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Herein, we report on intermetallic iron germanide (Fe¢Ges) as a
novel oxygen evolution reaction (OER) precatalyst with a Tafel slope
of 32 mV dec! and an overpotential of 272 mV at 100 mA cm 2 in
alkaline media. Furthermore, we uncover the in situ formation of a

core—shell like structure that slowly collapses under OER conditions.

The kinetically demanding oxygen evolution reaction (OER) is
responsible for most of the efficiency loss in electrocatalytic
water splitting." To overcome this disadvantage, a vast amount
of OER (pre)catalysts based on abundant Fe, Co, and Ni have
been investigated."”” Various kinds of materials with these
three metals have been investigated for their OER properties,
including oxides, chalcogenides, pnictides, carbides, borides,
borates, phosphates, borophosphates, and intermetallics.'™
Even though, at least at their surface, most of these compounds
transform to layered (oxy)hydroxides under alkaline OER condi-
tions, it has been shown that the nature of the non-OER active
elements and the structure of the precatalyst influence the
properties of the final catalyst.>” Such during OER formed
catalysts have often shown high activities due to a remaining
conductive core, an increased surface area, more exposed active
sites caused by leaching of an element, and bulk instead of near-
surface activity.>®® In this regard, the exploration of novel
precatalysts with exceptional structural characteristics could
pave the way to superior OER catalysts. A promising and
comparably unexplored class is intermetallics. In contrast to
alloys, they possess ordered, particular structures and stoichio-
metries as well as a peculiar bonding situation.” Furthermore,
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they contain conducting electrons together with a chance of
self-supported corrosion during OER electrocatalysis.'® Herein,
we report on the first iron-based OER catalyst containing
germanium, intermetallic FesGes, and uncover its structural
transformation during the OER."""?

Intermetallic FesGes was synthesized using a high-temperature
annealing method (details in the ESIT). It crystallises in its own
structure derived from the B8 type (Fig. 1a and Fig. S1, ESIt). The
crystal structure consists of a dense packing of Fe and Ge atoms
and is built up by polyhedra of five different Fe atoms forming
square pyramids, distorted octahedra and pentagonal prisms with
Ge atoms."**
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Fig. 1 (a) Depiction of the FegGes structure along [100] (Fe orange,
Ge blue). (b) pXRD of the pristine FegGes powder and image of the powder
with a cm scale. The blue bars indicate the position and intensity of
the reported reflections taken from the JCPDS database. (c) SEM/EDX
mapping of a FegGes particle.
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The powder X-ray diffraction (pXRD) pattern reveals the
formation of pure FesGes (Fig. 1b). Scanning electron micro-
scopy (SEM) images show irregularly shaped particles with a
size of 0.5-10 pum (Fig. S2, ESIt). SEM energy dispersive X-ray
(EDX) mapping uncovers a homogeneous distribution of Fe and
Ge (Fig. 1c) and the corresponding EDX spectrum does not
contain any impurity peaks (Fig. S3, ESIt) and confirms the
Fe:Ge ratio of 6:5. After grinding, transmission electron
microscopy (TEM) was conducted (Fig. S4, ESIt). The high-
resolution image, the selected area diffraction pattern, and the
EDX spectrum (Fig. S5, ESIt) confirm the presence of a pure,
crystalline FesGes; phase. The Fe 2p X-ray photoelectron spec-
trum (XPS, Fig. S6a, ESIt) reveals the presence of Fe” consistent
with the intermetallic nature of FesGes.'> Additionally, also a
Fe' surface species is observed originating from surface passi-
vation in air, which is typical for intermetallic species.*'® In
agreement with this observation, the Ge 3d XPS spectrum
shows the presence of Ge® together with oxidised Ge™ and Ge™
species (Fig. S6b, ESIT)."”

