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In Situ Induction of Strain in Iron Phosphide (FeP,) Catalyst
for Enhanced Hydroxide Adsorption and Water Oxidation

Guowei Li,* Qun Yang, Jiancun Rao, Chenguang Fu, Sz-Chian Liou,

Gudrun Auffermann, Yan Sun,* and Claudia Felser*

Carbon-based materials have been widely used in heterogeneous catalysis
because of their advantages of high surface area, thermal stability, and
chemical inertness. However, their role in the catalysis is not fully understood
although most studies conclude that the coupling between the carbon support
and catalyst could reduce the charge transfer resistance and improve the
kinetics of catalytic reactions such as water splitting. In this study, a carbon-
modified FeP, electrocatalyst with a one-step strategy is synthesized. The
tensile strain is introduced in situ in the ab crystal plane of the FeP, catalyst.
This leads to charge redistribution between H and O atoms in the OH bonds
and enhances the adsorption of reaction intermediates. In the water oxidation
process, this results in a decrease in the energy barrier for the rate-determining
step, specifically, the chemical step of *OH adsorption preceded by one-
electron transfer. Benefiting from the optimized adsorption energy, the strained
catalysts exhibit excellent oxygen evolution reaction (OER) activity with a low
overpotential in addition to their increased stability. This study provides a new

rate by increasing the active surface area
of the catalysts, thus enhancing mass and
electron transport and improving electro-
chemical stability.®l Incorporating carbon-
based nanomaterials is an ideal solution
for understanding mass transfer between
the liquid electrolyte and solid catalyst
surface and elucidating the kinetic reac-
tion processes occurring on the catalyst
surface. Unfortunately, the complexity
of the catalysts under investigation limits
the understanding of the OER mecha-
nism and catalytic processes. In addition,
most theoretical treatments of the reac-
tion routes of oxygen evolution have not
considered the lattice mismatch problems
between the electrocatalysts and their
carbon supports. This may cause confu-
sion about the real contributions from

strategy for the introducing of strains in functional materials and provides
new insights into the influence of carbon modification on OER activity.

1. Introduction

Electrocatalytic water splitting has been widely viewed as a
promising alternative energy technology to avoid the prob-
lems associated with climate change and fossil fuel deple-
tion.'l However, the O, evolution reaction (OER) at the anode
is a kinetically sluggish process related to multistep proton-
coupled electron transfer.l?! Strategies within the framework
of nanoengineering could significantly increase the activity
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carbon modification and lattice mismatch.

The tailoring of lattice mismatch,
or strain, at the surface of electrocata-
lysts, has been proven to be an effective
method for regulating the electrocatalytic activities toward the
OER, hydrogen evolution reaction (HER), and oxygen reduc-
tion reaction (ORR).’! This can be explained well within the
framework of the d-band model that relates adsorption ener-
gies to the d-band position. As illustrated in Figure 1a, in the
presence of a compressive strain, the width of the d-band will
increase to maintain the electron filling of d orbitals. Thus, the
d-band center will shift down and away from the Fermi level,
which suggests a weaker interaction with any surface adsorb-
ates. On the contrary, a tensile strain will lead to a decrease in
the d-bandwidth if no charge transfer occurs. This results in
the upshifting of the d-band center toward the Fermi level and
stronger interactions with surface adsorbates.[®!

Strains are generally created based on the lattice mismatch
effect, which can occur after depositing the desired material
onto a substrate with a different lattice parameter (Figure 1b).!
This creates either a compressive or tensile strain localized at
the interface between the desired material and the substrate.
However, one can imagine that the utilization of strain effects
requires reducing thin film-like catalysts down to several layers.
Substitutional doping or disorder could also induce strain at
the surface of the catalyst.®! It has been reported that the pres-
ence of strain could even activate the catalytically inert planes
in transition metal dichalcogenides.”) Recent work confirms
that the atomic-level control of catalyst thickness can enable the
generation of strain at the surface. Activity enhancements of an
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Figure 1. a) lllustration of the d-band center in the presence of compressive strain or tensile strain. b) Commonly used strategies to create strain.
) Schematic illustration of the in situ synthesis of strained FeP, catalyst by carbon modification.

order of magnitude have been observed in 2D transition metal
nanosheets.’ This has encouraged us to explore the question
of whether we can introduce strain in situ without creating
defects or using different substrates.

