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ABSTRACT: Highly durable and earth-abundant bifunctional catalysts with low
cell voltage are desirable for alkaline overall water splitting in the industrial fields.
Herein, a novel carbon-based CoP hybrid with spatial compartmentalization of
CoP nanoparticles (NPs) in P-doped dual carbon shells is achieved via a cheap
Co−glycerate-template strategy. Benefitted from the uniform atomic blending of
Co2+ ions in the Co−glycerate precursors, CoP NPs in situ formed in the confined
space with NaH2PO2 as phosphorus source during the annealing process;
meanwhile, glycerate suffered carbonization and transformed into P-doped dual
carbon shells during the annealing process, including interior thin carbon coating,
closely encircled CoP NP, and peripheral hollow carbon sphere loading a lot of
CoP NPs. Not only does spatial compartmentalization of CoP NPs avoid the
aggregation and expose more active sites but also P-doped dual carbon shells
improve the conductivity and durability of the catalyst. As expected, the optimized
hybrid exhibits outstanding electrocatalytic activities in alkaline media, such as hydrogen evolution reaction (HER) overpotential of
101 mV, oxygen evolution reaction (OER) overpotential of 280 mV, and a low cell voltage of 1.66 V to deliver a current density of
10 mA cm−2. Moreover, durability and stability are greatly improved under harsh electrochemical conditions. The current strategy
shades new insight into the development of carbon-based transition metal phosphides (TMP) catalysts for electrocatalysis
applications.

1. INTRODUCTION

Considering the environmental issues and depletion of fossil
fuels, there is an urgent need to search an alternative energy
carrier, which can be clean, renewable, and portable. Water
electrolysis is one of the promising methods employed for the
generation of highly pure hydrogen gas (H2) and oxygen (O2)
without carbon emission via direct splitting of water
molecules.1−6 However, the substantial energy consumption
cannot be ignored due to the sluggish reaction kinetics of
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), which generally requires high overpotential.
As known, the efficiency of hydrogen production via
electrochemical water splitting is highly dependent on
electrocatalysts, which are expected to afford high current at
low overpotentials. Considering that, alkaline water electrolysis
is more popular due to the lost-cost,7−9 highly durable and
earth-abundant bifunctional catalysts with low overpotentials
are desirable in the industrial fields.
Among various nonprecious metal-based electrocatalysts

such as metal oxides,10 chalcogenides.11−13 carbides,14 and
phosphides.15−17 TMPs have become a hot spot for overall
water splitting due to their hydrogenase-like properties. As
known, phosphors atoms with more electronegativity as proton
carriers can easily capture protons onto the surface of the

catalyst and transfer the electrons from metal sites to the P
sites, boosting the HER performance,18 while forming peroxide
intermediate to improve the OER activities.19 Furthermore,
TMPs catalysts have good electrical conductivity compared to
metal oxide catalysts.20−22 However, the poor durability and
stability under harsh electrochemical conditions greatly hinder
their practical applications. For example, the easy agglomer-
ation of TMP NPs under long-term operation led to the
decline of exposed active sites, thus the poor catalytic
properties.23,24 Remarkable advances have been achieved by
the development of various carbon-based TMP nanocompo-
sites to retain the catalytic activity and enhance their durability
under harsh electrochemical conditions.20,21,25,26 Besides this,
many hierarchical ternary TMPs have been prepared for
efficient hydrogen evolution reaction.27,28 For example,
hierarchical bimetallic Ni−Co−P microflowers with ultrathin
nanosheet arrays have been prepared via a three-step method,
in which the unique porous core−shell structure gives rise to
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affluent mass transfer channels while ultrathin nanosheets offer
abundant active sites, showing excellent HER performance in a
wide pH range. However, cost-effective carbon-based TMPs as
bifunctional electrocatalysts at low overpotentials are still
challenging and rarely reported, which are beneficial to large-
scale commercialization.
Motivated by the above-mentioned outstanding works,

herein, a kind of novel carbon-based CoP hybrid is achieved
via a cheap Co−glycerate-template strategy. With excessive
NaH2PO2 as phosphorus source, CoP NPs were spatially
compartmented by Co−glycerate precursors under annealing
treatment; more interestingly, glycerate simultaneously suf-
fered carbonization and transformed into P-doped dual carbon
shells during the annealing process, including interior thin
carbon coating closely encircled CoP NP and peripheral
hollow carbon sphere loading a lot of CoP NPs, which were
proven by HRTEM images. These P-doped dual carbon shells
coated CoP NPs are denoted as CoP/CPDS, which not only
effectively prevent the aggregation of CoP NPs and expose
more active sites but also improve the conductivity and
durability of the catalyst during the harsh electrochemical
measurements. As expected, the electrocatalytic activities and
stability are improved.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Isopropyl alcohol (IPA, 99%) and glycerol (99%),

Co(NO3)2·6H2O, NaH2PO2 (99%), thioacetamide, Nafion, ethanol,

and other chemicals were used as received without further
purification.

