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mplex to FeP nanoparticles as
efficient electrocatalysts for water-splitting†

Shenglai Yao, ‡a Viktoria Forstner,‡a Prashanth W. Menezes, ‡a

Chakadola Panda, ‡a Stefan Mebs,b Eva M. Zolnhofer,c Matthias E. Miehlich,c

Tibor Szilvási,d Nanjundan Ashok Kumar, e Michael Haumann,b Karsten Meyer, *c

Hansjörg Grützmacher *f and Matthias Driess *a

In large-scale, hydrogen production from water-splitting represents the most promising solution for

a clean, recyclable, and low-cost energy source. The realization of viable technological solutions

requires suitable efficient electrochemical catalysts with low overpotentials and long-term stability for

both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) based on cheap and

nontoxic materials. Herein, we present a unique molecular approach to monodispersed, ultra-small, and

superiorly active iron phosphide (FeP) electrocatalysts for bifunctional OER, HER, and overall water-

splitting. They result from transformation of a molecular iron phosphide precursor, containing a [Fe2P3]

core with mixed-valence FeIIFeIII sites bridged by an asymmetric cyclo-P(2+1)
3� ligand. The as-

synthesized FeP nanoparticles act as long-lasting electrocatalysts for OER and HER with low

overpotential and high current densities that render them one of the best-performing electrocatalysts

hitherto known. The fabricated alkaline electrolyzer delivered low cell voltage with durability over weeks,

representing an attractive catalyst for large-scale water-splitting technologies.
Introduction

The demand for a clean, recyclable, and low-cost energy
source has never been greater in this modern civilization.
Hydrogen generated from water-splitting using carbon-
neutral solar energy represents the most promising and
attractive solution to meet the future global demand.1 During
the last decade, signicant progress has been made in devel-
oping efficient electrochemical catalysts for water-splitting
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reactions.2–5 However, to increase the efficiency of water elec-
trolysis it is highly desirable to reduce the large overpotentials
for both half reactions – hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). Although numerous
catalysts for either OER (e.g., oxides,6 hydroxides,6 perov-
skites,7,8 nitrides,9 borides,10 chalcogenides11,12 and phos-
phates13) or HER (e.g. nitrides,14 chalcogenides,11,15 borides,10

carbides16 and phosphides17) have been developed, currently,
the most effective state-of-the-art catalysts for electrolysis of
water contain noble metals, such as platinum, iridium, and
ruthenium, which are expensive and scarce.18,19 This denes
a central scientic goal in this area.6 The development of
cheaper bifunctional HER and OER electrocatalysts with
enhanced catalytic activity and long-term stability in
a common electrolyte still remains a challenge.20 Most of the
unifunctional catalysts deliver lower efficiency for overall
water-splitting when paired as anode and cathode in the same
electrolyte.21,22 In this regard, various materials based on rst-
row transition-metals have been explored for bifunctional
OER and HER, and show promising catalytic properties when
the oxidized and reduced form possess adaptable redox
properties.12,23,24

Among the most promising classes of compounds con-
taining non-precious metals, the phosphides of iron, cobalt,
and nickel have gained particular interest in the last couple of
years.11,17,24–27 They exhibit remarkable catalytic performances
both for OER and HER because of their particular electronic
This journal is © The Royal Society of Chemistry 2018
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structures as a result of redox-active metal and phosphorous
sites with variable metal-to-phosphorus ratios.24,26–28 However,
the synthesis of such phosphides usually involves high pres-
sure and high temperature solid-state or solid–gas reactions
that lead to a random distribution of relatively large particles
with low catalytic activity.26,28 An alternate approach, that
processes a single source molecular precursor (containing
both M and P) in to multi-functional inorganic material (MPx),
in solution/gas phase is highly promising because atomic level
control over the stoichiometry, nanostructure, elemental
dispersion, and surface structure in the nal solid can be
predictably enforced.29,30 Generally this approach enables the
preparation of small nano-sized particles with narrow size
distribution and high homogeneity. Moreover, the preexis-
tence of M–P bonds would signicantly lower the activation
barrier such that syntheses can be achieved at relatively low
temperature. Although a few molecular approaches to produce
metal phosphides are known,31,32 using a single source
molecular precursor, containing all the desired elements (e.g.
both M and P) is rare.33 Schaidle and co-workers have reported
on making various mono dispersed transition metal phos-
phides starting from triphenyl phosphine coordinated metal
complexes where the phosphine served as the source of P in the
nal solid.33 We envisioned for the preparation of a suitable
molecular precursor with isolated Pn cluster directly linked to
the metal center for the synthesis of small FenPm nanoparticles
at low temperature. Potentially suitable precursors for metal
phosphides, including iron, are molecular polyphosphide
complexes, which have been prepared from white phosphorus
(P4) as a phosphorous source.34–37 Recently, the phosphaethy-
nolate (OCP)� anion has emerged as a masked anionic phos-
phorus transfer reagent for the preparation of p-, d-, and f-
block metal compounds.38–44 Herein, we report the reaction of
Na(OCP) with the chlorido-b-diketiminato iron(II) complex 1,
which furnishes the diiron triphosphide complex 2, featuring
a mixed-valence FeIIP3Fe