In this work, we report on the utilization of carbon modi-
fication to drive intrinsic strain in orthorhombic FeP,, which
is an ideal earth-abundant catalyst for water splitting. A tensile
strain was observed in the ab-plane. We carefully investigated
the reaction kinetics and found that the adsorption of reaction
intermediates is the rate-determining step in the OER process.
Carbon modification could increase the chemical stability and
decrease the electron transfer resistance significantly. More-
over, the existence of strain could enhance the adsorption of
OER intermediates and decrease the energy barrier of the rate-
determining step, thus speeding up the OER process.

2. Results and Discussion

Strained FeP, nanocomposites were synthesized via a modi-
fied organometallic approach, as illustrated in Figure 1c. Nickel
foam (NF) was immersed into N, N-dimethylformamide (DMF)
solution containing ferrocene and triphenylphosphine. The
NF coated with a precursor was then moved to a quartz tube
furnace and heated in Ar flow. Ferrocene decomposes into
iron clusters and reactive carbon and then reacts with phos-
phorus from triphenylphosphine to form a strained FeP,/
carbon core—shell structure (experimental details can be seen
in the Supporting Information). Representative scanning elec-
tron microscopy (SEM) images at two different magnifications
of the as-prepared catalyst on NF are shown in Figure 2a. A
continuous densely packed thin layer was formed on the NF
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surface, which is obviously different from the smooth surface
of fresh NF (Figure S1, Supporting Information). The suc-
cessful phosphorization can be verified through energy-disper-
sive spectroscopy (EDS, inset in Figure 1a). In the spectra, C,
Fe, Ni, P, and O were observed, indicating slight surface oxi-
dation. Transmission electron microscopy (TEM) image of the
particles on the surface layer clearly confirmed the existence
of nanocrystals embedded in the carbon matrix (Figure 2b).
The amorphous carbon is derived from the decomposition of
ferrocene as proved by the EDS analysis on the samples from
different conditions (Figure S2 and Table S1, Supporting Infor-
mation). The elemental mapping images obtained from energy-
filtered TEM (EFTEM) imaging show that the elements Fe and
P are uniformly distributed across the whole particle and deco-
rated by carbon (inset Figure 2b). High-resolution TEM image
further revealed that the nanocrystalline grains with different
orientations are encapsulated by the graphitic carbon layers, as
shown in Figure 2c and Figure S3 (Supporting Information).
The indicated lattice fringes with a dihedral angle of =90.5° and
spacings of about 0.17 and 0.18 nm can be readily indexed to
the (211) and (121) crystal planes of the orthorhombic FeP,
phase, respectively. To obtain the precise interplanar spacings,
the selected area electron diffraction (SAED) pattern was cali-
brated and is shown in Figure 2d.'% To determine the inter-
planar spacings precisely, the magnification of high-resolution
TEM (HRTEM) images and scale bars are corrected by standard
cross-grating Au sample. The interplanar spacings of the (210)
and (240) facets that are parallel to the c-axis were increased by
2.4% and 1.5%, respectively. While for the facets perpendicular
to the c-axis, such as (031) and (111), the interplanar spacings
were decreased by =1%. This corresponds to a high tensile
strain in the ab-plane of the carbon-modified FeP, catalyst in
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Figure 2. a) SEM image of the FeP, catalyst deposited on nickel foam (NF). The energy-dispersive spectroscopy (EDS) results are shown in the inset.
b) TEM of the as-prepared catalysts. The elemental mapping is displayed in the inset. c,d) HRTEM and corresponding SAED pattern of the FeP, catalyst.

