbard-U (DFT+U), which were accomplished with the
Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional and projector-augmented wave (PAW)
pseudopotentials,®®*' as applied in the Vienna Ab initio
Simulation Package (VASP) code.’*** The energy cut-off was
implemented to 400 eV. The Brillouin zone was sampled by a
gamma k-mesh of 3 x 3 x 1. On the basis of the experience in
the previous study,** the effective U-] terms were modified at
6.5 eV, 3.5 eV and 3 eV for Ni, Fe and Mn, respectively. The
overall calculations were spin-polarized. The vacuum thickness
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of larger than 25 A was constructed to simulate the catalytic
process on the surface. The energy of 10™* eV was applied for
the energy convergence criterion between two electronic steps.
For geometry optimization, the maximum force applied on
each atom was less than 0.01 eV A™".

Electrochemical analysis

The electrochemical characteristics of the electrocatalytic
materials were characterized by electrochemical workstation
(Princeton VersaSTAT 3F) by using a traditional three-electrode
test system at room temperature. The electrolyte was 1 M KOH.
A graphite rod was utilized as the counter electrode and an Ag/
AgCl electrode (in saturated KCl) was used for the reference
electrode. The electrodes after electrochemical deposition
served as the working electrode. The working area was tailored
to 0.5 x 0.5 ecm”. The electrode potential was presented versus
the reversible hydrogen electrode (RHE). The RHE reference
scale was determined by using the following equation:

Ernup = Eag/agcr +0.0591 x pH + E/?g/AgCl

Before the test, the electrode was subjected to 20 cycles of
100 mV s~ " scan rate by cyclic voltammetry to activate the elec-
trode material. The OER and HER performances of the electro-
des were characterized by linear sweep voltammetry (LSV) at a
sweep rate of 1 mV s~ to avoid the possible contribution of
the capacitive current. Electrochemical impedance spec-
troscopy (EIS) was applied to measure the ohmic resistance of
the electrocatalytic system. The test frequency range of EIS was
10° Hz-0.1 Hz, and the amplitude was 5 mV. The electrode
potential was corrected with a value of 95% x Rg through the
workstation, where R; is the ohmic resistance obtained by EIS.
The ECSA values of the as-prepared electrodes were calculated
from the electrochemical double-layer capacitance (Cyq;) of the
electrode morphology. The Cy; values of the electrodes were
calculated on the basis of the cyclic voltammetry curves
recorded in a non-Faradaic range at various sweep rates (20,
40, 80, 160, 240, 320 and 400 mV s~ '), and it was calculated by
difference of the current density plot (Aj) against the sweep
rate, where the Cgq; is half of the resulting linear slope. The
Tafel slope of the polarization curve was calculated by plotting
the overpotential and the logarithm of the current density. The
long-term stability of the electrocatalyst was evaluated by
chronopotentiometry and multi-step chronopotentiometry.
The Faraday efficiencies of HER and OER were calculated by
comparing the volumes of oxygen and hydrogen that were col-
lected by the replacement water, and the electricity consumed
from water splitting.

Results and discussion

In this study, the NiFeMn-AOs was prepared by a one-step
chronoamperometry electrodeposition method at room temp-
erature, which is a simple method for large-scale application.
The high voltage reduced the metal ions to metals, and they
attached to the nickel foam substrate to form an alloy skeleton.

Inorg. Chem. Front., 2021, 8, 2713-2724 | 2715
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Then, the metal ions reacted with hydroxide in solution and
attached to the electrode surface to form metal oxyhydroxide
on the alloy skeleton, thereby forming multi-level dendritic
structures (Fig. 1a). To demonstrate the performance of the
electrocatalysts, electrodes with diverse metal ratios were fabri-
cated through controlling the molar ratios of nickel, iron and
manganese ions in the electrodeposition solution, and named
as Ni/NF, NiFe-AOs, NiFeMn-AOs, respectively. All of the
samples were deposited on nickel foam. This method can also
be deposited on other conductive substrates, such as carbon
cloth. We fabricated flexible NiFeMn-AOs on a carbon cloth
substrate, which showed good properties with great potential
applications for bioelectronic sensors and wearable energy
storage devices (see ESI, Fig. S11).**>3°

