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A facile sequential ion exchange strategy to
synthesize CoSe2/FeSe2 double-shelled hollow
nanocuboids for the highly active and stable
oxygen evolution reaction†
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Transition metal-based nanostructures have been considered as promising substitutes for rare-earth

metal oxide electrocatalysts toward the oxygen evolution reaction (OER). Herein, we report for the first

time on a novel multicomponent metal selenide electrocatalyst based on CoSe2/FeSe2 double-shelled

hollow nanocuboids (CoSe2/FeSe2 DS-HNCs) with the highly oxidative Co3+ species, which is synthesized

via a facile sequential ion exchange strategy. The solid Co-precursor nanocuboids are first converted into

the intermediate Co2[Fe(CN)6] with a mesoporous and double-shelled hollow structure produced

through a facile ligand exchange at room temperature, and then the final CoSe2/FeSe2 DS-HNCs are

obtained by a subsequent Se ion exchange reaction. The intermediate product of Co2[Fe(CN)6] plays an

important role not only in constructing a double-shelled hollow structure but also in providing the Fe

source for the growth of the final multicomponent metal selenides. Benefiting from the nanosized

double-shelled hollow structure and mesoporous double-metal selenide shells with the highly oxidative

Co3+ species, the as-prepared CoSe2/FeSe2 DS-HNCs exhibit superior OER performance to state-of-the-

art metal selenides, including a small overpotential of 240 mV at a current density of 10 mA cm−2 and the

excellent electrochemical durability over 50 h. This work opens up a new avenue towards developing

highly active multicomponent noble-metal-free electrocatalysts.

1. Introduction

The electrochemical splitting of water into hydrogen and
oxygen has been deemed a clean and sustainable technology
for energy storage and conversion, and can become a promis-
ing alternative to fossil fuels.1,2 The oxygen evolution reaction
(OER), a crucial half-reaction in water splitting, is often con-
sidered as the bottleneck due to its sluggish kinetics involving
a four-electron-transfer step (4OH− → O2(g) + 2H2O + 4e−).3–6

Although noble-metal oxides (IrO2 and RuO2) have been identi-
fied as benchmark catalysts for the OER, their scarcity, high-
cost and undesirable stability restrict their practical
applications.7,8 Until now, many efforts have been devoted to

explore noble-metal-free catalysts and transition-metal-based
materials have exhibited such inherent advantages as earth-
abundance, low-cost and good stability.9 Apart from the well-
developed metal oxides,10–13 (oxy)hydroxides,14–16 sulfides17–19

and phosphides,20–23 metal selenides have recently arisen as a
novel type of electrocatalyst with high catalytic activity toward
the OER,24–27 such as CoSe2

28,29 and FeSe2.
30,31 However, due

to the limited OER performance with a single metal selenide,32

a method to design and synthesize multicomponent catalysts
of multiple metal selenides with well-defined nanostructures
has been proposed to achieve further improved OER pro-
perties, as has been realized with multicomponent
sulfides and phosphides for enhanced electrocatalytic
performance.24,33,34 For example, Ni–Fe mixed diselenides35

exhibit superior OER catalytic activity. The excellent electro-
catalytic properties of multicomponent metal selenides have
been ascribed to their high electrical conductivity and syner-
getic effect among different components.36

Structure-engineering with well-designed morphologies to
achieve abundant exposed reactive sites represents another
effective strategy to promote the catalytic activity.37,38

Nanostructures with a porous shell and hollow interior feature
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large active surface areas, facilitating mass and charge
transfer, which endows them with huge potential appli-
cations in energy systems.39 Most hollow structures are com-
posed of a single shell of one component which displays low
electrocatalytic activities. As such, double-/multi-shelled
hollow micro/nanostructures have attracted great attention
with advantages over traditional hollow structures toward the
OER.40,41 For example, double-shelled Co3O4/Co–Fe oxide
nanoboxes exhibit superior OER activity to single-shelled Co–
Fe oxide nanoboxes.41 However, despite these reported studies
on double-shelled nanostructures, there have been few reports
on transition-metal-based (Co-/Fe-based) selenide catalysts
with double-/multi-shelled hollow structures. In this work, we
purposely select a Co-precursor as the template to construct
new doubled-shelled hollow multicomponent metal selenides
and investigate their electrocatalytic performance.

