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CoP nanostructures that exposed predominantly (111) crystal facets were synthesized and evaluated for
performance as electrocatalysts for the hydrogen-evolution reaction (HER). The branched CoP
nanostructures were synthesized by reacting cobalt(i) acetylacetonate with trioctylphosphine in the
presence of trioctylphosphine oxide. Electrodes comprised of the branched CoP nanostructures
deposited at a loading density of ~1 mg cm~2 on Ti electrodes required an overpotential of —117 mV to

) produce a current density of —20 mA cm~2 in 0.50 M H,SO4. Hence the branched CoP nanostructures
iizzgﬁ% i;if;;fg:f;g?s“ belong to the growing family of highly active non-noble-metal HER electrocatalysts. Comparisons with
related CoP systems have provided insights into the impact that shape-controlled nanoparticles and
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Introduction

Transition metal phosphides have recently emerged as an
important family of highly active electrocatalysts that facilitate
the production of molecular hydrogen from acidic aqueous
solutions, which is important for clean-energy technologies
such as water electrolyzers and solar fuels generators. For
example, phosphides of nickel,** cobalt,*** iron,">** copper,*
molybdenum,'*™® and tungsten' have been found to electro-
catalytically generate H,(g) with low overpotentials at opera-
tionally relevant current densities for solar-driven water
splitting systems, while exhibiting high stability under strongly
acidic conditions. Metal phosphides therefore offer an earth-
abundant and inexpensive alternative to platinum, which serves
as the benchmark catalyst for the hydrogen-evolution reaction
(HER).

The relationship between the electrocatalytic activity and the
exposed crystal face has not yet been elucidated for the transi-
tion metal phosphides, which are generally studied as nano-
crystals. The (001) surface of Ni,P contains proximate
phosphorus and nickel sites that are hypothesized to work
cooperatively to facilitate moderate binding of the intermedi-
ates and products to the catalyst surface.” The other metal
phosphides that have been identified as HER catalysts have
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nanoparticle—electrode interactions have on the activity and stability of nanostructured HER

related crystal structures which also contain proximate metal
and phosphorus structural motifs on their low-index surfaces.
This structural feature suggests that metal phosphide nano-
structures that preferentially expose different crystal facets
would be expected to exhibit different activities for HER
catalysis.

The CoP system, which has been studied extensively, exhibits
high HER activity across a diverse group of morphologies,
characteristic grain sizes, support materials, and synthetic
preparations. For example, nominally comparable activity has
been observed for multi-faceted single-crystalline hollow CoP
nanoparticles on Ti foil,* electrochemically deposited CoP
films,” CoP nanocrystals on carbon nanotube’” and carbon cloth
supports,’® porous CoP nanowires on carbon cloth® and Ti
substrates,® CoP nanosheets on a Ti plate,® porous template-
grown CoP nanowires," and a collection of morphologically
variant CoP nanoparticles on glassy carbon electrodes.® The
primary methods used to synthesize these CoP nanostructures
include reaction of pre-made Co nanoparticles with tri-
octylphosphine, or phosphidation of cobalt oxide and related
nanostructured templates.*® Although these results collectively
demonstrate the high inherent HER activity of CoP nano-
structures, a direct comparison of the activities and perfor-
mance is difficult for samples made by different methods and
for electrodes prepared in different laboratories, because of
unavoidable differences in the electrode preparation methods,
mass loadings, and accessible surface areas. Additionally, the
HER-active CoP nanostructures reported to date have been
polycrystalline or multi-faceted, without statistically relevant
differences in the proportions of the different crystal facets that
have been exposed and accessible.

This journal is © The Royal Society of Chemistry 2015
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An important first step toward the goal of better under-
standing the origin of the high HER activity in CoP and related
nanostructured metal phosphide systems is to synthesize and
study high quality, morphologically distinct samples. CoP is
ideally suited for such an approach, because multi-faceted
single-crystalline CoP nanoparticles have amongst the highest
activities and acid stabilities of the metal phosphide family of
HER catalysts.* Also, using closely related chemical strategies,
methods exist for synthesizing CoP and related metal phos-
phide nanostructures to produce materials of the same chem-
ical composition and structure but with different morphologies.
Accordingly, we report herein the synthesis of highly branched
CoP nanostructures with single-crystal CoP nanorod protru-
sions that expose a high density of accessible (111) facets. The
electrocatalytic HER performance of the branched CoP nano-
structures was evaluated and compared to that of multi-faceted
CoP nanocrystals.* These observations provide a starting point
for the identification of the key parameters that impact the HER
performance of morphologically distinct nanostructures in the
same materials system.

