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ABSTRACT
The development of non-precious metal electrocatalysts for polymer-electrolyte membrane (PEM)
water electrolysis is a milestone for the technology, which currently relies on rare and expensive
platinum-group metals. Half-cell measurements have shown iron phosphide materials to be
promising alternative hydrogen evolution electrocatalysts, but their realistic performance in flow-
through devices remains unexplored. To fill this gap, we report herein the activity and durability
of FeP nanocatalyst under application-relevant conditions. Our facile synthesis route proceeds via
impregnation of an iron complex on conductive carbon support followed by phosphorization,
giving rise to highly crystalline nanoparticles with predominantly exposed [010] facets, which
accounts for the high electrocatalytic activity. The performance of FeP gas diffusion electrodes
towards hydrogen evolution was examined under application-relevant conditions in a single cell
PEM water electrolysis at 22 °C. The FeP cathode exhibited a current density of 0.2 A cm ? at
2.06 V, corresponding to a difference of merely 0.07 W cm 2 in power input as compared to state-
of-the-art Pt cathode, while outperforming other non-precious cathodes operated at similar
temperature. Quantitative product analysis of our PEM device excluded the presence of side
reactions and provided strong experimental evidence that our cell operates with 84—100% Faradaic
efficiencies and with 4.1 kWh Nm™ energy consumption. The FeP cathodes exhibited stable
performance of over 100 h at constant operation, while their suitability with the intermittency of
renewable sources was demonstrated upon 36 h operation at variable power inputs. Overall, the
performance as well as our preliminary cost analysis reveal the high potential of FeP for practical

applications.



GRAPHICAL ABSTRACT

Impact of cathode material

1. Introduction

Hydrogen, H», plays an important role in future clean energy technologies as a vector for energy
storage.! In addition to its high specific energy, it is an environmentally friendly zero-emission
fuel with only water as combustion product. Therefore, it is important to develop clean, scalable,
and affordable methods for hydrogen production.? Water electrolysis, 2H,0 = O + 2Ha, is one of
the most attractive ways of producing pure hydrogen. It consists of two half reactions, the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER), which, under acidic
conditions, traditionally rely on platinum- and iridium-based catalysts, respectively.® Platinum-
group metals are, however, expensive and critical raw materials,* and hence their replacement by
inexpensive, efficient catalysts featuring earth-abundant elements is of utmost importance, and has
led to extensive research effort in the area.’

Electrocatalysts based on 3d transition metals (TMs), such as Fe, Co, and Ni, have attracted
significant attention due to their favorable Gibb’s free energy change values, AG, for hydrogen
activation.!® Although metallic TMs feature rather low electrocatalytic activity, stability, and
durability, significant improvements can be made by the introduction of non-metal elements, such

as S, N, B, C, and P. Specifically, transition metal phosphides (TMPs) have emerged as highly



active earth-abundant catalysts towards HER.>*!° In this regard, we have developed facile
synthesis routes for self-supported Ni—P and Al-Ni—P electrocatalysts, which outperformed most
state-of-the-art HER electrocatalysts based on earth-abundant materials.''"!3 In order to reduce the
high TMP mass loading of these electrodes to the order of 1 mg cm~ while maintaining the high
electrocatalytic activity, we developed a Fe—Ni—P catalyst supported on C-paper based on gas
transport phosphorization of a Permalloy precursor.'* The resulting Feo2NiosP2/C paper catalyst
showed excellent electrocatalytic performance towards HER both in acidic and alkaline media. On
the other hand, we recently prepared cubic NiP; cathodes by incorporating nanoparticles into
porous gas diffusion layers, which gave highly promising results in HER under industry-relevant
conditions.!> After optimizing the electrode design in terms of NiP, and binder loading, the NiP;
cathodes were introduced in membrane electrode assemblies (MEAs) and tested in a polymer-
electrolyte membrane (PEM) electrolysis single cell, requiring merely 13% higher overpotentials
than the state-of-the-art Pt/Nafion/IrRuO, assembly.

