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ABSTRACT: A simple and effective method to prepare an active and stable nanostructured working electrode
for electrochemical water splitting is described. Specifically, mixed Fe-Ni diphosphide was prepared by
sputtering a 200-nm-thick layer of Permalloy onto carbon paper gas diffusion layer followed by gas transport
phosphorization reaction. The mass density of the resultant diphosphide phase was established to be =~1.1
mg/cm’. Energy-dispersive X-ray microanalysis shows that the actual elemental composition of the resultant
ternary electrocatalyst is approximately Feg,NiggP,, While the powder X-ray diffraction analysis confirms that
the electrocatalyst crystallizes in NiP, cubic pyrite-like structure. As a cathode for hydrogen evolution reaction
(HER) in acidic and alkaline electrolytes, this earth-abundant electrode has exchange current densities of
6.84x107° and 3.16x10"* mA/cm’ and Tafel slopes of 55.3 and 72.2 mV/dec, respectively. As an anode for
oxygen evolution reaction (OER) in alkaline electrolyte, the electrode shows an exchange current density of
2.88x10™* mA/cm? and Tafel slope of 49.3 mV/dec. The observed high activity of the electrode correlates well
with its electronic structure, which was assessed by density functional theory (DFT) calculations. The stability
of Fey,NiggP, electrocatalyst in HER and OER was evaluated by means of accelerated degradation test and
chronopotentiometry. The results of these experiments elucidate partial dissolution and entire chemical
transformation of Feg,NiggP, as the main mechanisms of the electrode degradation during HER and OER,
respectively. Overall, our findings could facilitate the composition-based design of active, stable, and durable
phosphide electrodes for electrochemical water splitting.

1. INTRODUCTION

H, plays an important role in clean energy technology, complementing intermittent solar/wind power.!
Remarkably, lightweight H, has the highest specific energy of any known non-nuclear fuel, and it can be
used for both energy generation and storage purposes. More importantly, H, is an environmentally
friendly fuel, since only energy and water are the end products of the reaction between H, and O,, giving
rise to the emerging fuel cell technologies and devices.

Notably, there are no natural sources of H, gas on Earth, and therefore, large-scale production of H; is
always driven by energy input. For instance, more than 95% of H, is currently produced through steam
reforming reaction of water with natural gas/fossil fuel, typically over nickel catalyst at high temperatures
(> 700 °C).? The main drawbacks of steam reforming are the high energy and cost demands of the
process, low purity of the resultant H,, and emissions of greenhouse gases.

An interesting alternative to steam reforming is offered by water electrolysis, wherein water is simply
decomposed to H, and O, by applying a voltage bias. Although the era of water electrolysis began more
than three centuries ago,® the world-wide implementation of this technology is still limited to H,
production up to the megawatt range using alkaline electrolysis. This is mainly due to the fact that the
water splitting reaction is a kinetically controlled process characterized by slow charge transfer and
insufficient chemical reaction rates, and in reality, a significantly higher overpotential than the standard
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potential of the water electrolysis (—1.23 V at 25 °C) needs to be applied to drive the reaction.* Therefore,
electrocatalysts are used to facilitate water electrolysis by reducing the value of the applied overpotential
to conduct cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution reaction (OER),
which are the key half reactions of electrochemical water splitting.*

The best performing and long lasting electrocatalysts for HER and OER are Pt and IrO,, respectively.”
Also, other platinum group metals (PGMs) and PGM-containing compounds show high electrocatalytic
performance in water electrolysis. PGMs are, however, scarce in the earth’s crust, and therefore, they are
expansive materials with limited availability. Consequently, there is an important branch of
electrochemical water splitting research dealing with the development of earth-abundant electrocatalysts
for HER/OER based on 3d transition metals (TMs), such as Fe, Co, Ni, and Cu. As a result of significant
advances in the area over the last two decades, Ni/C and mixed Fe/Co/Ni electrocatalysts are currently
used in the state-of-the-art alkaline electrolyzers for HER and OER, respectively.” Notably, the catalytic
activity, stability and durability of the metallic TMs are quite low, but fortunately significant
improgelrlnents can be made through the introduction of other nonmetal elements, such as B, C, N, P, O,
and S.”