After the NiFeMn-AOs catalyst was synthesized, the surface
topography of the electrode was probed by SEM. The SEM
images show that (Fig. 1b) a lot of highly porous coral-like
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structures with sizes from 1 pm to 5 pm are on the NF sub-
strate. At relatively higher magnification, as shown in Fig. 1c,
many ultrathin nanosheet architectures are over the coral-like
structure, forming a multi-level catalytic system. This revealed
that the NiFeMn oxyhydroxide was homogeneously grown on
the NiFeMn alloy skeleton. Compared with NiFe-AOs, this
structure provides a high surface area with more reactive sites,
and also promotes the release of oxygen or hydrogen bubbles
from the catalyst (Fig. S2t). The contact angle test demon-
strates that the hydrophilicity of the NiFeMn-AOs electrode is
significantly improved compared with the foamed nickel
(Fig. S3t). These properties are beneficial to the OER and HER
process, and it is more obvious under larger current density.
In addition, the elemental mapping of EDX illustrated that the
multi-level structure is composed of Ni, Fe, Mn and O
elements, and they are homogeneously distributed in the elec-
trode (Fig. 1d). The pictures of TEM and HAADF-STEM in

Fig. 1 (a) Schematic illustration of the fabricating process of the NiFeMn-AOs electrode and its catalytic function for both OER and HER. (b and c)
SEM images of the NiFeMn-AOs at different magnification. (d) EDX elemental mapping images from SEM. (e) Scanning TEM image of the NiFeMn-

AO:s. (f and g) HRTEM image of NiFeMn-AOs and corresponding SAED.
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Fig. 1e and Fig. S4,f respectively, illustrate that the NiFeMn-
AOs is coated with an ultrathin nanosheet array. As shown in
the high-resolution TEM (HRTEM) image (Fig. 1f), the
nanosheets consist of both nanocrystal and amorphous parts,
and the formed lattice spaces of 0.258 nm are attributed to
NiFeMn oxides (311). Moreover, the corresponding diffraction
rings pattern was obtained by selected area electron diffraction
(SAED). They could be assigned to the (220), (311), (400), (511),
and (440) planes of the NiFeMn oxides. The NiFeMn oxyhydr-
oxide exhibits a diffuse halo ring between the circles. The
above results confirm that the NiFeMn-AOs with multi-layer
structure was deposited onto the surface of the nickel foam by
the one-step electrodeposition method.

To further analyze the phase composition and crystallinity
of NiFeMn-AOs, the XRD pattern was tested, as shown in
Fig. S5.7 Only the diffraction peak of the NF substrate is found
in the patterns of XRD. This result proves that the major struc-
ture of NiFeMn-AOs is amorphous. The amorphous structure
is usually associated with more reactive sites. After the
samples were annealed in a nitrogen atmosphere at 500 °C for
two hours (denoted as t-NiFeMn-AOs and t-NiFe-AOs), except
for the peaks indexed to NF, two peaks at 29.8° and 35.2° can
be indexed to the (220) and (311) planes, respectively, of the
cubic structure of NiFe,0, (JCPDS no. 74-2081) for the t-NiFe-
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AOs. Compared with t-NiFe-AOs, the position of the peak of
t-NiFeMn-AOs exhibits minor left shifts with the Mn doping,
and a new minor peak at 36.7° can be indexed to the (211)
plane of MnO, (JCPDS no. 44-0141).*” These results clearly
illustrated the successful formation of the NiFeMn oxyhydrox-
ide overlayers on the NiFeMn alloy, and the incorporation of
Mn into the electrode.

