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ABSTRACT: We have developed two Ni phosphide preparation methods
allowing operando XAS surface-sensitive studies of well-defined bulk systems. For
Ni K-edge XAS, a Ni2P phase-pure powder was sintered into a high-density pellet
and polished for grazing incidence XAS. Ni sites were mildly affected by the acidic
electrolyte prior to the HER, while the applied cathodic potential caused the
reduction of Ni surface states beyond the states of as-prepared Ni2P. The
computed fully H-covered Ni2P [0001] model describes the difference in the
operando Ni K-edge GIXAS spectrum well. Upon turning the applied bias off, the
Ni sites became immediately oxidized, forming NiO on the surface. Thus, the
active phase during the HER is covalent Ni0 close to that in the intermetallic
phosphides, and Ni2+ oxides formed after, and not during, the HER. For P K-edge
XAS, Ni foam was phosphorized to form a thin Ni3P layer while preserving its
high surface area. Upon immersion in the acidic electrolyte, the P sites underwent removal of P5+ phosphates and formed new P
coordination, possibly due to the adsorption of protons from the electrolyte. These new P surface states were not affected by turning
the cathodic current on and off as soon as the sample was immersed in the acidic electrolyte. However, the removal of the sample
from the electrochemical cell and drying in air resulted in substantial depletion and oxidation of surface P. Echoing the observed Ni
site chemistry during HER, XAS and XPS suggest that the in situ active P sites are different from the oxidized P states observed under
ex situ conditions.

■ INTRODUCTION
Hydrogen evolution reaction (HER) is an environmentally
benign route to obtain hydrogen because it does not emit
carbon byproducts, as opposed to the conventional reforming
process of fossil fuels, which accounts for around 95% of global
hydrogen production.1 It is essential to develop efficient and
abundant HER catalysts to realize a sustainable energy
economy.2 Platinum group metals (PGMs) are the most
efficient HER catalysts, but their limited resources preclude
large-scale production. Instead, there have been numerous
research efforts to develop earth-abundant HER catalysts such
as transition metal borides, carbides, nitrides, oxyhydroxides,
chalcogenides, and phosphides, but there are still many
remaining stages to reach the activity and durability of PGM
catalysts.3−6 To further improve the catalyst’s performance, it
is crucial to understand the behavior of active sites at the
fundamental level.

Probing the active sites during electrocatalytic reactions
requires a sophisticated experimental setup, as it needs to
satisfy surface sensitivity as well as measurable conditions in
the presence of a liquid electrolyte. Nevertheless, there have
recently been significant advances in operando techniques,

including X-ray diffraction (XRD), Raman, infrared (IR), X-ray
absorption (XAS), and photoelectron (XPS) spectroscopies, as
well as transmission electron microscopy (TEM), which
commonly require ultrahigh vacuum.7−17 In particular, XAS
is a powerful tool since it is sensitive to the changes in the
electronic structure [X-ray absorption near-edge spectra
(XANES)] of probed elements and also provides information
on local bonding environments [extended X-ray absorption
fine structure (EXAFS)]. In electrocatalytic applications using
high external bias, namely CO2 reduction reaction (CO2RR)
or oxygen evolution reaction (OER), XAS effectively discloses
the behavior of active sites that are not detected in ex situ
conditions. The Yang group showed that the Cu species are
largely reduced to metallic Cu nanograins as CO2RR active
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sites.18−20 On the other hand, active sites, such as Co or Ni, are
generally oxidized during OER.21−23 However, in the case of
HER, the spectral changes are not as detectable, possibly due
to the relatively low applied potential and higher surface
stability under HER conditions. Nevertheless, some reports
show the opposite oxidation state changes in the same
element.24−29 This indicates that operando XAS studies for
HER are delicate and sensitive experiments, and there are
other possible contributors that affect the behavior of the
catalytically active sites. Thus, synergistic development of well-
defined model samples and specific measurement conditions
are needed to fully understand the catalysts.

Transition metal phosphides (TMPs) are one of the HER
alternative catalysts to PGMs, and their versatile compositions
draw the attention of researchers to explore potent catalytic
performance among them.30 Ni2P was the first predicted TMP
HER catalyst due to its high hydrodesulfurization (HDS)
activity, where the same active sites were expected to work
effectively for HER.31,32 Ni3P catalyst was later reported to be
more active than Ni2P because Ni4P4 surface terminations
undergo effective surface reconstructions upon applied bias.33

Although calculations predict that Ni2P has strong H
adsorption sites, such as hollow Ni3, there has not been any
direct observation of Ni surface states’ journey during HER in
that structure.32−35 Moreover, the observation of the oxidized
surface of Ni−P catalysts after HER often leads to confusion
about whether oxidized species are active sites during
HER.30,36 The Lewis group reported a CoP thin-film case in
acidic media, where oxide phases on the surface were reduced
to metallic Co during HER, indicating that the active sites in
TMP may experience reduction under the reductive potential
of HER.37 Thin-film-based samples composed of complex
multilayered core−shell heterostructures may impede accurate
resolution of the structural information. Such analysis can be
reliably achieved through data-fusion approaches combining a
full set of electron microscopy analyses (STEM, EELS, and
EDX).38 For other catalyst types, such as MoS2, it was shown
that Ni or Co dopants act as the main active sites, and their
oxidation states were reduced during HER, whereas Mo stayed
intact.39,40 To probe the actual behavior of the Ni sites in Ni−
P catalysts during HER, operando studies are necessary. In
addition, there are scarce reports of the P site behavior during
HER due to the relatively low energy of the P K-edge, 2.1
keV.37 To elucidate the complete picture of catalytically active
sites, it is important to probe both elements.

The sample preparation crucially affects the results of
operando XAS studies. Three general sample preparation
methods are all bottom-up approaches, including nanoparticle
synthesis, thin film (electro)deposition, and chemical single-
atom deposition to achieve high surface-to-bulk ratios.35,39−44

These methods provide high surface sensitivity and circumvent
self-absorption effects but exclude many catalysts that would
have to be prepared via other synthetic routes. Especially, well-
ordered bulk crystalline materials prepared by solid-state
routes are omitted. Therefore, more universal methods for
sample preparation need to be addressed. In this study, we
have introduced new Ni−P sample preparation methods for
operando XAS experiments. For the Ni K-edge sample, a top-
down approach was applied. The sample was prepared by
polishing the highly dense pellet pressed from a phase-pure
Ni2P bulk powder. Since the prepared Ni2P sample is a bulk
material, we have applied grazing incidence XAS (GIXAS) to
inspect the surface as shallow as possible. Because of the

limitations of polishing methods, surface roughness (≈12 nm)
has hindered the ideal total reflection. Nevertheless, we have
observed clear signals from electronic changes of surface Ni
during HER. For the P K-edge sample, surface phosphorization
was applied to Ni foam to form thin layers of Ni3P phosphide
with high surface area. Despite the relatively thick phosphide
layer and the low energy of the P K-edge, electronic structure
changes of P sites during HER have also been observed. This
study demonstrates the sample preparation approaches suitable
for other solid-state materials, making operando XAS available
beyond thin films/nanoparticles/atomically dispersed samples.
As several terms referring to the condition of catalysts are used
in this study, we denote the three states of the catalyst as
follows: (i) ex situ − as-synthesized sample in air condition, (ii)
in situ − sample in electrolyte without applied potential (or
open circuit potential: OCP), and (iii) operando − sample in
electrolyte and with applied potential. Our operando results
provide an overall picture of Ni and P behavior in Ni−P HER
catalysts, demonstrating that the operando HER active sites are
not oxidized during HER. The surface oxidation of Ni sites
occurs ex situ only after the reducing bias is turned off.

