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Abstract: Cobalt-based nanomaterials have been intensively
explored as promising noble-metal-free oxygen evolution
reaction (OER) electrocatalysts. Herein, we report phase-
selective syntheses of novel hierarchical CoTe2 and CoTe
nanofleeces for efficient OER catalysts. The CoTe2 nanofleeces
exhibited excellent electrocatalytic activity and stablity for
OER in alkaline media. The CoTe2 catalyst exhibited superior
OER activity compared to the CoTe catalyst, which is
comparable to the state-of-the-art RuO2 catalyst. Density
functional theory calculations showed that the binding strength
and lateral interaction of the reaction intermediates on CoTe2

and CoTe are essential for determining the overpotential
required under different conditions. This study provides
valuable insights for the rational design of noble-metal-free
OER catalysts with high performance and low cost by use of
Co-based chalcogenides.

The oxygen evolution reaction (OER) plays a significant role
in many electrochemical processes, such as water splitting and
solar fuel synthesis.[1] Design and synthesis of active, stable,
and low-cost catalytic materials for water splitting is pivotal to
the development of sustainable energy resources for power-
ing fuel cells.[2] In practice, however, large-scale electro-

chemical production of hydrogen from water splitting is
greatly constrained by two fundamental limitations, namely
the high overpotentials of the OER, and the lack of stability
of electrode materials.[3] Currently, the most widely used
catalysts for OER in electrolysis cells are ruthenium (Ru) and
iridium (Ir) oxides, although these elements are among the
rarest elements on earth.[4] Therefore, there is an urgent
demand for alternative catalysts which are not only suitable
for large-scale adoption but also retain high efficiency.

In the last few decades, cobalt (Co)-based OER catalysts
have been developed for potential applications of water
oxidation in alkaline environments, including nanostructured
Co3O4

[5] and related hybrids,[6] Co2O3 nanoparticles,[7] amor-
phous cobalt–phosphate-based materials (Co-Pi),[8] Co-Pi/a-
Fe2O3 composites,[9] and Co-OEC (oxygen evolving com-
plex).[10] Besides advantages, such as high-abundancy of the
metal, low cost, and high synthetic yields, these Co-based
materials can generate O2 under mild conditions and modest
overpotentials. Previous efforts have demonstrated that
CoSe2 nanobelts and CoSe2/Mn3O4 composites are promising
OER catalysts in alkaline media.[11] Herein, we show new
applications of Te, because compared to O, S and Se
chalcogenides, Te exhibits more metallic character, which is
a favorable property for electrocatalysts owing to better
electronic conductivity.[12]

Although many metal tellurides have been synthesized,
research into cobalt telluride hierarchical structures and their
applications are still rare.[13] Among various fabrication
methods, Te-nanowire-directed synthesis is emerging as one
of the most popular strategies for the fabrication of 1D
telluride nanostructures,[14] because ultrathin nanowires are
desirable templates for the fabrication of 1D nanostruc-
tures.[15] Herein, we report a facile chemical transformation
process for phase-selective syntheses of uniform hierarchical
CoTe2 and CoTe nanofleeces using ultrathin Te nanowires as
templates, which shows highly efficient OER performances.
The CoTe2 catalyst exhibited superior OER activity over the
CoTe catalyst and rivaled the state-of-the-art RuO2 catalyst in
basic media. Furthermore, such hierarchical CoTe2 nano-
fleeces also perform stably in 0.1m KOH electrolyte. Density
functional theory (DFT) calculations showed that the distinct
binding strength and lateral interaction of the reaction
intermediates on CoTe2 and CoTe is essential for the relative
order of their overpotentials and property variations under
different conditions.

Firstly, ultrathin Te nanowires (Figure S1, Supporting
Information) were synthesized by the modified method
described previously.[16] The hierarchical CoTe2 nanofleeces
were typically synthesized through a polyol reduction
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approach using the ultrathin Te nanowires as templates. The
X-ray diffraction (XRD) patterns (Figure S2) of the samples
obtained at 200 8C and 220 8C can be indexed to orthorhombic
CoTe2 (JCPDS 11-0553) and hexagonal CoTe (JCPDS 34-
0420), respectively. The Co:Te atomic ratio determined by
energy-dispersive X-ray spectroscopy (EDS) analysis (Fig-
ure S3) agrees well with the XRD result. The X-ray photo-
electron spectroscopy (XPS) binding energy data in Fig-
ure S4a reveal that the Co atoms in CoTe2 and CoTe both
correspond to Co2+ cations.[17] Furthermore, synchrotron X-
ray absorption spectroscopy (XAS) analysis also confirmed
the Co2+ oxidation state for both CoTe2 and CoTe(Fig-
ure S4b).