To this end, we recently embarked on the synthesis and investigation of nickel phosphide Ni-P
electrocatalysts using a commercially available Ni foam current collector as a precursor. We
demonstrated that the resultant self-supported electrodes were highly active towards HER in terms of the
onset potentials, exchange current densities, and Tafel slopes.”*** As the mass loading of the nickel
phosphide phase was quite high in these electrodes (50-60 mg/cm?), we hypothesized that the phosphide
phase can be supported on a conductive carbon paper gas diffusion layer (GDL). In this way, one can
reduce the electrocatalyst loading while providing high surface area, and thus preserving high
electrocatalytic activity.

In the present work, we apply this methodology to synthesize a working electrode for electrochemical
water splitting using magnetic Permalloy as a precursor. The resultant electrode Fegy,NiggP,/C paper GDL
has a diphosphide phase mass density of only ~1.1 mg/cm?. The electrode is studied in the HER/OER,
and we address the activity of the diphosphide electrocatalyst by density functional theory (DFT) band
structure calculations. Finally, our data uncover the degradation mechanism of Feg,NiggP,/C paper GDL
during HER/OER, as well suggest that exploiting chemical composition in combination with
computational simulation and in situ characterization could yield active, stable, and durable phosphide-
based electrodes.

2. EXPERIMENTAL SECTION

Reagents. Permalloy, Fey,Nigg, sputtering target (99.95%, Materion, & = 50.8 mm, thickness = 3.175
mm), powdered red phosphorous (98.9%, Alfa Aesar), sulfuric acid (95-98%, Sigma-Aldrich), potassium
hydroxide (>85%, Sigma-Aldrich), graphite rods (99.995%, Sigma-Aldrich), platinum wire (99.9%,
Sigma-Aldrich), and carbon paper GDL (Toray Paper 120) were used as received. Ultrapure water (18.2
MQ/cm?) was produced using a Milli-Q Advantage A10 system (Millipore).

Preparation of electrode. First, a 200-nm-thick film of Permalloy was sputtered onto both sides of a C
paper GDL specimen (10 cm x 10 cm) using a multi-target ultra-high vacuum sputtering system
(Kenosistec), operated under a base pressure of 5 x 10 Torr. The depositions were made using an Ar
flux of 20 sccm and a power of 85 W, providing a deposition rate of 0.2 A/s. To prevent post-oxidation,
the resultant Feg,Nigg/C paper GDL was stored in a desiccator in vacuo.

The working electrode, for electrochemical water splitting, was obtained by gas transport
phosphorization. Specifically, 0.3 g of the P red was loaded into an alumina combustion boat and placed
at the beginning of the hot zone of a programmable tube furnace (Lenton), equipped with a quartz tube
(inner @ = 25 mm), and the Fey,Nigg/C paper GDL specimen (2.4 cm x 10 cm) was placed in the hot
zone of the furnace next to the P red at a distance of ~3 cm. The phosphorization was conducted under
continuous Ar gas flow of 100 mL/min. The system was heated to 500 °C at 20 °C/min, held there for 1 h,
and cooled to 250 °C at 5 °C/min and kept at this temperature for 12 h. The as-synthesized electrode was
stored under ambient conditions.

Electrocatalytic testing. All electrochemical measurements were carried out in a three-electrode set-up at
room temperature under moderate Ar bubbling (=1 bubble/s) while stirring at 150 rpm (IKA RCT basic).
A Metrohm saturated calomel electrode (SCE) was used as the reference electrode. A graphite rod with

length = 150 mm and & = 6 mm and a Pt wire with & = 0.25 mm were employed as counter electrodes
for HER and OER, respectively. The as-synthesized Fe—Ni phosphide/C paper GDL was used as the



working electrode. The acid and alkaline electrolytes for HER were 400 mL of degassed 0.5 M H,SO,
and 1 M KOH, respectively, while all electrochemical OER measurements were conducted under alkaline
conditions of degassed 1 M KOH (400 mL).