Herein, a facile sequential ion exchange strategy has been
developed for the first time to fabricate CoSe2/FeSe2 double-
shelled hollow nanocuboids (denoted as CoSe2/FeSe2
DS-HNCs). The intermediate product of Co2[Fe(CN)6] with a
mesoporous shell and double-shelled hollow structure is first
obtained through a facile ligand exchange reaction between
the solid cuboid-shaped Co-precursors and K3[Fe(CN)6] at
room temperature. With a subsequent second ion exchange of
the selenization process, the resultant CoSe2/FeSe2 DS-HNCs
display efficient oxygen evolution, with a small overpotential of
240 mV to achieve the current density of 10 mA cm−2 in a 1 M
KOH electrolyte, and extremely good electrochemical durability
over 50 h. This work offers a novel sequential ion exchange
route to prepare multicomponent double-shelled hollow nano-
structures of metal selenide catalysts with high electroactivity
for energy conversion and storage applications.

2. Experimental section
Synthesis of Co-precursor nanocuboids (NCs)

Co-precursors were synthesized according to the reported
method42 with minor modifications. Typically, 0.512 g cobalt
acetate tetrahydrate and 1.0 g polyvinylpyrrolidone (PVP, Mw =
∼58 K) were dissolved in 80 ml ethanol in a round-bottom
flask under sonication to generate a pink solution. The
obtained solution was heated to 85 °C and refluxed under con-
tinuous stirring for 4 hours. The precipitated product was col-
lected by centrifugation and washed with ethanol ten times
and dried at 60 °C.

Synthesis of CoFe-PBA DS-HNCs

40 mg of Co-precursor NCs was dispersed in 4 ml ethanol to
obtain solution A. 40 mg of K3[Fe(CN)6] was first dispersed in
20 ml deionized water and then mixed with 20 ml ethanol to
get solution B. After pouring solution B rapidly into solution A
under continuous stirring at room temperature for 10 minutes,
the precipitate was collected by centrifugation, washed with
deionized water and ethanol three times, and finally dried at
60 °C.

Synthesis of CoSe2/FeSe2 DS-HNCs

In a typical synthesis, 30 mg of as-prepared CoFe-PBA DS-HNCs
and 60 mg of Se powder were placed at two separate positions in
a quartz boat with the Se powder at the upstream side of the
furnace. The furnace was heated to 300 °C at a rate of 2 °C min−1

under a N2 atmosphere and then maintained for 2 hours. The
as-obtained CoSe2/FeSe2 DS-HNCs were collected after cooling
down under the N2 atmosphere to ambient temperature.

Synthesis of CoSe2 nanoparticles (NPs)

The CoSe2 NPs were prepared via a selenidation of the Co-pre-
cursors with Se powder at 300 °C under a N2 atmosphere.

Materials characterization

Powder X-ray diffraction (XRD) measurements were performed
with a Philips PW3040/60 X-ray diffractometer using Cu-Kα
radiation. Scanning electron microscopy (SEM) images were
obtained with an accelerating voltage of 5 kV on a Hitachi
S-4800 scanning electron microanalyzer. Transmission elec-
tron microscopy (TEM) and High resolution TEM (HRTEM)
characterization was conducted on a JEM-2100F field emission
TEM. X-ray photoelectron spectroscopy (XPS) spectra were
acquired with an ESCALab MKII X-ray photoelectron spectro-
meter using Al Kα X-ray as the excitation source. The surface
area and porous feature of the samples were analyzed using N2

sorption isotherms recorded at 77 K on a Micrometrics ASAP
2020 surface area and porosity analyzer, with the sample
degassed under vacuum at 200 °C for 4 h.

