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Size-controlled spectral tunability and chemical flexibility make semiconductor nanocrystals (NCs) attractive as nanoscale building blocks for color-selectable optical-gain media. The technological potential of NCs as lasing materials is, however, si
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 Aligned MoO2/MoS2 and MoO2/MoTe2 Freestanding Core/Shell Nanoplates Driven by Surface Interactions Zachary P. DeGregorio,‡ Youngdong Yoo,‡ and James E. Johns* Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, United States S Supporting Information *
 
 ABSTRACT: Controlling the growth of two-dimensional (2D) transition metal dichalcogenides (TMDCs) is an important step toward utilizing these materials for either electronics or catalysis. Here, we report a new surface-templated growth method that enables the fabrication of MoO2/MoS2 and MoO2/MoTe2 core/shell nanoplates epitaxially aligned on (0001)-oriented 4H-silicon carbide and sapphire substrates. These heterostructures are characterized by a variety of techniques to identify the chemical and structural nature of the interface. Scanning electron microscopy shows that the nanoplates feature 3-fold symmetry indicative of epitaxial growth. Raman spectroscopy indicates that the MoO2/MoS2 nanoplates are composed of co-localized MoO2 and MoS2, and transmission electron microscopy conﬁrms that the nanoplates feature MoO2 cores with 2D MoS2 coatings. Locked-coupled X-ray diﬀraction shows that the interfacial planes of the MoO2 nanoplate cores belong to the {010} and {001} families. This method may be further generalized to create novel nanostructured interfaces with single-crystal substrates.
 
 M
 
 This report stems from recent research characterizing the nucleating event for growing monolayer and few-layer TMDCs. The synthetic approach for chemical vapor deposition (CVD) of monolayer TMDC growth is shown schematically in Figure 1a. The accepted mechanism for the growth of monolayer TMDCs involves the formation of small transition metal suboxide particles (such as MoO3−x) that nucleate on the substrate surface (the ﬁrst frame of the schematic in Figure 1a).28 Subsequent sulfurization of these particles results in fullerene-like TMDC shells followed by the growth of monolayer TMDC ﬂakes.28 By altering the temporal ﬂux proﬁle of the chalcogen species, we obtain vertical, freestanding plates rather than ﬂakes on SiC(0001). This procedure works for both MoTe2 as well as MoS2, implying that nucleation of the MoO2 core rather than chalcogenization is the morphology-determining step. Here, we will focus on the synthesis of the MoS2-based plates. By moving the sulfur to colder/hotter regions of the furnace, we can reduce/increase its concentration within the CVD tube. Reducing the sulfur concentration in this manner additionally delays the arrival of the chalcogen species relative to the metal oxide precursor due to the position-dependent temperature ramp within the tube. The saturated sulfur vapor pressure at the source, which ultimately determines the concentration of sulfur at the sample during the growth process, is calculated in Figure S2. The low initial concentration of sulfur results in the condensation and crystallization of MoO2 on the surface of the substrate, which is subsequently converted to MoS2 as the sulfur concentration rises. The resulting structure is a core/shell
 
 ono- and few-layer transition metal dichalcogenides (TMDCs) are two-dimensional (2D) materials that feature electronic properties rivaling those of conventional semiconductors and catalytic activity rivaling that of expensive noble metals.1−16 The synthesis of novel TMDC nanostructures could signiﬁcantly increase their potential use in catalytic applications and may result in particles with new electronic properties.17−26 Most synthetic eﬀorts to fabricate TMDCs tacitly assume weak chemical interactions between the TMDC and a substrate, based on the low surface energy and lack of dangling bonds of chemically saturated 2D layers. This diﬀers from the growth of traditional semiconductor nanoparticles on surfaces, where strong particle−substrate interactions can determine morphology. Recently, Wang et al. reported a synthetic technique that yields MoO2/MoS2 core/shell nanoplates.27 This is eﬀectively a two-step process, in which a metallic MoO2 core plate is grown and then subsequently sulfurized. We focus on the initial step of this process: the nucleation of the MoO2 core onto the substrate. By selecting single-crystal substrates that are nearly lattice matched with the MoO2 core, we can use surface interactions to drive the orientation of the resulting plates. The resulting structures are free-standing plates aligned with the substrate. The spontaneous alignment of these plates along high-symmetry axes of the substrate conﬁrms the strong bond between the substrate and nanoparticle. Subsequent sulfurization yields MoS2 shells that are also aligned with the substrate. This technique depends only on the chemistry between the seed MoO2 and substrate, and we demonstrate that it can be extended to form other aligned TMDC platelets by synthesizing MoO2/MoTe2 platelets as well. We characterize these heterostructures with a variety of techniques and identify the chemical and structural nature of the interface. © XXXX American Chemical Society
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 MoS2.31 The Raman spectrum of bulk 2H-MoS2 contains two primary peaks located at 381.9 cm−1 (E12g) and 406.0 cm−1 (A1g). Importantly, the energy separating these two phonon modes varies monotonically from 25 cm−1 in the bulk to 18 cm−1 in monolayer MoS2. On the basis of the peak separation shown in Figure 1c, we estimate that the MoS2 in the platelets is ∼3−5 layers thick.31 We note that interfacial strain will certainly induce shifts in the Raman spectra, and this has been extensively studied for MoS2. Here, however, we are using the Raman spectrum as an analytical tool to identify the vibrational ﬁngerprints of each component material. Raman mapping of the most intense MoS2 and MoO2 modes further conﬁrms that the TMO and TMDC signals are coming from the same location (Figure 1d,e) and from regions of high optical contrast (Figure S3). We used TEM to determine the core/shell structure of the MoO2/MoS2 plates. MoO2/MoS2 plates grown on SiC(0001) were carefully transferred from the SiC substrate onto a Quantifoil TEM grid using a solution dispersion method to place the plates ﬂat on the TEM grid. Typical plates are shown in Figure 2a,b. The selected area electron diﬀraction (SAED)
 
