Downloaded via UNIV OF TEXAS AT AUSTIN on January 27, 2020 at 14:10:26 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is made available for a limited time sponsored by ACS under the ACS Free to FREE

Read License, which permits copying and redistribution of the article for non-commercial

scholarly purposes.

IXJAPPLIED

E N E R G Y M AT E R I A L S & Cite This: ACS Appl. Energy Mater. 2020, 3, 176—183

www.acsaem.org

Hydrogen Evolution by Ni,P Catalysts Derived from Phosphine

MOFs

Oluwaniyi Mabayoje,” Samuel G. Dunning," Kenta Kawashima, ® Bryan R. Wygant," Ryan A. Ciufo,’

Simon M. Iqumphlreyf’"Jr’§

and C. Buddie Mullins* "**

TDepartment of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

iDepartment of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712, United States
$Texas Materials Institute, University of Texas at Austin, Austin, Texas 78712, United States

O Supporting Information

ABSTRACT: Strategies to improve the catalytic efficiency of
the hydrogen evolution reaction (HER), an integral electro-
chemical reaction in solar-to-hydrogen technologies, fre-
quently include the use of porous precursors to make
electrocatalysts. Researchers have used high-surface-area
metal organic frameworks (MOFs) as precursors to synthesize
active metal phosphide catalysts, but these MOFs must be
mixed with a second phosphorus precursor to produce the
metal phosphide. In this work, we synthesized nickel
phosphide catalysts in one step from single-MOF precursors.
Our MOFs contain phosphine coordination sites within the
organic framework, allowing us to produce metal phosphide
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catalysts without the need for an exogenous phosphorus source. This strategy is convenient because the use of a crystalline
precursor may offer the possibility of greater control over both the phase and resulting properties of the as-formed metal
phosphide materials. The best MOF-derived Ni,P HER electrocatalyst delivered current densities of —10 mA/cm* at an
overpotential of 120 mV on glassy carbon substrate electrodes. A long-term test showed our sample could evolve hydrogen for

over 1 h under physically and chemically harsh conditions.

KEYWORDS: electrocatalyst, energy conversion, hydrogen evolution, metal organic framework, phosphine coordination material,

nickel phosphide

1. INTRODUCTION

The development of electrocatalysts for the hydrogen
evolution reaction (HER) is of great importance in photo-
electrochemical water splitting and photovoltaic electrolysis,
processes that can provide hydrogen as a carbon-neutral source
of energy."”” Hydrogen produced from water using solar energy
can be collected and used in devices like fuel cells, or as a
chemical feedstock, thus achieving the goal of converting an
intermittent source of energy like the sun into chemical fuel
that can be stored.’ > The best catalysts for the HER are
typically costly noble metals (e.g, platinum, palladium); this
has promoted increased research efforts aimed at discovering
efficient replacement catalysts based on more earth-abundant
and inexpensive transition metals, such as the iron group
metals.””™” Progress has been made in the past decade, with
non-noble metal catalysts showing high activity in the form of
low “overpotentials” (defined here as the additional potential
needed to achieve a current density of —10 mA/cm?).'*~"?
A tremendous amount of work has recently been dedicated
to metal phosphide catalysts.”*"” These materials show the
lowest overpotentials recorded in the literature, and examples
include electrocatalysts such as iron,'®'? cobalt, 1420
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nicke tungsten, and molybdenum phosphide
phases.”> Metal phosphides are generally made by the colloidal
conversion of metal nanoparticles to their phosphides using
phosphorus precursors such as trioctylphosphine'*'® or by
phosphidization of nanostructured templates of metals and
metal oxides in a furnace with phosphorus precursors like
sodium hypophosphite (NaH,PO,) or phosphorus.'”'> These
types of phosphorus precursors are toxic, explosive, and/or
pyrophoric and therefore present inherent handling problems
for scale-up. Therefore, P(III)-based organophosphorus
compounds such as trialkyl and triarylphosphines are attractive
alternatives, providing they can be successfully incorporated
into the metal phosphide precursor mixtures. These electro-
catalysts are typically nanostructured materials with high
surface areas, and examples include nanorods,”* nanowires,"®
and hollow nanoparticles.>** Surface area directly influences
the geometric activity of catalysts, and new methods to
synthesize porous or high-surface-area versions of these metal
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Scheme 1. (I) Cnventional Synthesis of a Metal Phosphide by Combining Phosphorus and MOF Precursors and (II) the Novel
Synthesis of a Metal Phosphide from a Single-Source Crystalline MOF Precursor

MOF + P(lll)/(V) source + Reductant

M,P, on C-matrix

MOF with covalently-incorporated P(lll)

phosphide materials are of great interest to researchers, as
these materials are valuable in many catalytic reactions
including water splitting electrocatalysis,”® and hydroprocess-
ing (hydrodesulfurization and hydrodeoxygenation) cataly-
sis.””’

