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The (In)Stability of Heterostructures During the Oxygen
Evolution Reaction

Indranil Mondal, J. Niklas Hausmann, Stefan Mebs, Shweta Kalra, Gonela Vijaykumar,
Konstantin Laun, Ingo Zebger, Sören Selve, Holger Dau,* Matthias Driess,*
and Prashanth W Menezes*

The urgent need for efficient oxygen evolution reaction (OER) catalysts has
led to the development and publication of many heterostructured catalysts.
The application of such catalysts with multiple phases tremendously
increases the material design dimensions, and numerous interface-related
effects can tune the OER performance. In this regard, multiple of these
heterostructured electrodes show remarkable OER activities. However, it is
not clear if these carefully designed interfaces remain under prolonged OER
conditions. Herein, a molecular approach is used to synthesize four different
nickel-iron phosphide (heterostructured) materials and deposit them on
fluorine-doped tin oxide and nickel foam electrodes. The OER performance of
the eight electrodes and the reconstruction of the four materials is
investigated by in-situ spectroscopy after one day of operation, enabled by a
freeze-quench approach. The most active electrode is also applied under
industrial OER conditions and for the value-added oxidation of alcohols to
ketones. Before catalysis, this electrode comprises crystalline 4 nm nickel
phosphide particles on an amorphous iron phosphide matrix. However, after
24 h, a homogenous nickel-iron oxyhydroxide phase has formed. This work
questions to which extent the design of heterostructures is a suitable strategy
for non-noble metal OER catalysis.
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1. Introduction

Hydrogen is a potential carbon-neutral
fuel and an important commodity
chemical.[1] It can be sustainably pro-
duced through electrocatalytic alkaline
water splitting. However, the efficiency
of water splitting is mainly hampered
by the unsatisfactory performance of
oxygen evolution reaction (OER) cat-
alysts catalysts.[2] Unfortunately, the
design opportunities of OER-catalysts
are strongly limited by the widely re-
ported reconstruction of most materials
into similar transition metal oxyhydrox-
ides during operation.[3–6] In this regard,
heterostructured electrodes offer more
design opportunities than single-phase
catalysts and have often achieved out-
standing performances.[7–13] Previous
reports on such systems have raised sev-
eral interface-related hypothesis for their
performance such as interfacial elec-
tron redistribution,[14] a Mott-Schottky
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junction with local charge polarization,[15] interruption of the
interfacial water dipole rearrangement,[16] or other synergistic
effects of the interface comprising phases.[11] However, it has not
been proven that the interfaces between non-noble-metal-based
(oxyhydroxide) phases remain during OER, especially when
operated for prolonged times such as a day. If the as-prepared
phases or the reconstructed oxyhydroxides intermix, the reason
for the increased activity does not originate from the interface.
Thus, a profound in-situ investigation after long operating times
on a systematic series of heterostructures is required.

The nickel-iron phosphide system has shown promising per-
formances for the OER and organic oxidation reactions.[19,20]

where phosphorus is a sacrificial reagent that helps to create
a high-surface-area, defect-rich, nickel-iron oxyhydroxide phase
in a reconstruction process.[3–6] This well-investigated system
is ideal for studying the behavior of different heterostructures
and their interfaces during electrocatalysis. A judicious choice
to form the required heterostructures is the molecular precursor
approach.[21] This approach requires only modest temperatures,
leads to the controlled formation of monodispersed nanoparti-
cles, is suitable for bimetallic systems, and can yield heterostruc-
tures with unique interfaces in a single step.[21] To investigate this
system in depth, we chose an in-situ freeze-quench approach fol-
lowed by Raman and X-ray absorption spectroscopy[22] and paired
it with high resolution elemental scanning electron microscopy
mappings. The freeze-quench approach is particularly suitable,
as it allows us to precondition the various samples in non-in-situ
cells for 24 h before measurement. Such a long preconditioning
of various samples is otherwise challenging in-situ cells, espe-
cially for synchrotron-based methods, considering the availability
of in-situ setups and beamtime. However, we think that a combi-
nation of these in-situ methods and long preconditioning times
is required to reveal the long-term destiny of heterostructured
systems.

