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Abstract: Nanoparticles of cobalt phosphide, CoP, have been
prepared and evaluated as electrocatalysts for the hydrogen
evolution reaction (HER) under strongly acidic conditions
(0.50m H,SO, pH 0.3). Uniform, multi-faceted CoP nano-
particles were synthesized by reacting Co nanoparticles with
trioctylphosphine. Electrodes comprised of CoP nanoparticles
on a Ti support (2 mgcem ™ mass loading) produced a cathodic
current density of 20 mA cm ™2 at an overpotential of —85 mV.
The CoP/Ti electrodes were stable over 24 h of sustained
hydrogen production in 0.50Mm H,SO, The activity was
essentially unchanged after 400 cyclic voltammetric sweeps,
suggesting long-term viability under operating conditions. CoP
is therefore amongst the most active, acid-stable, earth-
abundant HER electrocatalysts reported to date.

The hydrogen evolution reaction (HER), which generates
molecular hydrogen through the electrochemical reduction of
water, underpins many clean-energy technologies. Platinum,
the most widely used HER catalyst, requires very low
overpotentials to generate large cathodic current densities
in the highly acidic solutions that are used for water
electrolysis in proton-exchange membrane systems.!'! How-
ever, Pt is expensive and relatively scarce in the Earth’s crust,
limiting the utility of Pt in energy systems deployed at global
scale. Active, acid-stable alternative HER electrocatalysts
include the molybdenum-based MoS,,”** MoB,” Mo,C,>
NiMoN,,” and Co,¢Mo, ;N,®l systems, as well as several first-
row transition metal dichalcogenides.”? Alloys of Ni-Mo,[""]
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Ni-Mo-Zn,"! Ni-Fe, and Ni-P/**! along with Ni/NiO/CoSe,
nanocomposites,'Y are active HER electrocatalysts, but are
not stable in acidic solutions.

Recently, nanoparticulate films of Ni,P, comprised of
inexpensive and earth-abundant elements, have been
reported to show high HER activity, requiring an over-
potential of —130 mV to produce cathodic current densities of
20mAcm~2 in 0.50M H,SO,."! Like MoS,,>' Ni,P is also
a hydrodesulfurization (HDS) catalyst,'”**! which suggests
that other known HDS catalysts may also be active HER
catalysts. We report herein that CoP, a known metal
phosphide HDS catalyst that is structurally and composition-
ally distinct from Ni,P," is a highly active and acid-stable
HER catalyst, exhibiting an overpotential (77) of —85 mV at
a current density (j) of —20 mAcm™? (at a mass loading of
2 mgcm?), as well as stability over 24 h of operation in 0.50m
H,SO,.

To synthesize the CoP nanoparticles, 9+ 1 nm diameter
spherical nanoparticles of e-Co (Figure S1 in the Supporting
Information) were prepared by the decomposition of
[Co,(CO)4] in 1-octadecene (ODE), oleylamine (OLAM),
and nonanoic acid (NA) at 230°C, followed by addition of
oleic acid (OLAC).' To form CoP, the e-Co nanoparticles
were then reacted for 1h at 320°C with trioctylphosphine
(TOP) in ODE and OLAM.? (See Supporting Information
for full experimental details.) Figure 1a and b show repre-
sentative transmission electron microscope (TEM) images of
the CoP nanoparticles, which were quasi-spherical, multi-
faceted, uniform, and hollow, with an average diameter of
13 +2 nm. The hollow morphology is the result of a nanoscale
Kirkendall effect, which often occurs for metal phosphide
nanoparticles that have been synthesized by reaction of the
metal nanoparticle templates with TOP.[224

Selected-area electron-diffraction (SAED) (Figure 1c)
showed that the nanoparticles adopted the MnP structure
type expected for CoP, whereas energy-dispersive X-ray
spectroscopy (EDS) (Figure S2) indicated a 45:55 Co:P ratio,
which is consistent within experimental error with the
expected 1:1 stoichiometry of CoP. The powder X-ray
diffraction (XRD) pattern (Figure 2a) confirmed that the
bulk sample consisted of high-purity MnP-type CoP. Scherrer
analysis of the peak widths of the XRD pattern for the CoP
nanoparticles indicated an average grain size of 12 nm, which
is consistent with the particle diameters observed by TEM,
and suggests that the particles were largely single-crystalline.
HRTEM (Figure 1d) confirmed that the CoP particles were
single-crystalline, with observed lattice spacings of 2.4 A that
intersected in a manner consistent with expectations for the
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Figure 1. a,b) TEM images, c) SAED pattern, and d) HRTEM image of
CoP nanoparticles. e) Two views of the MnP-type crystal structure of
CoP.
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Figure 2. Powder XRD patterns for a) as-synthesized CoP nanoparticles
(top, experimental; bottom, simulated) and b) a CoP/Ti electrode
annealed at 450°C (top, experimental; bottom, simulated for CoP and
Ti). In (b), peaks marked with an asterisk (*) correspond to the Ti
substrate.

closely spaced (102) and (111) planes of MnP-type CoP
(Figure 1e).