2.2. Synthesis of Co−Glycerate (Co−G). The Co−glycerate
solid spheres were synthesized by one-step solvothermal process
according to a previous literature.29 Typically, 0.02 mol/L of
Co(NO3)2·6H2O was dissolved into 20 mL of 2-propanol (IPA)
under magnetic stirring at room temperature. Afterward, 4 mL of
glycerol was added into the above solution to form a transparent pink
solution. The obtained solution was transferred into a Teflon-lined
stainless-steel autoclave and performed at 180 °C for 6 h. The
obtained products were centrifuged, washed with ethanol, and dried
overnight at 60 °C. The obtained cobalt glycerate precursor was
abbreviated as Co−G.

2.3. Synthesis of CoP/CPDS, CoPNS, and Co3O4. Two different
porcelain boats separately containing NaH2PO2 (750 mg, upstream
position) and Co−G (50 mg, downstream position) were placed in a
tubular furnace for phosphorization treatment at 350 °C for 2 h under
static N2 atmosphere to obtain CoP/CPDS spheres. For comparison,
CoPNS and Co3O4 were also obtained from Co−G precursor as
follows. Co−G spheres were dispersed into the mixture of water and
ethanol and stirred for 24 h. Afterward, the collected products were
used for phosphorization reaction to obtain CoPNS. Co3O4 was
obtained via the annealing of Co−G precursor under air atmosphere
at 400 °C for 3 h.

2.4. Characterizations and Electrochemical Measurements.
The detailed characterization techniques have been described in
Supporting Information (Materials Characterization section). All the
electrochemical measurements were carried out using three electrodes
configuration connected with CHI 760E electrochemical workstation.
The measurements were performed at room temperature in alkaline

Scheme 1. Schematic Illustration for CoP NPs Encapsulated in P-Doped Dual Carbon Shells

Figure 1. SEM images (a), XRD patterns (b), and Raman spectra (c) of CoP/CPDS..

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.9b03363
Inorg. Chem. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03363/suppl_file/ic9b03363_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03363?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03363?ref=pdf


(1 M KOH) electrolyte. In electrochemical measurements, Pt wire
was used as counter electrode and saturated SCE as reference
electrode. All the measured potentials were calibrated with reversible
hydrogen electrode (RHE) using the following equation:

E E 0.245 0.059 pHRHE SCE= + + × (1)

Polarization curves for HER were recorded using linear sweep
voltammetry (LSVs) technique with scan rate of 5 mV·s−1. All
potentials in the LSV polarization curves were recorded without iR-
correction. EIS analysis was carried in the frequency ranging from 105

to 10−1 Hz with an AC amplitude of 10 mV.

3. RESULTS AND DISCUSSION

The preparation illustration of CoP/CPDS hybrid is shown in
Scheme 1. The precursors of Co−G solid spheres are obtained
via a solvothermal process. Scanning electron microscopy
(SEM) image (Figure S1, Supporting Information) shows that
their average diameter is 780 nm with smooth surface and

XRD patterns (Figure S2, Supporting Information) indicate
the noncrystalline nature. During the annealing process, the
monodispersed distribution of Co2+ ions in the Co−G
precursors ensured the formation of CoP NPs in their
respective compartmentalization; meanwhile, P-doped dual
carbon shells were also achieved via the carbonization of
glycerate in the presence of excessive NaH2PO2 as phosphorus
source; SEM images (Figure 1a) show that the hybrid remains
the sphere-like morphologies but with rough surface and
reduced diameter of 745 nm due to the shrinkage of glycerate
carbonation. More specifically, a close observation from a
broken CoP/CPDS hybrid (marked by dotted circles) shows
that the hollow carbon spheres are loaded with a lot of
nanoparticles (Inset of Figure 1a). Compared with the
previous reports, the preparation is quite cheap and facile;
the hollow carbon spheres are expected to protect CoP NPs

Figure 2. TEM images (a, b), HRTEM images (c, d) and elemental mapping images (e) of CoP/CPDS.

