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ABSTRACT: The development of efficient water oxida-
tion catalysts based on inexpensive and Earth-abundant
materials is a prerequisite to enabling water splitting as a
feasible source of alternative energy. In this work, we
report the synthesis of ternary cobalt manganese
phosphide nanoparticles from the solution-phase reaction
of manganese and cobalt carbonyl complexes with
trioctylphosphine. The CoMnP nanoparticles (ca. 5 nm
in diameter) are nearly monodisperse and homogeneous in
nature. These CoMnP nanoparticles are capable of
catalyzing water oxidation at an overpotential of 0.33 V
with a 96% Faradaic efficiency when deposited as an ink
with carbon black and Nafion. A slight decrease in activity
is observed after 500 cycles, which is ascribed to the
etching of P into solution, as well as the oxidation of the
surface of the nanoparticles. Manganese-based ternary
phosphides represent a promising new system to explore
for water oxidation catalysis.

Splitting water into hydrogen and oxygen represents an ideal
source of clean renewable energy.1 However, water

oxidation (2H2O → O2 + 4H+ + 4e−) − the first step in the
overall water splitting reaction − has a high activation barrier
that coupled with the need for transfer of four electrons and
four protons, presents a bottleneck in the transformation of
water into O2 and H2.
Ruthenium and iridium oxides are well-known water

oxidation catalysts.2,3 Nevertheless, the scarcity of Ru and Ir
pose serious limitations to the widespread adoption of water
splitting as a green approach to renewable energy. To address
this problem, research has been focused on the synthesis of
novel materials composed of stable, Earth-abundant metals
capable of efficient catalytic water oxidation. Inspired by the
oxygen-evolving center of Photosystem II, manganese-based
materials (oxides and phosphates) have garnered considerable
attention as water oxidation catalysts.4−8

At the same time, transition metal phosphide nanoparticles
are emerging as a new class of water oxidation catalysts with
reports of high activity in Ni2P,

9,10 CoP,11−15 and CoFeP.16,17

While manganese-based phosphides may appear to be natural
catalyst candidates, such materials have yet to be investigated.
This gap is at least in part due to a lack of synthetic
methodologies for manganese phosphide nanoparticles.
We have previously reported the synthesis of MnP

nanoparticles.18 However, attempts to use these particles as
water oxidation catalysts revealed that MnP is not stable under
oxidizing conditions, which we attribute to the highly oxophilic
nature of manganese. As shown in Figure S1, the presence of a

broad irreversible preoxidation peak at ∼1.4 VRHE is observed in
the first oxidation sweep. The following sweeps revealed a large
drop in the current density consistent with an irreversible
oxidative transformation of MnP during water oxidation.
Accordingly, we sought to moderate the activity of Mn by
the inclusion of a second metal, namely, cobalt. In this paper,
we report on a simple and highly reproducible route for the
synthesis of novel cobalt manganese phosphide, CoMnP,
nanoparticles and the investigation of their catalytic behavior
toward water oxidation.
The initial target of our investigation was the phase

Co0.5Mn0.5P, which we expected to be feasibly attained as
discrete nanoparticles based on the facts that (1) MnP and CoP
are isostructural and (2) it is possible to synthesize the entire
solid solution by solid-state methods in the bulk phase.19−21

Adapting known methods for MnP and CoP nanoparticle
synthesis, we injected Co2(CO)8 and Mn2(CO)10 into a
solution of hot 1-octadecene and oleylamine, followed by
injection of trioctylphosphine (TOP) and elevation of the
solution temperature to 350 °C (see Supporting Information,
SI, for details). However, the X-ray diffraction (XRD) pattern
of the product showed that the peaks correspond to
orthorhombic CoMnP and not to the expected Co0.5Mn0.5P
phase (Figure 1a), and this is confirmed by SAED (Figure S3).