The HER electrocatalytic activity of the CoP nano-
particles was evaluated in 0.50m H,SO,. Working electrodes
were prepared by applying CoP nanoparticle samples to
0.2 cm? titanium supports with CoP loading densities of 0.9
and 2mgcm~2, respectively. Ti electrodes were chosen
because Ti is not an active HER catalyst and because Ti
promoted adhesion of the CoP nanoparticle catalysts, while
remaining chemically inert. The CoP/Ti electrodes were
heated at 450°C in H,/Ar to remove the organic ligands,
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Figure 3. a) Polarization data in 0.50m H,SO, for CoP nanoparticle
electrodes at mass loadings of 0.9 and 2 mgcm™?, along with a Ti foil
and Pt for comparison. b) Corresponding Tafel plots for the CoP and
Pt electrodes.

and the powder XRD pattern (Figure 2b) confirmed that the
nanocrystalline CoP phase persisted after this treatment.
Figure 3a shows polarization data for representative CoP/Ti
electrodes at two distinct mass loadings, along with polar-
ization data obtained under identical conditions for uncoated
Ti foil electrodes as well as for Pt, which is a benchmark HER
electrocatalyst. Ten CoP/Ti electrodes, from several different
CoP nanoparticle samples, were tested and showed highly
consistent HER activities. The CoP nanoparticles produced
a cathodic current density of 20 mA cm 2 at an overpotential
of —95 mV for a mass loading of 0.9 mgem ™ (i.. _s maem2 =
—95 mV) and exhibited 7_ymacm> = —85mV for a mass
loading of 2 mgcm ™2 In contrast, the Ti foil electrode was not
an active HER catalyst, as expected, under these conditions.

These overpotentials compare favorably to the values
reported at similar current densities and mass loadings for
other acid-stable, earth-abundant HER electrocatalysts,
including Ni,P (9_5macmz: = —130 mV),™® Mo,C on carbon
nanotubes (17_1g maem> = —152 mV),* and MoS, (17_s macm> =
—175mV),™ and also compare favorably to, but are some-
what larger than, the behavior exhibited by the Pt control
electrode (7_yymaem> = —25 mV). The overpotentials exhib-
ited by the CoP nanoparticles are also comparable to that of
Ni-Mo nanopowder (7_smaem: = —80 mV),'% which is not
stable under acidic conditions when Ni** is formed, and the
N_20maem-2 fOr CoP is significantly smaller than #_,y A m 2 for
comparable catalytic systems that are unstable in acid,
including Ni/NiO/CoSe, nanocomposites (7_smaem2 =
—120 mV)." Porous nanosheets of isostructural FeP have
been reported to catalyze the HER, but at significantly higher
overpotentials (17_ymacm-2 & —300 mV for 0.28 mgcm 2 mass
loading) than that of CoP, with unknown acid stability.”!
NisP,, as bulk pellets of nanocrystalline powders, also has
been recently reported to be a highly active HER electro-
catalyst in both acidic and alkaline solutions.””

The slope of the Tafel plot [overpotential vs. log(cathodic
current density)] for the Pt control (Figure 3b) was 30 mV/
decade, which is consistent with that expected for the known
HER mechanism on Pt. In contrast, the Tafel slope for
representative CoP/Ti electrodes (Figure 3b) was 50 mV/
decade, independent of mass loading. This value does not
correspond to one of the standard HER Tafel slopes (29, 38,
and 116 mV/decade),”” indicating that the mechanism of the
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HER on CoP/Ti is different from that on Pt. The behavior of
CoP is consistent with a mechanism in which the bond
strength of the adsorbed hydrogen is sufficiently strong to
provide an optimal coverage of the intermediate while not
being so strong as to preclude desorption of the product.
Similar Tafel slopes have been reported for other non noble-
metal catalysts, such as MoS, (50 mV/decade),” Mo,C
(55 mV/decade),” and Ni,P (46 mV/decade).™™ The HER
exchange current density of the CoP nanoparticle catalysts
was ~ 1.4 x 10 A cm~?, which is comparable to that exhibited
by Ni,P nanoparticles as HER electrocatalysts under acidic
conditions.™

To determine the faradaic yield for hydrogen evolution,
a CoP/Ti working electrode was held at —20 mAcm? for
6.94 h. The amount of H, collected over 6.94 h was consistent
with the amount of charge passed through the system (100 C),
indicating essentially 100 % faradaic efficiency for the HER.
The amount of hydrogen produced also compared favorably
with that produced by a Pt control cathode over the same time
period. Complete decomposition of the catalyst would have
produced gaseous byproducts that would account for less than
1% of the gas volume that was observed experimentally. This
stable chemical behavior, coupled with the observed long-
term acid stability of the material (confirming that significant
degradation did not occur), therefore indicates that the CoP
nanoparticle catalyst is capable of sustained electrocatalytic
H, production in acidic media.

