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A B S T R A C T

Herein, we examine the application of mesoporous cobalt phosphide (meso-CoP) prepared by a hard-templating
method as a novel non-precious electrocatalyst for the oxygen evolution reaction (OER). The obtained meso-CoP
exhibits a relatively low overpotential (0.30 V at 10mAcm−2), a decent Tafel slope (81mV dec−1), and good long-
term stability, performing better than its bulk counterpart and many state-of-the-art Co-based OER electrocatalysts.
The high electrocatalytic performance of the meso-CoP toward OER is attributed to two key factors: (1) a large
accessible active surface which endows the meso-CoP with numerous active sites for water oxidation; (2) a well-
organized mesoporous structure which expedites the electron/ion transfer and mass transport, thereby significantly
enhancing the OER kinetics. This work will provide guidance for designing inexpensive high-performance electro-
catalysts with exquisite mesostructures for potential applications in commercial water-splitting technology.

1. Introduction

The electrolysis of water, generating oxygen (O2) and hydrogen
(H2), provides a very attractive approach for producing clean and sus-
tainable energy [1,2]. This water-to-fuel conversion involves the oxi-
dation of water to oxygen (oxygen evolution reaction) and protons with
simultaneous reduction of protons to hydrogen fuels [3]. Of these two
processes, the oxygen evolution reaction (OER) presents a major bot-
tleneck for overall water splitting because of its large overpotential and
slow kinetics associated with the four-step electron transfer process and
the high activation energy for the formation of O]O [4,5]. Iridium (Ir)
and ruthenium (Ru)-based materials have been extensively investigated
as benchmark catalysts for OER due to their high activity. However, the
high cost and scarcity of these noble metals present major challenges
for large-scale industrial production [6,7]. Therefore, the development
of inexpensive high-performance electrocatalysts for OER is desirable,

to improve the reaction rates and lower the overpotential.
In recent years, non-precious electrocatalysts based on transition

metal oxides, hydroxides, chalcogenides, and nitrides (in particular
those based on Ni and Co) have been examined as prospective OER
electrocatalysts [8,9]. Transition metal phosphides (TMPs), an intri-
guing family of earth-rich and non-toxic functional materials, have
emerged as promising electrocatalysts for the hydrogen evolution re-
action (HER) [10,11]. The fusion of metalloid and ceramic features
imparts TMPs with high thermal and electric conductivities, good
chemical and thermal stabilities, as well as high mechanical strength
[12]. However, little attention has been paid to the exploitation of
TMPs as OER catalysts [2,13,14]. Previously, mesostructure en-
gineering has been shown to be an effective method for enhancing the
electrocatalytic performance of nanocatalysts toward energy-related
applications [15,16]. The exposed high surface area arising from the
well-developed mesostructure offers abundant accessible active sites,
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while the large void space renders an adequate infiltration capacity for
the electrolyte, thus substantially increasing the utilization of nanoca-
talysts. Notably, an orderly arrangement of mesopores with nanosized
pore walls can synergistically facilitate electron/ion transfer and mass
transport, leading to considerably improved electrocatalytic reaction
kinetics [17]. Owing to these attractive characteristics, mesoporous
TMPs exhibit promising potential as low-cost, high-performance OER
electrocatalysts as alternatives to iridium- or ruthenium-based mate-
rials. However, at present, research on mesoporous TMPs is still in its
infancy, with many previous studies concentrating on template-free
routes, and the obtained mesostructures were generally uncontrollable
and disordered, leading to ineffective utilization of the inner pores. The
irregular pore arrangements and/or tortuous pore channels were, in
many cases, unfavorable for rapid mass transport during catalytic re-
actions [18]. Therefore, it remains challenging to develop ordered
mesoporous TMPs suitable for efficient OER catalysis.

