#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

A soft molecular 2Fe—2As precursor approach to
the synthesis of hanostructured FeAs for efficient
electrocatalytic water oxidationf

i ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 11834

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Rodrigo Beltran-Suito,1? Viktoria Forstner,? J. Niklas Hausmann,? Stefan Mebs,”
Johannes Schmidt,© Ivelina Zaharieva,” Konstantin Laun,® Ingo Ze%er,@d

Holger Dau, ©*® Prashanth W. Menezes & *2 and Matthias Driess & *

An unprecedented molecular 2Fe—2As precursor complex was synthesized and transformed under soft
reaction conditions to produce an active and long-term stable nanocrystalline FeAs material for
electrocatalytic water oxidation in alkaline media. The 2Fe2As-centred B-diketiminato complex, having
an unusual planar Fe,As, core structure, results from the salt-metathesis reaction of the corresponding
B-diketiminato Fe''Cl complex and the AsCO™ (arsaethynolate) anion as the monoanionic As™ source.
The as-prepared FeAs phase produced from the precursor has been electrophoretically deposited on
conductive electrode substrates and shown to act as a electro(pre)catalyst for the oxygen evolution
reaction (OER). The deposited FeAs undergoes corrosion under the severe anodic alkaline conditions
which causes extensive dissolution of As into the electrolyte forming finally an active two-line ferrihydrite

phase (Fe,Oz(H,0),). Importantly, the dissolved As in the electrolyte can be fully recaptured (electro-
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a new and facile entry to unexplored nanostructured transition-metal arsenides and their utilization for
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Introduction

The search for alternative energies is one of the most important
concerns of the 21° century due to fossil fuel depletion on one
side and climate change issues majorly attributed to CO,
emission on the other side.' Amongst the most frequently
proposed ways, the most efficient is the oxidation of hydrogen
in fuel cells. Hydrogen is a very promising alternative fuel
source because of its high energy density and the generation of
only carbon-free products (H,O) during the oxidation process.>
However, current hydrogen production is mainly based on the
reforming, ie combustion of hydrocarbons, due to low
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production costs and yet sufficient availability of hydrocarbon
sources.> Another common way to generate hydrogen is the
electrolysis of water, where H,O is split into hydrogen (H,) and
oxygen (O,) in the hydrogen evolution (HER) and oxygen
evolution reactions (OER), respectively.* The electrocatalytic
generation of H, from water is an effective approach but
requires extra energy. This extra energy is expressed in terms of
overpotential (), which is the potential beyond the thermody-
namic requirement to break water. It is related to processes that
limit the water-splitting reaction such as kinetic hindrances
originating from the four sequential proton-coupled electron
transfer steps in the OER,” ohmic voltage loss,® and other
factors related to the device and electrolyte characteristics.”
Therefore, continuous efforts must be made to design and
develop suitable and sustainable OER electrocatalysts that
entail minimum overpotentials.