■ EXPERIMENTAL SECTION
Warning: At high temperatures, e.g., 800 °C, excessive vapor
pressure of P may compromise the silica ampules, resulting in
shattering or explosion. The annealing steps must be
conducted in a well-ventilated environment, such as in a
fume hood. Placing the ampule into a preheated furnace is a
hazardous procedure because the sudden rise in temperature,
and the corresponding pressure of volatile P, may over-
pressurize the ampule, leading to shattering. The amounts of
sample in such experiments should be minimized, and
excessive protection measures are required�face shield,
thermal-resistant gloves, lab coats, and long tongs at a very
minimum.
Ni2P Synthesis
Elemental Ni powder (99.995%, Alfa Aesar) and red
phosphorus powder (98.7%, Alfa Aesar) were used for the
solid-state synthesis of Ni2P while CsCl (99.8%, Alfa Aesar)
was used as a salt flux. A mixture of 2:1.03 Ni:P with a total
weight of 0.3 g was loaded into the glassy carbon crucible,
followed by the addition of 0.6 g of CsCl flux. The crucible was
then loaded into a 14/16 mm I.D./O.D. fused silica ampule
and flame-sealed under vacuum. The sealed ampule was placed
in the muffle furnace, heated to 800 °C for 12 h, dwelled for 72
h, and then naturally cooled down to room temperature. After
the reaction, the ampule was opened under ambient
conditions, and the crucible was immersed in water for 2 h
to fully dissolve the CsCl flux salt. The product was filtered,
washed with water, and dried overnight in the air. Ni2P single-
phase powder with a gray color was thus obtained.
Ni3P Synthesis
To form a single phase of Ni3P a slight excess of Ni was
necessary to prevent the formation of Ni12P5. Adding a few
crystals of iodine was helpful to homogenize the products and
convert the excess Ni to NiI2, which is soluble in water. The
3.25:1 ratio of Ni:P, with a total weight of 300 mg and a few
iodine crystals, was loaded into the 9/11 mm I.D./O.D. silica
ampule and flame-sealed under vacuum. The reaction ampule
was heated to 800 °C for 12 h and dwelled for 72 h. Then, the
ampule was opened, and the products were washed in water to
remove the NiI2 formed during the reaction. After filtering and
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drying, the single-phase Ni3P powder with a gray color was
obtained.
XAS Reference Samples

Elemental Ni powder (99.995%, Alfa Aesar), K3PO4 (Thermo
Scientific, 96%), and NaPH2O2·H2O (Thermo Scientific, 97+
%) were used as references for Ni and P K-edge XAS. NiO was
synthesized in the lab by heating elemental Ni powder loaded
in an alumina crucible at 1000 °C for 2 h in air.
Preparation of High-Density Pellets for Ni K-Edge Studies

The as-synthesized Ni2P powder was pressed into a highly
dense pellet by means of spark plasma sintering (SPS) using a
Dr. Sinter Lab Jr. SPS-211Lx (Fuji Electronics Industry Co.,
Ltd.). For this purpose, 550 mg of Ni2P powder was
introduced into a 10 mm graphite die, and tungsten carbide
(WC) plungers were inserted at the top and bottom sides of
the sample. Two graphite sheets were placed between the
sample and the plunger to prevent direct contact and spilling of
the sample. The assembly was placed into the SPS chamber
and evacuated to below a pressure of 1 Pa. Then, a partial
pressure of Ar gas was introduced into the chamber to prevent
vaporization of volatile phosphorus during the sintering. A
small pressure of 10 MPa was applied at room temperature to
provide better heat transfer within the sample. The sample was
heated to 600 °C in 8 min, and then the pressure was increased
to 150 MPa. After 10 min of dwelling at 600 °C, the pressure
was released, and the sample was naturally cooled down to
room temperature. After taking the pellet out of the die, both
sides were polished with 600, 1500, and 2500 grits of
sandpaper to achieve a height of the resultant pellet of 1
mm for further operando electrochemical cell fabrication. The
geometric density of the pellet was estimated to be 93.3%,
while the Archimedes’ density was measured to be 94.8%. The
prepared Ni2P pellets were cut into 2.9 mm × 9.9 mm
rectangular bars�shape required for the operando electro-
chemical cell preparation. For fine polishing, the cut Ni2P bars
were molded with epoxy and dried overnight. The molded
Ni2P bar was polished with a 600 grit SiC disk using a GP-25
grinder polisher (LECO) to remove the epoxy and expose the
surface, and then the sample was polished sequentially using
1200 and 2500 grit SiC disks. After that, the sample was
polished with 5 and 1 μm diamond suspensions and finally
polished with a 50 nm alumina suspension. In between
polishings, the sample was sonicated in water and ethanol for 2
min each. The resultant as-polished bar was retrieved from the
mold by carefully cutting the epoxy resin with saw.

For Ni3P, a similar SPS pressing procedure was performed
using a 4 mm WC die and plungers. The as-synthesized Ni3P
powder was loaded into the 4 mm WC die, and a pressure of
160 MPa was applied before thermal treatment. The pellet was
heated to 575 °C for 8 min and dwelled for 10 min. Once the
temperature reached 575 °C, the pressure was gradually
increased to 600 MPa. After dwelling, the pressure was
released, and the pellet was naturally cooled down to room
temperature.

Our trials indicated that Ni3P pellets were not suitable for
operando cell assembly due to their brittle nature. Thus, Ni3P
pellets were used only for ex situ grazing incidence XAS. Two
Ni3P pellets were prepared and polished with 600, 1500, and
2000 grit SiC sandpapers. To test HER, one of the pellets was
attached to the Au wire with conductive H20E epoxy (Epoxy
Technology) and cured in a vacuum oven at 150 °C for 20
min. The assembly was then molded in nonconductive epoxy.

For the sample before HER, a pellet without Au wire was also
molded in nonconductive epoxy under the same conditions.
Both pellets embedded in epoxy were finely polished with the
same procedure as Ni2P pellet. After polishing, the pellet with
Au wire was tested for HER. Both pellets embedded in the
epoxy were directly mounted at the beamline for the Ni K-edge
GIXAS measurement.
Operando Electrochemical Cell Preparation for Ni K-Edge

The custom-made cell assemblies were prepared by adapting
the method developed by Drisdell’s group (Figure S2).45,46

The polished Ni2P bars were mounted on top of the cell as the
working electrode to be exposed to the electrolyte and
synchrotron X-ray. Two parallel 50 μm Pt wires were used as
the counter electrode on top of the sample with >200 μm
separation, and an Ag/AgCl reference electrode was inserted
from the bottom side of the cell. The cell assembly was
covered with polyimide film using 5 min of Double Bubble
epoxy (Hardman) to prevent the electrolyte from leaking. The
as-fabricated electrochemical cell was used for the Ni K-edge
study.
Electrochemical Measurements for Ni K-Edge

Using an SP-300 potentiostat (Bio-Logic), the operando
electrochemical cell was operated in a three-electrode system
with an Ag/AgCl reference electrode (LF-1-45, Innovative
Instruments, Inc.) that was inserted at the bottom of the cell
filled with electrolyte (0.5 M H2SO4). The flow system was
attached to the cell, but eventually, it was not used due to the
high noise that occurred during the XAS data collection. The
cause of the noise may have been the electrolyte layer being
thicker than 200 μm due to a lower than-ideal sample height
induced by polishing. Because of time limitations at the
beamline, we could not test other operando samples with
different heights. Before the operando measurement, the cell
was activated with 10 scans of cyclic voltammetry (CV) in a
range of −0.01 to −0.41 VRHE [reversible hydrogen electrode
(RHE)] with a scan rate of 5 mV/s. Chronoamperometry was
conducted with an applied potential of −0.16 VRHE for 15 min
to collect the operando XAS signal. The geometric surface area
of the working electrode was ≈0.3 cm2.
Operando Grazing Incidence X-Ray Absorption
Spectroscopy (GIXAS) for Ni K-Edge