Recently, we reported the successful synthesis of ordered meso-
porous cobalt phosphide (meso-CoP) through a hard-templating
strategy [19]. The unique mesostructure and good electrical con-
ductivity of this meso-CoP render it attractive as a potential high-per-
formance electrocatalyst for OER, which has not been investigated
previously. As a proof-of-concept application, herein, we have ex-
amined the electrochemical performance of this novel meso-CoP as an
electrocatalyst for OER. Excitingly, the meso-CoP exhibits a low over-
potential (0.30 V at 10mA cm−2) and a decent Tafel slope (81mV
dec−1) as well as excellent durability, outperforming not only its bulk
counterpart (bulk-CoP) but also many previously reported Co-based
OER electrocatalysts.

2. Experimental section

2.1. Materials synthesis

First, ordered mesoporous cobalt oxide (meso-Co3O4) was prepared
by a hard-templating method using mesoporous silica SBA-15. In a

typical procedure, 0.87 g of cobalt(II) nitrate hexahydrate (Co
(NO3)2·6H2O) was dissolved in 25mL of ethanol followed by the ad-
dition of SBA-15 (0.30 g) powder. After evaporation of the solvent at
40 °C, a dried powder was obtained. This impregnation process was
repeated. The dried powder was calcined at 550 °C in air for 3 h and
finally, the mesoporous silica template was removed with 2M NaOH
solution. The obtained meso-Co3O4 was mixed with NaH2PO2 with a
weight ratio of 1:15. Then, the sample was heated at 400 °C under a
nitrogen atmosphere for 3 h and naturally cooled to room temperature
to obtain the ordered mesoporous cobalt phosphide (meso-CoP). For the
preparation of mesoporous dicobalt phosphide (meso-Co2P), the applied
temperature was increased to 650 °C. To synthesize bulk-Co3O4, 0.29 g
of Co(NO3)2·6H2O was dissolved in 20mL of distilled water, and the pH
of the solution was fixed at around 6–7 using 2M NaOH solution. The
solid precipitate was collected by filtration and washed with water
several times and then dried under vacuum. The resulting precipitate
was calcined in air at 550 °C for 3 h to obtain the bulk-Co3O4. After that,
the same phosphidization procedure was used to obtain the bulk-CoP.

2.2. Electrochemical measurements

All electrochemical experiments were conducted on a CHI-660D
(ALS, Japan) electrochemistry workstation using a three-electrode
system. A saturated calomel electrode (SCE) was used as the reference
electrode, and a graphite rod was used as the counter electrode. The
working electrode was prepared by mixing CoP powder and Nafion
binder (weight ratio= 9:1) in 1mL of water/isopropanol (volume
ratio= 2:1) mixture. After sonication for 30min, the slurry was coated
onto a carbon paper (1 cm×1 cm, Toray, Japan), and dried at room
temperature. The catalyst loading was about 1mg cm−2. The polar-
ization curves were obtained in 1M KOH with a scan rate of 5mV s−1 at
room temperature. All potentials were iR-compensated and converted
to a reversible hydrogen electrode (RHE) scale via calibration.
Furthermore, the presented current density was normalized to the
geometric surface area.

Fig. 1. Wide-angle XRD patterns with crystal structure models of (a) meso-CoP and (b) meso-Co2P. SEM images of (c) meso-CoP and (d) meso-Co2P.

P. Mei, et al. Electrochemistry Communications 104 (2019) 106476

2



3. Results and discussion

The phase composition and crystallinity of the mesoporous cobalt
phosphide (meso-CoP) and dicobalt phosphide (meso-Co2P) synthesized
by the hard-templating method were analyzed by wide-angle X-ray
diffraction (XRD). As shown in Fig. 1a and b, the main diffraction peaks
can be readily assigned to CoP (JCPDS No. 29-0497) and Co2P (JCPDS
No.32-0306) phases, respectively. The meso-Co2P sample obviously
displays sharper and more intense peaks than meso-CoP, suggesting its
higher crystallinity due to the much higher phosphidization tempera-
ture (650 °C). Additionally, the pronounced peak broadening of meso-
CoP suggests the formation of nanoscale morphology, as supported by
the SEM image shown in Fig. 1c, in which bundles of nanorods are
observed. In comparison, for meso-Co2P, the nanocrystals aggregate and
grow into larger particles due to the increase in the heat-treatment
temperature (Fig. 1d).