The electrochemical data were collected using Metrohm Autolab PGSTAT302N potentiostats. Line scan
voltammetry (LSV) was performed at a scan rate of 2 mV/s applying internal-resistance (iR)
compensation. All potentials are given with respect to reversible hydrogen electrode (Vgye) potential,
which was determined for each reaction and electrolyte individually.

The electrode stability study was carried out by accelerated degradation testing (ADT) using cyclic
voltammetry (CV) at a scan rate of 50 mV/s between the specified potentials for continuous 2000 cycles.
The durability test was carried out by means of chronopotentiometry (CP) at the fixed current density of
20 mA/cm? while monitoring the variation of applied potential during 60 h. Additional CP stability
testing was conducted by changing stepwise the current density according to the following profile: 3h @
5mA/cm* — 3 h @ 10 mA/em® — 3 h @ 15 mA/ecm® — 3 h @ 20 mA/cm?,

Characterization. In the current study, the as-prepared electrode as well as the used electrodes after
electrocatalyt-ic testing were characterized.

Powder X-ray diffraction (XRD) data were collected on a X’Pert PRO diffractometer (PANalytical)
equipped with Cu Ko radiation (A = 1.541874 A) and a P1Xcel detector. Data were collected using Bragg-
Brentano geometry in the 26 15-80° range with a scan speed of 0.01 °/s. The XRD patterns were matched
to International Centre for Diffrac-tion Data (ICDD) PDF-4 database using HighScore soft-ware package
(PANalytical). For the unit cell parameter estimation, Ge (99.999%) was used as an internal standard. The
parameters were calculated from least-squares refinements using the WinCSD software package.15

The morphology and the chemical composition of the samples was studied by scanning electron
microscopy (SEM) using a Quanta 650 FEG ESEM microscope (FEI), fitted with an INCA Energy 350
system (Oxford Instruments) for energy-dispersive X-ray spectroscopy (EDX).

Raman spectroscopy measurements were carried out on an alpha300 R confocal Raman microscope
(WITec) using a 532 nm Nd:YAG laser for excitation. The laser beam with P = 0.5 mW was focused on
the electrode piece by a 150 lens (Zeiss); and the spectra were collected with 600 groove/mm grating
using 25 acquisitions with a 2 s acquisi-tion time.

Computational Methodology. DFT calculations were performed using the Quantum Espresso simulation
pack-age.16  Projector augmented wave (PAW) pseudopotentials  were used  with
Perdew—Burke—Ernzerhof (PBEsol) ex-change correlation functionals. A k-mesh with 471474 points was
used for structural relaxations. The unit cell dimensions were taken from the work of Donohue and co-
workers,17 and the positions were fully relaxed for all the compounds. From the relaxed structures, the
density of states (DOS) was calculated in a k-mesh with 10x10x10 points. The projected DOS (PDOS)
was averaged over the different atoms of the same type.

3. RESULTS

A simple and effective method provides Fe0.2Ni0.8P2/C paper GDL electrode. Thin carbon paper is a
porous ma-terial composed of a dense array of randomly tangled carbon fibers, which provide an
electrically conductive pathway for current collection in fuel cell technology.18 This type of GDL is
designed to replace a woven thick carbon cloth GDL in applications, where thin GDL is a critical factor.
Notably, commercially available carbon paper is not active in either cathodic HER or anodic OER half
reactions of water electrolysis. At the same time, we hypothesized that carbon paper can be a good
supporting material for the HER/OER catalysts, providing an excellent electronic connection between the
catalyst and the electrode. To investigate the possibility of synthesizing an active electrode for
electrochemical water splitting, we tested whether the emerging earth-abundant transition metal
phosphide electrocatalyst could be anchored on the as-received carbon paper, without any pre-treatment
of the GDL. For this purpose, we first deposited a 200-nm-thick layer of Permalloy on both sides of a
carbon paper GDL by a robust sputtering method. A key criterion in selecting magnetic Permalloy was
the fact that it consists of both Fe and Ni, and the phosphide compounds of these TMs are active
electrocatalysts in HER.19-20 The resultant Fe0.2Ni0.8/C paper GDL was further subjected to
phosphorization via gas-transport reaction at 500 °C.13

