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Two-dimensional CdS-based hybrid nanostructures are intriguing materials with an application prospect in different fields such as sensing (i. e., photoresistors) and solar energy harvesting (photocatalysis, photovoltaics, and so forth). We report herein a colloidal synthetic path for interfacing metal and semiconductor with 2D CdS nanoplates. Selective growth of Au, Pt, and a PtNi alloy as well as Cu2−xS semiconductor is achieved on CdS nanoplates using controlled reduction of metallic precursors and thermal decomposition of a metal-sulfide single-source precursor using standard organic-phase colloidal chemistry.
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INTRODUCTION

Materials on the nanoscale with increasing complexity, and specifically hybrid nanostructures (HNSs), pose an opportunity for the rational design of novel advanced materials, with unique, and multifunctional properties (Kovalenko et al., 2015). Consisting of several domains, hybrid nanoparticles (NPs) commonly possess a combination of the properties of each nanoscale component (Maynadiø et al., 2009; Costi et al., 2010; Tan et al., 2018). In some cases, synergy between the two domains allows enhancement of the original properties and even leads to novel properties that did not exist in the separate domains (Cozzoli et al., 2006; Urban et al., 2007; Shaviv and Banin, 2010). The constantly increasing knowledge in colloidal NP synthesis (e.g., formation mechanisms, size and distribution, dimensionality and shape control, composition of constituents, surface composition—ligand type, coverage, and functionality) (Carbone and Cozzoli, 2010) provides a solid ground for the design of HNSs with domains consisting of a wide range of materials such as metals (Naskar et al., 2017), metal alloys (Habas et al., 2008), metal chalcogenides (Banin et al., 2014; Flomin et al., 2017), metal oxides (Chang et al., 2017), carbon based materials (Zhi et al., 2008), and polymers (Liu et al., 2010). HNSs have been shown useful for a variety of applications such as medicinal uses (Zhang et al., 2018), photocatalysis (Tongying et al., 2012; Waiskopf et al., 2018), and other energy-related applications (Cho et al., 2019). The scientific questions alongside the proven and potential applicative knowledge result in a constant worldwide interest in novel hybrid nanostructures.

A useful general classification scheme of HNSs would be according to the formed interface, namely semiconductor–semiconductor (SC–SC) and metal–semiconductor (M–SC) systems. A SC–SC hybrid structure with rationally-designed energy band alignment can improve the optical emission (Rukenstein et al., 2012) or facilitate charge separation (Volokh et al., 2014; Li and Lian, 2018), which are beneficial for photoluminescence or photoelectronic devices [such as photoelectrochemical cells (Chu et al., 2017; Volokh et al., 2019) and photovoltaics (Carey et al., 2015), respectively]. Maybe the most common SC–SC HNS is a core–shell structure, such as CdSe–CdS (Brovelli et al., 2011), CdSe–ZnS (Yu et al., 2005), or PbS–CdS (Zhang et al., 2016), which can enhance the fluorescence efficiency and create prototype quantum-confined structures as the quantum dot/quantum well-system. Moreover, a second material can also be grown selectively on the higher-reactivity tips of anisotropic nanocrystals. For example, EuS particle on one or both tips of CdS nanorods (Mirkovic et al., 2011) and selective growth of CdTe on CdS (Milliron et al., 2004) or PbSe on CdS and CdSe nanorods (Kudera et al., 2005).

Hybrid systems consisting of a M–SC configuration gained significant interest owing to their efficient light induced charge separation—an important property for photocatalysis-based applications (Khan et al., 2015), with the metal serving as an electron sink and possibly a reduction catalyst. In addition, some noble metal NPs such as gold, silver, and platinum have strong localized surface plasmon resonance effects (Lee et al., 2011), which is useful for sensors and photocatalysis. Additional uses include serving as anchor points for electrical connections and self-assembly of the semiconductor component of the M–SC hybrids (Kaltwasser et al., 2018; Marcovici et al., 2018), and impact on improved electronic transport (Mahler et al., 2016). During the last decade, an impressive control over the shape, composition, and complexity of the discussed above systems have been gained, and nanostructures such as disk-type Cu2S nanocrystals with Au core (Kim et al., 2010), CdSe/CdS tetrapods with one Au tip and three Ag2S tips (Mishra et al., 2012) were synthesized. Furthermore, tremendous progress has been made with metal alloys such as PtNi and PtCo in recent years, where composition tuning determines physical and chemical properties (Paulus et al., 2002; Loukrakpam et al., 2011; Cui et al., 2012).