Strategies to increase the surface area of catalysts in water
splitting include making small nanoparticles (sub 20 nm)"'*'°
and depositing materials on high-surface-area supports such as
carbon fiber paper or carbon nanotubes.””*® For example, Sun
and co-workers found that the overpotential required for CoP
to drive a current density of —10 mA/ cm? was reduced from
226 to 122 mV when the catalyst was prepared on a carbon
nanotube support.”” Another common approach to attain high-
surface-area catalysts is to make metal phosphides from porous
precursors. Thus, research on converting high-surface-area
metal organic frameworks (MOFs) into metal phosphides has
recently gained interest in electrocatalysis. MOF-derived
catalysts are usually prepared by heating MOFs in a furnace
along with NaH,PO, or phosphorus at temperatures ranging
from 300 to 750 °C.*'~** An advantage of this strategy is that
the metal phosphide catalyst usually retains some of the high
surface area and porous structure of the initial MOF.
Additionally, these MOF-derived materials sometimes retain
the morphology of the initial MOF, leading to unique
nanostructures for metal phosphide catalysts.”” Finally, the
organic ligands in the MOFs are frequently converted into a
porous carbon matrix, with the metal phosphide nanoparticles
homogeneously distributed within the conductive carbon
material, improving charge transfer.”> The carbon layer also
serves to protect the catalyst from the highly corrosive reaction
conditions in electrocatalysis, improving the lifetime of the
catalyst.”

Phosphine coordination materials (PCMs) are a unique class
of MOF materials synthesized from functionalized aryl-
phosphine building blocks. These frameworks contain a high
density of Lewis-basic phosphine sites which can be post-
synthetically modified to incorporate secondary metals®®>” or
pre-synthetically modified to incorporate phosphine oxide®*~*’
or alkyl phosphonium®"** species. It is our belief that these
phosphorus-rich PCMs are ideally suited as single-source metal
phosphide precursors, in which the M:P ratio can be finely
controlled on the basis of the well-defined composition of the
crystalline precursors. Further, PCMs are air-stable precursors
that can be prepared at scale and contain abundant, labile
P(III) sites as the P source. As the structures of these PCMs
are highly modifiable and can be resolved by single-crystal X-
ray diffraction (XRD), this strategy could more broadly offer a
convenient and repeatable method to control the stoichiom-
etry, phase-purity, and other properties of the derived metal
phosphides. Herein we report the first examples of this
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premise, in which we demonstrate the synthesis and character-
ization of several nickel phosphide HER catalysts in one step,
using PCMs as single-source metal phosphide precursors
(Scheme 1). To the best of our knowledge, this is the first
example of nickel phosphide HER catalysts formed by this
convenient route. We have characterized the catalytic proper-
ties of these materials, as well as their morphology and
crystallinity, and found that the different phases of nickel
phosphides (i.e., Ni,P and Ni;,P;) formed depend on the
annealing temperature of the Ni-MOFs. Importantly, we
discovered that these catalysts, on nonporous inert substrates
[e.g, a glassy carbon (GC) electrode], were highly active for
the HER, achieving current densities of —10 mA/ cm? at a low
overpotential of 120 mV.

