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• CuInTe2 nanowires are synthesized via
the bismuth (Bi)-seeded solution-
liquid-solid (SLS) growth.

• Analysis for electrical properties and
surface area is proposed for these ter-
nary system CuInTe2 nanowires.

• CuInTe2 nanowires as an anodematerial
in the lithium ion batteries have an at-
tractive discharge capacity of
385 mAh/g at 5C.
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CuInTe2 nanowires were synthesized via the bismuth-seeded growth in the solution-liquid-solid (SLS) process under 350 °C as
lithium-ion battery anodes.
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For the first time, CuInTe2 nanowires in I–III–VI2 chalcopyrite ternary system were synthesized via the bismuth
(Bi)-seeded solution-liquid-solid (SLS) growthunder 350 °C. CuInTe2 nanowiresweremade byusing themixture
of Cu(acac)2, InCl3 and Te powder as precursors, bismuth 2-ethylhexanoate [Bi[N(SiMe3)2]3] as growth seed so-
lution and tri-n-octylphosphine (TOP) as solvents, respectively. As-made CuInTe2 nanowires are single crystals
with a tetragonal chalcopyrite structure with diameters ranging from 10 to 200 nm. In addition, as an anodema-
terial in the lithium ion batteries, the capacity of CuInTe2 nanowires in charging/discharging rate of 0.1C capacity
of 780mAh/g after 200 cycles (1C= 572mAh/g), showing the accomplished reversibility. Furthermore, the dis-
charge capacity (385 mAh/g) at 5C rate is still higher than the theoretical capacity of graphite (372 mAh/g),
showing the attractive performance in the fast charging/discharging rates.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

I–III–VI2 (I: Cu, Ag, III: Al, Ga, In and VI: S, Se, Te) chalcopyrite ternary
systemhas caught intense attraction for its unique distinction, including
large absorption coefficient, direct band gap and high power conversion
efficiencies [1–3]. In this system, the compound type is rich in this
he.nthu.edu. (H.-Y. Tuan).
region, and many efforts have been done in photovoltaic devices and
thin films [4–6]. However, these devices and films usually require va-
pour deposition process in high temperature. In such situation, it not
only needs large energy consumption, but also faces the difficulty of ex-
periment design being carried out.

In the application of the lithium ion batteries, nanowire has stable
and outstanding performance compared with different types of the
nanostructures, such as nanoparticles, thin films and nanorods [7–9].
First, the length of nanowires has no effect on the boundaries for the
electronic performance. Secondly, nanowires could be dispersed in
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solvents easily and tangled densely while forming slurry which can in-
crease the energy storage density. Moreover, nanowires do not shatter
in to smaller pieces after cycling, which can provide long-cycle-life
[10] have higher capacity both in high and low current rates.

The metal-seeded vapour-liquid-solid process has been a widely-
used method for making semiconductor nanowires [11–14]. In 1995,
Buhro et al. report the solution-liquid-solid (SLS)mechanism to synthe-
size crystalline III–V types nanowires in solution for the first time
[15–18] Since then, other binary system [19–22], such as CdSe and
CdS, and ternary alloyed materials [16–18], such as ZnSexTe1−x nano-
wires [19], by SLS process were made during these two decades
[20–23], However, only several examples could be successfully made
on ternary system nanowires [21,22,24,27]. In 2009, Wooten et al. re-
ported the SLS process to synthesis CuInSe2 nanowires by using the bis-
muth (Bi) precursor nanocrystals as the growth seeds [12]. In 2011,
Korgel et al. reported the CuInSe2 nanowire synthesis through SLS pro-
cess with Bi precursor as growth seeds and applied the nanowires in
photovoltaic devices [25]. Later, in 2013, Shaoming Huang et al. synthe-
sized CuInS2 nanowires by Ag2S-seeded SLS process [26].

