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ABSTRACT 

New ternary and higher order inorganic materials are needed for a large variety of 

applications, yet their synthesis still represent a chemistry challenge. Herein, we focus on 

the synthesis of Cu-M-S nanocrystals (where M = V, Cr, Mn) via a wet-chemistry route 

and investigate their formation mechanisms. We reveal that the interplay between the 

copper precursor and the thiophilicity of the transition metal M is key for the synthesis of 

pure phase Cu-M-S nanocrystals under the same reaction conditions. In particular, we 

observe that the interdiffusion kinetics of the intermediate species are crucial and the 

extent of nucleation of the ternary product can be controlled by the copper precursor 

reactivity. The insights provided by this work open up new avenues toward the design of 

improved synthesis strategies to multinary nanocrystalline compounds. 

 

INTRODUCTION 

Materials chemists have delved into the synthesis of copper-based multinary 

nanomaterials in response to an increasing demand for novel properties serving 

applications which span from energy to biotechnology.1–9 One notable example of  

such intense research is represented by copper-based chalcogenide nanocrystals 

(NCs), such as the Cu-III-VI, Cu-IV-VI, and Cu-V-VI families, whereby a superior 

control over their structure and composition has been achieved by means of colloidal 

chemistry.1–9 As a result, their physicochemical and functional properties have been 

investigated and exploited for more than two decades.1–9 However, the synthetic 

library of copper-based multinary NCs is far from being complete. Indeed, if all the 
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possible chemical substitutions and structural modifications attainable in complex 

compositions are taken into account, one soon realizes that there is still plenty of 

room for the discovery of new materials. For instance, Cu-M-S/Se NCs where M is 

a transition metal, have been show to possess very interesting optical properties 

because of their peculiar band structure.10,11  However, only few of these have been 

synthesized so far. 12–16  

One of the major bottlenecks to obtain novel multinary systems is the complexity of 

the synthesis itself. Indeed, as the number of elements increases, different chemical 

interactions might arise during the formation of the targeted compounds. Therefore, 

choosing the reaction conditions and identifying the parameters which ensure the 

formation of the pure-phase materials is not trivial. In kinetically-driven approaches, 

like colloidal chemistry, slight variations in the chemical potential of the species 

involved in the nucleation and growth stages might result in the formation of 

undesired reaction byproducts, such as binary compounds.4,17 Overall, guidelines for 

the synthesis of multinary NCs are still missing. 

Herein, we report a solution-phase synthesis of Cu-M-S NCs, where M = V, Cr, Mn, 

under the same reaction conditions (i.e. temperature, reaction time, concentrations, 

solvent, surface ligands). X-Ray diffraction, transmission electron microscopy and 

compositional analysis confirm the phase purity of the obtained NCs. By careful 

analysis of the reaction intermediates, we discover that balancing the copper 

precursor reactivity with the thiophilicity of the M cation is a crucial parameter to 

control the reaction pathway and obtain phase pure NCs with decent size 

monodispersity.  

EXPERIMENTAL SECTION 

General 

All glassware was oven dried prior to use. Standard Schlenk line techniques assisted by 

a nitrogen-filled glovebox were used for all the synthesis. A J-KEM Scientific model 310 

temperature controller was used with a heating mantle for reaction temperature control. 

Chemicals 

Copper(I) iodide (CuI, 98%), copper (I) acetate (Cu(OAc), 97%), copper (II) 

acetylacetonate (Cu(acac)2, 97%), vanadium acetylacetonate (V(acac)3 97%) chromium 
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acetylacetonate (Cr(acac)3, 97%), manganese acetylacetonate (Mn(acac)3, 97%) 

oleylamine (OLAM, technical grade, 70%), 1-octadecene (ODE, technical grade, 90%), 

1-dodecanethiol (DDT, technical grade 98%), and ethanol (anhydrous) were all purchased 

from Sigma-Aldrich and used as received without further purification. Hexane 

(anhydrous, 95%) was purchased from TCI Deutschland GmbH. 