III core and asymmetric cyclo-P(2+1)
ligand (Scheme 1). In fact, 2 serves as a low-temperature
precursor for monodisperse ultra-small FeP nanoparticles
that act as long-lasting bifunctional electrocatalysts for water-
splitting with low overpotentials and high current densities
representing them one of the versatile electrocatalysts for the
future energy conversion.
Scheme 1 Synthesis of molecular precursor 2 and its reactivity.

This journal is © The Royal Society of Chemistry 2018
Results and discussion
Synthesis and characterisation of a molecular triphosphido
diiron precursor

Treatment of Na(OCP) with chlorido-b-diketiminato iron–
lithium complex [LHFeCl2Li(thf)2] 1 (ref. 36) (LH ¼
CH(CHNDipp)2, Dipp ¼ 2,6-iPr2C6H3) at room temperature
leads to [(LHFe)2(m-h

3:h3-P3)] 2 in 52% yield, along with
[LHFe(CO)3] and [LHFe(CO)2]45 (Scheme 1). Compound 2 has
been isolated and fully characterized, including high-resolution
ESI-mass spectrometry, 1H-NMR spectroscopy, and single-
crystal X-ray crystallography.

It crystallizes in the monoclinic space group C2/c (Fig. 1) and
contains an Fe2P3 core with a distorted trigonal-bipyramidal
geometry. The cyclo-P3 ligand is equally disordered over two
orientations that are related to each other by an inversion
centre. Notably, the P–P distances in 2 are different: the P1–P20

bond of 2.193(2) Å is signicantly shorter than the other two
(P1–P30 2.310(2) Å and P20–P30 2.299(2) Å). The former is very
close to the P–P bond distances found in [Fe2(m-h

4:h4-P4)]
(2.178(1)–2.207(1) Å) and the latter two are longer than those in
[Fe4(m4-h

2:h2:h2:h2-P8)] (2.1991(8)–2.2813(7) Å) supported by b-
diketiminato ligands.37 Cyclo-P3 iron complexes are rare and, to
the best of our knowledge, only two examples have been
described: [(Cp*Fe)3{(h

3-P3)Fe}P6] (Cp* ¼ C5(Me)5)46 and the
bimetallic triple-decker complex [{(triphos)Co}(m,h3:3-cyclo-P3)
{Fe(triphos)}](PF6)2 with the tripodal triphosphine ligands MeC-
(CH2PPh2)3 and MeC(CH2PEt2)3.47

Complex 2 is paramagnetic in solution, as shown by 1H NMR
spectroscopy (Fig. S1†). The effective magnetic moment (meff) of
a microcrystalline solid sample, measured with a SQUID
magnetometer, is temperature-dependent (Fig. 2), and deter-
mined to be 3.07 Bohr magneton (mB) at 300 K. The magnetic
moment continuously decreases with decreasing temperature,
plateaus at approx. 80 K with a value of 2.12 mB, and further
decreases below 20 K to reach 1.86 mB at 2 K; thus, revealing
a doublet electronic ground state for 2 at low temperatures. This
ground state is the result of an antiferromagnetically coupled,
mixed-valence FeII/FeIII high-spin system, in which the
Fig. 1 Molecular structure of 2. Hydrogen atoms are omitted for
clarity. The P3 moiety is equally disordered over two orientations, only
one set is depicted. Symmetry transformations used to generate
equivalent atoms with (0): �x + 1/2, �y + 3/2, �z + 1. Right: Selected
interatomic distances in the Fe2P3 core (Å, DFT calculated values in
blue).