Figure 3. Survey XPS spectrum (a), high-resolution core Co 2p (b), P 2p (c), and C 1s (d) XPS spectra of CoP/CPDS.
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from aggregation and improve the stability during the harsh
electrochemical conditions.
The crystal structure of the hybrid is further investigated

from XRD analysis (Figure 1b). The d values of diffraction
peaks originated from CoP NPs are roughly matched with d
values of the standard patterns of orthorhombic CoP crystal
structure (JCPDS card no. 029−0497). Besides this, a broad
peak around 25° is presumed to be the (002) reflection of
amorphous carbon. The presence of amorphous carbon into
the hybrid is further proven according to Raman analysis. As
shown in Figure 1c, the two Raman bands are clearly visible at
1351 and 1587 cm−1 corresponding to G and D bands of
amorphous carbon, presumably resulting from the thermolysis
of organic groups in Co−G precursor.11,30 In contrast, the
XRD patterns and SEM images of Co3O4 and CoPNS are
displayed in Figure S3 and Figure S4 respectively.
Transmission electron microscopy (TEM) images (Figure

2a) further confirm that the hollow carbon spheres contain
numerous monodispersed NPs with the diameter of about 36
nm. These monodispersed CoP NPs are expected to provide

abundant active sites. The enlarged edge of hollow sphere
(marked by the yellow line) displays the presence of
amorphous carbon on the periphery of spheres (Figure 2b).
The unique geometry of the hybrid (lots of NPs in hollow
carbon sphere) is due to the simultaneous occurrence of
carbonation and phosphorization via nanoscale Kirkendall
effect, in which the internal cobalt ions diffused to the outward
side faster than the external phosphorus ions diffused to the
inward side during the nonequilibrium interdiffusion process at
high temperature under N2 atmospheres.31 Therefore, the
cavity formed inside the spheres. Further high-resolution TEM
observation (Figure 2c and 2d) shows that numerous NPs are
embraced by thin carbon shell. The lattice spacings of 0.18 and
0.28 nm clearly match with the (211) and (011) diffraction
planes of CoP crystal phase; the FFT analysis (inset of Figure
2d) shows a typical polycrystalline nature of CoP NPs.
Therefore, these CoP NPs with dual carbon shell protection
have the potential to be free from degradation and aggregation
to survive the long-term operation. The EDS of the hybrid is
presented in Figure S5, in which the atomic ratio of P to Co is

Figure 4. HER polarization curves (a), Tafel plots (b), double-layer capacitance (d), and EIS (e) of different samples in 1 M KOH; Exchange
current density of CoP/CPDS(c) and stability test of CoP/CPDS at 20 mA cm−2 for 15 h with graphite rod as counter electrode (f).
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found to be 1.67, slightly higher than the stoichiometric
composition of CoP. Furthermore, elemental mapping analysis
clearly indicates that spatial distribution of Co, P, and C
elements in the hybrid (Figure 2e). By contrast, carbon and
phosphors are more uniformly distributed than cobalt, which
suggests partial additional phosphors might be incorporated
into carbon layer. Therefore, based on the above analysis, it
strongly confirms that the hybrid is composed of hollow P-
doped amorphous carbon spheres encapsulating thin carbon
shell embraced CoP NPs.
The phosphor-doped amorphous carbon is regarded to offer

remarkable benefits to improve the conductivity and catalytic
activity of the electrocatalyst, not to mention the phys-
icochemical protection for preventing active CoP NPs from
degradation and aggregation.
The elemental composition of the hybrid is evaluated by

using X-ray photoelectron spectroscopy (XPS). As Figure 3a
shows, the survey spectrum of the hybrid indicates all the
existence of P 2p, C 1s, O 1s, and Co 2p elements at 134, 285,
532, and 782 eV, respectively. The large portion of carbon
suggested the carbonation of glycerate. The presence of oxygen
in the hybrid is attributed to partial retention of glycerate
framework and partial oxidation of catalyst surface, which
exposed to the air. Deconvolution peaks of Co 2p (Figure 3b)
shows that one doublet at 781.81 and 797.76 eV correspond to
Co 2p3/2 and Co 2p1/2 regions, respectively, resulting from the
oxidized cobalt species;32 the two satellite peaks at 785.42 and
802.60 eV are observed in Co 2p3/2 and Co 2p1/2 regions.
Besides, one small peak centered at 778.5 eV in Co 2p3/2
region is presumed to Co−P species,33 which positively shifts
by about 0.4 eV, compared to the bending energy of metallic
cobalt (778.1 eV). Furthermore, deconvolution peaks of P 2p
(Figure 3c) shows that one doublet at 130.38 and 129.29 eV
are indexed to P 2p1/2 and P 2p3/2 of metal phosphides (M-
P).34 Compared to the binding energy of P 2p3/2 in elemental
phosphorus (130.0 eV), the binding energy of P 2p3/2 in the
hybrid negatively shifts by about 0.71 eV. The positive shift of
metallic Co bending energy and the negative shift of elemental
P bending energy give a supportive evidence of the formation
of CoP and the occurrence of electron transfer from Co to P in
the hybrid, which will facilitate the electrochemical reaction. In
addition, the peak at 134.06 eV is assigned to phosphate
species34 (P−O bonds) due to the surface oxidation in contact
with air14 and the peak at 133.08 eV corresponds to P−C
bonds, suggesting chemical interaction between carbon layer
and P species, which can facilitate fast electron transfer and
improve the electronic conductivity.35 Besides that, the high-
resolution C 1s XPS spectra (Figure 3d) shows two peaks at
284.60 and 286.10 eV, corresponding to the C−C/CC, and
C−O/C−P bonds, respectively.11,36,37 Furthermore, the
formation of P−C and P−O bonds are also confirmed from
Fourier transform infrared spectroscopy (FT-IR), whose
stretching modes are observed at 726 and 1058 cm−1,
respectively (Figure S6).35,38 It is regarded that the P-doped
carbon layer with lower electronegativity will play a vital role to
improve the conductivity and advance water splitting.
The electrochemical analysis is used to investigate the HER