Herein, using a molecular precursor approach, we obtain crys-
talline nickel phosphide nanoparticles (Ni2P), amorphous iron
phosphide (FePx, x ≈ 1.7), a physical mixture (PM) of both phases
(NiFe:PM), and a unique heterostructure from a single source
precursor (SSP), where ≈4 nm Ni2P particles are homogeneously
embedded into a FePx (x ≈ 0.43) matrix (NiFe:SSP). These four
materials are loaded on two electrode substrates, fluorine-doped
tin oxide (FTO) and nickel foam (NF), yielding additional inter-
faces and, in total, eight electrode systems. These systems were
applied for the OER and their reconstruction was monitored after
24 h. While the reconstructions of the phosphides to correspond-
ing oxyhydroxides and the activity enhancement due to the Ni-
Fe bimetallic functions are noteworthy, this manuscript focuses
on the (in)stability of the interfaces, e.g., mixing of the differ-
ent transition metal oxyhydroxide phases. We reveal that the ma-
terial’s interfaces and transition metal distribution enormously
change and that the interface between electrode substrate (fluo-
rinated tin oxide (FTO) or nickel foam (NF)) and the catalyst can
be critical. The NiFe:SSP system, which was also applied under
industrially relevant conditions (65 °C, 6 M KOH, 500 mA cm-2,
80 h) and for the selective dehydrogenation of alcohols, fully re-
constructs into a phase with homogeneous nickel-iron distribu-
tion yielding 10 mA cm−2 at merely 195 ± 5 mV overpotential.
The homogeneous distribution shows that no interface between
a monometallic nickel and monometallic iron phase remains in

the highly active catalyst. Thus, the previously raised interface-
based hypothesis for the high activity of such systems must be
reconsidered.

2. Results

2.1. Synthesis and Structure of the Transition Metal Phosphide
Precatalysts

Three different precursors were used for the transition metal
phosphide synthesis: a nickel dicyclooctadiene (Ni(cod)2),
iron 1,1′-bis(diphenylphosphino)ferrocene (Fe(dppf)2), and
[Fe(dppf)2Ni(cod)] (Figure 1). All three molecular precursors
were heated to 270 °C in oleylamine with trioctylphosphine as
surfactant, resulting in the formation of black powders. For
Ni(cod)2 and Fe(dppf)2, triphenylphosphine (PPh3) was added
as a phosphorus source, and the obtained materials are called
FePx and Ni2P. For Fe(dppf)2Ni(cod), no phosphorus source is
required due to the already existing Ni─P bonds in the molecular
complex. Thus, Fe(dppf)2Ni(cod) is a single-source precursor,
and the obtained material is called NiFe:SSP. The fourth ma-
terial is a physical mixture of FePx and Ni2P in the ratio of 1:2
(NiFe:PM).

The purity, surface electronic properties, and morphology
of all as-prepared materials were investigated by powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM) with
energy dispersive X-ray (EDX) mappings, transmission elec-
tron microscopy (TEM) with selected area electron diffraction
analysis (SAED), scanning transmission electron microscopy
(STEM), X-ray photoemission spectroscopy (XPS), and induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES,
see Figures S1–S8, Supporting Information for all data). Figure 2
shows the most relevant TEM/STEM data of all four compounds.
This analysis shows that Ni2P comprises phase-pure, crys-
talline (JCPDS: 03–953, P321), monodispersed Ni2P nanopar-
ticles with ≈20 nm diameter (Figure 2a; Figures S5,S6, Sup-
porting Information). FePx (x ≈ 1.7) is amorphous with a
homogenous distribution of iron and phosphorus and has
a sheet-like morphology (Figures S7,S8, Supporting Informa-
tion). In the physically mixed sample, NiFe:PM, the Ni2P
particles reside partly on top and partly next to the FePx
phase (Figure 2c). The single-source-precursor-derived sample,
NiFe:SSP, comprises an amorphous FePx matrix (x ≈ 0.43)
with embedded ≈4 nm small, spherical Ni2P nanoparticles
(Figure 2d–j; Figure S3, Supporting Information). The Ni to
Fe ratio of NiFe:SSP is 2 to 1. (Figures S2,S3, Supporting
Information).

2.2. Electrocatalytic Investigation of the Oxygen Evolution
Reaction Activity of the Four Phosphides on Fluorine-doped Tin
Oxide (FTO) and Nickel Foam (NF)

2.2.1. Cyclic voltammetry (CV) and Impedance Spectroscopy

The four different phosphides shown in Figure 1 as well as
a Ni0.7Fe0.3OOH and NiOOH reference (see Figures S9,S10
(Supporting Information) for their characterization) were elec-
trophoretically deposited without binder on FTO glass plates
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Figure 1. Synthesis of the four different transition metal phosphide materials, FePx, Ni2P, NiFe:PM, and NiFe:SSP (PM and SSP are abbreviations for
physical mixture and single-source precursor), investigated herein. The color code (pink, blue, red, orange) is retained throughout this manuscript and its
Supporting Information. At the top, the synthesis of the single-source precursor (SSP), Fe(dppf)2Ni(cod) is shown. The steps below show the phosphide
formation using the three different molecular precursors. The fourth compound is a physical mixture (PM) of FePx and Ni2P in the Fe to Ni ratio of 1:2
(NiFe:PM).