Electrochemical measurements

Electrochemical experiments were performed at room tempera-
ture in a three-electrode system in 1.0 M KOH (pH = 13.6)
using a bipotentiostat workstation (WD20-BASIC Metrohm
PGSTAT101). The system consists of a carbon rod as the
counter electrode, a saturated calomel electrode (SCE) as the
reference electrode and a catalyst electrode as the working elec-
trode. The catalyst electrode was prepared according to a
reported method.43 Typically, 70 wt% as-prepared catalyst,
20 wt% carbon black and 10 wt% polymer binder (polyvinyli-
dene fluoride, PVDF) were dispersed in an N-methyl-pyrroli-
done (NMP) solvent to produce a homogeneous slurry. The
obtained suspension was coated onto a cleaned Ni foam sub-
strate with a loading mass density of about 1.8 mg cm−2, and
then dried at 80 °C for at least 10 hours under vacuum. All the
potentials were calibrated with respect to the reversible hydro-
gen electrode (RHE, saturated KCl) according to E(RHE) = E(SCE)
+ 0.059 pH + 0.242. Linear-sweep voltammetry measurements
were conducted at a scan rate of 2 mV s−1 and all polarization
curves were iR corrected. EIS measurements were conducted
on a Zennium E (Zahner, Germany) electrochemical work-
station with 10 mV sinusoidal perturbations ranging from 105

to 0.01 Hz. The stability performance was evaluated using
cyclic voltammetry (CV) cycles between 1 and 1.7 V (vs. RHE) at
a scan rate of 100 mV s−1 as well as the chronopotentiometry
technique.
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Rotating ring-disk electrode (RRDE) measurements

Rotating ring-disk electrode (RRDE) examination was con-
ducted in 0.1 M KOH solution on a RRDE configuration (Pine
Research Instrumentation, USA) consisting of a disk electrode
(glassy carbon) and a ring electrode (platinum), using Pt foil
and SCE as counter and reference electrodes, respectively. The
electrocatalyst was covered on the RRDE by using a Nafion
polymer binder. To examine the faradaic efficiency, the current
of the disk electrode was held at 400 μA, which is large enough
to ensure an appreciable O2 production and small enough to
minimize local saturation and bubble formation at the disk
electrode. The ring potential was maintained at a constant
value of 0.4 V vs. RHE to reduce the O2 released from the elec-
trocatalyst on the disk. The faradaic efficiency (ε) is calculated
according to eqn (1).

ε ¼ Ir=ðIdNÞ ð1Þ
where Ir and Id represent the ring current and the disk current,
respectively, and N is the current collection efficiency of the
RRDE, which is provided as 0.37 by the manufacturer.

3. Results and discussion

The sequential ion exchange strategy to synthesize the CoSe2/
FeSe2 DS-HNCs is illustrated in Fig. 1. In the first ion exchange
step, the uniform nanocuboids of Co-precursor NCs reacted at
room temperature with K3[Fe(CN)6] in a mixed solution of
water and ethanol to produce CoFe Prussian blue analogue
(CoFe-PBA) DS-HNCs. In the second ion exchange step, CoSe2/
FeSe2 DS-HNCs were obtained through the selenization of
CoFe-PBA DS-HNCs with Se powder at 300 °C.

The solid and uniform Co-precursor NCs were first pre-
pared through a facile reflux method with cobalt acetate tetra-
hydrate in the presence of PVP in ethanol. As displayed in
Fig. S1 (see the ESI†), the Co precursors are cuboids with
smooth surfaces and a typical width of ∼400 nm and the solid
cuboid structure is further confirmed by TEM images (Fig. S1c
and d; see the ESI†). The Co-precursor NCs were mixed with
K3[Fe(CN)6] in a water/ethanol solution and reacted for
10 minutes at room temperature to obtain the CoFe-PBA

DS-HNCs. The morphology and structure of the as-prepared
CoFe-PBA DS-HNCs were characterized by SEM and TEM. As
shown in Fig. 2a, the cuboid structure was maintained in the
CoFe-PBA DS-HNC product and the hollow structure can also
be clearly seen in some broken ones. Specifically, obvious
crack and double shells can be seen in Fig. 2b and the surface
becomes much rougher. The double-shelled structure can be
further confirmed by TEM. A clear space can be observed in
the inner and outer shells in every single particle (Fig. 2c–e).
In the magnified observation (Fig. 2e), the outer shell consists
of nanoparticles which accounts for the observed rough
surface in SEM images. The HRTEM image displays a lattice
space of 0.253 nm which corresponds to the distance of (400)
planes of Co2Fe(CN)6. The formation of CoFe-PBA can be
further verified by XRD analysis. As shown in Fig. S2 (see the
ESI†), the XRD pattern of the as-prepared CoFe-PBA DS-HNCs
is well matched with that of Co2[Fe(CN)6] (JCPDS no. 75-0039).
Therefore, the unique CoFe-PBA DS-HNCs are successfully syn-
thesized in the first-step ion exchange process, which is greatly
different from the usually reported single-shelled hollow CoFe-
PBA.44 A fast ion exchange process based on a self-templating
mechanism explains the formation of such a double-shelled
structure. When the Co-precursors meet K3[Fe(CN)6] in the
water/ethanol solution, the released Co2+ and [Fe(CN)6]

