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ABSTRACT: Water splitting is considered one of the most promising
approaches to power the globe without the risk of environmental pollution.
The oxygen evolution reaction (OER) is even more challenging because the
generation of only one oxygen molecule involves the transfer of four e− and
removal of four H+ ions from water. Thus, developing highly efficient catalysts
to meet industrial requirements remains a focus of attention. Herein, the
prominent role of Sn in accelerating the electron transfer kinetics of Ni5P4
nanosheets in OER is reported. The post catalytic survey elucidates that the
electrochemically induced Ni−Sn oxides at the vicinity of phosphides are
responsible for the observed catalytic activity, delivering current densities of 10,
30, and 100 mA cm−2 at overpotentials of only 173 ± 5.2, 200 ±7.4, and 310 ±
5.5 mV, respectively. The density functional theory calculation also supports the
experimental findings from the basis of the difference observed in density of
states at the Fermi level in the presence/absence of Sn. This work underscores the role of Sn in OER and opens a promising avenue
toward practical implementation of hydrogen production through water splitting and other catalytic reactions.
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■ INTRODUCTION

The development of reliable and affordable energy sources is a
key step in the quest to achieve the sustainable development
goals (SDGs) set by the United Nations (UN).1 Water
splitting is considered as an important pathway to produce
spotless energy and substantially increase the share of
renewable energy source in the global energy supplies.2−4

However, the oxygen evolution reaction (OER) counterpart
with sluggish kinetics has remained a grand bottleneck to
realize efficient water-splitting technologies meeting the
desired goals. Even the conventionally accepted benchmark
catalysts such as IrO2 and RuO2 are not that satisfactory in
catalyzing OER, not to mention their scarcity and high cost.5

OER also plays a pivotal role in the production of carbon fuels6

and achieving rechargeable metal−air batteries,7 in addition to
splitting water. This necessitates the exploration of catalysts
driving OER at a lower overpotential and faster kinetics. In this
regard, metal oxides/double-layer hydroxides have been
acknowledged for their promising performances in catalyzing
OER.8,9 However, they are challenged by their intrinsically
poor conductivity, impeding the rate of electron transfer and
thereby jeopardizing the entire catalytic activity.10 Owing to
their higher conductivity, metal chalcogenides/phosphides are
excellent alternatives to metal oxides.11,12 Of particular note is
that phosphides play a paramount role in the catalysis of water-
splitting reactions. For instance, Pan et al.13 evaluated the

catalytic activities of various nickel phosphides and reported
that it increases in the order of increasing phosphorous content
(Ni5P4 > Ni2P > Ni12P5). Nowadays, various experimental
evidence deduce that metal phosphides/chalcogenides are not
the true catalysts in OER.14−16 Their surface undergoes an
electrochemical transformation into the corresponding oxides/
hydroxides, which eventually play the catalysis role. Therefore,
these materials are strictly precatalysts. The oxides/hydroxides
moieties formed in this case are apparently more catalytically
active than the pristine oxides as they are formed in the vicinity
of conductive platforms.
Alloying has long been considered as an effective method of

introducing new features on the catalyst toward optimizing the
energetics and kinetics for the desired reaction.17−24 When it
comes to phosphides, the in situ-formed surface oxides/
hydroxides will have a conducive system to favorably
perpetrate the synergism between multimetals for enhanced
catalysis. Based on these premises, bimetallic phosphides such
as Ni−Fe−P,14,25−27 Co−Fe−P,15 Mn−Fe−P,16 Ni−Co−
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P,28−31 Al−Ni−P,32 and Ru−Ni5P4
33 have been investigated

and promising results were communicated.
In this work, we describe the active role of Sn in tackling the

sluggish kinetics of OER. The most compelling feature in Sn-
based catalysis is that the oxygen-bound intermediates interact
more favorably on the Sn surface.34−36 Thus, promising results
were communicated via utilizing Sn-based materials in water
splitting.37−39 Despite such remarkable etiquettes of Sn, its role
in enhancing the OER activity of metal phosphides has been
barely studied. We alloyed Sn in the nickel oxyhydroxide
nanosheets and phosphorized the content in a chemical vapor
deposition (CVD) setup to synthesize a Sn-doped Ni5P4
precatalyst. Our post catalytic characterizations reveal that
the surface is completely transformed into SnxNiO, demon-
strating that the catalytic activity took place as a result of the in
situ-formed oxide. The presence of Sn and the in situ-
generated oxide collectively assist the increase of density of
states (DOS) at the Fermi level and makes the d-states closer
to the Fermi level. Through the combination of experimental
and computational findings, we demonstrated that the in situ-
generated Sn−Ni oxides at the phosphide surrounding exhibit
superior kinetics for the catalysis of OER.

