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We present a two-phase approach for controllable synthesis of metal sulfide nanocrystals, such as Cu2-xS, Ag2S and Ni9S8, in 

which the reaction takes place at the water/oil interface. This method is environmental-friendly and economical due to the 

use of low-toxic and low-cost reagents. The crystal phase and composition can be manipulated by varying the amount of n-

dodecanethiols(DDT) in organic phase and the type of metal salts in aqueous phase. For example, the CuO nanocrystals 

can be obtained in the presence of low DDT concentration and the hydroxyl ions, and Cu2-xS nanocrystals are successfully 

synthesized in the presence of relatively high DDT concentration. The XPS spectra and near-infrared (NIR) absorption 

spectra have been employed to confirm the formation of CuO and Cu2-xS nanocrystals. Moreover, the Cu2-xS nanocrystals 

often exhibit an obvious localized surface plasmon resonance band due to their excess free holes in the valence band. A 

plausible formation mechanism has been proposed to study the synthesis of Cu2-xS and CuO nanocrystals. This two-phase 

approach has also been extended to prepare Ag2S and Ni9S8 nanocrystals, and the Ag and Ag2S nanocrystals often coexist 

in the products which are in close associated with the cleavage of S–C bonds or Ag–S bond, which relies on the DDT dosage 

and the reactivity of metal sources. This two-phase approach may open up a simple and environmental-friendly strategy 

for synthesis of metal sulfide nanocrystals with controllable crystal phase and morphology. 

1. Introduction 

Colloidal inorganic nanocrystals have attracted much attention due to their 

unique optical , electrical properties and their wide potential applications in 

the different fields of optoelectonics and biomedicines during the past few 

decades.1-8 As an important category of colloidal semiconductor 

nanocrystals, metal sulfide nanocrystals have been extensively studied due 

to their amazing size- and shape-dependent chemical and physical 

properties, which have become promising candidates in the light-emitting 

diodes, solar cells, memory devices and biological labels.9-17 In recent years, 

nanostructured copper- and silver-based sulfides have been regarded as 

lucrative alternatives to the existing metal sulfide nanocrystals containing 

highly toxic elements since their intrinsic environmental-friendly advantages 

and the non-negligible optoelectronic properties.18-24 To date, different 

colloidal synthetic methods have been developed to prepare copper sulfide 

(Cu2-xS) and silver sulfide (Ag2S) nanocrystals, in which their morphology, 

crystal phase and composition could be precisely controlled by 

manipulationof the reaction conditions.25-32  

Among various kinds of colloidal chemical approaches for synthesis of  

metal sulfide nanocrystals, a two-phase strategy is a powerful approach for 

fabrication of different low-dimensional nanocrystals because of its low cost 

and environmental benignity, in which the nucleation and growth of the 

nanocrystals occurs at the water-oil interface.33, 34 As compared to one-phase 

colloidal chemical approaches, such as the hot-injection and single-source 

precursor decomposition methods, a relatively slow nucleation and growth 

takes place in the two-phase strategy, which is favorable for the formation of 

uniform nanostructures.33, 35 Pan et al successfully synthesized highly 

luminescent and nearly monodisperse CdS nanocrystals via a two-phase 

approach, in which cadimum-myristic acid and n-trioctylphosphine oxide 

(TOPO) in toluene were used as the cadimum source, and the low reactive 

thiourea in water was acted as the sulfur source. The CdS nanocrystals 

synthesized by the two-phase experienced a longer nucleation and growth 

period as compared with that made by the hot-injection approach.35-38 

Moreover, Li’s group developed a novel water-oil interface confined route 

to prepare Cu2S nanocrystals and study the self-assembly behavior. In the 

reaction, the aqueous solution of copper salts and other anions  were used as 

copper sources and DDT was used as the organic phase which acted as the 

sulfur source, surface ligands and the reducer.39 This work focused on the 

self-assembly of Cu2S nanocrystals on the water-oil interface, however, the 

formation mechanism of the Cu2S nanocrystals is still unclear, such as the 

effects of the dosage of DDT and the different reactively of copper sources 

on the nucleation and growth of the Cu2S nanocrystals. Therefore, it is still 

interesting to study the formation mechanism of metal sulfide nanosrystals 

synthesized by a two-phase approach. 39 
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In this work, a simple two-phase approach has been developed to 

synthesize Cu2-xS, Ag2S and Ni9S8 nanocrystals, in which pure DDT or DDT 

in toluene is selected as organic phase, and the different types of metal salts 

in water are used as aqueous phase,  thus the two kinds of precursors are 

separated spatially in the two phases. The effects of the DDT concentrations 

on the formation of Cu2-xS nanocrystals have been studied in detail, and the 

DDT was found to act as surface ligands, sulfur source and reducing agent. 