Furthermore, XPS was applied to detect the major chemical
composition and chemical bonding state of the catalyst
surface. Specifically, the XPS survey spectrum of the NiFeMn-
AOs indicated the coexistence of nickel, iron, magnesium and
oxygen elements on the sample surface (Fig. 2a). The high-
resolution spectra of Ni 2p (Fig. 2b) show two main peaks
corresponding to Ni 2p3,, and Ni 2p,,,, and two minor peaks
made up of their satellites peaks (Sat.). Peak fitting indicated
the co-existence of Ni** (855.2, 872.6 eV) and Ni*" (856.3, 873.9
eV), which can be ascribed to Ni(OH), and NiOOH, respect-
ively, while two minor peaks (852.5, 869.9 eV) are allocated to
Ni® (metallic Ni).**?° In particular, we noticed that the ratio of
the Ni**/Ni** peak intensity in NiFeMn-AOs was higher than
that of NiFe-AOs. This indicated that there was more NiOOH,
which is a key active intermediate with lower OER overpoten-
tial.*° Similarly, the deconvoluted peaks of the Fe 2p spectrum
(Fig. 2c) revealed Fe,O; (710.2, 723.7 eV) and FeOOH (713.0,
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Fig. 2 (a) Wide-scanning XPS survey of the NiFeMn-AOs. (b—d) XPS high-resolution scans of (b) Ni 2p, (c) Fe 2p and (d) O 1s.
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725.9 eV) in the sample, and two minor peaks (706.6, 720.1 eV)
are allocated to Fe® (metallic Fe). The peak at 711.7 eV can be
ascribed to the LMM Auger line of the Ni element, while using
Al Ko radiation.”*' The Fe,O; on the surface may be gener-
ated from Fe(OH);, which was dehydrated in air and converted
to Fe,O3. The binding energy of the Fe 2p peaks in NiFeMn-
AOs is more positively shifted, and its peak intensity is lower
compared with that of the NiFe-AOs. Moreover, compared with
the distinct signals of Ni**/Ni*" and Fe*", the signal of Ni° or
Fe® is significantly weaker. This phenomenon is due to the
deposition of a thin array of amorphous nanosheets on the
surface of the electrodes, and it is difficult to detect the photo-
electrons generated by the alloy of the skeleton. The high-
resolution spectra of Mn 2p are shown in Fig. Sea.t
Unfortunately, the peak of Mn 2p;/, overlaps with the strong
LMM Auger line of the Ni element signals, which makes it
difficult to get a precise spectral analysis of the Mn 2p.*?
However, the minor Mn 3p peak at 48 eV in the full spectra
indicates the existence of Mn. As shown in Fig. S6b,T two mul-
tiple-splitting peaks exist in the Mn 3s spectrum. The binding
energy difference between the peaks is 6.3 eV, which reveals
that the major valence state of Mn existing in the electrode is
Mn*".** The O 1s spectrum exhibited two peaks (529.8, 531.3
eV); they are allocated to metal-O and metal-OH, respectively.
Compared with the NiFe-AOs, the NiFeMn-AOs sample shows
more metal-OH on the surfaces, which could obviously
improve the OER efficiency.**

The electrocatalytic properties of the as-prepared NiFeMn-
AOs electrode were directly measured by LSV in a three-elec-
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trode cell in 1 M KOH electrolyte. The scanning rate was at
1 mV s ' in order to avoid metal ion redox overlap with the
OER polarization curves. For comparison, bare nickel foam,
RuO,/NF, Ni/NF and NiFe-AOs electrodes were also measured.
As the OER polarization curves illustrated in Fig. 3a, the state-
of-the-art RuO,/NF shows good OER activity. It required over-
potentials of 286 mV and 340 mV to attain current densities of
10 mA cm™2 and 200 mA cm™ 2, respectively. The NF substrate
shows hardly any OER activity (370 mV and 493 mV). The
NiFeMn-AOs shows the smallest overpotential (219 mV and
268 mV) among all the electrodes we tested. This electro-
catalytic activity exceeds the performance of the OER electroca-
talysts that have been recently reported (Table S1, ESIt), indi-
cating that the NiFeMn-AOs catalysts could significantly lower
the activation energy for the OER reactions. To further evaluate
the OER reaction kinetics of these electrocatalysts, the corres-
ponding Tafel analysis was calculated from the LSV curves
(Fig. 3b). The Tafel slope value of NiFeMn-AOs is 26 mV dec ™",
which is smaller than that of NiFe-AOs (31 mV dec™ '), and it is
obviously lower than those of Ni/NF (63 mV dec™), RuO,
(89 mv dec™) and foamed nickel (86 mV dec™"), indicating the
fast OER reaction kinetics of the NiFeMn-AOs catalyst.