■ RESULTS AND DISCUSSION

Vertically oriented nanosheets of tin-doped nickel oxyhydr-
oxide (Sn-Ni2O3H) were first prepared through a hydro-
thermal method on a carbon fiber (CF) substrate (Figure
S1a,b). The as-obtained product was then phosphorized in
CVD to yield Sn-doped Ni5P4. For comparison, the undoped
Ni5P4 was also synthesized through the same reaction but
without the addition of Sn (details are given in the
Experimental Details section). The measurements were made
based on these three samples (Sn-Ni2O3H, Sn-doped Ni5P4,
and Ni5P4) to unequivocally understand the role of the
electrochemically induced oxide on OER. The scanning
electron microscopy (SEM) images in Figure 1a,b display

the flower-like morphology of the phosphorized product,
composed by vertically assembled nanosheets. The morphol-
ogy of the material is preserved after optimum Sn doping
(Figure S1c). Further details on the nanoscale morphology and
structure were examined through transmission electron
microscopy (TEM). As can be seen in Figure S2, the basal
plane of the nanosheets contains small nanoparticles whose
diameter ranges from 5 to 20 nm. This accounts for the
roughness of the phosphorized product that would, in turn,
assist the exposure of active sites for enhanced kinetics.40,41

The elemental composition of the sample was measured by
energy-dispersive X-ray spectroscopy (EDS), revealing the
presence of Sn, Ni, and P with atomic ratios P to Ni and Sn to
Ni of 0.8 and 0.06, respectively (Figure S3). These elements
are homogeneously distributed in the nanosheets, as evidenced
by the EDS mapping in Figure 1c, resulting from the
highlighted area on the scanning transmission electron
microscopy-high-angle annular dark-field (STEM-HAADF)
micrograph (more EDS mapping is provided in the Supporting
Information Figure S4). A slightly increased Sn and a
nonnegligible O content are observed on strained areas such
as wrinkles and edges, where the product might be partially
oxidized due to environmental exposure. Moreover, the X-ray
diffraction (XRD) pattern in Figure S5 illustrates that the
crystal structure of the phosphorized product fits the major
standard peaks of Halamishite, Ni5P4 (PDF#18-0883),
agreeing with the elemental ratio observed in EDS. In general,
the XRD patterns show low intensity and broad diffraction
peaks. The broad peak at around 2θ = 25° originated from the
CF substrate. The other peaks are slightly shifted and/or
diminished in intensity, which can be associated with lattice
distortion because of doping with another atom (Sn). The
difference in atomic radii (Sn has a larger atomic radius as
compared to Ni) could give rise to such lattice distortion.
Figure S6a shows that the effect is more apparent with
increasing concentration of Sn. This can be corroborated by

Figure 1. Morphology and elemental distribution: (a,b) Scanning electron microscopy images of SnNiP. (c) STEM-HAADF micrograph with
relative EDS mapping of the highlighted area (orange rectangle) for Ni (green), Sn (purple), P (yellow), and O (orange). (d) High-resolution
transmission electron microscopy image of SnNiP and (e) Fourier transform pattern of the marked region in (b).
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the SEM images (Figure S6b−e) showing the appearance of
spherical aggregates on the nanosheets at 4% at Sn making the
structure disordered and nonhomogeneous. Similar observa-
tions have been made for the case of Mn-doped Fe2P.

