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In recent years, the interest towards green hydrogen has drastically increased due to the global decarbonization
process. Electrochemical water splitting is considered an attractive solution to convert and store the surplus
energy from renewable energy sources. However, hydrogen production by water electrolysis is not economically
sustainable. To reduce the cost of produced hydrogen, it is necessary to switch from noble-metal catalyst (Pt,
Pd...) to cheap alternatives with a lower per unit energy cost but at the same time able to guarantee a high
electrocatalytic activity for both oxygen and hydrogen evolution reactions. Among transition metals, nickel was
selected as active material for its low cost and high chemical stability in alkaline media. Currently, the most
investigated transition metal catalyst includes alloy of nickel with sulfide, phosphide, and nitride. In this work, a
ternary alloy of Nickel-Iron-Phosphorus with nanowires morphology was investigated and compared to the
binary alloy of Nickel-Iron. Ni-Fe-P NWs electrodes were obtained by potential-controlled pulse electrochemical
deposition using polycarbonate membrane as template. Electrodes morphology and structure were studied by
scanning electrode microscopy (SEM), energy diffraction spectroscopy (EDS) and X-ray diffraction (XRD).
Electrodes were tested both as cathodes as anodes by Quasi Steady State Polarization (QSSP) and
Galvanostatic Test. All the tests were performed in 30% w/w KOH aqueous solution at room temperature.
Preliminary results showed better performance of the ternary alloy compared to the binary one.

1. Introduction

Due to the global energy crisis and environmental pollution, more and more researchers are trying to develop
clean energy systems with zero greenhouse gas emissions. With this in mind, hydrogen is seen as a key energy
carrier that can replace fossil fuels, such as oil and coal (Tian et al., 2019). There are many methods by which
hydrogen can be produced, which can be classified according to the process used (gasification, pyrolysis, and
electrolysis, etc.) and the energy source used (coal, nuclear electricity, renewable electricity, etc.). Nowadays,
almost all hydrogen is produced from fossil sources (Lee et al., 2022). Electrolysis of water represents a clean
way to generate hydrogen and oxygen, especially if the electricity comes from the surplus of energy from
renewable sources (Kuang et al., 2019). At the basis of the electrolysis process of water are two half-reactions:
first, the water reduction reaction (hydrogen evolution reaction, HER) which takes place at the cathode, and on
the other hand, the water oxidation reaction (oxygen evolution reaction, OER) which takes place at the anode.
Theoretically, these reactions take place by applying a potential of 1.23 V, which is equivalent to an energy
demand of AG = 237.1 kJ molt. However, the amount of energy required is higher due to different losses, such
as activation, ohmic and mass transport losses. The hurdle to be overcome is the realization of highly efficient
but inexpensive electrode materials as an alternative to traditional noble metal-based materials such as Pt, Pd
for HER, and IrO2 and RuO: for OER (Guo et al., 2019). However, so far, most of the electrocatalysts developed
do not met good catalytic activity and stability in alkaline environments. For this reason, it is essential to develop
electrodes able of comprehensively catalyzing water splitting with high efficiencies and low costs (Li et al., 2019).
The most promising materials are those of the iron group. Nickel and its alloys are considered the best due to
their stability in an alkaline environment, high electrocatalytic activity and low cost (Ganci et al., 2021). Transition
metal electrodes (Ni, Co and Fe ) are considered excellent candidates due to their high catalytic activity (Dionigi
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et al., 2016). The binary alloy of Nickel-iron has been extensively studied and is currently considered one of the
best options for alkaline electrolysers due its low price, favorable electrocatalytic activity and abundance. In
addition, Transition metal phosphides (TMPs) have attracted attention due to their catalytic action for HER and
OER in alkaline electrolytes. TMPs have distinct charge structures: positive charges in metal and negative
charges in phosphorus. The negatively charged P acts as a proton acceptor and weakens the metal (positively
charged, hydride acceptor as M-H) bond strength to avoid the kinetically sluggish desorption of hydrogen
(Kwong et al., 2017; Zhao et al., 2022). Most electrodes containing phosphorus are made through a doping
process. For example, Ledendecker et al. made NisP4 films by doping of nickel foil with red phosphorous for 1
h at 550 °C using an inert atmosphere (Ledendecker et al., 2015). Compared to binary alloys, the use of a
ternary is an excellent strategy to increase electrode performance by combining the properties of several metals.
However, the role of ternary components in the electrolysis process is still unclear and the improvement of
bifunctional catalytic performance is still urgent (Xuan et al., 2017). In addition to the material used, the
performance of a catalyst can be affected by the size, structure, and morphology of the working electrode. In
particular, by focusing on structure, electrodes with high surface areas and thus a significant number of catalytic
active sites can be used to increase electrode features (Wang et al., 2022). The construction of nanostructured
materials such as nanorods, nanowires, nanosheets, and so on, leads to high electrochemical active surface,
which increases catalytic activity. Particularly, well-ordered nanowires or nanorods arrays are perfect candidates
for HER and OER because they can reduce the ionic diffusion path, facilitate ionic motion facilitating the rising
of gas bubbles (Yan et al., 2015). Accordingly, in this work, a ternary alloy of nickel-iron-phosphorous nanowires
electrode was fabricated by electrodeposition and its performance was compared with the binary nickel-iron
alloy obtained in an our previous work (Buccheri et al., 2021). These electrodes were obtained by template
electrosynthesis a simple and cheap method. Compared to traditional methods mentioned earlier to obtain
phosphorus-doped electrodes, which require very long times and very high temperatures, electrodeposition can
reduce energy consumption and expand the scope of application.

