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Cobalt phosphide nanofibers derived from metal-organic framework
composites for oxygen and hydrogen evolutions
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ABSTRACT The fabrication of one-dimensional (1D)
nanocatalysts with high active surface areas is very important
to the development of high-performance catalysts but chal-
lenging. Through the phosphidation of metal-organic frame-
work (MOF) nanofiber (NF) composites, bifunctional cobalt
phosphide NFs (CoP NFs) which showed a diameter of about
100 nm and length of several micrometers as well as a large
catalytic surface area were successfully fabricated and used as
the electrocatalysts for water splitting. Taking the advantage
of this MOF-derived strategy, a series of 1D nanostructures
including Co3O4 NFs, and carbon NFs immobilized with CoP
or Co nanoparticles were also synthesized and investigated.
The density of active sites and catalytic performances of CoP
NFs could be improved by the modulation of Cu-related spe-
cies. The uniform Cu-doped CoP NFs showed the best catalytic
performances for both oxygen and hydrogen evolutions with
the overpotentials of 330 and 170 mV, respectively, which are
comparable to those of commercial noble-metal catalysts. This
work provides a facile process to fabricate 1D bifunctional
electrocatalysts with desired functionalities for energy-related
applications.
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INTRODUCTION
Electrochemical water splitting is an effective approach for
renewable energy generation, while the synthesis of high-per-
formance electrocatalysts is challenging [1–4]. Sluggish kinetics
on catalysts is the main problem for both oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) during
water splitting. To date, the most efficient electrocatalysts for
OER and HER are noble-metal catalysts, such as Pt-, Ru- or Ir-
based materials, while these catalysts usually suffer from scarcity,
high cost and poor stability [5,6]. Transition metal phosphides,
which are considered as the most promising candidates to
replace noble metals in electrocatalysis systems, have been

extensively studied in recent years owing to their relatively high
activity, easy synthesis, and low cost with earth abundance [7–
10]. As a member of metal phosphides, cobalt phosphide (CoP)
shows a wide-pH activity for electrocatalytic reactions, but the
intrinsic poor conductivity and durability of CoP nanostructures
hinder their practical applications in energy storage and con-
version [11–13].
Generally, the catalytic performances of electrocatalysts

strongly depend on their compositions and morphologies, as
well as the accessible active sites on the surface [4,14–17].
Doping or immobilizing a second active species on the catalyst is
an effective method to improve their intrinsic activities. CoP
nanocatalysts modulated by other transition metal species could
significantly enhance their electrochemical performances
through a synergetic effect [12,18–20]. Constructing CoP
nanoparticles (NPs) into specific morphology with well-defined
pores or shapes would also improve the catalytic properties by
adjusting the utilization of the active surface [21,22]. To opti-
mize the structure of these nanocatalysts, the fabrication of one-
dimensional (1D) metal phosphide nanofibers (NFs) seems to be
a promising strategy to improve the intrinsic activity owing to
the enhancement of the transfer ability for mass and electrons,
as well as the unique advantages to prevent the aggregation of
nanocatalysts [23,24]. To date, though much effort has been
applied to synthesize CoP NFs, efficient approaches to fabricate
porous CoP NFs with uniform morphologies and large catalytic
surface areas are still challenging.
In the past decade, crystalline metal-organic framework

(MOF) nanostructures have been widely used as precursors for
the fabrication of functional carbons, metal oxides, metal
phosphides and/or their composites with relatively high active
surface area [25–28]. The sizes and distribution of metal-based
NPs could be controlled by adjusting the pyrolysis conditions
[29–31]. Owing to the decomposition of ligands, the resulting
carbon species would efficiently prevent the aggregation and
growth of NPs, forming a large number of active sites and more
accessible surface areas, which finally improved the catalytic
activity of catalysts [32,33]. MOF-derived metal phosphides
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usually focused on the nanocomposites with phosphide NPs
immobilized on carbon-based supports, while the relatively poor
instability of carbon under high oxidation potentials restricted
their applications in OER [15,33]. To enhance the stability and
catalytic surface area of nanocatalysts, we developed a kind of
Cu-doped CoP (Cu-CoP) NFs by using MOF NF composites as
precursors. The 1D porous Cu-CoP NFs with uniform mor-
phology and high density of active sites on the surface were
synthesized via a facile pyrolysis-phosphidation process, and
showed superb catalytic performances for both OER and HER in
alkaline conditions.

