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ABSTRACT: Transition-metal phosphides (TMPs) are versatile f -
materials with tunable electronic and structural properties that
have led to exceptional catalytic performances for important energy
applications. Identifying predictive relationships between the
catalytic performance and key features such as the composition,
morphology, and crystalline structure hinges on the ability to
independently tune these variables within a TMP system. Here, we
have developed a versatile, low-temperature solution synthesis
route to alloyed nickel phosphide (Ni; (M, 4P, where M = Co, Cu,
Mo, Pd, Rh, or Ru) nanoparticles (NPs) that retains the structure
of the parent Ni,P NPs, allowing investigation of compositional
effects on activity without convoluting factors from differences in
morphology and crystalline phase. As a measure of the controlled
changes introduced within the isostructural series by the second metal, the binary and alloyed ternary TMP NPs supported on
carbon at a nominal 5% weight loading were studied as electrocatalysts for the hydrogen evolution reaction (HER). The resultant
activity of the electrocatalyst series spanned a 125 mV range in overpotential, and composition-dependent trends were investigated
using density functional theory calculations on flat (0001) and corrugated (1010) Ni, ¢,M, 35P surfaces. Applying the adsorption free
energy of atomic H (Gy) as a descriptor for HER activity revealed a facet-dependent volcano-shaped correlation between the
overpotential and Gy, with the activity trend well represented by the corrugated (1010) surfaces on which metal—metal bridge sites
are available for H adsorption but not the flat (0001) surfaces. The versatility of the rational synthetic methodology allows for the
preparation of a wide range of compositionally diverse TMP NPs, enabling the investigation of critical composition—performance
relationships for energy applications.

H adsorption free energy (eV)

B INTRODUCTION The composition and structure of TMPs have distinct effects
on the electrocatalytic performance.'”"*™*° The introduction
of a second metal to form ternary compositions (M,M,P,), in
particular, has led to catalytic performances that can exceed
that of the binary parent phase. This enhancement in catalytic
performance has been attributed to electronic and geometric
effects that strongly influence the properties of the active sites.
For example, Brock and co-workers found that Co,_,Rh,P (0.1
< x<0.5) and Ni,_,Ru,P (0.25 < x < 1) nanoparticles (NPs)
were more active than Co,P and Ni,P NPs, respectively, for
the oxygen evolution reaction (OER), despite Rh,P and Ru,P
displaying minimal OER activity.”"">* The introduction of the

Identifying predictive relationships between the performance
of catalytic materials and key features that impact catalysis,
such as the morphology, composition, and associated
crystalline structure, hinges on the ability to independently
control these variables within a material system. Transition-
metal phosphides (TMPs), for example, are structurally
complex materials that exhibit unique chemical, physical, and
electronic properties due to the metal—phosphorus inter-
actions in the crystal lattice."” These M—P interactions offer a
route to precisely tune the properties of TMPs for diverse
catalytic applications. TMPs are known to be highly active
hydroprocessing catalystsl’3 and, more recently, have generated

significant interest as electrocatalysts due to their inherent Received:  January 10, 2022 e
electrical conductivity and stability."® Specifically, inexpensive Revised:  June 22, 2022 .-%ﬁw
and earth-abundant compositions have demonstrated activity Published: July 15, 2022 £\ W
for the hydrogen evolution reaction (HER) comparable to that | S
of noble metal catalysts,”® as well as the reduction of CO, to —

oxygenated single- and multi-carbon products.””"*
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second metal into the Co,P and Ni,P structures was proposed
to electronically activate the Co and Ni active sites, thus
improving the OER performance. Similarly, for the HER, the
highest activity in a series of Ni,_,Co,P (0 < x < 2) NP
electrocatalysts was observed for NiCoP (x = 1).*’ Density
functional theory (DFT) calculations revealed that the NiCoP
composition had an optimal adsorption free energy of atomic
H (Gy), a key descriptor of HER activity. Within an Fe,_,Co,P
series, FeysCoysP displayed the highest HER activity,
consistent with its optimal Gy.”* 7 Whereas prior studies
have demonstrated the effect of changing the relative
proportion of two metals in a ternary TMP on the
electrocatalytic performance, fewer reports systematically
evaluate the effect of the identity of the second metal on
performance. Establishing such composition—performance
relationships requires synthetic approaches that control the
other potential compounding factors, namely, the crystal phase
and morphology.

A number of synthetic approaches have been developed to
access binary and ternary TMP phases. TMP nanomaterials
have traditionally been synthesized using temperature-pro-
grammed reduction techniques that rely on high-temperature
(>500 °C) reduction of metal and phosphorus precursors and
lead to difficulty in controlling the particle morphology, phase
impurities, and excess phosphorus species.”® To overcome
these challenges, solution-synthesis methods,"*”" ™! including
those that utilize metal—phosphine complexes with tunable
decomposition temperatures,'”>*~** have enabled the syn-
thesis of binary TMP NPs with uniform structural features.
The synthesis of ternary phases, however, is complicated by
differences in reactivity between two metal precursors, which
can lead to phase segregation and inhomogeneities in
morphology.” Brock et al. have developed a solution-phase
arrested precipitation technique and applied it to understand
the composition de?endence of Co,_,Rh,P NPs for water
splitting reactions.”"”> The coreduction of Co*" and Rh** ions,
followed by phosphidation of the resulting intermediate
product at above 300 °C, allowed for investigation of a wide
range of elemental ratios within a specific composition, and
similar techniques have been applied to modify the elemental
ratio within other ternary NP systems.”>*°™*° Alternatively, a
general method for synthesizing ternary compositions in which
the elemental ratio remains fixed but the identity of the second
metal is changed would provide an opportunity to directly
compare the impact of the second metal without convoluting
factors arising from differences in the NP morphology or
phase.

Here, we have developed a rational, low-temperature
solution-synthesis approach using molecular precursors to
incorporate a second metal into the binary Ni,P structure. We
applied this methodology to prepare ternary Ni, M,P NPs
(M = Co, Cu, Mo, Pd, Rh, or Ru) without altering the
morphology and crystal phase of the parent Ni,P NPs. The
ability to independently tune the composition without
modifying other features of the ternary TMP NPs allows for
determination of composition-dependent catalytic activity. To
this end, Ni,_ M, P NPs with targeted compositions of 20 mol
% M (Ni, ¢M,4P) were dispersed on a high-surface-area carbon
support at a nominal loading of S wt %. These catalysts were
then deposited on glassy carbon electrodes and investigated as
electrocatalysts for the HER using a rotating disk electrode
(RDE) in a 0.5 M H,SO, solution. The versatility of the
rational synthetic methodology enables the preparation of a
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wide range of compositionally diverse TMP NPs, more broadly
enabling the investigation of critical composition—performance
relationships for energy applications.