2. Experimental
2.1 Electrode Fabrication

Nickel-lron and Nickel-Iron-Phosphorus nanostructured electrodes were fabricated through template
electrosynthesis, using a polycarbonate membrane as a template. The entire manufacturing process takes place
at ambient temperature and atmospheric pressure. This method consists of four essentially equal steps for the
manufacture of the two electrodes. At the beginning, the membrane was made conductive through a sputtering
process. A thin film of gold was deposited on one side of the template. The sputter is a Scancoat Six Sputter
Coater from Edwards Ltd. Deposition takes place by applying a continuous current of 30 mA for 3 minutes.
Subsequently, on the gold side, Nickel was electrodeposited using a Watt’'s bath (300 g/L Nickel sulphate
hexahydrate, 45 g/L nickel chloride, 45 g/L boric acid), by potentiostatic electrodeposition at -1.5 V vs. Saturated
Calomel Electrode (SCE) for 1.5 h. The Nickel-Iron and Nickel-Iron-Phosphorus NWs manufacturing processes
differs in the deposition in terms of solution composition and operating parameters. For the Ni-Fe deposition, a
Watt's bath with 0.44 M FeSO4-7H20 was used. This bath (containing about 67% of Ni and 33% of Fe) was
selected because led to the deposition of NiFe alloy nanowires with the best performance (Buccheri et al., 2021)
with a Fe content of nanowires of about 79%. Nanowires were obtained by pulse electrodeposition switching
the potential between -1.35 (for 6 s) and -0.65 (for 4 s) V vs. SCE for 100 cycles. To obtain better-performing
electrodes, the possibility of adding a source of phosphorus to the NWs deposition bath was evaluated.
Ni-Fe-P NWs were manufactured by adding 20 g/L of sodium hypophosphite monohydrate to the previous
solution (Watt’s bath with FeSOa). Starting from the data in the literature, optimum values were sought for the
deposition. The deposition technique is again a pulsed square wave deposition where the potential switches
from -1.2 (for 6 s) to -0.75 V (for 4 s) vs. SCE for 70 cycles, for a total duration of approximately 20 minutes.
This deposition technique allows to control the composition and the morphology of the nanostructures. The
desirable strategy of electrodeposition has also been adopted in the synthetic of phosphide catalysts and
submitted satisfactory answers in terms of HER and OER performance. The deposition process of metal
phosphide with sodium hypophosphite as phosphorus source (Li et al., 2021) is shown in the following reactions:

