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Transition metal sulfides are of great relevance in pho-
toelectrochemical catalytic reactions [1–3], due to their
unique electronic structure, tunable composition and
morphology, and the possibility of large scale synthesis.
We have been looking for low-cost, high-efficiency, and
durable catalysts, and also aim to understand their cata-
lytic mechanism and achieve their large-scale preparation.
Currently, the main strategies toward these goals include:
(1) a noble metal catalyst is replaced by non-precious
metals, (2) the catalytic properties are regulated by sur-
face engineering and heteroatom doping, (3) the catalytic
mechanism is investigated by dynamics and thermo-
dynamics. In previous studies, we have reported a num-
ber of highly efficient catalysts based on non-precious
metals with specifically designed structures, such as
coaxially layer-tunable MoS2 [4], vertically edge-termi-
nated MoS2 [5], micropolyhedral ZnS [6,7], and hetero-
junction WS2/MoS2 [8]. The preparation methods include
pulsed laser deposition, and hydrothermal and dipping
methods combined with chemical vapor deposition.
These studies can be considered as starting points for

proposing an innovative method to design and achieve
highly efficient and stable catalysts. The development of
such novel methods often implicate surface engineering
[9–11] and organic/inorganic hybrid materials [12,13];
however, few studies have been successful. Enhancing the
catalytic effect usually involves four aspects: (1) max-
imizing the specific surface area to increase the contact
with the reactants; (2) tuning the electronic structure,
adjusting the energy level and controlling the charge
transfer efficiency by doping with hetero atoms; (3) di-
rectly exposing the highly active facets of a material by

controlling the crystal growth process; (4) achieving a
long lifetime based on the design of the physicochemical
structure.
Cobalt sulfide is a widespread mineral that presents

different stoichiometries, e.g., CoS, CoS2, Co3S4, and
Co9S8 [14]. Among them, cobalt pyrite (CoS2) is con-
sidered a promising catalyst in the energy conversion and
storage fields [15] because of its high electrocatalytic ac-
tivity and cost-effectiveness. Numerous efforts have been
made toward the surface engineering of CoS2, since the
electrocatalytic performance heavily relies on the surface
area, atomic structure, morphology, and type of facet.
These factors influence the catalytic activity and lifetime
of the material, suggesting that it is of great importance to
understand the relationship between the structure design,
preparation method, and catalyst performance. For in-
stance, NiS2 octahedral nanocrystals with exposed (111)
facets exhibit a higher catalytic performance toward I3

−

reduction than the cubic nanocrystals with (100) facets
due to the better surface adsorption energy in the former
[16]. Moreover, incorporating Fe ions into NiS2 can ef-
fectively increase the adsorption energy of the iodine
atom on the {111} facet to accelerate the reduction of I3

−

[17]. This means that doping may further improve the
catalytic activity because dopants may affect the activity
and stability of crystal planes. In addition, CoS2 doped
with P and N remarkably decreases the over-potentials
for hydrogen evolution reactions because the reaction
barriers decrease after doping [18,19]. Therefore, doping
engineering may improve the activity and stability of
active facets.
Herein, we designed Cu-doped CoS2 polyhedrons that
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contain {111}, {110}, and {100} planes. Their electronic
structures, surface energies and surface adsorption en-
ergies before and after copper doping were predicted by
first principle calculations. The polyhedrons were pre-
pared on F-doped tin oxide (FTO) substrates by a hy-
drothermal method. The truncated tetragonal
bipyramidal shape of CoS2 can be transformed from oc-
tahedrons to polyhedrons after Cu doping. The growth
mechanism of the polyhedrons was elucidated using a
slab model and the Wulff construction. The catalytic ef-
ficiency and stability were estimated for the reduction
reaction of I3