Experimental

Chemicals and materials

1-Octadecene [tech. 90%, C;3H36], oleylamine [70%, C;gH;3,N],
trioctylphosphine [TOP, 97%, (CgH;,)3P], trioctylphosphine
oxide [TOPO, 99%, (CgH,)3PO], titanium foil [99.7%, 0.25 mm
thickness], and sulfuric acid [99.999%] were purchased from
Sigma-Aldrich, and cobalt(un) acetylacetonate [Co(acac),] was
purchased from Alfa Aesar. All chemicals were used as received.
Silver paint was purchased from SPI supplies, and two-part
epoxy [HYSOL 1C] was purchased from McMaster-Carr.

Synthesis of highly branched CoP nanostructures

Co(acac), (256 mg, 1.0 mmol) was introduced into a three-
necked round bottom flask that contained oleylamine (6.4 mL,
19.4 mmol), TOPO (3.8 g, 9.8 mmol), TOP (0.5 mL, 1.1 mmol),
and a magnetic borosilicate-coated stir bar. The flask was
placed into a heating mantle and was equipped with a mercury
thermometer with a thermometer adapter in the first port, a
Liebig condenser with gas inlet adapter in the second port, and
a glass pennywise stopper in the final port. The reaction mixture
was heated to 120 °C for 1 h under vacuum to remove water and
other low-boiling impurities. Following degassing, an Ar(g)
blanket was introduced to the reaction flask while the temper-
ature was raised to 355-360 °C and then maintained for 3 h.
Following heating, the reaction flask was cooled rapidly by
removing the heating mantle. Upon reaching 80 °C, the flask
was opened to the atmosphere and ~10 mL of toluene was
added to the reaction to avoid solidification of the TOPO. To
isolate the nanoparticles, the reaction solution was separated
into centrifuge tubes, with each tube being ~1/3 full. An equal
volume of isopropyl alcohol was added to the centrifuge tubes
to promote precipitation. The tubes were sealed and then
centrifuged at 7000 rpm for 3 min. The resulting supernatant
was discarded and the particles were resuspended by addition
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of hexanes. The particles were then flocculated by addition of
excess isopropyl alcohol and centrifuged again. This entire
process was repeated two additional times. The resulting oily
residue that contained the nanoparticle precipitate was resus-
pended in 0.50 M H,SO, and centrifuged to collect the final CoP
powder, which was suspended in hexanes for storage.

Preparation of working electrodes

Working electrodes were prepared by first making 10 mL of a
CoP nanostructure stock solution in hexanes (10 mg mL ™). To
this suspension, ~5 uL of oleylamine was added to help
promote particle adhesion to the electrode surface. To a 0.2 cm?®
piece of titanium foil, 20 uL of the CoP nanostructure stock
solution was deposited in 5 uL increments to achieve a loading
density of ~1 mg cm ™2 The resulting CoP-decorated Ti foils
were annealed under H,(5%)/Ar(95%) at 450 °C for 30 min. The
loading densities were validated experimentally using a micro-
balance, by taking the difference between the mass of the
annealed foils and the mass of the initial foil. The back sides of
the nanostructure-loaded Ti foils were attached to polyvinyl-
chloride-coated Cu wires with Ag paint. The wires were placed
through a 6 mm-diameter glass capillary and two-part epoxy was
used to cover all exposed surfaces except the front of the Ti foil,
onto which the CoP nanostructure sample was deposited.

Electrochemical characterization

Electrochemical data were collected using a Gamry Instruments
Reference 600 potentiostat. All measurements were performed
in 0.50 M H,S0,, unless otherwise noted. A single-compartment
cell was used with a graphite rod counter electrode and
mercury-mercury sulfate (Hg/Hg,SO,) reference electrode.
Polarization data were collected at a scan rate of 2 mV s~ ', with
the solution agitated using a magnetic stir bar. The data were
corrected for uncompensated resistance (~6 ohms) using the
current-interrupt method that was built into the Reference
600 potentiostat software suite. The reversible hydrogen elec-
trode (RHE) potential was maintained by continuous bubbling
of ~1 atm of research-grade H,(g) into the electrochemical cell.
To determine the RHE potential, the open-circuit potential of a
platinum mesh electrode was determined following the
completion of any experiments involving CoP, to avoid Pt
contamination. To test the short-term stability, the potential
was held at a current density of —10 mA cm 2 for 18 h of
continuous galvanostatic testing. To test the long-term stability,
accelerated degradation studies were performed using cyclic
voltammetry from +5 mV to —160 mV vs. RHE for 500 cycles at a

scan rate of 100 mV s~ .