The morphologies and sizes of the products were studied
by field-emission scanning electron microscopy (FESEM)
and transmission scanning electron microscopy. Figure 1a
shows a typical SEM image of the hierarchical CoTe2

structures with a mean diameter of about 200 nm and length
up to several micrometers. The SEM image indicates that
a large amount of small nanofleeces align perpendicularly to
the growth axis, forming remarkable 1D hierarchical nano-
structures. The representative SEM image of as-prepared
products clearly reveals that the small nanofleeces have small
diameters of approximately 10 nm, and lengths of tens to
hundreds of nanometers. Figure 1b shows a typical HRTEM
image of a single CoTe2 nanofleece, revealing that the CoTe2

nanofleeces are structurally uniform with interlayer spacing
of about 2.71 �, which corresponds to the (120) lattice plane
of the orthorhombic CoTe2. The elemental mappings (Fig-
ure 1c) indicate that Co and Te elements are uniformly
distributed in the product. Figure 1d shows a typical SEM

image of CoTe nanofleeces, which have a similar hierarchical
structure to the CoTe2 nanofleeces. A typical HRTEM image
(Figure 1e) of a single CoTe nanofleece reveals that the CoTe
hierarchical structures are structurally uniform with inter-
layer spacing of about 2.86 �, which corresponds to the (101)
lattice plane of the hexagonal CoTe. Moreover, the N2

adsorption-desorption isotherms of the product (Figure S5)
reveal that the hierarchical CoTe2 and CoTe nanofleeces have
BET surface areas of 97 and 75 m2 g�1, respectively, which are
fairly high for transition-metal–chalcogenide materials. Such
a high surface area is attributed to the tiny branched
nanofleeces with average diameters of about 10 nm.

To understand the formation mechanism of hierarchical
CoTe2 nanofleeces, the growth process was carefully tracked
by time-dependent experiments. We used XRD to analyze the
phase evolution of this reaction (Figure S6). After maintain-
ing the solution at 110 8C for 1 h, all of the XRD peaks could
be indexed to the hexagonal phase of Te. When the reaction
temperature was increased to 200 8C for 15 min, trace peaks of
CoTe2 appeared in the XRD pattern, which indicated that
CoTe2 began to form. Upon prolonging the reaction time to
30 min, the product consisted predominantly of CoTe2,
although the hexagonal phase of Te was also present. No
hexagonal Te diffraction peaks were observed when the
reaction time was increased to 1 h, which indicated that the Te
component was completely transformed into CoTe2.

The samples taken from the synthesis mixtures at different
time intervals were then analyzed by SEM to capture the
morphology evolution process (Figure 2). Figure 2a shows
a schematic illustration of the proposed growth mechanism
for hierarchical CoTe2 nanostructures. In order to evaporate
the trace amount of water, we first heated the solution at
110 8C for 1 h. During this process, the diameter of the
nanowires grew from 7 nm to approximately 30 nm, and the
surface of the nanowire became much rougher (Figure S7).
When the temperature was raised to 200 8C, numerous
growths appeared on the surface of the nanowires. As time
progressed, further material grew out of the nanowires,
forming long nanofleeces, eventually covering the entire
nanowire surface after a 1 h reaction time. As the reaction
proceeded to 2 h, the nanofleeces continued to grow, and the
average diameter reached about 20 nm. We have conducted
a series of experiments to optimize the conditions for the
syntheses of high-quality hierarchical CoTe2 nanostructures.
In our experiments, we found that the ratio of oleylamine:o-
leic acid (OAm:OA), the amount of Co(acac)2, the reaction
temperature, and reaction time play important roles in the
formation of uniform hierarchical CoTe2 nanostructures
(Figure S8–S11).

