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Metallic phosphides as a crucial class of metal-like compounds show high electric conductivity and
electrochemical properties. It is of significant benefit to understanding the relationship between the
electrocatalytic performance and phosphating degree of precursors. In this work, using Co3O4@SiO2 as
precursor, core-shell structured CoP@SiO2 nanoreactors with outstanding oxygen evolution reaction
performance were synthesized through a facile calcination method. The electrocatalytic performance of
CoP@SiO2 modified electrode that treated with 500mg NaH2PO2 was greatly enhanced. The obtained
product displays a low overpotential of 280mV at a current density of 10mA/cm2 and a Tafel value
89mV/dec in alkaline conditions. The easy available CoP@SiO2 with outstanding catalytic performance
and stability possesses huge potential in future electrochemical applications.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
As science and technology advance, the crisis of energy and
environmental pollution is increasingly serious. Then electrochemi-
cal water splitting came into being, which is considered as the
potential technology to produce clean and renewable energy [1–10].
However, oxygen evolution reaction (OER) is considered to be a
major obstacle to overall water splitting due to its sluggish kinetics
[11–16]. Thus, it is of great significance to develop high-efficient
electrocatalysts to reduce high overpotentials and accelerate OER
reactions [17–22].Uptonow, IrO2andRuO2preciousmetalmaterials
have been regarded as the most advanced catalysts for the OER
[23–26]. Nevertheless, high cost and scarcity tremendously restrict
their practical application.

In the past several decades, a host of efforts has been devoted to
search for low cost and high efficiency OER catalysts to replace
precious metal materials. One effective way to improve the
catalytic performance is the introduction of sulfide or phosphide
with a transition metal, achieving more active sites with
synergistic interactions. Both experimental and theoretical
researchers have proved that transition metal phosphides (TMPs)
exhibited efficient electrocatalytic performance for OER [27–29].
As part of TMPs, cobalt phosphide (CoP) is considered as a
promising catalyst for its high electrical conductivity, but its
application is limited by its defects such as easy agglomeration and
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instability [16,17,30–32]. Yang [18_TD$DIFF]et al. ever develop away to assemble
the CoP nanoparticles on the surface of carbon material, which
could deal with the problem of its easy agglomeration, corrosion
and unstable [29]. Therefore, it is a novel idea for us to design and
synthesize an easy to separate and recyclable catalyst with good
stability and dispersity. Meanwhile, silica has crystalline and
amorphous forms and its chemical properties are relatively stable.
As is known to all that the encapsulation method has the merit of
avoiding the aggregation of nanoparticles during the process of
reaction [33–37]. Nanoreactor is an ideal nanoparticle dispersion
matrix, which can effectively solve the problem of aggregation and
achieve a relatively stable state [38–44].

In this paper, we firstly synthesized CoP nanoparticles
encapsulated in porous silica shell (SiO2) as electrocatalyst for
OER in lye. Based on our previous work [45], the successfully
synthesized Co3O4@SiO2 was used as a precursor to provide
reaction site for phosphating reaction. This porous and hollow
structure could (1) inhibit nanoparticles aggregation defects,
thereby providing more active sites and significantly improving
the efficiency of charge transfer, (2) produce homogeneous
heterogenous interfaces to reduce effect of the phase interface
and (3) promote the electrolyte diffusing completely to the
electrode. Moreover, we investigated the influence of different
phosphating degrees on electrochemical catalytic performance
and considered different phosphating degrees through changing
the amount of NaH2PO2. The obtained CoP@SiO2 (CP3) displays
outstanding catalytic activity to the OER, proving a low over-
potential of 280mV at a current density of 10mA/cm2 under
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic illustration of the synthesis of CoP@SiO2 catalysts.
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alkaline condition and a Tafel value of 89mV/dec and keeping
chemical stability for 12000s. Such excellent electrochemical
performance can be benefiting from the stable and porous silicon
shell, which ensures fast charge transfer in the electrocatalyst. It is
noteworthy that the direct active site for catalysis not locate on the
shell surface but on the surface of the CoP. Moreover, the
encapsulated CoP particles avoid large-scale agglomeration and
corrosion and provide a large number of effective active sites with
synergistic effect. Most importantly, the low-cost and simple
synthetic method is available in the actual production of hollow
nanocatalysts for OER, thus making a crucial contribution to
electrocatalytic water splitting.