− to I−.
Density functional theory (DFT) calculations were

performed to determine the electronic structure of CoS2
before and after Cu doping in terms of the band structure
and the partial and total density of states (PDOS and
TDOS) analysis (Fig. 1a). CoS2 is a typical n-semi-
conductor that shows metallic nature due to its d-electron
configuration, (t2g)

6(eg)
1 [20]. After Cu doping, no addi-

tional band gaps appear around the Fermi energy level,
indicating the metallic nature of Cu-doped CoS2. This is
mainly because of the similarities between cobalt and
copper, especially their atomic sizes, electronegativities,
and bonding properties. The PDOS diagrams show two
new energy bands near the Fermi level of Cu-doped CoS2.
This is caused by p-d hybridization, which results from
the overlaps of S 3p orbitals with Co and Cu 3d orbitals.
That is, there is a bonding effect on S−Co and S−Cu

bonds. The major contributions on the TDOS near the
Fermi levels are attributed to localized Co and Cu 3d
orbitals. Therefore, the intrinsic metallicity, overlapped
orbitals, and bonding effect would ensure a highly effi-
cient electron transfer between reactants and catalysts,
and thus promote the electrocatalytic efficiency.
For the catalytic kinetic model, the rate-determining

step of the total reaction: eI + 2 3I3 , is the adsorp-
tion and desorption process between the iodine atom and
the catalyst surface active site: eI + 2 2I2 [21]. The
adsorption energy is employed to differentiate the inter-
action intensity between the catalyst surface and the
electroactive species. The adsorption-desorption model
between iodine and various crystal planes, such as the
(111), (110), and (100) facets, was based on slab models
(Fig. 1b). The adsorption energies between CoS2 and the
iodine atom are −3.49, 0.68 and −4.25 eV, for the (111),
(110) and (100) facets. After Cu doping, the adsorption
energy on these facets is −2.00, −1.52 and
−3.13 eV, respectively. As a reference, the noble metal
catalyst Pt has an adsorption energy of −1.26 eV [21].
This value allows to reach the equilibrium state during
the adsorption and desorption processes. Before doping,
the contribution of the (111) plane to catalysis is greater
than that of (110) and (100), which influences the geo-
metry of the crystal grain. After doping, the catalytic
ability of all three phases improves, i.e., their adsorption
energies tend toward that of Pt. Therefore, doping can

Figure 1 DFT calculations for CoS2 before and after Cu doping: (a1) band structure, (a2) TDOS plots, and (a3) PDOS plots of bulk CoS2 and Cu-
doped CoS2, showing the bonding and antibonding states relative to the Fermi level. Slab models of bare CoS2 with (b1) (111), (b3) (110) and (b5) (100)
surfaces. Iodine adsorbed on Cu-doped CoS2 (b2) (111), (b4) (110) and (b6) (100) surfaces. S: yellow, Co: blue, Cu: red, I: brown. Wulff prediction of
crystal structures: (c1) {111} pure surface, (c2) {110} Cu-doped surface, (c3) Cu over-doped {100} surface. Green: {111}, Blue: {110}, red: {100}. (d) Cu-
doped CoS2 growth on TiCl4-treated FTO substrate.
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simultaneously enhance the number and quality of the
active crystals.
The effect of Cu doping on crystal planes’ formation

was also predicted by the surface energy calculations
using the Wulff construction (Fig. 1c and Table S1). The
surface energy is the most important thermodynamic
parameter in crystal growth regulation. The values for the
CoS2 {111}, {110} and {100} planes are about 0.36, 1.12
and 1.48 J m−2, indicating the thermodynamic stability is
in the order of {111} > {110} > {100}. CoS2 crystals can be
theoretically modeled as a regular octahedron with eight
equivalent {111} facets, but it is known that such crystals
are subject to phase impurities, coalescence and ag-
gregation that lead to irregular shapes. Thus, we analyzed
the feasibility of controlling the tendency of crystal
growth. The surface energies of the {111}, {110} and {100}
planes on Cu-doped CoS2 increased to 0.92, 1.25 and
2.41 J m−2. In particular, the slight increase on {110} in-
dicates that this plane can be easily grown with Cu
doping. Meanwhile, it is difficult for the {111} and {100}
planes to grow due to the increased surface energy
(Table S2). Therefore, when doping with Cu, the trun-
cated tetragonal bipyramidal shape of CoS2 is trans-
formed from an octahedron to polyhedron, which
consists of twelve equivalent {110} planes, eight {111}
planes, and six {100} planes. With the increase of the
number of active crystal planes, the stability remains
mostly unchanged, thus ensuring the long-term stability
and highly efficient catalytic activity.
Catalyst loading on a conductive substrate is usually