In this context, non-noble metal-based materials have
recently sparked an immense interest in the OER owing to their
low cost, abundance, and environment-friendly properties.
Additionally, their OER activities are comparable to those of the
state-of-the-art electrocatalysts such as RuO, and IrO,.* Among
them, transition metal (TM) oxides and oxyhydroxides,® phos-
phates,’ borophosphates,” phosphites,” intermetallics,*
chalcogenides,'*** and pnictides'**®* have lately been used for
the OER, HER and overall water splitting. The latter, notably
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nitrides and phosphides, have been explored extensively due to
their high electroconductivity and greater resistance to harsh
electrolyte environments, i.e. under strongly acidic or alkaline
conditions, which are used during electrocatalytic water split-
ting." It has been shown that TM pnictides, in most cases,
undergo severe transformation under OER conditions forming
thermodynamically  stable layered oxide/oxyhydroxide
species.”*? The transformation occurs either only at the
surface of the electrocatalyst forming a core-shell structure or
completely throughout the bulk resulting in defect rich and
high surface area TM oxides/oxyhydroxides, whereas arsenates
have been reported as stable constituents of a Co-based OER
catalyst material.>* TM arsenide electrocatalysts, the heavier
congeners, are relatively unknown for the OER except for
a recent publication from Schuhmann and co-workers* where
the high-temperature derived NiAs solid phase was used as an
electrocatalyst for an alkaline OER with moderate performance.
However, insights on the active structure of arsenide materials
remain still unexplored and the structural and functional role of
arsenic to catalyse the OER is thus meaningful to evaluate.?®
As most of the microcrystalline TM arsenides are prepared
through high-temperature solid-state approaches, it is highly
desirable to discover new synthetic strategies that could
produce nanostructured arsenides with a larger surface area
and distinct morphology. In this context, an effective pathway to
synthesize independently amorphous and crystalline nano-
structured materials has emerged in the last few years that
utilizes the low-temperature decomposition of molecular
single-source precursors (SSPs).>>**** Molecular systems enable
the adjustment of defined transition-metal to heteroatom ratios
of the desired material by manipulation of the synthetic
conditions, which is hardly achievable by conventional solid-
state, hydrothermal and solvothermal strategies. We have
previously isolated several well-defined molecular complexes,
containing TM chalcogenide or pnictide cluster cores stabilized
by B-diketiminato ligands (L = CH(CRNATr), with R = alkyl and
Ar = aryl) and some of them have been used as SSPs for catalytic
water-splitting applications.?**** Strikingly, molecular T™M
arsenide structures are less common and have seldom been
examined in detail for their suitability in material synthesis,
possibly due to their laborious synthetic routes and toxicity.
Nevertheless, TM arsenides are useful reference systems for
learning about structure-reactivity relationships of TM pnic-
tides towards their utilization in solid-phase energy applica-
tions. Among TM arsenides, iron arsenide (FeAs) based
materials have attracted much attention and have been studied
extensively for their unconventional superconductivity.**~
Similarly, FeAs has recently been utilized as a promising anode
for Li-ion batteries,*® however, its potential application in elec-
trocatalytic water-splitting is currently unexplored due to
concerns about toxicity and possible derived contamination.
However, pros for the investigation of TM arsenides as OER
electro(pre)catalysts have recently been noted in the literature.?®
Encouraged by the potential suitability of FeAs in the elec-
trocatalytic OER we focused on the following research ques-
tions: (1) could one establish a rational approach to the
synthesis of monodisperse and ultra-small FeAs nanostructures
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from a molecular precursor with an Fe : As ratio of 1: 1? (2) Is
molecularly derived FeAs from (1) suitable for the OER and if so
how does its catalytic activity compare to benchmark reference
materials? (3) What is the active structure of the FeAs electro(-
pre)catalyst during OER catalysis? (4) What are the future
opportunities of FeAs nanostructures? To answer (1), we
designed a molecular B-diketiminato-stabilized 2Fe-2As cluster
complex, which turned out to be a suitable precursor for the
synthesis of nanostructured FeAs. To our delight, the electro-
phoretically deposited FeAs on conductive substrates displays
superior activity for the OER under alkaline conditions
compared to the “Fe-only” reference materials FFOOH, Fe(OH);
and Fe,O3, respectively, with the same mass loading. State-of-
the-art ex situ characterization techniques, as well as quasi in
situ XAS, reveal that the FeAs is merely a precatalyst and
transforms rapidly under the alkaline OER conditions by
complete loss of As into the electrolyte solution to form an
catalytically active two-line ferrihydrite phase, a high-surface-
area and low-crystalline semiconducting hydrous ferric oxy-
hydroxide mineral, which has not been yet reported in the
literature as an electro(pre)catalyst or as a product of the
transformation of Fe-based materials during alkaline OER
electrocatalysis.***® Furthermore, the dissolved As has been
successfully recovered from the electrolyte at the counter elec-
trode (CE) to circumvent any environmental contamination and
harmful effects. Our investigation provides a facile access to
nanocrystalline FeAs, which opens the door to new applications
of the material in magnetism, superconductors, super-
capacitors, and photocatalytic hydrogen evolution.*»** Addi-
tionally, the soft molecular precursor approach could be
expanded to prepare other nanostructured materials containing
TMs and non-metals, and to study their structural and elec-
tronic transformation with respect to the OER under alkaline
conditions.

Results and discussion

Access to molecular arsenido iron complexes and iron arsenic
clusters

Since the first reports on coordinatively stabilized, substituent-
free As, (arsenido) ligands by Dahl in 1969," several TM arse-
nide clusters have been synthesized using yellow arsenic (As,) or
AsX; (X = Cl, H) as sources.** Stable and robust As-carrying
molecules could also be employed as suitable As sources. The
facile synthesis and isolation of stable and robust arsaethyno-
late anion (AsCO™) containing compounds were first reported
by Goicoechea and co-workers*® and later, we reported the facile
one-pot synthesis of the [Na(OCAs)(dioxane),] salt.** The AsCO™
anion has been shown to react towards electrophiles and to
form highly reactive arsinidenes through spontaneous or pho-
tocatalytic CO release. Thus, it serves as a building block
towards new heterocyclic compounds, diarsenes, and terminal
pnictides.****%* The reactivity of this anion towards p-diketimi-
nato stabilized Fe-complexes is yet to be explored. Conse-
quently, the preparation of Fe-As cluster containing molecules
is of great interest as they could serve as molecular precursors
for materials synthesis.

