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Developing non-precious metal bifunctional electrocatalysts for effective overall water splitting is
promising to realize high-efficient renewable energy production. In this work, ternary (NixFey),P
nanoplates arrays on 3D self-supported nickel foams were prepared through a simple coelec-
trodeposition followed by phosphorization. The synthesized (NixFey);P nanoplates arrays showed
remarkable bifunctional electrocatalytic performances in the KOH electrolyte, with the Tafel slopes of
578 mV-dec ! and 53.6 mV-dec}, and low overpotentials of 115 mV and 182 mV to reach a current
density of 10 mA cm ™2 for hydrogen evolution reaction and oxygen evolution reaction, respectively. In
addition, the optimized (NiggsFeo33)2P anode and cathode demonstrated outstanding ability for overall
water splitting in the two-electrode alkaline electrolyzer, generating a current density of 10 mA cm~2 at
the applied cell voltage of 1.61 V. This benefited by the active surface to expedite reactants absorption,
faster electron transport in the solid-liquid interface and reduced charge-transfer resistance due to the
bimetallic synergistic effect. This delicate design of bifunctional transition metal phosphides provides a

potential approach to realize water reuse and energy regeneration by the full water splitting.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

With the increasing demand for energy and the continuous
exploitation of non-fossil fuels, the development of technologies
for clean and sustainable energy production has been given great
attention [1,2]. Especially, the electrochemical water splitting is
recognized as one of the most promising technologies to generate
hydrogen which could replace fossil fuels in the near future [3—6].
Though various high-efficient noble metals catalysts have been
designed to overcome the sluggish kinetic barriers of hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), and
reduce the applied voltage of water splitting reaction, the chal-
lenges remain in terms of their relative high price, scarce resource
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and complicated preparation technology [7—9]. It's comforting that
some transition metal compounds, such as sulfides [10—14], sele-
nides [14—16], carbides [17,18], nitrides [19], and oxides (or hy-
droxides) [20—23] are regarded as desired substitute for noble
metal catalyst for HER [10—13,15,17—20,23] or OER [16,18,19,21,22]
due to their relatively low adsorption free energy for proton or
reactive oxygen species [24]. However, most well-developed HER
catalysts lack efficient catalytic activity and stability in alkaline
conditions [25]. Thus, it is particularly significant to develop high-
efficient and low-cost bifunctional electrocatalysts for overall wa-
ter splitting in the same electrolyte.

Recently, transition metal phosphides (TMPs) have been
attracted considerable interest due to proven outstanding catalytic
activity for HER and OER in alkaline conditions [26—34]. Numerous
efforts have been devoted to designing nanostructures with more
edge sites and chemical components with multivariate coupling
[26—30]. For example, T. Liu et al. reported enhanced electro-
chemical HER activity of Mn doped CoP nanosheets arrays at all pH
values due to the more thermo-neutral hydrogen adsorption free
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energy (AGy-) [26]. M. Wu et al. prepared hybrid NiP,/NiO nanorod
arrays for efficient HER in alkaline environments in terms of the
facilitated adsorption of hydrogen intermediates at negatively
charged P species [27]. ]. Chang et al. conformed the advanced OER
activity of oxidized cobalt phosphide (CoP) nanorods in alkaline
conditions via the forming a CoP@CoOx core-shell structure [28].
M. Ledendecker et al. proved the bifunctional electrocatalysis of
nanostructured NisP4 films for full water splitting in alkaline
environment due to the enhanced interaction between reaction
intermediates and NisPy4 films by the proton acceptor and hydride
acceptor sites [29]. G. Read et al. exhibited excellent electrocatalytic
HER and OER performances of TMPs films by the reaction of metal
foils (Fe, Co, Ni, Cu, and NiFe) and various organophosphine re-
agents [30]. Compared to binary TMPs, the design of ternary
components is more feasible strategy to improve intrinsic catalytic
activity and enhance the overall catalytic performance and dura-
bility by means of the synergistic effect of mixed metals, which can
push the AGy+ to an intermediate value and facilitate the transfer of
electrons and charges [31—34]. However, the study of ternary
components interaction with hydrogen atoms and reactive oxygen
species in the overall water electrolysis is limited [35—39] and the
improvement of bifunctional catalytic performance is still urgent.