A closer observation of meso-CoP from transmission electron mi-
croscope (TEM) images demonstrates distinguishable individual na-
norods with a mean width of 7–8 nm (Fig. 2a and b). The selected-area
electron diffraction (SAED) pattern in the inset of Fig. 2a discloses a
series of concentric rings composed of small bright spots, revealing its
polycrystalline nature. The interplanar spacings acquired from the
SAED pattern can be indexed into the (102), (202), and (301) crystal
planes of orthorhombic CoP. Further inspection using high-resolution
TEM (Fig. 2c) reveals clear lattice fringes of the (102) plane of CoP with
a d-spacing of 0.245 nm. A scanning transmission electron microscope
(STEM) image of meso-CoP also verifies its rod-like shape, and the
corresponding elemental mapping confirms the homogeneous dis-
tribution of Co and P throughout this sample (Fig. 2d). In the case of

meso-Co2P, no nanorods can be observed in either TEM and STEM
images (Fig. S1). The well-resolved lattice fringes with the spacings of
0.215 and 0.187 nm in Fig. S1b indicate the high crystallinity of meso-
Co2P. Quantitative analysis of the elemental compositions was con-
ducted by energy-dispersive X-ray spectroscopy (EDX), as shown in Fig.
S2. The resulting Co/P atomic ratios are 1.005:1 and 2.038:1 for meso-
CoP and meso-Co2P, respectively, in accordance with the stoichiometric
compositions acquired from the crystallographic data. By contrast,
bulk-CoP prepared without the aid of the hard template shows only
irregular micron-sized aggregates (Fig. S3).

The low-angle XRD patterns of the as-synthesized cobalt phosphide
samples are presented in Fig. S4. The meso-CoP sample exhibits a well-
defined sharp peak at 2θ=0.95° with two observable higher-order
peaks, which can be ascribed to a periodic hexagonal mesostructure in
the p6mm space group [19]. Conversely, no diffraction peaks can be
detected in the low-angle region of bulk-CoP. As for meso-Co2P, only the
first main peak remains in the low-angle XRD pattern, suggesting the
maintenance of the mesoporous structure but with the loss of long-
range order [20], presumably due to crystallite growth at the elevated
phosphorization temperature. The mesoporosity of meso-CoP and meso-
Co2P was also corroborated by nitrogen adsorption–desorption analysis.
The isotherms of both samples can be identified as typical type IV
isotherms with an obvious hysteresis loop at higher relative pressure
(Fig. S5a), which validates the mesoporous nature of both samples. The
calculated Brunauer-Emmett-Teller (BET) surface areas are 75 and 58
m2 g−1 for meso-CoP and meso-Co2P, respectively, with corresponding
pore size distributions centered at 3–4 nm (Fig. S5b). In comparison,
bulk-CoP exhibits a non-porous type isotherm with a significantly lower
BET surface area of 15 m2 g−1. Careful comparison of our data with

Fig. 2. TEM images (a–c), elemental mapping and STEM image (d) of meso-CoP.
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other CoP-related nanomaterials reported previously is summarized in
Table S1.