During the last decade, colloidal (quasi) two-dimensional (2D) nanoplates or nanoplatelets (NPLs) have attracted much attention because of their unique electronic and optical properties (Ithurria et al., 2011a,b; Nasilowski et al., 2016; Kelestemur et al., 2017; Akkerman et al., 2019; Ganguly et al., 2019). At present, the research on 2D colloidal semiconductors is thriving, with various compositions (Wang et al., 2014; Berends et al., 2018; Akkerman et al., 2019; Dufour et al., 2019) and nanoscale interfaces are explored including van der Waals heterostructures, core–shell, and core–crowns in the case of SC–SC (Davis et al., 2019; Li et al., 2019; Min et al., 2019; Saidzhonov et al., 2019) and various decoration locations and amounts in the case of SC–M. Of note is the ability of metal ions to induce shape control as well as determine final composition (e.g., CuS–Ag2S or Ag2S–Ag; Liu et al., 2018). Among the II-VI nanomaterials, and cadmium chalcogenides (Kormilina et al., 2017; Li and Lian, 2018) in particular, CdS is explored due to its controllable morphology, electronic structure, and optical properties. Thus far, some metal– and semiconductor−2D CdS based hybrid nanostructures were reported, such as CdS-CdSe–Au (Chauhan et al., 2016; Das et al., 2016; Naskar et al., 2017), CdS–Pt (Li et al., 2018), CdS–Ni (Zhukovskyi et al., 2015), CdS–Ni3C (Ma et al., 2018), CdS–MoS2 (Ma et al., 2017), and CdSe–CdS (Li et al., 2016; Feng et al., 2018). However, the research of 2D CdS based hybrid nanostructures is still very insufficient. Herein, we use 2D CdS NPLs as a substrate for selective growth of Cu2−xS semiconductor, Au and Pt metals, and PtNi metal alloy.



EXPERIMENTAL DETAILS

All the described colloidal syntheses were conducted using standard air-free techniques (using a Schlenk line with N2-flow).


Materials

Diphenyl ether (DPE, 99%) and octylamine (99%) were purchased from Alfa Aesar; cadmium (II) chloride (CdCl2, >99%), copper nitrate trihydrate [Cu(NO3)2·3H2O, 99.5%], gold (III) chloride (AuCl3, 99.9%), nickel (II) acetate tetrahydrate [Ni(ac)2·4H2O, >98%], and platinum (II) acetylacetonate [Pt(acac)2, 98%] were purchased from Strem Chemicals; 1,2-dichlorobenzene (DCB, 99%), 1,2-hexadecanetdiol (HDD, 90%), n-trioctylphosphine (TOP, 90%), 1-dodecanethiol (DDT, 98%), didodecyldimethylammonium bromide (DDAB, 98%), dodecylamine (DDA, 98%), oleic acid (OA, 90%), oleylamine (OLAM, 70%), sodium diethyldithiocarbamate (99%), and elemental sulfur (99.98%) were purchased from Sigma-Aldrich. Solvents for dispersion and precipitation were purchased from Bio-Lab Chemicals: hexane (AR grade), toluene (99.7%), chloroform (amylene-stabilized, 99.9%), ethanol (absolute, 99.9%), and methanol (absolute, 99.8%). All solvents and reagents were used as received.