We here demonstrate the synthesis of single crystal CuInTe2 nano-
wires for the first time by using the mixture of Cu(acac)2, InCl3 and Te
powder as precursors, Bi precursor (bismuth 2-ethylhexanoate (Bi[N
(SiMe3)2]3) as growth seed source, and tri-n-octylphosphine (TOP) as
solvent, respectively. The CuInTe2 nanowires were examined as anode
materials in lithium ion batteries. In a half-cell test, CuInTe2 electrode
has a capacity of 780 mAh/g after 200 cycles at a charging/discharging
rate of 0.1C (1C = 572 mAh/g), which is two time higher than the the-
oretical capacity of graphite (372 mAh/g). As at higher charging/
discharging rate, the capacity at 5C rate is 385 mAh/g, which is still
higher than graphite. These results show that CuInTe2 has attractive
performance in the lithium ion battery applications.

2. Experimental

2.1. Chemicals

All reagents are analytical grade and commercially available. Copper
(II) acetylacetonate (Cu(acac)2; ≥99.9%), Indium(III) chloride (InCl3;
99.999%), tellurium (Te; 99.997%), trioctylphosphine (TOP; 90%),
oleylamine (OLA; 70%), chloroform (≥99.5%), toluene (99%) and ethanol
(99.99%) were purchased from Sigma-Aldrich corporation. Bismuth 2-
ethylhexanoate (Bi[N(SiMe3)2]3) was purchased from Alfa Aesar
Fig. 1. XRD pattern of Bi-seeded CuInTe2 nanowires: the insert is the simulated tetragonal
chalcopyrite structured of CuInTe2.
corporation. Li metal foil (99.9%), Cu metal foil (10 μm), Celgard mem-
brane (PP/PE/PP), electrolyte (1.0 M LiPF6 in a 1:1 mixture of ethylene
carbonate (EC)/dimethyl carbonate (DMC)), poly(vinylidene fluoride)
(PVDF), N-methyl-2-pyrrolidinone (NMP; 99%), super-p carbon black
and coin-type half-cells (CR2032) were purchased from SYNergy
ScienTech Corp.

2.2. Synthesis of CuInTe2 nanowires

CuInTe2 nanowires were synthesized in a 50 ml three-neck flask
connected to the Schlenk line system under an argon atmosphere.
Firstly, 10 ml TOP and a glass-coated stir bar were loaded into three-
neck flask. The flask was purged with argon at 130 °C for 30min in con-
tinuing stirring. The stock solutionwas prepared by adding 0.157 g of Cu
(acac)2, 0.066 g of InCl3, 0.0375 g of Te powder, 5 ml TOP and a glass-
coated stir bar into a 20 ml sample vial in a glovebox. The sample vial
was sealed by a rubber septum. Next, removed from the glovebox, the
sample vial was purged with argon and heated up to 100 °C. In order
to dissolve the precursor, the sample vial then was sonicated. Mean-
while, 0.2 M of Bi-OLA was prepared by 0.1 ml Bi[N(SiMe3)2]3 in
9.9 ml OLA in a glovebox. After all the preparation, the 50 ml three-
neck flask was increased to 320 °C at a ramping rate of 10 °C/min.
When three-neck flask reached 320 °C, 0.2 ml of 0.2 M Bi-OLA and the
dissolved stock solution were sequentially injected into the three-neck
flask. When the temperature was reheated to 320 °C, stopped the reac-
tion and quenched to room temperature by water batch. The whole
reactioncessfully made on ternary system nanowire solvent had turned
to black, which indicates the formation of CuInTe2 nanowires. After
cooling down to room temperature, the resulting CuInTe2 nanowires
were sonicated in chloroform for 1 h, then washed by centrifugation
at 8000 rpm for 5 min with approximately 2:3 v/v chloroform and eth-
anol for several times. The product was annealed at 500 °C in a 5% H2/
95% Ar atmosphere for 3 h in order to remove the excess ligand (TOP)
on the nanowires' surfaces, and was dispersed and kept in toluene for
further analysis.

2.3. Lithium-ion battery assembly and electrochemical characterization

The anode electrode was prepared by mixing active materials
(CuInTe2 nanowires, 75 wt%) with 15 wt% of PVDF binder and 10 wt%
of super-p carbon black in NMP solvent to form homogeneous slurry,
which was then spread onto the copper foil. Followed by removal of
NMP and residual water, the electrode was dried at 50 °C in air and
then at 130 °C under Ar gas. Prior to a cell assembly, the electrode was
densely pressed by a rolling press machine, and cut into a 12mm diam-
eter circle shape afterwards. The coin-type half-cells (CR2032) were as-
sembled inside an argon glovebox, contained a composite electrode,
separator (Celgard membrane) and Li metal foil soaked in an electro-
lyte. The electrolyte solution was 1.0 M LiPF6 in a 1:1 mixture of EC/
DMC. The electrochemical performance of the CuInTe2 nanowires was
measured by using Maccor Series 4000 instruments.