Figure 2. TEM data of the four herein investigated materials whose synthesis and abbreviations are described in Figure 1. The as-prepared Ni2P
a) comprises 20 nm large, monodispersed, crystalline nanoparticles, whereas the as-prepared FePx b) comprises amorphous sheet-like structures.
These two different nanostructures are clearly visible in the physical mixture c). Additional characterizations for these three compounds can be found
in Figures S1–S8 (Supporting Information). Images d–j show TEM and STEM data with respective elemental mappings of the SSP-derived sample,
revealing that ≈4 nm large nickel phosphide nanoparticles are embedded in an amorphous iron phosphide matrix (Figure S3, Supporting Information
for the EDX spectrum). The colors represent the spatial distribution of Ni (green), Fe (orange), and P (blue).
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Figure 3. Electrochemical OER data in 1 M KOH at 25 °C of the four samples shown in Figure 1 and two nickel(-iron) oxyhydroxide reference samples
deposited without binder on fluorine-doped tin oxide glass plates (FTO, loading 0.4 mg cm−2) and nickel foam (NF, loading 0.8 mg cm−2). Cyclic
voltammograms at a scan rate of 5 mV s−1 of the samples on FTO a) and NF b) with an inset showing a zoom into the redox peak region. c) shows
the CV of the most active sample (NiFe:SSP on NF) and the two nickel(-iron) oxyhydroxide reference samples with their respective overpotentials. Tafel
plots based on steady-state measurements with holding times of 2 min at each respective potential of the samples on FTO d) and NF e). f) shows
long-term stability measurements (chronopotentiometry) of the most active NiFe:SSP on NF sample in typical academic testing conditions (100 mA
cm−2, 1 M KOH, 25 °C) and industrially relevant ones (500 mA cm−2, 6 M KOH, 65 °C).

(loading 0.4 mg cm−2, see Figures S11–S14, Supporting Infor-
mation) and NF (loading 0.8 mg cm−2, see Figure S13, Sup-
porting Information). Before any electrochemistry data was ac-
quired, all samples were cycled around 30 times until a stable cur-
rent response was obtained. Cyclic voltammograms (Figure 3a,b)
and steady-state chronoamperometry data (Figure 3d,e) in aque-
ous 1 M KOH (pH 13.89)[23] of the four transition metal phos-
phide materials reveal that NiFe:SSP has the lowest overpoten-
tial at 10 mA cm−2 (𝜂10) of all electrodes on FTO (248 ± 4 mV)
and NF (195 ± 6 mV). These overpotentials are substantially
lower than the ones of Ni0.7Fe0.3OOH and NiOOH nanoparti-
cles (Figure 3c; Figure S15, Supporting Information). The 𝜂10
order on FTO is NiFe:SSP<NiFe:PM<Ni2P<FePx. To assess the
effect of crystallinity, we synthesized crystalline Fe2P and physi-
cally mixed it with crystalline Ni2P, maintaining a similar Ni-Fe
ratio as in NiFe:SSP (see Figure S16, Supporting Information).
Interestingly, this sample showed a substantially worse OER ac-
tivity compared to NiFe:SSP and NiFe:PM (Figure S17, Support-
ing Information), despite exhibiting a similar Ni-redox activity.
This suggests that the crystallinity of the precatalyst also plays a
crucial factor. For the four sample of Figure 1, on NF the activ-
ity order remains the same, except that FePx becomes more ac-
tive and has a lower 𝜂10 than Ni2P and a similar one to NiFe:PM.
Surface area normalization does not change this order on any of
the substrates (Figures S18,S19, Supporting Information). Fur-
thermore, the NF 𝜂100 values match the 𝜂10 ones on FTO, mean-

ing that the NF substrate increases the activity (current density
at the same overpotential) roughly by a factor of ten. Again, this
is not the case for FePx, where this factor is above 100. The dis-
tinct behavior of FePx indicates that the NF is not only an inert
substrate but also chemically interacts with the FePx, likely by
forming NiFeOxHy (see also Note S3, Supporting Information).
The activity trends of all samples have also been investigated by
impedance measurements at 1.50 VRHE, whose simulations re-
veal that the charge transfer resistances follow the same trend as
the overpotentials (Figure S20, Supporting Information).