Synthesis of 2D CdS Nanoplates (NPLs)

2D CdS NPLs were synthesized after minimal modification of the method described by Son et al. (2012). Briefly, a Cd-octylamine and sulfur-octylamine complexes were reacted in octylamine, which served both as the surfactant and the solvent. The Cd-octylamine complex was prepared by heating CdCl2 (1.5 mmol) in octylamine (10 mL) to 120 °C for 2 h. A sulfur-octylamine complex was prepared by dissolving elemental sulfur (4.5 mmol) in octylamine (5 mL) at room temperature. The resulting reddish-to-brown solution was injected into the previously-prepared Cd-octylamine complex solution at room temperature, resulting in an immediate color change to a transparent light yellow. This solution was then slowly heated at a rate of 2 °C min−1 and aged for 48 h at the target temperature of 70 °C. As 2D CdS NPLs were formed, the solution became turbid. After the reaction terminated, NPLs were precipitated out of the solution by adding excess ethanol and centrifugation. The powdery form of 2D CdS NPLs was obtained by two additional cycles of redispersion in toluene, addition of ethanol, and centrifugation.

The final CdS precipitate was dispersed in chloroform to form a CdS NPL stock solution. The stock's concentration was calibrated for the subsequent procedures by adjusting the absorbance of a ×200 diluted sample at λ = 379 nm to 0.80 (i.e., theoretical optical density of about 160).



Synthesis of Elongated 2D CdS NPLs

Elongated 2D CdS NPLs were synthesized using the same procedure, except that target temperature of the aging was 80 °C. The stock's concentration was calibrated for the subsequent procedures by adjusting the absorbance of a ×200 diluted sample at λ = 381 nm to 0.83 (i.e., theoretical optical density of about 166).



Synthesis of Copper(II)-Bisdiethyldithiocarbamate Single-Source Precursor

The diethyldithiocarbamate salt of copper, Cu[S2CNEt2]2, was prepared according to previously published methods (Jen-La Plante et al., 2010; Rukenstein et al., 2012). The water-soluble Cu(II) salt [Cu(NO3)2·3H2O, 1.208 g, 5.00 mmol] was dissolved in 40 mL of deionized water (18.2 Ω cm resistivity, purified using a Millipore Direct-Q system). Sodium diethyldithiocarbamate (2.250 g, 10.00 mmol) was dissolved separately in 40 mL of deionized water and then slowly added to the Cu(II) solution. The precipitate was allowed to form, vacuum-filtered, dried, dissolved in hot chloroform, and finally recrystallized.



Growth of Cu2−xS on CdS NPLs

The growth of Cu2−xS on CdS was achieved by mixing CdS NPLs and the copper-sulfide single-source precursor (SSP) in DDT: 0.17 mL CdS NPL stock solution was centrifuged at 15,000 rpm (~15.6 k × g) for 5 min and then redispersed in 3.0 mL DDT alongside 6.0 mg Cu[S2CNEt2]2. The mixture was then heated to 200 °C for 5 min. The reaction was then stopped by removing the heating mantle and allowing the solution to cool to room temperature. The product was cleaned by the addition of 2 mL toluene and 2 mL ethanol, followed by 10 min centrifugation.



Growth of Cu2-xS on Elongated CdS NPLs

This synthesis is similar to the previous description of Cu2−xS on CdS, except that 0.25 mL of the elongated CdS NPLs stock solution was used.



Growth of Au on CdS NPLs

The procedure of growing Au on CdS was based on previously published work, with slight modifications (Mokari et al., 2005). In a standard procedure, 0.5 mL of a CdS stock was centrifuged at 15,000 rpm (~15.6 k × g) for 5 min to precipitate the CdS NPLs. Then, the precipitate was dispersed in 3 mL DPE and transferred to a three-neck round bottom flask. The resultant suspension was heated to 50 °C under N2 atmosphere, when 2.5 mL of an Au solution was injected slowly (injection rate: 0.5 mL min−1). The Au solution was prepared in advance by dissolving 6.0 mg AuCl3, 30 mg DDAB, and 70 mg DDA in 4 mL toluene followed by 5 min sonication. After the injection, the reaction was kept at 50 °C for 5 min before being cooled down to room temperature. The Au-CdS NPLs were cleaned by addition of 5 mL methanol to the reaction flask followed by centrifugation. The precipitate was redispersed in chloroform for further characterization. For XRD measurements, the synthesis was repeated at the same conditions, with the exception of using toluene instead of DPE. This was necessary to reduce the intensity of a broad diffraction peak around 30°, which may be attributed to the presence of organic materials (ligands and DPE leftovers) in the dried sample after drop-casting.