done to confer catalytic properties to a functional device.
However, it is difficult to form CoS2 particles directly on
FTO substrates. Therefore, we used TiCl4 to treat the FTO
surface and enhance the lattice match degree, thus in-
creasing the CoS2 distribution density on the substrates.
Table S3 shows the lattice constants of SnO2, TiO2 and
CoS2. When the polyhedron grows on bare FTO sub-
strates, the distribution of CoS2 is sparse due to the lack of
effective growth sites. TiCl4 pretreatment can accelerate
the CoS2 growth rate and increase its density on the
substrate (Fig. 1d). This can be explained by the strong
attraction beteween the Co2+ cationic precursor and
oxygen-containing groups of the TiO2 layer.
Then, Cu ions were introduced as nucleation seeds for

crystal growth. The growing process was compared with
that involving TiCl4 pretreatment of the FTO surface
(Fig. S1). With increasing CuCl2, the particle size and
morphology of precipitates vary greatly (Fig. S2). Large
and irregular particles appear when no CuCl2 is added. As
the amount of CuCl2 gradually increases, the irregular

particles become smaller and more regular. The corre-
sponding atomic percentages were estimated by the en-
ergy-dispersive X-ray spectroscopy (EDX). The Cu
atomic ratio was 0.5%, 1.5%, 2.8% and 8.3%, respectively
(Fig. S3). As seen in Fig. S4, for the Cu-0 sample, peaks
were observed at 30.6°, 47.0°, and 32.3°, in addition to the
characteristic diffraction peaks of FTO at 26.3°, 33.5°,
37.6°, 51.4°, 61.4°, and 65.3°. The detected peaks can be
assigned to CoS (JCPDS 65-3418) and CoS2 (JCPDS 41-
1471), suggesting a low phase purity. However, better
phase purity is observed for Cu-0.5, Cu-1.5 and Cu-2.8.
The diffraction peaks at 27.9°, 32.3°, 36.2°, and 54.9° are
well indexed to the (111), (200), (210), and (311) planes of
CoS2. No obvious peaks related to CoS are present. In Cu-
8.3, a new peak emerges at 31.2º, which corresponds to
(113) plane of CuCo2S4 (JCPDS 42-1450). This mixed
crystal phase may be the cause of the irregular nano-
particles’ shape.
Fig. S5 shows the time-dependent structure and dis-

tribution of the Cu-2.8 sample. The gradual growth of
crystals, which corresponds to a typical hydrothermal
growth process, is clearly observed. At the initial stage,
Thioacetamide (TAA) decomposed into H2S and then
reacted with Cu2+ and Co2+ in the form of a complex.
Small and irregular particles were formed and scattered
on the FTO surface. Then, a mixture of polyhedrons and
irregular-shaped CoS2 of different sizes was observed.
When the reaction time exceeded 10 h, the well-dispersed
and well-formed polyhedrons grew much denser. The
dense and uniform CoS2 polyhedrons were well devel-
oped on FTO during a 20-h hydrothermal reaction. The
formation mechanism of the polyhedrons corresponds to
the Ostwald ripening process, where the growth velocity
along the (100) direction was faster than that along the
(111) direction, thus leading to the polyhedral structure.
The particle size distribution of Cu-2.8 ranges from 380
to 480 nm (Fig. S6).
The scanning electron microscopy (SEM) micrographs