Synthesis of Cu3VS4 nanocrystals 

Cu3VS4 NCs were obtained by slightly modifying the synthetic protocol previously 

reported by us.12 Specifically the trioctylphosphine was removed as no difference was 

observed in the reaction product with/o it. In a typical synthesis, Cu3VS4 NCs were 

obtained by introducing CuI (0.25 mmol, 0.05g) and V(acac)3 (0.33mmol, 0.12g), 

dissolved in ODE (7 mL), in a 25 mL three-necked round-bottom flask under a protective 

atmosphere of nitrogen, which was maintained during the whole synthesis. The resulting 

mixture was stirred and heated up at 14 °C/min to 280°C. In the meanwhile, a vial 

containing both DDT (10 mmol, 2.395 mL) and OLAM (3 mmol, 1 mL) was kept under 

nitrogen at room temperature for 10 minutes. The resulting solution was swiftly injected 

into the metal precursor solution at the target temperature. After injection, the temperature 

was allowed to recover and the final solution was held at the target temperature for 

30minutes. After that, the dark colloidal solution was allowed to cool down to room 

temperature by removing the heating mantle. The contents of the flask were divided into 

2 × 50 mL centrifuge tubes; 20 mL of an ethanol/hexane mixture (1:1 v/v) was added to 

each of them. The product was collected by centrifugation at 5000 rpm for 15 minutes 

and resuspended in anhydrous hexane. After another precipitation/resuspension cycle 

with the same solvents, the NCs were suspended in anhydrous hexane and stored in the 

glovebox to preserve the colloidal stability. 

Synthesis of CuCrS2 nanocrystals 

CuCrS2 NCs were obtained by following the synthetic protocol reported for Cu3VS4 NCs. 

However, in a typical synthesis, Cr(acac)3 (0.33mmol, 0.12g) was employed and CuI was 

substituted by Cu(OAc) (0.25mmol, 0.03g), while keeping the rest of the synthetic 

conditions and washing procedure.  

Synthesis of Cu2MnS2 nanocrystals  

Cu2MnS2 NCs were obtained by following the synthetic procedure reported for Cu3VS4 

NCs. However, in a typical synthesis, Mn(acac)3 (0.33mmol, 0.12g) was employed and 
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CuI  was replaced by Cu(acac)2 (0.25mmol, 0.065g), the rest of the reaction conditions 

as well as the washing procedure were kept the same.  

 

Electron Microscopy 

Transmission Electron Microscopy (TEM) images were recorded on an Analytical JEOL-

2100F FETEM using a beam energy of 120 kV, equipped with a Gatan camera. Samples 

were drop-casted on a copper TEM grid (Ted Pella, Inc.) prior to imaging. Size statistics 

were performed using the software ImageJ and counting 200 particles per sample. 

Elemental mapping was performed on 10 particles per samples and the error on the atomic 

% estimated to be 0.1 %. High-resolution TEM (HR-TEM) images, STEM- HAADF 

(scanning transmission electron microscopy – high angle annular dark-field) images and 

corresponding EDXS (energy-dispersive X-ray spectroscopy) maps were acquired on a 

FEI Tecnai-Osiris using an accelerating of 200 kV. This microscope is equipped with a 

high brightness X-FEG gun, silicon drift Super-X-EDX detectors and a Bruker Esprit 

acquisition software. 

X-Ray Diffraction (XRD) Analysis 

The XRD patterns reported were acquired on a Bruker D8 Advance diffractometer with 

a Cu Kα source equipped with a Lynxeye one-dimensional detector. The diffractometer 

operated at 40 kV and 40 mA with a Cu Kα source with wavelength of λ = 1.54 Å. The 

samples were drop-casted on a silicon wafer, previously washed using acetone and 

isopropanol. 

 

RESULTS AND DISCUSSION 

Structural and Compositional Characterization of phase-pure ternary Cu-M-S 
NCs 
We prepared phase-pure Cu3VS4, CuCrS2 and Cu2MnS2 NCs using a colloidal hot-

injection method. In a typical synthesis, a solution of DDT/ OLAM was swiftly 

injected at 280°C into a mixture containing CuI, Cu(OAc), or Cu(acac)2, along with 

V(acac)3, Cr(acac)3, Mn(acac)3), respectively, dissolved in ODE. TEM micrographs 

of the resulting samples show the formation of cubic, hexagonal or polyhedral shaped 

Cu3VS4 (19.1 ± 2.5 nm) CuCrS2 (18.0 ± 2.0 nm) and Cu2MnS2 (20.2 ± 6.3 nm) NCs, 

(Figure 1A-C, S1). The crystalline phases were ascertained by means of XRD 
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analysis (Figure 1D-F), which reveals the pure cubic Cu3VS4 (P4̅3m, a = 5.393(1) 

Å), hexagonal CuCrS2 (R3(146), a=b= 3.483Å, c= 18.7Å) and cubic Cu2MnS2 (Fd-

3m(227), a= 8.96Å) phases.  