Materials characterization

Transmission-electron microscopy (TEM) images were collected
using a JEOL 1200 microscope operating at an accelerating
voltage of 80 kV. A JEOL JEM-2010F was used to collect high-
resolution bright-field TEM images as well as to obtain energy-
dispersive X-ray spectroscopy (EDX) data at an accelerating
voltage of 200 kV. Gatan Digital Micrograph software was used
to measure the lattice spacings from the fast-Fourier transform
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(FFT) of the HRTEM images. These values, and the corre-
sponding FFT diffraction patterns, were simulated using the
CrystalMaker/SingleCrystal software package. Scanning-elec-
tron microscopy (SEM) images were collected using a FEI Nova
NanoSEM 630 at a working distance of 1.5 mm and an accel-
erating voltage of 2.00 kV. Powder X-ray diffraction (XRD)
patterns were collected using a Bruker-AXS D8 Advance
diffractometer with Cu Ko radiation and a LynxEye 1-D detector
operating at room temperature. The CrystalMaker/CrystalDif-
fract software package was also used to simulate the XRD
patterns, using previously published crystallographic parame-
ters for MnP-type CoP.?* Brunauer-Emmett-Teller (BET) surface
area measurements were performed using a Micromeritics
ASAP 2020 at liquid-nitrogen temperatures, and the data were
analyzed using the ASAP 2020 software version 4.0.

Results and discussion

Fig. 1 shows TEM images for the highly branched CoP nano-
structures that formed upon heating Co(acac),, TOP, TOPO, and
oleylamine at 360 °C for 3 h. A majority of the CoP nano-
structures consisted of a central core with multiple nanorod
protrusions that grew outward. The nanorod protrusions had an
average diameter of 14 £ 3 nm and the average diameter of the

Fig. 1 (a and b) TEM images and (c) corresponding SAED pattern of a
representative sample of highly branched CoP nanostructures. The
indexing in (c) corresponds to MnP-type CoP.
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complete nanostructures was 390 = 70 nm. The SEM image in
Fig. 2 confirmed the three-dimensional branched morphology
of the CoP nanostructures, as well as their uniformity. HRTEM
images of both the core (Fig. 3a) and the branches (Fig. 3b-d)
indicated that both regions were crystalline and that the
branches appeared to be single-crystalline. The majority of the
nanorods that protruded from the core predominantly exposed
the (111) lattice plane of CoP, with a lattice spacing of 2.4 A.

Fig. 4 shows powder XRD data for a bulk sample of the CoP
branched nanostructures, with a SAED pattern and an EDS
spectrum that both correspond to the TEM image shown in Fig. 1a
included in Fig. 1c and S1,} respectively. The experimental
powder XRD pattern in Fig. 4 matches well with that expected for
MnP-type CoP, with no observable crystalline impurities. The
agreement between the relative peak intensities that were
observed experimentally vs. those that are expected for an
isotropic sample indicates that no significant preferred orienta-
tion was present in the sample. Strong preferred orientation
would be expected for nanorods, but not for the branched nano-
structures with three-dimensionally protruding nanorods, which
cannot align along a preferential crystal direction upon deposition
onto a flat substrate. The lack of preferred orientation in the bulk
powder XRD sample is therefore consistent with the morphology
observed by TEM and SEM. Scherrer analysis of the peak widths
indicated an average grain size of 17 nm, which is, within
expected experimental error, consistent with the average diameter
of the single-crystalline nanorod protrusions as observed by TEM.

The SAED pattern in Fig. 1c is also consistent with MnP-type
CoP, and therefore matches well with that observed for the bulk
sample by powder XRD. The EDS spectrum in Fig. S1,T acquired
for an ensemble of particles, indicated a Co : P ratio of 50 : 50,
which matches with that expected for CoP. Taken together, the
XRD, SAED, and EDS data therefore confirm the assigned
composition and crystal phase, and indicate that the CoP
branched nanostructures formed with high purity.

Although highly branched colloidal CoP nanostructures
apparently have not been synthesized previously, morphologically

Fig.2 SEM image of a sample of highly branched CoP nanostructures.