2.2.2. Tafel Analysis

Tafel plots (Figure 3d,e) from steady-state data were acquired to
get further insights into the activity trends. It has been shown
that the nickel-iron ratio strongly affects the Tafel slope. For
rigorously iron-free nickel-based catalysts, Tafel slopes of 70–
110 mV dec−1 have been observed.[24–30] For monometallic iron-
based catalysts, insufficient electron conductivity can disturb the
Tafel slope measurements, and potentiodynamic methods have
found slopes above 100 mV dec−1.[29,30] In contrast, steady-state
methods have found Tafel slopes of 30–46 mV dec−1 and strong
substrate effects, as only the iron centers close to the conduct-
ing electrode substrate are anodically wired and can participate
in the OER.[24,31] Herein, for Ni2P, tested in non-iron-purified
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electrolyte Tafel slopes of 66 and 69 mV dec−1 on FTO and NF, re-
spectively, have been measured, which is in line with previously
published pure nickel oxyhydroxide operated in non-purified
electrolytes.[29,30] The difference between the FTO and NF sample
is within the standard deviation of our Tafel data, ±3 mV dec−1.
Thus, for Ni2P, the substrate does not significantly change the
reaction mechanism and nature of the active sites. FePx has the
second-highest Tafel slope with 37–40 mV dec−1, which is in
line with steady-state measurements of monometallic iron-based
samples.[31] The lowest Tafel slopes are observed for the nickel
and iron-containing precatalysts, with 34–37 mV dec−1 for the
physical mixture and 31 mV dec−1 for the single source precur-
sor derived one. Both show no substrate-dependence of the Tafel
slope and the lower value for NiFe:SSP indicates that its nickel-
to-iron ratio and distribution is ideal, while for NiFe:PM likely
either too much iron or too much nickel is present in the active
structures. As both samples have the same nickel-to-iron ratio,
the distribution of both elements must be the critical factor.

2.2.3. Stability at Industrially Relevant Conditions (6 M KOH,
65 °C) and Application for an Organic Oxidation Reaction (Hybrid
Water Electrolysis)

The stability of all catalysts has been investigated for 24 h (Figure
S21, Supporting Information) at 10 mA cm−2 and they all show
stable performance. For the most active electrode (NiFe:SSP on
NF), long-term stability measurements in typical academic test-
ing conditions (100 mA cm−2, 1 M KOH, 25 °C) and industri-
ally relevant ones (500 mA cm−2, 6 M KOH, 65 °C) have been
performed (Figure 3f). In both conditions, the overpotential re-
mains stable over the test period of 80 h. In the industrially rel-
evant conditions, a five times higher current density is reached
without the requirement of additional overpotential compared to
the academic testing conditions.

To further show the applicability of the NiFe:SSP on NF, we
performed an organic oxidation reaction, which can replace the
economically non-viable OER (hybrid water electrolysis). This or-
ganic oxidation reaction produces ketones from secondary alco-
hols and requires less potential than the OER (see Note S1 in
the supporting information). Thus, it produces valuable ketones
instead of the OER’s low-value dioxygen and additionally low-
ers the overall energy costs of hydrogen production. The electro-
chemical and analytical data are shown in Figures S22–S26 (Sup-
porting Information). Three alcohols were used as test substrates
and Faradaic efficiencies and ketone yields between 81–96% were
achieved.

2.3. The Reconstructed Phases of the Four Nickel-Iron Phosphide
Heterostructures

2.3.1. X-ray Diffraction and Scanning Electron Microscopy

Transition metal phosphides have been shown to reconstruct into
oxyhydroxides during the OER.[3,5,32] Herein, we especially inves-
tigate if the initial heterostructures and their interfaces remain
after catalysis for 24 h or if and how they affect the reconstructed
phases. The characterizations are mainly performed on the phos-
phides deposited on FTO, as especially in-situ X-ray absorption

spectroscopy (XAS) and Raman measurements on NF are chal-
lenging. Before all characterization, the samples were cycled un-
til a stable current response was obtained and treated for 24 h at
10 mA cm−2 (Figure S21, Supporting Information). XRD data of
the four electrodes after the treatment show only the reflexes of
FTO (Figure S27, Supporting Information shows the represen-
tative NiFe:SSP/FTO data). Thus, the initially crystalline phases
are fully reconstructed into amorphous or nanocrystalline struc-
tures. SEM-EDX analyses of all films show that only traces of
phosphorous remain and severe incorporation of oxygen (Figures
S28–S31, Supporting Information).