H.PO, + 2H" + e > P + 2H,0 (1)
M#* + P + ze- > MP @)

The electrodeposition was carried out in a standard three electrodes cell at room temperature. A Pt mesh was
used as a counter electrode and a saturated SCE as a reference. After electrodeposition, the samples were
etched in pure CHCIs to remove the polycarbonate template in four consecutive baths of five minutes each. A
multichannel Cell Test System (Solartron, Mod. 1470 E) was used to fabricate electrodes and the data were
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recorded by MultiStat Software. All the chemicals were dissolved in ultrapure water (Type 1, with resistivity
greater than 18 MQ*cm). The obtained NWs electrodes were characterized by scanning electron microscopy
(SEM) using a FEG-ESEM microscope (QUANTA 200 by FEI), and energy dispersive spectroscopy (EDS) to
evaluate the morphology and the composition of the nanowires. In addition, nanowires electrodes were
characterized by X-ray diffraction (XRD) using a RIGAKU X-ray diffractometer (D-MAX 25600 HK) in the 26
range from 20° to 100°.

2.2 Electrochemical Characterizations

Ni-Fe and Ni-Fe-P NWs electrodes were tested both as anodes as cathodes to study their performances as
bifunctional catalysts in alkaline electrolysers. Electrochemical tests were carried out in a 30% w/w KOH
aqueous solution. The electrochemical measurements were performed in a standard three-electrode system:
NWs electrode is the working electrode (A = 0.6 cm?), a Ni strip was used as counter-electrode and Hg/HgO 0.1
M NaOH as reference. In the following, all the potentials will be referred to the value of the Reversible Hydrogen
electrode (RHE) at pH 14. All the tests were performed at room temperature and without stirring. Quasi Steady
State Polarization (QSSP) is a potentiodynamic electrochemical characterization performed in a potential range
of 0.7 V around the thermodynamic potential of HER and OER, which corresponds to 0 and 1.23 V vs. RHE, at
a scan rate of 0.1667 mV s~1. To get insight into the catalytic reaction, Tafel plots were utilized to evaluate the
catalytic kinetics for both reactions. Tafel plots were obtained from the QSSP curves based on the Tafel equation
n=a + blogj where j is the current density and b is the Tafel slope. To evaluate the mid-term behaviour of the
electrodes, the stability test was performed at a current density of -50 mA cm-2for HER and 50 mA cm2for OER,
for 3 hours. Each point in the graphs is the mean value of the potential over 1800 s.

A multichannel Cell Test System was used to perform the electrochemical characterization and the data were
recorded by MultiStat Software. Each experiment was repeated at last three times.

3. Results and discussions

To observe the structure morphology of two different electrodes, SEM has been employed. Figures 1a and 1b
showed the SEM images, at increasing magnifications, of NiFe NWs and NiFeP NWs, respectively. As one
might expect, due to the shape of the nanopores in the membrane, both electrodes consist of nanowires with a
cylindrical structure, a smooth and regular surface and are evenly distributed over the entire surface of the nickel
collector. To detect the atomic percentage of each element, EDS analysis were carried out. To obtain the EDS
spectrum measurement with a more exact estimate of the composition, the NWs were ripped from the nickel
collector. The figure 2a, shows the EDS spectrum of the as obtained ripped NWs. As we can see, the presence
of phosphorus has been confirmed. Both types of alloys were obtained from a solution richer in nickel than in
iron. However, in agreement with the data in the literature (Matlosz, 1993; Yin and Lin, 1996), the NWs appear
richer in iron, confirming the anomalous deposition of iron. For NiFe alloy, NWs consisting of about 79% Fe and
21% Ni. Instead, for NiFeP alloy, the NWs composition is: 70.57% Fe, 25.60% Ni and 3.83% P.