This journal is © The Royal Society of Chemistry 2015
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Fig.3 HRTEM images of (a) the core region and (b) a nanorod branch
of a representative CoP nanostructure.

similar Co,P nanostructures have been reported.”” To access
highly branched Co,P nanostructures, Zhang and Robinson
thermally decomposed cobalt(u) oleate in the presence of pure
TOPO, which was the lone phosphorus source.* Our protocol for
synthesizing highly branched CoP nanostructures also used
TOPO, but we observed that TOPO alone did not produce CoP.
Instead, OLAM and TOP were required to form CoP, suggesting
that TOP is the primary phosphorus source under our conditions.
TOPO is required to generate the highly branched CoP nano-
structures, however, rather than the morphologically distinct
pseudo-spherical particles that formed when only TOP was used.
When TOPO was used as a co-solvent, the highly branched CoP
nanostructures form reproducibly, suggesting that TOPO is
involved in directing the growth of the nanorod protrusions and/
or stabilizing the predominantly exposed facets.

The branched CoP nanostructures were highly crystalline
and exposed predominantly single-crystal (111) facets, as
compared to the multi-faceted CoP nanoparticles that have

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Powder XRD pattern for the as-synthesized CoP nano-
structures. The simulated XRD pattern for MnP-type CoP is shown for
comparison.

been synthesized previously.* Furthermore, the surface areas, as
measured by Brunauer, Emmett, and Teller (BET) analysis, are
comparable for the two different morphologies, with the
branched CoP nanostructures having a BET specific surface
area of 66 m> g~' and the multi-faceted CoP nanoparticles
having a BET specific surface area of 59 m* g~ *.*

The similar BET areas for the two different CoP nano-
structures provides an opportunity to evaluate the role of
morphology on the HER performance of an earth-abundant
HER electrocatalyst. Hence electrodes coated with the branched
CoP nanostructures were prepared in an analogous manner to
the multi-faceted CoP nanoparticles studied previously.® Briefly,
the highly branched CoP nanostructures were deposited onto
~0.2 ecm” Ti substrates from a hexanes dispersion that con-
tained ~0.1 vol% oleylamine. The mass loadings were ~1 mg
cm 2, and the electrodes were annealed under H,(5%)/Ar(95%)
to remove the surface ligands. The SEM and XRD data in
Fig. S2 indicate that both the morphology and crystal phase of
the CoP nanostructures remained largely unchanged during the
electrode preparation and annealing steps, although a small
Co,P impurity was observed. The Ti electrode containing the
branched CoP nanostructures exposed a high density of acces-
sible (111) lattice planes, as shown schematically in Fig. 5.

Fig. 6 shows the polarization (current density vs. potential,
J-E) data that correspond to the HER activity in 0.50 M H,SO, of
the highly branched CoP nanostructures. The HER activity of
the branched CoP nanostructures was lower than that of the
multi-faceted CoP nanoparticles reported previously (Fig. S371),*
despite the mutually comparable surface areas for the two
different CoP electrocatalyst morphologies. The overpotentials
required to produce a (cathodic) current density of —20 mA
em™> were —117 mV and —100 mV for the branched nano-
structures and multi-faceted nanoparticles,* respectively,
despite their similar loading densities on analogous Ti
substrates. Additionally, the material outperforms previously
reported Co,P nanostructures (7 o ma ecm> = —167 mV),*
suggesting that the small Co,P impurity does not play a

J. Mater. Chem. A, 2015, 3, 5420-5425 | 5423
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Fig. 5 Schematic highlighting the high density of exposed (111) facets
on the Ti electrodes that contain the highly branched CoP
nanostructures.
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Fig. 6 Polarization data in 0.50 M H,SO, for 6 distinct electrodes of
the branched CoP nanostructures on Ti foil substrates at mass loadings

of ~1 mg cm™2 along with Ti foil and Pt mesh electrodes for

comparison. Inset: Tafel plots for the Ti and Pt electrodes, as well as a
representative branched CoP/Ti electrode. Tafel slopes, denoted by
the grey dashed lines, were calculated using the following linear
regions: —60 mV > n > —125mV for CoP, =10 mV > 7 > —60 mV for Pt,
and —250 mV > > —400 mV for Ti.

significant role in the observed activity of the branched CoP
nanorods. A quantitative Faradaic yield of H,(g) was observed
for both types of CoP catalytic systems (see ESIt). A Tafel anal-
ysis, shown in the inset to Fig. 6, revealed Tafel slopes of 29 mV
per decade and 123 mV per decade for the Pt mesh and Ti foil
controls. Both of these values are consistent with values
expected based on literature reports.”*?* The Tafel slope for the
branched CoP nanostructures was 48 mV per decade, which is
comparable to the 50 mV per decade Tafel slope observed
previously for the multi-faceted pseudo-spherical CoP nano-
particles.* The comparable values suggest a similar mechanism
for the HER on the branched CoP nanostructures and on the
CoP nanoparticles.