2.4. Characterization

Nanowires were characterized using X-ray diffraction (XRD), fo-
cused ion beam scanning electron microscope (FIB-SEM), X-ray photo-
electron spectroscopy (XPS), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS) and EDS mapping. X-ray
diffraction (XRD) analysis was performed on a Rigaku Ultima IV X-ray
diffractometer using Cu Kα radiation source (λ = 1.54 Å), and the
XRD samples were prepared for the powders by drying the CuInTe2
nanowires on a glass substrate. SEM samples were prepared by
dropping a few drops of nanowires in toluene on Si substrates, and
the SEM images were obtained on Hitachi S4500 at an accelerating volt-
age of 5 kV. XPS data was obtained using an XPS instrument (PHI
Quantera SXM/Auger: AES 650), and the XPS samples were prepared



Fig. 2. (a) SEM image, (b–d) TEM images of the Bi-seeded CuInTe2 nanowire after annealed. (e) The EDS pattern of the nanowire product. The inset is the percentage of the atomic ratio of
CuInTe2, and (f) the EDS mapping of the Bi-seeded CuInTe2 nanowire.
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Fig. 3. (a) SEM image, (b) TEM image, and (c) diameter distribution diagram of CuInTe2 nanowires.
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in the same way with SEM samples. The TEM and HRTEM images were
obtained on JEOL-2100HT and JEOL JEM-3000F, and the TEM samples
were prepared by dropping an aliquot of CuInTe2 nanowires in toluene
onto 200mesh carbon-coated copper grids. Moreover, the EDS samples
were prepared by dropping an aliquot of CuInTe2 nanowires in toluene
onto 200mesh carbon-coatednickel grids in order to accurately confirm
the Cu percentage. The EDS and EDS mapping were obtained on field
emission gun transmission microscopy (FEI-TEM; Philips Technai G2
Dispersive X-ray Spectrometer (EDS)). Brunauer–Emmett–Teller Sur-
face Area Analysis. The BET surface area was determined by nitrogen
physisorption at −196 °C (model AS1, Quantachrome, Boynton Beach,
FL, U.S.A.). The sample in the form of dried powder was first degassed
for 24 h at 200 °C.

3. Results and discussions

3.1. CuInTe2 nanowire synthesis

CuInTe2 nanowires made by the Bi-seeded solution-liquid-solid
(SLS) process, were carried out in the presence of Cu(acac)2, InCl3, Te
powder, bismuth 2-ethylhexanoate (Bi[N(SiMe3)2]3) and tri-n-
octylphosphine at 320 °C in 50 ml three-neck flask attached to the
Schlenk line system under an argon steam. X-ray diffraction (XRD) pat-
tern of products were compared and interpreted with standard
database (shown in Fig. 1). All fingerprint diffraction peaks were re-
ferred to pure tetragonal chalcopyrite CuInTe2 (JCPDS card no. 65-
2747 [27]) and Bi (JCPDS card no. 85-1330 [28]). The two main charac-
teristic peaks for CuInTe2 appeared at 24.9° and 41.3°, which
corresponded to (112) and (204)/(220) crystal facets of CuInTe2, re-
spectively. The simulated structural demonstration of tetragonal chalco-
pyrite CuInTe2 had been inserted in Fig. 1. The yield of the CuInTe2
nanowires produced was ~80%, whereas reactions without Bi nanopar-
ticles present only yield CuInTe2 aggregations. The detailedmorphology
and structure of the as-prepared CuInTe2 nanowires were characterized
by using various electron microscopies, including SEM, TEM and
HRTEM. The typical SEM image of the as-prepared CuInTe2 had been
shown in Figs. 2(a) and 3(a). The diameter range of CuInTe2 nanowires
was 10 to 200nm(shown in Fig. 3(c), andwith the TEM image shown in
Fig. 3(b)), and the length distributed over a wide range. In the SLS
mechanism, the diameter of a nanowire and seed size has a direct rela-
tionship [11,23,29]. Since Bi nanoparticles are formed from the decom-
position of precursors in the elevated temperature without size control,
Bi nanoparticles could formwith a wider size distribution. As the result,
the size distribution of CuInTe2 nanowires would be relatively wider.
TEM images of the nanowires were shown in Fig. 2(b)–(d), which
contained a CuInTe2 nanowirewith a clearly Bi-seeded tip. As confirmed
in Fig. 2(b), the direct relationship between the seed size and nanowire
diameter can be seen. The diameter of nanowire is about the sameas the
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size of the seed. The HRTEM image of a nanowire (shown in Fig. 2(c, d))
has single-crystal structure. The nanowire had grown parallel to the lat-
tice d-spacing of 3.6 Å (JCPDS card no. 65-2747 [27]), which corre-
sponds to either the chalcopyrite (112).