To obtain surface-sensitive information, grazing incidence XAS
studies at the Ni K-edge were performed at the 11-2 beamline
at the Stanford Synchrotron Radiation Lightsource (SSRL).
The X-ray beam was controlled by using a Si(220) double
crystal monochromator and calibrated by adjusting the
maximum point of the first derivative of the spectra at 8333
eV using a Ni foil reference. The fluorescence signal was
collected using a Pilatus 100K detector system (Dectris)
equipped with a 100-element Ge solid-state detector array,
which was placed at 90° to the incident beam. To estimate the
angle of the beam relative to the sample, the intensity of the
incident beam was probed while the goniometer adjusted the
angle of the cell. The EXAFS data were measured at two
different angles of 0.08° and 10° at OCP, and XANES data
were collected at 0.08° for the operando study. The data
acquisition time for a single spectrum was ≈13 min for XANES
and ≈32 min for EXAFS. For ex situ measurements and
references, two scans were averaged, while for operando
studies, one scan was collected. The collected data were
merged and normalized using the Sixpack software package
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and further processed using the Athena software package.47

Raw scan data and processed files are provided in the
Supporting Information.
Ni3P/Ni Foam Synthesis for P K-Edge Studies
The phosphorization of Ni foam (Heze Jiaotong, 110 pores per
inch, 0.3 mm thick) was conducted to create a thin phosphide
layer. The Ni foam was cut into a circular shape with a
diameter of 20 mm to fit into an operando electrochemical cell.
Ni foam and red P powder (100:x molar ratio, x = 1, 3, 5) were
loaded into a 20 mm (I.D.)/23 mm (O.D.) silica ampule. P
was added first, and then broken silica pieces were placed on
top of the P to prevent direct contact between the Ni foam and
P. Direct contact areas may result in an undesirably thick
phosphide layer. On top of the silica pieces, the three Ni foam
disks were placed, with the expectation that thinner phosphide
layers would form on the foams located further away. Note that
the weight of the Ni foam used for the molar ratio was the total
weight of the three Ni foams. Further characterization showed
that the second and third Ni foam disks barely reacted with P,
and a noticeable P layer was formed only on the Ni foam disk
closest to P. After placing the Ni foams, a 17/19 mm I.D./O.D.
silica ampule was used as a plug by flipping it upside down and
inserting it into the larger sample ampule. The whole assembly
was evacuated and flame-sealed. To ensure a quick
phosphorization reaction, the furnace was preheated to 800
°C, and the sealed ampule was placed in the furnace at 800 °C
(see safety warning at the beginning of the Experimental Section)
and annealed for 3 h. After that, the ampule was quenched in
water. The ampule was opened in air, and Ni−P foam was
obtained. The first layer of the reacted Ni foam, which was
closest to the P, was used in this study.
Operando Electrochemical Cell Preparation for P K-Edge
For the operando P K-edge experiment, a commercial R/T/A
Spectro electrochemical cell (redox.me) was used. Ni−P foam
was placed in the cell and covered with a 5 μm polypropylene
film to prevent electrolyte leakage and avoid high attenuation
of the incident X-ray beam. A tantalum foil was placed before
the sample with contact to provide the connection to the
working electrode plug. A rubber O-ring was placed between
the film and the sample holder, and it effectively prevented the
thin polypropylene film from leaking. A saturated calomel
electrode (SCE) was used as the reference electrode, and a
graphite rod was used as the counter electrode. To ensure
continuous electrolyte flow, an NE-300 Syringe Pump (New
Era Pump Systems Inc.) was connected to the inlet of the cell.
It prevents the lowering of the electrolyte level as hydrogen
bubbles accumulate within the cell.
Electrochemical Measurements for P K-Edge
The operando cell was operated in a three-electrode
configuration using an SCE as the reference electrode and a
graphite rod as the counter electrode. The potentiostat used
was the SP-300 (Bio-Logic), and the electrolyte was 0.5 M
H2SO4. The Ni−P foam sample was activated with 10 cycles of
CV in a range of −0.07 to −0.33 VRHE with a scan rate of 5
mV/s. Then, chronoamperometry was performed at an applied
potential of −0.23 VRHE for 30 min to collect the operando
signal.
Operando XAS for P K-Edge

Operando XAS for the P K-edge experiment was performed at
the 14-3a beamline at SSRL. The X-ray beam was controlled
by using a Si(111) double crystal, and the beam was calibrated

using the tetraphenylphosphonium bromide reference. The
fluorescence signal was collected using a Vortex 4-element
silicon drift detector (Hitachi High-Technologies Science),
which was mounted at 90° to the incident beam. The sample
and the beam source were sealed with a bag that was purged
and filled with He to prevent attenuation of the X-rays by air.
The measurement time was ≈13 min for XANES and ≈24 min
for EXAFS per scan. The collected data were merged,
normalized, and processed using the Athena software pack-
age.47

Powder X-Ray Diffraction (PXRD)

The PXRD data was collected using a benchtop MiniFlex600
diffractometer (Rigaku) with Cu Kα radiation (λ = 1.5418 Å)
and a Ni Kβ filter. A zero-background Si holder (Rigaku) was
used for sample loading. Further analysis of the collected data
was performed using the Rigaku PDXL software package.
X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on an ESCALAB 250 Xi
system (Thermo Scientific), equipped with a monochromated
Al Kα X-ray source (1486.6 ± 0.2 eV), a hemispherical electron
energy analyzer, an automated sample stage, and a video
camera for viewing the analysis position. The standard analysis
spot of about 650 × 650 μm2 was defined by the microfocused
X-ray source. The measurements were performed at room
temperature in an ultrahigh vacuum chamber with a base
pressure of <5 × 10−10 mbar. Pass energies of 150 and 40 eV
were employed for the collection of survey and high-resolution
spectra, respectively, with energy step sizes of 1 eV (survey)
and 0.1 eV (high-resolution). Depth profiling was conducted
using a MAGCIS Ar+ ion gun (Thermo Scientific) in
monatomic mode with a kinetic energy of 1 keV. All the
collected spectra were processed with the CasaXPS software
package.
Atomic Force Microscopy (AFM)

The surface topography of the Ni2P pellet was characterized by
a Cypher ES atomic force microscope (Oxford Instruments). A
160AC-NA cantilever (300 kHz, 26 N/m, OPUS by
MikroMasch) was used for tapping mode imaging with a
setpoint of 800 mV and a scan rate of 2 Hz. Post-analysis was
conducted using the Gwyddion 2.67 software package.
Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray Spectroscopy (EDX)

To analyze the cross-sections of Ni−P foams, a Quanta 250
field emission SEM (FEI) was used with an X-Max 80 EDX
detector (Oxford Instruments). The utilized voltage was 15 kV,
and the collected data were processed using the Aztec software
package. For sampling the cross-section of Ni−P foams,
samples were molded in epoxy, polished with 800, 2000, and
4000 grits, and then finished with 0.5 μm diamond dispersions.
The surface was coated with carbon to increase the
conductivity of the sample. The presence of Ni3P was further
revealed by SEM−EDX using a Quanta 3D field-emission FIB/
SEM (FEI) equipped with an EDAX Octane Elect Plus
detector.
Transmission Electron Microscopy (TEM)