For OER investigations of Fe,Ges, we deposited 0.4 mg cm™
fluorine doped tin oxide (FTO) glass plates using a binder-free
method (electrophoretic deposition (EPD), see ESIt for details and
Fig. S7 and S8 for SEM/EDX data of the thin film). The obtained
system, FesGes/FTO, was analysed by linear scan voltammetry (LSV,
scan rate 1 mV s, Fig. 2a) together with the reference materials Fe,
Fe(OH);, FeOOH, and Fe,O; (same loading and deposition
method).* FesGes/FTO yielded a current density (i) of 10 mA cm™>
at an overpotential (i7) of 420 mvV, whereas the second most active
material, Fe/FTO, required over 70 mV more to reach the same i.
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Motivated by this result, we deposited 1 mg cm™> of FesGes
on highly conducting, 3D porous nickel foam (NF, Fig. S9 and
$10 for SEM/EDX data, ESIt). The Fe,Ges/NF yielded 10 mA cm >
and 100 mA cm ™2 at ; values of 221 mV and 272 mV, respectively
(Fig. 2b). The 710/100 required for the best iron based reference
material is again 60-70 mV larger confirming the trend observed
on FTO. Furthermore, we loaded various Ni-, Co-, and NiFe
based catalysts with the same mass loading by EPD on NF
and performed LSVs.® Again, FesGes; shows the best activity
(Fig. S11a, see Table S1 for 7, of state of the art catalysts, ESIT).
The OER faradaic efficiency of FesGes was determined to be 97%
(Fig. S12, EST%).

Inspired by the high activity of FesGes/NF, we performed
further electrocatalytic investigations. Electrochemical impedance
spectroscopy (EIS) at n = 270 mV of the iron-based materials
revealed that FesGes has the lowest charge-transfer resistance
(Ret, Fig. 2c) consistent with the activity trend from the LSVs.
Steady state Tafel data (Fig. 2d) disclose a wide kinetically
controlled region (from 0.1 to 100 mA cm ?) with a slope of
merely 32 mV dec ' indicating excellent OER kinetics and mass
transport properties of the system (see Fig. S11b for Tafel slopes of
the Fe reference materials, ESIt). A chronoamperometry (CA)
measurement at # = 280 mV yields initially 100 mA c¢cm™>
(Fig. 2e). However, in the first 20 h, i decreases by 25% to
75 mA cm ™ 2. Nevertheless, after this initial deactivation, i remains
stable. By cycling in a potential region without a faradaic process
(Fig. S13, ESIT), we determined the double layer capacitance (Cqj)
before and after the OER reaction (Fig. 2f). This comparison
uncovers that the Cq increases by four times during the OER
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Fig. 2 Electrochemical properties of FegGes and other iron-based reference materials. (a) LSV (1 mV s7%) on FTO. (b) LSV (1 mV s™%) on NF. (c) Nyquist
plot. (d) Steady state Tafel slope of FegGes. (e) CA measurement of FegGes. (f) Cy determination of pristine NF and FegGes before and after the CA

measurement shown in (e).
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process. Such a strong change indicates that at least the surface of
the material is transformed.

To understand the structural transformation of FesGes, we
performed several analytical methods after 1 h at 10 mA cm 2
(Fig. S14, ESIT). The pXRD pattern (Fig. S15, ESIt) contains the
characteristic reflections of the FesGes phase and no new, addi-
tional peaks indicating that the FesGes phase is still intact and
that the newly formed phase is non-crystalline. SEM images show
that the morphology of the particles did barely change (Fig. S16,
ESIt). SEM/EDX mapping reveals a homogeneous distribution of
Fe and Ge; however, the relative Ge content is 15% lower than in
the pristine material (Fig. S16 and S17, ESI¥).

TEM images show a porous material on the surface of the
particles (Fig. 3a and b). And a SAED taken from such a surface
region contains only two diffuse diffraction rings consistent
with randomly distributed short-range ordered iron oxyhydroxide
phases such as 2 line ferrihydrite and layered phases with edge
sharing [MOg] octahedra (Fig. 3c).>'® EDX data of the same area
discloses a substantial incorporation of K and a Fe to O ratio of 1
to 2 while almost no Ge was left (Fig. 3c and Fig. S18 top, ESIY).
A TEM SAED taken from the centre of the same particle contains
reflections that can be assigned to a highly crystalline FesGes
phase (Fig. 3d). Furthermore, EDX reveals an only 15% decreased
Ge content and a slight inclusion of K and O (Fig. 3d and Fig. S18,
ESI,t bottom).

XPS reveals more information about the in situ formed surface
structure. In the deconvoluted 2p Fe spectrum, a small, residual
amount of Fe’ is present while the major oxidation states are
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Fe" and Fe™ (Fig. 3e)."” Also, in the 3d Ge spectrum, a minor
amount of residual Ge° can be found but Ge™ and Ge" are the
dominant species (Fig. 3f)."” The deconvoluted O 1s spectrum
contains three peaks (Fig. 3g). Two peaks are consistent with
reported iron oxyhydroxide phases and can be assigned to iron
oxide (529.6 €V) and iron hydroxide (531.1 eV), respectively.'®>°
The hydroxide peak also overlaps with the Ge,™0; and the peak at
532.5 eV is in accordance with Ge™V0,."”