The reactivity of the metal salts, such as cuprammouium compouds and 

other metal salts, plays a significant role in the nucleation and growth of the 

products, resulting in Cu31S16 and CuO nanocrystals with different 

morphologies and size. With the phase transition from CuO to Cu31S16, the 

DDT and hydroxyl ions are essential influencing factors. Moreover, the two-

phase approach was also extended to prepare Ag2S and Ni9S8 nanocrystals, 

which are rarely reported in previous works. This study may open up a new 

strategy for synthesis of metal sulfide nanocrystals with controlled crystal 

phases and morphologies.  

2. Experimental 

2.1 Materials 

Cupric nitrate trihydrate (Cu(NO3)2·3H2O), cupric chloride dehydrate 

(CuCl2·2H2O), sodium chloride (NaCl), sodium acetate anhydrous (NaAc), 

and ammonium hydroxide (NH3·H2O, 30%) were purchased from 

Sinopharm Chemical Reagent Co.,Ltd. Cupric acetate anhydrous (CuAc2, 

99%) was purchased from Alfa Aesar. Silver nitrate (AgNO3, 99%), nickel 

nitrate hexahydrate (Ni(NO3)2·6H2O), and n-dodecanethiol (DDT, 98%) 

were purchased from Aladdin Reagent Company. All the chemicals were 

used as purchased without any further purification. 

2.2 Two-phase method to synthesize different nanocrystals 

In a typical synthesis of Cu2-xS nanocrystals using cuprammouium 

compouds as copper sources, the cuprammouium compoud (Cu(NH3)4
2+) 

solution was synthesized by dropping the NH3·H2O (30%) into 20 mL of 

Cu(NO3)2·3H2O (0.05 mol·L-1) aqueous solution. During the process, the 

solution changed from clear blue to turbid and then became clear again. 

After keeping the above mixture stirring for 15 min, the solution was 

transferred to a 50 mL of Teflon-lined autoclave, and 5 mL DDT was then 

added into the solution, thus a two-phase reaction system was formed. 

Finally, the Teflon-lined autoclave was sealed and maintained at 200 oC for 

20 h. After the reaction was finished, the autoclave was cooled naturally to 

room temperature. The products were collected by adding ethanol and 

centrifugation at 6000 rpm for 10 min. The precipitation was re-dispersed in 

chloroform and collected by adding ethanol and centrifugation. The 

purification was repeated three times. Finally the products were dispersed in 

chloroform or dried in vacuum for further characterization. To study the 

effects of the amount of DDT and reaction rate on the formation of Cu31S16 

nanocrystals, different samples were synthesized by using different DDT 

volumes of 1 mL, 1.5 mL and 2 mL or by introducing 5 mL toluene into the 

organic phase while other conditions were kept the same. Moreover, 

different products were also synthesized by using Cu(NO3)2, CuAc2 and 

CuCl2 as copper sources or by introducing other metal salts with different 

anions, such as NaCl and NaAc, in while other reaction conditions remained 

unchanged. 

For the synthesis of Ag2S nanocrystals, silver ammonia solution and 

AgNO3 were used as the Ag sources, and 2 mL DDT or 2 mL DDT in 5 mL 

toluene was used as organic phase. The other reaction conditions were kept 

the same as the synthesis of Cu2-xS nanocrystals.  

For the synthesis of Ni9S8 nanocrystals, Ni(NO3)2 aqueous solution was 

used for the Ni sources, and 2 mL DDT was used to form the two-phase 

system. The other conditions were kept the same as that of synthesis of Cu2-

xS nanocrystals. 

2.3 Characterizations 

Powder X-ray diffraction (XRD) patterns were taken on a Bruker D8 

Discover X-ray diffractometer with a Cu Kα radiation source (λ=1.54056 

Å). The transmission electron microscopy (TEM) was taken on a Hitachi-

7650 TEM operating at an accelerating voltage of 100 kV. The high-

resolution TEM (HRTEM) images were taken on a JEM-2010 at an 

accelerating voltage of 200 kV. The X-Ray photoelectron spectroscopy 

(XPS) measurement was collected on Thermo escalab 250Xi XPS 

spectrometer using non-monochromatic Al Kα (1486.6 eV). The Fourier 

transform infrared (FT-IR) spectra were collect by a Nicolet-6700 

spectrometer. The UV-Vis-NIR absorption spectra of the samples in 

chloroform were recorded using a Varian 5000 spectrophotometer. All of the 

measurements were performed at room temperature. 

3. Result and discussion 

 

Fig. 1  XRD patterns of the products synthesized using Cu(NH3)4
2+

 as Cu sources in the 

presence of different volumes of DDT, and the bottom lines represent the standard 

diffraction lines of monoclinic CuO (JCPDS No. 89-5895), orthorhombic Cu2S (JCPDS 

No.09-0328)and monoclinic Cu31S16 (JCPDS No. 23-0959) . 