B EXPERIMENTAL SECTION

Synthesis and Characterization. General. Synthetic manipu-
lations to prepare metal phosphide NPs were conducted in a N,
atmosphere using standard Schlenk techniques or in a N,-filled
Vacuum Atmospheres glovebox, unless otherwise noted. Caution! The
metal phosphide precursors have the potential to evolve pyrophoric and/or
toxic phosphorus species under reaction conditions. These reactions should
only be performed by trained personnel under rigorously air-free
conditions. Oleylamine (OAm, 70% technical grade) and 1-octadecene
(ODE, 90%) were purchased from Sigma-Aldrich and dried prior to
use by heating to 120 and 150 °C, respectively, under vacuum for S h
and were stored in a N,-filled glovebox prior to use. Triphenylphos-
phine (PPh,, 99%), [Cu(PPh;)H],, Mo(CO),(PPh,),, RhCI(CO)-
(PPh,),, Pd(PPh,),, and RuCL,(CO),(PPh;), were purchased from
Sigma-Aldrich and used as received. Ni(CO),(PPh;), was purchased
from Strem Chemicals and used as received. Co(NO)(CO),(PPh,)
was synthesized according to established methods.”” The silicon
powder NIST Standard Reference Material 640f was purchased from
Millipore-Sigma. The carbon support (Vulcan XC 72R) was supplied
by Cabot and used as received. A commercial 29.0 wt % Pt Vulcan
carbon catalyst was purchased from Tanaka Kikinzoku International
K.K. (electrocatalyst TEC10V30E, lot no. 1013-6231, 2 g) and was
used as received for ink preparation without any thermal reduction. A
S wt % Nafion perfluorinated resin solution in lower alcohols and
water was purchased from Sigma-Aldrich (product number 274704).

Synthesis of Metal Phosphide NPs. Ni,P NPs were prepared based
on a previously described procedure.’* Ni(CO),(PPh;), (0.64 g, 1.0
mmol), PPh; (1.0S g, 4.00 mmol), dried OAm (6.5 mL, 20 mmol),
and dried ODE (6.5 mL) were combined in a three-neck round-
bottom flask fitted with a condenser and two septa and heated under
N, with rapid stirring to 250 °C at ca. 10 °C/min. The mixture was
held at 250 °C for 15 min to form amorphous Ni—P NPs and then
heated to 300 °C at ca. 10 °C/min. The mixture was maintained at
300 °C for 1 h, followed by removal of the heat source and ambient
cooling to room temperature. The resulting NPs were recovered in
CHCI; (ca. 0.1 mL), flocculated with isopropanol (ca. 40 mL), and
separated by centrifugation at 10 000 rpm for 5 min. The NPs were
redispersed in CHCly (ca. 0.1 mL), flocculated with isopropanol (ca.
40 mL), separated by centrifugation, and redispersed in CHC; (ca. 10
mL).

Ni,_ M, P NPs, where M = Co, Cu, Mo, Pd, Rh, or Ru, were
prepared by first forming amorphous Ni—P NPs, as described above
in the procedure for the synthesis of Ni,P NPs, by heating the
reaction mixture to 250 °C and holding for 15 min. After 15 min, the
heat source was removed, and the mixture was allowed to cool to
room temperature. Co(NO)(CO),(PPh;) (0.10 g, 0.25 mmol),
[Cu(PPh;)H]¢ (0.08 g, 0.04 mmol), Mo(CO),(PPh;), (0.18 g, 0.25
mmol), RuClL,(CO),(PPh;), (0.19 g, 0.25 mmol), RhCl(CO)(PPh,),
(0.17 g, 0.25 mmol), or Pd(PPh,), (0.29 g, 0.25 mmol) was added
under flowing N,, and then, the reaction vessel was purged with N,
for 2 min through a needle inserted in one of the septa. The reaction
mixture was heated to 300 °C at ca. 10 °C/min and maintained at this
temperature for 1 h before cooling. The Ni, M,P NPs were
recovered as described above for the synthesis of Ni,P NPs.

Preparation of Metal Phosphide Electrocatalysts. The carbon-
supported catalysts were prepared by adding a suspension of NPs
dropwise to a rapidly stirring suspension of Vulcan XC 72R in CHCl;
(ca. 40 mL) to yield catalysts with nominal loadings of 5 wt % Ni,P
and S wt % Ni,_ ,M,P NPs. The mixtures were sonicated for S min,
stirred overnight, and recovered by centrifugation at 8000 rpm for 10
min. The resulting catalysts were dried under vacuum overnight. The
carbon-supported catalysts were stored in an inert atmosphere but
were exposed to air for short time periods (<1 h) to prepare for heat
treatment and other manipulations. To remove surface organic
ligands, each catalyst was thermally reduced in a tube furnace with

https://doi.org/10.1021/acs.chemmater.2c00085
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flowing 5% H, in N, (500 sccm). The temperature was increased at 5
°C/min to 450 °C and held for 2 h. After cooling to room
temperature, the catalysts were passivated for 2 h in flowing 1% O,/
N, (500 sccm).

Catalyst Characterization. Thermogravimetric analyses (TGAs)
of Co(NO)(CO),(PPh;), RuCl,(CO),(PPh;),, and Mo-
(CO)4(PPh,), were performed using a TA Instruments SDT Q600
integrated TGA/DSC analyzer, and the analysis of [ Cu(PPh;)H] was
performed with a SYS Evolution TGA instrument, all with a heating
rate of 10 °C/min under flowing N,. Powder X-ray diffraction (XRD)
data were collected using a Rigaku Ultima IV diffractometer with a Cu
Ka source (40 kV, 44 mA). Diffraction patterns were collected in the
20 range of 20—80° at a scan rate of 4°/min. The unsupported NPs
were drop-cast onto a glass slide from a chloroform suspension.
Powder samples (10—20 mg) were supported on a glass sample
holder with a 0.5 mm recessed sample area and were pressed into the
recess with a glass slide to obtain a uniform z-axis height. The
resulting patterns were compared to powder diffraction files (PDF)
from the International Centre for Diffraction Data (ICDD). A NIST
Si standard was used to calibrate the XRD peak positions. The
crystallite sizes were calculated from XRD peak broadening using the
Scherrer equation. For transmission electron microscopy (TEM)
analysis of Ni,P, the unsupported NPs were drop-cast onto
continuous carbon-coated copper grids (Ted Pella part no. 01824)
from chloroform suspensions. Imaging was performed using a FEI G
T20 Tecnai transmission electron microscope operated at 200 kV. For
scanning transmission electron microscopy (STEM) with energy-
dispersive X-ray spectroscopy (EDS) analysis, unsupported Ni,_ M,P
NPs (where M = Co, Mo, Pd, Rh, or Ru) were drop-cast onto lacey
carbon-coated copper grids (SPI Supplies part no. Z3820C) from
chloroform suspensions, whereas the unsupported Ni,_,Cu,P NPs
were drop-cast onto lacey carbon-coated gold grids (SPI Supplies part
no. Z3820G) to avoid additional X-rays from the copper grid.
STEM—EDS measurements were performed on a FEI F200X Talos
operating at 200 kV, equipped with an extreme field emission gun (X-
FEG) electron source, a high-angle annular dark-field (HAADF)
detector, and a Super-X EDS system with four silicon-drift detectors
(Bruker XFlash 6 series with a detector size of 120 mm?) with a solid
angle of 0.9 steradian for chemical analysis. To avoid and/or decrease
any potential electron beam damage during spectroscopic analysis
while maintaining a high signal-to-noise ratio, the current of the
electron beam was set to 480 pA. Part of the high-resolution STEM
imaging was performed on an aberration-corrected JEOL JEM-
ARM200F TEM/STEM operated at 200 kV with a unique cold field
emission gun as well as a next-generation Cs corrector (ASCOR) that
compensates for higher order aberrations. High-resolution analysis
was performed with a nominal beam current of 25 pA and an
associated nominal resolution of 0.07 nm. Additional high-resolution
STEM imaging was performed on a JEOL 2200FS TEM/STEM
instrument equipped with a CEOS GmbH (Heidelberg, Germany)
corrector on the illuminating lenses. The AMAG 5C mode was used
to achieve a probe with a nominal 150 pA current and an associated
nominal resolution of 0.07 nm. All image analysis was conducted with
Gatan Microscopy Suite software, while Image] software was used for
particle size measurements.*' Lattice spacings were measured from
the fast Fourier transforms (FFTs) of STEM images. Size
distributions were determined from a manual diameter measurement
of >100 particles. The metal loadings of the reduced and passivated
carbon-supported catalysts were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) performed by
Galbraith Laboratories (Knoxville, TN). The metal phosphide loading
was determined from the measured metal content and an assumed
total metal/phosphorus stoichiometry of 2:1 (Ni,P or Ni,_ ,M,P)
since the phosphorus content, determined using ICP-OES, could
include unincorporated phosphorus species (e.g,, surface ligands).