The simple synthesis of CoP@SiO2 was illustrated in Fig. 1. The
Co3O4@SiO2 and NaH2PO2 were placed at both ends of the
porcelain boat for calcination. As the temperature increases, the
concomitant PH3 gas released by heat decomposition of NaH2PO2

passed through the porous silicon shell and entered the shell
together with the airflow, and reacted with Co3O4 to obtain CoP.
When the quality ratios of Co3O4@SiO2 and NaH2PO2 were 10
mg:100mg, 10 mg:200mg and 10 mg:500mg, the obtained
products were denoted as CP1, CP2 and CP3. The porous structure
can offer a larger electrode-electrolyte contact area and a large
number of active sites, greatly shortening the ion diffusion distance
[46]. These composite materials are generally considered to
[(Fig._2)TD$FIG]

Fig. 2. SEM and TEM images of the (a, b) Co3
possess high porosity with excellent electrical conductivity and
outstanding mechanical stability [47,48]. SEM and TEM character-
ization are used to examine the internal, external structural
features and morphologies of the synthesized samples. Fig. 2a
shows the morphology of the Co3O4@SiO2 sample, it is observed
that precursor is a dodecahedron with smooth surface. Subse-
quently, the TEM image in Fig. 2b clearly displays that the
precursor is a core-shell structure. After phosphating, the surface
morphology of the sample did not change much, and the shape of
dodecahedron was still maintained. With the increase of the
phosphating degree, the protective effect of silicon shell still
works. Figs. 2c, e and g show the morphology of CP1, CP2, CP3, it is
clearly that the amount of NaH2PO2 has no significant influence on
the morphology. More detailed information about the microstruc-
ture andmorphology of the CP1, CP2, CP3 samples are investigated
by TEM and HRTEM. As can be seen from Figs. 2d, f and h, CoP core
is well preserved in silicon dioxide shell, further confirming the
stability and uniqueness of this core-shell structure. To observe the
structural features intuitively, we have marked the CoP core.
However, the CoP core is far smaller than the Co3O4 core at the
same nanoscale. This result proves that the particle agglomeration
of CoP is more serious than that of Co3O4. At the same time, the
second function of the silicon shell was verified, that is, it
effectively inhibits the large-area agglomeration of nanoparticles
and ensures certain active sites, which also explained the
importance of choosing Co3O4@SiO2 with the core shell structure
as the precursor. The HRTEM image and SAED pattern of the CP3
are respectively exhibited in Figs. S1a and b (Supporting
information). The uniformly arranged lattice fringes in the
Figs. 1b correspond to the lattice planes of the CoP, whereas
where the lattice fringes are not visible is due to the presence of
amorphous silica. Due to the CoP is covered by the silicon shell, we
found the thin silicon shell and captured the lattice fringe of the
core. The structure and polycrystalline properties of spinel can be
well indicated by diffraction ring in SAED patterns. Additionally,
the elemental mapping pictures demonstrate the uniform
distribution of Co, O, Si and P throughout the CP3 (Fig. S1c in
Supporting information). From the X-ray diffraction (Fig. S2 in
O4@SiO2, (c, d) CP1, (e, f) CP2, (g, h) CP3.
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Fig. 3. (a) XPS survey spectra of the CP series materials, (b) The Co 2p spectra of the CP series materials, (c) The Co 2p and (d) P 2p spectra of CP3.
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Supporting information) of the CP series, we can confirm that the
peak of the sample tends to be flat, which is influenced by
amorphous silicon shell material. Many local defects may occur in
amorphous materials, which may expose more active sites and
improve the activity of catalytic reactions. The XRD patterns of
Co3O4@SiO2 are consistent with previous reports, proving the
successful synthesis of the precursor. Compared with the peak
shape of Co3O4@SiO2, CP series samples change significantly, but
the trend of curves do not change too much, which was attributed
to partial phosphating inside the core-shell structure. Fig. S3
(Supporting information) shows the diffraction peaks of CP3
samples corresponding to the CoP (JCPDS No. 29-0497) and SiO2