TEM specimens were prepared by using a Thermo Fisher
Scientific (TFS) Helios G4 UC focused ion beam (FIB)
instrument. Ga+ ions at 30 kV and 16 kV were used for coarse
polishing, while the final polishing was done at 5 kV, followed
by Ar+ cleaning using a DuoMill 600 instrument (Gatan).
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TEM, including electron diffraction (ED) and high-angle
annular dark field scanning TEM (HAADF−STEM) studies,
was performed using a TFS Themis Z 80−300 aberration-
corrected (at the probe side) electron microscope operated at
300 kV. The microscope is equipped with SuperX(TM) EDX
and Gatan Continuum 1065ER EELS detectors.
DFT Calculations

DFT calculations were performed using the Vienna ab initio
simulation Package (VASP).48,49 Both spin-polarized and non-
spin-polarized calculations were performed due to the presence
of Ni; however, no spin polarization was observed in either
Ni2P or Ni3P. The exchange-correlation functional by Perdew,
Burke, and Ernzerhof (PBE), with a kinetic energy cutoff of
520 eV, was used for the plane-wave basis set.50 The choice of
PBE over the local-density approximation (LDA) or meta-
GGA follows the justification provided by Söderling, Giese,
and coworkers.51−53 Experimental structures were taken from
ICSD.54 Structural relaxation of atomic coordinates was
performed until the total energy and forces converged to
10−6 eV and 10−3 eV/Å, respectively. Monkhorst−Pack k-mesh
grids of 6 × 6 × 7 (Ni2P) and 3 × 3 × 6 (Ni3P) were used to
sample the Brillouin zone during relaxation, with the meshes
doubled for charge self-consistency and electronic-structure
property calculations.51,55 Gaussian smearing of 0.01 eV was
used for total-energy calculations, whereas smearing of 0.15 eV
was used to determine the density of states (DOS) evaluations.
VASPKIT was used to analyze the DOS and charge density
differences.56

VASP was also used to determine the structural properties of
the Ni2P (0001) surface with and without adsorbed hydrogen
for XANES simulations. Surface energies of the two
terminations by cleavage (Ni3P1 and Ni3P2) were found
using the method introduced by Tian et al., which reports
surface energies that are invariant with the chemical potential
of constituents.57 The surface energy of the Ni3P2 termination
is significantly higher (1.465 J/m2) than the Ni3P1 termination
(1.099 J/m2). Using the Ni3P1 termination as the pristine
model, we generated two models of adsorption. The first
model simulated adsorption at very low coverage (0.84 atoms/
nm2) such that adsorbate−adsorbate interactions may be
ignored, and hydrogen was found to stabilize in the 3-fold Ni
Hollow sites. This required the generation of a large supercell
to ensure a 10 Å separation between the adsorbate and its
periodic image to avoid adsorbate−adsorbate interactions. The
second model simulated adsorption at high coverage (20.19
atoms/nm2) such that adsorbate−adsorbate interactions
become dominant, and hydrogen was found to stabilize in
the Ni−Ni Bridge sites. Selection of these specific adsorption
sites is discussed elsewhere.58,59 Structural relaxation of atomic
coordinates was performed with slight differences to the bulk,
such that the total energy and forces converged to 10−5 eV and
10−1 eV/Å, respectively. During surface-energy calculations,
Monkhorst−Pack k-mesh grids of 7 × 7 × 1 were used to
sample the Brillouin zone during relaxation, with the mesh of
15 × 15 × 2 used for charge self-consistency. For calculations
involving large supercells, the k-mesh grid was reduced to (3 ×
3 × 1) during relaxation and subsequently increased to (7 × 7
× 2) for charge self-consistency.
XANES Simulations

The XANES simulations were performed with FEFF10.60 The
structural models for the simulations were generated from the
VASP outcome described above for the pristine, low coverage,

and high coverage cases.58,59 The SCF stage used a cutoff
radius of 5 Å, and the FMS stage used a cutoff of 9 Å, with
default maximum angular momenta for all atoms at both the
SCF and the FMS levels. These values ensured convergence for
all of the model cases. All calculations used the final state rule
approximation for the core hole and the many-pole
approximation for the self-energy, using the atomic form of
the optical constants.60 To account for the sampling of both
surface and subsurface atoms in the experiment, the difference
spectra were computed by using the following weighted
averages: ΔXAS = x × (Ts − Rs) + (1 − x) × (Tss − Rss) where
T and R are the target and reference spectra (e.g., the high
coverage vs the pristine), respectively, for the surface (“s”) and
subsurface (“ss”), and x is the fraction of surface spectra used
in the weighted average.

A conservative spline was applied to the experimental data to
reduce noise and improve the L2 normalization. Both absolute
Δμ and relative Δμ/μ spectra were analyzed. For normal-
ization, the pre-edge and postedge ranges were carefully
selected to ensure qualitative comparison of the spectra
without introducing any artifacts in edge position or white
line intensities. For all four spectra, a pre-edge range of −190
to −65 eV and normalization (postedge) ranges of +35 and
+250 eV with respect to e0 of 8333 eV were used (Figure S18).
A normalization order of 3 was used for all spectra.
Normalization factors were computed in the energy range of
8325−8357 eV as Norm = 1/mean(abs(Δμ)), such that the
normalized spectrum was ΔμNORM = Δμ × Norm. Analyses of
relative Δμ/μ spectra provided no improvement to the fits, and
the absolute Δμ will be discussed in the manuscript.

■ RESULTS AND DISCUSSION

Crystal and Electronic Structures of Ni2P and Ni3P

In this study, we pursued operando XAS studies for both Ni-K
and P-K edges of the Ni−P hydrogen evolution catalysts.
These edges have drastically different energies, namely, 8.3 and
2.1 keV. The operando measurements for such different
energies require distinct sample preparation methods and
unique sample environments. We focused on metal-rich nickel
phosphides, Ni2P and Ni3P that have certain similarities. For
Ni-K edge operando GIXAS studies, Ni2P pellets appeared
more suitable, while Ni3P pellets were too brittle and
demonstrated degradation under irradiation by a hard ≈8.3
keV X-ray beam. In turn, for the low-energy 2.1 keV P-K edge
studies, bulk pellets and grazing incidence are not suitable, and
we switched to the supported Ni foam samples where Ni3P was
the produced phosphide. This complementary approach
maximizes the surface sensitivity of bulk samples prepared as
powder and supported foam. Although Ni2P and Ni3P are
compositionally different, they both share common structural
motifs. Therefore, we hypothesize that the observed trends
may be transferable between the two catalysts. Multiple
computational studies of the electronic structure and nature of
the H adsorption sites for Ni2P and Ni3P show that, for both
catalysts, Ni3 hollow sites are the preferential adsorption sites
for low H coverage. These studies also pointed to directions
for potential improvement of the electrocatalytic performance,
such as P enrichment of the surface and aliovalent
substitutions.33−35,61−66 Ni3P HER activity was demonstrated
in numerous studies in the form of bulk material, standalone
hollow nanoparticles, and Ni3P/Ni composite nanopar-
ticles.33,67,68
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The crystal structures of two Ni−P catalysts studied here,
Ni2P (structure type: Fe2P, space group: P6̅2m) and Ni3P
(own structure type, space group: I4̅) are composed of similar
structural motifs, P@Ni9 polyhedra, where each P atom is
surrounded by nine Ni atoms (Figure 1a). The difference lies