e,f) High-resolution XPS spectra of Fe 2p and P 2p.

comparison with that of the pristine phase (orthorhombic FeP,,
space group Pnnm).[1]

The surface species and chemical states of the strained
FeP, catalyst were investigated by X-ray photoelectron spec-
troscopy (XPS) (Figure S4, Supporting Information). In the
high-resolution P 2p spectra (Figure 2f), the two peaks at
129.7 and 130.5 eV can be attributed to the P 2p,;; and 2p; ),
states of the metal phosphide (FeP,), respectively.'™? The
most remarkable characteristic of this spectrum is the absence
of oxidized metal-phosphate species (at =135 eV), in contrast
with reported transition metal phosphides,'¥ indicating the
high stability of the P-site. The Fe 2p XPS spectra suggested
the existence of three chemical states on the catalyst sur-
face (Figure 2e). The main peak with the binding energy of
707.9 eV was ascribed to Fe 2ps;), in FeP,.'*! Considering
that the structure of FeP, can be described as Fe-centered
octahedra and exhibiting diamagnetism at room tempera-
ture, we conclude that Fe takes the low-spin d° configuration
with a valence state of 2+.1" The higher binding energy peaks
located at around 709.7 and 711.5 eV corresponding to Fe
oxide species such as Fe?* and Fe?* resulting from the surface
oxidation of strained FeP,.[®!

The electrochemical catalytic activities of the strained
catalyst for the OER were explored with a three-electrode
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electrochemical cell in Ar-purified 1 M KOH electrolyte. For a
clear understanding of the strain effect, we also investigated the
catalytic behaviors of the pure FeP, phase without modification
or strain, NiP,, Ni—O (NF surface was partially oxidized), and
NF. As revealed in the polarization curves in Figure 3a, bare
NF showed poor OER activity with an overpotential of 380 mV
to reach a current density of 10 mA cm~2. The pure phases of
FeP,, NiP,, and Ni—O catalysts require lower overpotentials
of 290, 280, and 257 mV, respectively, under the same condi-
tions. They are all far inferior to the strained FeP, catalyst with
an overpotential of only 240 mV (Table S2, Supporting Infor-
mation). The Tafel slope of strained FeP, was calculated to be
56 mV dec™! and was much smaller than those of pristine FeP,
(87 mV dec™!), NiP, (136 mV dec™!), Ni—O (77 mV dec™!), and
NF (153 mV dec™), suggesting the considerably better catalytic
performance of the strained catalyst (Figure 3b). More impor-
tantly, the change in the Tafel slope also implies a change in
the rate-determining step of the electrochemical reaction. A
Tafel slope of =60 mV dec? (b = 2.303(RT/F)) suggests that
the OER on a strained FeP, catalyst may be controlled by the
chemisorption of OH preceded by a facile one-electron transfer
reaction.”l A multistep chronopotentiometry curve obtained
without iR correction is shown in Figure 3c. Upon increasing
the potential, the current density changed accordingly and then
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Figure 3. a) OER polarization curves of NF, NiP,, Ni—O, pristine FeP,, and strained FeP, catalysts. b) The corresponding Tafel analysis of the investi-
gated catalysts. c) The multicurrent process with the current density increased from 20 to 105 mA cm~2 without iR correction. d) Comparison of OER
polarization curves before and after stability test. ) High-resolution XPS spectra of Fe 2p after the long-time stability test. f) Comparison of high-

resolution P 2p spectra before and after stability test.

stabilized quickly, suggesting the outstanding mass transfer
properties of the strained FeP, catalyst.l'®]

