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ABSTRACT

Electrocatalytic water electrolysis, involving hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), two half-
reactions, is an eco-friendly approach toward hydrogen production. In this work, needle-like Ru-Fe-Ni-P on NiFe foam is
prepared through corrosive engineering and following a low-temperature phosphorization procedure for overall water-splitting.
The as-designed Ru-Fe-Ni-P exhibits a porous needle-like structure, surface, and binder-free merits, and then can expose rich
active sites, favor the transportation of mass/electron, and accelerate the reaction kinetics during catalytic process. Then, the
synthesized Ru-Fe-Ni-P owns remarkable catalytic performance for HER, with 18 and 67 mV to reach 10 mA-cm™ in alkaline and
neutral media. Moreover, a low cell voltage of 1.51 V is required to produce a current of 10 mA-cm™ in a two electrode
electrolyzer with excellent stability. Interestingly, sustainable energies can power the electrolyzer effectively with abundant

hydrogen generation.
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1 Introduction

Increasing global environmental and energy problems have
prompted intensive research on clean, sustainable alternative
energy sources with natural abundant and environmental friendly
merits [1-7]. Hydrogen (H,) is considered as promising energy to
substitute the carbon-intensive fuels and alleviate energy-crisis
owing to the weight-energy density, renewable nature, and eco-
friendly [8-12]. Electrochemical water splitting, powered by
sustainable energies (wind, solar, and thermal sources), is
commonly regarded as a cost-effective and clean way for
producing huge quantities of hydrogen [13-18]. Nevertheless, the
slow kinetics of electrode reactions for water-splitting, including
cathodic hydrogen evolution reaction (HER) and anodic oxygen
evolution reaction (OER), increased the costs of hydrogen [19, 20].
Until now, noble metals (Pt and IrO,) are the sate-of-the-art
electrocatalysts toward water-splitting. However, the scarcity
limited their practical utilizations [21]. Thus, tremendous
attentions have paid to designing electrocatalysts, including
vacancy engineering [22], strain engineering [23], and
nanostructure regulating [24], have been exploited to obtain
electrocatalysts with trace loading of noble metals and non-
precious metals electrocatalysts [25].

At present, non-precious metal-based catalysts are attracted
extensive attentions, such as transition metal (TM) [26] TM
oxides (TMO) [27-29], TM nitrides (TMN) [30,31], TM
phosphides (TMP) [32-34], TM carbides (TMC) [35,36], and
TM sulfides (TMS) [37,38]. Among them, TMP-based
electrocatalysts exhibit high electrical conductivity, quick charge
transfer, and favorable reaction kinetics, and then attract particular
attentions for electrochemical water splitting [39]. Various
approaches have emerged to further improve the catalytic activity,
such as morphological modulation [40,41], elemental doping
[42], and interfacial engineering [43]. In general, morphology
engineering is an efficient approach to optimizing the catalytic
performance of the as-synthesized samples by providing more
active sites and accelerating the mass transport. Therefore, various
morphologies, including nanosphere [44], nanorod [45], and
nanosheet [46], are developed in energy-related fields. However,
surfactant and complicated procedures are generally required to
obtain the designed nanostructure. Apart from nanostructure
modulation, elemental doping can create new active sites, decrease
the electrical resistance and regulate the electronic structure. For
instance, phosphorus doping into the base surface of tungsten
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disulfide can effectively improve the hydrogen evolution [47]. It is
reported that the incorporation of trace amounts of Ru into TMS
can improve the catalytic performance of catalysts [48].
Experimental and theoretical calculations also have shown that Ru
exhibits significant adsorption of hydrogen and oxygen containing
intermediates [49]. Therefore, developing facile approach to
constructing  electrocatalyst with specific morphology and
elemental doping would be a pressing task.

In this work, a simple and practical avenue is developed to
synthesize needles like Ru-Fe-Ni-P and Fe-Ni-P, and study the
electrochemical properties for HER and OER, respectively. The
obtained vertical nanoarrays facilitated the exposure of the active
sites and transportation of electron and electrolyte during
electrocatalytic process. Moreover, the Fe-Ni phosphides species in-
situ produced onto the porous NiFe foam also act as important
role on boosting the catalytic HER/OER activities due to the
excellent intrinsic activity and synergistic effect. Thus, the
prepared Ru-Fe-Ni-P and Fe-Ni-P all show excellent catalytic
activities with 18 and 188 mV toward 10 mA-cm™ for HER and
OER, respectively. Remarkably, a small voltage of 151 V is
required to reach 10 mA-cm™ with remarkable stability for overall
water splitting.