Chem. Sci., 2020, 1, 11834-11842 | 11835
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Synthesis and characterization of the 2Fe-2As single-source
precursor (SSP)

Treatment of the B-diketiminato ligated chlorido iron(i) L®FeCl
1 (L® = CH(C'BUNDipp),, Dipp = 2,6-'Pr,C¢H;) with one molar
equivalent of NaOCAs- (dioxane), ; at room temperature affords
the novel dinuclear arsenido iron complex L°FeAs,FeL® 2 in
40% yield according to Scheme 1. Compound 2 was isolated and
characterized by elemental analysis, "H NMR and IR spectros-
copy, and a single-crystal X-ray diffraction analysis (see Fig. S1,
S2 and Table S17).

Complex 2 crystallizes in the monoclinic space group P2,/n
(Fig. 1) as an FeAs dimer with two co-crystallized toluene
molecules in the unit cell. The 2Fe-2As core is symmetrical,
with Fe-As distances (2.4023(4) A and 2.4087(4) A) in the
common range of Fe-As single bonds.”* Strikingly, unlike
other 2M-2E complexes (M = metal, E = P, As), the iron arse-
nide cluster core in 2 has not a butterfly-like structure.***” The
geometry around the iron atoms is tetrahedral instead, gener-
ating a planar 2Fe-2As unit. Such a cluster core structure is
unprecedented in pnictido transition-metal chemistry. With
2.3447(5) A, the As-As bond in 2 is significantly longer than
expected for an As-As double bond (2.23 A) in butterfly-like
M,As, complexes.***® Contrary to other butterfly-like 2M-2E
systems (E = P, As), complex 2 is paramagnetic in solutions as

Bu  Dipp 1eq By Dipp Dipp  fBu
N, NaOC/ = (dioxane), 4 N, N
C Fe-Cl 1, C Fe<i| >Fé‘ )
N’ toluene, 5 h, rt N’ N
\ \
BY Dipp -Naci B Dipp Dipp  Bu
1 Dipp: 2,6-PrCeHs 2

Scheme 1 Synthesis of molecular precursor 2.

Fig. 1 Molecular structure of 2. Ellipsoids are set at 50% probability;
hydrogen atoms and co-crystallized toluene have been omitted for
clarity. One of the 'Pr groups in the ligand is disordered over two
positions, and hence only one configuration is shown. Selected bond
lengths [A] and angles [°]: As1-Asl' 2.3447(5), Fel-Asl 2.4023(4), Fel—
Asl' 2.4087(4), Fel-N1 2.0085(18), Fel-N2 2.0096(18), Fel---Fell
4.201, N1-Fel-N2 95.95(7), As1-Fe1-As1' 60.9969(13), and Fel-Asl—
Fel' 121.664(12). Symmetry operation for (i): —x + 1, —y + 1, —z + 1
(crystal data and structure refinement are shown in Tables S1-S4+).
CCDC 1989143 contains the supplementary crystallographic data for
this paper.t
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shown by "H NMR spectroscopy (see Fig. S17). The experimental
shifts are very similar to those from the chlorido iron(u)
precursor 1, but the IR spectrum of 2 (see Fig. S2t) shows an
irrefutable change in the absorption pattern.

Synthesis and characterization of FeAs

The hot injection of precursor 2 at 250 °C in oleylamine yielded
a black powder. Powder X-ray diffraction (PXRD) analysis of the
latter revealed reflections corresponding to crystalline FeAs (JCPDS
76-458) (see Fig. S3at). The solid-state crystal structure of FeAs
belongs to the MnP structure type (orthorhombic, Pnma (62) space
group, a = 5.442 A and ¢ = 3.3727 A) (see Fig. $3bt).”*° The unit
cell of FeAs comprises 4Fe and 4As atoms. Each Fe atom is octa-
hedrally coordinated to six near As atoms, and each As atom is
surrounded by six near Fe atoms in a trigonal prismatic configu-
ration. Both coordination polyhedra are far from their regular
shapes, leading to a distorted structure.”® Transmission electron
microscopy (TEM) showed crystallites of ~10 nm in size (Fig. 2a
and $41) and high-resolution TEM (HR-TEM) unveils crystalline
fringes associated with a lattice spacing of 0.258 + 0.013 nm
corresponding to the (111) plane of the FeAs phase (Fig. 2b).
Moreover, in the Fourier transform (FT) of the HR-TEM images,
the lattice spacings of 0.255 £ 0.004 and 0.199 £+ 0.001 nm were
identified and were consistent with the (111) and (211) crystallo-
graphic planes of FeAs (see Fig. S5T). In addition, the selected area
electron diffraction (SAED) pattern (Fig. 2c) displayed diffraction
rings representative of the nanocrystalline FeAs phase and was in
agreement with the PXRD. Scanning electron microscopy (SEM)
revealed that the solid was composed of agglomerated particles

(b) d-025820.013 nm
|} Feas iy
.7 * s

(111)

”

211
GOSN - 41)
2 1/nm (311) (122)

Fig. 2 (a) TEM image of agglomerated FeAs nanoparticles of ~10 nm
diameter, (b) HR-TEM image displaying crystalline fringes with an
interlayer distance of 0.258 + 0.013 nm corresponding to the FeAs
(111) crystalline plane, (c) SAED pattern with diffraction rings matching
the planes of the FeAs phase (JCPDS 76-458) (see Fig. S3at), and (d)
SEM image showing agglomerated particles of FeAs and EDX mapping
of homogenously distributed (e) Fe and (f) As.