Catalysts made up of nickel phosphide particles embedded
in a carbon matrix were synthesized from a single-MOF
precursor, Ni(I)PCM-101.”" This material is a 3D micro-
porous MOF based on triarylphosphine (Ar;P) building blocks
and was obtained by slowly heating solutions of Ni(BF,), with
tris(p-carboxylato)triphenylphosphine (P{C¢H,-4-CO,H};;
tctpH;) and 4,4'-bipyridine (bipy) ligands. PCM-101 has the
formula [Nig(u;-OH),(tctp),(4,4'-bipy);(HBE,)]-solvate,
with a corresponding Ni:P ratio of 6:4, making it an ideal
candidate for the synthesis of nickel phosphides. The structure
of PCM-101 can briefly be described as two-dimensional
bilayer sheets of tctp®” and [Niy(u3-OH)]%* nodes fused
together into a three-dimensional array by interlayer bipy
pillars. A more detailed description of its structure and
properties can be found in the original publication.”” The
structural data for PCM-101 is also available free of charge
from https://ccdc.cam.ac.uk/ in CIF format by clicking on
“Access Structures” and using reference CCDC-1581200 with
DOI: 10.1002/anie.201802402. Samples of NiPCM-101 were
annealed at 350, 450, and 550 °C in a hydrogen atmosphere to
form the nickel phosphide catalysts.

2. EXPERIMENTAL SECTION

2.1. Ni(l)PCM-101 Synthesis. NiPCM-101 [chemical formula:
(C114H7uNigNgO,P,*7),, HBE,, 2(H;0%), 7(H,0), 5(C;H,NO)]
was synthesized according to the literature procedure.’”

2.2. Nickel Phosphide Synthesis. NiPCM-101 (~25—50 mg)
was transferred into an alumina crucible and then placed in an
evacuated quartz tube. Hydrogen gas was flown into the tube at a flow
rate of 50 sccm, and samples were annealed at specified temperatures
(350, 450, and 550 °C) for 4 h. Then, the samples were cooled down
to room temperature. The theoretical yield of Ni,P (without a carbon
shell) is ~15 wt %.

2.3. Characterization. A Quanta FEG scanning electron
microscopy (SEM) equipped with a Bruker Xflash S010 detector
and a JEOL, JEM-2010F high-resolution transmission electron
microscope (HRTEM) were used for microscopy imaging. Powder
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Figure 1. (a) PXRD patterns for NiPCM-101 samples annealed at 350, 450, and 550 °C. (b) QMS plots showing gaseous species formed when

NiPCM-101 samples are annealed in a H, atmosphere.

XRD (PXRD) patterns were acquired with a Spider (Rigaku)
diffractometer with a Cu Ka radiation source. A Kratos Axis Ultra
Spectrometer with a monochromated Al Ka source was used to take
X-ray photoelectron spectroscopy (XPS) data of annealed NiPCM-
101 samples. A quadrupole mass spectrometry (QMS) system was
used for residual gas analysis (RGA) studies on the effluent stream
during annealing. Approximately 250 mg of the sample was supported
on a quartz wool plug in a quartz tube and held in an Applied Test
Systems model 3210 tube furnace. MKS type M100B mass flow
controllers were used to deliver H, to the sample bed. The effluent
was monitored using a custom-built gas analysis system consisting of
an Extorr XT100 residual gas analyzer operating in a stainless-steel
chamber with a base operating pressure of 5.0 X 107'° Torr. Effluent
gas was introduced to the analysis chamber at a pressure of 9.0 X 1077
Torr through a temperature-controlled leak valve.

2.4. Electrochemical Tests. All potentials were recorded against
a Ag/AgCl (saturated KCl) reference electrode with Teflon frits from
CH Instruments and reported against the reversible hydrogen
electrode (RHE), except where otherwise noted. Working electrodes
were prepared by sonicating 2 mg of our samples in 0.4 mL of
isopropanol. This mixture was sonicated for 30 min to form a
homogeneous suspension that was then drop-cast on a ~0.19625 cm?
GC electrode (mass loading: 0.5 mg/cm?). We estimated the HER
activity of electrodes using cyclic voltammetry (CV). First, we carried
out 25 CV scans (no iR drop correction) from —0.2 to —0.4 V vs Ag/
AgCl at a scan rate of 100 mV/s, and then a linear sweep voltammetry
scan at a scan rate of 10 mV/s from —0.2 to —0.4 V vs Ag/AgCl was
recorded for all samples. An amperometric stability test was
performed on our best-performing NiPCM-101-450 sample at
—0.138 V vs RHE over 1 h. To check the stability, 0.01 mL of 0.1
wt % Nafion solution was introduced to enhance the physical stability
of the resultant catalyst film, and the rotation disk electrode system
was used at the rotation speed of 1600 rpm. Unless otherwise noted,
the iR drop was corrected for all the electrochemical tests.
Additionally, all the electrochemical tests were conducted in a
degassed 0.5 M H,SO, electrolyte (pH ~ 0.3).