Electrochemical Methods. Equipment. Testing was performed
using a Metrohm Autolab PGSTAT302N potentiostat/galvanostat
equipped with a FRA32M frequency response analyzer. All measure-
ments were performed under potentiostatic control. RDEs and a
modulated speed rotator (MSR) were obtained from Pine Research.
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Development of the Electrode Preparation Procedure. To
accurately characterize differences in the electrocatalytic activity of
the NP materials, we developed a testing procedure that minimizes
variability in catalyst deposition and electrode adhesion. Although the
electrochemical activity of metal phosphide NPs has been studied
previously on stationary Ti foils* and pyrolytic graphite,”* our
procedure has several notable differences. First, we based our
procedure on carbon-supported NPs. Second, we used an RDE for
our HER experiments, which can reduce the measurement error and
variability resulting from hydrogen bubble occlusion of the electrode
surface. Finally, we optimized a catalyst ink deposition procedure that
resisted delamination under RDE HER conditions. In all cases, five
separate electrodes were prepared and tested to obtain an estimate of
the measurement error in the observed activity.

The reduced NP/carbon materials were deposited on electrodes by
formation of a catalyst ink (details below). Information on preparing
such inks is extensive in the hydrogen fuel cell literature and describes
factors such as the solvent,™° pH,51 catalyst concentration,’*>
ionomer concentration,””*>* sonication procedures,** and so forth.
Notably, Jung et al. developed an ink preparation procedure designed
for benchmarking of nanopowder electrocatalysts for the HER and
OER.> Because the ink formation parameters also depend on the
properties of a specific catalyst or catalyst support, we investigated a
range of parameters to improve catalyst dispersion and film quality.
Our goal was to maximize the uniformity and reproducibility of our
inks so that activity differences could be quantified with minimal
uncertainty. The resulting ink recipe (10 mg of carbon-supported
catalyst powder, 20 uL of a 5% Nafion ionomer mixture, and 0.97 mL
of isopropanol) was based primarily on previous studies involving
nanoparticulate materials.>>™>’ Note that our concentrations of both
the catalyst powder and Nafion ionomer in the ink are lower than
those commonly used in fuel cell preparation owing to our objective
of quantitative catalyst activity comparison rather than practical device
assembly or long-term testing. Each ink was drop-cast onto five
individual glassy carbon RDEs using an electronically controlled
positive displacement pipette, which we found to be essential to
reliable deposition. Five sequential cyclic voltammetry (CV) scans
were performed on each electrode to assess relative current stability.

Catalyst Ink Preparation. The carbon-supported catalyst was
weighed in a glovebox in a 2 mL glass vial. Isopropanol and a 5 wt %
Nafion solution were added to the glass vial to achieve an ink with a
composition of 0.97 mL of isopropanol, 20 L of the 5 wt % Nafion
solution, and 10 mg of the supported catalyst powder. The ink was
homogenized using a Qsonica Misonix S-4000 horn sonicator fitted
with a 1/8 in. MicroTip attachment, ensuring that the tip reached the
bottom of the vial. The sonicator was configured to its lowest
amplitude setting (“1”) and a 10 s continuous dose length, which
delivers approximately 67 J per dose to the solution. The sonication
procedure consisted of two 10 s doses, each followed by immersing
the vial in ice water for 1 min to dissipate the heat generated by
sonication. The vial was then allowed to warm to room temperature
(ca. 10 min) before the drop-casting procedure.

Deposition of Catalyst Inks on RDEs. The catalyst inks were drop-
cast onto five individual RDEs having S mm diameter glassy carbon
disk working surfaces surrounded by a 15 mm outer diameter
poly(tetrafluoroethylene) (PTFE) shroud (Pine Research,
AFEST0S0GC). The electrodes were prepared by polishing with
0.05 pum alumina and were placed with their working electrode
surfaces facing up. The catalyst ink (10 uL) was dropped onto each
electrode using an electronic positive-displacement autopipette
(Eppendorf Repeater E3), resulting in a mass loading of supported
catalyst powder of 0.51 mg/cm® The electronic autopipette was used
because control of the dispensing speed was critical in controlling
splatter and spillover from the glassy carbon onto the PTFE shroud
(when the dispensing rate was too fast), as well as droplet adhesion to
the pipette tip (when the dispensing rate was too slow). When
needed, two successive 5 yL drops were used instead for electrodes
with a propensity for spillover. The electrodes were allowed to dry
with minimal movement and airflow for 2—24 h before measurement.

https://doi.org/10.1021/acs.chemmater.2c00085
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Electrochemical Hydrogen Evolution Testing via CV. HER
measurements were performed in a 0.5 M sulfuric acid solution
(prepared from deionized water and EMD Millipore Suprapur 96%
sulfuric acid) in a glass H-cell with the counter electrode separated
from the working and reference electrodes by a glass frit. The cell was
cleaned between measurements using aqua regia and deionized water.
The working side of the cell was continuously purged with bubbling
hydrogen. A silver/silver chloride reference electrode and carbon rod
counter electrode were used. The potential measured using the
reference electrode was adjusted to be relative to the reversible
hydrogen electrode potential, after measurement, by observation of
the open-circuit potential of a Pt wire electrode inserted into the
working electrode compartment. The glassy carbon rotating disk
working electrodes were rotated at 1600 rpm for all measurements
except alternating current (AC) impedance, which was observed in
quiescent solution.