To demonstrate the origin of the intrinsic activity of the
different catalysts, the ECSA was determined by measurement
of different electrodes conducted at double layer capacitance
(Cay). Fig. 3c is based on the cyclic voltammetry curves under
different sweep rates, where the current response occurred
within the non-Faraday charging potential range of the double
layer. The Cg4 value of the NiFeMn-AOs sample is 24.2 mF
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Fig. 3 The performance of the oxygen evolution reaction. (a) The LSV curves of various electrodes. (b) The Tafel plots calculated from polarization
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cm ™2, which is 4.52 and 11 times larger than the values of the
NiFe-AOs and Ni/NF samples, respectively. Generally, the
larger Cq; suggests larger ECSA and more exposed active sites,
which show that the multi-level nanosheet arrays on NiFeMn-
AOs are beneficial to get larger surface areas and higher cata-
lytic activity. In addition, we found that it is easier to generate
relatively dense NiFe alloys in the electrochemical deposition
process if only nickel and iron metal elements are in the elec-
troplating bath, resulting in a smaller ECSA compared to
NiFeMn-AOs under the same deposition condition. This
phenomenon was more pronounced when only nickel metal
elements are electrodeposited. Moreover, the doping of Mn
can significantly increase the conductivity of the metal oxy-
hydroxide, which means that the effective activity of the cata-
lyst is improved.>””*> From the EIS Nyquist plots in Fig. 3d, the
NiFeMn-AOs has a smaller charge-transfer resistance (R.) (2.72
ohms) compared with RuO,/NF (10.9 ohms) and the NiFe-AOs
(3.4 ohms), showing high efficiency in the charge transport
and excellent OER dynamics.

The stability of NiFeMn-AOs was also obtained by multi-
step chronopotentiometry test in 1 M KOH. As shown in
Fig. 3e, the current range is from 10 to 500 mA cm > for a total
of 140 hours (10, 100, 200, 300, 400, 500 and 10 mA cm™> per
20 hours) in the experiment. At the beginning of 10 mA cm™?,
the initial value of the potential is at 1.466 V. When the test is
completed and the current returns to 10 mA cm?, the cell
potential is 1.474 V, with only 8 mV overpotential increasing.

]
=p
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This result suggests that the NiFeMn-AOs has outstanding
mass transportation, mechanical robustness and durability.
Moreover, after consecutive 2500 cycles with a sweep rate of
100 mV s~ in the range from 1.2 to 1.5 V, the NiFeMn-AOs still
performed efficiently with even a slight increase compared
with the initial value. This phenomenon may be due to the
alloy on the surface being oxidized to form more active sites
(Fig. S71).*°

The HER performance of the NiFeMn-AOs catalyst was also
measured on a three-electrode cell in 1 M KOH electrolyte. As
shown in Fig. 4a, the NiFeMn-AOs reveals outstanding catalytic
performance with the ultra-low overpotentials of 19.5 mV and
112.2 mV to attain the current densities of 10 mA cm™> and
200 mA cm?, respectively. This result is better than that of
NiFe-AOs (70.6 mV, 236.4 mV), Pt plate (38.5 mV, 239.8 mV)
and NF (140 mV, 389.5 mV). The catalytic ability of the
NiFeMn-AOs sample is also one of the strongest non-noble
metal catalysts and bi-functional catalysts to be recently
reported (Table S2, ESIf). The NiFeMn-AOs exhibit excellent
HER activity compared to NiFe-AOs and Pt plate, indicating
that the Mn doping is beneficial to increasing the HER cata-
lytic activity.*” The Tafel slope calculated from the polarization
curve are shown in Fig. 4b, the NiFeMn-AOs with a smaller
Tafel slope (45 mV dec™') as compared with Pt plate (69 mV
dec™), the NiFe-AOs (125 mV dec™) and the pure NF (174 mV
dec™), indicating the NiFeMn-AOs with faster HER reaction
kinetics.
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In addition, the durability of the electrochemical reaction is
also a vital factor in assessing the comprehensive performance
of the catalyst. The multi-step chronopotentiometry curve of
NiFeMn-AOs with seven constant current densities (10, 100,
200, 300, 400, 500 and 10 mA cm > per 600 s) is shown in
Fig. 4c. The overpotential of the sample had a negligible
increase after the durability test. Moreover, the NiFeMn-AOs
shows a slight activity decay after long-term stability over 50 h
by chronopotentiometry measurement (Fig. S81). These results
demonstrate that the NiFeMn-AOs have preeminent HER per-
formance and good stability in an alkaline electrolyte.
Similarly, from the EIS Nyquist plots in Fig. 4d, the NiFeMn-
AOs has much smaller R.. compared with the Pt plate and Ni/
NF, with the smallest R. value of 1.52 ohms. This result
demonstrates that there is faster electron transport kinetics for
HER between the interface of the electrolyte and NiFeMn-AOs.
Combined with the abovementioned results, doping of Mn by
electrodeposition is an effective method for increasing the
catalytic performance of HER for NiFeMn-AOs in alkaline
electrolyte.