in the connectivity of the polyhedra: in Ni2P crystal structure,
P@Ni9 polyhedra share edges and faces, while in the structure
of Ni3P corner and edge-shared P@Ni9 polyhedra are present.
Two P@Ni9 polyhedra of Ni2P possess a longer average Ni−P
bond length and larger volume than those of Ni3P. The bulk
electronic structure of the two catalysts is shown in Figure 1b,
and the band structures can be found in Figure S1. Due to the

increased P:Ni ratio in Ni2P, the contribution of P states to the
DOS near the Fermi level (EF) is greater than that in Ni3P.
Although the DOS at EF for Ni2P is larger than that for Ni3P,
the 3d-band center position of Ni3P is higher than that of Ni2P.
These crystal and electronic structural similarities make the
two materials active HER catalysts.
Ex Situ Surface Studies of Ni−P Catalysts before and after
HER
Figure 2 shows the surface states of Ni2P (pellet) and Ni3P
(foam) catalysts before and after the HER, as probed by XPS
measurements. Both samples are identical to those used for
operando XAS studies. Before HER, the difference between
Ni2P and Ni3P can be seen in the binding energy of the
intermetallic Ni component, which is located at 853.6 eV
(Ni2P) and 852.6 eV (Ni3P) (Figure 2a,c). Both values are
higher than that of metallic Ni, representing the contribution
of Ni−P bonding with partial charge transfer from more
electropositive Ni to electronegative P. An increase in the P:Ni
ratio should promote this charge transfer, thus explaining the
higher Ni binding energy for Ni2P compared to Ni3P. The
position of the P 2p peak from intermetallic phosphide further
confirms this electron transfer trend, as it appears at 130.0 and
129.4 eV for Ni2P and Ni3P, respectively (Figure 2b,d). The
higher number of Ni atoms in Ni3P results in greater electron
transfer to P, lowering the binding energy compared to that of
Ni2P.

For the as-synthesized and air-exposed samples, the oxide
contribution to the Ni 2p spectrum in Ni2P is lower than that
in Ni3P, indicating a higher resistance to oxidation by air,
which agrees with a previous report on corrosion for various
Ni−P catalysts (Figure 2a,c).69 Nonetheless, after HER, both
catalysts underwent significant surface oxidation, as the
metallic components of Ni and P were drastically diminished
and the oxidized species dominated the Ni 2p and P 2p spectra
(Figure 2, top). These results demonstrate the formation of the
surface oxide after HER and indicate that similar surface
reconstruction processes occur in Ni2P and Ni3P during HER.

Figure 1. (a) Crystal structures and (b) total and projected density of
states (DOS) of (left) Ni2P and (right) Ni3P. Both structures are
composed of P@Ni9 units but differ in their connectivity: Ni2P
features edge- and face-sharing, whereas Ni3P exhibits corner- and
edge-sharing.

Figure 2. High-resolution Ni 2p (a, c) and P 2p (b, d) XPS spectra of Ni2P (a, b) and Ni3P (c, d). Bottom panels represent the surface states of the
catalysts before HER (i.e., as-synthesized and air-exposed), while top panels represent the surface states after HER (i.e., HER tested, removed from
acidic electrolyte, water-rinsed, and dried in air).
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Interestingly, the Ni2P surface still exhibits minor intermetallic
components of Ni and P after HER, suggesting its higher
resistance to oxidation. Because these XPS measurements were
performed under ex situ conditions, they only reflect the
surface state of the catalysts in the absence of electrolyte after
HER. The mechanism of oxide formation and the true state of
the active sites, therefore, need to be elucidated through
operando measurements.

For operando XAS measurements, the catalyst powders need
to be pressed into dense pellets and cut into the appropriate
shape to be assembled in an operando electrochemical cell.45

However, Ni3P pellets were found to be too brittle to be cut.
Although further development of cell design may enable
operando Ni K-edge studies of Ni3P in the future, such
modifications are beyond the scope of this work. Ex situ
GIXAS measurements on Ni3P show that the surface is altered
by an X-ray beam. On the contrary, Ni2P exhibited a ductile
nature, and no surface degradation during the ex situ GIXAS
measurements was observed; thus, Ni2P was chosen for the
preparation of cell assemblies and operando GIXAS measure-
ments.
Ni2P Synthesis and Sampling forOperando measurements
Ni2P was synthesized via the solid-state route with salt flux
(CsCl) to facilitate the diffusion of the reactants. Since a Ni3P
minor phase was formed with the exact stoichiometric Ni:P
ratio of 2:1, 3% excess P was required to form the phase-pure
Ni2P. A carbon crucible was used as a reactor to prevent the
reaction between the salt flux and silica, which might
contaminate the products. After the reaction, the salt flux
was removed by dissolving it in water, and a single phase of
Ni2P powder was obtained. As shown in Figure 3a, the
experimental PXRD pattern of the as-synthesized Ni2P
matches the calculated pattern.

The common method of preparing an operando electro-
chemical cell for XAS is chemical vapor deposition of a single
element. Deposition of metal phosphides in the same way is
challenging because of the difficulties of working with toxic
PH3 as the P source. Although some films of complex
phosphides, such as CaZn2P2, have been synthesized using
phosphine,70−72 commonly, a second post-treatment for
phosphorization is conducted after depositing the metal
element.73,74 Such methods require the development of a
sophisticated synthetic procedure for each specific phosphide.
Hence, we targeted a process that would allow any bulk
phosphide materials to be studied.

We have developed a top-down approach that produces
pellets with smooth surfaces from bulk polycrystalline powder,
allowing the surface to be examined through grazing incidence
XAS. The single-phase Ni2P powder was sintered into a highly
dense pellet using SPS and cut into a regular-shaped bar to fit
into the operando electrochemical cell. No phase changes, such
as decomposition, were observed during the flow test at a
temperature (700 °C) higher than that used for sintering (600
°C) (Figure S3). Subsequently, the surface was polished down
to a 50 nm alumina suspension. The inset of Figure 3a shows
the resultant as-polished Ni2P bar. The surface roughness of
the polished bar was estimated to be 12.2 nm, with a root-
mean-square (RMS) of 2.7 nm, as determined by AFM studies
(Figure S4). Notably, a smaller RMS roughness of the film, in
the range of 1−2 nm, is preferred for GIXAS studies.45

Although the surface of our polished pellet was rougher, the
surface signal was still observable during the GIXAS measure-
ments. Another previous study of thin CoP films measured
bulk signals but still achieved surface sensitivity.37 The
polished Ni2P bar was mounted in the operando electro-
chemical cell as a working electrode and tested for the HER at
the beamline (Figure S2). Figure 3b shows the chronoamper-
ometry measurement conducted in a 0.5 M H2SO4 electrolyte
aqueous solution. Current spikes were observed during the first
minute, likely due to surface charging and species desorption.
After reaching ≈1.8 mA/cm2, the current density gradually
decreased to ≈0.5 mA/cm2 over 10 min and then stabilized,
indicating consistent catalytic activity toward HER.
Operando GIXAS Measurements of Ni K-Edge of Ni2P
Catalysts

Regular fluorescent XAS measurement of the Ni2P bar would
provide the signal mainly from the bulk as well as from the
surface, with the latter being a minor component. To maximize
the desired signal from the surface, GIXAS measurements were
performed. One needs to ensure that the sample is suitable for
GIXAS measurements and that surface-relevant information
can be extracted. Figure S5 shows the ex situ Fourier-
transformed Ni K-edge EXAFS spectra of bulk Ni, Ni2P, and
NiO reference materials, and the prepared Ni2P catalyst as a
function of grazing angles. It was established that Ni2P bar
prepared for operando electrochemical study is suitable for XAS
measurement despite the high thickness of the sample (≈1
mm), which could generate self-absorption. At a grazing angle
of 10°, the Ni−Ni and Ni−P radial distances of Ni2P catalyst
under OCP (open circuit potential) were consistent with those

Figure 3. (a) The calculated (black) and experimental (red) PXRD patterns of the as-synthesized Ni2P. The inset photo in (a) is the resultant Ni2P
bar after fine polishing. (b) Chronoamperometry (CA) HER measurement of Ni2P catalyst bar mounted on the operando electrochemical cell.
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for the Ni2P reference, indicating that the collected XAS signal
was mostly from the bulk. At a grazing angle of 0.08°, it was
observed that the distance shortened as Ni−Ni and Ni−P
bonding shifted toward a lower radial distance. The distance
shortening may indicate some structural surface relaxation.
Calculations of the relaxed surface layer of Ni2P in vacuum and
with adsorbed species indicated substantial modifications of
Ni−Ni and Ni−P distances. These results indicate that a
grazing incidence angle of 0.08° is good enough to detect the
surface signal for the operando electrochemical setup used in
this study, and accordingly, all further XAS measurements were
performed under this condition.