Accordingly, we investigate the bifunctional electrocatalytic
behavior of ternary (NixFey),P nanoplates arrays on 3D self-
supported nickel foams (NFs) via low-temperature phosphoriza-
tion of their layered double hydroxide (LDH) precursor (NixFey-
LDH). The element selection of Ni and Fe is based on the adjustable
AGy- of NiaP and Fe,P and possible further optimization [31,33]. The
as-obtained (NixFey),P nanoplates with appropriate Ni/Fe atomic
ratio (2:1) exhibit extremely high catalytic activity and excellent
durability in alkaline solutions with the HER overpotential of
115 mV to achieve a current density of 10 mA cm™2 and a low Tafel
slope of 57.8 mV-dec™ !, and the OER overpotential of only 182 mV
to reach a current density of 10 mA cm ™2 and a low Tafle slope of
53.6 mV-dec™ . The overpotentials are satisfactory when compared
to the reported ones of most active bifunctional electrocatalysts,
indicating the potential of (NixFey),P nanoplates arrays as a
promising electrocatalyst for overall water splitting.

2. Experimental section

2.1. Chemicals and materials

All of the chemicals used in the experiments were of analytical
grade and used without further purification. Commercial NFs with

3D Ni foam

Ni,Fe,-LDH

the thickness of 1.5 mm were obtained from Suzhou Taili material
technology co. Ltd. Nickel(Il) nitrate hexahydrate (Ni(NO3);-6H,0,
98%, Aladdin), iron(ll) sulfate heptahydrate (FeSO4-7H,0, >99%,
Aladdin), hydrochloric acid (HCl), acetone (CH3COCH3), ethanol
(GHgO) and sodium hypophosphite (NaH,PO,) were purchased
from Hangzhou Mike Chemical Instrument Co. Ltd. Deionized (D.I.)
water obtained from pure water equipment system (BK-10C,
18.2 MQ cm) was used for solution preparation.

2.2. Fabrication of (NixFey )P nanoplates arrays on 3D nickel foam

A piece of NF (1 cm x 1.2 cm) was rinsed alternately with the
HCl solution (2 M), acetone, ethanol and water to remove the NiO
layer on the surface before use. When the NF was immerged into
the mixed solution of Ni(NO3), and FeSQy4, the coelectrodeposition
of Ni?* and Fe?* on the NF surface was carried out at —1V (vs. Ag/
AgCl) for 7 min via the three-electrode system including NF work-
ing electrode, platinum plate counter electrode and saturated Ag/
AgCl reference electrode, generating the NiyFe,-LDH precursor.
Then, the NixFey-LDH/NF was phosphorized at 300°C for 2h in a
tube furnace with NaH,PO, (0.5 g) as the P source under N; at-
mosphere, obtaining the ternary (NixFey),P catalyst (Scheme 1). By
controlling the molar concentration ratio of Ni(NO3); to FeSOq4 (1, 2
and 3) in the mixed solution (0.1 M), the bimetallic components in
the (NixFey ),P catalysts was designed adjusted. The binary NiP and
Fe,P references were fabricated by using the solution without
FESO4 or Ni(NO3)2.

2.3. Structure and performance characterization

The crystalline structures of all as-prepared samples were
identified by an X-ray powder diffractometer (XRD, Bruker AXS D8,
Cu Ko radiation with A = 0.15418 nm) with a velocity of 5°-min~! in
the 26 range from 10 to 80°. The morphologies, components and
microstructural features of the samples were obtained using a field
emission scanning electron microscopy (FESEM, Hitachi S-4800)
equipped with an energy-dispersive X-ray spectroscopy (EDS) at an
accelerating voltage of 3 kV and a transmission electron microscopy
(TEM, FEI Tecnai G2 F20). High-resolution TEM (HRTEM) images
were obtained at an operating voltage of 300 kV. X-ray photoelec-
tron spectroscopy (XPS) was collected by a Kratos’ Axis Ultra DLD
(delay line detector) photoelectron spectrometer with the binding
energy calibrated by Cls as reference energy (C 1s =284.6eV).

