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Cu2-xS nanocrystals with different morphologies and crystal phases have been synthesized by using a 

simple one-pot and phosphine-free colloidal method, in which different alkanethiols (CnH2n+1SH, n =8, 12, 

18) have been selected as sulfur sources and capping ligands. The crystal phase can be transformed from 

monoclinic Cu1.94S to tetragonal Cu1.81S by varying the alkyl chain length of alkanethiols, and the 

morphology changes from nanospheres to nanodisks during the phase transformation. Strong localized 

surface plasmon resonance (LSPR) absorbance in the near-infrared (NIR) region has been observed in 

these Cu2-xS nanocrystals, which originates from excess holes in the valence band due to copper 

deficiencies. The alkyl chain length of alkanethiols plays an important role in the crystal phase, 

morphology and plasmonic properties of the as-obtained Cu2-xS nanocrystals. 

 

Introduction 

In the past few decades, more and more attention has been paid to 
semiconductor nanocrystals (NCs) due to their unique size-
dependent properties as well as potential applications in 
optoelectronic devices and biological fields 1-3. However, the 
existing semiconductor NCs mainly focus on II-VI and IV-VI 
semiconductors, which often contain highly toxic elements, such as 
cadmium (Cd) and lead (Pb), etc. With the urgent demanding of 
environmental protection, it is necessary to exploit a series of 
environmental-benign semiconductor NCs. To date, different types 
of semiconductor NCs have been developed, in which copper-based 
NCs have attracted enormous interests 4-8. Among them, copper 
sulfide (Cu2-xS) (x=0-1) is a well-known p-type semiconductor and 
its band gaps varies with the stoichiometry (value of x) ranging from 
Cu-rich Cu2S (chalcocite) to CuS (covellite), which holds great 
promise in photo thermal therapy, thermo electronics, solar cells and 
Li-ion battery 9-12. Therefore, the synthesis of Cu2-xS NCs with 
different composition and morphologies has become another 
research spot. 

So far, several colloidal synthesis methods have been developed 
to prepare Cu2-xS NCs with controlled Cu stoichiometry, such as hot-
injection method 13, hydro- or solvothermal approach 14, 15, 
solventless thermolytic method 16, cation-exchange reaction and 
water-oil interface confined method 17, 18, and so on. For example, 
Korgel et al synthesized Cu2S nanodisks (NDs) through a solventless 
thermolytic approach by using sodium octanoate as both the phase 
transfer catalyst and the capping ligand, and they found that the as-

obtained Cu2S NDs can self-assemble into ribbons of stacked 
platelets 19. Kolny-Olesiak et al prepared Cu2S nanorods (NRs) by 
using hot-injection approach, in which the tert-dodecanethiol (t-
DDT) was used as sulfur sources. The length of the as-obtained NRs 
can be tailored from 10 to 100 nm by adjusting the nucleation 
temperature and copper monomer concentration 20.Very recently, 
Plass et al observed the crystal structure and stoichiometry of Cu2-xS 
can be effectively controlled by varying the ratio of 1-dodecanethiol 
(1-DDT) to oleic acid 21. We have developed one-pot colloidal 
approach to prepare Cu2S NCs by using 1-DDT as sulfur sources and 
oleylamine (OLA) as a coordinating agent, and the morphology of 
the as-obtained products can be changed from nanospheres (NSs) to 
NDs by elevating the reaction temperature. Also the as-obtained 
products have a high tendency to self-assemble into highly ordered 
nanoarrays22. Different from Cu2S, Cu1.94S NCs have often been 
obtained by using 1-DDT as sulfur sources without any coordinating 
agent or by using a non-coordinating agent 1-Octadecene (ODE) as a 
reaction medium. As these previous reports mentioned, the crystal 
phase and morphology of the products strongly depend on the choice 
of the surfactants and sulfur sources. However, there are few reports 
on the synthesis of Cu2-xS NCs using different alkanethiols as sulfur 
sources.  
In the present paper, a series of Cu2-xS NCs have been 
synthesized by direct thermolysis of a mixed solution of copper 
acetylacetonate (Cu(acac)2) and different alkanethiols in a non-
coordinating solvent, which avoids the pre-synthesis of any 
organometallic precursor and the injection of a toxic phosphine 