Intriguingly, we have not been successful preparing the Mn2P
phase (the Mn end-product of Co1−xMnxP), producing only
MnP or no isolable product. We hypothesize that incorporating
Co favors the inclusion of low-valent Mn, thus facilitating the
formation of the “M2P” phase. Transmission electron
microscopy (TEM) images reveal the formation of spherical
nanoparticles with an average diameter of 4.59 ± 0.76 nm
(Figures 1b, S2). The corresponding energy dispersive X-ray

Received: February 10, 2016
Published: March 13, 2016

Figure 1. Powder XRD (a) and TEM (b) of CoMnP nanoparticles.
The reference pattern for CoMnP (PDF # 42-0932) is shown.
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spectrum (EDX, Figure S3) indicates that the atomic ratio of
Co, Mn, and P is close to 1:1:1.3. The composition of the
nanoparticles was further confirmed from inductively coupled
plasma-mass spectrometry (ICP-MS) measurements which
show a ratio of Co/Mn/P of 1:1:1.1 (Figure S3). The slight
excess of P is attributed to the presence of residual TOP as
surface binding groups.
The homogeneous nature of the synthesized nanoparticles

was verified by performing scanning transmission electron
microscopy (STEM) measurements combined with elemental
mapping and line scans (Figures 2, S4). The data show that Co,
Mn, and P are homogeneously distributed within the
nanoparticles, thus suggesting the formation of a solid solution.

On the basis of prior work with CoFeP, which exhibits higher
activity than the corresponding ternary oxide or the binary Co
or Fe phosphide materials,16 CoMnO2 and Co2P nanoparticles
were prepared for comparison to CoMnP (loading: 0.284 mg/
cm2, see SI for details; Figure S5). The catalytic behavior of the
different nanoparticles was determined by preparing an ink
composed of the nanoparticles, carbon black and Nafion
(details in SI). The overpotential, defined as the potential by
which the current density reaches 10 mA/cm2, is commonly
used as a figure of merit for heterogeneous water oxidation
catalysts.2,22 For CoMnP, the overpotential was 0.33 V at a
current density of 10 mA/cm2 (Figures 3, S6). This
overpotential places the CoMnP catalyst among the top tier
of water oxidation catalysts, and on par with iridium oxide
(Table S1).2,8−14,16,17,23,24 For comparison, Co2P nanoparticles
showed a higher overpotential of 0.37 V and the overpotential
of CoMnO2 was higher still at 0.39 V. The Tafel plots in Figure
3b are derived from the polarization curves, and they show the
plots of overpotential vs the log of the current density. While
the CoMnO2 and the Co2P have a Tafel slope of 95 and 128
mV/dec, respectively, CoMnP has a slope of 61 mV/dec, close
to the ideal value of 59 mV/dec (equivalent to 2.3RT/F)
associated with a one-electron transfer prior to the rate-limiting
step.25,26

The decrease in overpotential for CoMnP relative to Co2P is
attributed to synergism between the two metal centers. It has
been suggested that the insertion of a second metal may help
lower the thermodynamic barrier of a proton-coupled electron
transfer (PCET) pre-equilibrium while facilitating O−O bond
formation, leading to enhanced catalytic activity.25 Most
proposed mechanisms for CoOx species suggest the need the
formation of vicinal high-valent oxo species.25,27−29 While the
formation of CoO is energetically demanding and the
product is unstable, the formation of MnO species is
relatively facile.30 As such it is expected that the presence of an
Mn center in close proximity to a Co center would lower the
activation barrier needed for catalysis, thus explaining the
decrease in overpotential in CoMnP compared to Co2P.
Likewise, we posit that the high oxophilicity of Mn is
moderated by Co, facilitating catalyst turnover. The lower
activation barrier of phosphides over oxides is likely due to the
intrinsic electric conductivity of the phosphides relative to
corresponding oxides. These reaction barrier variations appear
to lead to distinct mechanisms in the three materials, as
reflected in the widely different Tafel slopes. Further
investigation will be necessary to ascertain the validity of
these suggestions.
Faradaic efficiency was determined by performing a

controlled potential electrolysis (CPE) experiment using an
airtight H-type cell, and analyzing the head space gas by gas
chromatography (details in SI, Figure S7). The experimentally
determined oxygen quantity was compared to the expected
amount of oxygen based on the charge consumed. The Faradaic
efficiency reached 96% after 10 h of catalysis.
The stability of the materials under catalytic conditions was

determined by collecting polarization curves between 1.03 and
2.23 V (vs RHE) over 500 cycles. Upon cycling, an increase in

Figure 2. STEM image and elemental mapping data (a), and line scan
compositional data (b) of CoMnP nanoparticles. Co is shown in red,
Mn in green, and P in blue.