The electrochemical performances of samples were performed
by using a CHI 760E electrochemical workstation (CH Instruments,

Phosphorization __

NaH,PO,, 300°C

(Ni Fe,),P catalyst

Scheme 1. Schematic illustration for the synthesis of (NixFey),P catalysts.
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China) in 1 M KOH solution at room temperature with the platinum
wire as counter electrode and a saturated calomel electrode (SCE)
as reference electrode. All potentials were calibrated to reversible
hydrogen electrode (RHE) based on the equation (Erug= Eng
Hgcl + 0.241 4 0.0591 x pH). All data were iR compensated. The HER
and OER performances of catalysts were acquired in 1 M KOH so-
lution by the linear sweep voltammetry (LSV) at a scanning rate of
5 mV s~ To evaluate the electrochemical active surface of mate-
rials, the cyclic voltammetry (CV) measurements were performed
at different scan rates of 10, 20, 30, 40 and 50 mV s~ ! in the po-
tential range between 0.1 and 0.2V, and then the double layer
capacitance (Cq) and the real electrochemical surface area
(ECSA = Cq1/Cs, Cs was the specific capacitance in an alkaline elec-
trolyte and equal to 0.040 mF cm~2) were determined [10]. Elec-
trochemical impedance spectroscopy (EIS) measurement was
carried out in the overpotential of 200 mV using a frequency range
between 10° Hz and 0.01 Hz with the amplitude of 5mV. The HER
durability of catalytic electrode was tested at a static overpotential
of —120 mV for 24 h. The electrode endurance of OER was con-
ducted at constant current densities of 10 mA cm~2. The quantities

of generated H, and O, during overall water electrolysis were
confirmed every 20 min by using a Techcomp GC 7900 gas
chromatogragh.

3. Results and discussion
3.1. Morphology and microstructure of (NixFey),P catalysts

Fig. 1(a) shows the XRD patterns of different samples. The three
peaks at 44.5°, 51.8° and 76.4° are assigned to the (002), (100) and
(110) crystal planes of NF (PDF#04-0850), respectively. The peaks at
40.8°,47.3°,54.2°,54.9° and 74.7° for Ni,P are assigned to the (111),
(210), (300), (211) and (400) plans of Ni,P (PDF#03-0953),
respectively. The peaks at 40.4°, 47.3°, 54.1°, 54.6° and 74.6° for Fe,P
are corresponding to the (111), (210), (300), (211) and (400) plans of
Fe,P (PDF#51-094), respectively. After the coelectroposition of Ni
and Fe on NF, the diffraction peaks at 37.3° and 64.1° for NiyFe,-LDH
are indexed to (002) crystal plane of NiOOH (PDF#06-0141) and
(002) one of FeOOH (PDF#18-0639), respectively. The EDS results
show that the atomic ratios of Ni/Fe in the NixFey-LDH or (NixFey);P
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Fig. 1. (a,b) XRD patterns of different samples. (c,d) SEM images of (c) NigggFeo33-LDH and (d) (NipgsFeo.33)2P catalyst. (e) TEM and (f) HRTEM images of (NigggFeo 33)2P catalysts.
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samples are about 1:1, 2:1 and 3:1 when the molar concentration
ratio of Ni(NOs), to FeSO4 in the mixed solution was set to 1, 2 and
3, respectively (Fig. S1). Therefore, we correspondingly define the
samples with (NigsFeos)2P, (NipesFeo33)2P and (Nig7sFeg2s)2P,
respectively. After NixFe,-LDH phosphorization, the (NixFey);P still
retain the hexagonal phosphide structure of Ni,P and Fe,P [31,40].
Furthermore, the lattice constants of (NixFey),P are closely related
to the Ni/Fe atomic ratios (Fig. 1(b)) and decrease with the
increasing Fe component in the composites due to the substitution
of Ni by Fe with a smaller atomic radius [37]. This is also the result
of synergistic effect of binary metals during crystallization. Fig. 1(c
and d) displays the morphologies of NixFey-LDH and (NixFey),P
samples. All composites show similar structures with the average
width of nanoplates arrays of about 500 nm and thickness of about
50 nm on the NF. The TEM image in Fig. 1(e) also confirms the
nanosheet morphology of (Nig gsFeg 33)2P electrocatalyst. The well-
resolved lattice fringes of (NipggFeo33)2P electrocatalyst with
interplanar distances of 0.230, 0.270 and 0.400 nm are in good
agreement with the interlayers of (111), (210) and (400) planes,
respectively (Fig. 1(f)). Notice that the interplanar distances are
slightly larger than those of hexagonal NiP (0.226, 0.260 and
0.390 nm). The might be due to the substitution of Ni by Fe in the
ternary NiyFey phosphide [37,41].