16-26 since it has shown high

Recently, FeP has gained considerable attention in the literature,
catalytic activity towards HER, even outperforming NiP; in half-cell measurements.?’” However,
its performance under realistic conditions in flow-through PEM water electrolysis remains
unexplored. We report herein a novel, facile, and scalable synthesis of nanocrystalline FeP catalyst,
FeP/C, supported on conductive carbon to enhance the electronic conductivity and dispersion of
the TMP component.?®2° To form a 3D electrode architecture, the FeP/C catalyst was subsequently
introduced onto C-cloth. The resulting gas diffusion electrodes were integrated into MEAs with
Nafion 115 and a commercial [rRuOy anode. A comparison with the few existing examples of non-

precious metal cathodes in application-relevant full-cell PEM water electrolysis reveals that our

FeP cathode outperforms others tested at similar temperatures. In addition, quantitative product



analysis via mass spectrometry provided strong experimental evidence that up to 100% Faradaic
efficiencies can be reached with FeP based PEM water electrolyzers. Finally, in view of practical
applications, the durability of the FeP cathodes was assessed both during 100 h of constant
potentiostatic operation as well as under variable power input during 36 h, proving the excellent

compatibility of our material with the intermittency of renewable energy sources.

2. Materials and Methods

2.1. Synthesis of carbon-supported FeP nanoparticle catalyst

A solution of Fe(acac); in CH2Cla, prepared taking into account the solubility of the iron complex
in CHxCl; of ca. 20 g in 100 mL, was applied to a VULCAN XCmax conductive carbon support
(CABOT) by incipient wetness impregnation, which was performed in consecutive cycles to
achieve a loading of 20 wt% of Fe phase. The pore volume was estimated by Barrett—Joyner—
Halenda (BJH) method to be 1.478 cm® g~!. After each impregnation cycle, the material was dried
at 100 °C for 10 min. The resulting sample was subjected to one-step gas transport phosphorization
under inert atmosphere of argon. Specifically, 0.3 g of 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 diameter = 25 mm), and 0.2 g of the sample was
placed in the hot zone of the furnace next to the P red at a distance of ca. 3 cm. The phosphorization
was conducted under continuous Ar gas flow of 50 mL min~!. The system was heated to 600 °C
at 10 °C min~!, held at 600 °C for 6 h, then cooled to 250 °C at 10 °C min~! and kept at this

temperature for 12 h, followed by natural cooling to room temperature.



2.2. Preparation of gas diffusion electrodes (GDEs)

For the preparation of the FeP-based GDEs, catalyst inks were developed by mixing 5 mg of the
FeP/C catalyst powder, 20 pL Nafion ionomer solution (5% in aliphatic alcohols and water, Sigma
Aldrich), 480 uL ethanol, and 500 puL. water. The ink suspension was sonicated for 45 min and
loaded on C-cloth (GDL-CT, FuelCellsEtc) via air-assisted spray deposition, while the C-cloth
substrate was kept constantly at 60 °C for the evaporation of the solvent. The catalyst loading on
the GDEs was 0.4 mg FeP cm™, while Nafion loading was 20%. A commercial Pt/C GDE

(0.5 mg Pt cm2, FuelCellsEtc) was used as a reference material.

2.3. Half-cell electrochemical measurements (Gaskatel cell)

Electrocatalytic activity towards HER and durability of the FeP GDEs was initially evaluated via
half-cell measurements (FlexCell HZ-PPO1, Gaskatel GmbH) at 22 °C, using 0.5 M H>SO4
saturated with nitrogen as electrolyte. Measurements were performed using a three-electrode
configuration, where the GDE served as the working electrode and a platinum wire as a counter
electrode placed inside the electrolyte chamber. The potentials were measured using a Luggin
capillary with a reversible hydrogen electrode (RHE, Hydroflex, Gaskatel GmbH). Linear sweep
voltammetry (LSV) was performed with 5 mV s~! towards the cathodic direction, while the iR
compensation was calculated based on electrochemical impedance spectroscopy using a Vertex
potentiostat (Ivium Technologies). LSVs were recorded with both fresh and used electrodes. Used
electrodes underwent 1000 consecutive cyclic voltammetry cycles from +50 mV to —300 mV with
50 mV s~! scan rate.