To further understand the catalytic mechanism of the
NiFeMn-AOs, the sample was annealed at 500 °C for two hours
in the nitrogen atmosphere. The OER and HER performance
of the electrode significantly decreased after annealing,
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which could be caused by the decrease in ECSA of the elec-
trode after annealing. Furthermore, a relatively low activity of
the metal oxides was formed on the surface of the catalyst due
to the dehydration of the metal oxyhydroxide (Fig. S97).
Moreover, the catalytic performance of the NiFeMn-AOs elec-
trode was tested under extreme conditions, such as high temp-
erature and concentrated alkaline solution, which are com-
monly used in commercial alkaline water electrolysers. Fig. 4e
and Fig. S107 reveal the OER and HER polarization curves of
NiFeMn-AOs in 6 M KOH at 60 °C, respectively. The NiFeMn-
AOs electrode shows outstanding activity under harsh indus-
trial conditions. It delivered a current density of 10 mA cm™>
and 1 A em™ at 1.36 V and 1.473 V for OER, respectively.
When the cell voltage reached —0.131 V, the current density
attained 200 mA cm™> for HER. These results completely
satisfy the requirements for commercial water electrolyser
applications.

Raman spectroscopy was applied to research the surface of
the NiFeMn-AOs before and after OER or HER (Fig. 5a). Three
obvious broad peaks can be measured for the original
NiFeMn-AOs. The bands at around 488 and 596 cm ™" are due
to the Ni-O stretching vibrations in the disordered Ni(OH),
clusters. The frequency of the Ni-O stretching vibrations of the
NiFeMn-AOs is higher than that of pure Ni(OH),, which is due
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Fig. 5 (a) Raman spectra of the NiFeMn-AOs sample. (b) Polarization curves of NiFeMn-AOs//NiFeMn-AOs and Pt plate//RuO, electrolyzer (without
iR-compensation). (c) Chronopotentiometry curves of NiFeMn-AOs//NiFeMn-AOs at various current densities. (d) The volumes of H, and O, experi-

mentally measured at 100 mA cm™2.
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to the insertion of Fe and Mn into the lattice of Ni(OH),.*"*?
The Raman bands at 662 cm™" may be attributed to the amor-
phous FeOOH on the electrode.”® After the process of OER, the
peak of Ni(OH), shifts to the left and the peak intensity of
FeOOH increases significantly, which corresponds to the pro-
duction of OER catalytically active substances.’® After HER
treatment, most of the oxyhydroxides on NiFeMn-AOs are
reduced to metals, so the intensity of the Raman peak is sig-
nificantly reduced. The minor peak corresponding to Ni(OH),
appears only at 566 cm™".>"

For further development toward industrialized application,
it is essential to research the overall water splitting with syner-
gistic converting water to oxygen at the anode and hydrogen at
the cathode. Since NiFeMn-AOs exhibits the superior bifunc-
tional performance for OER and HER, an overall water split-
ting electrolyzer was manufactured through using the NiFeMn-
AOs as the anode and also the cathode electrode in 1.0 M KOH
electrolyte. The LSV curve of the overall water electrolysis of
different samples is presented in Fig. 5b. The NiFeMn-AOs
shows the high performance of water electrolysis with a cell
voltage of 1.46 V to provide a current density of 15 mA cm ™2,
This result is superior to the Pt plate/RuO, (1.59 V), and the
bifunctional electrocatalysts that have been recently reported
for overall water splitting (Table S3, ESIT). The long-term stabi-
lity is a key index of the durability of the water electrolyzer. We
tested the overall water splitting durability of the NiFeMn-AOs.
The result is shown in Fig. 5c. The multi-step chronopotentio-
metry curve of NiFeMn-AOs had seven constant current den-
sities for a total of 13 hours, and the overpotential has a negli-
gible increase after the test (with only 5 mV). These results
indicate that NiFeMn-AOs is a promising non-noble metal cata-
lyst for practical water electrolysis. Moreover, we also measured
the polarization curve of the NiFeMn-AOs//NiFeMn-AOs electro-
lyzer in 6 M KOH at 60 °C and its corresponding durability at
200 mA cm™? (Fig. S111). The NiFeMn-AOs shows high per-
formance of overall water splitting in commercial alkaline
water with an ultra-low voltage of 1.41 V at a current density of