2 Materials and methods

2.1 Synthesis of Ru-Fe-Ni

NiFe layered double hydroxide (LDH) was synthesized by a
corrosion approach in the presence of chloride ion. Firstly, NiFe
foam (1 x 1.5) cm® was cleaned by deionized water and then
immersed into a solution containing 0.0879 g NaCl aqueous

Precious metal doping

" NiFe

2429

solution and stirred for 12 h. Following, the NiFe was washed
several times by water and dried at 60 °C in a vacuum drying tank
for 3 h to obtain NiFe LDH. The Ru-Fe-Ni was prepared by
introducing 5 mg RuCly-xH,0.

2.2 Synthesis of Ru-Fe-Ni-P

The Ru-Fe-Ni and NaH,PO,-2H,0 were in the tube furnace, and
then the tube furnace was heated to 350 °C and kept in Ar
atmosphere for 2 h. After natural cooling, a precious metal-doped
porous nickel-iron phosphide (Ru-Fe-Ni-P) was obtained.

3 Results and discussion

3.1 Materials characterizations

Figure 1(a) illustrates the synthetic process of Ru-Fe-Ni-P with a
facile two-step approach, including ambient corrosive engineering
and low-temperature phosphorization. The X-ray diffraction
(XRD) patterns (Fig. S1 in the Electronic Supplementary Material
(ESM)) demonstrates the synthesized catalysts are mainly
composed by FeP, (PDF#79-0486), NiP (PDF#74-1382), and Ni,P
(PDF#03-0953). Relative to NiFe foam (Fig. S2 in the ESM), dense
nanomaterials are homogeneously generated on NiFe foam with
abundant voids after corrosive engineering and phosphorization
treatment (Fig. 1(b)). The high-resolution scanning electron
microscopy (SEM) images in Figs. 1(c) and 1(d) verify the needle-
like morphology of the as-synthesized Ru-Fe-Ni-P with rich
interconnected channels. The transmission electron microscopy
(TEM) images (Figs. 1(e) and 1(f)) further reveal the needle-like
morphology of Ru-Fe-Ni-P with numerous pores (yellow dotted
circles). The formed pores facilitate the contact with electrolytes,

Phosphorization

Figure1 (a) Schematic illustration of the preparation of Ru-Fe-Ni-P, (b)-(d) SEM images, (e)-(g) TEM images, and (h) corresponding EDS elemental mappings of

Fe, Ru, Ni, O, P in Ru-Fe-Ni-P.
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favor the mass transfer, and accelerate produced bubbles release
[50]. In addition, the formation of heterojunctions is confirmed by
high-resolution TEM images, and the distinguished interface
between NiP, Ni,P, and FeP, is marked by a red dotted line. The
heterostructure can expose more active sites, thus improving the
catalytic performance [51]. The d-spacing of 0.2994, 0.2210, and
0.2762 nm are contributed to the (102), (111), and (131) facets of
NiP, Ni,P, and FeP, (Fig. 1(g)). Moreover, Ni, P, Fe, and Ru are
uniformly distributed over the prepared electrocatalyst via the
corresponding energy dispersive spectroscopy (EDS) elemental
mappings (Fig. 1(h)).

As illustrated in Fig. 2(a), the X-ray photoelectron spectroscopy
(XPS) survey spectrum verifies Ru, Ni, Fe, O, and P elements in
the Ru-Fe-Ni-P. Similarly, the Fe-Ni-P is composed by Ni, Fe, O,
and P elements, without doping of Ru in Fig. S3(a) in the ESM. In
Ni 2p (Fig. 2(b)), the XPS peak of 856.6 eV represents the Ni 2p;,
feature of Ni*, indicating the oxidation of the Ni,P surface, thus
forming phosphates; and the two situated at 853.5 and
861.9 eV are ascribed to Ni 2ps;, [52-54], the two peaks in the
region corresponding to the binding energy of Ni* in Ni,P and
satellite peaks, respectively. And the three peaks at 870.8, 873.9,
and 879.2 eV are contributed to Ni 2p,,, [55-57], corresponding
to the binding energy of Ni-P, indicating the high oxidation state
of Ni** overwhelmingly dominated in NiO-NiP and satellite
peaks, respectively. For Fe 2p (Fig. 2(c)), peaks at 7072 and
7204 eV are ascribed to Fe 2p,, and Fe 2p,;, [58,59], and two
peaks at 711.1 and 724.3 eV are contributed to Fe 2p;, and Fe
2py;, [60], corresponding to the binding energy of Fe-P and Fe*,
respectively. And with satellite peaks at 728.5 and 715.3 eV [61,
62]. As illustrated in Fig. 2(d), the peaks of Ru 3p can be detected
in the as-designed Ru-Fe-Ni-P. Two prominent peaks located at
483.9 and 461.5 eV are affiliated to Ru 3p,, and Ru 3p;, of Ru’
[63,64]. As for the P 2p, the binding energies at 129.7 eV
correspond to the P 2p;, of P 2p (Fig.2(e)) and the binding
energies at 130.6 eV are ascribed to P 2p;, species, further
demonstrating the formation of metal phosphides. Moreover, the
binding energies at 134.1 and 131.9 eV for two peaks are due to
exposure to air caused by surface oxidation and oxidation of P
species [65]. The XPS analysis diagram, the proportion of these
three components can be roughly calculated based on the
information of elements and the proportion of them. The percent
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of every species, such as FeP,, NiP, and Ni,P, accounts for 7.96%,
0.43%, and 0.33%. We also insighted the XPS spectra of Fe-Ni-P
without Ru incorporated (Fig.S3 in the ESM). In addition, the
measurement of contact angles in Fig. 2(f) and Movie ESM1 are
applied to estimate the hydrophilic of Ru-Fe-Ni-P and compared
with NiFe and Ru-Fe-Ni (Fig. $4 in the ESM). The result confirms
that Ru-Fe-Ni-P electrode exhibits superhydrophilic surface,
guaranteeing the intimate contact with the electrolyte during the
electrocatalytic reaction process.