Chem. Sci., 2018, 9, 8590–8597 | 8591
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Fig. 2 Variable-temperature SQUID magnetization data of two inde-
pendently synthesized batches of 2, recorded between 2 and 300 K,
with an applied field of 1 T. The red line represents the best fit obtained
with parameters: S1¼ 2.5, S2¼ 2.0, g1¼ 2.00, g2¼ 2.17, J¼�110 cm�1

with H ¼ �2JS1S2, and qw ¼ �0.52.

Fig. 4 Zero-field 57Fe Mössbauer spectrum of a microcrystalline
sample of 2, recorded at 77 K. The solid line (shown in black) represents
the best fit obtained with parameters: d ¼ 0.48(1) mm s�1, DEQ ¼
1.29(1) mm s�1 (GFWHM,1 ¼ 0.53(1) mm s�1, GFWHM,2 ¼ 0.42(1) mm s�1,
FWHM ¼ full width at half maximum). The asymmetric doublet was
fitted with two quadrupole lines of Lorentzian shape and different
linewidths (GFWHM,1/2) but equal integrated area.
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magnetic exchange coupling constant (J) has been determined
to be �110 cm�1 (in the exchange Hamiltonian �2JS1S2 with S1
¼ 2.5, and S2 ¼ 2.0).

The CW X-band EPR spectrum, recorded in frozen toluene
solutions at 7 K, shows a rhombic signal with effective g-values
cantered at g1 ¼ 2.17, g2 ¼ 2.07, g3 ¼ 1.98, and hyperne
coupling to three equivalent 31P nuclei (A(31P) with nuclear spin
I ¼ 1/2, 100% nat. abundance: A1 ¼ 51.3, A2 ¼ 77.9, A3 ¼ 56.4
MHz) (Fig. 3), supporting the Stot¼ 1/2 ground state, in line with
the SQUID magnetization data. Moreover, the zero-eld 57Fe
Mössbauer spectrum of 2, recorded on a solid sample at 77 K,
exhibits a single, asymmetric quadrupole doublet with an
isomer shi (d) of 0.48(1) mm s�1 and a quadrupole splitting
(DEQ) of 1.29(1) mm s�1 (Fig. 4). This indicates that the valence
states and electronic structures of the two iron sites in 2 are
identical on the time scale of the Mössbauer measurement (ca.
10�7 s) at 77 K; ultimately suggesting a delocalized, mixed-
Fig. 3 CW X-band EPR spectrum of 2 at 7 K with different concen-
trations (blue and green trace), and its simulation (red trace), see ESI†
for details.

8592 | Chem. Sci., 2018, 9, 8590–8597
valence FeIIFeIII system with a bridging [P3]
3� ligand. Related

FeIIFeIII complexes with ((m-h2:h2-P2)2)
4� and (m-S)2

4� ligands
and delocalized electronic structures were reported by us
recently.36,48

The cyclic voltammogram of 2 shows several features
(Fig. S6†), of which the reversible redox-wave centered at E1/2 ¼
�1.74 V (vs. Fc/Fc+) is attributed to the one-electron redox event
FeIIIFeII/FeIIFeII. Synthetically, reduction of 2 with KC8 affords 3
in 86% yields as dark green crystals (Scheme 1). Complex 3
crystallized as separated ion pair and the molecular structure of
the anion in crystals of [3]$THF is very similar to that of 2 dis-
cussed above (Fig. S5†). The 57Fe Mössbauer spectrum of a solid
sample of 3, recorded at 77 K in zero-eld, displays a doublet
with an isomer shi of 0.50(1) mm s�1 and a quadrupole
splitting of 2.28(1) mm s�1 (Fig. S10b†), indicating the presence
of only high-spin FeII sites. The presence of impurities of 2 in
the sample could not be avoided; presumably, due to the high
sensibility of 3, which is easily oxidized back to 2. In order to
purify 3, cation exchange using nBu4NCl led to the formation of
4 as dark green crystals, isolated in 60% yields (Scheme 1). The
57Fe Mössbauer spectrum exhibits a doublet for 4 (d ¼
0.48(1) mm s�1, DEQ ¼ 2.24(1) mm s�1), within the error margin
alike to 3 (Fig. 5). The nearly unchanged isomer shis in 2 and
3/4 indicate that the unpaired electron in 2 mostly resides on
the bridging P3 moiety.