This journal is © The Royal Society of Chemistry 2020
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(Fig. 2d and S67). Elemental mapping by energy-dispersive X-ray
spectroscopy (EDX) exhibited a homogenous distribution of Fe
and As (Fig. 2e, f, S7 and S87). The phase identity and composition
were also confirmed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) and EDX (see Table S5%), obtaining
a ratio of Fe : As of ~1 : 1. Elemental analysis revealed the pres-
ence of a negligible amount of organic impurities (see Table S67),
derived from the decomposition of the B-diketiminato ligand into
unidentified organic species or remaining solvent.”® The Raman
active bands obtained within the (resonance) Raman spectro-
scopic investigations were also consistent with those reported in
the literature for FeAs crystals (see Fig. S97).% X-ray photoelectron
spectroscopy (XPS) was performed to gain information on chem-
ical composition and electronic states. The deconvoluted Fe 2p, As
3d and O 1s XPS spectra of as-prepared FeAs are shown in
Fig. S107. The low binding energy peaks in the Fe 2p are related to
Fe®* in FeAs (2ps), 705.9 eV and 2p;,, 719.0 eV).* The remaining
higher binding energy peaks are associated with Fe in higher
oxidation states (Fe>*/Fe®"), caused by surface passivation (2ps,
709.8 eV and 2p,,, 723.1 eV for Fe**; and 2p;), 711.5 eV and 2p;,
725.3 €V for Fe*') (see Fig. $10a1).> The As 3d spectrum shows
a low binding energy peak related to As’~ in FeAs (40.4 V), and
a smaller peak associated with As®" in As,O; (43.2 €V), a conse-
quence of surface passivation (see Fig. S10b¥).*® Finally, the O 1s
XPS deconvoluted spectrum (see Fig. S10ct) reveals only peaks
derived from air exposure: Fe-O (529.4 eV)*® and As-O (530.6
eV).*** The peaks at higher binding energy (531.8 and 534.7 eV)
are associated with hydroxylation and adsorbed water on the
surface.®

Electrocatalytic characterization and OER performance

The as-prepared material was electrophoretically deposited on 1
x 1 cm® nickel foam (NF) with a sample loading of 1 & 0.1 mg
ecm > The characterization of the films (FeAs/NF) proved that
the identity of the material was maintained during the deposi-
tion (see Fig. S11-S137). NF has been considered as an attractive
electrode material because of its low cost, high conductivity,
large electro-active surface area, mechanical stability, and good
corrosion resistance.”* As the oxides, hydroxides, and oxy-
hydroxides are expected to be the transformation products
under the oxidative alkaline conditions,***® we synthesized
reference Fe(OH);, FeOOH and Fe,O; materials (see Fig. S14-
S167), deposited them on NF (1 mg cm™ %) and compared their
activity to that of FeAs (preparation details in the Experimental
section, ESIt). Continuous cyclic voltammetry (CV) experiments
in 1 M KOH electrolyte were done first to activate the samples
(Fig. S171). Once the electrodes were activated, the electro-
catalytic activity towards the OER of the deposited FeAs films
was evaluated by recording linear sweep voltammetry (LSV)
curves. An overpotential of n = 252 4+ 3 mV (10 mA cm™?) was
obtained for crystalline FeAs/NF, which was superior to those of
Fe(OH)3/NF (110 ma = 275 & 2 mV), FEOOH/NF (11 ma = 283 + 2
mV), and Fe,O3/NF (719 ma = 312 £ 4 mV) (Fig. 3a). The
contribution of NF to the activity was proved to be insignificant
as the bare NF achieved a high overpotential of 719 ma = 480 +
5 mV (Fig. 3a) and continuous deactivation and minimum

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) LSV (5 mV s7Y) of FeAs and Fe-based reference materials

loaded on NF (1 mg cm™2) and bare NF, (b) Tafel slopes obtained from
LSV of materials deposited on NF (1 mV s73), (c) Nyquist plot con-
structed from the EIS experiment at 1.51 V vs. RHE, and (d) 24 h CP
measurement of FeAs/NF and Fe-based reference materials.

current density (<12 mA cm™?) during 10 h chronoamperometry
(see Fig. S1871). The FeAs/NF showed an overpotential of 301 +
3 mV at 100 mA cm ™ (Fig. 3a).