3. RESULTS AND DISCUSSION

3.1. Characterization of Nickel Phosphides. To begin
our analysis, we studied the transformation of NiPCM-101
samples to nickel phosphides in a hydrogen atmosphere at
varying temperatures using PXRD measurements (Figure 1a).
When the MOF precursor is annealed at 350 °C in hydrogen,
diffraction peaks in the PXRD pattern are indexed to hexagonal
Ni,P (JCPDS 00-003-0953) along with additional relatively
weak peaks belonging to a Nij;,Ps phase (JCPDS 00-022-
1190). Increasing the annealing temperature to 450 °C yielded
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a similar diffraction pattern with peaks indexable to the Ni,P
phase. PXRD plots for samples annealed at 550 °C also show
peaks belonging to Ni,P, along with a reappearance of the
Ni,Ps phase. This indicates that that the pure Ni,P phase
forms in a narrow temperature range around 450 °C.

Thermogravimetric analysis (TGA) of NiPCM-101 shows
that these materials are stable up to 340 °C.”” Above this
temperature, however, the MOF begins to undergo thermal
degradation, initiated by decomposition of the organic
components. The first step in this process is decarboxylation
to yield CO, gas; at increasingly higher temperatures, the
remaining organic components are degraded with the
evolution of other volatile gases, accompanied by the
formation of the desired nickel phosphide catalyst. We used
a QMS to analyze the gaseous species produced during the
synthesis of Ni,P from NiPCM-101 in order to gain more
information about the solid-state phosphidization process.
Results presented in Figure 1b show that major products
observed include NH; (m/z 17), H,0O (m/z 18), CO and N,
(m/z 28), and CO, (m/z 44), all reasonable gas phase
products that originate from the decomposition of the organic
ligands surrounding nickel in the organic framework. We also
detect C4Hg (m/z 78), a known product from the
decomposition of triphenylphosphine. Importantly, we did
not detect any mass 34 species representing phosphine (PH;)
in our QMS studies. It has been suggested that phosphine gas
that evolved from phosphorus sources like NaH,PO, is
involved in the transformation of precursors to metal
phosphide.” Instead, our results indicate that, for our system,
the formation of the metal phosphide proceeds as a clean,
direct solid-state reaction between the Ni and P components
within the PCM at high temperature.

At elevated temperatures, the MOF could also undergo
sintering, leading to a reduced bulk surface area. To probe this,
we used a double layer capacitance (Cy) method (Figure S1)
to determine the electrochemically active surface area (ECSA)
of the samples annealed at 450 °C. The experiment showed
that the catalyst possesses an ECSA of 76 m?/g, double that of
the surface area for 21 nm Ni,P samples (32.8 + 0.2 m*/g),"”
and also higher than the 48 m?/ g surface area observed for ~9
nm Ni,P nanocrystals.”* This surface area also compares well
to Ni,P nanosheets prepared by conversion of Ni nanosheets
(68 m*/g)." Our results indicate that, while the final catalysts
exhibit some sintering upon annealing, the Ni,P materials
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Figure 2. (a) Low-resolution TEM image of 450 °C Ni,P sample showing the dispersity of particle sizes. (b) HRTEM image of the same sample,
with FFT insets confirming the Ni,P phase of two particles near the surface (I and II). An amorphous carbon coating is clearly visible surrounding
each particle (white arrow). (c) TEM image of 450 °C sample; the green box denotes the EDX analysis area. (d) Scanning TEM image of Ni,P
sample with EDX maps of (e) Ni + P (red and blue, respectively) and (f) Ni + C (red and green, respectively).
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Figure 3. (a) XPS Ni 2p region for NiPCM-101 samples annealed at 450 °C for 4 h showing the presence of oxidized nickel species on the surface
of Ni,P samples. (b) The XPS P 2p region for NiPCM-101 samples annealed at 350, 450, and 550 °C.

prepared in our experiments benefit from the high surface area
of the parent MOF precursor (ca. 315 m*/g).