3.2 Measurement of HER

The electrocatalytic performances were measured in 1 M KOH
first. As displayed in Figs. 3(a) and 3(b) Ru-Fe-Ni-P
heterostructure exhibits outstanding HER activity with low
overpotentials of merely 18 and 75 mV to reach 10 and
50 mA-cm?, respectively, which demonstrates the prominent
catalytic activity of Ru-Fe-Ni-P toward HER (Fig. S5 in the ESM).
The results show that the corrosion process and the coexistence of
Ru and P elements play key role on improving the catalytic
performance. Besides, Ru-Fe-Ni-P shows a small Tafel slope of
53 mV-dec!, lower than NiFe (245 mV-dec'), NiFe LDH
(204 mV-dec™), Fe-Ni-P (121 mV-dec™), and Pt/C (75 mV-dec?)
(Fig. 3(c)), demonstrating its favorable reaction kinetics. The
catalytic activity of as-prepared Ru-Fe-Ni-P is comparable to or
surpasses most reported catalysts (Fig. 3(d) and Table S1 in the
ESM). As shown in Figs. 3(e) and 3(f), the multiple-step
chronopotentiometry and chronopotentiometry measurement
exhibit negligible decay, verifying its excellent durability for HER.
Motivated by the excellent HER electrocatalytic activity in basic
electrolyte, the HER electrocatalytic performance of Ru-Fe-Ni-P is
studied in 1 M phosphate buffered saline (PBS). As illustrated in
Figs. 4(a) and 4(b), Ru-Fe-Ni-P also displays a remarkable activity
with 67 mV at 10 mA-cm™, lower than NiFe (418 mV), NiFe LDH
(351 mV), Fe-Ni-P (117 mV), and Pt/C (115 mV), It also presents
a high mass activity. In Fig. 4(c), the Ru-Fe-Ni-P owns a Tafel
slope of 79 mV-dec”, smaller than NiFe (235 mV-dec"), NiFe
LDH (210 mV-dec'), Fe-Ni-P (82 mV-dec'), and Pt/C
(92 mV-dec™). In addition to the catalytic performance, the Ru-Fe-
Ni-P presents long-term stability in neutral medium (Fig. 4(d)).
The enhanced catalytic activity of Ru-Fe-Ni-P is comparable with
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Figure 3 Electrochemical activities toward HER in alkaline electrolyte of 1 M KOH. (a) LSV curves of NiFe, NiFe LDH, Fe-Ni-P, Ru-Fe-Ni-P, and Pt/C. (b)
Comparison of corresponding overpotentials at 10 and 50 mA-cm™ of obtained catalysts. (c) Tafel plots of NiFe, NiFe LDH, Fe-Ni-P, Ru-Fe-Ni-P and Pt/C for HER.
(d) Overpotentials at 10 mA-cm™. (e) The durability test of the Ru-Fe-Ni-P under different current densities. (f) Long-term stability test of Ru-Fe-Ni-P for HER.
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Figure4 Electrochemical activities toward HER in 1 M PBS. (a) LSV curves of NiFe, NiFe LDH, Fe-Ni-P, Ru-Fe-Ni-P, and Pt/C for HER. (b) Comparison of
corresponding overpotentials at 10 and 50 mA-cm™ of obtained catalysts. (c) Tafel plots of NiFe, NiFe LDH, Fe-Ni-P, and Ru-Fe-Ni-P. (d) Long-term stability test of
Ru-Fe-Ni-P at the current density of 10 mA-cm™. (e) Comparison of overpotentials at 10 mA-cm™ with reported catalysts.

the reported catalysts (Fig.4(e)). In addition, the synthetic
conditions are optimized to regulate the catalytic performance
(Fig. S6 in the ESM).