To investigate the behavior of Ni2P during HER in an acidic
electrolyte, Ni K-edge XANES studies were performed (Figure
4). The XANES spectrum of the Ni2P catalyst measured under
an air atmosphere is similar to the one for the Ni2P reference,
but the intensity of the pre-edge region was more pronounced
(Figure 4A). This could be due to the distortion effect from
self-absorption as the sample concentration was higher
compared to thin films (<100 nm) or diluted pellets.75

However, since the acquired XANES data were measured
under identical environments, the spectral differences observed
under different electrochemical conditions should reflect the
actual changes on the catalyst’s surface. The broad features of
the white line of Ni2P indicate the soft, polarizable nature of
the P ligand. In Ni oxides or nitrides, highly electronegative
and ionic N or O ligands sharpen the white line due to strong
ligand effects.32,76 When the Ni2P catalyst was immersed in the
electrolyte under the OCP condition, the edge of the spectra
moved to higher energy (Figure 4B,C). One can see that the
experimental difference spectrum (OCP before − air) is not
comparable to the reference difference spectrum (Ni2P−NiO)

(Figure S6A). Thus, the observed change cannot be attributed
to the simple dissolution of surface NiO.

Application of a negative potential of −0.16 VRHE had the
opposite effect, shifting the spectral edge toward lower energy,
even lower than that of the as-prepared sample exposed to air
(Figure 4B,C). A similar reduction of Ni sites was also
observed on the Ni-doped MoS2, electrodeposited Ni layer on
the Pt surface, and Ni3S2 surfaces.39,77,78 These results
demonstrate that Ni sites in the Ni2P structure undergo
reduction during HER in acidic conditions, with no evidence
of oxide formation. This discloses the actual state of the Ni
sites during the HER as intermetallic Ni0, rather than an oxide
or other oxygenated phases. To reveal when oxide forms, it is
crucial to note that surface oxidation appeared immediately
upon switching off the reducing bias (Figure 4). In the white
line, an additional peak corresponding to NiO was formed at
8351 eV, and the edge position was shifted toward higher
energy (Figures 4A,C and S6B). The difference curve of (OCP
after − CA) is similar to the experimental reference difference
curve (NiO−Ni2P) (Figure S6B), thus confirming oxidation of
surface Ni sites to NiO. Capturing the oxide signal of catalysts
represents the surface sensitivity of the sample preparation
method developed in this study. Formation of surface oxide
was observed without applying the anodic potential. This
finding explains why the surfaces of Ni−P catalysts are found
to be severely oxidized after experiencing a cathodic potential
during HER (Figure 2). A previous cathodic corrosion report
also supports this observation.79 Although intermetallic Ni0 is
an active site, the surface reconstruction developed under HER
conditions promotes oxidation once the bias is removed.
Wexler and coworkers calculated the surface phase diagram of
Ni2P under an applied potential. When the potential is −0.2

Figure 4. Operando XANES spectra of the Ni K-edge of Ni2P measured at 0.08° grazing incidence. (A) XANES spectra of the synthesized Ni2P
under different conditions and reference materials (dashed lines vertically offset for clarity). “OCP before” represents the open circuit potential
condition before HER testing, and “OCP after” represents the condition after turning off the applied potential. (B) The magnified edge area. (C)
Difference spectra between subsequent spectra: air, OCP before, operando (CA), and OCP after conditions.
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VRHE or more than that, the P adatom would be adsorbed on
Ni3 hollow sites and form phosphine (PH3).35 We hypothesize
that in the absence of the applied reductive potential, the active
Ni−P−H surface component is promptly oxidized by an acidic
electrolyte.
Ex Situ GIXAS Measurements of Ni-K edge of Ni3P
Catalysts

For comparison, ex situ Ni K-edge GIXAS measurements were
performed on polished Ni3P pellets under conditions before
and after the HER (Figure S8). The PXRD patterns of the as-
synthesized Ni3P powder matched those of the calculated
patterns (Figure S7a). For the “after HER” condition, the Ni3P
pellet was subjected to chronoamperometry at an applied
potential of − 0.16 VRHE for 1 h (Figure S7b). To probe the
surface sensitivity, XANES spectra were inspected at two
different grazing angles: 2.0° for the bulk and 0.1° or 0.08° for
the surface (Figure S8a). For the bulk measurements (2.0°),
the Ni K-edge XANES spectra of Ni3P catalysts before and
after HER were found to be nearly identical. The
corresponding difference spectrum revealed no notable
changes (Figure S8b). At a lower grazing angle of 0.10°−
0.08°, which probes the surface region, the XANES spectra of
Ni3P before and after HER exhibited clear differences. First,
both samples showed partial oxidation, represented by the
enhanced white line intensity at 8350.8 eV corresponding to
NiO. Second, the absorption edge of Ni3P after HER shifted
further to higher energy compared to that before HER,
indicating that the surface experienced oxidation after HER.
The difference spectrum shows the drastic changes between
the two surfaces (Figure S8b). These observations are in line
with earlier XPS results of dominant surface oxidation on spent
Ni3P catalysts. While these complementary ex situ XANES
spectra of Ni3P confirm that surface oxidation of Ni−P
catalysts after HER is universal, the operando XANES spectra
of Ni2P explain when the oxide formation occurs (Figure 4).
Simulation of XANES Spectra of Ni K-Edge for Ni2P

We have recently performed a comprehensive experimental
and theoretical investigation of the Ni2P surface terminations
and established their structure and experimental trends in HER
performance.58,59 These data were used to create pristine,
relaxed, and H-saturated Ni2P surfaces used for XAS
simulations (Figure S19). To shed some light on the surface
structure of Ni2P catalyst during HER, XANES spectra of the
relaxed termination of the (0001) facet with pristine and full H
coverage were simulated (Figure S9). The simulated difference
spectra show that when the (0001) Ni2P surface is fully
covered by H, it exhibits intensity in the positive region, which
is in line with the difference spectra observed under CA
conditions of experimental XANES. This indicates that
adsorbed H atoms on the Ni2P surface cause the peak to
shift to negative energy. Because of the penetration depth of
incident X-rays, even with the GIXAS setup, the spectra were
weighted with different ratios of surface and subsurface
regions. It is noteworthy that while the Ni2P pellet used in
operando XAS measurement is polycrystalline, exposing
numerous different facets, the simulated spectra are built
using only one (0001) facet, leading to a nonidentical peak
shape. One clear trend from experimental XANES is the
negative intensity of the difference spectra of “OCP before −
air” and the positive intensity of “CA − air” or “CA − OCP
before”, as shown in Figures 4c and 5.