16

Further insight into the crystallographic structure of our
sample was gained from high-resolution transmission electron
microscopy (HRTEM) substantiating clearly distinguishable
crystal fringes, as reported in Figure 1d. The fast Fourier
transformation (FFT) of the marked region in Figure 1d is
illustrated in Figure 1e. The highlighted crystal fringes were
assigned to (002), (011), and (010) lattice planes. The pattern
can be indexed to the Halamishite phase, specifically on the
[1,0,0] zone axis. These results, in accordance with XRD and
EDS observations, indicate that the phosphorization of the
oxide precursor led to the formation of Sn-doped Ni5P4

(hereafter, SnNiP).
The surface chemical composition and oxidation states of

the components in the product were unveiled by X-ray
photoelectron spectroscopy (XPS). After doping, we have

observed only a slight change in the BE of XPS peaks that may
convey the alteration on the electronic structure of the pristine
Ni5P4. Figure 2a shows a deconvoluted high-resolution XPS
spectrum of Ni 2p in SnNiP: due to the well-known complexity
of the Ni 2p band structure, we also simulated the shake-up
part to obtain a reliable fit. It imparts that nickel in the sample
is present as Ni2+ (Ni 2p3/2 band centered at 853.7 eV, spin−
orbit splitting of 17.2 eV) and possibly Ni3+ (Ni 2p3/2 band
centered at 856.9 eV, spin−orbit splitting of 17.7 eV). A slight
shift (0.3 eV) in the binding energy is present, as compared to
the Ni 2p spectrum in the pristine compound (Figure S7).
This may be associated with the electron transfer between the
Sn species and that of Ni in the Ni5P4 matrix. The XPS
spectrum of Sn evidences the existence of one single Sn 3d
signal due to tin oxides and/or tin phosphites: the Sn 3d5/2
band is centered at binding energy (BE) of 487.6 eV, with a
spin−orbit splitting of 8.4 eV (Figure 2b). Likewise, the
presence and the chemical nature of phosphorus is deemed
from the collected XPS spectra, as shown in Figure 2c. The P

Figure 2. High-resolution X-ray photoelectron spectra in SnNiP: (a) Ni 2p, (b) Sn 3d, and (c) P 2p.

Figure 3. Electrocatalytic oxygen evolution reaction activity: (a) OER polarization curves from the linear sweep voltammetry. (b) Tafel plots for
SnNiP and Ni5P4 extracted from the polarization curves in (a). (c) Comparison of overpotentials for η10, η30, and η100. (d) Double-layer
capacitance (Cdl) measurements of SnNiP and Ni5P4 catalysts. (e) Chronopotentiometric run of SnNiP for the long-term durability test at 30, 200,,

and 500 mA/cm2.
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2p3/2 + 1/2 band is made by two components: the first is
centered at BE of 129.0 eV and attributable to phosphorus in
metal phosphide compounds (Ni−P and Sn−P). This peak is
shifted (0.4 eV) to lower binding energy positions compared to
the phosphorus in the pristine sample, substantiating the
electron transfer from the metals to phosphorus. The other
component is peaked at BE of 133.5 eV and related to metal
phosphites (−PO4

3−) that appear due to superficial oxidation
once the sample is exposed to air.14 In our case, both Ni and
Sn could contribute to this part. Quantitatively, around 14% at
P along with 11% at Ni and 4% at Sn accounts for surface
oxidation induced by air exposure.
To gain insight into the catalytic performance of the