Growth of Pt and PtNi on CdS NPLs

The growth of Pt on CdS NPLs was performed based on previously published work (Habas et al., 2008). 0.5 mL of a CdS stock was centrifuged at 15,000 rpm (~15.6 k × g) for 5 min and dispersed in 1.0 mL DCB. 0.020 mmol (8.0 mg) Pt(acac)2 were added to the resultant suspension, and it was heated to 65 °C for 10 min. In a three-neck round bottom flask, 0.2 mL OLAM, 0.2 mL OA, 43 mg HDD, and 10.0 mL DPE were heated to 200 °C under N2 atmosphere. Then, the CdS suspension was injected quickly to the flask and the reaction solution was kept at 200 °C for 6 min. The reaction was cooled to room temperature and 12 mL ethanol were added. Finally, the CdS-Pt NPLs were collected by centrifugation and redispersed in hexane for further characterization. For the growth of PtNi, the procedure was conducted in the same manner, with the addition of 2:1 Ni:Pt molar ratio [i.e., 10.0 mg Ni(ac)2·4H2O] to the DPE solution in the 3-neck flask. Additionally, the resultant CdS–PtNi were washed one additional time, by adding a small amount of ethanol (1:4 v/v hexane:ethanol), centrifugation and redispersion in hexane.



Characterization

Transmission electron microscopy (TEM) images and energy dispersive X-ray spectroscopy (EDS) were collected using a JEOL JEM-2011 microscope with a LaB6 filament operating at an acceleration voltage of 200 kV. High resolution TEM images were obtained by using either a JEOL TEM 2100F microscope operated at 200 kV or Thermo Scientific Talos F200C operated at 200 kV, both equipped with a FEG source. The TEM images (dm3 and dm4 files) were analyzed using Gatan's digital micrograph software version 2.30.542.0, specifically, for FFT analysis—DifPack module was used. X-ray diffraction (XRD) measurements were carried out by a using PANalytical Empyrean powder diffractometer using Cu Kα radiation (λ = 1.5418 Å) and operated at 40 kV and 30 mA, with dry HNS samples after drop-casting on either (100) single-side polished Si substrates or on a quartz slide. UV-vis absorption spectroscopy data was collected on a Cary 5000 double-beam spectrophotometer. EDS was additionally collected on a JEOL JSM-7400F high-resolution scanning electron microscope (SEM) equipped with a Thermo Scientific NORAN System SIX at an accelerating voltage of 30 kV.




RESULTS AND DISCUSSION

First, we have synthesized CdS NPLs, based on Hyeon and co-workers' procedure (Son et al., 2012), as the substrates for the subsequent growth of metals and a metal sulfide semiconductor NPs. As shown in Figure 1A, the CdS NPLs' lengths were in the 30–50 nm range with a thickness of ~1 nm. Due to NPLs stacking, measurement of the width in the TEM images is challenging, but the growth of metals in the M–SC systems (Figures 1B–D) prevents the stacking of CdS, allowing the estimation of the width of CdS to be 8 ± 1 nm. These CdS NPLs were used as the template for the subsequent growth of Au, Pt, PtNi, and Cu2−xS domains. General schematics of the synthetic methods and the resultant products are shown in Scheme 1. The growth of all metals occurred at the edges of the NPLs, due to the high specific surface energy of these sites, and therefore higher reactivity, at the edge compared to the faces in 2D materials (Riedinger et al., 2017). This agrees with previous works where growing the metals on a rod-shaped CdS resulted in formation of metal domains at the most reactive position of the CdS rods: the tips (Mokari et al., 2005; Habas et al., 2008). A complementary mechanism which is responsible for the growth on high-curvature sites is that these sites are more prone to ligand-passivation defects. The shape of the resultant metals is spherical, with an average size of 3.1 ± 0.6 nm for Au, 2.8 ± 0.4 nm for Pt, and 3.5 ± 0.5 nm for PtNi alloy. Size distribution histograms for all metals are presented in Supplementary Figure 1.