For each catalyst material, the cell and solution resistances were
first characterized by AC impedance on the first working electrode.
The working electrode position was then maintained for the
remainder of the measurement. The solution resistance was
determined as the lowest-magnitude real-axis intercept on a Nyquist
plot of the AC impedance. No iR compensation was used during
measurement; potentials were corrected for 100% of the estimated
voltage drop due to solution resistance during data processing. After
AC impedance measurement, rotation and hydrogen bubbling were
resumed and linear sweep voltammetry (LSV) at —20 mV/s was used
to determine the scan limits for CV. LSV was stopped after reaching 5
mA (~25 mA/cm?). Five successive CV scans at 5 mV/s were then
performed starting from the open-circuit potential (or, occasionally,
from a more negative potential to shorten the measurement time) and
reversing at the potential identified above as sufficient to achieve S
mA. The five-scan CV measurement was then repeated for each of the
four remaining electrodes. Voltammograms were plotted giving the
cathodic potential and current a negative sign. Cathodic overpotential
required to achieve a cathodic current of 10 mA/ cm? is reported as an
absolute value (Inl).

Post-HER Characterization of the NP Catalyst. The post-HER
properties of a Ni, (Rh,,P/C catalyst were studied by preparing a
large sheet electrode. A catalyst ink comprising 60 mg of 3.7 wt %
Ni, ssRhy 4,P/C, 120 uL of a S wt % Nafion solution, and 3 mL of
isopropanol (approx. double the concentration used above, for more
efficient deposition) was homogenized by sonication as described
above. This ink was then hand-painted in its entirety, followed by an
additional 1 mL of isopropanol used to rinse the ink container and
brush, onto a 6 cm X 5 cm (30 cm?) area on a sheet of Spectracarb
2050A-0850 carbon paper (Fuel Cell Store). During painting, the
carbon paper was held by vacuum onto a heated stage at 80 °C. An
additional 2 cm at the top of the carbon paper sheet was left
unpainted for electrode assembly for a total sheet size of 8 cm X 5 cm.
The sheet was weighed before and after hand-painting and had
increased in mass by 45.7 mg, as compared to the theoretical value of
66 mg (60 mg catalyst + 6 mg Nafion). The difference between
expected and observed loadings is attributed to the catalyst and/or
Nafion remaining in the brush used to paint the electrode. The
observed loading of the catalyst averaged over the 30 cm” active area,
assuming about 10% of the observed mass is accounted for by Nafion,
is 1.37 mg/ cm? The painted sheet was then cut into two 8 X 2.5 cm
pieces, one for pre-HER analysis and one for post-HER analysis. The
piece to be used for the electrochemical HER was prepared by affixing
a coiled copper wire to the uncoated upper area using a two-part silver
epoxy. The exposed copper wire and silver epoxy were then
completely sealed using a combination of sealant epoxy (3M
Scotch-Weld DP460NS) and a glass tube to prevent contact between
the electrolyte and these parts of the electrode assembly. The resulting
electrode was tested in a H-cell where the working and counter
compartments (60 mL of electrolyte in each) were separated by a
Nafion 115 membrane sealed with an o-ring. The HER conditioning
used a 0.5 M sulfuric acid electrolyte, a 3 M Ag/AgCl reference
electrode, and a Pt mesh counter electrode. After determining
solution resistance by AC impedance, LSV at —20 mV/s was used to
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determine scan limits for CV cycling. Five successive CV scans at 5
mV/s were then performed from the open-circuit potential to a
potential sufficient to achieve ca. 15—20 mA/cm? of peak current.
After HER conditioning, the working electrode was washed with
deionized water and allowed to air dry. Identical coupons were then
cut from both the pre- and post-HER electrodes for various
characterization techniques, including XRD (ca. 4 cm?), ICP-OES
(ca. 5 cm*), and STEM—EDS (ca. 2 cm?). The sample for XRD was
used without preparation. The samples for ICP-OES were sent intact
to be digested by the analytical lab. For STEM—EDS, the carbon-
supported NPs from the electrode sample were redispersed into
ethanol using a bath sonicator for 5 min and then dip-coated onto
lacey carbon-coated copper grids.

B COMPUTATIONAL METHODS

The Vienna ab initio simulation package was used to implement DFT
calculations.”®*” The generalized-gradient approximation (GGA) was
used via the Perdew—Burke—Ernzerhof formalism to describe the
exchange-correlation functional.”’ Projector augmented-wave poten-
tials with valence wavefunctions expanded through a plane-wave basis
set with a cutoff energy of 500 eV were used to capture interactions
between electrons and ions.®"%* Spin-polarized adjustments were
made to the GGA to describe the magnetic ordering of the slabs
considered in this study. Dispersion corrections to the calculated
structures and energetics were included through the D3 method by
Grimme et al.®

To model the ternary Ni,_,M,P catalyst systems (M = Co, Cu, Mo,
Ni, Pd, Rh, or Ru), two surface facets were considered, the (1010)
and the (0001) surfaces, based on a previous theoretical work
indicating that these surfaces are two of the dominant exposed facets
on Ni,P NPs.** The (0001) surface is the Ni,P surface most
commonly used in previous computational studies.”***~%” Vacuum
layers at least 10 A thick were employed to separate each successive
slab in the z direction. In all calculations, the bottom half of each
studied Ni,_ M,P surface was fixed in its respective bulk-truncated
position, while the top half could freely relax. For each (1010) and
(0001) surface considered in this work, 8 X 8 X 1 and 6 X 6 X 1
Monkhorst—Pack k-point meshes were used to sample the surface
Brillouin zone, respectively.”® Tonic convergence occurred when the
forces acting upon each atom fell below 0.02 eV/A.

To quantify the strength of adsorption of atomic hydrogen, the
binding energy (Eg) was determined by

EB = Etotal —E

clean

- Egas

(1)

where Eyop) Eqean and Ey,, are the energy of the adsorbate + substrate
complex, clean surface, and gas-phase adsorbate (1/2H,), respec-
tively. Temperature corrections were applied to the most-stable
adsorption structures for each surface to calculate Gy as follows

Gy = (E + ZPE — TS),yi — Eqean — (E + ZPE — TS)

)
In eq 2, E is the total energy, ZPE is the zero-point energy, T is the
absolute temperature, and S is the entropy. The subscripts “total”,
“clean”, and “gas” refer to the adsorbate + surface complex, the clean
surface, and the gas-phase reference (1/2H,), respectively. By this
definition, more negative Ey and Gy values correspond to stronger
interactions between the surface and adsorbate. The ZPE and S were
calculated using vibrational-frequency analyses through a Hessian
matrix calculated via a second-order finite-difference approach. In
these calculations, adsorbed H was freely relaxed, all slab atoms were
fixed, and bonds were oscillated using a step size of 0.015 A.