 

Figure 1. (A-C) Representative TEM images and (D-F) corresponding XRD patterns of pure Cu3VS4, 

CuCrS2 and Cu2MnS2 colloidal NCs obtained after reacting CuI, Cu(OAc), Cu(acac)2 (0.25mmol) 

along with V(acac)3, Cr(acac)3, Mn(acac)3 (0.33mmol), respectively, at 280°C for 30minutes, in the 

presence of DDT (10mmol), OLAM (3mmol) in ODE (7 ml). The XRD reference patterns of Cu3VS4 

(PDF 01-088-1318), CuCrS2 (PDF 01-079-7417) and Cu2MnS2 (PDF 00-050-0540) are reported at the 

bottom of each of the panels, (see Table S1 for more details). 

 

In conjunction with XRD, HR-TEM along with the fast Fourier transform (FFT) 

evidence the single crystalline nature as well as the corresponding structures of all 

the three type of NCs, (Figure 2, top). HAADF-STEM with the corresponding EDXS 

elemental mapping highlight a uniform distribution of the elements in Cu3VS4 and 

CuCrS2 NCs and a copper-rich surface for Cu2MnS2 NCs (Figure 2, bottom).  
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Figure 2. High-Resolution TEM images, along with the corresponding FFT, and HAADF-STEM images 

with EDXS elemental mapping of the Cu3VS4, CuCrS2 and Cu2MnS2 reported in Figure 1. To note that a 

copper-rich surface is present in the case of Cu2MnS2. The scale bars in the HAADS-STEM images are 

20nm for Cu3VS4 and CuCrS2 and 10nm for Cu2MnS2. 

 

Tuning the precursor reactivity 
As we move from single to multicomponent NCs, a greater number  of reaction 

paramenters needs to be thoroughly optmized because of the multiple and diverse 

interactions between different species. In particular, a reactivity balance among the metal 

precursors is essential to direct the synthesis towards the target compound while avoiding 

the competing formation of undesired byproducts, including single and binary 

species.4,17,18 Based on computed oxophilicity and thiophilicity trends, Cu tends to form 

sulfur bonds more readily than V, Cr or Mn.19  Thus, a stable copper precursor is desirable 

in order to retard/avoid the precipitation of CuxS (x=1,2) particles. On the other side, the 

oxophilicity (V>Cr>Mn) and thiophilicity (V<Cr<Mn) of the transition metal M should 

also be taken into account as binary M-O or M-S particles might form during the synthesis 

(Figure S2).19  

We addressed the synthesis of Cu-M-S NCs by tuning the reactivity of the copper 

precursor while using DDT as the sulfur source, commonly employed to prepare 

chalcopyrite-type CuInS2, CuInSe2 and Cu(In1-xGax) (SySe1-y)2 NCs,20,21 and the same 

acetylacetonate precursors for the transition metal cations (i.e. V(acac)3, Cr(acac)3, 

Mn(acac)3), the latter being common reagents, easy to handle and more organic soluble 

than other common salts. 
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The hard-soft acid-base(HSAB) theory  is a good reference to anticipate the metal 

precursors reactivity.4,17,18 At the same time, the metal-ligand bond energies should also 

be considered.22 The copper precursors used in this work are: CuI, Cu(OAc) and 

Cu(acac)2. As Cu+ is a soft Lewis acid and I− is a soft Lewis base, CuI is the most stable 

precursor among those considered in this work. OAc and acac are both hard Lewis bases. 

While acac is a harder base than OAc, Cu2+ is also a harder acid than Cu+. Therefore, 

Cu(OAc) and Cu(acac)2 are expected to exhibit similar reactivities based on the HSAB 

theory. Instead, DFT calculations evidence that the Cu-ligand bond energy is higher in 

[Cu(OAc)]2 dimer and [Cu(OAc)]4 tetramer complexes, which form in a non-

coordinating solvent, such as ODE, than in Cu(acac)2 (Figure S3 and Tables S2, S3). All 

together, these considerations point at the following reactivity trend among the copper 

precusors Cu(acac)2> Cu(OAc) >CuI. 

Figure 1 and Figure 3 illustrate that the copper precursor determines whether or not 

binary compounds form as intermediates during the synthesis.  

In particular, in the case of Cu-V-S, CuI formed pure Cu3VS4 (Figure 1A); instead, 

Cu(OAc) and Cu(acac)2 both led to the formation of CuxS, (x=1,2) and VyOz (y=2,5, 

z=3,9) species under the same reaction conditions, (Figure 3A, S4). Having an oxygen 

source in the synthesis, the formation of vanadium oxide is not surprising considering that 

V, being an early transition metal, has higher affinity for oxygen than for sulfur.  