We first analyzed the phase composition of the electrode. According to XRD analysis, the as-synthesized
electrode is a phase mixture of hexagonal graphitic supporting material and cubic P-rich negevite NiP2
phase with a pyrite-like structure (Figure la). X-ray diffraction shows no evidence of other phases.
Hence, the reaction of Permalloy with phosphorous vapor led to the formation of single-phase iron—nickel
diphosphide: Fe0.2Ni0.8 + 2P" => (Fe0.2Ni0.8)P2. Additionally, a lattice shift is observed as compared



to pure NiP2, indicating that the substitution according to the formula Fe0.2Ni0.8P2 was successful. The
refined cubic unit cell parameter for iron—nickel diphosphide, a = 5.445(2) A, is slightly smaller than that
of pure pyrite-like nickel diphosphide, a = 5.471 A, indicating that Fe incorporation indeed occurs.’

We next examined the local structure of the as-prepared electrode by Raman spectroscopy (Figure 1b),
and the results are in line with the XRD analysis. The spectrum of the as-received carbon paper GDL
shows three prominent bands centered around 1350, 1589, and 2710 (not shown) cm™, which are
associated with the D, G, and 2D bands of graphite, respectively. The measurement presented in Figure
1b further shows that two new Raman modes, at around 241 and 433 cm™, are observed in the as-
prepared electrode. These bands represent P, libration (Eg) and P—P in-phase stretch (Ag) in a cubic NiP,
phase with a pyrite-like structure.?
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Figure 1. XRD patterns (a) and Raman spectra (b) of as-received carbon paper, as-prepared Feq,NiggP,/C paper
GDL electrode and the same electrode after HER and OER chronopotentiometric durability testing at 20 mA/cm? for
60 h. Black and red stars in (a) correspond to the positions of the most intense Bragg reflections expected for
graphitic carbon (ICDD no. 00-041-1487, hexagonal, P63/mmc) and negevite NiP, phase (ICDD no. 04-003-2351,

cubic, Pa—3), respectively.

The catalyst is nanostructured and chemically uniform. We further analyzed the morphology and the
chemical composition of the resultant electrode by means of SEM and EDX methods, respectively. The
SEM image presented in Figure 2a shows the morphology of the Fe—Ni diphosphide supported on carbon
paper GDL, revealing homogeneous anchoring of the catalyst onto carbon fibers (& = 8-10 um).
Feq,NiggP> across the sample exhibits nanostructured appearance of non-uniform randomly orientated
crystals with a closely associated microstructure (Figure 2b).

The particle size distribution was estimated to range from around 60 to 240 nm; such a broad distribution
is typical for gas-transport-reaction products.



We next examined the chemical composition of the electrode surface using element-specific EDX
mapping (Figure 2c). The respective EDX maps highlight the homogeneous distribution of Fe, Ni, and P
elements on the surface of carbon fibers, suggesting that the catalyst is a single-phase negevite, devoid of
any secondary phases. EDX analysis also reveals that the Fe/Ni/P atomic ratio in the obtained electrode is
1:4.3:9.4, which agrees fairly well with the expected sample composition Feg,NiggP,, corresponding to a
1:4:10 ratio.

Figure 2. Low (a) and high (b) magnification SEM images, as well as EDX mapping for Feg,NiggP,/C electrode (c).