EXPERIMENTAL SECTION

Synthesis of Co-MOF-74 NF
The synthesis process of MOF NFs was similar to our previous
work [14]. Generally, cobalt(II) acetate tetrahydrate (4.0 g) was
first dissolved in a methanol solution (150 mL) under vigorous
stirring. Then, a methanol solution (150 mL) containing 2,5-
dihydroxyterephthalic acid (1.2 g) was poured into the above
solution, and the resulting mixture was stirred for about 4 h at
room temperature (RT). The resulting precipitate was collected
and washed with methanol two times, followed by water two
times and then dispersed in 150 mL H2O. The mixture was then
transferred into two Teflon-lined autoclaves, tightly capped, and
placed in an oven at 175°C for 12 h. After cooling to RT, the
yellow precipitate was collected and washed with water and
methanol. The final product (labeled as Co-MOF-74-NF) was
kept in methanol for further use.

Synthesis of MOF-NF@CuPPy
As bimetal-MOF NFs with both Co and Cu are not easy to
synthesize, Cu was introduced into the MOF composites by
using Cu2+ as the oxidant to coat a thin layer of polypyrrole
(PPy) on the surface of Co-MOF NFs (MOF-NF@CuPPy). Co-
MOF-74-NF (0.2 g) was firstly dispersed in 100 mL H2O, and
0.4 mL pyrrole was dropped and stirred for about 5 min to form
a homogeneous mixture. Afterwards, 50 mL aqueous solution
containing 0.68 g CuCl2·2H2O was added into the above mixture
and stirred at RT for about 48 h until its color changed into
black. The resulting products (labeled as MOF-NF@CuPPy)
were washed with water several times and then dried in a cooling
machine for further use.

Synthesis of CoP NF and Cu-CoP NF
The as-prepared Co-MOF-74 NF (or MOF-NF@CuPPy) was
transferred into a ceramic boat and placed into a temperature-
programmed furnace under air atmosphere. With a heating rate
of 2°C min−1, the temperature was increased to 250°C and kept
for 2 h before cooling. The resulting black solid was collected
and labeled as Co3O4 NF or Cu-Co3O4 NF. Then, about 0.1 g
Co3O4 NF (or Cu-Co3O4 NF) and 0.3 g NaH2PO2 were separately
placed into a temperature-programmed furnace under an argon
flow with the NaH2PO2 at upstream of the flow. The tempera-
ture was raised to 300°C with a heating ramp rate of 2°C min−1

from RT, and maitained at 300°C for 1 h. After cooling down
naturally, the resulting products were collected and labeled as
CoP NF (or Cu-CoP NF).

Characterizations
Powder X-ray diffraction (XRD) measurements were performed

on a Rigaku Ultima IV X-ray diffractometer with a Cu Kα source
(40 kV, 40 mA). Fourier transform infrared spectroscopy (FT-
IR) analyses were carried out on a Shimadzu IRTracer-100 in air
mode. N2 adsorption/desorption isotherms were used to analyze
the surface areas and pores of the catalysts, which were tested at
liquid nitrogen temperature (77 K) after the dehydration under
vacuum at 120°C for 12 h using automatic volumetric adsorp-
tion equipment (Belsorp-max). X-ray photoelectron spectro-
scopic (XPS) analyses were conducted on a Shimadzu ESCA-
3400 instrument. Morphologies of the catalysts were observed
via a field-emission scanning electron microscope (FE-SEM,
Regulus8200). Transmission electron microscopy (TEM) and
high-angle annular dark-field scanning TEM (HAADF-STEM)
images were taken by using a JEM-ARM200FC equipped with
CEOS Cs correctors at 120 kV. Energy dispersive X-ray spec-
trometry (EDS) elemental mapping analyses were performed on
the JED-2300 attached to the JEM-ARM200FC.