Figure 1: SEM images of (a) NiFe NWs and (b) NiFeP NWs

Nanostructured electrodes were also characterized by XRD, Figure 2b. In the as prepared electrodes, the peaks
at about 43.23°, 50.38°, 74.18° and 90.16° can be indexed to (111), (200), (220) and (420) planes of the fcc Fe-
Ni Alloy (card no. 47-105) (Dragos et al., 2016). In addition, Ni peaks were also observed at 44.53°, 51,86°(card
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no. 04-850). From preliminary studies, the two analyses differ in some peaks, 76.20°, 83.01° and 93.02° which
can be attributed to the presence of phosphorus.
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Figure 2: (a) EDS of NWs electrodes; (b) XRD Pattern of NWs electrodes

Figures 3a and 3b showed the linear range of QSSP curves fitted by Tafel's equation, for HER and OER,
respectively. Tafel parameters are listed in Table 1. The good results obtained with the binary were exceeded
with the ternary alloy. In this paper, the Tafel slope values of NiFeP alloy are much lower than NiFe alloy values,
implying a faster HER and OER kinetics of NiFeP alloy. These results are similar or better compared to others
alloy containing phosphorus (Battiato et al., 2022; Li et al., 2019). Tafel slope values can be used to understand
which step is kinetically decisive. For OER, the Tafel slope of the ternary alloy close to 45 mV dec indicates
that the rate determining step is linked to the reaction: MO™ = MO + e"(Li et al., 2018). Instead, the slope value
for HER is in the range of 38-116 mV dec™ indicating that the rate determining step of the HER mechanism
electrode includes Volmer-Heyrovsky and that the Volmer stage is rate determining step (Barati Darband et al.,

2020).
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Figure 3: Linearity range of QSSP curves for (a) HER and (b) OER

Table 1: Fitted Tafel’s parameters for both reactions and both electrodes.

Electrode HER OER

a b R%(%) a b R2(%)
NiFe N\Ws  -0.471 -0.116 99.57 1.612 0.045 99.46
NiFeP NWs -0.372 -0.101 99.28 1.581 0.039 99.77
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Moreover, the stability of electrocatalyst is an important index that represents the ability to catalyse water
splitting for a long time. In the figures 4a and 4b, stability test results are shown.

Both electrodes showed very good stability. The potential values remained almost constant between the start
and end of the test. Throughout the test, the ternary alloy potential is lower than the binary one. By switching
from binary to ternary alloy, an energy gain of 100 mV was obtained for HER and 40 mV for OER. These results
confirm those obtained through the QSSPs. The presence of phosphorus improves the kinetics of both reactions
in an alkaline environment. Within the literature, in a catalyst consisting of two or more metals, a synergistic
effect is created between the constituents such that the properties and thus, the intrinsic catalytic activity of each
element are enhanced (Wu, 2022).
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Figure 4: Mid-term stability test for 3 hours for (a) HER at -50 mA cm and b) OER at 50 mA cm2

4. Conclusions

NiFeP NWs have been successfully manufactured in order to improve the already known performance of NiFe
NWs. The deposition method used is simple and inexpensive. SEM images showed nanostructured morphology.
The presence of the 3 elements was confirmed by EDS and XRD analysis. After assessing morphology and
composition, the electrodes were tested both as anodes and as cathodes in a 30% by weight aqgueous KOH
solution. Preliminary results have shown a significant increase in performance using the ternary alloy. Therefore,
it can be considered an excellent bi-catalyst for water splitting reactions in an alkaline media. Further work is in
progress aimed to fabricate and test electrodes with different phosphorus content to assess the effect of
composition on electrochemical and electrocatalytic performance.
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