 

To study the effects of the dosage of DDT on the nucleation and growth 

process of the  products, a series of experiments have been carried out by 

varying the dosage of DDT while Cu(NH3)4
2+ is used as Cu sources. Fig. 1 

depicts the XRD patterns of the products synthesized in the presence of 

different dosage of DDT. When the volume of DDT is 1 mL, all the 

diffraction peaks of the as-obtained products can be indexed as pure 

monoclinic CuO (JCPDS No. 89-5895). As the volume of DDT is increased 

to 1.5 mL, two typical diffraction peaks of CuO at 2θ=35.5o and 38.7o 

become weak, and a new diffraction peak between them appears. Moreover, 

the diffraction peaks at 2θ=45.2o and 47.6o become dominant in the XRD 

patterns, and a weak but non-ignorable diffraction peak at 2θ=40.8o is also 

observed. Further increasing the dosage of DDT to 2 and 5 mL, the 

characterized diffraction peaks almost disappear, and all the diffraction 

peaks can be assigned to djurleite (Cu31S16) (JCPDS No. 23-0959) or α-

chalcocite (Cu2S) phase  (JCPDS No. 09-0328). As a matter of fact, the 

diffraction peaks of the djurleite (Cu31S16) and α-chalcocite (Cu2S) are very 
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similar, in which some diffraction peaks are overlapped.40 Therefore, it is 

difficult to distinguish α-chalcocite from djurleite. However, the intensity of 

the diffraction peak 2θ=40.8o in α-chalcocite is stronger than that in djurleite 

phase, thus the appearance of the diffraction peak 2θ=40.8o demonstrates 

that Cu2S phase is present in the products synthesized by using the dosage of 

2 and 5 mL of DDT. On the other hand, the LSPR absorption result shown 

in Fig. 4 suggests the presence of Cu31S16, which will be discussed in detail 

in the following part. The XRD results indicate that the crystal phase of the 

as-obtained products synthesized by using Cu(NH3)4
2+ as Cu sources 

transforms from copper oxide to Cu2-xS nanocrystals with the increasing of 

the dosage of DDT.  

To explore the growth process of the products synthesized using 

Cu(NH3)4
2+ as Cu sources through this two-phase approach, FT-IR spectra 

have been measured. Herein, we take the products synthesized in the 

presence of 5 mL of DDT as an example, and the FT-IR spectra of the 

intermediate sample (10 h) and the final product (20 h) are given in Fig. S1 

†. Two bands at 2924 and 2847 cm-1 are observed in the intermediate sample, 

which can be ascribed to the asymmetric methyl stretching vibration and the 

asymmetric and symmetric methylene stretching modes. 41 Both the two 

bands become weak in the final products after reaction for 20 h. In addition, 

the band at 722 cm-1 is observed in the intermediate sample belonging to S-

C bond disappears in the final product, which indicates the break of S-C 

bond and the formation of Cu2-xS nanocrystals. 41 

  

 

Fig. 2  TEM images of the products synthesized using Cu(NH3)4
2+ 

as Cu sources in the 

presence of different volumes of DDT: (a) 1 mL; (b) 1.5 mL; (c) 2 mL; (d) 5 mL, together 

with the HRTEM images of (e) the larger particle and (f) the smaller particle shown in 

Fig. 2b. 

The morphology of the as-obtained products has been examined by 

employing TEM techniques. Fig. 2 shows the TEM images of the products 

synthesized by using Cu(NH3)4
2+ as Cu sources in the presence of different 

dosage of DDT. As shown in Fig. 2a, the nanocrystals synthesized in the 

presence of 1 mL DDT exhibit a spherical shape with a relatively uniform 

size distribution, and the mean size is measured to be about 4.0 nm based on 

100 particles (Fig. S2a †). When the volume of DDT is increased from 1 mL 

to 1.5 mL, the products are still kept a spherical shape but the size 

distribution becomes inhomogenous. In combination with the XRD results, 

the uneven size distribution can be attributed to the coexistence of the CuO 

and Cu2-xS nanocrystals. To distinguish Cu2-xS nanocrystals from CuO 

nanocrystals, the corresponding HRTEM images have been measured, 

which are given in Fig. 2e and f, respectively. The HRTEM image of a 

single relatively large nanoparticle shown in Fig. 2e indicates its good 

crystallinity, and the lattice spacing of 0.196 nm is in accordance with the 

(080) planes of monoclinic Cu31S16 or the (600) planes of orthorhombic 

Cu2S. On the other hand, the lattice spacing of 0.19 nm shown in Fig. 2f can 

be assigned to the (2�02) planes of monoclinic CuO, which suggests that the 

small-sized nanocrystals should be indexed as CuO nanocrystals. Further 

increasing the dosage of DDT to 2 and 5 mL, monodispersed spherical 

nanocrystals are observed in the TEM images shown in Fig. 2c and d, and 

the mean size is measured to be 13.9±1.7 to 22.1±2.6 nm by counting 100 

particles (Fig. S2c†). The aforementioned results indicate that the dosage of 

DDT plays a significant role in the manipulation of the composition, crystal 

phase and morphology of the products synthesized by such a two-phase 

approach.   