3− react
rapidly to produce Co2Fe(CN)6 particles which deposit on the
outer surface of the cuboids to form the first shell.41 The
released [Fe(CN)6]

3− continues to react with the inner Co-pre-
cursors underneath the Co2Fe(CN)6 shell to produce the
second shell. Finally, the solid Co-precursor NCs are converted
to CoFe-PBA DS-HNCs.

CoSe2/FeSe2 DS-HNCs can then be obtained via the second
ion exchange which occurs in the selenization process under
nitrogen gas flow. The XRD result (Fig. S3a; see the ESI†)
reveals that the as-prepared CoSe2/FeSe2 DS-HNCs consist of
cubic phase FeSe2 (JCPDS no. 48-1881) and a mixed phase of
both orthorhombic (JCPDS no. 10-0408) and cubic phase
CoSe2 (JCPDS no. 65-3327). The dominant diffraction peaks
around 2θ = 30.9°, 34.6°, 38.0°, 44.2°, 54.9°, 57.3°, 59.7° and
64.3° can be well assigned to the (200), (210), (211), (220),
(222), (230), (321) and (400) reflection planes of cubic phase
FeSe2. Additionally, the peaks around 2θ = 30.8°, 34.7°, 36.3°,
47.8° and 57.1° can be ascribed to the (110), (111), (012), (121)

Fig. 1 The schematic procedure for the sequential ion exchange strategy to synthesize CoSe2/FeSe2 DS-HNCs.
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and (211) planes of orthorhombic phase CoSe2. Moreover,
energy-dispersive X-ray spectroscopy (EDX) (Fig. S3b; see the
ESI†) shows the presence of Co, Fe, and Se elements, which
further confirms the formation of CoSe2 and FeSe2 composites.
In Fig. 3a, the SEM images show that the cuboid architecture
of CoFe-PBA is maintained in the CoSe2/FeSe2 product except
for a rougher porous surface. The double-shelled hollow

cuboid structure is further confirmed with TEM images
(Fig. 3b and c). Two sets of clear lattice fringes are revealed by
the HRTEM image in Fig. 3d, exhibiting interplanar spacing of
0.285 nm and 0.204 nm, which can be assigned to the dis-
tances of the (111) plane of CoSe2 and the (220) plane of FeSe2,
respectively. The selected area electron diffraction (SAED)
pattern (Fig. 3e) presents a series of diffraction rings due to

Fig. 2 (a and b) SEM, (c and d) TEM, (e) magnified TEM, and (f ) HRTEM images of the as-prepared CoFe-PBA DS-HNCs.

Fig. 3 (a) SEM, (b and c) TEM, and (d) HRTEM images and (e) the corresponding SAED pattern of the as-prepared CoSe2/FeSe2 DS-HNCs. (f ) STEM
image of a single CoSe2/FeSe2 DS-HNC with elemental mapping images of Co, Fe and Se.
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different diffraction planes of crystalline CoSe2 and FeSe2. The
multicomponent selenides of the products are also discovered
by energy dispersive spectroscopy (EDS) mapping (Fig. 3f). The
elements of Co, Fe and Se are uniformly distributed through-
out an individual CoSe2/FeSe2 DS-HNC, which is consistent
with the XRD and EDX results. In addition, the elemental line
scanning of CoSe2/FeSe2 DS-HNCs in Fig. S4 (see the ESI†)
shows that the elemental signal of Fe in the outer shell area is
stronger than that in the inner area while the Co element is
mainly distributed in the inner shell area, which further con-
firms the formation of double-shelled hollow structures. As
determined by N2 adsorption–desorption isotherm measure-
ment (Fig. S5; see the ESI†), the CoSe2/FeSe2 DS-HNCs exhibit
a mesoporous feature with a relatively high Brunauer–
Emmett–Teller (BET) specific surface area of 107.14 m2 g−1

and a pore size of 8.11 nm. For the aim of comparison, CoSe2
samples were also synthesized via selenidation of the Co-pre-
cursors. As displayed in Fig S6 (see the ESI†), the obtained
CoSe2 NPs exhibit an irregular structure and the XRD pattern
can be attributed to a mixed phase of cubic CoSe2 (JCPDS no.
09-0234 and JCPDS no. 65-3327).