a
161 — FeNi-LDH
FeNiMn-LDH
1.2
> 0.8 4
@
(V] H
< 0.4
H*+em L2 K,
0.0 _— —_—
0.4

Reaction Coordinate

View Article Online

Research Article

10 mA cm~? and at 1.60 V for 100 mA cm 2, indicating that the
NiFeMn-AOs has great potential for industrial application. The
faradaic efficiency of this electrolyzer for H, and O, generation
was also evaluated by water displacement method (Fig. 5d).
The proportion of the H, and O, volume is close to 2:1. The
moles of the collected H, and O, are consistent with the result
of theoretical calculation by Q = I x ¢, which showed over 99%
faradaic efficiency for the HER and OER processes. Finally,
these catalytic results demonstrated that the NiFeMn-AOs have
great potential for cosmically commercial applications of
hydrogen and oxygen production with low-cost and high
performance.

The above experimental measurement results illustrate that
with the introduction of Mn into NiFe-AOs, the catalyst could
obviously increase the catalytic performance for OER and
HER. In order to reveal the essential mechanism of the catalyst
performance enhancement (except the increasing of ECSA),
DFT was applied to elucidate the OER and HER processes on
NiFeMn-AOs. The optimized surface models of NiFeMn-AOs
and NiFe-AOs (Fig. S12+) were built on the basis of the NiFe
LDH bulk. The calculated adsorbed H* (AGy-) values on
NiFeMn-AOs and NiFe-AOs are 0.47 and 1.19 eV, respectively
(Fig. 6a). The lower value on NiFeMn-AOs elucidates that
NiFeMn-AOs is more efficient than NiFe-AOs for the HER
process, which is in accordance with the results of the electro-
chemical experiments. Moreover, the classical four-electron
step mechanism was adopted to describe the OER in alkaline
electrolyte.”® Thus, the adsorption energy of OH*, O* and
OOH* species on NiFeMn-AOs and NiFe-AOs were calculated
(Fig. 6b). The formation of OOH* is the rate-determining step
(RDS) on NiFe-AOs with the energy barrier of 1.32 eV at U =
1.23 V. However, the RDS becomes the deprotonation of *OH
to *O for NiFeMn-AOs with the energy barrier of 0.84 eV, which
means that NiFeMn-AOs is more efficient than NiFe-AOs for
OER. The above calculations show that the doping of Mn can
significantly improve the HER and OER activities of the
NiFeMn-AOs catalyst.
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Fig. 6 (a) Gibbs free-energy diagram of the HER process of NiFe-AOs and NiFeMn-AOs. (b) Gibbs free-energy diagram of the OER process at 1.23 V

for NiFe-AOs and NiFeMn-AOs.
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Conclusions

In summary, we have successfully prepared NiFeMn-AOs by
electrochemical deposition as a dual-function electrocatalyst
for OER and HER. It can be used for the overall water splitting
reaction under alkaline conditions. The incorporation of Mn
into NiFe-AOs (NiFeMn-AOs) can increase the number of active
sites, improve the surface area and change the ratio of
different valence states of the elements. These factors ulti-
mately increase the essential activity of the reactive sites. As a
consequence, NiFeMn-AOs shows excellent OER performance
with an overpotential of 219 mV to deliver a current density of
10 mA cm > with a Tafel slope of 26 mV dec " in 1 M KOH,
and deliver a current density of 1 A cm™? at an ultra-low poten-
tial of 1.473 V under harsh industrial conditions. Moreover, it
revealed the excellent HER performances with only 19 mV over-
potential to drive a current of 10 mA cm™>. This result is
superior to many recently reported NiFe oxides. Meanwhile,
when the NiFeMn-AOs two-electrode electrolyzer was tested in
1 M KOH for overall water splitting, it only needed 1.46 V cell
voltage to reach 15 mA cm™2, and the current density can
reach 500 mA cm™> at a voltage of 2.1 V. The DFT theoretically
proves the key role of Mn for the OER and HER performance
of NiFeMn-AOs. Theoretically and experimentally, this work
demonstrates that NiFeMn-AOs has excellent HER and OER
catalytic activity. This study provides an inexpensive and high-
performance electrode material for OER and HER, and is also
a helpful catalyst manufacturing method for cosmically indus-
trial water splitting in the future.
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