To appraise the catalytic properties of the new hierarch-
ical CoTe2 nanostructures for electrochemical oxidation of
water to oxygen, films of hierarchical CoTe2 nanostructures
were prepared on glassy carbon electrodes for cyclic voltam-
metry (CV) in O2-saturated 0.1m KOH. Similar measure-
ments for hierarchical CoTe nanostructures, Pt/C (20 wt %),
and a commercial RuO2 reference, were also performed for
comparison. Figure 3a shows their linear sweeps in an anodic
direction, from which we can see that the hierarchical CoTe2

nanostructures exhibit greater current densities as compared

Figure 1. SEM images of hierarchical CoTe2 (a) and CoTe (d) nano-
structures. HRTEM image of single CoTe2 (b) and CoTe (e) nano-
fleeces. c, f) HAADF-STEM characterization of single nanofleeces, and
the corresponding elemental mappings of Te (red) and Co (green).
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to hierarchical CoTe nanostructures, Pt/C, and RuO2. The
current density of 10 mAcm�2 can be achieved at a small
overpotential of approximately 0.357 V for our catalyst,
which is better than the best reported Co3O4/graphene
catalyst with a similar loading (0.25 mg cm�2).[6] Note that

the overpotential of current density at
10 mAcm�2 of the CoTe2 catalyst is com-
parable to, or smaller than, those of the
well-studied Co-based OER catalysts in
the literature (Table S1). Figure 3 b shows
that the Tafel slope of the hierarchical
CoTe2 nanostructures is approximately
32 mVdec�1, which is smaller than that
of RuO2, hierarchical CoTe nanostruc-
tures, and previously reported Co-based
OER catalysts such as CoSe2/Mn3O4 com-
posites,[11a] Co3O4

[5] and Co3O4/graphene
hybrids[6] at similar loading, and compara-
ble to the best known OER catalysts in
basic media.[18] We calculated a TOF
(turnover frequency) of 0.20 s�1 associated
with CoTe2 nanostructures at an overpo-
tential of 350 mV in 0.1m KOH, which was
higher than the 0.12 s�1 of CoTe nano-
structures, and comparable to 0.22 s�1 of
RuO2.

In addition, the hierarchical CoTe2-
nanostructured catalyst also exhibited
high stability for OER. Figure 3 c shows
that after 2000 potential cycles, the CoTe2

nanostructures afforded nearly unchanged
J–V curves, only with negligible decreases
to the anodic current, while the anodic
current decreased by about 80 % and 70%
for the hierarchical CoTe nanostructures
(Figure 3d) and the state-of-the-art RuO2

(Figure S12) at 1.60 V versus RHE (rever-
sible hydrogen electrode), respectively.
We performed XRD and XPS measure-
ments after 2000 potential cycles (Fig-
ure S13, S14), which showed that no
obvious phase and valence changes were
observed after long-term electrolysis. As
shown in Figure S13c,d, the original hier-
archical nanostructure of CoTe2 was
retained after 2000 potential cycles of
electrolysis, while the morphology of CoTe
was destroyed, which explains the differ-
ent stabilities of CoTe2 and CoTe catalysts.
The excellent stability of the CoTe2 system
can be evidenced further from the chro-
noamperometric measurements. As shown
in Figure S15, at a current density of
10 mAcm�2, the overpotential produced
in the CoTe2 catalyst exhibited no meas-
urable increase over 24 h of continuous
operation. This extraordinary durability
shows promise for practical applications of
the catalysts over the long term.

We then studied the OER activities of the products
obtained at different time intervals (Figure S16a). The low
OER activities of the products obtained at 15 min and 30 min
are attributed to the presence of impurities and the poor
crystallinity of remnant Te nanowires, while the low OER

Figure 2. a) Schematic illustration of the proposed growth mechanism for hierarchical CoTe2

nanostructures, TREG= triethylene glycol); b) SEM image of the product obtained at 110 8C
for 60 min; SEM images of the products obtained at 200 8C for c) 0; d) 5; e) 10; f) 15; g) 20;
h) 30; i) 60; and j) 120 min.

Figure 3. a) Polarization curves for OER of several catalysts as indicated. b) Tafel plot
(overpotential versus log current) derived from (a). c, d) OER polarization curves of
hierarchical CoTe2 (c) and CoTe (d) nanofleeces before and after different cycles of accel-
erated stability tests.
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activities of the products obtained at 2 h
could be the result of low surface areas.
We also studied the OER activities of the
products obtained at different tempera-
tures (Figure S16b). The low OER activ-
ities of the products obtained at 180 8C are
also attributed to impurities and poor
crystallinity of remnant Te nanowires,
while the low OER activities of the
materials obtained at 250 8C are attributed
to the particular phase of CoTe its even
lower surface area.