The combination of FeSe2 with CoSe2 realized via the
sequential ion exchange strategy not only results in the hollow
double-shelled structure but also optimizes the electronic
structure through the incorporation of the highly oxidative
Co3+ species, which can be verified by the XPS technique. As
shown in Fig. 4a, the XPS spectrum of the as-prepared CoSe2/
FeSe2 DS-HNCs reveals the existence of Co, Fe and Se elements
as well as C and O. The fitted XPS curves for Co 2p of the
CoSe2/FeSe2 DS-HNCs and CoSe2 NPs are displayed in Fig. 4b.

The Co 2p XPS spectra of CoSe2 NPs show two peaks at
∼778.24 and 793.34 eV corresponding to Co0 in Co 2p3/2 and
Co 2p1/2, and two peaks at ∼779.88 and 797.43 eV corres-
ponding to Co2+ 2p3/2 and 2p1/2, respectively. However, in the
case of CoSe2/FeSe2 DS-HNCs, two new characteristic peaks for
Co3+ with higher binding energies of about 782.53 and 793.10
eV are observed, implying partial oxidation of Co0 to Co2+ and
Co3+.45 Compared with CoSe2 NPs, the bonding energy of
Co 2p spectra shifts to a high value induced by Fe atoms, indi-
cating electron transfer from Co to Fe atoms, which leads to
the decrease of the electron density around Co atoms in CoSe2/
FeSe2 DS-HNCs and produces the Co3+ species. It has generally
been acknowledged that higher oxidation of Co cations leads
to a highly active species which can accelerate the adsorption
and the reaction of OH− in the process of the OER.46 In
Fig. 4c, the high-resolution XPS spectra of Fe 2p can be decon-
volved into two peaks of 724.18 eV for Fe2+ 2p1/2 and 710.92 eV
for 2p3/2 and one peak at 714.55 eV for Fe3+ 2p3/2, indicating
partial oxidation of FeSe2.

22,31,47 As shown in Fig. 4d, two
peaks with bonding energies of 53.9 eV and 55.1 eV are attribu-
ted to Se 3d5/2 and Se 3d3/2, respectively, and the broad peak at
59.1 eV indicates the presence of SeOx which confirms surface
oxidation of the sample and is in agreement with previous
reports.48,49

The hollow structure and mesoporous shells endow CoSe2/
FeSe2 DS-HNCs with efficient oxygen evolution. The electro-
catalytic performance of the as-prepared CoSe2/FeSe2
DS-HNCs, CoSe2 NPs and CoFe-PBA DS-HNCs for the OER was
investigated in an alkaline solution (1.0 M KOH) in a standard
three-electrode system. In the linear sweep voltammetry (LSV)

Fig. 4 (a) XPS survey spectrum and high-resolution XPS spectra of (b) Co 2p, (c) Fe 2p and (d) Se 3d of the as-prepared CoSe2/FeSe2 DS-HNCs.
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measurements, the polarization curves acquired at a scan rate
of 2 mV s−1 are displayed in Fig. 5a. The overpotential values
of CoSe2 NPs and CoFe-PBA DS-HNCs are determined to be
300 mV and 340 mV at a current density of 10 mA cm−2, while
the CoSe2/FeSe2 DS-HNCs exhibit a small overpotential of
240 mV at the same current density, which is 60 mV less than
that of CoSe2 NPs. The kinetic parameters of two samples were
obtained from the corresponding Tafel plots. As shown in
Fig. 5b, the CoSe2/FeSe2 DS-HNCs display a Tafel slope of
44 mV dec−1, much lower than that of CoSe2 NPs (86 mV
dec−1), indicating much efficient OER kinetics. The electro-
chemically active surface area (ECSA) of the electrode is
another crucial factor for OER catalysts and the corresponding
electrochemical double-layer capacitance (Cdl) can be esti-
mated by measuring cyclic voltammograms in a non-faradaic
region (Fig. S7; see the ESI†). Apparently, CoSe2/FeSe2
DS-HNCs exhibit a much higher Cdl of 29.2 mF cm−2, which is
2.5 times that of CoSe2 NPs (11.7 mF cm−2). The increased
ECSA can lead to enlargement of electrochemically active sites
and enhancement of catalytic performance. Such a high Cdl of
CoSe2/FeSe2 DS-HNCs can be the result of the double-shelled
mesoporous structure. As a matter of fact, the catalytic activity
of CoSe2/FeSe2 DS-HNCs for the OER is superior to those of
noble metal catalysts (RuO2, as displayed in Fig. S8; see the
ESI†) and the previously reported catalysts (as shown in
Table S2; see the ESI†). In order to investigate the ratio of
CoSe2/FeSe2 which may influence the OER performance, we
prepared another three CoFe-PBA DS-HNC samples by using
different amounts of K3[Fe(CN)6] and after the same seleniza-
tion process different CoSe2/FeSe2 DS-HNC samples were
obtained. In Fig. S9† the SEM images indicate that the surface
of CoFe-PBA samples becomes much rougher with the
increased amount of K3[Fe(CN)6] and more broken structures