XPS technique has been employed to study the composition and valence 

state of the products synthesized by using different dosage of DDT. Fig. 3 

shows the high-resolution XPS spectra of Cu 2p, S 2p and O 1s of the 

typical three samples synthesized by using 1 mL, 1.5 mL and 5 mL of DDT. 

As shown in Fig. 3a, there are two symmetric and narrow binding energy 

peaks at 952.4 and 932.7 eV, corresponding to the characteristic Cu 2p1/2 

and Cu 2p3/2. It should be noted that a weak but non-ignorable satellite peak 

is observed between the Cu 2p1/2 and Cu 2p3/2 peaks in the products 

synthesized by using 1 mL and 1.5 mL of DDT (Fig. S3†), which indicates 

the presence of Cu(II) in both the two products.42, 43 In contrast, such a 

satellite peak is absent in the product synthesized by using 5 mL of DDT, 

which rules out the presence of Cu(II) and confirms the formation of 

Cu31S16, matching well with our previous results.18, 28 The binding energy 

peaks of S 2p shown in Fig. 3b were fitted into two peaks (S 2p1/2 and S 

2p3/2) by using a spin-orbit separation of 1.1 eV, which may arise from the S 

ions coordinated to metal ions and the chemically bound thiolate sulfur, 

respectively.28,29 Considering the fact that the CuO was formed in the 

samples synthesized in the presence of 1 mL and 1.5 mL of DDT, the XPS 

result of O 1s is an important evidence for confirming the formation of CuO 

phase. The O 1s peak of the samples synthesized by using 1 mL and 1.5 mL 

of DDT is fitted into two peaks at 531.8 and 531 eV, which can be assigned 

to the adsorbed oxygen and lattice oxygen in CuO, respectively.44 Moreover, 

the O 1s peak of the sample synthesized in the presence of 5 mL of DDT is 

fitted into two peaks at 533 and 531.7 eV, which may originate from  the 

adsorbed H2O and surface -OH groups.44 Additionally, the atomic ratio of 

Cu to S in the sample was calculated to be 1.98:1 based on the XPS results. 

To further confirm the Cu:S atomic ratio, the corresponding EDS data is 

given in Fig. S4†, which indicates that the Cu:S atomic ratio is 1.99:1, which 

is in good agreement with the XPS result. This result confirms the 

coexistence of djurleite and α-chalcocite in the product.  
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Fig. 3 XPS spectra of the products synthesized using Cu(NH3)4
2+ 

as Cu sources in the 

presence of different volume of DDT: (a) Cu 2p; (b) S 2p; (c) O 1s. 

 

Very recently, localized surface plasmon resonance (LSPR) in the NIR 

region has been observed in Cu2-xS nanocrystals in a number of literatures 

due to excess holes in the valence band caused by Cu deficiencies.19, 45-48 

Therefore, LSPR absorption spectroscopy is a convincing tool to distinguish 

the CuO, Cu31S16 and Cu2S nanocrystals. As shown in Fig. 4a, an obvious 

absorption peak of 337 nm is detected in the product synthesized in the 

presence of 1 mL of DDT, which exhibits an obvious blue-shift as compared 

to the bulk CuO due to the quantum confinement effect.49 Comparably, there 

are no characteristic absorption peaks observed in the region of 300-500 nm 

for other samples (Fig. 5†). As shown in Fig. 4b, the CuO nanocrystals have 

no evident absorption peak beyond 500 nm, but a broad and apparent 

absorption peak in the NIR region is observed in the samples synthesized by 

using 1.5 mL and 2 mL DDT which can be attributed to the LSPR 

absorption of Cu31S16 phase in the samples. In combination with the XRD 

results, the products synthesized in the presence of 2 and 5 mL of DDT are 

the mixture of Cu31S16 and Cu2S phases.  Obviously, the LSPR absorption 

peak blue-shifts from 1640 nm to 1387 nm with the volume of DDT 

increasing from 1.5 mL to 2 mL, and the LSPR absorption intensity is 

enhanced greatly, which may arise from the increasing particle size and the 

complete phase transition from CuO to Cu31S16. The optical absorption 

results confirm once again that the composition and crystal phase of the 

product transforms from CuO to copper (I) sulfide  nanocrystals with the 

amount of DDT increasing when the Cu(NH3)4
2+ is used as Cu sources. 