show that Cu-doped CoS2 with sharp conners and edges
is evenly distributed on FTO, indicating the homo-
geneous dispersion of Cu, Co and S (Fig. 2a). The ele-
mental ratio and particle size are consistent with the EDX
results. Fig. 2b shows the transmission electron micro-
scopy (TEM) and selected area electron diffraction
(SAED) analysis of single crystal CoS2. The diffraction
spots have lattice spacings of 2.77, 2.27 and 1.85 Å, cor-
responding to the (200), (112) and (212) facets of CoS2.
Moreover, the lattice distances of 3.92, 3.22 and 2.49 Å
can be ascribed to the (101), (111) and (210) planes of
CoS2, respectively. The angle between the (111) and (101)
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facets is 90°, highly consistent with the theoretical value
of cattierite CoS2. The detected lattice distances were
slightly enlarged compared with those reported for pure
CoS2 (3.91, 3.20 and 2.47 Å). This may be caused by the
successful Cu doping because the ionic radius of Cu is
larger than that of Co.
The effects of Cu doping on the surface states can be

observed in the X-ray photoelectron spectroscopy (XPS):

two peaks at 932.3 and 952.1 eV are assigned to the
Cu 2p3/2 and 2p1/2 (Fig. 2c), respectively. The difference
between the binding energies of these two peaks is
19.8 eV, implying a valence state of Cu+ [22,23]. The
peaks at 933.8 and 954.3 eV are attributed to Cu2+. The
Co 2p spectra exhibit two doublets (Fig. 2d). The first
doublet, at 778.8 and 793.9 eV, can be indexed to
Co3+ 2p3/2 and Co3+ 2p1/2 electrons, agreeing with previous

Figure 2 Characterizations of Cu-2.8. (a) SEM and EDX mapping; (b) TEM, high resolution TEM (HRTEM) and SAED pattern; and (c) Cu 2p and
(d) Co 2p XPS spectra.
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reports [20]. The second doublet, at 780.7 and 797.5 eV,
correspond to Co2+ 2p3/2 and Co2+ 2p1/2 electrons. The
difference between Co 2p3/2 and Co 2p1/2 is about 15.1 eV,
confirming the coexistence of both Co3+ and Co2+ [24–
26]. The S 2p spectrum shows peaks at 162.5, 163.6 and
168.9 eV that can be ascribed to the S 2p3/2 and S 2p1/2
electrons and a satellite peak, respectively (Fig. S7).
Therefore, the surface of CoS2 polyhedrons shows a
variety of valence metals, including Cu+, Cu2+, Co3+, Co2+,
and S2−. Such variety of surface valences would likely
contribute to the enhancement of the catalytic efficiency.
The catalytic reduction from I3

− to I− was selected as a
model reaction to evaluate the electrocatalytic activity of
the Cu-doped CoS2 polyhedron/FTO system. Fig. 3a de-
monstrates that the short-circuit photocurrent density
(Jsc) and photoelectric conversion efficiency (PCE) values
increase and then decrease with increasing Cu as dopant.
When the amount of Cu was small, the Jsc of the Cu-0.5
counter electrode (CE) decreased from 14.3 to
14.0 mA cm−2. The poor crystallinity and low coverage on
the FTO substrate led to a decrease in catalytic perfor-
mance and in the Jsc. When further increasing the content
of Cu, the PCE of Cu-1.5 and Cu-2.8 CEs reached 7.02%
and 7.34%, respectively, which are close to the value of
conventional sputtered Pt CEs (7.37%). The enhancement
of the PCE and Jsc values of Cu-2.8 CE are mainly as-

cribed to the optimized absorption energies on both {111}
and {110} planes, which leads to an accelerated adsorp-
tion/desorption process of the I−/I3