(JCPDS No. 47-1144). In addition, these curves exhibit that CP1, CP2,
CP3 are identical substances. The FT-IR spectra of the Co3O4@SiO2,
CP1, CP2, CP3 are analyzed, and the results show that the samples
have the similarmolecular structure except for slight differences in
Co3O4@SiO2. The samples display peaks around 1600 cm�1

correspond to bending vibration of H��O��H bond, proving the
existence of interstitial water in these compounds. The wide
absorption at around 1100 cm�1 is the anti-symmetric stretching
vibration of Si-O-Si. (Fig. S4 in Supporting information)

The surface composition and chemical state of the CP series
samples are conducted by X-ray photoelectron spectroscopy
(XPS). In Fig. 3a, the Co, P, O and Si elements can be distinguished
through the peaks of Co 2p, O 1s, P 2p and Si 2p, the result is
correspond to the elemental mapping in Fig. S1. Fig. 3b shows the
Co 2p spectrum of the CP serie materials, the peak around 778 eV
is increasingly prominent with the deepening of phosphating
degree. As exhibited in the Fig. 3c, two peaks respectively locate
at 781.87 eV and 798.16 eV are correspond to Co 2p3/2 and Co
2p1/2, which are all due to oxidized Co species. Additionally, three
main peaks occurred in P 2p region at 134.12 eV, 129.57 eV and
126.47 eV are assigned to oxidized P species, P 2p1/2 and P 2p3/2.
(Fig. 3d) According to the appearance of peaks at 781.87 eV and
134.12 eV, it can be inferred that oxygen species existed on
surface of CoP. Two peaks located at 778.48 eV and 126.47 eV in
CP3 are attributed to the Co-P binding. In general, the CP series
samples are composed of CoP and SiO2, which serve as the main
active sites in electro-oxidation reaction process. Highly conduc-
tive metal phosphides promote electron transfer and boost the
kinetics of OER in water oxidation.

The samples were tested with a three-electrode system in N2-
saturated 1mol/L KOH solution to evaluate the electrolytic water
activity of the electrocatalyst. Fig. 4a shows the linear scanning
voltammetry (LSV) polarization plot of sample supported on glassy
carbon electrode (GCE). It is well known that the work potential of
10mA/cm2 is an indispensable parameter to evaluate OER perfor-
mance, thevoltageofCP3catalyst is1.51 Vat10mA/cm2. Thevalue is
far lower than that of Co3O4@SiO2 (1.62 V), CP1 (1.57 V) and CP2
(1.54 V), indicating theCP3catalyst possess a better catalytic activity
and oxygen evolution performance. Moreover, the CP3 electrode
delivers an overpotential of 280mV at the current density of
10mA/cm2, the result ismuch lower than Co3O4@SiO2, CP1 and CP2
thatcorrespondto392mV,337mVand315mV.It isobviousthatCP3
shows prominent catalytic activity compared with cobalt-based
oxide materials and homologous substances with low phosphating
degree. In a word, the optimized electronic structure reduces the
kinetic energy barrier of catalytic reaction. Fig. 4b depicts the Tafel
diagramof the samples constructedbased on thepolarization curve.
A lower Tafel value tend to reflect an exceedingly rapid electron
transport and catalytic rate. The Tafel slopeof the CP3 (89mV/dec) is
far lowerthanthoseobservedforCP1(94mV/dec),CP2(167mV/dec)
and Co3O4@SiO2 (138mV/dec), which demonstrate the excellent
kinetic of CP3 catalyst during oxygen evolution process. The redox
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Fig. 4. (a) LSV curves for the OER in 1.0mol/L KOH electrolyte at 5mV/s and (b) Tafel slopes of CS2, CP1, CP2, CP3 (orange means CP3; magenta means CP2; red means CP1;
black means Co3O4@SiO2). (c) Durability test for the CP3 for 1000 cycles and (d) chronoamperometric testing of CP3 for 12,000 s in 1.0mol/L KOH electrolyte.
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reaction mechanism of CoP and the relative electro-chemical
reaction are provided as follows [25]:[19_TD$DIFF]