Page 1 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE RSC Advances 

2 | RSC Adv., 2014, 00, 1-7 This journal is © The Royal Society of Chemistry 2014 

agent. The effects of the alkyl chain length of alkanethiols on 
the crystal phase and morphology of the as-obtained Cu2-xS 
have been studied in detail. When the alkanethiols with 
relatively short alkyl lengths, such as 1-octanethiol (1-OT) and 
1-dodecanethiol (1-DDT), are used as sulfur sources, spherical 
Cu1.94S NCs can be obtained. In contrast, the crystal phase of 
the as-obtained products can be transformed from Cu1.81S to 
Cu1.94S by using 1-octadecanethiol (1-ODT) as a sulfur source 
at 200 oC for different reaction time, and the corresponding 
morphology changes from spheres to disks. When the reaction 
temperature is elevated to 240 oC, tetragonal Cu1.81S nanodisks 
have been obtained for different reaction time. Moreover, the 
effects of the thiol length on the NIR plasmonic absorption and 
the electrical properties of Cu2-xS NCs have also been 
disucssed. 

Experimental 

Materials 

Copper (II) acetylacetonate (Cu(acac)2, ≥99%), 1-octanethiol 
(1-OT, ≥98%), 1-dodecanethiol (1-DDT, ≥98%) and 1-
octadecanethiol (1-ODT, ≥97%) were purchased from Aladdin 
Chemical Reagent Co., Ltd., China. 1-octadecene (ODE, 90%) 
was purchased from J&K Chemical Ltd. Other solvents such as 
ethanol and acetone were commercially available products in 
analytical grade, which were purchased from Beijing Chemical 
Reagent, China. All the materials were used as purchased 
without further purification. 

Synthesis of Cu2-xS NCs 

 
 
 

 
In a typical synthesis of Cu2-xS NCs, Cu(acac)2 (3 mmol) and 1-
DDT (2.86 mL, 12 mmol) were mixed with ODE (20 ml) in a 
50ml four-necked flask. The oxygen in the reaction mixture 
was purged with N2 glow for 20 min. Then the mixture was 
heated up slowly to 200 °C under magnetic stirringwas and the 
reaction temperature was kept 240 min. At the initial stage of 
the reaction process, the mixture became a yellow transparent 
solution. After several minutes, the solution became red, and 
finally it became a brown or black turbid solution. To monitor 
the size and shape evolution, the samples were collected from 
the mixture at every reaction stage. After the reaction was 
finished, the mixture was cooled to room temperature naturally. 
Afterwards, the absolute ethanol was added to precipitate the 
samples which were collected by centrifugation at 6000 rpm for 
10 min, and then were purified by chloroform to remove any 
unwanted by-products. The precipitation and purification 

processes were repeated three times, and the final products 
were dispersed in chloroform or dried under vacuum for next 
analyses. For the synthesis of the Cu2-xS NCs using other 
alkanethiols with different alkyl length as sulfur sources, except 
reaction temperatures other reaction conditions remained the 
same. The detailed experimental conditions are summarized in 
Table.1, and the synthesis process of Cu2-xS NCs using 
different alkanethiols is illustrated in Fig. 1. 

 

Fig. 1 Schematic illustration of the synthesis of different Cu2-xS 
NCs using alkanethiols with different chain length . 

Characterization 

The crystal structure of the samples were measured using a 
Bruker D8 Discover X-ray Diffractmeter with a CuKα radiation 
source (λ=1.54056 Å). Transmission electron microscopy 
(TEM) and high-resolution transmission electron microscopy 
(HRTEM) were performed using a Hitachi 7650 transmission 
electron microscope at an accelerating voltage of 100 kV and a 
JEM-2010 transmission electron microscope working at an 
accelerating voltage of 200 kV, respectively. The 
thermogravimetric analysis (TGA) was measured using a 
SDTA851E Thermogravimetric Analyzer. The UV-Vis 
absorption spectra were obtained by a Shimadzu-UV UV3101 
spectrometer. Fourier transform infrared spectra (FTIR) were 
collected by a Nicolet-6700 spectrometer. The X-ray 
photoelectron spectroscopic (XPS) measurements were 
performed on an ESCALAB 250 spectrometer with a 300W Al 
Kα radiation source. The current–voltage (I–V) characteristics 
of the device were measured by a Keithley 2410 source meter 
controlled by a computer. All the measurements were carried 
out at room temperature. 