The optimized lattice parameters for bulk Ni,P were 5.80 and 3.35
A for a and ¢, respectively, which agree well with the experimental
values of 5.86 and 3.38 A, respectively.®” To calculate the effect of a
second metal on the calculated lattice parameters, one of the six Ni
atoms in the bulk primitive cell was substituted with each second
metal. In the primitive cell, there are two unique metal positions for
the second metal to substitute into the Ni; and Nij positions (see
Figure $2).°* The preferred position for M substitution and the effect

clean gas
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of each second metal on the DFT-calculated lattice parameters is
summarized in Table S2.

In both the (1010) and the (0001) ternary Ni,_,M,P model
surfaces, there are 12 metal-atom positions. Two Ni atoms in each
ternary metal—phosphide system were substituted with each M to
achieve a ternary metal—phosphide composition of Ni, ;M 3P, that
is, to achieve an x value of 0.33. This x value of 0.33 is close to the
target experimental value of 0.40 and within the experimental range of
0.31—0.46 (see Results and Discussion). To determine the optimal
metal positions for each second metal atom (M), the positions were
optimized for one M atom in the freely relaxed top half of the slab and
another M atom in the fixed bottom half of the slab. Ni, 33M¢,P
systems (M = Cu and Pd) with a 50:50 ratio of Ni/Cu and Ni/Pd in
the freely relaxed surface layers (i.e, M-enriched surfaces) were also
considered based on the respective EDS elemental maps discussed in
the Results and Discussion section.

For the (0001) surface, there are two bulk terminations, the Ni,P,-
and the Ni;P-terminated surfaces. Based on the DFT calculations
presented here for the pristine Ni,P(0001) surface and for each
ternary Ni; (;M;33P(0001) slab, the stoichiometric NiyP-surface
termination is most stable (see Table S4), consistent with prior
computational studies of Ni,P surface stability at a low P chemical
potential (up).5*7° At high fp, consistent with Ni,P synthesis
conditions, the P-enriched P—Ni;P,(0001) surface termination is
predicted to be most stable (i.e.,, NiyP, termination with an adsorbed
P adatom). Both the Ni;P- and P-Ni;P,-terminated Ni, ;Mg ;;P-
(0001) surfaces were modeled as possible representative catalyst
surface models. The (1010) surface is composed of two different Ni,P
planes, denoted as A and B (they differ in the positions of the two
distinct phosphorus atoms in the bulk unit cell, P; and Py;), stacked
with an —ABB— repetition. Thus, there are three possible (1010)
surface terminations, denoted ABB—, BAB—, and BBA—. He and co-
workers showed that the stoichiometric ABB-terminated and P-
enriched P-BAB-terminated (1010) surfaces are most stable at low
and high pp, respectively;é4 thus, these two surfaces are considered in
this analysis.

B RESULTS AND DISCUSSION

The Ni,P NPs were prepared via the thermal decomposition of
Ni(CO),(PPh;), in OAm and ODE with PPh,, similar to the
reported procedure.34 The Ni,_,M,P (M = Co, Cu, Mo, Pd,
Rh, or Ru) NPs were synthesized using a two-step synthesis
route. Amorphous Ni—P NPs, which were previously
characterized by our group and others as an intermediate to
crystalline Ni,P,**”'~"* were targeted here as precursors to
facilitate the incorporation of a second metal and formation of
Ni,_,M,P NPs.”” The amorphous Ni—P NPs were formed by
the thermal decomposition of Ni(CO),(PPh,), in OAm and
ODE with PPh; at 250 °C. Molecular precursors for the
second metal were identified based on the commercial
availability or ease of preparation, air stability, and decom-
position temperature. TGA data for Ni(PPh,),(CO),, Rh-
(PPh;),(CO)Cl, and Pd(PPh,), in an inert atmosphere were
previously reported” and demonstrated high-temperature
decomposition events with precipitous weight losses beginning
at 204, 274, and 212 °C for the Ni, Rh, and Pd complexes,
respectively. The Co(NO)(CO),(PPh;) and [Cu(PPh;)H],
complexes, reported here (Figure S1), exhibited a small,
gradual weight loss around 120 °C and then more rapid weight
loss indicative of full decomposition around 220 and 250 °C,
respectively. Mo(CO),(PPh;), demonstrated precipitous
weight loss beginning at 160 °C, while RuCl,(CO),(PPh;),
decomposed gradually starting at 230 °C. The resulting
ceramic yields at 500 °C for the Co, Cu, and Mo complexes
were greater than those expected for the common metal
products and could contain O and/or P. The Ru complex had
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a significantly higher ceramic yield of 45 wt % that could
indicate incomplete decomposition under these conditions.

After the room-temperature addition of the molecular
precursor of the second metal, the reaction mixture was
heated to 300 °C to promote precursor decomposition,
alloying, and crystallization of the ternary TMP NPs. The
Ni,_,M,P NPs retained the hexagonal structure of Ni,P, and
all observed powder XRD peaks were attributed to Ni,P
(Figure 1). Elemental analysis of the metal composition,
determined by ICP-OES, revealed Ni,_ M. P compositions
ranging from x = 0.31 to x = 0.46 (Table 1).

Ni,P .
1
1
1

Niy 69Cug 34P i
!
1

Ni1.56Rh0 34P
I
]

)
1
I

Ni,P 1

Intensity (a.u.)

300

| |211
!
}

20 25 30 35 40 45 50 55 60
20 (degrees)

Figure 1. XRD patterns of Ni,P and Ni,_ M,P NPs with the
corresponding Ni,P reference pattern (PDF 01-089-2742), below.

Table 1. Compositions Determined by ICP-OES and
Particle Sizes Determined by XRD and STEM for Ni,P and
Ni, ,M,P NPs

composition XRD size (nm) STEM size (nm)
Ni,P 9.8 10.0 + 0.9
Ni 61Cop 3P 10.0 9.8 + 1.0
Ni oCug 3, P 8.6 9.5 +3.8
Ni; ¢¢Rho 34P 9.7 9.5+ 0.8
Ni; Rup 34P 9.5 11.8 + 1.2
Ni; goPdo3; P 9.2 92 + 1.1
Ni; 54M0g 4P 104 11.6 + 1.1

Upon introduction of ca. 20 mol % M into the Ni,P
structure, the reflections in the XRD patterns shifted, as has
previously been observed for Ni,_ ,M,P NPs.”>*® For all metals
except Co, patterns shifted to lower 26 values, indicative of
lattice expansion due to substitution of the smaller-atomic-
radius Ni with the larger-atomic-radius metal. The magnitude
of this shift was dependent on the atomic radius of the second
metal with the largest shift observed for Ni, ;,Mog P (Table
S1). Evaluation of the preferred Ni-substitution site and
optimized lattice constants in bulk Ni; ;M,;;P (Figure S2,
Table S2) by DFT calculations supported the observed shifts
in the XRD peak positions (Table S1). Additionally, for M =
Rh, Ru, and Mo, the (201) and (210) reflections broadened
relative to the (111) and (300)/(211) reflections. This
suggests that modifications of the local Ni,P structure occurred
with the addition of the larger second metal, while the overall
hexagonal crystal structure was retained.”"*”

The Ni,P NPs are solid particles exhibiting a spherical
morphology with an average size of 10.0 + 0.9 nm, as

https://doi.org/10.1021/acs.chemmater.2c00085
Chem. Mater. 2022, 34, 6255—6267


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00085/suppl_file/cm2c00085_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00085?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Figure 2. (a) BF-STEM image of Ni, 4 Coq3P NPs; (b) high-resolution HAADF-STEM image with the (c) FFT oriented along the [1122]
direction; and (d) HAADF-STEM image for EDS analysis and associated EDS elemental maps for (e) Ni, (f) P, (g) Co, and (h) Ni and Co

overlaid.