To further characterize the electronic structures of 2 and 3,
X-ray absorption spectroscopy (XAS) was employed on powders
of 2 and 3 (Fig. S12–S14†). EXAFS (Extended X-ray Absorption
Fine Structure) measurements at the Fe K-edge at 20 K reveal
overall similar bond lengths in 2 and 3 compared to those ob-
tained from single crystal XRD analysis. The XANES (X-ray
Absorption Near Edge Structure) study reveals an FeIIFeII core
in 3. The negligible edge energy increase in 2 indicates that
relatively few electron density is abstracted from the iron
centres upon oxidation of 3, suggesting a merely ligand-centred
oxidation, as conrmed by Density Functional Theory
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Zero-field 57Fe Mössbauer spectrum of a microcrystalline
sample of 4, recorded at 77 K. The solid black line represents the best
fit with parameters for themain component 4 (91% integrated area, red
line) d ¼ 0.48(1) mm s�1, DEQ ¼ 2.24(1) mm s�1 (GFWHM ¼ 0.33 mm s�1)
and a minor unidentified impurity (9%, blue line) with d ¼ 0.43(1) mm
s�1, DEQ ¼ 0.81(1) mm s�1 (GFWHM ¼ 0.30 mm s�1).

Fig. 6 (a) The crystal structure of FeP crystallizing in the orthorhombic
space group Pna21 (shown along [100]; the unit cell is shown in red). (b)
TEM image displaying homogenously distributed nanoparticles of 2–
5 nm in size. (c), HR-TEM image with d-spacing of 0.18 and 0.24 nm (in
the inset) corresponding to (211) and (111) planes. (d) SAED pattern
exhibiting characteristic rings confirming the phase-purity of FeP
(JCPDS 71-2262).
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calculations (Fig. S14–S19 and Tables S6–S10†), and in agree-
ment with the Mössbauer isomer shis (d (2) ¼ 0.48(1), d (3) ¼
0.50(1) mm s�1, d (4) ¼ 0.48(1) mm s�1).

DFT-optimized structures of 2 and 3 reveal similar overall
bond lengths as found by crystallography and EXAFS. While
the iron sites in symmetric 3 are almost equal, signicant
bond length differences are seen at the formal FeIII and FeII

centres in the asymmetric complex 2. The X-ray pre-edge
absorption differences in 2 vs. 3 were satisfactorily repro-
duced by TDDFT calculations on the geometry-optimized
structures, showing that the electronic structures are
adequately modelled with TPSSh/TZVP theory. Thus, the pre-
edge features could be attributed to underlying electronic
excitations, which show that the spectral differences in 2 vs. 3
are mainly due to changes of transition energies and oscillator
strengths, in response to the bond lengths change, at the
formal FeIII centre in 2.

Unrestricted Hartree–Fock corresponding orbitals (UCO),
spin density (SD), charge (QCM5), Mayer bond order (MBO),
atoms-in-molecules (AIM), and non-covalent interactions indi-
cator (NCI) analyses provide a detailed picture of the spin and
charge distribution and bonding interactions in the
compounds. The analysis reveals that the oxidation of 3 is
a ligand-centered process but some charge redistribution at the
iron centres and one more positively charged (formally FeIII) ion
is observed in 2. Remarkably, an asymmetric P1+2 ligation
model is preferred over a symmetric P3 ligation model in both, 2
and 3, and spin polarisation and signicant spin density at the
special P atom is seen in 2. Considerable electron delocalization
around the [FeP3Fe]-core is observed in both complexes and
stabilization of the structures by additional non-covalent
interactions. Altogether, the data suggest that 3 is
a symmetric FeIIFeII complex, but 2, in agreement with the
magnetization study (vide supra), corresponds to an asymmetric
FeIIIFeII complex with antiferromagnetic coupling of the iron
ions to yield a total spin Stot ¼ 1/2 system (likely prevailing
under the XAS conditions at 20 K).
This journal is © The Royal Society of Chemistry 2018
Synthesis, characterization, and catalytic reactivity of FeP
electrocatalyst