Results and discussions 

As stated in previous reports that Cu-thiolate compounds could be 
formed through the reaction of copper salts and 1-DDT 23-25. Herein, 
the reaction of Cu(acac)2 and alkanethiols with different alkyl 
lengths can also lead to the formation of different Cu-thiolate 
compounds, as demonstrated by the color change of the reaction 
mixture at the initial stage of the reaction (See Fig.S1 of ESI †). A 
similar color change has been observed in the heating-up process of 
the different reaction, and the color changes gradually from yellow 
to red, and then becomes dark-brown, which is attributed to a 
transition from the crystalline lamellar phase to a smectic-like phase 
26. Interestingly, the reaction mixture becomes a gel when the as-
collected samples are cooled down to room temperature, which 

Table 1. Summary of synthetic parameters and the 
corresponding results 
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indicates the formation of the thiolate compounds with a layered 
structure based on the previous report 23, 24. It is noted that the dark-
brown sample using C8H17SH as a sulfur source does not become a 
gel at room temperature (Fig. S1a, ESI †), but other two dark-brown 
samples using C12H25SH and C18H37SH are gel-like (Fig. S1b and c, 
ESI†), which may be in close association with the different chain 
length of the alkanethiols used in our work. This plausible 
conclusion can be demonstrated by the XRD patterns of the samples 
collected at the initial stage of the reaction (Fig. S2, ESI †). It can be 
seen that periodic arrangement appears in the low-angle diffraction 
peaks, which corresponds to the successive orders of diffraction 
from a layered thiolate compound. The interlayer distance calculated 
from the XRD patterns increases with the increasing alkyl lengths, 
indicating that the layered structure of Cu-thiolate compounds 
consists of stacked layers of Cu and S atoms separated by different 
alkyl chains 25-27. The decomposition behaviors of different Cu-
thiolate compounds have been studied by thermogravimetric analysis 
(TGA) (shown in Fig. S3, ESI †), and the initial decomposition 
temperature of the thiolate compounds is increased as the alkyl chain 
length of thiol increases, which indicates that the Cu-thiolate 
compound with a relatively short alkyl chain can decompose into 
small nuclei at a relatively low temperature. In contrast, the 
decomposition of the Cu-thiolate compound with a longer alkyl 
chain needs a higher temperature. Therefore, the synthesis of Cu2-xS 
NCs using alkanethiols with different alkyl length was performed at 
different reaction temperatures.  

 

 
Fig. 2 (a) XRD patterns of sample A and sample B, and the 
vertical bars represent the standard diffraction peaks of 
monoclinic Cu1.94S phase (JCPDS No.23-0959), (b) Schematic 
model for the atomic arrangements of Cu1.94S crystals, and 
TEM images of (c) sample A and (d) sample B collected at 240 
min. 

 
Fig. 2 (a) shows the XRD patterns of sample A and sample 

B collected at 240 min, and there are four obvious diffraction 
peaks at 2 degree of 37.6 o, 46.3 o, 48.7 o and 54.2o, which can 
be assigned to (8,0,4), (0,8,0), (12,0,4) and (8,8,0) planes of 
monoclinic Cu1.94S with P21/n (14) space group (JCPDS card 
23-0959), which possesses a cationic deficiency structure and is 