2.4. Fabrication of membrane electrode assemblies and testing in a PEM electrolyzer

For the fabrication of MEAs, the GDEs were attached to commercial half-MEAs of

Nafion 115/IrRuO; (3 mg cm2) purchased from FuelCellsEtc. The MEAs were introduced in an



in-house built PEM electrolysis cell with 5 cm? active area. A Pt—Ti mesh was used for the anode’s
current collection. Water was circulated in both anodic and cathodic chambers at a rate of
10 mL h™! using a peristaltic pump (Masterflex C/L). The PEM water electrolyzer was constantly
kept at 22 °C and its performance was evaluated using a Vertex potentiostat (Ivium Technologies).
The polarization data were recorded by applying constant potentials between 1.2 Vand 2.2 V, with

a stabilization time of 10 min at each step.

2.5. PEM water electrolysis coupled to product analysis by mass spectrometer

To enable product analysis, water was supplied to the anodic compartment of the PEM electrolyzer
with a peristaltic pump (Masterflex, C/L) at 10 mL h™!, while the cathodic compartment was
supplied with ultrapure He (99.999%) passing through a thermostated H>O-containing saturator.
The saturator was kept constantly at 40 °C, while all lines were heated at 70 °C to avoid water
condensation. The effluent of the cathode was analyzed with a Hiden Analytical HPR20
quadrupole mass spectrometer. A Peltier cell was connected prior to the analysis unit to separate
non-condensate water. For the quantification of produced hydrogen, the signal of m/z = 2 was used,

after calibration with certified hydrogen mixtures.

3. Results and Discussion

The straightforward synthesis of our novel FeP catalyst was carried out by incipient wetness
impregnation of iron(IIl) acetylacetonate precursor, chosen due to its low decomposition
temperature of 186 °C,*° on conductive C support followed by gas transport phosphorization (for
details, see Section 2.1.). This approach omits the need of an intermediate iron reduction step to
metal. In addition to good conductivity, anchoring on active C offers the advantage of simple

impregnation procedure and high surface area as compared to our previously used carbon paper.



According to powder X-ray diffraction analysis, the as-synthesized material is orthorhombic FeP
with no evidence of oxides or metallic compounds (Figure S1). An approximate crystallize size of
21 +£2nm was calculated from the Scherrer equation. Inductively coupled plasma—optical
emission spectrometry revealed an iron content of 20 wt % for the material, and specific surface

area of 278 m” ¢! was determined by N> physisorption.

Fek ———— 100 nm

Figure 1. a) HAADF-STEM image of FeP nanoparticles on carbon together with elemental maps
forb) Fe, ¢) P, d) C, and e) their mixture. f, g) Representative TEM images of singular FeP particles

anchored on conductive carbon supporting material.



We then examined the composition of the material by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM; Figure 1). The FeP nanoparticles show
uniform distribution over the carbon support (Figure 1a), as also confirmed by the corresponding
energy-dispersive X-ray spectroscopy (STEM—-EDX) elemental maps of Fe, P, and C (Figures
1b—e), suggesting that the catalyst is single-phase FeP, devoid of secondary phases. EDX analysis
also indicates that the Fe:P ratio is 1:1, which agrees fairly well with the expected sample
composition FeP. TEM imaging reveals that the FeP nanoparticles are well-anchored on the C
support and exhibit various faceted shapes without signs of agglomeration (Figures 1f—g). The
particles are highly crystalline and predominantly expose the [010] facets (Figure 2a,b), as
confirmed by selected area electron diffraction. Notably, we recently demonstrated experimentally
and theoretically that catalytic activity in HER varies for different crystallographic facets of FeP,
with the highest performance shown by the [010] facet.3! The corresponding STEM—EDX maps
of the FeP nanoparticle show the homogeneous distribution of key constituent Fe and P elements
without any segregation or presence of C in the structure, indicating phase-purity of the catalyst
(Figures 2c—g). The mapping data also suggest the formation of a thin amorphous oxidized layer
on the surface of the FeP particles, which is more clearly seen in Figures 2h,i (indicated by arrows).
This layer most likely originates from partial surface oxidation, typical for non-oxide

nanoparticles.



Figure 2. a) Low-magnification and h, i) high-resolution HAADF—STEM images of a FeP
nanoparticle along b) [010] zone axis together with the corresponding STEM—EDX element maps

for c¢) Fe, d) P, e) O, f) C, and g) their mixture. j) In the overlaid structural image, Fe is shown as

large orange spheres, while P is shown as small yellow spheres.