In the nutshell, our synthetic nanowires are identified as chalcopy-
rite CuInTe2. This is unlike to the synthesis of the case of group II–VI
nanowires, such as InP nanowires in which In droplets in situ form
and self-catalysed the SLS nanowire growth [30]. In our study, Bi nano-
particles at the tips of many nanowires provide direct evidence for SLS
growth mechanism of nanowires [31,32]. During the synthesis, Cu, In,
and Te atomsdissolve into Bi particles at the alloying stage until a super-
saturated stage is reached, and then nanowires crystallized out from
alloy nanoparticles and growth anisotropic ally. For the confirmation
of the annealed nanowires element composition and characterization,
the CuInTe2 nanowires was observed by EDS. EDS quantitative analysis
of thewire body confirmed that the composition is CuInTe2 (Fig. 2(e)). It
contains element nickel because the sample was prepared on carbon
coated nickel grid. Moreover, the result of the EDS mapping have
shown that the mechanism of the nanowires' growth was SLS process
with Bi as the seed (shown in Fig. 2(f)). In Fig. 2(f), the image shows
that Bi only appears on the tip, and other elements, including Cu, In,
and Te, have appeared in thewire bodywithout other impure elements.
The XPS spectrum displayed in Fig. 4 indicated that the nanowires
contained Cu, In and Te elements [33]. The Cu 2p, In 3d and Te 3d re-
gions were labeled. All binding energies have been corrected by
referencing the C1s (284.5 eV). The Cu 2p peak is split into Cu 2p3/2

(932.3 eV) and Cu 2p1/2(952.2 eV) peaks with a peak separation of
19.9 eV (Fig. 4(b)), in concordancewith those described in the literature
for the CuInSe2, purposing that the copper valence state in the CuInTe2
nanowires is +1. The Indium 3d peaks locate at 444.7 and 452.1 eV
with a peak separation of 7.4 eV in Fig. 4(c), consistent with a valence
Fig. 4. The XPS spectra of CuInTe2 nanowires. (a)
of +3. Fig. 4(d) indicates that the Tellurium 3d5/2, 3d3/2 peaks locate
at 572.1 and 583 eV, confirming its state of −2.

For further discussion on the nanowires characteristics, we also in-
vestigate the electrical properties of the CuInTe2 nanowires. Electrical
contactingwas performed by deposition of platinumwires on a CuInTe2
nanowire using a focused ion beam system (FIB). The electrical resistiv-
ity of a nanowire was measured by a conventional DC two-probe
method (shown in Fig. 5(a)). The resistivity ρ of the CuInTe2 nanowires
was determined from the relation ρ = RA/L, where L is the length be-
tween two platinum electrodes and A is the cross area. Fig. 5(a) had
shown the current–voltage (I\\V) characteristics of CuInTe2 nanowires
with 123 nm in diameter and 2.73 μm in measured length. The I\\V
curve exhibits a linear dependence, i.e., the obtained current propor-
tional to the applied voltage, showing an ohmic behavior with a resis-
tance of R = 25 kΩ with for the CuInTe2 nanowires. A resistivity of
1.09 × 10−2 Ω cm was obtained, with a value sitting between to the
values (3.5 × 10−3 to 4.41), close to the values obtained from bulk or
thin films of CuInTe2 grown from conventional techniques including,
Bridgman, Zone Levelling, and programdirection freezing. Furthermore,
the nitrogen adsorption and desorption isotherms of the CIT nanowire
were shown in Fig. 6, showing BET surface areas of 9.8 m2 g−1. Owing
to the nanowires having a wide distribution of the lengths, the fitting
system model we choose to analyze was the BJH system model. The
pores were mainly the space between nanowires, and the distribution
shown that pore size between the nanowires was mainly over 10 nm.