The XPS spectra were further obtained to illustrate the chemical
states of different elements in (NiggsFep.33)2P nanoplates. The XPS
survey spectrum in Fig. 2(a) confirms the presence of Ni, Fe and P
elements. In the high-resolution Ni 2p spectrum in Fig. 2(b), the
peaks located at about 853.3 eV and 869.8 eV are assigned to the
Ni%* (0<d <2) in the Ni-P bond [38,42]. The binding energies of
857.0eV and 875.5eV with two satellite peaks at 862.7 eV and
881.0 eV can be attributed to the oxidized Ni species (nickel oxide)
on the sample surface [38,42,43]. The peaks at 706.9eV and
721.0eV in the Fe 2p3p; and Fe 2pqp; (Fig. 2(c)) correspond to the

@ o1s
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formation of Fe-P [36,38,44], with their satellites located at 711.0 eV
and 724.3 eV corresponding to the oxidized Fe on the catalyst
surface [36,44,45]. The two peaks at 129.3 eV and 130.3 eV in the
high-resolution P 2p region are assigned to P 2pi;; and P 2p3p
(Fig. 2(d)) [42,44], respectively, due to the formation of metal
phosphides.

3.2. Electrocatalytic performances of hydrogen evolution reaction
and oxygen evolution reaction for (NixFey),P catalysts

The HER electrocatalytic activity of (NixFey),P catalysts with
different Ni/Fe ratios were studied in 1 M KOH via a typical three-
electrode system. From the LSV curves in Fig. 3(a), the
(NiggeFep.33)2P catalyst presents the best HER performance with
relative small overpotentials of 115, 151 and 210 mV to reach HER
current densities of 10, 20 and 50 mA cm 2, respectively. Addi-
tionally, the overpotential of (NigggFep.33)2P catalyst to obtain the
HER current density of 10 mA cm~2 is lower 15, 20, 19 and 58 mV
than those of Ni,P, (Nig75Feg.25)2P, (NigsFegs)2P and Fe,P, respec-
tively (Fig. 3(c)). The Tafel plot is further provided to prove the
excellent HER catalytic activity of (NigggFeo33),P catalyst. A small
Tafel slope usually leads to a greatly enhanced HER rate at a mod-
erate increase of overpotential [46—48]. As shown in Fig. 3(b), the
Tafel slope of (NigggFep.33)2P catalyst is 57.8 mV-dec ], indicating a
Volmer-Heyrovsky mechanism for the HER process at
(NiggeFeo.33)2P surface and the Heyrovsky step reaction as the rate
determining step [49,50]. In particular, this Tafel slope is relative
low when compared to many recently reported catalysts (Table S1
in Supporting Information). In order to explore the effect mecha-
nism of Ni/Fe ratios on the HER activity of (NixFey)>P catalysts, the
EIS measurement was performed for electrode kinetic analysis
during the HER process. As shown in Fig. 3(d), the low Ohmic series
resistance of the system (Rs, about 3—5Q), the intercept of
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Fig. 2. (a) XPS survey spectrum of (NigggFeo 33)2P; high-resolution spectra of Ni 2p (b), Fe 2p (c) and P 2p (d) for (NiggsFeo.33)2P.
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Fig. 3. Hydrogen evolution reaction at various electrodes in 1M KOH: (a) LSV curves, (b) corresponding Tafel slopes, (c) overpotentials obtained at the current density of
10 mA cm 2, (d) Nyquist plots at an overpotential of 200 mV (vs. RHE), (e) the relations of difference between anodic and cathodic currents at 0.15 V (vs. RHE) with scan rate, (f) time
dependence of the current density for (NigssFeo33)2P at a static overpotential of —120 mV for 24 h.