− couple. The over-
doped Cu-8.3 CE suffered from a remarkable decline in
PCE, 4.93%, caused by the poor morphological and
structural properties mentioned above. The photovoltaic
performances are listed in Table S4. The high and low Jsc
values can be further explained in terms of the electro-
chemical properties of the CEs. Based on the cathodic
peak current density (Jcp) and peak-to-peak separation
(Epp), the two pairs of redox peaks imply a good elec-
trocatalytic ability of the Cu-doped CoS2 polyhedron CEs
(Fig. 3b). The Cu-0 CE exhibited the same Epp (0.32 V) as
that of a Pt CE, indicating the fast electron transfer at the
electrode interface. The Epp value of the Cu-2.8 (0.28 V)
CE was smaller than that of Cu-0, indicating an enhanced
conductivity. In addition, the Jcp values were as follows; Pt
(1.53 mA cm−2) < Cu-0.5 (1.73 mA cm−2) < Cu-1.5
(1.75 mA cm−2) < Cu-2.8 (1.86 mA cm−2) (Table 1). These
results indicate that Cu doping actually enhances the
catalytic active sites. The changes in current density and
electrochemical impedance were monitored to evaluate
the catalytic activity. The exchange current density (J0)
and limiting diffusion current density (Jlim) were eval-
uated to investigate the reaction kinetics (Fig. 3c). The
Cu-2.8 CE reached a higher Jlim (60.3 mA cm−2) than a Pt

Figure 3 (a) Photocurrent density-voltage (J-V), (b) CV, (c) Tafel polarization and (d) Nyquist plots with the equivalent circuit model.
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CE (54.9 mA cm−2). Since Jlim determines the ionic dif-
fusion coefficient, a higher Jlim indicates a faster diffusion
of the I−/I3

− couple. The relationship between J0 and the
charge transfer resistance (Rct) is J0=RT/nFRct, where R is
the gas constant, T is the absolute temperature, F is the
Faraday’s constant, n is the number of electrons involved
in the reduction reaction. The J0 values were: Cu-8.3
(0.68 mA cm−2) < Cu-0.5 (0.77 mA cm−2) < Cu-0
(0.85 mA cm−2) < Cu-1.5 (0.94 mA cm−2) < Cu-2.8
(1.13 mA cm−2), demonstrating the best catalytic activity
would be for Cu-2.8. Moreover, Cu-2.8 CE displayed a
higher J0 than the Pt CEs, which indicates a higher elec-
tron transfer capability for the Cu-doped CoS2 poly-
hedrons. The interfacial electron transfer process was
analyzed by electrochemical impedance spectrum (EIS)
(Fig. 3d). The evaluated parameters included the charge
transfer resistance (Rct), series resistance (Rs) and War-
burg diffusion resistance (Ws) in different frequency re-
gions. A small Rs value of 18.3 Ω cm2 was achieved by the
symmetrical Cu-2.8 CE, and was similar to that of the Pt
CE (16.4 Ω cm2), possibly due to the strong interaction
with the substrate. Such low Rs value would favor the
electron migration at the CoS2/FTO interface, thus im-
proving the Jsc and fill factor (FF). It is worth noting that
the Cu-2.8 CE has the largest constant phase element
(CPE), which can be attributed to the reduced particle

size that increases the catalytic surface area. In addition,
the Cu-2.8 CE displayed a lower Rct (2.77 Ω cm2) than the
Pt (6.88 Ω cm2) and Cu-0 (6.86 Ω cm2) electrodes, in-
dicating the Cu dopant can reduce the Rct and improve
the electrical conductivity of CoS2. The low impedance
characteristics may lead to a highly efficient electron
transfer in the reaction, thereby improving the catalytic
efficiency. These observations were consistent with the
DFT results; the Cu-doped CoS2 polyhedrons exhibited
an accelerated electron transfer at the electrode/electro-
lyte interface, and also an improved I3