Electrochemical measurements
Electrocatalytic measurements were carried out in a three-elec-
trode cell using a rotating ring-disk electrode (RRDE) with a
CHI7088E electrochemical workstation at ambient conditions. A
graphite rod and a Ag/AgCl electrode in saturated aqueous KCl
solution were used as the counter and reference electrodes,
respectively. A catalyst-loaded glassy carbon rotating disk elec-
trode (RDE, 5 mm in diameter, 0.196 cm2 of geometric surface
areas) was used as the working electrode. All potentials in this
study refer to reversible hydrogen electrode (RHE, ERHE =
EAg/AgCl + 0.059pH + 0.198 V). Catalyst inks were prepared by
ultrasonically dispersing 5.0 mg powder into 1.0 mL mixture
solution (0.48 mL ethanol, 0.48 mL H2O and 40 μL 5%-Nafion
solution). The mixture was sonicated for about 60 min to form a
homogeneous ink. Then, a certain volume of catalyst ink was
dropped onto the surface of glassy carbon, giving a loading of
0.4 mg cm−2 for all samples. After being dried at RT naturally,
the catalyst-loaded electrode was tested in a 1.0 mol L−1 KOH
aqueous solution. Linear sweep voltammetry (LSV) measure-
ments were conducted at a sweep rate of 10 mV s−1. To value the
stability of these samples, the catalysts were loaded on a nickel
foam with a geometric surface area of about 0.4 cm−2 instead of
glassy carbon.

RESULTS AND DISCUSSION

Crystal, morphology and composition characterizations
Crystal structures of these samples were firstly measured by
XRD. Co-MOF-74 NF and MOF-NF@CuPPy showed the same
diffraction patterns (Fig. S1). After being calcinated in air, most
carbon in the samples was removed, forming the composite NFs
with Co3O4 as the main phase (Fig. 1, Figs S2 and S3). As shown
in Fig. 1b, Cu-Co3O4 NFs converted into Cu-CoP NFs via the
phosphidation process. The similar XRD diffraction patterns of
CoP and Cu-CoP demonstrated the same crystalline structure of
the two samples. N2 sorption isotherms showed a sharp increase
of gas adsorption at the relative pressure of 0.9–1.0, while very
weak adsorption was observed between 0 and 0.6, suggesting the
meso- or macro-porous structure of these NFs (Fig. 1c) [28].
Brunauer–Emmett–Teller (BET) surface areas of Co3O4 NFs and
Cu-Co3O4 NFs were about 55.8 and 59.5 m2 g−1, respectively,
larger than those of CoP NFs and Cu-CoP NFs with values of
16.1 and 22.9 m2 g−1, respectively. Consistent with the sorption
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curves, pore size distribution curves also confirmed the existence
of mesopores in these MOF-derived nanocatalysts (Fig. S4,
Table S1).
Morphologies of the catalysts were observed by SEM, and all

the samples presented a uniform 1D morphology, forming a
cross-linked structure (Figs S5–S7). Cu-CoP NFs showed a
diameter of about 100 nm, while the length of NFs reached up to
several micrometers (Fig. 2a). As observed from the SEM ima-
ges, there are many pores on the surface of NFs. TEM analysis
demonstrated that NFs are composed of tiny CoP NPs, with a
small fraction of carbon species (3 wt%) between the slits of
these NPs (Fig. 2b, Fig. S8). It is believed that the ligand-derived
carbon between Co3O4 NPs could efficiently prevent the growth
of NPs during the phosphidation process, resulting in the for-
mation of metal–carbon interface with more accessible active
sites. HAADF-STEM images displayed that the particle size of
Cu-CoP was about 10–20 nm (Fig. 2c). The distance of 0.38 nm
is consistent with the interplanar spacing of {101} planes of CoP
(Fig. 2d) [34,35]. EDS mapping of a Cu-CoP NF demonstrated
the existence of C, N, O, P, Co and Cu in the sample (Fig. 2e).
The uniform distribution of Cu along the long axis suggested the
successful doping of Cu in CoP NFs.
XPS analysis was used to study the chemical status of the as-

prepared samples. Consistent with the EDS mapping results,
survey spectrum of Cu-CoP NFs revealed the existence of C, N,
O, P, Co and Cu on the surface (Fig. 3a, Fig. S9). The P 2p
spectrum could be divided into three peaks, which centered at
about 129.0, 130.0, and 134.2 eV, corresponding to the P 2p3/2,
P 2p1/2 and P–O species, respectively (Fig. 3b). The high intensity
of P–O species was ascribed to the superficial oxidation of metal
phosphides when exposed to air [11]. In the Co 2p spectrum,

peaks located at about 778.6 and 793.7 eV were ascribed to
Co 2p3/2 and Co 2p1/2 for Co–P bonds, while the peaks at about
782.5 and 798.5 eV corresponded to the oxidation peaks of Co
owing to the partially oxidized Co species on the surface (Fig. 3c)
[22]. Compared with CoP NFs, the Co–P bands in Cu-CoP NFs
showed a relatively high binding energy with a value of about
0.2 eV, suggesting that Cu doping could effectively tune the
electronic structure of CoP. As shown in Fig. 3d, the Cu 2p
spectrum showed two obvious peaks at 932.5 and 952.6 eV,
corresponding to the Cu–P bonds [19,20]. Similar results were
observed in CoP NFs except for the absence of N and Cu-related
species (Fig. S10).