synthesized material and the other control samples, we
measured the electrocatalytic activity in a three-electrode
system (in 1 M KOH), wherein a saturated calomel electrode
(SCE), a graphite rod, and the samples under investigation
served as reference, counter, and working electrodes,
respectively. In situ electrochemical activation was employed
through CV tests by varying the number of applied cycles (10,
25, 50, 75, and 100) to optimize the number of cycles required
for surface activation. As shown in Figure S9a, 50 cycles are
optimum for activation and hence the analysis made in this
study is after activation via CV runs of 50 cycles. The full CV
scan after activation is depicted in Figure S10, illustrating the
redox peaks. The polarization curve in Figure 3a reveals a
negligible catalytic activity for the bare carbon fiber, suggesting
that the catalytic activity recorded for the rest of the samples
comes solely from the synthesized materials on the carbon
fiber. The Sn-Ni2O3H and the undoped Ni5P4 display only
modest activity toward OER. As expected, the best catalytic
activity toward water oxidation is recorded for the SnNiP
sample. We also tested the relationship between the level of the
Sn dopant in Ni5P4 and the final OER activity (Figure S9b).
The Sn content plays a critical role. In this study, we observed
that 3% at Sn is the optimum doping level. The concentration
of Sn beyond the optimum decreases the catalytic activity as it
deforms the lattice and suppresses the exposure of catalytic
active sites. The presence of Sn may play a paramount role in
perturbing the electronic structure of the nickel phosphide
matrix toward optimizing the surface for favorable kinetics and
energetics in the oxygen evolution reaction. Notably, the
reaction kinetics is greatly facilitated after Sn incorporation, as
evident from the smaller Tafel slope (Figure 3b) recorded for
SnNiP (∼46 mV dec−1) as compared to the undoped one
(∼68 mV dec−1). Detailed Tafel slope analysis is given in
Figure S11. We further corroborated via chronoamperometry
measurements, as this route eliminates capacitive current
effects, allowing a more reliable analysis.42 The comparison of
overpotentials recorded at specific current densities is depicted
in Figure 3c. It is apparent that lowest overpotentials such as
173 ± 5.2, 200 ± 7.4, and 310 ± 5.5 mV are recorded for
SnNiP catalysts for delivering current densities of 10, 30, and
100 mA cm−2, respectively. These potentials are the lowest (if
not comparable) compared to the most recently re-
ported14−16,32,43−49 catalysts for water oxidation (Figure 4).
We have also evaluated the electrochemically active surface
area of the catalysts by calculating the double-layer capacitance
(Cdl) as it estimates the electrochemically exposed active sites.
For this, cyclic voltammetries at a nonfaradic region were run
at various scan rates (Figure S12a,b), from which the
differences of current densities as a function of scan rates
were determined, as plotted in Figure 3d. The Cdl value of

SnNiP (8.4 mF cm−2) is found to be higher than that of Ni5P4
(5.3 mF cm−2). This result demonstrates that Sn doping
triggers the exposure of more active sites on the surface. In fact,
dopant−host interaction in an alkaline condition has its own
feature to contribute to a wider geometrical space for the
charging/discharging; an analogous observation was made by
Al-doped Ni5P4.

32

Increasing intrinsic activity is considered as a vital route
toward realizing the scaling-up of water-splitting catalysts. It
guarantees direct increase in electrode activity without the
problem of mass-transport issues arising from high catalyst
loadings.50 Sn doping can also alter the intrinsic properties of
Ni5P4. To prove this, we evaluated the turnover frequency
(TOF) for each active site using electrochemical methods
(Figure S13). Accordingly, the SnNiP sample outperforms the
undoped catalysts, exhibiting ∼2.5 times higher TOF than
Ni5P4 at an overpotential of 350 mV. Moreover, after
normalizing the polarization curves by the electrochemical
active surface area, (ECSA) SnNiP still exhibits better catalytic
activity (Figure S14) further portraying the intrinsically
enhanced performance in OER catalysis. Meanwhile, the
charge-transfer resistances were analyzed by the Nyquist plots
(Figure S15a). The smaller semicircle in the electrochemical
impedance spectra (EIS) of the SnNiP catalyst evidences the
enhanced conductivity, whose charge-transfer resistance (Rct)
is calculated to be 16 Ω, as compared to the pristine Ni5P4 (Rct
= 233 Ω). The OER catalysis still exhibit excellent kinetics
after the stability test (Figure S15b). Together, these results
suggest that doping of Sn intrinsically boosts the catalytic
activity of Ni5P4. Our computational findings (described
below) also verify this hypothesis based on the increased
density of states around the Fermi level as a result of Sn
doping.
It is well recognized that OER catalyst stability is a

bottleneck in realizing scalable water-splitting technology. We
conducted chronopotentiometry at various current densities
(30, 200, and 500 mA cm−2) for a total of 36 h (12 at each
current density). As can be seen from Figure 3e, SnNiP
demonstrates very good stability with only minor degradation
over long-term testing. It retains 99.5, 98.78, and 99.4% activity
at 30, 200, and 500 mA cm−2, respectively. The polarization
curve after stability (Figure S16) is also nearly identical to the
original one, further solidifying the stable activity in water