− catalytic reduc-
tion.
The long-term durability of the catalysts was estimated

by successive cyclic voltammetry (CV) and EIS mea-
surements in a highly corrosive iodine electrolyte. After
120 CV scans, the plot geometry and peak current size
were almost unchanged (Fig. 4a). For Cu-2.8 CE, the
values of Rct, Rs and Ws remain almost the same, whereas
for Pt, Rct increases from 6.88 to 10.5 Ω after 10 cycles
(Fig. 4b and c). The stability of Cu-2.8 can be ascribed to
its ultra-stable single crystalline nature and high re-
sistance to chemical corrosion.
In summary, when CoS2 is doped with Cu, the number

of active crystal planes is effectively increased and the
relative stability of the crystal planes is improved. The
crystal plane synergy is mainly evidenced in the crystal

Table 1 The parameters of Pt, Cu-0, Cu-0.5, Cu-1.5, Cu-2.8 and Cu-8.3

Sample Epp (V) Jcp (mA cm−2) Jlim (mA cm−2) J0 (mA cm−2) Rs (Ω cm2) Rct (Ω cm2) CPE (μF cm−2) Ws (Ω cm2)

Pt 0.32 1.53 54.9 6.76 16.4 6.86 7.76 2.03

Cu-0 0.32 1.75 56.2 7.07 20.4 6.67 3.18 5.14

Cu-0.5 0.35 1.73 42.6 5.88 17.4 13.4 11.7 7.43

Cu-1.5 0.26 1.75 57.5 8.71 21.5 3.91 15.7 3.13

Cu-2.8 0.28 1.86 60.3 13.5 18.3 2.77 39.3 2.91

Cu-8.3 0.35 1.63 38.9 4.78 17.9 7.34 22.7 2.26

Figure 4 (a) Successive CV curves of Cu-2.8 CEs at a scan rate of 50 mV s−1. Repeated EIS curves of (b) Cu-2.8 and (c) Pt CEs in acetonitrile solution.
EIS: 10 cycles, ranging from 105 to 0.1 Hz.
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growth and electron transfer processes. The number and
stability of active crystal planes can ensure a highly effi-
cient and stable catalytic activity. Moreover, the absorp-
tion energies of the (111), (110), and (100) facets can be
optimized to −2.00, −1.52, and −3.13 eV, respectively, due
to the accelerated adsorption/desorption of the I−/I3

−

couple. A high PCE of 7.34% was achieved with dye-
sensitized solar cells based on the Cu-doped-CoS2 CEs,
which is comparable to the value obtained with Pt
(7.37%). The results of this work provide an interesting
approach for designing and preparing high-performance
non-precious metal catalysts in large-scale.
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具有高催化活性和长期稳定性的铜掺杂CoS2多面体
印杰1†, 陈品2†, 卢明龙1†, 宋利黎1, 张仁云3, 徐峰4, 吴宁宁2,
王育乔1*

摘要 过渡金属硫化物作为贵金属的替代材料具有成本低和催化
活性高的特点. 本文中, 我们提出了一种直接在导电玻璃上可控生
长Cu掺杂CoS2多面体的方法, 并通过调节活性晶面的分布和数量
使其具有高催化活性和稳定性. 铜掺杂后, CoS2的表面结构可以由
无序的纳米粒子转变为多面体, 包含12个{110}, 8个{111}和6个
{100}晶面. 活性晶面的数目和稳定性由此得到改善, 并且对I3

−离
子的还原反应表现出了高效而稳定的催化活性. 我们利用Wulff构
筑法和第一性原理计算研究了铜掺杂CoS2多面体的生长机理和催
化过程. 结果表明, Cu(0.5 At.%)掺杂后, CoS2样品的电荷转移速
率、吸脱附I原子的能力和稳定性均得到增强, 其催化性能可以和
Pt媲美.
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