3.3 Measurement of OER

Figure 5(a) shows linear sweep voltammetry (LSV) curves of all
obtained electrocatalysts with iR compensation. The designed Fe-
Ni-P shows remarkable OER performance with 188 and 237 mV
to reach 10 and 50 mA-cm?, superior to NiFe (348 and 408 mV),
NiFe LDH (280 and 313 mV), and RuO, (288 and 323 mV),
confirming that its excellent OER performance. The Fe-Ni-P
shows a Tafel slope of 23 mV-dec”, smaller than NiFe LDH
(40 mV-dec?), NiFe (64 mV-dec?), and RuO, (42 mV-dec?),
verifying its favorable kinetics (Figs. 5(b) and 5(c)). Remarkably,
the catalytic activity of Fe-Ni-P is comparable or even superior to
some recently reported OER electrocatalysts (Fig. 5(d)). It can be

seen in Fig. 5(e) that the current densities maintained well during
the measurement, proving its excellent durability and mass
transfer properties. Meanwhile, the chronopotentiometry
measurement also verifies its excellent durability (Fig. 5(f)). In
addition, the phosphorization temperature and the content of
phosphorous resource were explored for optimizing performance
(Fig. S7 in the ESM).

34 Measurement for overall water-splitting

In consideration of the bifunctional electrocatalytic activities
toward HER and OER, the overall water splitting system is
assembled with the self-supporting Fe-Ni-P as anodic and Ru-Fe-
Ni-P as cathodic electrodes simultaneously (inset in Fig. 6(a)). The
LSV curves in Fig. 6(a) show that the electrolyzer needs a potential
of 151 V to achieve 10 mA-cm? which is superior to Pt-
C/NiFe||RuO,/NiFe (1.6 V). Evidently, sumless O, and H, bubbles
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Figure6 (a) LSV curves of Ru-Fe-Ni-P||Fe-Ni-P and Pt-C/NiFe||RuO,/NiFe electrodes for overall water splitting. (b) Durability test of Ru-Fe-Ni-P||Fe-Ni-P under a
constant overpotential of 10 mA-cm™ (c) Chronoamperometry curve of the Ru-Fe-Ni-P||Fe-Ni-P in 1 M KOH. (d) Comparison of the electrochemical overall water
splitting activities between the prepared Ru-Fe-Ni-P||Fe-Ni-P with recently reported catalysts in 1 M KOH. (e) LSV curves of Ru-Fe-Ni-P||Fe-Ni-P and Pt-
C/NiFe||RuO,/NiFe electrodes. Photograph of the Ru-Fe-Ni-P||[Fe-Ni-P electrolyzer driven by the (f) solar energy, (g) Stirling engine, and (h) wind.

were generated from the two electrodes (Movie ESM2). Moreover,
the chronoamperometric and multi-step chronopotentiometry
measurements demonstrate the Ru-Fe-Ni-P||Fe-Ni-P electrolyzer
exhibits excellent stability (Figs. 6(b) and 6(c)). Remarkably, the
electrolyzer consisting of Ru-Fe-Ni-P and Fe-Ni-P presents a
remarkable electrocatalytic activity toward water-splitting, superior
to many reported available catalysts (Fig. 6(d) and Table S4 in the
ESM). As illustrated in Fig. 6(e), only a small voltage of 1.65 V is

TSINGHUA
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required to achieve 600 mA-cm™ of the electrolyzer composed of
Ru-Fe-Ni-P||Fe-Ni-P with excellent stability. Then, due to its
excellent catalytic properties, the electrolyzer can be powered by
solar energy, wind energy, Stirling engine, and battery-driven
successfully (Figs. 6(f)-6(h), Fig.S8 in the ESM, and Movies
ESM3-6), proving that the designed catalysts have widely
industrial application prospect in large scale hydrogen production.
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4 Conclusions

In summary, a self-supported porous Fe-Ni-P and Ru-Fe-Ni-P
electrocatalyst are developed via a facile strategy for highly efficient
water splitting. Owing to the successful synthesis of phosphides
and the incorporation of a few Ru, the prepared composite
material act as an outstanding catalyst for improving the HER and
OER performances in alkaline and neutral media. Remarkably, the
designed nanomaterial owns excellent catalytic activity for water-
splitting with splendid stability, which can be driven by thermal,
solar, and wind energies. Additionally, a porous structure can
expose more of the active site and good hydrophilia is favorable to
improve catalytic performance. Consequently, the developed
catalysts achieved an excellent performance toward HER, OER,
and water splitting, and then accelerated the development on large-
scale water splitting by electrolysis.
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