Figure 4. Comparison of the OER performances in 1 M KOH in
terms of Tafel slopes and overpotentials required for driving current
densities of 10 mA cm−2.
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oxidation. The constant potential recorded at each respective
current density implies the mechanical robustness during mass
transport in electrolysis.
To gain a clear understanding on the origin of the observed

catalytic activity, we conducted post OER characterizations.
The XPS spectra in Figure 5a,b uncover that the catalyst has
undergone a remarkable change on the surface chemistry of
SnNiP. The same observation has been made for the pristine
Ni5P4 (Figure S7). It is noteworthy that other reports on OER
catalysis also support this phenomenon.14−16,51 Especially, the
surface of phosphides is prone to oxidation during catalysis and
we are attributing the enhanced catalytic activity to such in
situ-formed oxide at the vicinity of phosphides. Accordingly,
nickel shows a single component of the Ni 2p3/2 band centered
at a BE value of 856.2 eV, related to Ni oxide/hydroxide.52

Apart from the change in the chemical state, we have also
witnessed a significant amount of K (from the electrolyte, 1 M
KOH) at the sample surface and dissolution of tin and
phosphorus from the surface of the catalyst. This phenomenon
of leaching (metal/nonmetal dissolution) leaves behind a more
active and conductive platform for catalysis, recapitulating
previous studies.32,53 The presence of tin and phosphorus on
the first few nm of the surface is near the detection limit of
XPS (∼0.1%). Figure 5b illustrates the high-resolution XPS
spectra of the remaining tin on the catalyst after OER is
recorded with a very long acquisition time. Beside the Sn 3d5/2
peak centered at BE of 486.6 eV (8.4 eV of spin−orbit
splitting) owing to the formation of elemental Sn or Sn2+

species,54 we have also detected an additional component
centered at BE of 488.8 eV (same spin−orbit splitting),
possibly corresponding to the presence of Sn4+. These values
are larger than those usually observed from the Sn 3d5/2 band,
likely due to some charge-transfer mechanisms. Post catalytic
XPS analysis for phosphorus indicates that the amount of P on
the surface is near the detection limit (Figure S17),
substantiating the fact that the catalytic activity is entirely
due to the surface oxide of Sn/Ni metals. This dramatic surface
chemical change during water oxidation is further supported by
HRTEM observation elucidated in Figure 5c. The crystal
fringes and the associated FFT image corroborate the existence

of NiO. The crystal domain is reduced to few nm because of its
amorphous feature following the low-temperature electro-
chemically induced oxidation process. Moreover, the elemental
mapping (Figure 5b) of high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) solidifies
the existence of Ni, Sn, and O on the catalyst with a
homogeneous distribution such that the pattern of O goes
along with Ni and Sn, further evidencing the formation of
metal oxides. To further verify our hypothesis, we carried out
Raman spectroscopic characterization (Figure S18) before and
after the OER test to see what new features could come out in
the support of the in situ-formed new chemical species. We did
not find any detectable Raman vibration modes upon 531 nm
laser excitation for the SnNiP sample before the OER test.
Interestingly, new peaks appeared at around 502 and 1061

cm−1 that are attributed to the first-order longitudinal optical
(LO) phonon and a combination of two transverse optical
(2TO)/2LO modes of NiO, respectively, after the OER
test.55,56 In fact, the electrochemical transformation during
OER has been reported for various kinds of chalcogenides43,57

and phosphides11,14 during OER. It is suggested that the
interface between metal phosphide/chalcogenides and metal
oxide/hydroxide assists the charge-carrier transport from the
interior to the exterior oxide/hydroxide species.58 What is even
more important here is the fact that Sn plays a paramount role
in intensifying the density of electronic states at the Fermi
level, thereby favoring the kinetics of water oxidation on NiO
in which the phosphate vicinity provides a conductive
platform.
To get further insight into the mechanism of the enhanced

OER activity, we conducted density functional theory (DFT)
calculation. The perfect crystal structures of Ni5P4, Ni5(P/O)4,
and SnNi(P/O)4 (Figure 6) were constructed based on the
experimental results of XRD/HRTEM. The DFT calculation
was performed on the (002) crystal plane to study the effect of
oxidization of the top layer and the Sn doping (3.75% at Sn
was considered) on the electronic structure at the atomic level.
According to the performed calculations, the substitution of
the phosphorus atoms with oxygen during the oxidation
process at the top layer shifts the energy levels toward the