Feo,NiggP, supported on carbon paper GDL is an active catalyst for both HER/OER. Our
nanostructured phase-pure Feg,NiggP,, uniformly deposited over carbon paper GDL, was further
evaluated in the cathodic and anodic half-reaction of electrochemical water splitting at room temperature.
The mass density of the catalytically relevant Feq,NiggP, phase was gravimetrically estimated to be 1.07
mg/cm? using a Cubis MCM36 balance (Sartorius). The results of the electrocatalytic experiments are
summarized in Table 1 and Figure 3.

Table 1. Electrocatalytic performance of the electrode.

Reaction HER in HERin OERin
0.5 M H,SO, 1M KOH 1M KOH
Honset, ONSet potential for driving 1 mA/cm? (V) 0.117 0.175 1.092
o1 l:r:f/r;:nge(rs;ues 0.171 0.250 1371
o120 Lﬁ:f/r;%ge(rs;ues 0.190 0.275 1402
'(;’eﬁﬁ,iga(’,‘ﬁ,i,‘;‘ﬂ)G nt 6.84 107 316107 2.88107
Tafel slope (mV/dec) 55.3 72.2 49.3

We first tested whether the as-prepared electrode is active in HER conducted in acidic,
2H" + 2¢- = H,T, and alkaline, 2H,O + 2¢” = H,T + 20H", electrolytes, which were
0.5 M solution of sulfuric acid and 1.0 M solution of potassium hydroxide, respectively.
We found that Fe(,NijgP,/C paper GDL electrode exhibits strong catalytic currents on
cathodic polarization in both type of electrolytes. In terms of HER overpotentials, the
activity of the catalyst in acidic conditions is approximately 50% higher than in alkaline
medium, while showing approximately twice the exchange current density (Table 1).
Notably, at high overpotentials, > 200 mV, the catalytic activity in alkaline medium
becomes slightly higher than in acidic medium. More importantly, the electrode is
eventually able to drive cathodic currents higher than 55 mA/cm?® in both types of
electrolytes, while having only ~1.1 mg/cm® mass loading of electrocatalytic phase
(Figure 3a). Tafel slopes of about 55 and 72 mV/dec were estimated in H,SO4 and KOH




electrolytes, respectively, pointing towards Volmer—Heyrovsky mechanistic scenario
during the HER processes.22
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Figure 3. HER cathodic (a) and OER anodic (b) polarization curves before and after accelerated degradation testing
(ADT) for 2000 consecutive cycles for the as-prepared electrode. ADT was carried out by sweeping the potential at a
rate of 50 mV/s in a range of —400-60, —400-260, and 400-1600 mVgye for HER in 0.5 M H,SO, and 1.0 M KOH
and OER in 1.0 M KOH, respectively. All polarization curves are iR-compensated.

These results suggested that Fe,,NigsP, is an active Pt-free HER catalyst in acid and
alkaline electrolytes. Moreover, it has also been reported that earth-abundant mixed
Ni—Fe compounds are promising OER catalysts.”® Therefore, we further investigated
the electrocatalytic activity of the as-prepared electrode in OER using 1.0 M KOH as
electrolyte. The electrode demonstrates noticeable oxidation current density starting
from an overpotential of approximately 1.2 Vryg with a shoulder peak at =1.37 Vryg
(Figure 3b), which is attributed to Ni*/Ni’" redox transformation.”* Beyond this
overpotential, the oxidation current rose sharply as a result of four electron evolution of
0, in alkaline medium, 40H = O,T+ 2H,0 + 4¢", as visualized by oxygen bubbles
forming on the electrode surface. The overall current density of about 83 mA/cm? at 1.5
Vrue was reached for the electrode, and the Tafel slope was estimated to be around 49
mV/dec. Thus, our electrocatalytic testing shows that the Fe,,NipgP, phase is a high-
performing electrocatalyst for OER. This result is not surprising, because the other two
nickel phosphide phases, namely Ni,P and NisPs, were recently reported to be active
towards OER.*2°