To this point, the FesGe; characterisation uncovers a highly
active OER catalyst consisting of a conductive FesGe; core and
an in situ formed amorphous shell. The stoichiometry of the
newly formed shell is KFeO,H,. Structurally, the shell shows
diffraction and XPS data consistent with randomly distributed
short-range ordered layered oxyhydroxide structures or 2
line ferrihydrate.>'® Such structures are typical for under
OER conditions formed phases from an Fe containing
precursor.”®'®?*! The arguments for the superior activity of
the FesGes system compared to that of the Fe/Ni/Co-based
reference materials are: (i) a high porosity which probably
enables the electrolyte to penetrate the shell and leads to more
active iron sites to participate in the OER process and a higher
surface area, (ii) more edge iron sites and defects due to the
disordered amorphous structure, and (iii) the presence of a
conductive FegsGes core facilitating electron transport to the
active sites.>”***

However, when such core-shell like structures are formed, it
is important to investigate whether they remain or slowly the
entire particle transforms.'®?* The long-term CA measurement
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Fig. 3 TEM and XPS characterisation of FegGes after 1 h at 10 mA cm™2. (a) TEM image of a FegGes particle. At point 1 and 2, EDX and SAED data were
collected. (b) High resolution TEM image. (c) SAED pattern and elemental ratio from EDX taken at point 1 in image a. (d) SAED pattern and elemental ratio
from EDX taken at point 2 in image a. The large white circle corresponds to a lattice distance of 2.10 A (fitting to the lattice plan with the miller index 023
of FeegGes), the small triangle to a distance of 1.93 A (040), the small square to a distance of 1.60 A (—603 or —531 or —424), and the small circle to a

distance of 1.54 A (—441). (e-g) Fe 2p, Ge 3d and O 1s XPS spectra.
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(Fig. 2e) shows that, after the first hour, a continuous deactiva-
tion takes place within the next 20 h. The reason for that may be
a further transformation of the structure. To investigate this, we
performed SEM/EDX and XPS investigations after the 25 h CA
measurement (Fig. S19-S21, ESIf). We find a barely altered
morphology, but the Ge content decreased by 60%. The XPS
data are to a large extent consistent with the one after 1 h OER,
but barely show signals for Fe® and Ge® above the noise level.
Thus, the conducting FesGes core is constantly shrinking. In
such a system, the OER reaction could take place either at the
core-shell interface or at the near surface area of the particle
(particle-electrolyte interface). In the first scenario, the mass
transport limitation will increase with a shrinking core due to a
larger iron oxyhydroxide shell that the electrolyte/hydroxide
must penetrate until it reaches the reaction zone. In the second
scenario, the limitation will arise from a longer distance that
the electrons must travel through the poorly conducting iron
oxyhydroxide until they reach the reaction zone. It is likely that
a mixture of both scenarios transpires and leads to the deacti-
vation of the FesGes system.

The question that follows is: what are the criteria that make
a core-shell structure stable? For the transformation of the
core, it must be in contact with the electrolyte and electrically
wired to the anode. The first condition is not given if the
formed iron oxyhydroxide is not penetrable by the electrolyte
resulting in a stable core-shell structure.”® The electrolyte
penetrability of the shell will be determined by its porosity
which will be inter alia a function of the leaching species. From
a rational point of view, large leaching species should prefer-
ably lead to porosity. The volume of germanium calculated
from its van der Waals radius is large (39 A®) compared to other
leaching elements in well-known OER precatalysts such as
carbon (21 A®), phosphorus (24 A%), sulphur (24 A%), or selenium
(29 A%).%* Note here that in solutions the nature of these
leaching species is highly oxidised as can be seen in their
Pourbaix diagrams (e.g. for germanium GeO,>  should be
present).”>® Nevertheless, the void that they leave in the struc-
ture depends on the size of the original precatalyst species and
not the oxidised one in solutions. Thus, the larger volume of
germanium could be the reason why the in situ formed shell is
electrolyte penetrable and does not protect the inner core. The
fact that the transformation takes a comparably large amount
of time under a rather high current density is caused by the
large particle size of the utilized FesGes.

In conclusion, our work does not only present a detailed
electrocatalytic analysis of a new, intermetallic compound but
also evidences that core-shell structures can be metastable on a
pathway to full precatalyst transformation.
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