 

Fig. 4 (a)UV-Vis absorption spectrum of CuO nanocrystals synthesized using Cu(NH3)4
2+

 

in the presence of 1 mL DDT; (b) LSPR absorption spectra on the of the products using 

Cu(NH3)4 
2+ 

as Cu sources in the presence of different volumes of DDT.  

 

Based on the experimental results mentioned above, a plausible reaction 

mechanism is proposed as follows: in the two-phase reaction, the DDT is the 

upper phase and the aqueous solution of Cu(NH3)4
2+ ions is the lower phase, 

thus the water/oil interface formed. In the aqueous phase, the Cu(NH3)4
2+ 

can be dissociated into Cu2+ in the alkaline condition, and then Cu2+ ions can 

migrate to the water/oil interface. In general, the DDT serves as the capping 

ligands, sulfur sources and reducing agent in the synthesis of metal sulfide 

nanocrystals, and it’s no exception in our case.18, 28 In the oil phase, the -SH 

part of the DDT molecules is close to the aqueous phase because the 

aliphatic chain is hydrophobic, and the DDT can self-assemble around the 

metal ions to form monolayer-capped metal clusters through the S atoms, 

which can serve as the nuclei to grow up at the water/oil interface. Previous 

work reported by Ji’s group suggested that the hydroxyl ions played an 

important role in the formation of oxides.50 Herein, the presence of hydroxyl 

ions is also important for the nucleation of the  products. As a matter of fact, 

the DDT and hydroxyl ions can coordinate with Cu2+ to form the nanocrystal 

nuclei, which is a competitive process and has a close association with the 

concentration of DDT and hydroxyl ions. When the dosage of DDT is low, 

such as 1 mL, the DDT mainly acts as the surface capping ligands. In the 

aqueous phase, the as-formed metal cluster and hydroxyl ions migrate to the 

water/oil interface, both of them can combine together to form a DDT-

capped (Cu+O:) cluster serving as the nuclei and grow up to CuO 

nanocrystals. Due to the intrinsic hydrophobic property of the capping 

ligands, the nanocrystals could be pulled into the oil phase and thus they can 

disperse in the non-polar solvent.38 The formation of CuO nanocrystals has 

been confirmed by the XRD, XPS and the optical absorption results. In 

contrast, when the dosage of DDT is high, plenty of DDT molecules can 

spread over the interface, which can offer enough hydrion to promote the 

dissociation of Cu(NH3)4
2+ into more Cu2+ ions. Therefore, the DDT has 

enough opportunity to coordinate with the Cu2+ to form Cu-DDT compound 

and then decompose into Cu31S16, in which the DDT acts as the reducer and 

sulfur sources. This can be confirmed by the XRD, XPS and LSPR 

absorption results.   

 

Fig. 5 TEM images of the products synthesized using Cu(NO3)2
 
as Cu sources in the 

presence of different volume of DDT: (a) 0.5 mL; (b) 1.5 mL and (c) the corresponding 

XRD patterns together with the standard diffraction lines of of monoclinic Cu31S16 

(JCPDS No. 23-0959). 

Now that the hydroxyl ions take part in the formation of CuO 

nanocrystals when the dosage of DDT is low, can the CuO nanocrystals be 

formed in the absence of hydroxyl ions? To verify the effect of hydroxyl 

ions on the formation of CuO nanocrystals, Cu(NO3)2 was used as the Cu 

sources directly in the control experiments while other reaction conditions 

were kept  the same. Fig. 5 shows the TEM images and XRD patterns of the 
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products synthesized in the presence of 0.5 mL and 1.5 mL of DDT. 

Interestingly, the morphology and crystal phase of the products synthesized 

using Cu(NO3)2 as Cu sources are very different from those of the samples 

synthesized using Cu(NH3)4
2+ . As shown in Fig. 5a and b, the as-obtained 

products exhibit a rod-like shape at first glance, but they are composed of 

nanodisks perpendicular to the substrate by careful observation, which can 

be confirmed by some particles with their face parallel to the substrates. The 

mean length and thickness of the nanodisks increase from 11.8±2.2 to 

24.1±3.2 nm, 7.1±1.0 to 14.1±1.0 nm, respectively (Fig. S6†). The XRD 

patterns shown in Fig. 5c indicate that the products have a monoclinic 

Cu31S16 phase, and no obvious diffraction peaks assigned to CuO are 

observed. As compared to the products synthesized in the presence of 

Cu(NH3)4
2+, the formation of Cu31S16 nanodisks is preferential in the 

samples synthesized in the presence of Cu2+, even if the dosage of DDT is as 

low as  0.5 mL. Herein, the Cu2+ ions can migrate to the water/oil interface 

much faster than that in the presence of Cu(NH3)4
2+, and the DDT molecules 

can self-assemble around the Cu2+ to form DDT-capped metal clusters. Due 

to the absence of hydroxyl ions in the interface, the metal clusters have no 

opportunity to react with the hydroxyl ions to form (Cu+O:) cluster, thus the 

CuO phase can’t be formed in the absence of hydroxyl ions. Therefore, the 

hydroxyl ions play an important role in the formation of oxides in the two-

phase system.  