2.3.2. Quasi-In-Situ Raman Spectroscopy and the Effect of Time and
Precursor Type on the Reconstruction

The XRD and electron microscopy data fit the previously
observed formation of amorphous oxyhydroxides. (Iron-
incorporated) nickel oxyhydroxides show two characteristic
Raman bands for the bending 𝛿(Ni-O) (≈480 cm−1) and stretch-
ing 𝜈(Ni-O) (≈560 cm−1) vibrations (Figure 4a).[25,26,28] These two
bands without additional peaks are present in the quasi-in-situ
Raman spectra of NiFe:SSP, NiFe:PM, and Ni2P acquired by
freeze quenching the electrodes at 1.53 VRHE after the 24 h
pretreatment at 10 mA cm−2. These bands reveal the formation
of nickel(-iron) oxyhydroxides. This ratio is the lowest for Ni2P
(0.85), followed by NiFe:PM (1.25) and NiFe:SSP (1.5), indicat-
ing that Ni2P has the least iron incorporated into the formed
oxyhydroxide and NiFe:SSP the most. This is also consistent
with the observation that SSP has the lowest and Ni2P has
the highest Tafel slope (Figure 3d,e). For the nickel-free FePx,
we cannot identify any unambiguous signal originating from
a pure iron (oxy)hydroxide, likely because of a low Raman
scattering cross-section compared to nickel oxyhydroxides.
Moreover, a highly amorphous nature might cause a further
reduction of the Raman intensity. For the same reason, af-
ter OER, the FePx sample shows only very weak and broad
signals at around 300 and 500 cm−1 (Figure S32, Supporting
Information).[33] The 𝜈/𝛿 ratio has recently been proposed to cor-
relate to the amount of incorporated iron and resulting structural
disorder.[26]

Previous studies have found intact nickel and iron pnictide and
chalcogenide phases during OER catalysis.[9,34,35] Thus, such het-
erostructures have been proposed to prevail and boost the OER
activity. The data herein show that all four phosphide precur-
sors are fully reconstructed. These different observations could
be caused by different reconstruction times used in the literature
compared to the herein exceptionally long 24 h prior to the in-situ
measurement. We therefore investigated the time dependence
of the reconstruction NiFe:SSP with quasi-in-situ Raman spec-
troscopy (Figure 4b). After 30 seconds, the Raman spectra already
show very weak peaks in the 400–600 cm−1 region for the oxyhy-
droxides. The peak intensity of these peaks increases over time
until they remain nearly unchanged after 20 min. In addition
to these peaks, broad vibrational bands between 650–950 cm−1

are found. We assign these vibrations to the hydrated POx com-
pounds of the electrochemical phosphide oxidation.[36–38] These
peaks strongly increase in the first 5 min and then decrease again
until they are absent at 30 min. From these observations, we
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Figure 4. a) Quasi-in-situ Raman spectra of the four different samples (Figure 1) on FTO after 24 hours of OER-CP at 10 mA cm−2 and subsequent
freeze-quenching at 1.53 VRHE. The two typical vibrations for layered nickel (oxy)hydroxides are marked as grey dashed lines and visualized with the
two octahedra (see Figure S32 (Supporting Information) for the spectrum of FePx during OER). b) Quasi-in-situ Raman spectra of NiFe:SSP/FTO film
recorded at different times at 1.50 VRHE to track the time-dependent reconstruction of the transition metal phosphides into nickel(-iron) oxyhydroxides
and electrolyte soluble phosphate species.

deduce that the phosphide oxidation is completed after 30 min.
Furthermore, SEM-EDX measurements reveal that after 30 min,
no phosphorus is left in the NiFe:SSP sample (Figure S33, Sup-
porting Information). The same measurements for NiFe:PM,
Ni2P, and FePx show that phosphorus is still present after 30 min.
Thus, the phosphorus leaching is a function of time and phos-
phide precursor type.

2.3.3. Quasi-In-Situ X-ray Absorption Spectroscopy

By freeze quenching the electrodes (see ESI for details) dur-
ing operation, quasi-in-situ XAS at the iron and nickel K-edges
have been performed to investigate the oxidations states and
local structures of the four (Figure 1) reconstructed (24 h at
10 mA cm−2) electrodes. This approach allows us to condition
all four samples for 24 h prior to the XAS measurements, which
would be challenging in a real in-situ cell, considering the avail-
ability of beamtime and in-situ setups.

Quasi-in-situ X-ray absorption near edge structure (XANES)
analysis reveals that the samples strongly oxidize during the
OER, leading to oxidation states around and above three during
electrocatalysis, consistent with the formation of (oxy)hydroxides.
These (oxy)hydroxides are redox active, as shown by the reversible
redox peaks of their CV’s (Figure S34, Supporting Information).
These redox peaks involve the nickel oxidation states II, III, and
IV, with the main redox peak assignable to the transition from
NiII(OH)2 to NiIII/IVOx(OH)y.