Electrocatalytic kinetics were studied by constructing Tafel
plots (Fig. 3b) that originated from LSVs with a scan rate of 1 mV
s~ 1. FeAs achieved the lowest Tafel slope of 32 + 1 mV dec *
compared to the other prepared materials, indicating more
favorable reaction kinetics.”” Electrochemical impedance spec-
troscopy (EIS) experiments were performed to evaluate the
electron transfer efficiency under OER conditions.®® The
selected potential for EIS (E = 1.51 V) provides considerable
catalytic activity (>10 mA cm?) for all the materials.® Fig. 3c
shows the smallest charge transfer resistance (R.) across the
electrolyte/electrode interface for FeAs compared to the refer-
ence Fe materials (for a detailed discussion see Fig. S19 and
Table S77). The lower overpotential observed for FeAs with
respect to the examined Fe reference materials is also in
accordance with the lower Tafel slope and smaller R . A long-
term chronopotentiometry (CP) measurement at 10 mA cm >
was conducted for 24 h to investigate the electrochemical
stability, which showed an almost constant overpotential of 265
+ 8 mV, which is lower than that of the Fe-based reference
materials (Fig. 3d) and bare NF (see Fig. S18t). CP at higher
current density (100 mA cm?) also revealed a stable over-
potential of 7190 ma = 330 £ 6 mV for 24 h (Fig. S207). The
contribution of remaining carbon to the activity is minimal, as
observed by low activity observed with films of the B-diketimi-
nato ligand (Fig. S217). A faradaic efficiency of >95% for the OER
was calculated by quantifying the evolved O, by gas chroma-
tography (GC) during electrolysis at a constant current of 50 and
100 mA cm ™ using FeAs/NF as the anode and Pt as the cathode
in a closed cell system (see Table S8 and Fig. S227).

The electrochemical double-layer capacitance (Cq) was
determined by performing continuous CV experiments with
different scan rates in a potential range where no apparent

Chem. Sci., 2020, 11, 1834-11842 | 11837
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faradaic process occurred (see Fig. S23t1).° The difference in
cathodic and anodic current was plotted versus the scan rate,
from which the value of Cy was obtained (see Fig. S24t). The
electrochemically active surface area (ECSA) is directly propor-
tional to the Cg;. The C4; was 0.218 £ 0.004 mF cm ™2 before the
electrocatalytic testing and increased ~3 times up to 0.629 =+
0.006 mF cm 2 after the CP testing. This change under OER
conditions is possibly related to a structural transformation of
the FeAs precatalyst to an active structure with more iron sites
exposed to the electrolyte by losing most of its As into the elec-
trolyte, and such a phenomenon has already been well demon-
strated for non-oxidic based materials.”®”* The overpotential of
the prepared FeAs/NF is among the best for iron-based electro-
catalysts (see Table S91) and it is also even 100 mV less than that
of the NiAs, the only example of TM arsenides ever reported for
the OER (110 ma = 360 mV).?’

The films were deposited on a fluorinated tin oxide (FTO)
substrate. The deposited FeAs films on FTO were also charac-
terized, in which the chemical character of FeAs remained (see
Fig. $25-S31%). In order to have a fair comparison, Fe(OH),,
FeOOH, and Fe,0; were also deposited on FTO with the same
mass loading. Similarly, the materials were activated by per-
forming continuous CV (see Fig. S327), followed by measuring
the electrocatalytic activity by LSV (see Fig. S33t). The over-
potential of the FeAs/FTO was only = 395 + 6 mV (10 mA cm ™ 2),
which is substantially lower than those of Fe(OH);/FTO (577 + 3
mvV), FeOOH/FTO (609 + 5 mV) and Fe,0,/FTO (639 + 5 mV).

The observed trend in activity is the same as in the NF
deposited films, confirming the superior -electrochemical
performance of FeAs. To verify the effect of mass loading on the
OER activity of FeAs, the electrodeposition time was varied,
accomplishing different activities (see Table S10, Fig. S34 and
$35%). Similar experiments were conducted with Fe(OH)s, the
most active Fe-based catalyst among the reference materials (see
Table S11, Fig. S36 and S377). The polarization curves show that
the best OER activity was achieved with a loading of 0.4 mg cm >
and 2.4 mg cm ™2 for FeAs/FTO and Fe(OH),/FTO, respectively.