Fig. 6 displays the LSPR absorption spectra of the Cu31S16 nanodisks 

synthesized by using Cu(NO3)2 as Cu sources. The LSPR spectrum of the 

samples synthesized in the presence of 0.5 mL of DDT exhibits a peak 

wavelength near 1600 nm, which can be assigned to the out-of-plane LSPR 

mode according to previous reports.45 When the volume of DDT is increased 

to 1.5 mL, the LSPR band blue-shifts to about 1500 nm, and the broadening 

of the LSPR band may arise from the morphology change. The 

corresponding LSPR absorption spectra versus energy scale are given in the 

inset, which have been fitted to a Gaussian function. 

 

Fig. 6 UV-Vis absorption spectrum of the products synthesized using Cu(NO3)2
 
as Cu 

sources in the presence of different volume of DDT: 0.5 mL; 1.5 mL and the 

corresponding energy scale is shown in insert . 

As aforementioned that the nucleation stage was a competitive process, 

in which the DDT and hydroxyl ions could take part in the formation of 

nuclei, respectively. To further demonstrate this plausible deduction, some 

contrast experiments have been designed and conducted by introducing 5 

mL of toluene into the oil phase, in which the volume of DDT is kept at 1 

mL and 2 mL, respectively. Fig. 7 displays the TEM images and XRD 

patterns of the products synthesized by using Cu(NH3)4
2+ as Cu sources. As 

shown in Fig. 7a, the samples synthesized in the presence of 1 mL of DDT 

are spherical in shape with a uniform size distribution. The corresponding 

XRD patterns shown in Fig. 7c indicate that all the diffraction peaks match 

well with the monoclinic CuO phase. Further increasing the volume of DDT 

to 2 mL gives rise to an uneven size distribution, in which some small 

nanocrystals coexist in the relatively large nanocrystals (Fig. 7b). 

Accordingly, the monoclinic CuO phase dominates over the XRD patterns 

of the sample (Fig. 7c), but some diffraction peaks of Cu31S16 phase are still 

detected, which indicates that the as-obtained sample is a mixture of CuO 

and Cu31S16 nanocrystals. In contrast, the monoclinic Cu31S16 is the main 

phase in the corresponding samples synthesized without toluene (Fig. 1) 

while the monodispersed nanocrystals are spherical. All the information 

suggests that the toluene is of vital importance for the nucleation and growth 

of the metal sulfide nanocrystals via a two-phase approach. 

 

Fig. 7 TEM images of the products synthesized using Cu(NH3)4
2+ 

as Cu sources  in the 

presence of 5 mL toluene for the different volume of DDT: (a) 1 mL; (b) 2 mL and (c) the 

corresponding XRD patterns together with the standard diffraction lines of monoclinic 

CuO (JCPDS No. 89-5895) and monoclinic Cu31S16 (JCPDS No. 23-0959) . 

To gain further insight into the function of the toluene in the synthesis of 

Cu31S16 nanocrystals, some control experiments have also been performed in 

which the Cu(NO3)2  acts as the Cu sources in the presence of 5 mL of 

toluene. The corresponding TEM images and XRD patterns of the samples 

are depicted in Fig. 8, in which the volume of DDT is 1 and 2 mL. As shown 

in Fig. 8a and b, different-sized particles are present in the sample 

synthesized in the presence of 1 mL of DDT, and monodispersed nanodisks 

are obtained in the sample synthesized by using 2 mL of DDT. The XRD 

patterns of both the samples shown in Fig. 8e agree well with the 

observation from TEM images. The  sample prepared in the presence of 1 

mL of DDT is a mixture of monoclinic CuO (JCPDS No. 89-5895) and 

cubic Cu2O (JCPDS No.78-2076). But the sample synthesized in the 

presence of 2 mL is indexed as pure monoclinic Cu31S16, and no other 

impurities, such as CuO and Cu2O are observed. HRTEM images shown in 

Fig. 8c and d have been employed to distinguish the different-sized particles 

(Fig. 8a), and the distances between the two adjacent spacing are measured 

to be 0.187 nm and 0.213 nm, which are ascribed to (2�02) plane of 

monoclinic CuO and (200) plane of cubic Cu2O, which are consistent with 

the XRD results. By comparison with the TEM and XRD results of the 

samples synthesized with and without toluene in the organic phase, a big 

difference takes place in the morphology and crystal phase. The morphology 

is disk-like and the Cu31S16 is the main phase in the samples synthesized 

without any toluene in the organic phase (Fig. 5), however, the oxides 

appear in the sample synthesized in the presence of toluene when the dosage 

of DDT is 1 mL, which implies that the incorporation of toluene into the 

organic phase has a significant effect on the formation of metal sulfide 

nanocrystals via such a two-phase approach. As a matter of fact, the boiling 

point of toluene (~110 oC) is lower than the reaction temperature (200 oC), 

and the volatilization of the toluene can take the DDT away from the 

water/oil interface, thus the opportunities of the DDT coordination with Cu2+ 

are decreased greatly. As a result, some Cu2+ ions at the water/oil interface 

can be oxidized by the oxygen in the reaction system. On the other hand, 
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some Cu2+ can also be reduced by DDT at the interface, resulting in the 