ascribed to djurleite phase in natural minerals. The correspond-
ing schematic model for the atomic arrangements is shown in 
Fig.2 (b). As compared to sample A, the diffraction peaks of 
sample B becomes narrowed, which indicates that the particle 
size is increased with the increasing reaction temperature based 
on the Scherer equation. This deduction can be confirmed by 
the TEM results shown in Fig.2 (c) and (d). It can be observed 
that both the products exhibit a spherical shape with a uniform 
size distribution. As the reaction temperature is incrased from 
180 to 200 oC,, the average size is increased from 5.5±0.6 nm 
(sample A) to 10.8±0.9 nm (sample B), and the corresponding 
size distribution histograms are given in Fig.S4 of ESI†. The 
HRTEM image of sample B shown in the inset of Fig. 2(d) 
reveals the well resolved lattice fringes, and the inter-fringe 
distance is measured to be about 0.338 nm ascribing to (004) 
plane of monoclinic Cu1.94S (JCPDS card 23-0959), which 
matches well with the XRD results. 

 
Fig. 3 (a) XRD patterns and TEM image of sample C obtained 
at different reaction time: (b) 90 min; (c) 120 min; (d) 240min. 
The vertical bars shown in Fig.3(a) represent the standard 
diffraction peaks of monoclinic Cu1.94S phase (JCPDS No.23-
0959) 
 

The synthesis of Cu1.94S NCs using 1-DDT as a sulfur 
source has been studied extensively in previous reports 28-30. 
Fig.3 shows the XRD patterns and TEM images of sample C 
collected at different reaction time. As shown in Fig.3(a), all 
the diffraction peaks of sample C obtained at 90 and 240 min 
confirm the formation of monoclinic Cu1.94S (JCPDS card 23-
0959), and the diffraction peaks become narrowed as the 
reaction time is increased from 90 min to 240 min, indicating 
the particle size is increased with the prolonging of reaction 
time. The TEM images of sample C obtained at 90, 120 and 
240 min are shown in Fig.3 (b)-(d), respectively and all the 
products remain spherical in shape with the average diameter of 
6.1±0.6 nm (90min), 6.3±0.4 nm (120min) and 9.1±1.0 nm 
(240 min), respectively (Fig.S5 of ESI†). It is noted that the 
average diameter of sample B obtained at 240 min is larger than 
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that of sample C at 240 min, which suggests that the nucleation 
and growth speed of the NCs is relatively faster in the case of 
the alkanethiols with a short alkyl length used as a sulfur 
source. 
 

 
Fig. 4 TEM images of sample D for different reaction time: (a) 
90 min; (b) 180 min; (c) 240 min; images of sample D obtained 
at 240 min: (d) the NDs lying flat on the substrate;(e) the NDs 
with surface perpendicular to the substrate; (f) XRD patterns of 
sample D for different reaction time, and the vertical bars 
represent the standard diffraction peaks of monoclinic Cu1.94S 
phase (JCPDS No.23-0959) and tetragonal Cu1.81S phase 
(JCPDS No.41-0959).   
 

     When 1-ODT was used as the sulfur source to prepare Cu2-

xS NCs, what happened to the morphology and crystal phase of 
the as-obtained products? Fig.4 shows the TEM images and 
XRD patterns of sample D obtained at different reaction time. 
As shown in Fig.4(a), the product obtained at 90 min exhibits a 
spherical shape with an average diameter of 6.0±0.7 nm. When 
the reaction time is prolonged to 180 min, the morphology of 
the products transforms from disk-like to spherical shape, and 
most of the products are laid on their faces while only a small 
amount nanodisks are perpendicular to the substrate because the 
1-ODT ligand passivation on the nanocrystal surface renders 
the disk surface hydrophobic (Fig. 4b).31 As the reaction time is 
prolonged from 120 min to 180 min, the diameter/thickness of 
the NDs changes from 13.0±1.3/ 8.1±0.9 nm to 
15.3±2.2/8.5±0.7 nm while the disk shape is almost unchanged. 
The corresponding size distribution histograms of sample D 
obtained at different reaction time are given in Fig.S6 of  ESI†. 
Careful inspection of the products obtained at 180 min shown 
in Fig.4 (c) suggests that the facet of the majority of the 
samples is hexagonal, which indicates that 1-ODT can direct 
the anisotropic growth of the Cu2-xS NDs when it acts as the 
capping layer. Surprisingly, the XRD patterns of sample D 
shown in Fig.4 (f) indicate that all the diffraction peaks of 
sample D obtained at 90 min and 180 min match well with 
tetragonal Cu1.81S (JCPDS card 41-0959), which can be 
ascribed to digenite phase in natural minerals. To the best of 