can be seen in CoFe-PBA DS-HNC-8 samples, indicating that
too much K3[Fe(CN)6] could destroy the cuboid structure. After
selenization, all the samples maintain the cuboid structure
and some broken samples can be observed in CoSe2/FeSe2
DS-HNCs-8 (Fig. S10; see the ESI†). The EDX results indicate
that the content of Fe is increased from CoSe2/FeSe2 DS-HNCs-
2 to CoSe2/FeSe2 DS-HNCs-8, which suggested that the content
of FeSe2 in CoSe2/FeSe2 DS-HNC samples is increased. As
shown in Fig. S11,† CoSe2/FeSe2 DS-HNCs display the best
OER performance with an overpotential of 240 mV at a current
density of 10 mA cm−2, while the overpotential values of other
samples are only 277 mV (CoSe2/FeSe2 DS-HNCs-2), 256 mV
(CoSe2/FeSe2 DS-HNCs-6) and 263 mV (CoSe2/FeSe2 DS-HNCs-
8), respectively.

Electrochemical impedance spectroscopy (EIS) measure-
ments were also employed to get a deeper insight into the
charge-transfer kinetics in the as-prepared catalysts. The
Nyquist impedance curves of CoSe2/FeSe2 DS-HNCs and CoSe2
NPs shown in Fig. 5c can be fitted with an equivalent elec-
tronic circuit scheme (inset of Fig. 5c) where Rs is the uncom-
pensated solution resistance, Rct represents the charge-transfer
resistance and the constant phase element (CPE) is defined by
CPE-T and CPE-P. As listed in Table S1 (see the ESI†), the
CoSe2/FeSe2 DS-HNCs exhibits a smaller Rct (2.52 Ω cm2) than
CoSe2 NPs (7.04 Ω cm2). The EIS results suggest that the
CoSe2/FeSe2 DS-HNC electrode possesses a higher rate of
charge-transfer between the electrolyte and catalysts, which is
consistent with the LSV results presented in Fig. 5a, confirm-
ing the advantageous function of the double-shelled hollow
nanostructure. The rotating ring-disk electrode (RRDE) tech-
nique was also employed to measure the faradaic efficiency. As
shown in Fig. 5d, when the disk current (Id) is fixed at 400 μA,
a ring current of about 140 μA is obtained. According to eqn

Fig. 5 (a) LSV curves of the as-prepared CoSe2/FeSe2 DS-HNCs, CoSe2 NPs and CoFe-PBA DS-HNCs for the OER test obtained in 1 M KOH solution
with a scan rate of 2 mV s−1 at room temperature. (b) The corresponding Tafel plots and (c) Nyquist plots of CoSe2/FeSe2 DS-HNCs and CoSe2 NPs.
(d) Ring current recorded on an RRDE step in 0.1 M KOH solution. (e) Multistep chronopotentiometric (CP) test of CoSe2/FeSe2 DS-HNCs carried out
at various current densities. (f ) The chronoamperometric response curve of CoSe2/FeSe2 DS-HNCs at a constant potential of 1.47 V.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 10738–10745 | 10743

Pu
bl

is
he

d 
on

 0
6 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
3/

19
/2

02
1 

12
:0

7:
54

 P
M

. 
View Article Online

https://doi.org/10.1039/c9nr02599e


(1), the faradaic efficiency of the OER occurring on the CoSe2/
FeSe2 DS-HNC catalysts is calculated to be about 94.6%.