To rationalize the superior electro-
chemical performance of CoTe2 and
dependence on the phase, we propose
that high surface area, electrical conduc-
tivity, and activities between the reaction
intermediates and CoTe2 or CoTe, are
essential. Firstly, the hierarchical structure
of CoTe2 nanofleeces offers large surface
areas, which increases contact between the
electrolytes and electrode materials, thus
enhancing the electrocatalytic activities of
the electrodes. This can be justified by the
larger BET area of 97 and 75 m2 g�1 for CoTe2 and CoTe,
respectively (Figure S5). To gain more insights into the
electrochemically active surface area of materials, the capaci-
tance of the corresponding double-layer of CoTe2 and CoTe
nanostructures were measured. As shown in Figure S17, the
capacitance of CoTe2 electrode is 0.357 mF cm�2, while the
capacitance of CoTe electrode is 0.266 mFcm�2. Therefore,
the CoTe2 catalysts have a more electroactive surface than
that of CoTe, which corroborates its enhanced reactivity.
Secondly, the kinetics of electrode reactions for CoTe2 and
CoTe nanostructures were probed by electrochemical impe-
dance spectroscopy (EIS) techniques (Figure S18). The
smaller Rct value found for CoTe2 electrodes, compared with
that of CoTe, suggests a higher electrical conductivity for
CoTe2.

DFT investigations (see Supporting Information for
details) of the two dominant facets, CoTe(101) and CoTe2-
(120) (Figure S19 and S20), showed that CoTe2 and CoTe bind
differently with the reaction intermediates involved in
OER.[19] The standard reaction free energy profiles DG
(Figure 4), taking into account the electrochemical condi-
tion,[19b, 20] shows that the third step is potentially the limiting
step (see Table S3 for details), which is consistent with
previous calculations on metals or metal oxides in acidic
conditions.[19c,20,21] At a lower coverage of 0.5 monolayer (with
respect to surface five-fold Co atoms), the corresponding
overpotential of CoTe2 is 1.01 V, which is larger than that of
0.92 V for CoTe. This explains why the observed h of CoTe2 is
larger than that of CoTe at low current (Figure 3a). With an
increase of the applied external potential (and the current),
anionic OH� tends to accumulate at the anode, forming
adsorbed OH*, O*, and OOH* species (* indicating an
adsorption site), and increasing the surface coverage. By
calculating the DG profile in the presence of 0.5 monolayer
pre-adsorbed OH*/O*/OOH* (see Figure S21, S22 and

Table S2, S3), it is not surprising that the differential binding
strength for all intermediates involved are weakened on both
surfaces because of increased lateral repulsion. Interestingly,
the extents of destabilization for the intermediates considered
on two surfaces are different, especially for O* and OOH*.
Accordingly, the order of the overpotential between CoTe2-
(120) and CoTe(101) is reversed with the pre-adsorbed
species. This can be seen in the free-energy profile with pre-
adsorbed 0.5 monolayer O* plotted in Figure 4c and 4d. This
shows that the different lateral interactions between the
reaction intermediates at higher coverage have a high impact
on the overpotential. The computational result rationalizes
the trend variation of the electrocatalytic activity of CoTe2-
(120) and CoTe(101) under different conditions.

In summary, we have demonstrated a facile chemical
transformation process for phase-selective syntheses of novel
hierarchical CoTe2 and CoTe nanofleeces using ultrathin Te
nanowires as templates. This CoTe2 catalyst exhibited excel-
lent OER activity and stability in alkaline media. The high
surface area and electrical conductivity of CoTe2 and CoTe
nanostructures played an essential role in their superior
electrocatalytic performances. DFT calculations showed that
the binding strengths and lateral interactions of the reaction
intermediates involved on CoTe2 and CoTe in OER are
essential for determining the overpotential required under
different conditions. This study describes the significant
potential for designing high-performance and low-cost OER
catalysts from metal tellurides, which are desirable for energy
conversion technologies.
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Oxygen Evolution Reaction
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Phase-Selective Syntheses of Cobalt
Telluride Nanofleeces for Efficient Oxygen
Evolution Catalysts

Fleeced: Hierarchical CoTe2 nanofleeces
were synthesized by using ultrathin Te
nanowires as templates. They exhibited
excellent electrocatalytic activity and
stablity for the oxygen evolution reaction

(OER) in alkaline media. The CoTe2

catalyst exhibited superior OER activity to
the CoTe catalyst and was comparable to
the state-of-the-art RuO2 catalyst.

Angewandte
ChemieCommunications

6 www.angewandte.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2017, 56, 1 – 6
� �

These are not the final page numbers!

http://www.angewandte.org