our knowledge, the Cu2-xS NDs with such a phase have rarely 
been reported in previous report. As the reaction time is 
enhanced to 240 min, the crystal phase of sample D can be 
indexed as monoclinic Cu1.94S, but the intensity of diffraction 
peak of (080) is increased significantly, which is very different 
with that of sample A and sample B. The result suggests that 
the priority growth direction is along the (080) facet, resulting 
in the formation of disks. To further study the crystal structure 
of the NDs, the HRTEM images of the product obtained at 240 
min are given in Fig.4(d) and (e), respectively. Fig.4(d) shows 
the HRTEM image of Cu1.94S NDs lying flat on the substrate, 
and an obvious lattice fringe with inter planar spacing of 0.196 
nm is observed, which corresponds to (080) plane of 
monoclinic Cu1.94S phase and is in agreement with the XRD 
result. In contrast, as shown in Fig.4(e), the inter planar spacing 
is measured to be about 0.336 nm for the NDs with surface 
oriented perpendicular to the substrate, which can be assigned 
to (800) plane. Both the XRD and TEM results that using 1-
ODT as a sulfur source, the morphology of the Cu2-xS NCs 
synthesized can be transformed from NSs to NDs, and the 
crystal phase is changed from tetragonal Cu1.81S to monoclinic 
Cu1.94S. This change is attributed to the longer carbon chain 
length in 1-ODT 31. 

As stated in the TGA result of Fig.S3, the decomposition 
temperature is the highest for the thiolate compound formed by 
Cu(acac)2 and 1-ODT. As a result, the nucleation and growth 
slows down at the initial stage. With the reaction proceeding, 
enough energy has been provided to promote the formation of 
more active monomer species. Just as 1-OT and 1-DDT, 1-
ODT acts not only as a sulfur source but also a capping ligand, 
which could be absorbed selectively onto the nanocrystal 
surface. However, -the alkyl chain length of ODT is relatively 
longer, , which may facilitate the growth of (080) facets, lead to 
the anisotropic growth of NCs and thus produce the disk 
morphologies. On the other hand, the formation of tetragonal 
Cu1.81S phase may be the synergistic action of the different 
reduction abilities and the different binding to the NCs facets 
for different alkanethiols. 

 
 
 
 

Fig. 5 (a) XRD patterns (bottom lines: standard diffraction 
lines of JCPDS card. 41-0959), and TEM images of 
sample E obtained at different reaction time:(b)60 min, (c) 
120 min and(d)180 min, and the inset shows the HRTEM 
image of the NDs with the surface parallel or 
perpendicular to the substrate.  
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To further study the formation mechanism of the sample 
using 1-ODT as a sulfur source, the reaction temperature was 
enhanced to 240 oC, and the XRD and TEM images of sample 
E are given in Fig.5. All the diffraction peaks shown in Fig.5 
(a) can be indexed to the tetragonal structure of Cu1.81S 
according to the standard pattern (JCPDS No. 41-0959), and no 
other diffraction peaks are observed, which indicates the 
formation of pure Cu1.81S phase with a tetragonal structure. 
Interestingly, the morphology of sample E for different reaction 
time is kept in disk shape (shown in Fig.5b-d), and the average 
diameter of sample E is increased from 11.3±2.1 to 18.6±2.7 
nm as the reaction time is increased from 60  to 180 min while 
the thickness is kept similar. It is worthwhile to mention that 
the cross section of the as-obtained NDs changes from quasi-
spherical to hexagonal with the increasing reaction time. To 
further confirm the formation of Cu1.81S disks, the HRTEM 
images of the NDs with the surface parallel or perpendicular to 
substrate have been given in the inset of Fig.5 (d). As compared 
to sample D, the NDs have been formed at 60 min when the 
reaction temperature is enhanced to 240 oC. As a matter of fact, 
higher temperature facilitates the decomposition of Cu-ODT 
intermediate complexes, which could provide more monomer 
species to promote the NCs nucleation and growth. Once the 
Cu1.81S nuclei were formed, the remaining monomer species 
could be deposited onto the surface of the nuclei to promote the 
progressive growth 32. In addition, the free 1-ODT can be 
adsorbed onto the surface of the NCs to direct the NCs growth 
along the specific facet. To the best of our knowledge, the 
synthesis of Cu1.81S NDs has been rarely reported previously. 
However, the genuine reason for the formation of Cu1.81S disks 
remains unclear, and further study is on-going. 