formation of Cu2O nanocrystals. When the dosage of DDT reaches up to as 

high as 2 mL, although some DDT can be taken away from the interface 

through the volatilization of toluene, yet other DDT spread over the 

interface, resulting in the formation of Cu31S16 nanocrystals. Besides, there 

are significant differences in the morphology and crystal phase of the 

samples synthesized by using Cu(NH3)4
2+ and Cu(NO3)2 as Cu sources in 

the presence of toluene in the organic phase, which also confirms that the 

reactivity of Cu precursors influences the nucleation and growth greatly and 

the presence of hydroxyl ions is very important for the formation of CuO 

nanocrystals. 

 

Fig. 8 TEM images of the products synthesized using Cu(NO3)2
 
as Cu sources in the 

presence of 5 mL toluene for the different volume of DDT: (a) 1 mL; (b) 2 mL and the 

resentative HRTEM images of (c) larger particle and (d) smaller particle shown in Fig. 

6a, (e) the corresponding XRD patterns together with the standard diffraction lines of 

monoclinic CuO (JCPDS No. 89-5895), Cu2O (JCPDS No.78-2076) and monoclinic Cu31S16 

(JCPDS No. 23-0959) . 

Apart from the effects of the dosage of DDT, the hydroxyl ions and the 

incorporation of toluene into the organic phase on the nucleation and growth 

of the nanocrystals, the anions in the reaction system have also affect the 

nucleation and growth of the products. Firstly, the products have been 

synthesized by using Cu(NH3)4
2+ and 2 mL of DDT in the presence of NaAc 

and NaCl. The TEM and XRD results shown in Fig. S7† indicate that the 

products are spherical with a narrow size distribution, and all the diffraction 

peaks match well with the monoclinic Cu31S16 phase, which is consistent 

with the results without any other added anions. These results suggest that 

the other added anions have a negligible effect on the crystal phase and 

morphology of the products. In contrast, when CuCl2 and CuAc2 were used 

to replace Cu(NO3)2 as Cu sources while other reaction conditions were kept 

the same, the corresponding TEM images and XRD patterns are given in Fig. 

S8†. Large-sized nanodisks are observed in Fig. S8a†, and the disk-like 

shape is affirmed by some particles with their faces perpendicular to the 

substrate (inset of Fig. S8a†). The XRD results show that the monoclinic 

Cu31S16 is the dominant phase but some non-negligible diffraction peaks 

assigned to CuO phase is also found. However, monodispersed Cu31S16 

nanospheres are obtained in the presence of CuAc2, which can be testified 

by the XRD and TEM results shown in Fig. S8b† and c†. Furthermore, the 

nanocrystals have a high tendency to self-assemble into highly-ordered 

superlattices (inset of Fig. S8b†). Based on the above results, the Cl- ions 

have a more remarkable effect on the formation of Cu31S16 nanocrystals.  As 

stated by Zhuang et al in the previous report that the Cl- and Ac- ions had 

different coordinating abilities and affect the reaction rate, which could 

result in the different size of the products. In addition, the Cl- ions can be 

preferentially adsorbed on some specific facet, which brings about the 

anisotropic growth of the particles.39 

 

Fig. 9 TEM images of the products synthesized (a) without toluene and (b) in the 

presence of toluene; (c) the XRD patterns of the products synthesized with or without 

toluene, and the bottom lines represent the standard diffraction lines of monoclinic 

Ag2S (JCPDS No. 14-0072) and metallic Ag (JCPDS No.04-0783) .  

    It is well known that Ag and Cu belong to the same group, it is predicted 

that this two-phase approach may be extended to prepare Ag2S nanocrystals.  