[27,29,30] Consistent with its Pourbaix
diagram, iron shows comparably little redox activity (high re-
dox activity means that a high percentage of the Ni sites change
their oxidation state), and it has been shown that the incorpo-
ration of iron into the layered nickel oxyhydroxide structure re-
duces the redox activity of nickel and lowers nickel’s in-situ ox-
idation state.[27,29,30] Thus, a heterostructure with a monometal-
lic nickel and a monometallic iron (oxy)hydroxide phase should
show larger nickel oxidation state changes than a mixed nickel-
iron (oxy)hydroxide phase. To investigate the nickel redox activity

and its correlation with the nickel-iron mixing, in-situ XANES
analysis at a potential below the redox peak (1.33 VRHE) and
above the redox peak (1.53 VRHE, during the OER) was performed.
This data shows a clear trend for the redox activity of nickel (the
difference of the oxidation states at 1.53 and 1.33 VRHE called
Δ1.53-1.33VRHE) (Table 1, Figure 5). It is the largest (1.5) for Ni2P,
as it contains the least iron. For the PM sample, the redox ac-
tivity is reduced by 20%, likely because some iron enters the re-
dox active nickel phase. Note that both samples contain the same
Ni2P nanoparticles. Thus, this value should not be affected by
surface area or other effects. The SSP sample shows only 60%
of the redox activity, even though it has the highest BET surface
area. Thus, the strong reduction of the redox activity is probably
caused by iron incorporation into the redox active nickel phase.

The EXAFS data of the reconstructed phases were simu-
lated with a model based on nickel(-iron) (oxy)hydroxides. These
nickel(-iron) (oxy)hydroxides form a layered structure compris-
ing edge-sharing [MO6] octahedra, and the applied model con-
siders three shells (M-Oa, M-M, and M-Ob, black rings Figure 6a)
of this layered structure.[40] The total number of shells was six, as
for every shell in the layered structure two distances (R-values)
were considered, as the transition metal oxidation states within
our samples vary between two and four, leading to different bond
distances and thus R-values (Tables S1–S8, Supporting Informa-
tion). For example, for the Ni-Oa bond, a short Ni-Oa (1.88–1.90 Å)
bond distance for the oxidation states III and IV (present in 𝛾-
nickel oxyhydroxide) and a longer Ni-Oa (2.05–2.12 Å) bond dis-
tance for the oxidation state II (present in nickel hydroxide) was
considered. Following this approach, we have also included a
long and a short R-value for the M-M and M-Ob shells, whose
respective coordination numbers (N-values) were restrained to
be the same for all three short (M-Oa, M-M, M-Ob) and all three
long shells, according to an ideal layered model (Figure 6a).
For the monometallic iron sample, FePx, fits with this restrain
were substantially worse (see Tables S5–S8 (Supporting Infor-
mation) for fits with both models). This observation is reason-
able, as monometallic iron, OER-derived oxyhydroxide phases are

Adv. Energy Mater. 2024, 14, 2400809 2400809 (6 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Bulk oxidation states of the four samples shown in Figure 1, determined through quasi-in-situ X-ray absorption near edge structure (XANES)
analysis (Figures S35,S36, Supporting Information for details). The samples 1.33 VRHE and 1.53 VRHE have been deposited on fluorine-doped tin oxide
glass plates (FTO), then reconstructed for 24 h at 10 mA cm−2, and subsequently freeze quenched at 1.33 VRHE or 1.53 VRHE. Δ1.53-1.33VRHE is the
difference between the oxidation state at 1.53 VRHE and 1.33 VRHE. This difference should be roughly proportional to the redox activity of the sample
determined from the integration of the reduction peak and shown in the last column (Figure S34, Supporting Information for details).

Fe K-edge XANES oxidation states Ni K-edge XANES oxidation states CV redox peak
integration [C cm−2]

Sample powder 1.33 VRHE 1.53 VRHE Δ1.53-1.33VRHE powder 1.33 VRHE 1.53 VRHE Δ1.53-1.33VRHE

Ni2P – – – – 1.1 2.2 3.7 1.5 0.22

FeP 2.0 2.7 2.8 0.1 – – – – –

NiFe:PM 2.0 3.0 3.1 0.1 1.1 2.2 3.4 1.2 0.15

NiFe:SSP 2.2 3.1 3.1 0 0.5 2.8 3.4 0.6 0.08

structurally more versatile and do not only comprise edge-
sharing octahedra.[41,42] As a whole, the suitability of these mod-
els shows that all reconstructed catalysts have evolved into layered
oxyhydroxide phases.

Concerning the assignment of short and long R-values of the
three shells to certain oxidation states, we note that their coor-
dination numbers are also strongly affected by Jahn-Teller dis-
tortions, e.g., of low-spin iron(III). Thus, such an assignment is
not straightforward, especially not for the M-M and M-Ob shells,
whose N-values depend on multiple bond lengths and angles.
Nevertheless, for the M-Oa R-value, which represents an M-O
bond distance, semi-quantitative trends are observed. In this re-
gard, Ni2P and NiFe:PM show a dominant N-value of the long M-
Oa shell (>5.5 vs <0.7 for the short one)[40] at 1.33 VRHE (XANES
oxidation state 2.2) and a dominant N-value of the short M-Oa
shell (>4.4 vs <1 for the long one)[40] at 1.53 VRHE (XANES oxida-
tion state 3.4–3.7). For the less redox active NiFe:SSP, the short
M-Oa shell’s N-value is always dominant (>4.4, XANES oxidation
state 2.8-3.4), and the long distance is not meaningful for the sim-
ulation of the data at 1.53 VRHE. In contrast to nickel, iron shows
almost no redox activity in the XANES measurements. This ob-
servation is also confirmed by the N-values of the short and long
M-Oa shells, which are similar at 1.33 and 1.53 VRHE. As iron is
likely in an oxidation state of III, the population of a short and
long M-Oa could also be caused by a Jahn-Teller distortion due to
the unevenly occupied t2g orbital. In total, the EXAFS populations
confirm the XANES and CV oxidation state changes.