 
Fig. 6 FTIR spectra of Sample B-D, and the FT-IR spectra of 
pure 1-DT and 1-ODT are also given. 
 

To explore the chemical bond of the surface of the Cu2-xS 
NCs using different alkanethiols as sulfur sources, the FTIR 
spectra of sample B-D are depicted in Fig. 6. Two sharp peaks 
locating at 2921 and 2848 cm-1 are observed in the three 
samples, which correspond to the asymmetric methyl stretching 
and asymmetric methylene stretching modes, respectively. The 
decreasing intensity ratio of the two bands (I2917/I2848) indicates 

that the alkyl chains become more orderly with the increase of 
alkyl chains due to the increasing Van Der Waals’ interaction 
25, 27. It is noted that the band at 2577 cm-1 induced by S-H 
stretching vibration disappear in sample B-D, which indicates 
the absence of free alkylthiol, and the formation of S-Cu bond. 

 

 
Fig. 7 XPS spectra of (a) Cu 2p, (b) S 2 and (c) AES spectra of 
Cu-LMM for sample B-D. 

 
We employed XPS and Auger Electron Spectroscopy (AES) 
techniques to analyze the valence states and the composition of 
sample B-D. As shown in Fig.7(a), the Cu 2p3/2 and Cu 2p1/2 
peaks of the three samples are symmetric and narrow, and the 
satellite peaks indicates that the monovalent copper related with 
Cu(II) have not been observed 33. Moreover, a slight shift of Cu 
2p3/2 and Cu 2p1/2 peaks towards higher binding energy is 
observed as the alkyl length of the alkanethiols is increased, 
which can be attributed to the different binding energies of Cu 
with thiols for different alkanethiols. Considering the similarity 
of the binding energies for Cu(0) and Cu(I), the AES 
measurement for Cu LMM has been performed to prove the 
valence state of Cu in sample B-D. As shown in Fig.7(c), the 
Auger kinetic energies can be calculated to be in the range of 
917.4-918 eV for sample B-D, which are in good agreement 
with the literature values 22, and thus the monovalent copper in 
our samples has been further verified. The XPS results of S 2p 
for sample B-D shown in Fig.7(b) have been fitted into two 
peaks ascribing to 2p1/2 and 2p3/2 by using a spin-orbit 
separation of 1.1 eV, and the peaks shift to high binding energy 
with the increasing alkyl chains length of thiol molecules. 
Moreover, the intensity ratio of S 2p3/2 to S 2p1/2 decreases as 
the alkyl chains length is increased.  As mentioned above, the 
Cu vacancies are present in our samples, which make the S ions 
in the lattice be partially oxidized, resulting the differnet 
oxidation states for S elements. Moreover, the different 
interaction between Cu and thiols may contribute to the shift of 
the S 2p peaks.34-37 

Very recently, it has been reported that Cu2-xS NCs exhibit 
strong LSPR absorption in NIR region, which originates from 
excess holes in the valence band due to Cu deficiencies 13, 38, 39. 
The LSPR absorption spectra have often been used to profile 
the stoichiometry and phase of copper chalcogenides NCs. 
Therefore, the UV-Vis-NIR absorption spectra have been 
employed to study the plasmonic behaviour of the products 
using different alkanethiols as sulfur sources, and we chose the 
sample B-D obtained at 90 min as investigation objects due to 
their spherical shape. Fig.8 shows the absorption spectra of 
sample B-D in chloroform. All samples exhibit a well-defined 
LSPR band, and an obvious blue-shift on the energy scale can 
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be observed in the LSPR band of sample D, which can be 
attributed to the increasing of Cu vacancies numbers. 