Stability testing of the strained FeP, catalyst was carried out
at a high current density of 50 mA cm™. The linear sweep vol-
tammetry (LSV) curves before and after the OER test (Figure 3d)
confirmed the high durability of the catalyst in 1 M KOH solu-
tion, as only a slight decrease in current density was observed.
The catalyst retained its dense structure and morphology very
well without collapse after the stability test (Figure S5, Sup-
porting Information). This was further evidenced by the similar
EDS spectra (Figure S6, Supporting Information). The high-
resolution Fe 2p XPS spectra revealed the existence of the Fe—P
band after the long-time stability test (Figure 3e and Figure S7,
Supporting Information). Partially surface oxidation may
happen as evidenced by the binding energy at 712.2 eV, which
can be attributed to the Fe in the FePO, phase. This can be fur-
ther proved by the observation of P—O bonding from the P 2p
XPS spectra (Figure 3f). The TEM image and the corresponding
SAED pattern indicated that FeP, is still the main phase after
the stability test (Figure S8a,b, Supporting Information). The
interplanar spacings of the (200) facet parallel to the c-axis after
the correction was increased by =1.7% and 1.5% at different
positions of the catalyst surface (Figure S9a—d, Supporting
Information), confirming the existence of tensile strain in the
ab-plane after the long-time stability test. In addition, we also
detected the existence of a small proportion of the FePO, phase,
which is a result of surface oxidation after a long-time stability
test (Figure S8c,d, Supporting Information).

To verify the influence of strain on OER activity, an under-
standing of the electron transfer behavior at the electrochemical
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interface is essential. Electrochemical impedance spectroscopy
(EIS) measurements of the FeP, catalyst under different over-
potentials are shown in Figure 4a. The Nyquist plots clearly
reveal the presence of two semicircles, corresponding to two
time constants in the OER process, which is consistent with
the equivalent circuit shown in the inset of Figure 4a. In the
simulation, R and CPEg represent the uncompensated solu-
tion resistance and the double-layer capacitance, while Rcr and
Rg reflect the kinetics of the interfacial charge transfer reaction
and are associated with all Faradaic steps of the OER process,
rather than simply the charge transfer resistances.'”) CPE,q
represents the adsorption pseudocapacitance of charged surface
species. The semicircle in the high-frequency regime is almost
potential-independent, suggesting a fast electron transfer pro-
cess. In contrast, the significant decrease in the diameter of
the semicircle at low frequency with increasing overpotential
corresponds to a potential-driving interfacial OER process, rep-
resenting the rate-determining step. Bode plots were recorded
to better distinguish these two relaxation processes (Figure 4b).
The reaction time constant (7 = 1/, where 7 is the time con-
stant and @, is the characteristic frequency) was also calculated.
It can be clearly seen that the time constant at high frequen-
cies is much higher than that at lower frequencies. In addition,
an obvious drop in relaxation time was observed in the low-
frequency regime. Considering the fact that the time constant
for double-layer capacitance is always higher than that for the
adsorption process by several orders of magnitude, we can con-
clude that the OER on the strained FeP, catalyst is dominated
by the formation of chemical intermediates, rather than the
electron-transfer steps.?! This is consistent with the observed
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Figure 4. a) Electrochemical impedance spectra recorded in 1.0 m KOH at a series of potentials. The equivalent circuit used in the fitting is shown in
the inset. b) The corresponding Bode phase diagram at different overpotentials. c) Electrochemical impedance spectra of the pristine and strained
FeP, catalysts. d) The Bode format of the impedance spectra. e) Chronoamperometric responses for OER at pristine and strained FeP, electrodes in

1 and 0.1m KOH solution.