Encouraged by our previous results on iron chalcogenides,12 we
investigated the suitability of 2 to act as a low-temperature
molecular precursor to form a nano-sized iron phosphide
particle electrocatalyst. Accordingly, we transformed 2 under
hot injection conditions in oleylamine (CH3(CH2)7CH]

CH(CH2)7CH2NH2) to attain iron phosphide (FeP) materials.
Although several phases exist in the phase diagram of iron
phosphide (Fe3P, Fe2P, FeP2, and FeP), we anticipated that the
thermolytic cleavage of 2 furnishes thermodynamically
preferred FeP nanoparticles due to the favorable cohesive
energy and formation enthalpy of FeP within the Fe–P phase
diagram.49 The latter consists of a crystalline phase as shown by
powder X-ray diffraction (PXRD) analysis (Fig. S20†) and broad
reections indicate the presence of small nanocrystallites.

The as-synthesized FeP crystallizes in the orthorhombic
space group Pna21 and the crystal packing along [100] is shown
(Fig. 6a).50 The transmission electron microscopy (TEM) and
high-resolution (HR) TEM revealed homogenously distributed
nanoparticles of 2–5 nm in size and the corresponding lattice
spacing (JCPDS 71-2262) and characteristic rings evidencing the
phase-purity of FeP (Fig. 6b–d and S22†). The chemical
composition was conrmed by means of energy dispersive X-ray
(EDX) analysis, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), and X-ray photoelectron spectroscopy
(XPS) (Fig. S23 and Table S11†). In addition, SEM image and
EDX mapping performed on the FeP nanoparticles displayed
the homogenous distribution of iron and phosphorous
Chem. Sci., 2018, 9, 8590–8597 | 8593
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(Fig. S21†). The XPS spectra of Fe 2p and P 2p matched perfectly
with the literature-reported examples of FeP (Fig. S24†).

The as-synthesized FeP was deposited electrophoretically on
a 3D porous and conductive nickel foam (NF) substrate that
directly served as anode or cathode. The catalytic OER and HER
were measured in alkaline 1 M KOH solution. Fig. 7a shows the
linear sweep voltammogram (LSV) of FeP for OER at a sweep
rate of 1 mV s�1. At a current density of 10 mA (cm)�2 (Fig. 7b),
an overpotential of 227 mV is obtained for FeP that is excep-
tionally lower in comparison to commercial noble metal-based
catalysts (IrO2, RuO2, Pt) (Table S12†). While cycling between 1.2
to 1.4 V (vs. RHE), a reversible redox event, corresponding to
Fe(OH)2 + OH� / FeOOH + H2O + e� centered at 1.34 V was
observed; thus, suggesting surface oxidation of Fe to a higher
valence state. This observation has been well-documented for
Fe-based OER catalysts (Fig. S25†).

To examine the kinetics of OER, Tafel plots were drawn and
the Tafel slope was determined to be 54 mV dec�1. This is
signicantly smaller compared to noble-based (RuO2 and IrO2)
catalysts, implying fast reaction kinetics of FeP (Fig. S26†). The
obtained Tafel slope value of 54mV dec�1 indicates that the rst
adsorption of H2O followed by a proton-coupled electron
transfer steps to form a Fe–OHads on the surface could be the
rate-determining step to furnish a O–O bond.51,52 The electro-
chemical active surface area (ECSA) of FeP was evaluated from
electrochemical double-layer capacitance (Cdl) and the calcu-
lated Cdl was 1.01 mF cm�2.53,54 The Cdl was converted into ECSA
using the specic capacitance of the material per unit area, and
a value of 0.6 cm2 was estimated that provides information on
the catalytic active sites favoring the efficient adsorption and
transfer of reactants to enhance the electrochemical reaction.55

The electrochemical impedance spectroscopy (EIS) was per-
formed to examine the electron transfer ability of FeP. As shown
in the Nyquist plot (Fig. S28c and d†), the FeP possesses a much
smaller semicircle that conrms the superior electron
Fig. 7 (a) OER (c) HER polarisation curves of FeP and the benchmark
noble metal-based catalysts recorded on NF with a three-electrode
configuration in aqueous 1 M KOH electrolyte with a sweep rate of
1 mV s�1. (b) OER (d) HER overpotential comparison of FeP at various
(10, 50 and 100 mA (cm)�2) current densities.