Electrode shows instability during ADT but good stability during CP testing. One important question
arising from the high electrocatalytic activity of Fey,NiygP,/C paper GDL is whether this electrode is



stable and durable during water splitting, because both OER and HER processes are conducted under
harsh chemical conditions while applying an electrical potential. Therefore, we characterized the stability
of the as-prepared electrode by means accelerated degradation. The results of the ADT experiments
presented in Figure 3 show that the repeated cycling of Feq,NiggP,/C paper GDL electrode for 2000
consecutive cycles in HER and OER leads to significant cathodic and anodic shifts, respectively, of the
linear onset potential sweeps, as compared to the first cycles. Hence, the data indicates that the electrode
is unstable for HER/OER during ADT.
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Figure 4. Stepwise (a, b) and continuous (c, d) chronopotentiometric profiles of the synthesized electrode as a test for
its durability in HER (a, ¢) and OER (b, d).

We then wondered whether the electrode can generate stable currents during HER and OER. To answer
this question, we subjected the electrode to stepwise and continuous durability testing via
chronopotentiometry (Figure 4). In all cases, the applied overpotentials were found to increase initially,
and stabilize thereafter showing only a slight increase over time. These results reveal that, after the initial
stage of the testing, the electrode exhibits a reasonably good long-term stability towards HER and OER.
Importantly, the electrode is able to generate stable anodic and cathodic currents for more than two days
during CP testing.

During HER, Feg,NiggP, partially dissolves and exhibits coke deposition. To relate the observed
stability and durability data to the possible structural, microstructural, and compositional changes of the
electrode, we next examined the samples after durability testing for 60 h by XRD, Raman spectroscopy,
SEM and EDX.

Structural characterization of the electrodes used in HER (Figure 1a) reveals that the Feq,NiggPs
preserved its bulk structure. The diphosphide lattice parameters were calculated to be a = 5.438(4) A and
a = 5.450(1) A after acid and alkaline HER, respectively, and the obtained parameters differ not more
than 3c compared with as-prepared Feg,NiggP, (@ = 5.445(2) A). The EDX analyses show that the
electrodes are enriched in P in comparison to their initial compositions, exhibiting the Fe/Ni/P atomic
ratios of 1:4.4:12.1 and 1:5.3:10.9 after HER in acid and alkaline electrolytes, respectively. Fe/Ni ratio is
maintained under acidic conditions but a leaching of Fe is observed for basic conditions. EDX results
indicate corrosion of the metal diphosphide phase through partial dissolution during HER.



Figure 5. SEM images of electrodes after durability testing at 20 mA/cm? for 60 h in acidic HER (a) and OER (b).

Our further analysis of the Raman spectra of the electrodes used in HER (Figure 1b) shows the loss of
distinct modes at 241 and 433 cm™ of the Ni,P structure, and the appearance of the new peaks/modes at
around 280 and 446 cm™* for the electrode used in alkaline HER. These bands seem to stem from nickel
hydroxide, which is characterized by the presence of two modes at 318 and 449 cm ™2’ The observed
downshift of the modes is most likely a result of Ni substitution by Fe. Besides these new peaks,
significant sign of coke deposition in the form of the oxidized carbon was observed in the Raman
spectrum of the electrode used in acid HER. This is reflected by the presence of two very broad
characteristic modes in the 1300-1700 cm™* range. We further confirm coke deposition by SEM—EDX
analysis of the electrode, which has a dark amorphous-like appearance on the surface of the fibers (Figure
5a). Thus, these data suggest that the surface of the HER electrodes in acid electrolyte undergoes
poisoning by carbon coke, which originates either from the graphite counter electrode or from the carbon
paper support.