Tafel slope of =60 mV dec™!, further confirming that the chem-
ical step of OH adsorption preceded by a one-electron/proton
step is the rate-determining step.['7221]

Considering the above-mentioned analysis, we collected the
EIS spectra of pristine and strained FeP, catalysts at the same
overpotential (0.27 V vs RHE). As shown in Figure 4c, there was
a decrease in semicircular diameters over the entire measured
frequency range, more prominently at low frequencies. Bode
phase plots revealed that the time constant for the adsorption
process decreased from 1.2 s for the pristine catalyst to only
0.2 s for the strained one (Figure 4d). Moreover, decreases in
impedance related to the charge transfer, adsorption, and solu-
tion resistance were also observed in the Bode impedance plot
(lower part of Figure 4d). In addition to the fast OER kinetics,
the stability was also improved after carbon modification. The
chronoamperometric study indicated that at a constant over-
potential, the carbon-strained catalyst exhibited a considerably
slower decay than that of the pristine catalyst (Figure 4e). Thus,
we can conclude here that the carbon coating not only results
in increased electrochemical stability but also an enhanced
adsorption process and OER kinetics as a result of the strain
effect.

Theoretical and experimental investigations have all con-
firmed that the adsorption of oxygenated intermediates (espe-
cially *OH) is the highest-energy-consuming step in the
water oxidation process. The optimization of the adsorption
energy can be achieved by doping, or possibly by introducing
strain.l?Zl Thus, density functional theory (DFT) was employed
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to calculate the chemisorption free energies of *OH on the
investigated catalysts. The (120) plane of orthorhombic FeP,
was selected for these calculations because this plane contains
both Ni and P sites simultaneously. More importantly, it was
parallel to the c-axis and matches well with the graphite crystal
lattice. We considered adsorption on pristine FeP,, FeP, on
one layer of graphene (FeP,/1G), FeP, on six layers of gra-
phene (FeP,/6G), and a strained FeP, catalyst. As shown in
Figure 5a and Figure S10 (Supporting Information), the most
energetically favorable configuration for *OH adsorption was
the Fe—P bridge site (closer to the P site) for all the cases. The
binding energy was determined to be 0.181 eV for the pristine
catalyst, suggesting weak adsorption. This is in good agreement
with the Tafel and EIS analyses that showed that the chemical
adsorption step is the rate-determining step. Depositing FeP,
catalysts on graphite favored *OH adsorption, because the lat-
tice mismatch between FeP, and graphite will result in a tensile
strain of up to 5%. Thus, we calculated the adsorption behavior
on strained FeP, without graphite support. Surprisingly, it
exhibited adsorption energy of —0.058 eV, similar to that of the
FeP,/1G catalyst. To further explore the principle of improving
the material properties by introducing strain, the differential
charge distributions were calculated. As illustrated in Figure 5¢
and Figure S11 (Supporting Information), the charge transfer
mainly occurred through the O—P bonds. Electron holes were
generated around the P and Fe atoms, indicating the occur-
rence of charge transfer from P to adsorbed *OH. This has
been definitely proven by previous research that the formation

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Optimized adsorption position for *OH intermediate on FeP, catalyst. b) Chemisorption free energies of *OH intermediate on the surface
of pristine FeP,, FeP,/1G, FeP,/6G, and strained FeP, catalysts. c) Charge density difference on strained FeP,, blue represents electron depletion and
red represents electron accumulation. d) Bader charge transfer analysis with the reaction *OH intermediate on pristine FeP,, FeP,/1G, and strained

FeP, catalysts.

of reaction intermediates such as *OH requires an increase in
the oxidation state at the active site during the OER process.?*l

To better determine the contributions from the strain and
graphite support, Bader charge transfer analysis was carried
out. It was confirmed that the P sites are partially oxidized,
losing similar amounts of electrons to the *OH adsorbate for
pristine FeP, (0.712), FeP,/1G (0.720), and strained FeP, cata-
lysts (0.713). However, both graphite support and tensile strain
could lead to a redistribution of electrons between O and H in
the *OH adsorbate (Figure 5d). There is an increase in the elec-
tron density around the O atoms, resulting in enhanced *OH
adsorption and fast OER kinetics.