The steady-state activity and its durability are another critical
criterion to evaluate the OER performance of an electrocata-
lyst.49 Multistep chronopotentiometric (CP) experiments were
therefore conducted and the corresponding potentials are pro-
filed with the current density increasing from 10 to 100 mA
cm−2 for each 300 s. As displayed in Fig. 5e, the responsive
potential increases accordingly at every increase of the current
density and remains stable at each increased current density,
demonstrating the great robust performance of the CoSe2/FeSe2
DS-HNC catalysts.50 In addition to the good rate performance,
long-term stability is also measured by the technique of chron-
oamperometry at a potential of 1.47 V (Fig. 5f). The current
density remains unchanged over 50 hours, indicating highly
stable OER activity under alkaline conditions. Moreover, the
durability of CoSe2/FeSe2 DS-HNCs is further supported by the
LSV, XPS, and SEM results measured before and after the
cycling test. In Fig. S12 (see the ESI†), the LSV curves show a
negligible difference after a 1000 cycle CV test with a scan rate
of 100 mV s−1. The XPS spectra displayed in Fig. S13 (see the
ESI†) reveal the chemical states of Co, Fe and Se elements in
the samples after the test. Noticeably, the Co 2p spectrum exhi-
bits a higher intensity of the Co3+ (777.8 eV) state, and the peak
of Fe3+ is stronger than that of Fe2+ in the Fe 2p spectrum,
which indicates the formation of surface oxides in the CoSe2/
FeSe2 DS-HNCs. In the Se 3d spectrum, the intensity of the Se–
Ox peak increases while that of Se 3d decreases. All the XPS
results suggest that CoFe oxo/hydroxide species are produced
on the surface of the catalysts during the OER process, which is
commonly observed on metal chalcogenides in the OER
test.48,50,51 Furthermore, as shown in Fig. S14 (see the ESI†), the
SEM images of the CoSe2/FeSe2 DS-HNCs after the OER tests
reveal the same structural features as those of the samples
before the tests, demonstrating good structural stability. The
outstanding OER activities can be ascribed to the following
aspects. First, metal selenides show high catalytic activity and
the synergetic combination of multicomponent CoSe2 and
FeSe2 further boosts the OER performance. Second, the well-
defined double-shelled hollow and porous nanostructure pos-
sesses larger surface areas and abundant exposed active sites,
which facilitates mass and charge transfer in the OER process.
In addition, Fe and the high oxidation states of Co3+ are both
active species in the catalysts which efficiently help promote the
multi-electron transfer and accelerate the adsorption as well as
the reaction of OH−. In this case, the intermediates formed in
the OER process, such as MvO and M–O–O–, are crucial to the
OER. The Co species could break the M–O bond in M–O–O
intermediates and accelerate oxygen release.52 The Fe species
also serves as the active site for the OER, which can enhance
the OER activity due to the synergetic effect between two metal
selenides. The Co3+ species induced by Fe is also a highly active
site. Moreover, Fe sites can promote the formation of MvO due
to the strong charge transfer between Fe and Co. All the above-
mentioned advantageous features demonstrate that CoSe2/FeSe2
DS-HNCs are a promising active OER catalyst.

4. Conclusions

In summary, we present a facile sequential ion exchange strat-
egy to synthesize the active catalyst of CoSe2/FeSe2 DS-HNCs
through a first-step ion exchange of K3[Fe(CN)6] with solid Co-
precursors NCs at room temperature and a second-step ion
exchange of selenization at 300 °C. The as-prepared CoSe2/
FeSe2 DS-HNCs exhibit high OER activity, resulting in a small
overpotential of 240 mV at a current density of 10 mA cm−2.
Moreover, the catalysts also demonstrate extremely good
electrochemical durability for over 50 h under alkaline con-
ditions. The outstanding OER performance originates from
the advantageous double-shelled hollow nanostructure, multi-
component CoSe2/FeSe2 and the highly oxidative Co3+ species.
This work not only offers a novel sequential ion exchange strat-
egy to synthesize double-shelled nanostructures but also
inspires a new insight into the development of high-perform-
ance multicomponent metal selenide catalysts for energy con-
version and storage applications.
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