[image: Figure 1]
FIGURE 1. TEM images of (A) CdS NPLs, (B) CdS–Au, (C) CdS–Pt, and (D) CdS–PtNi HNSs. All scale bars are 50 nm.
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SCHEME 1. General schematics of the synthetic methods used to grow the different described metal and Cu2−xS domains on CdS NPLs.


The XRD pattern of as-synthesized CdS shown in Figure 2A is slightly shifted to higher 2 theta values compared to the literature values of bulk, hexagonal CdS (JCPDS No. 41-1049) and agrees with the result published previously for such NPLs (Son et al., 2012). After the growth of Au on the NPLs, an additional weak diffraction is present around 38°, which corresponds to the (111) plane of cubic Au (JCPDS No. 04-0784). The presence of the cubic Au phase was further verified by FFT analysis, calculated from high-resolution TEM (HRTEM) images, with experimental d111 = 2.344 Å (Supplementary Figure 2). The XRD patterns of CdS–Pt and CdS–PtNi both have two additional peaks compared to pristine CdS. These peaks correspond to the literature values of fcc Pt diffractions around 40° and 46° (JCPDS No. 04-0802). However, the diffractions attributed to Pt in the CdS–PtNi alloy HNS are shifted compared to the CdS–Pt by 0.8°. Assuming Vegard's law validity and that both Pt and Ni are in their fcc crystal structure (dPt, 111 = 2.265 Å, dNi, 111 = 2.034 Å, JCPDS No. 04-0850), the alloy's calculated composition corresponds to an atomic Pt:Ni ratio of about 4.3:1.


[image: Figure 2]
FIGURE 2. (A) XRD patterns and (B) UV-vis spectra of pristine CdS NPLs and CdS–M HNSs. JCPDS numbers of CdS, Au, Pt, and Ni literature patterns in panel A are 41-1049, 04-0784, 04-0802, and 04-0850, respectively. The broad peak around 30° in the CdS–Au diffraction pattern may be attributed to the presence of surfactants.


To confirm the presence of Au, Pt, and Ni in all M–SC HNS samples, EDS data was collected from a large quantity of the hybrid structures using an SEM instrument (Supplementary Figure 3). For the CdS–Au sample, the atomic ratio of Au:Cd:S was 1.8:1:3.5. The high S content compared to Cd may be due to partial overlap between the S-K and Au-M transitions at 2.3 and 2.1 kV, respectively. To minimize the quantitative error, the gold's L edge was used for the atomic ratio calculation, and yet the overlap is probably responsible for the overestimated S-to-Cd ratio. The atomic ratio of Pt:Cd:S in the CdS–Pt sample was 1.3:1:1.8, and the atomic ratio of Pt:Ni:Cd:S in the CdS–PtNi sample was 1.1:0.26:1:1.6. Again, the high S amount compared to Cd in both samples may stem from partial overlap between the strong S-K and Pt-M transitions at 2.3 and 2.05 kV, respectively, hence for the quantitative calculation Pt-L was used. From this EDS result, we may calculate an atomic ratio of Pt:Ni of 4.2:1 for the CdS–PtNi sample. This ratio agrees with the calculated ratio based on the shift of the PtNi (111) diffraction relative to the one of Pt in the XRD. The atomic ratio of Pt:Ni was further verified with EDS using a TEM instrument (Supplementary Figure 4), providing a ratio 3.3:1 between the two, and Pt:Ni:Cd:S atomic ratio of 1.4:0.42:1:1.3. Notably, both XRD and EDS data indicate that the Ni content in the NiPt product is lower than in the reacting precursors. This result most probably stems from the higher reactivity of Pt compared to Ni toward nucleation on the thin CdS NPLs. As was shown in the past by our group, the mechanism of PtCo alloy tips formation on CdS nanorods, involves first the nucleation of Pt, which is then alloyed with the other metal (Yuhas et al., 2009). When the final metal particle size is smaller than 7.2 nm, the relative alloying metal amount is low (3:1 Pt:Co for 3.6 ± 1.1 PtCo tips), and a 1:1 ratio can only be achieved for larger NPs (Habas et al., 2008; Yuhas et al., 2009). In the PtNi alloy tips, an average 25% Ni relative to Pt was measured for a diameter of 4.7 nm (Habas et al., 2008), which agrees with the findings from XRD and SEM-EDS for CdS NPL–NiPt HNS.