performances of the hybrid catalysts in alkaline media at room
temperature. As shown in Figure 4a and Figure S7, the HER
activities of different catalysts and the hybrid catalysts with
different weight ratios of NaH2PO2 to Co−G are compared.
Besides, the commercial Pt/C (20 wt %) catalyst is also
compared under the same conditions, which only requires a

low overpotential of 38 mV at 10 mA cm−2. The higher
overpotentials of 260 mV and 153 mV for Co3O4 and CoPNS
catalysts are required to attain the same current density. The
hybrid with the optimal ratio (NaH2PO2/Co−G = 15:1) give a
low HER overpotential of 101 mV on foam Ni and 120 mV on
glassy carbon to achieve a current density of 10 mA cm−2,
which is superior to the previous reported CoP-based catalysts
in alkaline media, such as ultrathin CoP nanosheet aerogel39

(154 mV), and N-doped carbon shell coated CoP nanocryst-
als@porous N-doped carbon substrate (165 mV).40 The HER
overpotential values of CoP-based catalyst are summarized in
Table S1 with the literature survey. Although the previous
reported with similar overpotentials, such a process we
reported here is very cheap and controllable. Therefore, the
hybrid is a promising candidate for HER electrocatalyst.41

The HER reaction kinetics are examined from Tafel slopes
which reflect on the mass transport during the electrochemical
reactions. According to the Tafel equation, it is estimated from
fitting a linear portion of recorded curves and displays in
Figure 4b. The state-of-the-art Pt/C electrocatalyst has
ultralow values of Tafel slope (35 mV dec−1), suggesting
rapid kinetics. Compared with Tafel slopes of CoPNS (132 mV
dec−1) and Co3O4 (300 mV dec−1), Tafel slope of CoP/CPDS is
79 mV dec−1, which falls in the range of 40−120 mV dec−1;
thus, the Heyrovsky and Volmer reaction become kinetically
comparable, suggesting the HER depends on the induced
charge transfers during the water dissociation. The inverse
ratio of Tafel slope gives the values of charge transfer
coefficient.19 The exchange current density of CoP/CPDS is
0.614 mA cm−2 (Figure 4c), indicating high charge transfer
ability for HER in alkaline media.
Besides the Tafel analysis, the utilization of catalytic active

sites during electrochemical reactions is estimated from the
electrochemical active surface area (ECSA) measurements,
which is calculated from electrochemical double-layer
capacitance (Cdl). The Cdl is determined by measuring CV
curves in nonfaradaic region. The CV measurements of CoP/
CPDS, CoPNS, and Co3O4 catalysts are displayed in Figure S9.
The half of the slope represents the values of Cdl and is shown
in Figure 4d. CoP/CPDS has the highest values of Cdl compared
with CoPNS and Co3O4, which indicates that CoP/CPDS
provides the more electrocatalytical surface area. Therefore,
the larger surface area possesses the more utilization of electro-
active sites that originated from P-doped dual carbon coated
CoP NPs.
In addition, the interfacial properties of catalysts highly