3.2. Lithium-ion battery assembly and electrochemical characterization

We also investigate performance characteristics of as Li-ion battery
anodes. Theoretically, CuInTe2 has good Li-ion capability since In and
Te both are Li-active materials that could form the alloy. CuInTe2
C 1s, (b) Cu 2p, (c) In 3d, (d) Te 3d orbital.



Fig. 5. (a) I\\V curve of CuInTe2 nanowires, ranging from−0.5–0.5 V. The inset is the image for the CuInTe2 nanowire being tested. (b) The SEM image of the prepared CuInTe2 anode
electrode. Inset: the electrode photograph. (c) Cycle performance of a 200-cycle test with 0.1C rates, (d) voltage profiles of the 50th, 100th and 200th cycles, (e) cycle performance of
an 80-cycle test with discharge rates ranging from 0.1 to 5C, (f) cycle performance of a 40-cycle test with charge/discharge rates ranging from 0.1 to 3C.
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nanowires were implemented into Li-ion battery anodes using a slurry-
coating method. The slurry was formulated by homogeneously mixing
CuInTe2 nanowires with poly (vinylidene fluoride) (PVDF) binder and
carbon black in N-methyl-2-pyrrolidinone (NMP), and then was coated
onto a copper foil afterwards. Followed by removal of NMP under mild
heating overnight, the composite films were formed and serve as a
CuInTe2 electrode. In Fig. 5(b), a photograph of the prepared CuInTe2
anode was shown. The cross-sectional SEM image of the anode was
also shown in Fig. 5(b). The film has a thickness of around 15 μm with
a mass loading of about 0.8 mg/cm2. The electrochemical performance
of Li-ion batteries with CuInTe2 nanowire anodes was evaluated with
charge/discharge galvanostatic cycles in a CR2032 coin cell using Li
metal as the counter electrode. Fig. 5(c) had shown the galvanostatic
cycling results of the CuInTe2 anode between 0.01 and 3 V in coin-
type half cells. The first charge and discharge capacity of CuInTe2
anodewas 527mAh/g and 293mAh/g, respectively, giving to a Coulom-
bic efficiency of 55%. In the following, the capacity quickly dropped to
215 mAh/g after tens of cycles. We also investigate their performance
at higher discharge rates ranging from 0.2 to 5C with a fixed charge
0.1C rate (1C = 572 mAh/g). The discharge capacity value is only 157
to 205 mAh/g, which is smaller than the carbon anode (372 mAh/g).
The poor electrochemical performance might be due to the capping li-
gand (TOP) coat on the nanowires. Since nanowires were carried out
in organic solvent synthesis, the products may form organic ligand on
the surface of nanowires. The organic capping ligand on the nanowires
have poor conductivities andwould even slow the lithium ion insertion



Fig. 6. Nitrogen adsorption and desorption isotherms for the CIT nanowires. The
corresponding BJH distributions are shown in the inset.

Fig. 7. (a) TEM image, (b) HRTEM image, and (c) XRD pattern of CuInTe2 nan
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since the inserted distance are longer and more difficult to cross the
poor conductive barrier. Thus, the poor kinetics causes the low capacity
at different discharge rate. In order to improve the electrochemical per-
formance, CuInTe2 nanowireswere annealed at 500 °C in a 5%H2/95%Ar
atmosphere for 3 h to form carbon-coated CuInTe2 nanowires. The ex-
cess ligand can be removed and then coat with carbon instead. Carbon
coating on nanomaterials has been a commonplace and effective ap-
proach [34] for enhancing rate of electronic flux for lithium ion insertion
and electron transportation. Moreover, the solid electrolyte interphase
(SEI) formation can be control and the volume changed can be buffer
by carbon coated on the nanowires. As the result, the electronic conduc-
tivity of the nanowires may be improved [31]. As shown in Fig. 7(a, b),
the TOP ligandwhichwas attached to the nanowire surfacewas carbon-
ized to an amorphous shell with a thickness ranging from 5 to 10 nm.
After annealing, the crystal structure of the nanowires was confirmed
that still are chalcopyrite CuInTe2 by XRD (shown in Fig. 7(c)), and no
recognizable difference was observed before and after annealing. The
anode made of the annealed CuInTe2 nanowires exhibited significantly
improved reversible capacity for lithium-ion batteries. From Fig. 5(c),
owires after annealing at 500 °C in a 5% H2/95% Ar atmosphere for 3 h.