Comparing the difference curves “CA − air” or “CA − OCP
before” to simulations for a single H atom shows a poor match,
indicating that the single H model is not representative of the
actual state of the catalysts. In turn, the full coverage model
agrees with the experimental spectra. When “CA − air”
experimental curve is considered, similar L2 normalization fits
for 100% surface and 50% surface + 50% subsurface spectra
were obtained (Figure 5A). When the experimental difference
curve “CA − OCP before” is considered, the model with a
subsurface component provides a significantly better fit, well-
representing major features (Figure 5B). Thus, the observed
difference in XANES spectra is caused by the absorption of a
substantial number of bridged H atoms to the surface on Ni2P.

The results of simulated difference spectra for single H
coverage show that the intensity is significantly lower than that
of the fully covered surface (Figure S9). This suggests that the
intensity of difference spectra is proportional to the
concentration of adsorbed H on the surface. Under operando
experimental conditions, a small overpotential was applied,
which may lead to partial and not full H coverage. Yet, the
number of adsorbed H was enough to cause the observed
changes. It is still not clear what leads to the peak shift to
higher energy during OCP beforehand, but from our
simulations, it is not due to proton adsorption. We hypothesize
that dissolved oxygen or sulfuric acid may interact with the
surface Ni.80,81

Figure 5. Comparison of the difference spectra of simulated and
experimental XANES. Experimental data are shown as solid lines. The
green dashed line corresponds to the simulated spectrum with full H
coverage, while the pink dotted line corresponds to the full coverage
simulated spectrum with a weight of 50% of surface and 50%
subsurface regions. In (A), the difference operando curve in red is
[CA − air], while in (B), the difference operando line in orange is
[CA − OCP before]. Simulated difference spectra were scaled by the
legend scaling factor.
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Ni3P/Ni Foam Synthesis
Since the X-ray beam energy of the P K-edge (2.1 keV) is
much lower than that of the Ni K-edge (8.3 keV), the same
GIXAS measurement is not feasible to probe the P state
operando. To collect the surface signal of P from the direct
incident beam, a synthesis method was devised to make thin
layers of nickel phosphide by reacting gaseous P with Ni foam
for short periods of time. It was expected that the high surface
area of Ni foam could enhance the signals from the surface.
The phosphorization of Ni foam was done in vacuum-sealed
silica ampules through a prompt solid−gas reaction. To
prevent the phosphorus from reacting with the inner part of
the Ni foam, the furnace was preheated to 800 °C (see warning
in the Experimental Section) and the reaction ampule was placed
in the preheated furnace for 3 h, followed by quenching in
water. To optimize the thickness of the phosphide layer, three
different molar ratios of Ni foam to P were used, namely,
100:1, 100:3, and 100:5 (Figure 6a). The inset of Figure 6a

shows the Ni−P foam after the reaction. It was noted that all of
the reacted Ni−P foam samples formed surface Ni3P and
metallic Ni underneath, but the Ni3P content increased with
the increase in the nominal P content. Further increasing the
Ni:P molar ratio to 100:17 (≈6:1) formed a predominantly
Ni3P phase (Figure S10). However, the 100:1 (Ni:P) molar
ratio sample showed a negligible PXRD pattern of Ni3P. TEM
was performed on the reacted part of the Ni−P (100:1) foam
after lamella sampling via FIB. The high-angle annular dark-
field (HAADF)−STEM image clearly shows that the phase
formed on Ni−P (100:1) foam has a 4-fold improper rotation
axis, which corresponds to I4̅ space group of Ni3P (Figure 6b).

The selected area electron diffraction (SAED) pattern shown
in the inset of Figure 6b corresponds to the diffraction of Ni3P
along the [001] zone axis. To measure the thickness of the
phosphide layer, EDX analysis was performed for the cross-
section of the foams (Figures 6c, S11 and S12). The phosphide
layer was formed only on the surface of the foam ligaments,
indicating that a quick solid-state reaction is suitable for the
synthesis of a thin nickel phosphide layer covering the surface
of the 3D tangled network of the Ni foam. The thickness of the
nickel phosphide layer increased as the P ratio increased, and
the average thickness was estimated to be approximately 2, 3,
and 6 μm for the samples with 100:1, 100:3, and 100:5 Ni:P
weight ratios, respectively. The thickness of the nickel
phosphide layer of Ni−P foam (100:1) was further confirmed
to be ≈2 μm by TEM cross-sectional imaging, as shown in
Figure S13. The STEM−EDX spectrum also displays the
proportional intensity of the Ni and P contents (Figure S14).
Thus, we have prepared a thin layer of Ni3P phosphide
supported on Ni foam. To maximize the surface contribution
for the XAS signal, Ni3P/Ni foam produced from the Ni:P
(100:1) reaction was used for the operando electrochemical P
K-edge XAS measurements. The detailed computational
analysis of Ni3P pointed out the P adatom as the active site
in HER, in analogy to the identified active site on Ni2P.33

Hence, we believe that Ni3P represents a good model system
to investigate the evolution of surface P sites during the HER.
Operando Electrochemical P K-Edge XAS Measurements of
Ni3P/Ni Foam

To test the HER activity of Ni3P/Ni foam, the sample was
mounted on the operando electrochemical cell (Figure S15). A
syringe pump was connected to the cell inlet to ensure
continuous refilling of the electrolyte. This was necessary to
prevent hydrogen bubbles from pushing out the electrolyte and
lowering the overall electrolyte level. Figure S16 shows the
chronoamperometry measurements of pristine Ni and
synthesized Ni3P/Ni foams for 3 h. At an applied potential
of −0.23 VRHE, the HER activity of the Ni3P/Ni foam was
superior. The current density of Ni foam was 4.5 mA/cm2

while that of Ni3P/Ni foam was 6.4 mA/cm2, which is about a
40% improvement. This demonstrates that the phosphide layer
formed through a quick solid−gas reaction enhanced the HER
activity of pristine Ni foam. Notably, the reported HER activity
of Ni3P outperformed Ni2P and is comparable to Ni5P4
because of the stable P-enriched Ni4P4 surface termination.33

Figure 7a shows the cathodic polarization curve of Ni3P/Ni
foam measured at the beamline. The overpotential value
required to drive the current density of −10 mA/cm2 was
estimated to be η10 = 0.28 VRHE. Figure 7b shows the
chronoamperometry measurement of Ni3P/Ni foam during the
P K-edge XAS measurement. The small bumps at 7 and 15 min
are because of the hydrogen bubbles pushing out some of the
electrolyte, while the refilling was not 100% efficient. This may
be attributed to the syringe pump being positioned lower than
the cell due to space limitations at the beamline.