affected on the HER performances, which is analyzed from
fitting equivalent circuit. EIS measurements are performed at
the same potentials of −131 mV/RHE with an amplitude of 10
mV. The semicircle nature of recorded EIS curves is used to
determine the charge transfer resistance (Rct). From Figure 4e,
the Rct values of CoP/CPDS, CoPNS, and Co3O4 are 6.40, 18.32,
and 31.33 Ω respectively. The lower value of Rct indicates that
the designed hybrid electrocatalyst has high electrical
conductivity, which is more beneficial to increase interfacial
electron transfer.37 The catalytic stability plays a crucial role for
potential commercial application of catalysts, which performed
by using chronopotentiometry test at a constant current
density of 20 mA cm−2 in alkaline media. As Figure 4f shows,
no recognizable decay is observed when the time-dependent
stability test is recorded for 15 h, demonstrating the superior
stability of CoP/CPDS catalyst for HER.
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The OER performance of CoP/CPDS catalyst as anode
materials is further examined in 1.0 M KOH, together with the
OER activities of CoPNS, Co3O4, and commercial RuO2
catalysts (industrial standard) for comparison. Polarization
curves of these catalysts are recorded at a scan rate of 5 mV s−1

and a current density of 10 mA cm−2. Figure 5a shows the
CoP/CPDS-modified electrode exhibits superior electrocatalytic

activity with an impressive overpotential of 280 mV, compared
to the state-of-the-art RuO2 (318 mV), CoPNS (337 mV), and
Co3O4 (373 mV). Furthermore, the OER catalytic activity of
CoP/CPDS catalyst is remarkably superior to the ever reported
CoP-based OER catalysts, such as MOF-derived Ni2P−CoP
bimetallic phosphides15 (320 mV), polydopamine-assisted
construction of cobalt phosphide NPs embedded in N-doped

Figure 5. OER polarization curves (a), comparison of OER overpotentials (b), Tafel plots (c) of different catalysts in 1 M KOH; stability test of
CoP/CPDS at 20 mA cm−2 for 15 h (d).

Figure 6. Polarization curves of different two-electrode cells for overall water splitting (a) and chronopotentiometric curves of CoP/CPDS||CoP/
CPDS at 10 mA cm−2 in 1.0 M KOH for 15 h (b).
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carbon porous polyhedrons42 (380 mV), and CoP nano-
particles@N-doped carbon nanotube hollow polyhedron26

(310 mV). Also, we compared with previous reported catalysts
(shown in Table S2 and Figure 5b). Figure 5c gives the
respective Tafel values of CoP/CPDS (144 mV dec−1), RuO2
(109 mV dec−1), CoPNS (157 mV dec−1) and Co3O4 (177 mV
dec−1), indicating that CoP/CPDS has excellent electrocatalytic
OER activities and better charge transfer coefficient. This
superior activity is presumed from the strong integration of
spatial compartmentalization of CoP NPs in P-doped dual
carbon shells, which greatly enhance the charge transport at
the interface. The improved stability is proven by the stability
test at a constant current density of 20 mA cm−2; as shown in
the inset of Figure 5d, no decay in potential is observed after
15 h of continuous OER measurement, indicating CoP/CPDS
exhibits outstanding stability.
Considering that the superior HER and OER performances

in alkaline electrolyte, the two-electrode cell with CoP/CPDS||
CoP/CPDS as bifunctional catalysts is employed for alkaline
water electrolysis test. Lots of abundant bubbles continually
escape during the electrolysis, when a cell voltage of 1.66 V
(corresponding to overpotential of 0.43 V) is required to
achieve a current density of 10 mA cm−2 (Figure 6a). This
result indicate the CoP/CPDS catalyst coated on Ni Foam is
comparable to the state-of-the-art Pt/C||RuO2 catalysts and
superior to some previous reported bifunctional catalysts at
targeted current density, which summarized in Table S3.
Furthermore, the durability test is evaluated at a constant
current density of 10 mA cm−2 and shown in Figure 6b. The
initial potential shows negligible changes after 15 h of long-
term stability test. Therefore, the above results show that the
hybrid exhibits great potential for large-scale alkaline water
electrolysis with low cost and high efficiency.

■ CONCLUSIONS

In all, a cheap Co−glycerate-template strategy is reported as an
effective method to develop space-confined phosphidation of
CoP NPs in P-doped dual carbon shells. The unique geometry
of the hybrid not only effectively avoids the aggregation of
more active CoP NPs but also improves the conductivity and
durability of the catalyst, which help the hybrid to survive the
harsh electrochemical measurements. The optimal hybrid
exhibits superior electrocatalytic activities in alkaline media
with HER overpotential of 101 mV and OER overpotential of
280 mV at 10 mA cm−2; a low cell voltage of 1.66 V is required
for overall water splitting with superior durability after
continuous operation for 15 h. The strategy proposed here
introduces a new perspective about the development of space-
confinement strategy toward highly durable and low-cost
bifunctional catalysts for scale-up alkaline water electrolysis.
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