CoP + 2(OH�) + x(OH�) $ CoP(OH�)2 + x(OH�) + 2e�

The electro-chemical double layer capacitance (Cdl) is a general
parameter representing electrochemical surface areas. As shown in
Figs. S6-S8 (Supporting information), the Cdl value of CP3 is
36.5mF/cm2, which is greatly exceeding CP1 (16.2mF/cm2) and
CP2 (20.2mF/cm2). The value is larger, the surface of the electrode
is rougher and more active sites are exposed, suggesting that CP3
nanomaterials with higher phosphating degree promote more to
the evolution of OER. In order to further prove the catalytic ability
of CP3, the precursors and CP series products were analyzed by
electrochemical impedance spectroscopy (EIS) with one GCE, as
displayed in Fig. S5 (Supporting information). Compared with
other cobalt-based samples, CP3 nanoparticles show smaller
charge transfer resistance, which indicates that CP3 catalysts
possess faster electron transfer speed and higher electric
conductivity in the electrochemical OER process. In addition, the
corresponding electrode possesses an excellent conductivity, thus
it is beneficial to decrease the overpotential of the redox process
and enhance oxygen production performance effectively. The
durability of the synthesized samples is critical for the develop-
ment of electro-catalysts in energy converse and storage devices.
Fig. 4c exhibits the LSV polarization plots of the CP3 sample before
and after 1000 cycles. After 1000 cycles, the catalytic activity of the
CP3 modified electrode decreased slightly in comparison with the
initial cycle, indicating that the electrode materials still maintain
certain catalytic activity. Moreover, we also finish a potentiostatic
plot under the same conditions exhibited in Fig. 4d. As can be seen
from the i-t plot, the catalytic current density decreases slightly
through the continuous operation of 12,000 s, which can be
ascribed to the catalysts shedding of the working electrode in the
test process. After 12,000 s of stability, negligible changes in the
SEM were observed, the materials still maintain original morphol-
ogy. (Fig. S9 in Supporting information) This result is consistent
with the above description and further proves that the CP3
modified electrode possess satisfactory chemical stability. In a
nutshell, the research suggests that silicon-clad metal phosphide
nanoreactors may be a promising catalytic material in future
life due to their easy availability and low cost, thus replacing noble
metal oxides for practical electrochemical applications.

To sum up, our work shows a simple calcination method to
synthesize CoP@SiO2 nanoreactors, which serves as highly efficient
catalysts for the OER. Precursors provide an appropriate react
space and play an important role in controlling the size and even
the morphology of cobalt phosphide nanoparticles. Above chemi-
cal characterization suggests that the success of phosphating
results in more merits in electrocatalytic oxygen production,
including more active sites, faster charge transfer and higher
catalytic efficiency. The exceptional electrocatalytic performance
of CP3 is primarily ascribed to its special pore structure. Nano-
materials withmicroporous structure possess outstanding electro-
catalytic reaction rate, which could effectively weaken the
resistance between the electrolyte and catalysts, so as to accelerate
the oxygen releasing. The CP3 sample exhibits a low overpotential
of 280mV and a small Tafel value 89mV/dec, better than other
cobalt-based catalysts. However, we need to further enhance the
chemical stability of samples through combining CoP with
graphene or highly conductive materials. In the coming future,
the synthetic method could be widely applied in the research and
development of high efficiency and low cost electrocatalysts with
different microporous structures. The synthesized product pro-
vides novel insight for designing the new catalysts and paving the
way for the study of energy materials in diverse fields of
electrochemistry.
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