The UV-vis absorption of as-synthesized CdS together with the M–SC samples is presented in Figure 2B. All M–SC samples have increased absorbance in the visible region compared to CdS, in agreement with previously-published CdS–Pt and CdSe/CdS–Au systems (Chauhan et al., 2016; Li et al., 2018). The absence of a peak at the position of the Au plasmon in the CdS–Au sample also agrees with previously published data and is attributed to the small size of the decorating Au particles.

For the formation of SC–SC HNS, copper sulfide was chosen because the stoichiometric composition of Cu-S compounds can vary from copper-rich chalcocite (Cu2S) to copper-poor villamaninite (CuS2), which endows their variable electronic properties. For example, Cu2S–CdS HNS is considered a candidate material for applications requiring solar light harvesting as photovoltaic devices (Pan et al., 2012; Wong et al., 2015) since it combines the formation of a favorable band alignment (staggered type II band positions), which facilitates charge separation across the p-Cu2S–n-CdS SC–SC interface and two distinct optical band gaps, which increase light absorbance in different parts of the solar spectrum (Rivest et al., 2011; Jen-La Plante et al., 2014). As the synthetic route, we have chosen to work with single-source molecular precursors. Specifically, we demonstrate a Cu2−xS–CdS NPLs hybrid system in Figure 3A. The benefit of the SSP is the presence of both elemental ingredients of the final SC in stoichiometric ratios in the precursor (Volokh et al., 2018). Since there is no difference in the reactivity of the S-source and the Cu-source, we had expected the CdS in this synthetic path to be less prone to partial cationic exchange of the cadmium with copper. The result is decoration of the “tips” of the 2D CdS NPLs with copper sulfide NPs.
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FIGURE 3. Growth of Cu2−xS on CdS NPLs. TEM images of (A) Cu2−xS–CdS NPLs and (B) Cu2−xS–elongated CdS NPLs, (C) XRD patterns, and (D) HRTEM image of Cu2−xS–CdS NPLs. The sharp peaks marked by asterisks in (C) originate from the substrate. The left inset in (D) is an enlargement of the area marked in yellow with hexagonal CdS (002) plane labeling. Right inset is an FFT analysis of the area marked in red of Cu2−xS, corresponding to a hexagonal symmetry, and (100), (002), and (102) planes of high chalcocite Cu2S.