  

 
Fig. 8 LSPR spectra of sample B-D obtained at 90 min in 
chloroform, and the inset shows the absorption on the energy scale. 

 
According to Mie-Drude model, the LSPRs frequency(ωsp)  

can be expressed as follows: 38  

                       
 

 
where εm represents the dielectric constant of the solvent (for 
chloroform, εm =4.8 at 20 oC), ωp is the bulk plasmon frequency 
and γ is the line width of the plasmon resonance band. Herein, 
the LSPRs frequency (ωsp) of sample B-D is 0.81, 0.83 and 
0.74 eV and the line width of the LSPRs band (γ ) is 0.29, 0.25 
and 0.17 eV, which was determined by fitting the NIR 
absorption band to a Gaussian function. As a result, ωp is 
estimated to be about 2.80, 2.82 and 2.47eV, respectively. The 
relationship between the carrier density (Nh) and the bulk 
plasmon frequency (ωp) can be expressed by using the 
following equation:38 

 

 

 

 

where e is the electron charge, ε0 is free space permittivity and 
mh is the hole effective mass (approximated as 0.8 m0, where m0 
is electron mass). From the above equation, Nh is estimated to 
be 4.61×1021, 4.68×1021 and 3.59×1021cm-3 for sample B, C and 
D, which are of the same order of magnitude as the value of 
copper chalcogenide films reported previously 37, 38. Generally, 
the Copper vacancies are related to the stoichiometric of Cu2-xS. 
According to the above XRD results, sample B and C 
obtainedat 90 min ehave monoclinic Cu1.94S phase, however, 
the sample D belongs to tetragonal Cu1.81S phase, and the LSPR 
result is  in accord with the XRD results.  

The alkyl length has an important effect on the electrical 
properties of Cu2-xS NCs due to the insulating alkyl groups on 
the surface of the NCs. The conductivity of the as-obtained 

products using different alkanethiols as sulfur sourceshave been 
studied in ITO/Cu2-xS NCs/Al structure, and the corresponding  
I-V characteristics of sample B-D obtained at 60 min are given 
in Fig.S7 of ESI†. All the samples have the same molar 
concentration and the thickness of films is about 100 nm. It can 
be seen that the conductivity of the NCs decreases with the 
increase of alkyl length due to its larger inter-particle spacing 
and high resistance. The result may direct the potential 
applications of Cu2-xS NCs in electricity devices in the future. 

Conclusions 

In summary, we have successfully synthesized Cu2-xS NCs with 
different morphologies and crystal phases by controlling the 
alkyl lengths of alkanethiols and reaction temperatures through 
a simple one-pot method. When 1-OT and 1-DDT have been 
chosen as sulfur sources, monodispersed djurleite Cu1.94S 
nanospheres with monoclinic structures have been obtained at 
relatively low temperature, such as 200 oC. As the alkanethiol is 
changed to 1-ODT, the morphology is changed from 
nanospheres to nanodisks with the reaction time increasing. 
Interestingly, the crystal phase transforms from tetragonal 
Cu1.81S to monoclinic Cu1.94S with the reaction time prolonging 
at 200 oC. When the reaction temperature is increased to 240 
oC, the disk-shaped Cu1.81S can be successfully obtained. 
Different characterization techniques including FTIR, XPS, 
plasmonic absorption spectra have been used to study the 
effects of different alkanethiols as sulfur sources on the crystal 
phase and chemical composition of the as-obtained products. 
The LSPR wavelength of the different Cu2-xS NCs can be tuned 
due to the size, morphology and crystal phase change. The 
study about the Cu2-xS thin films shows a strong dependence on 
the ligand length of the different Cu2-xS NCs, which foreshows 
a promise application in the next-generation optoelectronic 
devices in the near future. 
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