Fig. 8. The differential capacity of the 50th cycles of CuInTe2 nanowires at a rate of 0.1C
between −0.01 and 3 V.
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it was found that with a 0.1C charge/discharge rate, the CuInTe2 nano-
wires electrode can still maintain a high discharge of 780 mAh/g after
200 cycles. It indicates the CuInTe2 nanowires electrode has a significant
reversibility and good life span. The improved anode performance
might be attributed to the amorphous carbon coated on the nanowires.
The activation of materials also can enhance after charge/discharge cy-
cling. Fig. 5(d) shows the voltage profiles that evident illustrate that
the charge and discharge at the 200th cycle are very close to those at
the 100th cycle. In order to see charging and discharging plateau more
clearly, Fig. 8 demonstrates the differential capacity of the 50th cycles
of CuInTe2 nanowires at a rate of 0.1C between −0.01 and 3 V. In the
discharging curve, three peaks at 1.6 V, 1.8 V and 2.1 V implied the reac-
tion between lithium with Cu, Te and In, respectively. The insertion of
lithium ion into the CuInTe2 nanowires can be seen as three parts
[10,35,36]:

CuInTe2→Cuþ Inþ Li2Te 1ð Þ→Cuþ In3Li13 2ð Þ þ Li2Te→Cu2Te 3ð Þ
þ In3Li13 þ Li2Te:

In Fig. 8, different reactions between lithium ion with Cu, Te and In
can be clearly seen. The figure indicate in the ternary system of CuInTe2
nanowire, all the elements have devote partially capacity respectively.
Furthermore, the capacity increased from first cycle to 100th cycle
may be due to the more insertion of lithium ion into Cu, Te and In. In
Fig. 4(d), the larger capacity plateau devotion of voltage between
2.2 V to 1.5 V could be seen, representing the increasing insertion of lith-
ium ion.

The rate capability of the CuInTe2 nanowires at various current den-
sities as shown in Fig. 4(e), the discharge rates were changed for each
period, but the charge ratewas fixed at 0.1C. The recorded discharge ca-
pacities were 512 (0.1C), 446 (0.5C), 474 (1C), 490 (2C), 487 (3C), 465
(4C) and 385 mAh/g (5C). It delivered a discharge capacity at 5C rate is
still higher than the capacity of graphite. The CuInTe2 nanowires elec-
trode exhibited good charge and discharge capability operated at vari-
ous rates between 0.1C, 0.5C and 3C (Fig. 4(f)). After the first
discharge–charge cycle at 0.1C, the cell shows relatively moderate
changes in lithium ion capability. After the first ten discharge–charge
cycles at 0.1C, the succeeding cycles were carried out at stepwise in-
creased current densities of 0.5C and 3C (each for ten cycles). After
the high-rate tests, the cycle rate was returned to 0.1C, and the capacity
recovered rapidly. A reversible capacity approximately 610 mAh/g was
maintained after 40 cycles.
4. Conclusions

In summary, for the first time, CuInTe2 nanowires were successfully
synthesized via Bi-seeded solution-liquid-solid (SLS) process with high
yield. This synthesis process has lower the reaction temperature com-
pared to the materials prepared by vapour deposition process. CuInTe2
nanowires were shown to be able to react with lithium. The electrode
exhibits a high capacity of 780 mAh/g after 200 cycles. Furthermore,
the discharge capacity at 5C rate is 385 mAh/g, which is still higher
than the theoretical capacity of graphite (372 mAh/g). These attractive
characteristics have shown CuInTe2 nanowires a promising anode ma-
terial for lithium-ion batteries.
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