To elucidate the behavior of the P site of Ni3P/Ni foam
during acidic HER, XANES was measured under four different
conditions: (i) as-synthesized, exposed to air; (ii) immersed in
electrolyte (OCP before); (iii) operando, under applied
potential (−0.23 VRHE); and (iv) after turning off the bias
(OCP after) (Figure 8). K3PO4 was used as a reference for the
P5+ oxidation state, and NaH2PO2 was used for the P1+

oxidation state with P−H bonding.37 Bulk powders of Ni3P

Figure 6. Structure and elemental analyses of the synthesized Ni3P/
Ni foams. (a) Experimental PXRD patterns of Ni−P foams reacted
with different Ni:P molar ratios, which are 100:1 (blue), 100:3
(olive), and 100:5 (green), and calculated PXRD patterns of Ni
(black) and Ni3P (red) phases. The inset shows an optical image of
the as-synthesized Ni3P/Ni foam (100:1). (b) [001]* HAADF−
STEM image of Ni3P/Ni foam produced from a 100:1 (Ni:P) molar
ratio, and the inset figure is the corresponding SAED pattern. (c)
SEM−EDX mapping of the cross section of the ligaments of the same
foam. The green color represents Ni, the red color represents P, and
the yellow color represents the mixed Ni and P.
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and Ni2P were used as Ni phosphide references. Reference
spectra show that the white line of Ni3P was broader compared
to Ni2P emphasizing the impact of electronic structure
(different for Ni3P/Ni2P) rather than local P coordination
(similar for Ni3P/Ni2P) on the XAS spectra.82 Air-exposed, as-
synthesized Ni3P/Ni foam shows a white line position similar
to that of the Ni3P reference at 2143.9 eV (Figure 8a). Ni3P/
Ni foam exposed to air shows a hump of the P5+ oxidized
species of phosphate around 2151.9 eV, which is coincident
with that of K3PO4, implying that the detected signal is from
the sample surface. This observation is in line with a previous
report from the Lewis group that CoP film had several oxidized

phases on the surface, including P5+.37 The difference is that
we did not observe oxidation states other than P5+ in Ni3P/Ni
foam exposed to air. This could be due to the higher corrosion
resistance of Ni3P.33

Once Ni3P/Ni foam was immersed in acidic electrolyte
(OCP condition), the XANES spectra show significant changes
as the main edge position shifted to higher energy, and the
overall white-line intensity decreased and became broader
(Figure 8). This indicates that the electronic state of P has
changed due to ligand effects.83 A previous report from
Solomon’s group described similar spectral changes of the S K-
edge XANES induced by S−H bonding.84 Such H bonding to

Figure 7. (a) Cathodic polarization curve and (b) chronoamperometry measurement of Ni3P/Ni foam in the operando electrochemical cell (Figure
S12) with an electrolyte flow rate of 10 mL/h.

Figure 8. XANES spectra of the P K-edge of Ni3P/Ni foam during acidic HER. (A) The bottom four curves are reference materials, and the top 4
curves represent the studied sample under indicated conditions. Black spectrum: as-synthesized exposed to air; green spectrum: sample immersed
into electrolyte (OCP before); orange spectrum: operando, during HER (CA: chronoamperometry) under applied potential −0.23 VRHE; and
magenta spectrum: sample right after cathodic potential is turned off (OCP after). (B) The overlay of smoothed XANES spectra. (C, D) Difference
XANES spectra produced by subtracting the spectra of the air condition (C) or previous condition (D).
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S weakens the covalency of the bonding between the central Fe
atom and S, resulting in an overall reduction of white-line
intensity and a shift of the peak toward higher energy. In
analogy, adsorption of protons from the electrolyte on the P
sites should reduce Ni−P covalency, leading to the spectral
alterations observed here at the P K-edge. Several calculation
reports show that P acts as a proton-acceptor due to its
negative charge.32,33,35 Our results confirm that the active P
species in acidic 0.5 M H2SO4 aqueous electrolyte are different
from the species under ex situ dry conditions. We have
demonstrated that for another active phosphide HER catalyst,
FeP, the initial adsorption of H occurs on P and not on Fe
sites.85 An additional effect of the acidic electrolyte is
eliminating P5+ component under OCP conditions, indicating
that phosphate was decomposed or underwent reduction
under the acidic electrolyte.86,87

P K-edge spectra retained a similar shape during the OCP
before and after, and under operando conditions, once their
initial alteration occurred. Difference spectra in Figure 8C,D
show the considerable changes between the air and electrolyte
(OCP before) environments, and then maintained similar
features during HER (CA: chronoamperometry) and after
turning off the bias (OCP after). The previous studies of P K-
edge for CoP film also show no significant differences between
OCP and operando conditions.37 No drastic changes between
the OCP and CA conditions could indicate the persistent role
of P as a proton acceptor under the acidic media environment
or insufficient resolution of the experiment to detect tiny
changes. A hint of changes is visible in the difference spectrum
between the air and CA conditions in the region of 2145.3−
2147.2 eV (Figure 8C,D). However, the low signal-to-noise
ratio precludes us from analyzing this feature. Further efforts
will be dedicated to obtaining higher-quality operando P K-
edge spectra of Ni3P and Ni2P and their detailed computa-
tional and simulation analysis.

Assuming that Ni2P and Ni3P studies are translatable to each
other, Ni and P surface sites in Ni-rich phosphides exhibit
different behavior (Figure 9). Ni sites are slightly affected by
the electrolyte and then undergo a substantial change under
operando conditions, while P seems to adsorb protons already
upon immersion in acidic electrolyte and shows subtle changes
between OCP and operando conditions. It was reported that
the hydronium ion is adsorbed first to electronegative P sites
but quickly migrates to Ni sites as it becomes a hydride ion

once reduced.32 However, the low signal-to-noise ratio of P K-
edge spectra prevents the detection of differences in P surface
sites during HER. The collected data indicate that the Ni active
site during HER is intermetallic Ni0 and oxidation occurs
immediately once the applied potential is turned off.
Complementary ex situ Ni K-edge GIXAS for the spent Ni3P
catalyst exhibited a similar oxidation occurrence on the
catalyst’s surface after HER. Together, these results demon-
strate how surface oxidation occurs in Ni−P catalysts during
the HER process, consistent with the XPS results obtained for
the spent catalysts.

Our observations allow us to explain the body of XPS
surface analyses of pristine and used Ni−P HER catalysts.30 In
agreement with XPS observations, XAS experiments detected
intermetallic Ni and P signals, as well as the presence of
oxidized components in the as-prepared and air-exposed
samples. We have observed that during HER, active reduced
Ni species are formed, while P states remain intact after the
adsorption of protons from the electrolyte takes place (Figure
9). Such Ni species align with models featuring a high coverage
bridged H surface of (0001) termination. After the reductive
bias is turned off, active surface sites are oxidized by sulfuric
acid in the electrolyte and by air. For Ni, this leads to the
prompt formation of Ni−O on the surface in the electrolyte.
For P, the P−H phosphine-like species can be leached out
from the surface upon oxidation.35 This explains the
substantial enrichment of the surface signal with Ni and
depletion with P for the HER catalysts observed by us (Figure
S17) and multiple other XPS studies.

■ CONCLUSIONS
In this study, we have introduced two different sample
preparation routes for operando XAS of Ni and P catalytically
active sites from the Ni2P pellet and Ni3P/Ni foam. It was
demonstrated that both preparation methods were suitable to
provide surface-relevant signals since clear changes in XANES
spectra under different conditions were observed. Although
after HER, the ex situ surface state of Ni in Ni2P structure is
severely oxidized, we demonstrated that the active surface state
during HER is intermetallic Ni0, and oxidation occurs only
after the HER applied potential is turned off. For P, immersion
into the electrolyte formed a new P ligand environment,
emphasized in the broadening and shifting of the P K-edge
white line. This modified state remained consistent under
operando conditions, indicating the role of P sites as proton
acceptors throughout the reaction. The XANES spectra of
these phases did not undergo noticeable changes during HER.
Thus, the P active site during HER is different from the ex situ
oxide state. We anticipate that these results may expand the
scope of materials that can be used for operando XAS analysis
(e.g., ternary intermetallic phosphides) and provide insight
into sample preparation routes for practical applications.
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Figure 9. Summary for Ni−P catalysts’ behavior from ex situ and
operando XAS and ex situ XPS. Ni0 and P0 indicate the Ni and P states
in the intermetallic Ni phosphide, not the elemental states.
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