8594 | Chem. Sci., 2018, 9, 8590–8597
conductivity. In analogy to OER catalysis, we have also exam-
ined the HER activity (Fig. 7c). An overpotential of 166 mV at
a current density of �10 mA (cm)�2 was measured, which is
lower than those obtained for many other noble-based catalysts,
although slightly higher than that of a Pt wire (Fig. 7d; Table
S13†). A Tafel slope of 97 mV (dec)�1 was acquired for HER
(Fig. S29†). Overall, the OER and HER overpotentials acquired
with nanocrystalline FeP from 2 are among the lowest values in
comparison to best-performing OER and HER catalysts (Tables
S12 and S13†). Apart from the high catalytic activity, remarkable
long-term chronoamperometric stabilities were also assessed at
a potential of 1.46 and �0.16 V (vs. RHE) over 15 h for OER and
HER, respectively (Fig. S27 and S30†).

To reveal the active structures of the FeP material during
each half reaction of OER and HER, the catalysts were further
examined by post operando microscopic and spectroscopic
techniques. Under OER conditions, the TEM and HER-TEM
images showed destruction of FeP particles with formation of
amorphous material under electrochemical and strongly alka-
line conditions, which could be attributed to the loss of a large
amount of phosphorus (as detected from ICP-AES and EDX) and
simultaneous oxidation of Fe starting from the surface of the
FeP particles forming Fe(OH)2/FeOOH phases with defects and
disorders (Fig. S25, S31 and S33†). This phenomenon has been
previously described in the literature for rst-row transition
metal-based materials investigated for OER catalysis.12 Regard-
less, the core of the particle retained its crystallinity with
respective lattice planes and a weakly diffracted SAED revealed
rings corresponding to FeP. On the contrary to OER, under HER
conditions, FeP was found to be purely crystalline with clear
lattice spacing and rings as observed in TEM, HR-TEM, and
SAED, without losing signicant amounts of phosphorous from
the surface under strongly alkaline conditions (Fig. S32†). The
ICP-AES analysis conrmed loss of P during OER of �45%,
whereas only �3% of P was lost during HER. However, the
leaching of Fe in both OER and HER was negligible (<1%). The
surface of the thin lms during OER was analyzed by high-
resolution XPS. During OER conditions, the Fe 2p3/2 peak at
707 eV and Fe 2p1/2 peak at 719.9 eV – corresponding to the Fed+

(of as-synthesized FeP) – disappeared, forming broad new peaks
at 710.7 and 724.9 eV that can be ascribed to the existence of
Fe3+. Except for two new shoulders at 710 (2p3/2) and 721.5 eV
(2p1/2), which can be attributed to Fe2+ due to surface oxidation
in strongly alkaline conditions (Fig. 8a), the XPS spectra Fe 2p
almost remained unchanged under HER conditions; thus,
demonstrating the stability of the Fed+ phase. In the P 2p XPS
spectra of lms studied aer OER, peaks responsible for Pd�/P0

were detected at 129 and 130 eV and the peak at 133.4 eV are
assigned exclusively to P5+ species, which suggests the forma-
tion of phosphates at the surface (Fig. 8b). However, no such
oxidation of P occurred under HER conditions (Fig. 8). The O 1s
spectra of lms studied aer OER displayed a broad peak,
centered at 530.8 eV, that was assigned to oxygen in OH groups,
indicating that the surface of the material is strongly hydrox-
ylated. However, the material obtained under HER conditions
produced a dominant peak at 529.9 eV, which is attributed to
metal–oxygen bonds of FeOx (Fig. S34†). Furthermore, the
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) Fe 2p and (b) P 2p XPS spectra of as-synthesized FeP and
after the electrochemical OER and HER treatment. The respective
oxidation states of both Co and P are represented in dashed lines (see
main text).

Fig. 9 LSV curves of water electrolysis for FePkFeP on NF as anode
and cathode in a two-electrode cell (sweep rate 1 mV s�1) and (inset)
the stability tests of corresponding electrolysis at an applied bias of
1.6 V maintaining the current of 10 mA (cm)�2 over a period of 14 days.
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Fourier transform infrared (FT-IR) spectra exhibited broad
bands (�3200 cm�1) aer OER that are characteristic of
hydroxyl groups, and such bands were absent in lms aer HER
(Fig. S35†).