2.3.4. Scanning Transmission Electron Microscopy (STEM)

In-situ Raman and XAS have revealed that the amorphous phases
that formed during the OER are nickel(-iron) oxyhydroxides.
Thus, all four formed catalysts are structurally similar. How-
ever, their OER and redox activities are substantially different.
This difference is caused by the different nickel and iron con-
tents and the distributions of these elements in the four sam-
ples. To investigate the distribution in depth for the two samples
with the same nickel and iron contents (NiFe:PM and NiFe:SSP),
we performed high-resolution, element-specific STEM mappings
(Figure 7). The mapping of NiFe:SSP reveals a homogeneous
distribution of nickel, iron, and oxygen. Nothing of the initial
heterostructure (Ni2P nanoparticles on a FePx matrix) remains
in terms of morphology and elemental distribution, and a sin-
gle homogenous nickel-iron oxyhydroxide phase is formed. The
mapping of NiFe:PM reveals that the original heterostructure
changed completely into oxyhydroxides, and no monometallic
iron or nickel phase or interphase remains. Only a few nickel-rich
(but also iron-containing, at least in their near-surface region)
spots that likely originate from the Ni2P nanoparticles prevail.
The absence of a monometallic nickel phase shows also the com-
plete shift of the reduction peak of NiFe:PM compared to Ni2P
(Figure S34, Supporting Information). Furthermore, Figure 7b
and Figure S39 (Supporting Information) show that NiFe:SSP
forms a highly porous structure, which is ideal for exposing
many active sites to the electrolyte and is probably caused by the

Figure 5. Floating bar diagrams visualizing the change in the oxidation states determined by XANES. a) based on Fe K-edge and b) based on Ni K-egde.
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Figure 6. Quasi-in-situ, Fourier-transformed extended X-ray absorption fine structure (EXAFS) data. The k3-weighted data is shown in Figure S37,S38
(Supporting Information). a) layered model for the oxyhydroxides comprising edge-sharing octahedra. Oxygen atoms are in red and transition metal
atoms are in blue. The black rings indicate the three coordination shells used for the simulation of the EXAFS data. Due to the presence of different
oxidation states and Jahn-Teller distortion, two distances were used for each of these coordination shells. b) and c) shows the EXAFS data at the Ni and
Fe K-edge, respectively, of the four samples after 24 h at 10 mA cm−2 and subsequent freeze-quenching at 1.33 or 1.53 VRHE. The simulations are shown
as black lines. The simulation’s data can be found in Tables S1–S8 (Supporting Information). The two vertical grey dashed lines between 1.5 and 1.7 Å
reduced distance represent the short and long distance of the M-Oa coordination shell. The two vertical grey dashed lines between 2.4 and 3.0 Å reduced
distance represent the short and long distance of the M-M coordination shell.

reconstruction and phosphorus leaching.[4] In addition to these
mappings, TEM bright field images of all four samples have been
acquired (Figure 7c–f). They show that the morphologies of the
initial samples were not retained, e.g. 20 nm spherical nanopar-
ticles of Ni2P (Figure 2 for comparison).

3. Discussion and Conclusion

To investigate the effect of heterostructures, electrode substrates,
morphology, and reconstruction, we synthesized four different
nickel iron phosphide materials (Figure 1 for an overview): crys-
talline Ni2P, amorphous FePx, a physical mixture of these two
(NiFe:PM, Ni to Fe ratio is 2:1), and an amorphous FePx ma-
trix with embedded ≈4 nm small, spherical Ni2P nanoparticles
(NiFe:SSP, Ni to Fe ratio is 2:1) via molecular precursor ap-
proaches at moderate temperatures. These four materials were
deposited on FTO and NF, leading to eight different electrodes.
NF, in comparison to FTO, leads to an activity (current density
at the same potential) enhancement of around ten times in the
Tafel slope regime where mass transport limitations do not sig-