Figure 5. Post catalytic activity characterizations: high-resolution x-ray photoelectron spectra of Ni 2p (a) and Sn 3d (d) in the SnNiP sample after
OER experiments. (b) STEM-HAADF micrograph and relative EDS mapping for Ni, Sn, and O. (c) HRTEM micrograph of the edge of a
nanosheet and relative FFT.
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Fermi level compared to the nonoxidized Ni5P4, which could
point to a favorable system for water oxidation. The doping
with Sn atoms, which are replacing Ni atoms, leads to the
increased density of energy levels at the Fermi level, suggesting
a conducive platform for catalytic activity. The increased
density of states (DOS) at the Fermi level indicates that the
catalytic reaction can be affected directly by the large increase
in the charge-carrier density that should lead to an improved
OER process. Additionally, the increased number of energy
levels near the Fermi level is supposed to boost the charge-
transfer kinetics of the system, which has been experimentally
proved through the EIS measurements. Further increase of the
Sn concentration within the top layer of the crystal structure
results in unstable behavior, i.e., the system is no longer stable
and the top layer shows a tendency of decomposition. This
tendency is reflected by the elongation of the bond between Sn
elements and near atoms. For example, the distance between
Sn and near oxygen atoms (Figure S19) at the top layer for
different percentages of Sn is different, 2.048 Å (for 16% Sn)

and 2.066 Å (for 33% Sn). A further increase in the
concentration leads to the state where the calculations cannot
converge and reach the energy ground state.

■ CONCLUSIONS
In summary, we presented a facile method for the synthesis of
Sn-doped Ni5P4 that exhibits excellent catalytic activity toward
water oxidation in an alkaline medium. The presence of Sn,
confirmed by EDS and XPS analysis, increases the density of
states at the Fermi level, accelerating the charge-transfer
kinetics across the electrode−electrolyte interface. Indeed, the
catalyst delivered a current density of 10 mA cm−2 at an
overpotential as low as 173 ± 5.2 mV vs RHE and with a
record small Tafel slope (∼46 mV dec−1). Our finding points
out that the in situ-formed oxide moieties play an active role in
catalysis, in which the phosphide vicinity also contributes its
part. Moreover, the oxygen-bound intermediates interact more
favorably on the SnNiO surface as compared to the undoped
ones, which can contribute to the enhanced OER catalysis.

Figure 6. Crystal structure and corresponding density of states for (a) pure Ni5P4, (b) oxidized system Ni5(P/O)4, and (c) Sn-doped oxidized
system Sn-Ni5(P/O)4. Nickel atoms are marked with purple, phosphorous atoms with gray, oxygen atoms with red, and Sn atoms with a bigger
atomic radius with black color.
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This work demonstrates the prominent role of Sn in water
splitting and paves the way for the subsequent investigations in
the quest for breakthroughs in many energy conversion/
storage techniques such as regenerative fuel cells and
rechargeable metal−air batteries.

■ EXPERIMENTAL DETAILS
Synthesis of the Oxide Precursor. A carbon fiber (CF)

substrate was first cut into an appropriate dimension and
sonicated in ethanol, acetone, and distilled water. To prepare
the precursors solution, 1.7 g of Ni(NO3)3·6H2O and 0.3 g of
SnCl2·2H2O were mixed well in 50 mL of ultrapure distilled
water. To the obtained homogeneous solution, 0.9 g of urea
and 0.2 g of NH4F were added by stirring the entire content.
The volume of the solution was made up to 100 mL by
distilled water. Then, the solution was transferred to a Teflon-
lined stainless steel autoclave containing the cleaned CF
substrate standing vertically. The whole content was then
heated in an oven at 120 °C for 6 h. The CF was then taken
out, rinsed with ethanol/water, and dried in an oven at 60 °C.
Phosphorization. The obtained metal oxyhydroxide