The OER catalytic activity of the as-synthesized meso-CoP was
evaluated and compared with bulk-CoP by linear sweep voltammetry
(LSV) measurements in 1M KOH solution. The representative iR-cor-
rected polarization curves are shown in Fig. 3a. Both CoP samples
present characteristic OER catalytic behavior, whereas the carbon
paper substrate shows negligible OER activity. The as-prepared meso-
CoP exhibits a lower onset potential than the bulk-CoP, indicating its
higher OER activity. The overpotential of the as-prepared meso-CoP is
estimated to be 300mV at a current density of 10mA cm−2, which is
36mV smaller than that of the bulk-CoP (336mV), as shown in Fig.
S6a. The improved activity of meso-CoP may be attributed to the high
density of exposed active sites originating from its larger surface area
compared to the bulk-CoP catalyst. The OER electrocatalytic activity of
the as-prepared meso-CoP catalyst was also compared with those of
previously reported Co-based catalysts. The meso-CoP catalyst exhibits

a relatively low overpotential of 300mV at 10mA cm−2, which is better
or comparable to other Co-based catalysts in Table 1. The good elec-
trocatalytic performance of meso-CoP toward OER can be attributed to
two key factors: (1) a large accessible active surface which endows
meso-CoP with numerous sites for water oxidation and (2) a well-or-
ganized mesoporous structure which enhances the electron/ion transfer
and mass transport, thereby significantly enhancing the OER kinetics.
To evaluate the OER kinetics, we plotted the Tafel plots of the two CoP
samples, as shown in Fig. 3b. The obtained Tafel slopes of meso-CoP and
bulk-CoP are 81 and 78mV dec−1, respectively (Fig. S6b), indicating
that both CoP catalysts exhibit analogous reaction kinetics for OER.

Long-term stability is one of the most important parameters for OER
catalysts. Fig. 3c displays the LSV curves of the as-prepared meso-CoP
catalyst for the 1st and 2000th cycles at a scan rate of 5mV s−1, re-
vealing the negligible loss of OER activity up to 2000 cycles. Moreover,
the time-dependent current density curve under a static overpotential
of 390mV is given in Fig. 3d. The current density undergoes decay and

Fig. 3. Polarization curves (a) and corresponding Tafel plots (b) of meso-CoP and bulk-CoP obtained in 1M KOH solution with a scan rate of 5mV s−1. Durability test
(c) and time-dependent current density curve (d) of meso-CoP under a static overpotential of 390mV in 1M KOH solution.

Table 1
Comparison of OER catalytic activity of meso-CoP with various recently reported Co-based catalysts.

Catalyst material Overpotential (V) at 10mA cm−2 Tafel slope (mV dec−1) Electrolyte References

meso-CoP 0.30 81 1M KOH This work
CoP film 0.35 47 1M KOH [21]
CoP nanoparticles 0.36 66 0.1M KOH [22]
Co-P nanorods > 0.47 84 1M KOH [14]
CoP2 0.37 103 1M KOH [23]
CoP3 nano needle 0.45 81 1M KOH [24]
N-doped graphene/CoSe2 nanobelt 0.37 40 0.1M KOH [25]
IrO2/C 0.37 N. A. 0.1 M KOH [26]
N-doped graphene-CoO 0.34 71 1M KOH [27]
Co3O4@C porous nanowires 0.29 70 0.1M KOH [28]
ZnxCo1-xO4 0.32 51 1M KOH [29]
Co3O4/N-doped graphene 0.31 67 1M KOH [30]
CoPi-1 0.38 59 1M KOH [31]
NiCoP/C nanoboxes 0.33 96 1M KOH [32]
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upswing in the early stages before becoming stable over the next 10 h.
The above results provide clear evidence of the superb long-term sta-
bility of meso-CoP under the present experimental conditions.

4. Conclusions

In summary, this work has reported an innovative non-precious
electrocatalyst for OER by introducing ordered mesoporous structure
into cobalt phosphide through a hard-templating method. The obtained
meso-CoP exhibits a relatively low overpotential of 300mV at a current
density of 10mA cm−2 and good long-term stability, outperforming its
bulk counterpart and many previously reported Co-based OER elec-
trocatalysts. The good electrocatalytic performance of meso-CoP toward
OER is due to its well-developed mesoporous architecture which pro-
vides a large exposed active surface and enhanced OER kinetics. This
work will provide useful guidance for future design and construction of
low-cost, high-performance non-precious electrocatalysts with exquisite
mesostructures for practical water-splitting applications.
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