To better understand how the catalysts’ structure and
morphology relate to the measured surface area, we performed
SEM (Figure S2) and HRTEM (Figure 2) analysis of the
annealed catalysts. SEM images show that the samples,
regardless of annealing temperatures, are made up of sub-100
nm particles agglomerated into micron-sized aggregates. We
used energy-dispersive X-ray spectroscopy (EDX; Figure S3)
measurements to perform bulk compositional analysis of the
nickel phosphides obtained by annealing NiPCM-101 in H,.
Samples annealed at 350 and 450 °C show a Ni:P ratio of ~2:1
while the sample annealed at 550 °C showed a slightly higher
Ni content, consistent with the observation of a slightly nickel-
rich Ni,Ps phase seen in X-ray diffractograms. A closer
inspection of the samples under TEM shows that samples
obtained after annealing NiPCM-101 MOF precursors at 350
°C are polydisperse (Figure S4) with nanoparticle sizes ranging
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from S to 100 nm with most of the particles in the 5—40 nm
range (average ca. 12.3 nm) in a carbon matrix with a ~ 2 nm
carbon shell surrounding these particles (Figure SS). TEM
images of samples prepared at the slightly higher temperatures
of 450 (Figure 2a) and 550 °C (Figure S6) reveal that the
particles grow slightly larger (average ca. 17 and 24 nm,
respectively) and the carbon shell surrounding these particles
is thinner (<2 nm) than those surrounding samples prepared at
350 °C. From these images, the high surface area we observe is
likely due to a combination of the nanoscale dimensions of the
nickel phosphide crystallites, as well as the amorphous carbon
shell, which would be expected to have a high surface area.
We also investigated the crystalline phases of samples using
selected area electron diffraction (SAED); a representative
pattern of samples annealed at 450 is shown in Figure S7.
Radial distribution plots generated from the SAED patterns for
450 °C annealed NiPCM-101 samples can be indexed to Ni,P
in agreement with PXRD measurements. The Nij,P; phase is
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Figure 4. (a) LSV polarization curves for an annealed NiPCM-101 sample, benchmark Pt (Pt/C), and GC electrodes. (b) Corresponding Tafel
plots for an annealed NiPCM-101 sample, Pt/C, and GC electrodes. (c) Charging current density differences (Aj at —0.05 V vs Ag/AgCl) plotted
against different scan rates (50, 100, and 200 mV/s) for NiPCM-101-450 and -550 to determine the ECSAs. (d) Comparison of current densities

based on ECSA for NiPCM-101-450 and -550.

also present in samples annealed at 350 and 550 °C (Figures
SS and S6). Fast Fourier transform (FFT) analysis of single
particles in the samples also confirms the presence of these
phases, as can be seen in Figure 2b. The FFT patterns can be
indexed to the (111), (201), and (210) planes of Ni,P, but
there does not appear to be any preferential faceting in the
particles. EDX elemental maps on the 350 °C (Figure S8) and
450 °C (Figure 2c—f) samples indicate that nickel and
phosphorus are uniformly distributed in the core of nano-
particles, and an amorphous carbon layer can be clearly
observed in these images.

XPS analysis was then used to gain vital insight into the
elemental surface-concentrations and chemical states of the
MOF-derived Ni,P samples. Representative XPS spectra for
annealed MOF samples are presented in Figure 3 and Figure
S9. Deconvolution of the spectrum for high-resolution
measurements in the Ni 2p region for the sample annealed
at the intermediate temperature (450 °C) is presented in
Figure 3a, and we detect peaks assigned to Ni’* (where 0 < § <
2) at 853 eV in Ni,P and Ni** in oxidized nickel phosphate-like
species at 856 eV.’"*® Since the photoelectrons ejected in
these measurements only originate from the surface (<10 nm)
of the samples being studied,”” the chemical species observed
may be partially oxidized and are likely different from those in
the bulk of the micron-sized metal phosphide aggregates in our
samples. Nevertheless, these measurements help in determin-
ing important information such as surface elemental
compositions.