During OER, Feg,NiggP, undergoes complete chemical transformation into poorly crystalline
hydroxide. We next studied the effect of the OER process on the Feg,NiggP./C paper GDL electrode. For
this, we analyzed the resultant electrode after OER durability testing at 20 mA/cm? for 60 h. As shown in
Figure 1, the electrode undergoes severe modifications during OER, since no signature of Fey,NiggP, was
found by XRD or Raman spectroscopy. Moreover, the Raman spectrum of the used electrode shows a
broad band centered around 560 cm™, which is associated with defective/disordered Fe-containing
Ni(OH),.** % Interestingly, SEM—EDX reveals two distinct appearances in the sample: uncoated carbon
fibers of raw carbon paper as well as flat structures lacking particulate structure regions or crystal faceting
at the surface (Figure 5b). EDX shows that the latter structures do not have any signature of phosphorous
element but of oxygen instead, and exhibit a Fe/Ni atomic ratio of 1:4.9. In light of this microscopy data
coupled with the results of XRD and Raman spectroscopy, the flat aggregates with a lack of particulate
structure can be classified as poorly crystalline iron-containing nickel hydroxide. This seems to suggest
that the Feg,NiggP, phase is not stable under OER conditions and undergo complete chemical
transformation into amorphous-like hydroxide, which further catalyzes OER.

4. DISCUSSION

High electrocatalytic activity correlates with electronic structure of mixed iron—nickel diphosphide.
We developed a robust method to produce mixed Fe—Ni diphosphide electrocatalyst supported on as-



received carbon paper GDL, allowing production of nanostructured single-phase material. Feg,NiggP,
with pyrite-type structure generated using Permalloy as the precursor. Notably, nickel diphosphide NiP,
forms cubic Pa—-3 pyrite-type structure only under high pressure of 1.5-6.5 GPa.'” Under ambient
pressure syntheses, another monoclinic C2/c modification with drastically different structural motif where
all P atoms are connected in one-dimensional chains is usually obtained.** This interesting finding
suggests that, in the current study, the high-pressure modification of nickel diphosphide was stabilized by
Fe doping. More importantly, we further found that iron enters the cubic crystal structure of negevite NiP,
and induces a high activity towards HER/OER, suggesting a positive role of iron in the reactions.

One possible mechanism of high electrocatalytic activity is that iron modifies the electronic structure of
NiP,, resulting in its high activity. To support this suggestion, we applied first-principles DFT
calculations to compare the electronic structure of pure and iron-substituted FeNi;Pg analog with cubic
pyrite-like structure (Figures 6a and 6b). Favorably for electrocatalysis, both prototypes were calculated
to be metallic in nature (Figures 6¢ and 6d), assuring good electronic conductivity of the electrode. More
interestingly, we found that their bulk electronic structures are quite different. In particular, the Fe3d
orbitals are significantly shifted towards higher energy, resulting in the increase of the overall DOS at the
Fermi level for the FeNisPg prototype (Figure 6h cf. 6g).

Unstable at ambient pressure, cubic pyrite-structure of NiP, has only few bands that cross the Fermi level
at I" point (Figures 6¢ and 6e). Doping this structure with Fe greatly increases the metallic character of the
structure, since several bands cross the Fermi level along every direction of the Brillouin zone (Figures 6d
and 6f). In addition to appearance of Fe3d states at the Fermi level, the Ni3d states in FeNisPg are
broadened in comparison with the Ni3d states of pure NiP, (Figures 6e cf. 6h). Previously, we have
shown that the development of a broad band structure of other nickel phosphide, namely Ni,P, with Al
doping resulted in enhanced electrocatalytic activity as compared to pure Ni,P.*> Most likely, here we
have a similar situation, when the performance of NiP, towards HER/OER is enhanced by Fe
incorporation as a result of lowering activation energy of hydrogen or oxygen adsorption on the catalyst
surface. This is due to the development of a broad overall band structure extending over the Fermi
level***2 Another potential mechanism is that a significant restructuring of the surface may occur under
highly acidic or alkaline conditions while applying the electrical potential, resulting in synergetic Fe/Ni
active sites.**** In situ studies of the catalyst surface are necessary to clarify this issue.
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Figure 6. Crystal structure (a, b), band structure (c, d), DOS (e, f) and PDOS (g, h) for pure NiP, (a, ¢, €, g) and its
relaxed Fe-substituted FeNisPg analog (b, d, f, h). The Fermi level is indicated with a dashed line.