Given the different activities of the branched CoP nano-
structures vs. the CoP nanoparticles, the turnover frequency
(TOF) values are necessarily quite different (see the ESI{ for TOF
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calculations). The branched CoP nanostructures exhibited a TOF
0f 0.019 s " at an overpotential (1) of —100 mV. This TOF value is
lower than that of CoP nanoparticles, which showed a TOF =
0.060 s~* at 7 = —100 mV.* The branched CoP nanostructures,
however, still provided exceptionally high activity for the HER,
performing comparably to many other non-noble-metal HER
catalysts in acidic solutions, based on evaluation metrics repor-
ted in the literature. Examples include MoS, (7_20 ma em—> =
—175mV),** M0,C (7_10 ma em> = —152 mV),*®* CoS; (710 ma em 2
= —145 mvV),*® CoSe; (1_20 ma em=> = ~—155 mV),”” MoP
(M-20 ma em2> = —110 mV),"” WP (7_50 ma em > = —140 mV)" and
NiyP (7_20 ma em—> = —130 mV)." However, the long-term stability
of the branched CoP nanostructures on a Ti electrode was infe-
rior to that of the CoP nanoparticles, presumably due to poor
adhesion of the branched CoP nanostructures to the Ti electrode
surface.* Specifically, under galvanostatic conditions (holding at
—10 mA cm 2 for 18 h), the particles physically detached from
the electrode surface, and the overpotential increased from
—113 mV to —174 mV over this time period (Fig. S4at). Likewise,
500 cycles between —160 mV and +5 mV (vs. the reversible
hydrogen electrode, RHE), which simulated multiple catalytic
start/stop cycles, resulted in an increase in overpotential at
—10 mA ecm™? from —115 mV to —135 mV (Fig. $4bf). The
instability is therefore attributed to poor adhesion and is not
reflective of the behavior of the catalytic CoP nanostructures
themselves.

Typically, differences in activities among morphologically
distinct nanostructures of the same compound are routinely
attributed to inherent differences in the activities of the exposed
crystal facets. However, the complexity of such nanostructured
materials and their electrodes makes it difficult to unambigu-
ously determine the reason(s) for the inferior performance of
the branched CoP nanostructures relative to their nano-
particulate analogues. Indeed, the (111) surface could inher-
ently be less active for the HER than one or more other surfaces
that are simultaneously exposed and accessible on the CoP
nanoparticles. However, the lower HER activity of the branched
CoP nanostructures could also result from poorer adhesion
and/or a lower density of direct CoP-Ti contacts on the electrode
surface. Despite this issue, the present study is a first step
toward evaluating the relative HER activities of distinct nano-
structured catalysts of the same material that are of high
morphological quality and uniformity. As such, these results
begin to place empirical boundaries on the range of over-
potentials that are observed for similarly prepared materials
and electrodes. The branched CoP nanostructures nevertheless
offer exceptionally high HER activity, exceeding that of most
other non-noble-metal systems. These results suggest that
nanostructuring to expose specific facets may not be necessary
to achieve high HER performance. Indeed, comparable HER
activity has been observed by several groups for CoP materials
that span a range of morphologies, synthetic protocols, acces-
sible surface areas, and support materials.*** A key finding of
this work is that the activities are largely the same, regardless of
morphology or preparation method, underscoring the high
intrinsic activity of CoP. The intrinsic HER activity of CoP makes
it a highly viable candidate for practical applications, regardless

This journal is © The Royal Society of Chemistry 2015
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of morphological details, and this study reinforces that
hypothesis. However, establishing trends in activity that can be
correlated to specific crystal facets, surface areas, and electrode
materials is still important for furthering the understanding of
the origin of the HER activity in these systems, and these results
represent a step toward this goal.

Conclusions

Highly branched nanostructures of CoP, with single-crystal
nanorod protrusions that predominantly expose (111) facets act
as an active HER electrocatalyst. Moreover, the activity of such
samples, while not as high as that of comparable multi-faceted
pseudospherical CoP nanoparticles,* is still excellent among the
growing family of non-noble-metal nanostructured HER elec-
trocatalysts, producing current densities of —10 mA cm ™2 and
—20 mA cm™? at overpotentials of —100 mV and —117 mV,
respectively. These results further establish the high intrinsic
activity of CoP as an electrocatalyst for the HER and provide
important insights into some of the factors that influence its
performance, including exposed crystal facets and nano-
particle—electrode interactions.
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