The CoP nanoparticles had a measured Brunauer—
Emmett-Teller (BET) surface area of 59.1 m*g~". Using this
surface area, the turnover frequency (TOF) was calculated to
be 0.046 s™' at 7 =100 mV. As a benchmark, the upper limit of
the surface area was estimated based on average particle
geometry and size (e.g. 13 nm spheres) to be 71.9 m*g™!, and
this procedure yielded a TOF of 0.038s™'. (See Supporting
Information for detailed calculations.) These TOF values are
estimates because the specific active sites are not known and
because the calculations do not account for porosity or for
surfaces that are inaccessible because of contacts between
particles. However, the TOF values estimated based on both
the experimental and theoretical surface areas are mutually
comparable and compare favorably to the TOF values at =
—100 mV for Ni,P nanoparticles (0.015 s~') and Ni-Mo nano-
powder (0.05 s71).10-13]

To evaluate the stability of the CoP nanoparticles during
repeated cycling in acidic solutions, accelerated degradation
studies were performed on representative CoP/Ti electrodes
having mass loadings of 0.9 mgem 2. As shown in Figure 4a,
the CoP nanoparticles exhibited no measurable loss of
activity after 400 cyclic voltammetry (CV) sweeps between
+5mV and —140 mV (vs. the reversible hydrogen electrode
potential, RHE). The production of a current density of
—20 mA cm? initially required an overpotential of —95 mV,
whereas the overpotential changed to ca. —90 mV after 400
cycles, demonstrating high stability under strongly acidic
conditions. In addition to the accelerated degradation studies,
galvanostatic measurements at a current density of
—20mAcm™ in a pre-electrolyzed solution indicated that
the overpotential increased in magnitude only slightly
(25mV) over 24 h (Figure 4b) of continuous operation.
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Figure 4. a) Polarization data in 0.50m H,SO, for a CoP/Ti electrode
(0.2 mgecm™ mass loading) initially and after 400 CV sweeps between
+5 mVand —140 mV vs. RHE. b) Plot of overpotential vs. time for

a CoP/Ti electrode (0.2 mgcm ™2 mass loading) at a constant cathodic

current density of 20 mAcm™2,

Some particle desorption from the substrate (and therefore
a slight decrease in mass loading) is the likely cause of this
small increase in overpotential. Longer term stability meas-
urements will require accelerated testing protocols that are
currently being developed.

X-ray photoelectron spectroscopy (XPS) survey data
(Figure S3) indicated that the surface of the as-prepared
CoP/Ti electrode consisted primarily of carbon and oxygen, as
expected from the organic surface-stabilizing agents. Co, P,
and Ti were also present. After annealing the CoP/Ti
electrode at 450°C, the carbon signal nearly disappeared,
consistent with the expected removal of the capping ligands.
High-resolution XPS data for the annealed CoP/Ti electrode
showed two characteristic Co 2p peaks, with binding energies
consistent with those expected for Co'". Following electrolysis,
additional sulfur, carbon, and nitrogen were present, with
these signals attributable to the sulfuric acid electrolyte, the
graphite rod counter electrode, and epoxy, respectively.
Oxygen was present throughout, which was expected due to
the handling of samples in air. Importantly, XPS confirmed
that the electrode was free of trace Pt, indicating that the
observed HER activity was primarily due to the CoP nano-
particles and not to adventitious noble metal impurities.

In conclusion, nanoparticles of CoP are highly active
HER electrocatalysts, with <100 mV overpotentials at low
mass loadings and operationally relevant current densities of
—20 mA cm™. Sensitivity analyses of a complete solar fuels
generator system are required to ascertain quantitatively the
remaining gains in system efficiency associated with a further
reduction in the overpotential for the HER, as compared to
improvements in the performance of the other key compo-
nents of such a full system. In addition, CoP nanoparticles are
exceptionally stable in acidic solutions, showing no evidence
of significant degradation over 24 h of H, production in 0.50 M
H,SO,. These results further establish that HDS electro-
catalysts comprised of inexpensive and earth-abundant ele-
ments provide interesting and important candidate materials
for obtaining high activity and stability for the HER in acidic
media.
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One step closer to Pt: Nanoparticles of conditions. lts electrocatalytic perfor-
cobalt phosphide (CoP) catalyze the mance places CoP amongst the best
hydrogen evolution reaction with high Earth-abundant alternatives to platinum.

activity and stability under strongly acidic
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