Figure 3. (a) Polarization curves for nanoparticles of CoMnP,
CoMnO2, and Co2P in 1.0 M KOH; (b) Tafel plots derived from the
polarization curves.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.6b01543
J. Am. Chem. Soc. 2016, 138, 4006−4009

4007

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01543/suppl_file/ja6b01543_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b01543


the overpotential was observed from 0.33 to 0.37 V (Figure 4).
Interestingly, after intermediate cycling (200 cycles), the

overpotential increased to 0.35 V, which was accompanied by
a nominal increase in the Tafel slope (Figure 4, inset).
However, after continued cycling (500 cycles, Figure S8), the
Tafel slope increased to 76 mV/dec. These observations
suggest that as the catalyst is cycled, the nature of the catalyst,
and consequently the mechanism of operation, is changing.
In an effort to understand the deactivation, we performed X-

ray photoelectron spectroscopy (XPS) analysis on the samples
before and after a 10 h CPE experiment (Figure 5, Figure S9).

Before catalysis, the high resolution XPS spectrum of Co
(2p3/2) comprises a peak at 777.8 eV assigned to the binding
energy of Co in Co2P,

31 the Co2+ peaks at 780.9 eV, as well as a
satellite peak (787.1 eV), corresponding to CoO, which
presumably formed due to surface oxidation. The XPS
spectrum of Mn (2p3/2) exhibited a peak at 641.0 eV,
corresponding to oxidized manganese species such as MnO
or Mn2O3. The absence of low-valent Mn peaks in the
spectrum is attributed to the high oxophicility of Mn, resulting
in surface oxide formation.32 The XPS spectrum of P (2p3/2)
showed two peaks assigned to phosphide at 129.7 eV and
phosphate or phosphite (POx or P−O species) at 133.4 eV. In
contrast, the high-resolution XPS patterns of Co, Mn, and P
after catalytic cycling show the disappearance of low energy
peaks of Co (777.8 eV) and P (129.7 eV), as well as a shift
toward higher binding energies for Mn (from 641.0 to 641.9
eV). These observations are in accordance with nanoparticle
surface oxidation during the catalytic process to form MPOx
and MOx species and are in line with recent reports in which
Ni2P nanomaterials were oxidized during the course of the
water oxidation reaction to form NiOx and phosphate

species.9,10 Moreover, the P signal after catalytic cycling appears
very weak (barely discernible above the noise level, Figure 5),
suggesting that the surface-bound phosphates are being etched.
To probe the possibility of leaching during catalysis, ICP-MS
analysis was performed on a solution following a 15-h CPE
experiment (Figure S10, Table S2). The results show the
presence of Co, Mn, and P in solution with a ratio of 1:7:234,
thus suggesting that P is leaching into solution at a significant
rate, whereas metal leaching is marginal with Mn dominating
Co. Because surface-bound phosphates have been reported to
mediate water oxidation via proton-coupled electron transfer,5

the loss of surface phosphate combined with metal oxidation
may account for the decrease in activity and shift in the
mechanism.
In conclusion, we have reported on the successful synthesis

of homogeneous, nearly monodisperse CoMnP nanoparticles.
This new material is an active and efficient water oxidation
catalyst that can operate at an overpotential of 0.33 V and 96%
Faradaic efficiency. After 500 cycles, the overpotential for
catalysis increased to 0.37 V, likely due to surface oxidation and
phosphorus etching from the nanoparticles. Evaluation of the
efficacy of phosphate buffers for stabilization, as well as studies
on compositional effects, is underway.
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