OER
Catalytic activities toward OER of the as-prepared samples were
measured in a 1.0 mol L−1 KOH aqueous solution. Owing to the
highly active metal phosphides with well-defined morphologies,
LSV curves showed that Cu-CoP NFs presented the best OER
performance with an overpotential of 330 mV at 10 mA cm−2

(Fig. 4a, b), smaller than those of Cu-Co3O4 NFs (357 mV),
Co3O4 NFs (409 mV), CoP NFs (373 mV), and commercial
RuO2 (424 mV), which was also comparable to those of very
recently reported results, such as S-doped NiFe-layered double
hydroxide (LDH) [36], yolk-like Mn-Co-Se [37], CoP-carbon
nanotube [38] and Cu3P nanoarrays on a conductive support
[39]. The Tafel slope of Cu-CoP NF was about 102 mV dec−1,
much superior to the commercial RuO2 (165 mV dec−1), sug-
gesting the great potential of this kind of nanocatalysts (Fig. 4c).
To have further insights into the intrinsic activity of electro-
catalysts, BET-normalized polarization curves were carried out
and Cu-CoP NFs exhibited the highest current density com-

Figure 1 (a) Synthetic strategies for bifunctional Cu-CoP NFs. (b) XRD patterns and (c) N2 sorption curves of the prepared catalysts.
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Figure 2 (a) SEM, (b) TEM, (c, d) HAADF-STEM images, and (e) elemental maps of C, N, O, P, Co and Cu in Cu-CoP NFs.

Figure 3 (a) Survey curve, (b) P 2p, (c) Co 2p and (d) Cu 2p spectra of Cu-CoP NFs.
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pared with other catalysts at the same potential, demonstrating
the higher density of active sites on the surface (Fig. S11).
Additionally, double-layer capacitance (Cdl), which is considered
to be linearly proportional to the electrochemical surface area
(ECSA), was also tested to further understand the density of
catalytic active sites [40]. Cu-CoP NFs showed the largest Cdl
with a value of 10.5 mF cm−2, which is about 1.7 times that of
CoP NF (6.1 mF cm−2), 5.5 times that of Cu-Co3O4 NFs
(1.9 mF cm−2) and more than 6.5 times that of Co3O4 NFs
(1.6 mF cm−2), demonstrating that Cu-CoP NFs have a much
larger ECSA for the catalytic reaction. Although Cu-Co3O4 NFs
and Co3O4 NFs have much higher BET surface areas, their
ECSAs are lower than those of Cu-CoP NFs and CoP NFs. This
suggests that CoP NFs with a porous structure own more
accessible active sites on the surface for OER and the doping of
Cu in CoP will further increase their catalytic performances
(Figs S12 and S13). Indeed, the reconstructed Co-species at high
valences contribute more to OER [41]. The high density of active
sites on CoP NFs indicates that the surficial CoP is partially
converted into oxidized Co-P species, which are more active
than the oxidized Co-O species on the surface of Co3O4 [38]. It is
easy to understand that Cu-CoP NFs could provide additional
active sites for OER, due to the conversion of Cu-P into oxidized
Cu-P species during the catalytic process [39]. Of course, when
the oxidation process took place on the surface of bulk NFs, the
core of NFs still retained the intact structure, resulting in a
superb catalytic durability. Thus, Cu-CoP NFs showed the lar-
gest ECSA and the best OER catalytic performances.
It should be mentioned that the morphology of nanocatalysts

also showed a great influence on catalytic properties. Compared
with NFs with a cross-linked structure, CoP NPs and Cu-CoP