Figure 3. (a) BF-STEM image of Nij ¢Pdy3;P NPs; (b) high-resolution HAADF-STEM image with the (c) FFT oriented along the [1233]
direction; and (d) HAADF-STEM image for EDS analysis; and associated EDS elemental maps for (e) Ni, (f) P, (g) Pd, and (h) Ni and Pd

overlaid.

determined by TEM analysis (Figure S4 and Table 1). The
spherical morphology was maintained across the series of
Ni,_,M,P NPs, as confirmed by bright-field (BF)-STEM
analysis (Figures 2a, 3a, and S4a—S7a), and the average sizes
ranged from 9.2 to 11.8 nm with narrow distributions for all
compositions except Ni; 4, Cug3oP (Figure SSa). We hypothe-
size that the wide size distribution of Ni, 5;Cug ;0P (9.5 + 3.8
nm) was due to the less well-controlled or incomplete
decomposition of the [Cu(PPhy)H], precursor. A similar
issue was previously observed when using this molecular
precursor to synthesize Cu,P NPs.'” Crystallite sizes were
calculated for all compositions by applying the Scherrer
equation to the (111) XRD peaks, and the calculated sizes
were in good agreement with the particle sizes measured by
STEM (Table 1).

The high-resolution HAADF-STEM analysis of Ni, ;Coy 30P
NPs, shown in Figure 2b with the corresponding FFT (Figure
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2¢, Table SS) oriented along the [1122] direction, is
characterized by ordered lattice fringes confirming the
crystallinity and hexagonal phase of the NPs. The structural
analysis is consistent for all Ni,_ M, P NPs, as shown in Figures
3a—c and S4c—S7c¢ and described in Tables S6—S10. The EDS
elemental mapping of Ni, M,P showed relatively uniform
distributions of Ni, P, and M (when M = Co, Rh, Ru, or Mo)
within the NPs (Figures 2e—h and S5—S7). For Nij ;Cug3,P
and Ni, ¢Pd,;;P NPs, EDS revealed that the distributions of
Cu and Pd were more concentrated at the NP surfaces
(Figures SSe—h and 3e—h). In the case of Ni; ¢ Cuq3P, the
less well-controlled decomposition of the [Cu(PPh;)H]
complex, as discussed above, may play a role in the surface
enrichment. For the larger-atomic-radius Pd, surface enrich-
ment may have limited modifications of the local Ni,P
structure that led to the relative broadening of the (201) and
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Table 2. Weight Loading, Overpotential Required to Reach 10 mA/cm? (17), Tafel Slope, and Exchange Current Density for
Ni,P/C, Ni, ,M,P/C, and Commercial Pt/C, Ordered by Increasing Overpotential

catalyst wt % on C“ overpotential to achieve 10 mA/cm? i (mVv)® Tafel slope (mV/dec)® exchange current density (mA/cm?®)*
Pt/C 29 42 £ 2§ 25+ 10 0.65 + 0.09
Ni, ¢6Rhg3,P/C 4.1 149 + 4 585 + 04 0.029 + 0.00S
Ni, ¢oPdo3,P/C 4.6 158 + 12 96 + 9 0.26 + 0.0
Ni, 6,Rug35P/C 4.8 168 + 9 70+ S 0.04 = 0.01
Ni,P/C S4 178 £ 2 642 + 0.4 0.016 + 0.001
Ni; 6,Cog30P/C 4.9 184 + 10 68 + 4 0.019 + 0.002
Ni; 54Mog 4P/C 5.1 199 + 6 65+3 0.008 =+ 0.002
Ni, g9Cuq 3, P/C 5.9 274 + 17 101 £ 8 0.020 + 0.003

“Weight loading of the metal or metal phosphide on carbon as determined by ICP-OES. bFive electrodes were tested for each catalyst. For each
electrode, the potentials at 10 mA/cm? of the forward and reverse sweeps of the third consecutive CV scan were averaged (see Figure S19). The
resulting five potentials were averaged to determine the overall average and standard deviation. “From a fit to the linear region; values and standard
deviations determined by averaging the values for all five electrodes (see Figure S20). Exemplary fits are shown in Figure 4b.

(210) reflections observed in the XRD patterns of M = Rh, Ry,
and Mo.

Electrochemical activity measurements were performed
using Ni,_,M,P NPs supported on carbon (Vulcan XC
72R). The NPs were supported with a targeted weight loading
of 5% and thermally reduced at 450 °C in 5% H, before
passivation with 1% O,. Electrochemical analysis of colloidal
NPs has indicated that the presence of surface ligands reduces
the electrochemically active surface area (ECSA), thus
inhibiting the catalytic activity.”””* Reduction at 450 °C in
H, has been established as a method to remove organic surface
ligands from metal phosphide NPs.”'*”> Elemental analysis of
the reduced and passivated Ni, M,P/C revealed weight
loadings ranging from 4.1 to 5.9% (Table 2). XRD patterns of
the NPs after supporting and thermal reduction confirmed
retention of the Ni,P hexagonal structure, with no appreciable
alterations (Figures S9—S15). Previous TEM analysis indicated
no appreciable changes to the particle size of Ni,P NPs
following the supporting procedure and thermal reduction.”

Electrodes were prepared for each catalyst by drop-casting
an ink consisting of Ni,  M,P/C or Ni,P/C, Nafion, and
isopropanol onto a glassy carbon RDE, as seen in literature
methods for NP- and carbon-supported materials (see the
Experimental Section).”***>’%”7 A commercial 29 wt % Pt/C
material was also included as a reference. This material did not
suspend as well using the ink preparation method optimized
for the NP catalysts, which may have caused the greater
variability observed for Pt (vide infra). Figure 4a shows the
voltammograms for Ni,  ,M,P/C, Ni,P/C, and Pt/C. Stable
current responses were observed for five consecutive CV scans
across the series of NP catalysts (Figure S18). To reduce
contributions from surface contaminants and allow for catalyst
equilibration,”® the third scan is presented in Figure 4a.