semicircle and real axis, indicates excellent conductivity of elec-
trolyte [12]. The Nyquist semicircle diameter for (NigpgsFeo.33)2P
catalyst is much smaller than those of other samples, suggesting
the lowest charge transfer resistance (R.t) between the solid-liquid
interface and highest reaction kinetic. Additionally, the double-
layer capacitance (Cq;) was obtained by the scanning area of CV
cures at the Non-Faraday region (Fig. S2) and the ECSA was calcu-
lated to estimate the intrinsic electrochemical activity of the cata-
lysts. As shown in Fig. 3(e), the (NigggFep 33)2P has the biggest Cqj,
demonstrating the most catalytic active sites exposed to electrolyte
during the HER process. When the LSV curves are normalized to
ECSA, the (NigggFeg33)2P has still the highest catalytic activity for
HER (Fig. S3a), demonstrating its wonderful intrinsic electro-
chemical activity. The (NigggFep 33)2P catalyst also exhibits excel-
lent stability over a 24 h long-term test at a static overpotential
of —120 mV (vs. RHE) (Fig. 3(f)) without obvious change in the
morphology, crystalline structure and surface chemical state
(Fig. S4). In brief, such superior HER activity for (NiggeFeo33)2P
catalyst with preferred Ni/Fe ratio could be rationalized as the
appropriate synergistic effect of Ni and Fe in the composite [39],
which not only provides more active surface to expedite the ab-
sorption of reactants but also facilitates the electron transfer in the

solid-liquid interface and reduces charge-transfer resistance. Thus,
the Ni/Fe ratio in the ternary phosphides plays a key factor in
improving the HER activity and optimizing the performance of HER
catalyst.

In a same way, the outstanding OER electrocatalytic activity of
(Nig gsFep.33)2P catalyst was also confirmed in 1M KOH with the
typical three-electrode system. Fig. 4(a) and Fig. S3(b) demonstrate
the LSV curves of different catalysts at a scan rate of 5mV s~ .. The
NiyP catalyst shows a distinct anodic peak around 1.4V due to the
change in the Ni oxidation state from Ni’* to Ni3* [51,52].
Furthermore, with the incorporation of Fe in the (NixFey),P, the
potential of Ni(OH);/NiOOH oxidation peak shifts more higher,
indicating that the Fe incorporation can suppress the electro-
chemical oxidation reaction from Ni?* to Ni**. This could be
attributed to the change of redox properties of Ni in the presence of
Fe with the obvious decrease in oxidation peak area [37,52]. The
(NigesFeo.33)2P catalyst exhibits the highest OER activity under
alkaline condition and produces catalytic current densities of 10,
50, and 100 mAcm2 at a series overpotentials of 182, 280, and
325mV, respectively. In contrast, NiyP, FesP, (NigsFegs):P, and
(Nig.75Feg25)2P require the overpotentials of 246, 215, 209, and
206 mV to obtain the current density of 10 mA cm™2, respectively
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(Fig. 4(c-d)). Therefore, Fe introduction increases the electro-
catalytic reaction kinetics of OER due to the modification of elec-
tronic structure of the catalytic active center after Fe incorporation
[39]. The Tafel plot of (NiggsFep 33)2P catalyst presents the smallest
value of 53.6mV-dec™! (Fig. 4(b)) when compared to Ni,P,
(Nio_75F€0_25)2P, (Ni0_5F60'5)2P and Fe,P (226.4, 128.3, 72.6 and
119.8 mV-dec™!, respectively). The overpotential at the current
density 10 mA cm 2 for (NiggeFeg.33)2P catalyst is lower than many
reported ones of transition metal phosphide (Table S2). Therefore,
the introduction of Fe is favorable for the improvement of OER
reaction kinetics. The stability of (NigggFep33),P catalyst was
continuously tested by the chronopotentiometry for 24 h (Fig. 4(c)).
The overpotential does not obviously change with the morphology
and crystalline structure of (Nig ggFep 33)2P catalyst well maintained
after OER stability test (Figs. S5a—c). However, XPS results indicate
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that the oxygen content of catalyst surface increases with an
obvious decrease in the phosphorus content after OER test
(Table S3). When the surface is sputtered by Ar plasma for about
2 min, the oxygen signal is weakened (Fig. S5). This means that the
(Nig.gsFep.33)2P catalyst surface is partly oxidized during the OER
process.