Fig. 9 gives the TEM images and XRD patterns of the products synthesized 

with and without toluene in the organic phase, in which 1 mmol of AgNO3 

and 2 mL of DDT were used as Ag source and S source, respectively. As 

shown in Fig. 9a, the products synthesized without any toluene exhibit a 

quasi-spherical shape with a relatively-large size distribution. . Interestingly, 

the nanospheres can self-assemble into highly-ordered superlattices (inset of 

Fig. 9a). Based on our previous work, the self-assembly behavior may arise 

from the presence of excess DDT due to the cohesive interaction through 

interdigitation or interpenetration of alkyl chains of thiol molecules.22 The 

corresponding XRD results shown in Fig. 9c indicate that the Ag2S is the 

main phase of the products synthesized without toluene, and some 

diffraction peaks assigned to Ag phase can also be observed, which is in 

good agreement with the TEM results shown in Fig.9a. In contrast, large-

sized nanospheres are dominant in the TEM images of the products 

synthesized in the presence of toluene, and some small-sized particles 

appear around the large-sized nanospheres (Fig. 9b). On the other hand, the 

diffraction peaks assigned to metallic Ag phase are dominated over the XRD 

patterns shown in the Fig. 9c, in which some non-ignorable diffraction peaks 

of Ag2S phase are also observed. The aforementioned results indicate that 
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the presence of toluene in the organic phase has a significant effect on the 

formation of Ag2S and Ag nanocrystals, which is consistent with our 

previous work through a simple heat-up approach.22. As stated in our 

previous work, the Ag2S and Ag nanocrystals can be controllable 

synthesized by varying the dosage of DDT, which has a vital effect on the 

cleavage of S-C and Ag-S.22 Similar to the case of djurleite nanocrystals 

synthesized with and without toluene the introduction of toluene in the 

reaction system could decrease the amount of DDT on the water/oil interface, 

the cleavage of Ag-S bond is preferential. Otherwise, the nucleophilic attack 

of DDT takes place, which leads to the cleavage of S-C, resulting the 

formation of Ag2S nanocrystals.The absorption spectra shown in Fig. S9† 

also confirm the Ag nanocrystals are the main phase in the presence of 

toluene, and the Ag and Ag2S coexist in the products synthesized without 

toluene. In addition, if we used Ag(NH3)
+ as Ag sources, the Ag and Ag2S 

phases coexist in the as-obtained products synthesized by using 1 mmol of 

Ag(NH3)
+ and 2 mL of DDT in the absence of toluene (Fig.  S10a†). Two 

different-sized nanospheres are observed in the TEM images of Fig. S10b† 

of SI, in which some small-sized nanoparticles are self-assembled into 

highly-ordered superlattices. 

Except for the metal sulfide nanocrystals in the same group, this two-

phase approach can also be extended to the synthesis of other metal sulfides. 

Herein, we take the preparation of Ni9S8 nanocrystals as an example, in 

which 1 mmol of Ni(NO3)2 and 2 mL of DDT were used. Fig. 10 depicts the 

XRD patterns and TEM images of the products. All the diffraction peaks 

shown in Fig. 10a match well with single phase orthorhombic Ni9S8 

(Godlevskite, JCPDS No. 22-1193), and no other phases such as NiO or Ni 

are detected in the XRD patterns. The TEM images of Ni9S8 nanocrystals 

shown in Fig. 10b indicate that the nanocrystals are quasi-flower with the 

size over 100 nm with some nanoparticles aggregation, and the further study 

is going on. The results demonstrate that this two-phase method opens up a 

new strategy for synthesis of metal sulfide nanocrystals. 

 

 

Fig. 10 (a) XRD patterns of the products synthesized by 1 mmol of Ni(NO3)2 and 2 mL of 

DDT with the standard diffraction peaks of orthorhombic Ni9S8 (JCPDS No. 22-1193) (b) 

corresponding TEM images. 

4. Conclusions 

In summary, a simple two-phase method has been developed to synthesize 

metal sulfide nanocrystals, in which pure DDT or DDT in toluene was 

selected as organic phase, and the different metal salts in water are used as 

aqueous phase. The nucleation and growth process can be controlled through 

the reactivity of metal sources and the dosage of DDT at the water/oil 

interfaces. The crystal phase  tranforms from monoclinic CuO to Cu31S16  

with the increase of the dosage of DDT when the Cu(NH3)4
2+  is used as Cu 

sources, which is confirmed by the XPS spectra and optical absorption 

results. The Cu31S16 nanocrystals exhibit an obvious LSPR band in the NIR 

region due to their excess holes in the valence band. Morever, the 

volatilization of toluene can take some DDT away from the water/oil 

interface, which reduces the reaction of Cu sources with the DDT, and the 

foramtion of copper oxides is preferential while the oxygen and hydroxyl 

ions participate in the aqueous phase. Furthermore, when the copper sources 

are present in the aqueous phase without hydroxyl ions, the Cu31S16 

nanodisks are preferentially formed, which can be affected by the anions in 

the copper salts. This two-phase appraoch has also been extended to prepare 

Ag2S and Ni9S8 nanocrystals, which may shed light on the design and 

synthesis of metal sulfide nanocrystals with tailored crystal phases and 

morphologies. 
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