NPs showed much larger overpotentials with values of 433 and
404 mV, respectively (Figs S14–S16), demonstrating the advan-
tage of this fiber structure. Generally, uniform 1D structures can
display a superior conductivity to particle-like materials, attrib-
uted to the unique direction for the transfer of electrons. Besides,
the superb OER performances of Cu-CoP NFs might also be
closely related to the retained carbon or N-doped carbon
between metal phosphide NPs. Though these retained carbon
species are not the direct active sites for OER, they might also
contribute greatly for catalytic reactions such as accelerating the
transfer of electrons, and facilitating the release of gases during
the reaction [28]. However, too much carbon in the catalysts
would deteriorate their catalytic performances. In comparison
with Cu-CoP NFs, N-doped porous carbon NFs immobilized
with Cu-CoP NPs (NCNF/Cu-CoP) exhibited much lower OER
performances under the same testing condition, though their
BET surface areas and pore volumes are several times higher
than that of Cu-CoP NFs with limited carbon species. This
might be because too much carbon will cover part of metal
phosphides and decrease the utilization of metal-related active
sites (Figs S17–S24). The stability of Cu-CoP NFs was tested at
a current density of 10 mA cm−2, which exhibited a stable vol-
tage at 1.54 V over 20 h (Fig. 4d). No obvious changes were
observed for LSV curves before and after the stability test, sug-
gesting the excellent OER durability of Cu-CoP NFs in alkaline
conditions.

HER
Apart from the superb OER performances, Cu-CoP NFs also
showed good HER activity in a 1.0 mol L−1 KOH aqueous
solution. As shown in Fig. 5, Cu-CoP NFs exhibited an over-

Figure 4 (a) LSV curves, (b) the corresponding overpotential graph, and (c) Tafel slopes of the as-prepared catalysts for OER. (d) Potential change at a stable
current density of 10 mA cm−2, with the inset showing LSV curves before and after the stability test.
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potential of 176 mV to reach 10 mA cm−2 (Fig. S25), lower than
those of CoP NFs (186 mV), Cu-CoP NPs (282 mV), and CoP
NPs (243 mV), and much superior to those of Cu-Co3O4 NFs
(409 mV) and Co3O4 NFs (537 mV). Though Cu-CoP NFs
showed a higher overpotential than commercial Pt/C (70 mV),
its Tafel slope was comparable to that of Pt/C nanocatalysts (88
vs. 83 mV dec−1) and much lower than that of other samples,
indicating the fast HER kinetics on Cu-CoP NFs. The compar-
able OER performances of Cu-CoP NFs and CoP NFs displayed
that Co-related species are the main active sites for the hydrogen
evolution process in alkaline conditions. Compared with Cu-
CoP NFs, NCNF/Cu-CoP with a high content of carbon
exhibited a relatively low activity, further demonstrating the
lower density of active sites on the carbon-based nanocatalysts
(Fig. S26). Therefore, the control of morphology and active site
distributions of nanostructures is essential to the development of
functional electrocatalysts.

CONCLUSIONS
Metal phosphide NFs with a diameter of about 100 nm and
length of several micrometers were synthesized by using the
MOF composite NFs as precursors. The catalytic activity of CoP
NFs could be improved by the modulation of Cu species, which
efficiently adjusted the electron structure of Co and provided
addictional active sites for catalytic reaction. Cu-CoP NFs
exhibited superb catalytic performances in alkaline condition for
both OER and HER with the overpotentials of 330 and 176 mV,
respectively. A limited content of carbon in this kind of nano-
catalysts enhanced the catalytic performances, while too much
carbon would deteriorate their activity by decreasing the
accessible active sites. The outstanding performances of Cu-CoP
NFs can be attributed to the fomation of a large catalytic surface
area, and the unique 1D porous morphology that facilitates the
catalytic reaction. This work provides a facile process to syn-
thesize bifunctional catalysts with desired morphologies and
compositions.
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MOF衍生的磷化钴纳米纤维用于电催化氧析出和氢
析出反应
邹联力1,4, 魏永生1, 王秋菊4, 刘铮2, 徐强1,3,5*, Susumu Kitagawa1,3*

摘要 高性能催化剂的开发和利用是能源领域的研究热点, 其中制备
具有高活性面积的一维纳米催化剂是目前的难点. 本研究以金属有机
框架(MOF)复合纤维为前驱体, 通过热处理-磷化过程制备了具有氧析
出(OER)和氢析出(HER)双功能特性的CoP纳米纤维. 该MOF衍生策略
也可以用来制备其他一维纳米材料, 如Co3O4纳米纤维、Co/C纤维和
CoP/C复合纤维. 研究表明, CoP纳米纤维的直径约100 nm, 长度可达
几微米, 具有较高的活性面积. 通过Cu掺杂改性可以提高CoP纳米纤维
的催化活性, 碱性条件下测得其对OER和HER的过电位分别为330和
170 mV, 可与商业的贵金属催化剂相媲美. 该工作也为一维双功能电
极催化剂的制备及功能化提供了研究基础.
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