For the preparation of the gas diffusion electrodes, the FeP/C catalyst was formulated as an ink in
ethanol containing Nafion ionomer as binder. After sonication, the ink was deposited onto

commercial C-cloth substrates by air-assisted spray deposition at 60 °C. The resulting electrodes
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showed FeP loading of 0.4 mg cm™ and 20% dry Nafion loading. Initial investigation of the HER
activity and stability of FeP/C gas diffusion electrodes was carried out via half-cell measurements
in aqueous acidic 0.5 M H>SOy4 electrolyte (Figure 3a). The obtained results were compared to
those of a commercial Pt/C-cloth electrode (0.5 mg cm~2). To drive cathodic current density of
10 mA cm 2, a potential (5710) of =197 mV was required with FeP/C as compared to —19 mV with
Pt. Tafel slopes of =57 mV dec™! and b =29 mV dec! were obtained with FeP/C and Pt,
respectively (Figure 3b). The performance of our FeP/C electrode compares well with reported
TMP-based gas diffusion electrodes at similar catalyst loadings (Table S1). We then probed the
stability of our FeP/C electrode by continuous cyclic voltammetry sweeps for 1000 cycles from
+50 to —300 mV applied potential vs reversible hydrogen electrode (RHE). Figure 3a shows the
LSV of the used FeP/C electrode, where only a 20 mV drop was observed compared to the fresh
sample, indicating high durability of our electrode. These half-cell measurements served merely
as a screening tool, with our ultimate goal being the activity and stability assessment of our FeP
catalyst under realistic conditions. Notably, Pt dissolution from the counter electrode could lead to
misleading catalytic activity assessment in half-cell measurements.’? We therefore investigated the
performance of the FeP cathodes under full-cell measurements in flow-through conditions using a

carefully designed experimental protocol.
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Figure 3. a) Water splitting performance of as-prepared and used (after 1000 CV cycles) FeP on
C cloth (mass loading = 0.4 mg cm2) together with commercial Pt on C-cloth as control
(0.5 mg cm?) toward HER in aqueous 0.5 M H,SOys electrolyte. b) Tafel plots extracted from a),

related to the HER performance of FeP- and Pt-based C-cloth electrodes in 0.5 M H2SOa.

Although many studies exist on identifying promising electrocatalysts towards HER of earth-
abundant elements using half-cell measurements, reports on industrially relevant full-cell PEM
water electrolysis are scarce.® On the other hand, testing emerging electrocatalysts in full-cell
configurations is of great practical importance, since deviations can be expected from half-cell
measurements, where mass and ion transfer phenomena are less complex. The few reports on the
integration of Pt-free HER electrocatalysts into full-cell PEM water electrolysis devices have
mainly dealt with transition metal sulfides.®**~*’ Implementation of TMPs into MEAs for full-cell
testing has so far been realized only for NiP,!® and CoP,*! showing promising results.

To test our FeP-based cathodes in PEM water electrolyzers, MEAs were developed by attaching
them to commercial half-cells of Nafion 115 membrane electrolyte and IrRuO, anode. For
comparison, MEAs comprising a state-of-the-art Pt cathode were also measured. The MEAs were

operated during water electrolysis at 1 bar and 22 °C and the onset potential is 0.1 V higher for

12



FeP as compared to the Pt cathode (Figure 4a). A current density of 0.2 A cm™? is achieved at
2.06 V with the FeP cathode vs 1.71 V with Pt, corresponding to a difference of only 0.07 W cm
in power input.

Taking into account typical lifetimes of industrial water electrolyzers of 10,000 h** and based on
the current electricity prices in the European Union, a country-dependent operational expenditure
of 0.04-0.12 € cm ? is required to cover the additional power demands of FeP compared to Pt
cathodes. However, this cost is lower than what would be saved in capital expenditure, which
accounts for 0.15 € cm2 (for details on cost analysis, see the SI). Since the performance of the FeP
cathode can be further improved upon optimization of the electrode features and architecture, the
electricity cost has the potential to be further reduced, overall suggesting that FeP holds great
promise for practical applications.