In general, we find that bulk elemental composition
determined by EDX measurements and ratios expected from
the major PXRD phases identified in our diffractograms are in
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agreement with elemental concentrations determined by XPS
for samples annealed at 450 and 550 °C, with both samples
showing a roughly 2:1 ratio of Ni:P. Samples annealed at 350
°C showed a surprisingly high phosphorus content, with a P:Ni
ratio of 8, suggesting phosphorus enrichment on the surface of
samples annealed at lower temperatures. Deconvolution of the
measurements taken in the P 2p region (Figure 3b) for the
sample annealed at 350 °C shows that the phosphorus present
on the surface of this sample is in the form of organic
phosphate species, likely indicating the MOF is not fully
decomposed at low temperatures. This is distinct from the
phosphorus species observed in samples annealed at higher
temperatures, which show only phosphidic (Ni—P) and
phosphate species (PO,>”), both of which are known to
form readily when metal phosphides are exposed to air and
supported by measurements taken in the Ni 2p region.48 We
speculate that the incomplete degradation of the MOF at 350
°C may partially explain why a nickel-rich Ni},Ps phase is
visible in PXRD and TEM, caused by incomplete reaction of
the Ni and P in the PCM precursor. This incomplete reaction
means that not all of the catalyst is fully phosphorized at this
temperature, which may impact its corresponding catalytic
ability. On the other hand, the Ni;,Ps formation at 550 °C is
presumably due to the thermal decomposition of Ni,P into
Ni;,Ps and phosphorus compounds/species, that is, the over-
reduction of nickel species in Ni,P.

3.2. Electrocatalytic Hydrogen Evolution Perform-
ance. In order to determine what effect the physical and
chemical differences we observed above have on the various
catalysts, we investigated the electrochemical activity of MOEF-
derived Ni,P samples for the HER in a degassed 0.5 M H,SO,
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electrolyte on GC substrates. Working electrodes with
NiPCM-101-T samples (where T denotes the annealing
temperature) at a mass loading of 0.5 mg/cm* were prepared
by drop-casting a suspension of the sample being tested mixed
in isopropyl alcohol on GC substrates. Linear scanning
voltammetry (LSV) polarization (geometric current density
vs potential) data for annealed NiPCM-101, benchmark
platinum (Pt/C), and GC electrodes are shown in Figure 4a.
The Pt/C electrode required the lowest overpotential (77;0) of
18 mV to achieve current densities of —10 mA/cm?, and it
exhibited the large background current because of its high
surface area (Figure S10). For the nickel phosphides used in
these experiments, our best-performing NiPCM-101-450
sample produced —10 mA/cm’ of current density at 120
mV. Samples annealed at 350 and 550 °C were less active for
the HER, both requiring 202 and 212 mV of overpotentials to
produce —10 mA/cm?® of current density, respectively. Here,
the Tafel plots were determined for Pt/C and our nickel
phosphide samples (7 = b logljl + a; 1, overpotential; b, Tafel
slope; j, geometric current density). The resultant Tafel slopes
were 14.7, 89.7, 60.9, and 65.0 mV/dec for Pt/C and NiPCM-
101-350-550 electrodes, respectively (Figure 4b). The activity
trend is reasonable considering the properties of films from our
extensive characterization of samples. Diffractograms for
samples annealed at 350 and 550 °C show significant
contributions from a nickel-rich Ni;,Ps phase which has been
shown in separate studies of phase-controlled Ni—P catalysts
to be less active for the HER than Ni,P catalysts.*"**° Pan et
al. showed that while Ni,P nanocrystals required 137 mV to
produce —10 mA/cm® of current density, Nij;,Ps samples
required an additional 71 mV to reach similar current
densities.** By controlling the annealing temperature used to
prepare the catalyst from the PCM precursor, we can
selectively produce the more active Ni,P phase while limiting
formation of the Ni;,Ps phase, and therefore may improve the
performance of the catalyst.

To further confirm the impact of the phase difference (Ni,P
vs Nij,P;) on the resultant HER activity, we compared the
intrinsic activities of NiPCM-101-450 (only Ni,P) and -550
(Ni,P + Ni;,Ps) electrodes by checking the current densities
based on electrochemically active surface areas (ECSAs),
which were determined by electrochemical Cy’s (see Figure S1
and Figure 4c), at a certain applied potential (Eappl =—150 mV
vs RHE). As shown in Figure 4c, NiPCM-101-450 showed a
higher roughness factor [RF = Cy/(geometric electrode-area:
0.19625 cm?)] of 379.1 than NiPCM-101-550 (RE = 219.7)
which might be because NiPCM-101-550 could form large
agglomerations due to the high annealing temperature,
resulting in a lower ECSA. At —150 mV vs RHE (Figure
4d), NiPCM-101-450 exhibited a quite high HER activity
based on ECSA (~—71 pA/cm?;,), which was about 13
times greater than that of NiPCM-101—550 (~—S5.5 uA/
cm?gcga)- Accordingly, the presence of Nij,Ps results in a low
HER intrinsic activity and a negative impact on the overall
HER geometric performance.