The superior catalytic OER performance of FeP materials can
be attributed to (i) the rational design of a molecular triphos-
phido diiron precursor 2 to form ultra-small and monodisperse
FeP nanocrystals with catalytically active surfaces, (ii) under
oxidative electrochemical conditions and in strongly alkaline
environments, signicant amount of phosphorous leaches from
the FeP nanoparticles there by forming defect-structures with
anionic vacancies, and (iii) subsequent ‘corrosion’ of particles
at the surface that forms an Fe-rich amorphous shell, consisting
of Fe(OH)2/FeOOH species that promote the O–O bond forma-
tion to release dioxygen.

For hydrogenase and its analogues, it has been proven that
the hydride acceptor has a partial positive charge, whereas the
proton receptor is negatively charged, and these sites act as the
vital active sites to catalyze HER.56 Therefore, we hypothesize, in
FeP, the more electronegative P atoms can withdraw electron
density from the Fe by acting as a base to trap protons, whereas
Fe can behave as a hydride acceptor. In addition, the metallic
character of FeP enhances the charge transfer from the active
catalyst surface to the electrode substrate to execute efficient
electrocatalytic OER and HER process.

As the electrochemical results revealed superior bifunctional
catalytic activities for OER and HER, we assembled an overall
electrocatalytic water-splitting device in alkaline media.
Notably, the FePkFeP on NF afforded a low cell voltage of only
1.59 V at a current density of 10 mA (cm)�2 with vigorous bubble
formation at the anode and cathode (Fig. 9). One of the most
attractive features of the FeP material is its unceasing dura-
bility, as manifested by chronoamperometry that demonstrated
unperturbed performance over a two-week period (Fig. 9 and
S36†). The evolved gases (O2 and H2) from electrolysis of water
were estimated by gas chromatography and correlated to the
observed current densities such that nearly 100% faradic effi-
ciency (Table S14†) was achieved for each half-cell reaction
(OER and HER). Additionally, an inverted electrochemical cell
(graduated) was employed to collect the evolved H2 and O2

separately at atmospheric pressure (see ESI, Fig. S37 and S38†).
The ratio of H2 evolved with respect to that of O2 was found to be
This journal is © The Royal Society of Chemistry 2018
2 : 1 that clearly signies the efficient selectivity for each half-
cell reactions. The electrocatalytic overall activity and dura-
bility presented here are among the best reported to date57 and
demonstrate the advantage of the molecular precursor concept
in designing high-performance catalysts.
Conclusions

In summary, starting from sodium phosphaethynolate and the
chlorido-b-diketiminato iron(II) complex 1, the rst triphos-
phido diiron complex [(LHFe)2(m-h

3:h3-P3)] 2, with its mixed-
valence FeIIFeIII core and bridging asymmetric cyclo-P(2+1)
ligand, has been synthesized and fully characterized. The
molecular compound 2 proved to be a superior and convenient
precursor to furnish monodispersed, ultra-small FeP nano-
particles at low temperature that show very efficient bifunc-
tional electrochemical OER and HER and long-term stable
activities in terms of overpotential and current density. More-
over, an overall water-splitting device was assembled by using
the FeP electrocatalytic material as both anode and cathode that
require a cell voltage of only 1.59 V to attain a current density of
10 mA (cm)�2. This study demonstrates the high potential and
striking advantage of the molecular precursor concept over
‘classical’ high-temperature solid state synthesis for the design
of high-performance (electro)catalysts.
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formed the Mössbauer, SQUID, and EPR measurements and
analyzed the data. S. M. and M. H. performed the XAFS
Chem. Sci., 2018, 9, 8590–8597 | 8595

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc03407a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 1

39
7.

 D
ow

nl
oa

de
d 

on
 2

0/
10

/1
40

4 
05

:1
3:

22
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
measurement and analyzed the EXAFS and XANES data.
S. M., M. H. and T. S. performed DFT simulations. The paper
was co-written by S. Y., P. W. M., C. P., M. D., M. H., K. M. and H.
G. The research was supervised by M. D., K. M., and H. G. All
authors discussed the results and commented on the
manuscript.
Conflicts of interest

There are no conicts of interest.
Acknowledgements

We are grateful to the Deutsche Forschungsgemeinscha
(Cluster of Excellence UniCat, EXC 314-2), the Swiss National
Science Foundation (H. G., 2-77230-15), the Friedrich-
Alexander-University Erlangen-Nürnberg (FAU), and the ETH
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