3. Conclusion

In conclusion, we present a facile route for the synthesis of
strained FeP, electrocatalysts by graphite modification. The
effects of strain and the graphite support were investigated in
detail to understand the accelerated OER kinetics. We found
that in addition to the decreased electron transfer resistance,
the strain-induced as a result of the lattice mismatch may have
caused the excellent OER activity. The tensile strain will lead
to an electron distribution around the O-H bond of adsorbed
*OH and enhanced reaction kinetics due to increased inter-
mediate adsorption. This will finally decrease the energy
barrier for the rate-determining step and speed up the OER
process. The strategy presented here provides an effective
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route to design highly efficient electrocatalysts by introducing
strain in situ.

4. Experimental Section

Preparation of Strained FeP,/C: The strained FeP,/C catalyst was
synthesized by a one-step procedure. In a typical synthesis process, a
commercial Ni foam (Sigma-Aldrich, 99.5%) was cleaned ultrasonically
in 1 m HCl for 10 min and then washed with ethanol and deionized
(DI) water for several times. The Ni foam was put into 20 mL of
dimethylformamide solution (99.8%), which contained 0.186 g ferrocene
(Alfa Aesar, 99.5%) and 0.2 g triphenylphosphine (Sigma-Aldrich, 99%).
The solution was maintained at 80 °C for 4 h. The Ni foam was taken
out from the solution and placed into a tube furnace with Ar flow
(80 mL min™"). The furnace was heated to 220 °C in 30 min and then to
400 °C with a speed of 7 °C min~'. Finally, the sample was maintained at
this temperature for 90 min before cooled to room temperature naturally.

Preparation of Pristine FeP,: In a typical procedure, 0.202 g iron (ll1)
nitrate nonahydrate (Carl Roth, 99.999%) was used to replace ferrocene.
All the other procedures were kept the same with the preparation of
strained FeP, catalyst.

Preparation of Pristine NiP,: In a typical procedure, 0.202 g nickel
(I)-nitrate hexahydrate (Carl Roth, 99%) was used to replace ferrocene.
All the other procedures were kept the same with the preparation of
strained FeP, catalyst.

Preparation of Ni—O Catalyst on Ni Form: To exclude the contribution
from the in situ formation of active spices at the Ni foam surface,
a sample was synthesized by the reaction between Ni foam and
triphenylphosphine, but without ferrocene. All the other procedures were
kept the same with the preparation of strained FeP, catalyst.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Structure Characterization: The SEM images were obtained with a
JEOL JSM 6700F electron microscope with an accelerating voltage of
5 kV. TEM, HRTEM, as well as corresponding TEM-EDS mapping were
performed under an acceleration voltage of 200 kV with a TITAN 80/300
electron microscope. XPS analyses were performed using a UHV surface
analysis system equipped with a Scienta-200 hemispherical analyzer.
The base pressure of a sample analysis chamber is 2 x 107'° mbar and
corrected with C 1s line at 284.6 eV. The standard deviation for the
binding energy values was 0.1 eV.

Electrochemical Measurements: The OER catalytic measurements
were performed on an Autolab PGSTAT302N electrochemistry
workstation with an impedance module. A conventional three-electrode
cell configuration was used in the measurement. An Ag/AgCl (3 m KCI)
electrode was used as the reference electrode, and a graphite rod was
used as the counter electrode. The Ni foam with loaded electrocatalysts
was attached to a Ti plate and served as a working electrode. The
electrolyte was an Ar saturated 1 m KOH solution. Linear sweep
voltammograms were recorded with a scan rate of 5 mV S7. The
stability tests were performed at an overpotential of 290 and 370 mV
for the pristine and strained FeP, catalysts. All potentials used in this
work were referenced to a reverse hydrogen electrode (RHE). All the EIS
experiments were performed on an Autolab model 302 N potentiostat
with a frequency range from 10 kHz to 0.1 Hz and a 10 mV AC dither.
Bode phase (phase angle vs frequency) and Bode modulus (impedance
modulus vs frequency) diagrams are derived from the corresponding
impedance spectrum.

Supporting Information

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