The electrode stability was also evaluated by electrochemical
and analytical degradation tests in 0.5 M H,SO,. First, an
amperometric experiment was conducted over a 1 h period
with a rotating disk electrode system (rotation speed: 1600
rpm), which was used to remove the evolved hydrogen bubbles
from the electrode surface, in order to investigate the
electrochemical and physical stability of the best PCM-derived
NiP catalyst (NiPCM-101-450) with Nafion support for the
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HER. Here, the introduced Nafion support may be able to
minimize the physical detachment of our catalyst powder from
the substrate. The results presented in Figure S11 show that
the current produced at —0.138 V vs RHE suggests a slight
degradation of the electrode during the duration of the test. To
examine the reason for this electrode degradation, the
electrochemical stability of our catalyst was further confirmed
by conducting a Faradaic efficiency test without rotating the
electrode. It was reported that Nafion can suppress the
corrosion of Ni,P in 0.5 M H,SO,."* In order to evaluate a true
electrochemical stability of our Ni,P catalyst, the Nafion
support was intentionally not used for the Faradaic efliciency
test. As seen in Figure S12, the Faradaic efliciency of 91 + 5%
was recorded for a 1 h HER test, which implies that a small
portion of the applied electrons might be used for a side
reaction corresponding to chemical degradation of our Ni,P
catalyst. Previously, Schaak et al. also confirmed the significant
chemical degradation of Ni,P nanoparticles in 0.5 M H,S0,."”
From the above discussion, we concluded that the electrode
degradation was probably due to some chemical degradation
and physical detachment of the Ni,P. A study to enhance the
chemical and physical stability of Ni,P is ongoing.

While our PCM-derived synthesis allows us to selectively
target the active Ni,P phase and show relatively high HER
performance, it is also important to note that the overpotential
of our best-performing MOF-derived sample (NiPCM-101-
450: 17,0 = 120 mV and 77,y = 140 mV) compares favorably with
other reported Ni,P-based catalysts on GC substrates (Table
S1). In particular, our sample compares well with other MOF-
derived samples prepared with secondary phosphorus sources.
For instance, Ni,P polyhedra made by annealing MOF-74
together with sodium hypophosphite required overpotentials
of 158 mV at —10 mA/cm®>" Surprisingly, Ni,P nanoparticles
(1 mg/cm?) on Ti foil reported by Schaak et al. required a
lower overpotential of 130 mV to achieve —20 mA/cm?
compared with other nanoparticle-loaded plain substrate (i.e.,
GC) electrodes, which might be because of the high
conductivity of the Ti foil."” Additionally, high-surface-area
substrates such as a nickel foam can also boost the HER
geometric activity. Therefore, by using highly conductive
substrates with high surface areas, our sample may be able to
show further enhanced HER performance. From these
comparisons to literature values, it is immediately apparent
not only that we can select for the more active nickel
phosphide phase (Ni,P), but also that the resulting catalyst
shows a similar/better HER activity than catalysts produced by
other means. This may be the result of the increased surface
area of the catalyst or the presence of the carbon shell (Figure
2): the carbon shell can presumably (i) optimize the Gibbs free
energy of hydrogen adsorption on the catalyst surface, (ii)
enhance electrical conductivity, and also (iii) improve
durability.”>® Further work will be necessary to determine if
there is a single factor that explains the performance.
Nonetheless, this study establishes the synthesis of metal
phosphide from tailored organophosphine-based MOFs as a
preferential route toward making active HER catalysts.

4. CONCLUSIONS

In summary, we have used a phosphine-based MOF, NiPCM-
101, as a solid single-source precursor for the synthesis of
nickel phosphide hydrogen evolution catalysts. Past reports in
the literature taking advantage of the high surface area of
MOFs in the synthesis of catalysts required separate precursors
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for the metal and phosphorus. In our work, however, the
phosphorus content of the metal phosphide is provided by the
triphenylphosphine organic ligands inherently incorporated
into the structure of the PCMs. The use of such an air-stable
solid-state precursor is convenient and offers better control of
the synthesis of metal phosphides compared with other MOFs
that require an exogenous P source. We used the Ni,P samples
derived from this MOF as a hydrogen evolution catalyst and
achieved current densities of —10 mA/cm? at an overpotential
of 120 mV.
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