A similar activity trend in Tafel slopes and R results was
also observed (see Fig. S38, S39 and Table S127). The improved
electrocatalytic performance of FeAs among the Fe-based cata-
lysts was investigated by ex situ four-point probe resistivity
measurements of the films (see Table S1371). The as-deposited
FeAs/FTO shows the lowest resistivity, in contrast with the
~10” to 10 times higher resistivity of the Fe-based reference
materials, indicating much slower reaction electron transfer. It
should be noted, however, that the ex situ conductivity
measurements are not necessarily able to predict the electron
transport abilities of materials under OER conditions.” Long-
term CP at 10 mA cm > of the FeAs/FTO displayed good
stability for 10 h with a slight increase in the overpotential (n =
380 + 6 mV), in contrast to the Fe-based reference materials (see
Fig. S401).

A redox feature before 1.4 V vs. RHE appeared in the LSVs of
the materials deposited on NF (Fig. 3a), but not on FTO (see
Fig. S327). We initially suspected the formation of Ni-FeOOH,
which is a benchmark material for the OER.” However,
a comparison of the evolution of the redox peak through the CV
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of FeAs/NF and bare NF (Fig. S41 and S42}) showed no differ-
ence in the peak position and the achieved current. Several
investigations have reported that Fe incorporation in Ni-
FeOOH generates an anodic shift to higher potentials and
a decrease in the current achieved by the peak.”*”> Therefore, we
ruled out the formation and contribution of Ni-FeOOH in the
electrocatalytic activity. The observed redox peak can only be
associated with redox processes occurring on the NF surface
(Ni**/Ni*"). Similar behavior has been observed before for other
materials deposited and/or derived from NF.”*””

Post-catalytic characterization

A deep understanding of the structural transformations occurring
during catalysis and the origin of the activity was achieved by post-
catalytic characterization. The long term CP on FeAs/NF achieved
a stable overpotential after ca. 2 h. SEM-EDX performed at this
point revealed an almost complete loss of the As, which resulted
ina1:0.06 + 0.01 ratio of Fe : As (see Fig. $43 and S447). Similar
experiments after the first CV cycle showed an initial loss of As
(1:0.91 £ 0.02 ratio of Fe: As, see Fig. S45 and S467), which
confirmed that the complete transformation of the FeAs does not
occur with the first CV scan. Consequently, thorough character-
ization was done after 24 h CP OER (hereafter “after OER”) to
ensure the full transformation of the material. PXRD of the film
(see Fig. S471) showed reflections/peaks associated with the
crystalline FTO substrate (cassiterite, SnO,, JCPDS 41-1445). No
peaks related to remaining FeAs or oxidized arsenic phases were
found in the diffraction pattern. SEM showed a possible loss of
film material into the electrolyte due to exposure of the FTO
substrate (see Fig. S481). The remaining film was composed of
agglomerated particles after OER. Elemental mapping and EDX
results revealed an almost complete depletion of As, resulting in
a 1:0.05 + 0.01 ratio of Fe : As (see Fig. S49 and S507). Similar
results were obtained for the films deposited on NF (see Fig. S51-
S53t). The loss of the non-metal in solution is a common
phenomenon and has been observed before for transition metal
chalcogenides and TMP.**** Moreover, the high solubility of As
under oxidizing and alkaline conditions also contributes to its
dissolution into the electrolyte.” Since a high concentration of As
is undesirable due to negative effects on humans and animals,”
and the environment,* the loss of As was quantitatively deter-
mined by ICP-AES (see Table S14+). Although a complete loss of As
from FeAs was achieved in 24 h of OER (from EDX), surprisingly,
the electrolyte showed only 6.3 £ 0.4% As content of the initial As
amount deposited on the film. Puzzled with the results, we closely
examined the used Pt CE after OER catalysis that exhibited the
deposition of the dark film (see Fig. S541). As strong arsenic
adsorption on Pt electrodes under alkaline electrochemical
conditions is already known in the literature,* we performed SEM
and EDX mapping investigations of the black film which
confirmed the presence of As at the CE (see Fig. S55t). Conse-
quently, we learned that by replacing the Pt CE with higher surface
area CEs (NF, graphite rod), it was possible to recover ~100% of
dissolved As from the electrolyte in its elemental form. The
replacement of the Pt CE by a graphitic carbon rod produced no
change in the overpotential (see Fig. S56f) because the

This journal is © The Royal Society of Chemistry 2020
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interactions of As with Pt and carbon electrodes are mechanisti-
cally similar under alkaline anodic conditions.?**®