nificantly contribute (Figure 3). As the Tafel slopes of each mate-
rial are the same on FTO and NF, the kinds of active sites do not
seem to be substantially affected by the substrate. Therefore, we
assign the activity enhancement to a higher availability of active
sites on NF. Additionally, the NF electrodes show a linear Tafel
behavior that expands until higher current densities, suggesting
more favorable mass transport properties. An exception to this
behavior is FePx, whose activity is around 300 times larger on NF
compared to FTO. This enormous activity change in comparison
to the other samples shows that the NF is not an inert electrode
substrate with only a high surface area but chemically interacts
with the FePx. This chemical interaction is likely the intercalation
of iron into the nickel oxyhydroxide that has been shown to form
during the OER on NF.[25] Such incorporation phenomena have
been well investigated for nickel and iron oxyhydroxides.[43,44]

but are still often ignored when iron-containing catalysts are
investigated only on seemingly inert NF and no other control
substrate.[41,45–47] The activity order of the four compounds on
inert FTO is NiFe:SSP>NiFe:PM>Ni2P>FePx (see Note S2, Sup-
porting Information for a brief mechanistic discussion). It is

Adv. Energy Mater. 2024, 14, 2400809 2400809 (8 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. STEM and TEM data of the four herein investigated materials (Figure 1 for naming and synthesis) after 24 h at 10 mA cm−2. A high-angle annular
dark field (HAADF) image and the respective elemental mappings are shown in a) for NiFe:PM and b) NiFe:SSP (Figure S40, Supporting Information for
the EDX spectra). The data shows that the heterostructure and elemental distribution has been changed severely through the OER treatment (Figure 2
for comparison). c–f) show TEM bright field images of all four samples after 24 h at 10 mA cm−2, showing that the initial morphology has changed
severely (Figure 2 for comparison).

tempting to assign the excellent activity of the NiFe:SSP and
NiFe:PM heterostructures to an interface effect or the different
morphologies, as it has often been done previously.[6–9,20,35,50–52]

In this regard, herein, in-situ and post-characterizations have
been performed after extended catalytic testing for 24 h. These
tests show a fairly stable performance over time, indicating
that the oxyhydroxide active sites/structures do not substan-
tially change after their initial formation. However, neither the
interfaces between nickel and iron phases nor the morpholo-
gies of the precatalysts prevail. The transformation includes not
only the often-reported reconstruction into oxyhydroxides,[5] but
also the mixing of the iron and nickel phases forming iron-
incorporated nickel oxyhydroxides.[53] The previous observation
of stable interfaces can be caused by characterizations after short
catalytic operation times, as after 30 min, the herein-investigated
phosphides also show the prevalence of phosphorus.[6–9,20,35,50–52]

These phosphorous amounts are different, showing that the re-
construction is time and precatalyst-dependent. The general ob-
servation of the heterostructures instability indicates that in-
terface design between nickel and iron phases for the OER is
not straightforwardly achievable and that other explanations for
the often observed high activity of non-noble metal OER het-
erostructures must be found.[9,10,34,35] In this work, we found
differences in the distribution of nickel and iron, as a suffi-
cient factor to explain the activity differences of the heterostruc-
tures. To find differences in their homogeneity and connect them
to the OER activity of the reconstructed phase, in-depth anal-
ysis after long reaction times (here 24 h) is required. Iron en-
hances the OER activity if an ideal amount (20–50%) is incor-
porated into nickel oxyhydroxide.[29,30,44,48] This incorporation of
iron reduces the redox activity of nickel.[29,30,44,48] Thus, when

iron and nickel are homogenously distributed and no pure nickel
phase is present, a high OER activity and low redox activity is
expected. Cyclic voltammetry and in-situ XANES measurements
show that the redox activity of the Ni2P electrode is the highest,
followed by NiFe:PM and NiFe:SSP. STEM elemental mappings
confirm a more homogenous distribution in NiFe:SSP. There-
fore, NiFe:SSP shows a higher activity as most of its oxyhydrox-
ides contain a nickel-to-iron ratio of 1 to 2, which is within the
ideal window and NiFe:PM contains too iron and too nickel-rich
phases.

This work shows that heterostructured NiFe:SSP is an excel-
lent OER electrode. However, this is not caused by an interface
effect between nickel phosphide and iron phosphide or in-situ
formed iron oxyhydroxide and nickel oxyhydroxide. It is due to
a homogeneous and ideal nickel-iron ratio and high availabil-
ity of active sites, caused by the 4 nm small precursor parti-
cles and the porosity induced by the phosphorus leaching, an ef-
fect that has been previously discussed already.[4,54,55] We show
that this catalyst can achieve a good performance under indus-
trially relevant conditions (1.51 VRHE, 500 mA cm−2, 6 M KOH,
65 °C, 80 h) and was also suitable for the oxidation of alcohols
to ketones. We anticipate that this work underlines how dynamic
materials (catalysts) behave under OER conditions and that het-
erostructures can be outstanding OER electrodes, even though
their initial interfaces do not remain, as assumed by previous
reports.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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