As for Cu-Cr-S, the pure CuCrS2 phase formed with Cu(OAc) (Figure 1B); instead CuxS, 

(x=1,2) and CrkSj, (k=2,3; j= 3,4) were detected by XRD with CuI and Cu(acac)2 under 

same reaction conditions (Figure 3B, S5). 

Similarly for Cu-Mn-S, Cu(acac)2 led to the formation of phase pure Cu2MnS2 NCs 

(Figure 1C); instead impurities of CuxS, (x=1,2) and MnlSm, (l=1, m=1,2) were found 

when CuI and Cu(OAc) were used as Cu precursors (Figure 3C, S6). 

To note that both in the case of Cu-Cr-S and Cu-Mn-S, pure phase ternary compounds 

were eventually obtained but after much longer reaction times (Figure S7).  
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Figure 3. (A-C) XRD patterns of the samples obtained by reacting CuI, Cu(OAc) or Cu(acac)3 with 

V(acac)3, Cr(acac)3 and Mn(acac)3, respectively, at 280°C for 30minutes, while keeping unchanged all the 

other synthetic parameters. The reference patterns are reported at the bottom of the panel. (CuCrS2, PDF= 

01-079-7417; Cu2MnS2 PDF 00-050-0540; Cu2S, PDF = 00-053-0522; CuS, PDF= 04-004-6505; Cr2S3, 

PDF= 00-011-0007; Cr3S4, PDF=01-089-0404; MnS, PDF = 00-040-1288; MnS2, PDF= 00-025-0549). 

 

 

Analysis of the reaction intermediates 

At this point, it becomes interesting to investigate the mechanisms occurring during the 

formation of Cu3VS4, CuCrS2 and Cu2MnS2 NCs in order to explain the different reaction 

rates depending on the Cu precursors. To this aim, we quenched the syntheses during the 

early stages and analyzed the as-obtained reaction intermediates by ex-situ TEM and 

XRD, (Figure 4, S8-12).  

Regarding Cu3VS4, the results relative to the reaction between CuI and V(acac)3 (Figure 

S8, S9) overlapped with those of our previous work.12 Here, CuxS (x=1,2) NCs and V-

containing amorphous nanoparticles were found as the reaction intermediates eventually 

transforming completely into the final Cu3VS4 NCs after 30 minutes.  

Interestingly, turning to CuCrS2, we observed two different behaviors depending on the 

utilized Cu precursor (Figure 4, S10). When CuI is reacted with Cr(acac)3 (Figure 4A), 

the XRD data evidence the presence of binary copper sulfide from 3 minutes up to 4 

hours. Additionally, immediately after the injection of the thiol source (DDT) a few peaks 

attributable to chromium sulfides are observed. If the more reactive Cu(OAc) is used 

instead (Figure 4B), the formation of the ternary phase is detected already after 1 minute 

from the injection, along with a sharp peak from the unreacted copper precursor, but no 

binary phases. Pure phase CuCrS2 NCs are ultimately obtained after only 3minutes. A 
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similarly fast formation of the ternary NCs was observed for Cu2MnS2 in the reaction 

with Cu(acac)2 as the Cu precursor (Figure S11). 

Consistently with the XRD, the TEM analysis shows that the CuCrS2 NCs are close to 

their final size already in the earlier stages of the synthesis, time helps only to better define 

the hexagonal shape (Figure 4B, S10). On the opposite, different morphologies coexist 

up to 4 hours for the synthesis with CuI (Figure 4C, S5).  

 

 
Figure 4. XRD patterns and TEM images of the aliquots extracted from the reaction flask at different times 

during the synthesis of CuCrS2 performed using CuI, (A,C) and Cu(OAc) (B). The rest of the synthetic 

conditions were kept the same as described in the synthetic protocol. Reference patterns are reported at the 

bottom of each panel (CuCrS2, PDF= 01-079-7417, Cu2S, PDF = 00-053-0522; CuS, PDF= 04-004-6505; 

Cr2S3, PDF= 00-011-0007; Cr3S4, PDF=01-089-0404). In panel (A), the Si peak results from the substrate 

used during the measurements. A few peaks could not be assigned based on the crystallographic structures 

currently available in the database. The scale bars in the electron microscopy images are 25nm in panel (B) 

and 200nm in panel (C).  