Modulation of the HER activity of Ni,P by controlled
doping was quantified by measuring the overpotential required
to achieve a cathodic current of 10 mA/cm? (17; Table 2). The
parent Ni,P NPs exhibited an # of 178 + 2 mV, activity that is
consistent with that previously reported for Ni,P NPs.’
Markedly different HER activities were observed across the
Ni, ,M,P NP series, with # ranging from 149 mV for the most
active catalyst, Ni, 4Rho34P, to 274 mV for the least active,
Ni, 4;Cug 3P (Table 2). Because determination of the ECSA
via the double-layer capacitance is challenging for carbon-
supported materials, catalyst comparisons were performed
using a geometric surface area basis. This approach relies on
our observations that the particles maintain their size and
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Figure 4. (a) Voltammograms (cathodic sweep only, S mV/s) and
(b) Tafel plots for Ni,_,M,P/C (nominally 5 wt %; see Table 2) and
Pt/C (29 wt %) catalysts in H,-saturated 0.5 M H,SO, at room
temperature, with both experimental data (dashed) and linear fits
(solid; Table 2) shown (catalyst loading = 0.51 mg/cm?* NP loading
~ 0.025 mg/cm?). The legend for both plots is shown in (b).

shape and are well dispersed, upon carbon immobilization,
allowing an assumption of a similar ECSA across the series.”
We also compared the catalysts normalized on per-milligram
NP and per-mole metal bases in Figure S16, which revealed no
significant changes in activity ranking except that the gap in
activity between Pt and the Ni,_ M,P NPs was much smaller
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Figure 5. Top views of the optimal H adsorption structure for the (a) ABB- and (b) P-BAB-terminated Ni, (;M,35P(1010) and (c) Ni;P- and (d)
P-Ni,P,-terminated Ni, 4;M,33P(0001) surfaces (M = Co, Cu, Mo, Ni, Pd, Rh, or Ru). Also shown are the H adsorption structures for the Cu- and
Pd-enriched Ni, ;M P surfaces with a 1:1 Ni/Cu and Ni/Pd surface-layer composition [Cu(50-50) and Pd(50-50), respectively; see main text
for more details]. Calculated adsorption free energies of atomic H (Gy, in eV) are provided below each snapshot. Black lines denote the surface
unit cell. Atom colors: black, H; yellow, P; green, Ni; cyan, Co; blue, Cu; red, Mo; orange, Pd; purple, Rh; and pink, Ru.

on a mass-normalized basis. The observed activity trends for
Ni,_,M,P NPs reveal some notable differences from expect-
ations. For example, while Kibsgaard et al found exper-
imentally that MoP and CoP NPs were substantially more
active than Ni,P NPs, the Ni; ;,Mog 4P and Ni, 5;Cog 3,P NPs
in our study appear to be similar to or less active than Ni,P
NPs.”* The activity for Ni,_ ,M,P follows expectations from the
study by Zheng et al. for the corresponding metal surfaces for
Rh, Pd, Co, and Mo but does not agree for Cu;”? instead of
having a negligible effect on the Ni,P overpotential as the
metal performance might suggest, Cu doping substantially
increases the overpotential in our case. In other relevant
studies, doping Cu into CoP nanowires (under alkaline
conditions)®” and nanosheets (in buffered phosphate)®’
reduced the HER overpotential. The contrasting increase we
observed in the overpotential for Ni; ¢oCu,3,P/C may indicate
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a more subtle relationship between dopant and parent
structures than is captured by simple analogy to pure
phosphide materials and metals.”'~*° Finally, in a study of a
Ni,_,Co,P series, Liu et al. found that activity improved
steadily upon doping Co into Ni,P NPs and upon doping Ni
into Co,P NPs, reaching a maximum near x 1;** on this
basis, an improvement of up to 10—15 mV in overpotential
might be expected for our Ni 5;Cog30P NPs relative to Ni,P.
Our observation instead of similar or slightly worse activity for
Ni; 6,Coy30P may be attributable to differences in NP
preparation methods. Figures 4b and S20 show the
corresponding Tafel plots for Ni,  M,P NPs, Ni,P NPs, and
Pt/C, and the Tafel slopes are summarized in Table 2. The
estimated exchange current densities are also provided in Table
2, and no clear trend was observed. Generally, lower Tafel
slopes indicate more favorable electrochemical kinetics, and
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Ni, 4¢Rhg 3P, the most active TMP material investigated here,
exhibited the lowest Tafel slope (58.5 + 0.4 mV/decade)
across the Ni,_ M, P series. It is noteworthy that the two
materials in which surface enrichment was observed for the
second metal, Ni; ¢;Cug3oP and Ni, 4Pd, 3P, exhibited higher
Tafel slopes of 101 + 8 and 96 + 9 mV/decade, whereas the
other phosphide materials had lower slopes in the range of
58.5—=70 mV/decade. This electrochemical study thereby
established composition-dependent activity trends within an
isostructural series that we next sought to explain through
computations.

To better understand the influence of the various second
metals on the experimental HER activity, DFT calculations
were performed to compare Gy on Ni; ¢;M, 33P surfaces, as Gy
is a well-established descriptor for HER activity.”” Two
terminations for both the (1010) and the (0001) Ni,P
surfaces were considered in this analysis (see Computational
Methods; each ternary TMP surface is shown in Figure S3),
representing the thermodynamic equilibrium surface compo-
sition under a range of up. The (0001) surface is most
commonly studied™”****™° due to its lower surface energy
relative to other low-index Ni,P facets,®® while more
corrugated surfaces such as the (1010) surface are also likely
exposed and have been identified by Hansen and co-workers to
play a key role in HER activity.*’ Furthermore, by assessing the
relative ability of the flat (0001) and the corrugated (1010)
surfaces to describe the experimental HER activity, insights
regarding the facet-dependent catalytic properties of these
materials can be obtained. Due to the higher surface
concentration of Cu and Pd observed by EDS mapping
(Figures SSe—h and 3e—h), Ni, ;M P surfaces with a 50:50
ratio of Ni/Cu and Ni/Pd in the surface layers were also
considered alongside the Ni; 4 Mg3;P analogues (see Figure
S3). The minimum-energy adsorption structures and corre-
sponding Gy values for atomic H on each surface are shown in
Figure 5. Ey values for the studied high-symmetry adsorption
sites on each surface are given in Tables S12—S1S5. H
preferentially binds to threefold metal (M;) hollow sites or
twofold bridge (M,) sites on the Ni;P-(0001) surface and to
M, sites on the ABB-(1010) surface. In contrast, on the P-
enriched surfaces where the M; and M, sites are blocked by
surface P adatoms, H preferentially binds to the P adatoms. H
adsorption is generally weaker on the P-enriched surfaces,
though there are some notable exceptions on the (0001)
surfaces. These general trends in the H binding site and
strength are consistent with previous reports for NiZP.‘SS’67