Mechanisms of the electrode degradation during HER/OER. Discovery of high electrocatalytic
activity of the Fe, Co, Ni, Cu, Mo, and W TM phosphides has placed this class of compounds as one of
the most promising earth-abundant candidates to replace PGM-based electrocatalysts in water electrolysis
to generate hydrogen. Accordingly, during the last few years, great progress has been made in the
synthesis, nanostructuring, testing and understanding of the phosphide electrocatalysts.™ **?° Besides this
great progress, the stability and durability of the phosphides under water electrolysis conditions remain to
be strongly improved. Therefore, we studied the chemistry of our electrode Fegy,NiggP,/C paper GDL
degradation under harsh acidic and alkaline conditions of HER/OER.

In general, nickel phosphides are quite stable in either acid or basic conditions. In reaction of phosphide
with acid in non-oxidizing environment phosphine should form: NiP, + 6H* = Ni** + 2PH,T. Typically,
the evolved phosphine PH; moves to the air-liquid interface, where it ignites upon the reaction with
oxygen from air. Given that we did not observe any signature of this reaction during our HER
measurements, we can safely omit such a degradation mechanism. At the same time, our analyses of the
electrodes after HER suggest a partial dissolution of the Feg;NiggP, phase with the signature of the sulfate
and phosphate anions at the surface. This could suggest the following dissolution reactions MP, + H,SO,
+ 2H,0 + 30, = MSQ, + 2H;PO, and MP, + 6KOH + 30, = M(OH), + 2K3P0O, + 2H,0 in acid and
alkaline electrolytes, respectively. Therein, the most likely source of oxygen is the OER taking place at
the graphite counter electrode. Our data also showed that the electrode displays fast corrosion under ADT,
while in the case of the long-term durability testing the electrode demonstrates only moderate corrosion
(Figures 3a cf. 4a and 4c). This is probably due to the accelerated degradation through fast oxidation of
Feg,NiggP> under positive sweeping potentials of the ADT measurement. This also suggests that the
observed higher degree of electrode degradation during ADT in alkaline electrolyte (Figure 3a) is a result
of applying higher positive upper potential during ADT in KOH (260 vs 60 MVgxe).



Notably, there is the possibility that coke deposition could play a role in the loss of electrocatalytic
activity during HER. To corroborate this, we washed out the coke from the tested electrode using acetone,
which was confirmed by SEM, and then tested the electrode again in HER. We found that the electrode
activity was not recovered after coke removal, suggesting a minimal impact of the coke deposition on the
electrode stability.

Thus, the deactivation of Feg,NiggP,/C paper GDL electrode during HER in both type of electrolytes
seems not be due to the peeling off the electrocatalyst from carbon fibers or its poisoning by carbon coke,
but rather a simple corrosion of Feg,NiggP, phase, which occurs via continuous oxidative dissolution
according to the aforementioned reactions under applied positive potential.

In sharp contrast to HER, our characterization of the electrode used in OER shows that Fey,NiggP>
rapidly undergoes complete chemical transformation. The most prominent end product of this
transformation is amorphous Fe-containing nickel(Il) hydroxide, which may form by the reaction MP, +
6KOH + 30, = M(OH), + 2K3P0O, + 2H,0. This amorphous mixed hydroxide can further catalyse OER

and remain active and stable for at least 60 h, which is in good agreement with the reported literature
data.e' 15-16, 35-36

To conclude, the chemical composition of the metal phosphide phase and the corresponding additional
valence band states could be optimized to achieve better stability of the electrocatalyst. Although the
current research does not provide the exact mode of action during the degradation of the Feg,NiggP,/C
paper GDL directly under the reaction conditions, here we describe the first step toward understanding of
the diphosphide phase corrosion during HER/OER. Importantly, this will allow for in situ high pressure
X-ray photoelectron spectroscopy studies that would piece together the chemical composition and
stability of TM phosphide surface species, as well as their activity. This is the subject of our current
efforts.
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