 

HAADF-STEM analysis and EDXS elemental mapping were performed on the reaction 

product collected after 3 minutes from the reaction between CuI and Cr(acac)3 to get 

further insights into the composition of these reaction intermediates (Figure 5, S12). 
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These analyses suggest that the smaller size particles contain Cr and S. Interestingly, the 

bigger particles are composed of two distinct compositional domains, CuxS and CrySz, 

resembling hemispherical Janus particles, previously reported for other metal sulfide 

NCs.23 

 

 

Figure 5. (A) Bright field TEM image, (B) HAADF-STEM image and (C-F) corresponding elemental 

mapping performed on the aliquot extracted after 3 minutes of reaction between CuI and Cr(acac)3. The 

scale bars are 20nm. 

 

 

Discussion on the reaction mechanism 

The formation of multinary NCs can occur via direct nucleation from the precursor 

solution or via solid-state reaction among nanocrystalline precursors, the latter forming 

in-situ or pre-synthesized.1,4,12,24,25  

Taking Cu-Cr-S as an illustrative case, when CuI or Cu(acac)2 are used as the copper 

precursor, a solid state reaction between in-situ forming CuxS and CrySz NC intermediates 
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takes place. Because solid state diffusion must precede nucleation of the ternary 

compound, times longer than 90 minutes are needed to generate the CuCrS2 NCs as a pure 

phase. Instead, when Cu(OAc) is reacted with Cr(acac)3, CuCrS2 NCs form as pure phase 

within one minute. While the occurrence of a very rapid solid-state reaction cannot be 

completely ruled out and future in-situ X-Ray spectroscopy experiments must be 

performed to obtain further insights, a direct route seems more likely. 

Similarly for Cu-Cr-S, Cu2MnS2 is obtained via a solid state reaction with CuI and 

Cu(OAc), as in both cases CuxS and MnSx (x=1,2) were detected as reaction 

intermediates, and via a direct route when Cu(acac)2 is used. Cu-V-S is somehow unique 

because Cu3VS4 NCs form only via solid state reaction between amorphous V-containing 

nanoparticles and CuxS (x=1,2) when CuI is used as precursor.12  

All together, these observations suggest that tuning the Cu precursor reactivity and 

properly balance it with the thiophilicity of transition metal is crucial to steer the reaction 

pathway. Particularly, balancing the intermediate thiophilicity of the Cr with the 

intermediate reactivity of the Cu(OAc) and the higher thiophilicity of the Mn with the 

higher reactivity of the Cu(acac)2 favors the direct route. As for the Cu-V-S, because of 

the low thiophilicity of the V, only a Cu precursor even less reactive than CuI might form 

Cu3VS4 via a direct route. Nevertheless, in this case, the solid state reaction between the 

amorphous V-containing nanoparticles and the CuxS NCs occurs over relatively short 

timescale compared to the other systems. It is interesting to note that the formation of 

amorphous intermediates was found to facilitate the nucleation of phase pure ternary 

compound also in high temperature solid state reaction among elemental layers with 

atomic thickness.26 A similar reasoning might explain our findings. 

Interestingly, a narrower particle size distribution is measured in the case of the direct 

homogeneous pathway, rather than of the solid-state reaction (Figure 6). This result 

suggests that, in the former, the growth occurs in a focusing regime under diffusion 

control, while the solid state reaction might require the introduction of more uniform pre-

synthesized NC precursors to improve the size distribution of the final NC product. 
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Figure 6. (A, B) Statistical size analysis and corresponding TEM images of the CuCrS2 NCs obtained after 

reacting Cr(acac)3 with Cu(OAc) for 30minutes and with CuI for 5 hours, respectively. The scale bars are 

100nm. 

CONCLUSIONS 

In conclusion, we report for the first time on the synthesis and investigation of the reaction 

mechanisms behind the formation of colloidal Cu-M-S (M = V, Cr, Mn) NCs. We 

discovered that the choice of the copper precursor is key to obtain these ternary materials 

under the same reaction conditions, i.e. time/temperature/ligands/concentrations. In 

particular, a more reactive copper precursor must be used as the M cation thiophilicity 

increases. The resulting well balanced reactivity is translated into a faster solid-state 

reaction when less thermodynamically stable amorphous reaction intermediates form or 

into a direct homogeneous nucleation. Overall, our findings provide guidelines to obtain 

high quality ternary copper-based sulfides NCs, which is crucial to explore their 

physicochemical properties of interest for photovoltaics, thermoelectrics and 

theranostics.15,27 In a more general context, this study represents a clear proof of the 

importance of the precursor chemistry to synthesize novel pure phase ternary compounds 

in low temperature “soft” synthesis approaches. 
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