When comparing the performance of the few reported PEM water electrolyzers with Pt-free
cathodes (Figure 4b), our FeP-based cathode outperforms those tested at similar operating
conditions. However, such comparisons are not straightforward since various parameters, such as
anode and cathode catalyst loading and Nafion membrane thickness, can affect the overall cell
performance. Details on the conditions, catalyst loadings, and performance are provided in
Table S2. At 2 V, the highest current densities have been reached at elevated temperatures:
1.1 A cm™ with MoP** (3 mg cm2 at 80 °C) and 0.72 A cm~2 with both Nio.64C00360xS0.25>° and
Cuos 7Mo63*° (90 °C). At a lower temperature of 50 °C and pressure of 27.6 bar, CoP* (1 mg cm™2)
gave a current density of 0.88 A cm~2. When comparing results obtained near room temperature,
our FeP cathode outperforms the reported catalysts by achieving double the current density to that
obtained with NiP,!'> and MoS,** (0.08 and 0.06 A cm™2, respectively) at 20% of the catalyst

loading, highlighting the promising activity of our HER catalyst.
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Figure 4. a) Polarization curves during PEM water electrolysis at 22 °C with [rRuO, anode, Nafion

115, and cathodes based on FeP and Pt. b) Comparison of performance of various PEM water
electrolyzers with Pt-free cathodes under 2 V operation. For details of the conditions, see Table

S2.

As recently pointed out by Kibsgaard and Chorkendorff,> when applying Pt-free electrocatalysts
in water electrolyzers, it is of high importance to measure the actual amount of gases produced
instead of solely reporting the associated currents. To confirm that the currents we observed
correspond to water electrolysis and not to a side reaction, such as change of Fe oxidation state
and concomitant phosphine production,' we carried out quantitative product analysis on a
quadrupole mass spectrometer. To facilitate these experiments, certified ultrapure He was supplied
to the cathode side, serving as carrier gas for the produced Ha. Product analysis was carried out by
stepping the current from 50 to 300 mA. We found PEM water electrolyzers with the FeP cathode
to operate with Faradaic efficiencies between 84% and 100% (Figure 5). At 300 mA, an efficiency

of 67.7% was achieved based on the lower heating values of Hz, while the energy consumption of
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4.1 kWh Nm~™ of produced H» was achieved (for the calculation, see the SI), which compares well

to reported values with MoS, cathode.**
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Figure 5. Actual H> production rate, based on quantitative product analysis with mass
spectrometry (solid black line) and theoretical H, production rate, based on Faraday’s law (dashed
grey line), upon consecutive steps of current application. The inset shows the Faradaic efficiencies
as a function of applied current. Data obtained during PEM water electrolysis at 22 °C with [rRuOx

anode, Nafion 115, and FeP cathode.

The durability of Pt-free cathodes under operation in PEM water electrolysis for operating times
of >100 h under constant polarization has so far only been demonstrated for MoS,,* FeS;,*® and
CoP.** However, the durability under varying power input remains to be addressed despite its
significance to simulate compatibility with intermittent renewable energy sources. Our results
show that FeP cathode features excellent stability when tested upon continuous electrolysis under
constant polarization at 2 V for 100 h (Figure 6a), and also upon consecutive 4 h steps of shut-

down (1.4 V) and switch-on (2.0 V; Figure 6b).
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Figure 6. a) Current density during constant polarization at 2 V for 100 h. b) Durability test by
consecutive 4 h steps of shut-down (1.4V) and switch-on (2.0 V). MEA consists of

FeP/Nafion 115/IrRuOQ; and is operated during PEM water electrolysis at 22 °C.

4. Conclusions

In summary, we have prepared a novel highly crystalline FeP nanocatalyst supported on C through
a facile impregnation and phosphorization method. Our crystals feature predominantly exposed
[010] facets, accounting for the high activity of the catalyst in hydrogen evolution reaction. We
evaluated the FeP cathodes for the first time under application-relevant conditions in a PEM water
electrolysis single cell, where our catalyst outperformed other non-precious metal cathodes tested
during PEM water electrolysis at similar conditions. Via quantitative product analysis, we
provided strong experimental evidence that a PEM water electrolyzer containing the FeP cathode
can operate with 84—-100% Faradaic efficiencies and with 4.1 kWh Nm~ energy consumption.
Finally, excellent durability of our FeP-based electrolyzer was observed upon 100 h operation at
2 V. In relation to coupling PEM water electrolysis to intermittent renewable energy sources,
durability of our cell was also investigated upon consecutive switch-on and shut-down cycles for

the overall duration of 36 h, showing the suitability of our cathode for renewable energy-driven
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H> generation. The performance together with our preliminary cost analysis showed the FeP

nanocatalyst to have high potential for practical application.
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