More structural insights on the FeAs electrode gathered by
TEM. HR-TEM (Fig. 4a) revealed the formation of crystalline
nanodomains with an interlayer distance of 0.25 £ 0.01 nm. The
SAED pattern (Fig. 4a, inset) did not show any diffraction rings
related to the initial FeAs, instead, two broad diffraction rings at
a distance of 0.15 £ 0.01 nm and 0.25 &+ 0.01 nm corresponding
to the (115) and (110) planes of 2-line ferrihydrite were
observed.*****> Fast Fourier transforms (FFT) (see Fig. S57at) on
the nanostructures confirmed a lattice spacing of 0.25 nm (110)
which is in agreement with the obtained SAED pattern. TEM-
EDX (see Fig. S57bt) showed that only 1.73% of As is left after
OER, revealing an almost complete transformation of the FeAs
to an oxidized phase. In order to ascertain the identity of the
product after OER, FTIR and (resonance) Raman spectroscopies
were performed. Both spectroscopic methods confirmed the
presence of 2-line ferrihydrite and ruled out other iron (oxy)
hydroxide species.’”***” The IR spectrum after OER (see
Fig. S58t) showed a broad absorption band at 3168 cm™*,
attributed to OH stretching vibrations,* while the bands at
1531 cm ™, 1345 ecm ! and 885 cm ™' were assigned to Fe-O
stretching and Fe-OH bending vibrations, respectively.*****° In
the (resonance) Raman spectrum taken after OER characteristic
bands at 700 cm ™, 510 cm ™' and 360 cm " related to 2-line
ferrihydrite were detected (see Fig. S597).57°°2

Quasi in situ XAS was carried out to gather further informa-
tion on the structure and the electronic state of Fe and As
during the OER. Post catalytic investigations revealed signifi-
cant structural and electronic changes suggesting the oxidation
and conversion of FeAs to Fe*'O,H,. The Fe X-ray absorption
near-edge (XANES) spectra (Fig. 5a) disclosed a change in edge
shape and position. The initial half-edge-position for the FeAs
powder is close to the one of Fe metal foil, indicating the
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Fig. 4 (a) HR-TEM of the FeAs electro(pre)catalyst after OER forming
a nanostructure with a lattice spacing of ~0.25 nm (110). The SAED (a,
inset) displayed two broad diffraction rings indicative of 2-line ferri-
hydrite (see Fig. S57at). The XPS spectra of the FeAs compared to FeAs
after OER for (b) Fe 2p, (c) As 3d and (d) O 1s.
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metallic character of the prepared material. After the OER, the
edge position and shape come closer to those observed for a-
FeOOH, which reveals complete oxidation of the Fe atoms in the
FeAs to Fe*'. This is consistent with the proposed trans-
formation of the FeAs to the 2-line ferrihydrite under alkaline
oxidative conditions. Moreover, the edge-energy position of the
As-XANES (Fig. 5b) shifts to higher energy during the OER,
suggesting an increase in the oxidation state of As, as evidenced
by XPS (see Fig. S607). Besides, the very low raw intensities of
the As spectrum confirm that most of the As leaves the structure
during the OER (see Fig. S617), which is in agreement with the
ICP-AES, EDX and XPS results.

The Fourier transform (FT) of the Fe-EXAFS spectra (Fig. 5c,
for k*>-weighted x spectra of Fe, see Fig. S62at) of the as-
synthesized FeAs showed a low populated Fe-O shell at 2.05
A, indicating minor contamination with oxidation products due
to contact with air. Moreover, the most intense peak at 2.45 A
corresponds to the average Fe-As distance of the distorted
octahedrally coordinated Fe, while the minor peaks match to
the other Fe-As and Fe-Fe distances on the same structural
motif (see Fig. S621). A similar conclusion can be drawn from
the As-EXAFS spectra (k*-weighted x spectra of As are shown in
Fig. S62bt) for the As-As and As-Fe distances on the FeAs
powder. A small contribution of As-O at (1.76 A) was also
observed, which could be derived from surface oxidation. A
detailed analysis of all shells revealed that the EXAFS distances
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Fig. 5 (a) Fe K-edge XANES spectra of metallic Fe and a-Fe**OOH
reference compounds as well as FeAs powder and FeAs after OER, (b)
As K-edge XANES spectra of FeAs powder and FeAs after OER, (c) Fe-
and (d) As-EXAFS spectra of FeAs powder and FeAs after OER (Fe- and
As-EXAFS spectra in k-space are shown in Fig. S627). Structural motifs
of FeAs and 2-line ferrinydrite are included. Blue, yellow and red
spheres represent Fe, As and O atoms, respectively. On the top of (c)
and (d), FeAsg octahedron and the trigonal prismatic AsFeg polyhedron
are shown next to the most intense peaks. Low-intensity peaks are
related to longer Fe—Fe, As—As and Fe—As distances of two edge-
sharing or corner-sharing FeAsg octahedra. At the bottom of (c), the
FeOg octahedron and the Fe—Fe distance arising from two edge-
sharing octahedra in the 2-line ferrihydrite structure are shown.
Detailed bond distances and assigns are described in Fig. S63, S64 and
Tables S15-S17.