Based on the results mentioned above, the (NigggFep33)2P
catalyst is identified as potential bifunctional electrocatalyst with
excellent electrocatalytic activity and stability toward both HER and
OER in alkaline electrolyte. Hence, we assembled an electrolyzer for
overall water splitting with a two-electrode system by using a pair
of (Nig.esFeo.33)2P nanoplates arrays on NFs as anode and cathode in
1 M KOH (Movie S1). From the polarization curve shown in Fig. 5(a),
the current density of 10 mA cm ™2 can be achieved at a cell voltage
of 1.61V. The result is comparable to most reported bifunctional
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Fig. 5. (a) Polarization curve of the two-electrode water splitting system for the (NiggsFeo 33)2P(+)//(Nig.ssFeo33)2P(—) in 1 M KOH at a scan rate of 5mV s~ !, (the inset is the picture
of assembled electrodes), (b) H, and O, amounts of the experimentally measured and the theoretically calculated versus time for overall water splitting by using (Nig gsFeg.33)2P in

1M KOH at a constant current density of 30 mA cm=2.
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electrocatalysts for overall water splitting (Table S4). The generated
H, and O, were further quantified by gas chromatography. The
amounts of H, and O, from experimental measurement and
theoretical calculation match well with the ratio of H, and O,
closed to 2 (Fig. 5(b)), revealing the Faradaic efficiency of almost
100% for both HER and OER in 1 M KOH solution.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.electacta.2019.07.022.

4. Conclusion

In summary, we have successfully synthesized ternary (Nix.
Fey),P with nanoplates structures decorated on 3D self-supported
nickel foam scaffolds through a facile coelectrodeposition method
and subsequent low-temperature phosphorization process. Thanks
to the unique 3D nanoplates structure and strong interactions
among Ni, Fe and P, which can facilitate reactants absorption on
catalysts, fasten electron transport in the solid-liquid interface and
reduce ion-transfer resistance in electrolytes during the HER and
OER processes. The optimized (NixFey)P catalyst exhibits
outstanding electrocatalytic performance as well as excellent long-
term stability after 24h toward both HER and OER in alkaline
electrolyte, presenting the overpotential (current density of
10 mAcm2) as low as 115mV for HER with a small Tafel slope
578 mV-dec”! and 182mV for OER with a small Tafel slope
53.6 mV-dec™!, respectively. Furthermore, the optimized (NiyFey),P
as both anode and cathode use for overall water splitting demon-
strates a nearly 100% Faradaic efficiency. This work may provide
significant reference for the produce of low-cost and highly active
bifunctional electrocatalysts to realize large-scale commercial ap-
plications of overall water splitting.
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