The Cu2−xS NPs (d = 7.1 ± 0.8 nm, Supplementary Figure 5A) can be clearly seen at the tips of the CdS NPLs in the TEM images. Moreover, to demonstrate the scalability of this synthesis, we have used elongated CdS NPLs (which have a length of about 50–200 nm and a thickness of ~1 nm, Supplementary Figure 6) as the substrates for the growth of similar Cu2−xS NPs. Similarly, Cu2−xS NPs (d = 6.4 ± 1.0 nm, Supplementary Figure 5B) also grow successfully at the tips of the elongated CdS NPLs (Figure 3B). XRD of this hybrid system in Figure 3C shows the clear diffraction pattern of hexagonal CdS (wurtzite CdS, JCPDS No. 41-1049). Unfortunately, it is impossible to distinguish the diffraction of the copper sulfide (possibly, due to its small size and relative low amount) from the CdS diffraction at the same position. As the accuracy of EDS analysis for a colloidal copper sulfide system is limited due to one or more of the following: multiple Cu2−xS phases with x < 1, variable vacancies amount, partial surface oxidation, and possible elements detection due to remaining reaction byproducts and the use of DDT as the ligand, the EDS spectrum (Supplementary Figure 7) was used to qualitatively confirm the presence of Cu, Cd, and S in the product. The UV-vis absorption spectra are presented in Supplementary Figure 8. A main absorption peak at 378 nm along with a shoulder at 383 nm appeared in CdS NPLs, which originate from the electron-light hole and electron-heavy hole transitions, respectively, and indicate CdS thickness of about 5 molecular layers (Ithurria et al., 2011b). In the case of elongated 2D CdS NPLs, another peak at 414 nm was found. After deposition of Cu2−xS, in both cases, the CdS NPLs' peaks were blue-shifted and lowered in their relative intensity. Furthermore, a new peak around 500 nm appears in the hybrid system. Absorption about this wavelength was reported for hexagonal Cu2S (Mondal et al., 2014) and for several Cu2−xS phases such as Cu1.8S, Cu1.97S (Zhao et al., 2009), and Cu7S4 (Jiang et al., 2000; Behboudnia and Khanbabaee, 2007). From HRTEM image analysis (Figure 3D), the growth of the copper sulfide domain at the tips of the elongated CdS structure is evident. FFT analyses of the Cu2−xS NPs over the area indicated by the red square in Figure 3D show the crystal planes with distances of 0.3493, 0.3277, and 0.2469 nm. These lattice spacings and angles in the FFT correspond to the (100), (002), and (102) planes of hexagonal Cu2S [high chalcocite Cu2S, Pearson's crystal data, entry no. 1003706 (Will et al., 2002)], respectively. Additional analysis of other HNSs gives the same result, and an example HRTEM image is presented in Supplementary Figure 9. Moreover, the lattice distances of 15 different Cu2−xS NPs (Supplementary Figure 10) were measured, all of which are consistent with the above hexagonal Cu2S with mismatches <3% (Supplementary Table 1). Though it is challenging to unequivocally determine the crystal structure because the XRD diffractions of Cu2−xS are not obvious and several different Cu2−xS phases have lattice spacings close to our experimental measured values, the most probable phase is the hexagonal Cu2S as discussed above, and it matches with reported optical activity. In the case of the CdS NPL part of the hybrid, the measured plane seen in the yellow square of Figure 3D, has an experimental spacing of about 0.337 nm, which suits the (002) of hexagonal CdS, also present in the XRD. To check the stability of the Cu2−xS–CdS HNS, we have also measured the XRD of a sample 2 months after synthesis and no evident diffraction changes were seen (Supplementary Figure 11). Apart from stability, this measurement indicates that no significant cation exchange-induced phenomenon exists in the Cu2−xS–CdS hybrid, as copper can easily diffuse in the CdS lattice even at room temperature in nanostructures (Rivest et al., 2011).



CONCLUSIONS AND SUMMARY

In summary, we have developed a facile and scalable colloidal synthetic strategy to selectively grow metal (Au, Pt, PtNi alloy) and semiconductor (Cu2−xS, probably Cu2S) domains on CdS nanoplates. With significant similarity to CdS nanorods, metal reduction on high-energy locations of a nanostructured template results in the formation of metal–CdS heterostructure(s). The use of single-source molecular precursors allowed formation of SC–SC hybrid of two metal sulfides, where the CdS nanoplate remains relatively intact without significant cation exchange phenomena occurring, and Cu2−xS nanoparticles decorate its edges forming multiple interfaces. Due to the generality of this approach, other metals (and their alloys) as well as other semiconductor as metal sulfides can be prepared via this approach.
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