Chem. Sci., 2020, 1, 11834-11842 | 11839


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04384b

Open Access Article. Published on 07 October 2020. Downloaded on 3/7/2026 3:19:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

are in agreement with the crystallographic data of FeAs for the
Fe-As, Fe-Fe and As-As bond distances (see Tables S15 and
S16,T Rexars VS. Rxgrp values and Fig. S631).

Quasi in situ OER EXAFS taken by freeze quenching at
a current density of 10 mA cm™? (6 h) confirmed the complete
transformation of the material. The Fe-EXAFS spectrum could
be fitted with the expected 2-line ferrihydrite, revealing an
almost perfect agreement in the interatomic distances
compared to the crystallographic data (see Table S17,T Rgxars
vs. Rxrp values). No peaks related to Fe-Fe or Fe-O bond
distances from FeAs before catalysis could be observed in the
in situ FT-Fe-EXAFS, in accordance with the complete trans-
formation of the FeAs during the OER. The in situ FT Fe-EXAFS
was dominated by two intense peaks. The first one corre-
sponds to the nearest oxygen neighbors (O, OH or OH,) (see
Fig. S64at).”” The second peak was broad and a result of two
Fe-Fe coordination shells. The first shell with a radius of 3.02
A can be ascribed to the Fe-Fe distance of edge-sharing FeO,
octahedra (see Fig. S64bt). The second shell of this peak with
a radius of 3.45 A is between two bent corner-sharing FeOgq
octahedra (see Fig. S64b and ct).>>**"°* We note here that this
distance was also related to tetrahedral FeO, units in other
ferrihydrites. In such cases, a more pronounced pre-edge
feature at 7113.5 eV could be observed.”® In the case of the
FeAs OER film, the pre-edge feature was even less pronounced
than in crystalline a-FeOOH, which contains no tetrahedral
units. Therefore, we consider that the FeAs OER film was
exclusively comprised of edge and corner-sharing FeOg octa-
hedra as connective elements. The As-EXAFS spectrum
(Fig. 5d) showed the absence of the Fe-As bonds and their
oxidation towards the As-O bond (1.70 A), indicating that the
minor amount of remaining As is present as AsO, as a separate
phase without Fe bonding.

Therefore, the post-catalysis characterization results can
satisfactorily explain the differences in activity between the
formed two-line ferrihydrite and the Fe-based reference
materials. First, the semiconductor nature of the two-line
ferrihydrite®®*® contributes to the high OER electrocatalytic
activity, in contrast to the non-conducting FeO,H, phases.**"'*?
Second, it is also possible that the in situ formation of the new
phase may induce some defective edges/sites which could
behave as active centers during catalysis, which would explain
its higher OER activity.'**"'°® Additionally, the surface of 2-line
ferrihydrite is enriched with tetrahedrally coordinated Fe**
atoms, that can serve as active sites for the OER.>**' Finally,
the high activity of the 2-line ferrihydrite is related to its
extremely high surface area,’*® as revealed by the increment
in the Cyq; during the OER.

Conclusions

In summary, the first p-diketiminato 2Fe-2As cluster complex with
a planar Fe,As, core has been synthesized and structurally char-
acterized and utilized as an SSP to access a monodisperse and
nanocrystalline FeAs phase which is indeed unachievable by
common solid-state approaches. The electrophoretically deposited
FeAs films have been examined for the OER in strongly oxidizing
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alkaline media which exhibited a remarkable catalytic activity,
a small Tafel slope, superior long-term stability, and low resistivity
compared to the other state-of-the-art Fe-based reference elec-
trodes. Under OER conditions, an electroconversion of the FeAs
electro(pre)catalyst to the two-line ferrihydrite occurs as a result of
the oxidation mediated dissolution of the As into the electrolyte, as
proven by numerous advanced ex situ analytical methods as well as
in situ XAS. The complete loss of As and subsequent trans-
formation of the initial FeAs into a two-line ferrihydrite phase
enhanced the electrocatalytic surface area tremendously. This
transformation was demonstrated to be a crucial factor in accel-
erating the OER reaction, as well as its semiconducting nature,
defective edges/sites, and the presence of surface tetrahedral
coordinated Fe*" atoms, which could behave as active centers for
catalysis. Most notably, the dissolved As from the FeAs electrode
has been successfully recovered at the cathode/counter electrode
making the whole process sustainable and energy-efficient. Our
study provides fundamental insights on FeAs as a precatalyst for
an efficient OER, where the practical implication of using FeAs for
water electrolysis, however, will depend on the surface area of the
cathode for enabling arsenic deposition in combination with
a suitable type of membrane that allows migration of arsenate
anions. Besides, this work presents a facile design and develop-
ment of unexplored classes of TM-non-metal materials towards
several applications beyond the OER, such as magnetism, super-
conductivity, supercapacitors, light-driven photocatalytic HER, fuel
cells, and metal-air batteries.
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