To compare the DFT-calculated Gy values with the
experimental HER measurements, 7 is plotted against Gy for
the ABB-(1010), P-BAB-(1010), Ni;P-(0001), and P-Ni,P,-
(0001) surfaces. For the P-BAB(1010) surface and the two
(0001) surface terminations, the calculated Gy values did not
present a clear trend with the experimental HER activity data
(Figure S24). However, a clear volcano-shaped trend was
observed for the ABB-(1010) surface termination (Figure 6),
indicating a good representation of the active site for the HER
on Ni, ;M 3;P. There are similarities between this volcano
plot and the volcano plot for the HER on the bare metals, but
there are also noteworthy differences, including that Mo lies on
the opposite side of the volcano peak (i.e., binds H too weakly)
in the Ni,¢My,P system.”” These differences illustrate the
interplay between strain, electronic, and ensemble effects in the
Ni,; ¢M, 4P materials. Bulk-terminated (1010) surfaces are more
corrugated and exhibit different preferred adsorption config-
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Figure 6. Overpotential (#7) vs the adsorption free energy of atomic H
(Gy) on the ABB-terminated Ni; ;M 3;P(1010) (solid markers) and
Cu- and Pd-enriched Ni,33M,4,P(1010) (open markers) surfaces.
Gray lines show the volcano-shaped dependence of # on Gy for the
Ni, ¢;M,33P(1010) surfaces (solid) and when Cu- and Pd-enriched
surfaces are included (dashed).

urations than bulk-terminated (0001) surfaces. For example, H
preferentially adsorbs to M, sites on the ABB-(1010) surface,
compared to M; hollow sites on the NijP-terminated (0001)
surface; thus, surfaces on which H preferentially adsorbs to
corrugated M, bridge sites may provide better HER active-site
models for the HER on Ni,P-based ternary metal phosphide
materials. Furthermore, the volcano-shaped trend helps explain
the enhanced HER activity following the addition of precious
metals (Pd, Rh, and Ru) as the hydrogen adsorption energy is
modulated more effectively (ie, slight weakening of H
adsorption) with these metals as opposed to the Co-, Cu-, or
Mo-modified materials. It should be noted that other low-index
facets or the edge sites of Ni,_ M,P NPs may also provide
active sites for the HER®*® and that these results indicate that
multiple surface facets should be considered for these complex
multicomponent materials to determine facet dependence in
describing experimental properties trends.

Moreover, to better represent the experimentally observed
surface enrichment of the Cu- and Pd-alloyed Ni,P NPs based
on the corresponding EDS elemental maps (Figures SSe—h
and 3e—h), additional DFT models of the Cu- and Pd-
containing (0001) and (1010) surfaces were constructed such
that the surfaces of these materials were enriched to a 50—50
Ni—M composition. The calculated Gy values for the surface-
enriched ABB-(1010) surfaces were destabilized by 0.15 eV for
the Cu-alloyed surface and stabilized by 0.05 eV for the Pd-
alloyed surface. The 50-50 Ni—M surface compositions
resulted in a decrease in slope for the right-hand side of the
volcano plot (Figure 6, dashed line) which gave a better overall
fit to the measured electrocatalytic HER activity compared to
the fit obtained with only the non-surface-enriched analogues
(linear-fit R* of 0.99 vs 0.88, respectively). Bader charge
analyses and d-band center calculations were performed to
elucidate the effect of electronic structure changes in the M-
alloyed ABB-(1010) surfaces on the corresponding Gy value
(Figure S25). However, neither analysis provided a strong
correlation with the Gy values, indicating that the effect of the
alloyed metal on Gy is very likely multifactorial with respect to
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electronic structure, lattice strain, and M surface versus
subsurface substitution effects.

Finally, to provide an initial glimpse into the possible
evolution of the Ni,_,M,P NP materials under HER
conditions, we compared the properties of pristine and post-
HER electrodes for one of the materials, 3.7 wt %
Ni, sRh, 4,P/C (note that because we used a different catalyst
batch for this experiment, the composition is slightly different
from that used in the other experiments). Because the HER
measurements we reported above, designed to determine
activity with minimal errors, used a small RDE and a
correspondingly small quantity of deposited NPs (0.2 cm*
electrode X ca. 0.025 mg NPs/cm® = ca. 5 ug NPs per
electrode), those electrodes were not conducive to post-
reaction characterization. As a result, we devised an alternative
electrode preparation method that would preserve the HER
treatment conditions while making possible the character-
ization of coated electrode materials via standard techniques.
The preparation method is similar to the work we have
published previously.'” Briefly, we hand-painted a catalyst ink
containing 3.7 wt % Ni, ;sRhg4,P/C and Nafion onto a large
sheet of carbon paper at weight loadings similar to those for
the RDE measurements (ca. 0.045 mg NPs/cm” as determined
by ICP-OES; see Table S11). The total surface area was ca. 30
cm?, which was divided into two 15 cm?® pieces (ca. 0.7 mg of
NPs per electrode, over 2 orders of magnitude more than on
the RDEs). One of the pieces was then tested under HER
conditions similar to those already described. The pristine and
post-HER electrode pieces were compared using powder XRD,
ICP-OES, and STEM. In the powder XRD pattern, the major
Ni, ssRhy 4,P peak was preserved without apparent peak
shifting or introduction of new peaks (Figure S21). However,
ICP-OES and STEM revealed changes in the loaded NPs that
indicate some evolution under HER conditions. First, there
was an ICP-determined reduction in the loading of Ni (from
0.241 wt % in the pristine electrode to 0.113 wt % in the post-
HER electrode), Rh (from 0.0949 to 0.0745%), and P (from
0.083 to 0.071%; Table S11). While both physical delamina-
tion and chemical leaching are potential explanations for the
reduced loading, the significantly higher reduction in Ni
compared to the other elements is more consistent with
chemical leaching, for which the 0.5 M H,SO, solution would
be expected to dissolve Ni at a higher rate than that for Rh.'”**
Furthermore, the HAADF-STEM images of the post-HER
electrode revealed a change in morphology from spherical to
less well-defined (Figure S22). The STEM—EDS mapping
shows that the colocation of Ni, Rh, and P was preserved in
post-HER samples, with possible loss of some Ni from the
surface that would be consistent with the ICP-OES results
(Figure S23). We suggest that future studies that aim to
improve the electrochemical performance and durability, which
was not the focus of this work, could use unsupported
Ni, ,M,P NPs to further investigate the operando evolution of
ternary phosphide materials.

B CONCLUSIONS

A rational solution synthesis method to access ternary
Ni,_,M,P NP compositions was developed using combinations
of commercially available or easily prepared metal—phosphine
precursors. The particle morphology and crystal phase of the
parent Ni,P NPs were retained across the series. This approach
allowed us to directly compare the impact of the second metal
on electrocatalytic activity without convoluting factors arising
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from differences in the NP morphology or phase. The NPs
exhibited composition-dependent HER activity, spanning a
125 mV range in overpotential, attributed to the introduction
of a second metal into the parent Ni,P NPs. Computational
analysis identified a volcano-shaped trend when the over-
potential was plotted against Gy for the stoichiometric ABB-
(1010) surfaces, suggesting that the HER over Ni,_,M,P NPs
is facet-dependent and likely requires the presence of
corrugated surface features. The ability to independently
tune the composition of the ternary nickel phosphide NPs
without modifying other key features was crucial to identifying
the composition-dependent electrocatalytic activity and the
correlation with the (1010) surface. Furthermore, the
versatility of the synthetic methodology allows for the
preparation of a wide range of compositionally diverse TMP
NPs, more broadly enabling the investigation of critical
composition—performance relationships for energy applica-
tions.
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