precursor was placed in a chemical vapor deposition tube 3
cm away from 0.5 g of red phosphorus. The system was flushed
with Ar gas three times and pumped into a vacuum level of
lower than 1 pa. After deairing the system, the temperature of
the red phosphorus zone was set to increase to 550 °C in 20
min. The phosphorization reaction was run for 2 h with a 100
sccm Ar gas flow. Eventually, the system was allowed to
naturally cool and the CF (onto which the material is now
grown) was taken out to be used as an electrocatalyst without
any treatment. The amount of Sn was varied to get the
optimum dopant, which was accomplished via LSV run for the
OER test.
Characterizations. The morphologies of the as-synthe-

sized samples were investigated by field-emission scanning
electron microscopy (FESEM), Magellan XHR 400L with a 5
kV electron beam. Nanoscale structural and compositional
characterizations were performed on an FEI Tecnai F20 high-
resolution transmission electron microscope (HRTEM),
equipped with a Schottky emitter operating at 200 kV.
Elemental analysis was performed by energy-dispersive X-ray
spectroscopy (EDS), either operated with single-point
acquisition or coupled to scanning transmission electron
microscopy (STEM-HAADF) to map elemental distribution.
The PanAnalytical Empyrean XRD was employed to acquire
the X-ray diffractogram using Cu kα radiation. XPS spectra
were collected using a Perkin Elmer spectrometer equipped
with a non-monochromatized Al source (1486.6 eV); surface
charging was corrected by fixing the binding energy of the C 1s
signal from adventitious carbon at BE of 284.3 eV. Information
about Raman spectra were collected using the Senterra Raman
spectrometer from Bruker equipped with a 532 nm laser for
excitation in the ambient environment.
Electrochemical Tests. The electrochemical tests were

performed using the ModuLab XM ECS potentiostat (Solar-
tron Instrument) in a three-electrode configuration in a 1 M
KOH electrolyte with an H-type electrochemical cell. A
graphite rod, saturated calomel electrode (SCE), and the
synthesized samples were used as the counter, reference, and
working electrodes, respectively. The system was purged with
Ar gas throughout the test and linear sweep voltammetry was
run with a sweep rate of 2 mV s−1 to evaluate the catalytic
activity. To minimize the effect of capacitive current

originating from the Ni ion oxidation on the catalytic
performance, LSV with reverse scan was measured for the
OER performance test. The mass loading of the catalysts on
the carbon fiber substrate was about 2 mg cm−2. All of the
potentials are automatically iR-corrected and presented with
respect to the reversible hydrogen electrode (RHE), which
were obtained from the Nernst equation: ERHE = ESCE + 0.059
pH + ESCE

o. The calibration of the SCE reference electrode is
detailed in the Supporting information (Figure S8). The
thermodynamic equilibrium potential for OER is 1.23 V vs
RHE. So, the overpotential was obtained from the difference
between ERHE and 1.23 V. The measurements were made
three times and the average value is reported. The stability
tests were carried out by the chronopotentiometry at current
densities of 30, 200, and 500 mA/cm2. Electrochemical
impedance spectra (EIS) measurements were carried out
from 0.1 to 100 000 Hz with an amplitude of 5 mV and an
overpotential of 300 mV.

Computational Method. The structure optimization and
electronic structure calculations were performed by the VASP
5.4 package, and the exchange−correlation energy functional
was modeled by the Perdew−Burke−Ernzerhof functional.
The performed calculations were spin-polarized and the initial
magnetic moment was considered for all of the elements to
ensure the accurateness of the calculations and influence of the
doping effect. Three systems such as pure Ni5P4, top layer-
oxidized (Ni5(P/O)4) and tin-doped top layer-oxidized (Sn-
Ni5(P/O)4) were considered to simulate our experimental
samples which are pristine Ni5P4, surface oxidized Ni5P4 and
Sn-doped surface oxidized Ni5P4, respectively. Each of the
calculated systems contains 144 atoms. During the structure
optimization process, the plane wave cutoff energy was 520 eV
according to the advice procedure of maximum cutoff
multiplied by the factor 1.3, and k-points were 3 × 3 × 2 for
the supercell with 144 atoms. For all of the structures, the
supercells were relaxed to an energy convergence of 10−4 eV.
For the density of states (DOS) calculations, the increased k-
mesh of 6 × 6 × 4 was used.
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