 Figure 1. Schematics illustrating the self-seeding mechanisms of (a) monolayer TMDCs (previously reported) and (b) core/shell nanoplates (reported here). (c) Raman spectra (excited at 632.8 nm) of MoO2/MoS2 core/shell plates on SiC, MoO2/MoS2 core/shell plates on sapphire, and MoO2/MoTe2 core/shell plates on sapphire with identities indicated with a symbol above each peak (square for SiC, diamond for sapphire, circle for MoO2, star for MoS2, and triangle for MoTe2). For MoO2/MoS2 core/shell plates on SiC, 2D maps are generated for the ﬁtted Raman peak intensities of the (d) MoO2 ∼750 cm−1 peak and (e) MoS2 E2 (∼385 cm−1) mode (no background subtraction). Fitted peak positions used in the 2D maps in (d) and (e) feature ﬁlled peak identity symbols and bolded peak positions in (c).
 
 Figure 2. (a,b) TEM images of suspended vertical MoO2/MoS2 core/ shell nanoplates. (c,d) SAED patterns corresponding to the plates in (a) and (b), respectively. (e,f) HRTEM images of plate edges in (a) and (b), respectively, showing lattice fringes indicative of MoS2 fewlayer shells.
 
 patterns acquired from these plates (Figure 2c,d) conﬁrm that the monoclinic MoO2 plate cores are single-crystalline and have a zone axis of [201]. Because the TEM images and SAED patterns were taken with nearly zero tilt angles, we deduce that the [201] zone axis is nearly perpendicular to the basal planes of the ﬂat plates. Thus, the basal planes of both plates are identiﬁed as the {100} planes by simple crystallographic facet angle calculations. The dim spots scattered on the SAED patterns originate from MoS2 shells. High-resolution TEM images of the plate edges (Figure 2e,f) show lattice fringes with spacing of ∼6 Å, consistent with those of the MoS2 formed on the side facets of the plates. By counting the number of lattice
 
 plate of MoO2/MoS2, and the chemical interactions between the initial MoO2 core and the substrate determine the shape and orientation of the particle, as shown in Figure 1b. We conﬁrm that the plates contain both crystalline MoO2 and crystalline TMDC using Raman spectroscopy on representative plates. The Raman spectra of SiC(0001), MoO2, MoS2, and MoTe2 have been extensively studied and are here used as chemical identiﬁers.29−33 The Raman spectrum of a representative MoO2/MoS2 plate on SiC(0001) is shown in yellow in Figure 1c. All 19 of the peaks in the spectrum were assigned as known Raman peaks for either SiC,29 MoO2,30 or 1632
 
 DOI: 10.1021/acs.jpclett.7b00307 J. Phys. Chem. Lett. 2017, 8, 1631−1636
 
 Letter
 
 The Journal of Physical Chemistry Letters fringes, we estimate that the MoS2 shell is three layers thick, consistent with the estimate from Raman spectroscopy. Having conﬁrmed the platelet core/shell structure, we seek to understand the growth mechanism driving vertical plate growth, as opposed to ﬂat plate growth that has been reported previously.27 We hypothesize that the vertical structure is due to strong chemical interactions between the substrate and the MoO2 core. First, the plates are aligned along the highsymmetry directions of the underlying wafer, as seen in SEM (Figure 3a−c). The plates display two diﬀerent morphologies.
 
 They are either normal to the surface or tilted at an angle from the surface. Both families of plates (normal and tilted) have preferential growth directions, as highlighted by the red (normal plates) and blue (tilted plates) dotted lines in each image of Figure 3. Aside from the diﬀerence in tilt angle, these two morphologies have similar shapes and sizes, as shown by the tilted SEM images in Figure 3b. In these images, the sample stage was tilted inside of the microscope until the microscope was looking down the growth axis of the tilted plates (approximately 35°). In the tilted image, the previously tilted plates appear vertical, and the previously vertical plates appear tilted with a similar shape to that of the tilted plates in Figure 3a. The platelets are aligned on the surface with 60° rotational symmetry, with a 30° oﬀset between the two families. We measured the orientation of several hundred normal and tilted plates on the surface relative to the [112̅0] direction of the silicon carbide. These results are shown in Figure 3d. Additionally, annealing the substrates prior to CVD leads to increased nucleation and alignment. At high temperatures, SiC(0001) undergoes a range of surface reconstructions that depend on temperature, pressure, and environmental composition.34−40 Figure 3c shows a SEM image of a SiC sample that was annealed at 1000 °C under Ar prior to growing the MoO2/ MoS2 nanoplates, resulting in ∼3× more plates on the surface. This increase in nucleation indicates that substrate surface chemistry is playing an inﬂuential role in particle nucleation. To understand how the substrate interactions could be directing growth of these core/shell plates, we consider the structure and reactivity of both the TMDC shell and the TMO core. Conventional epitaxial growth of a material on a substrate induces a strain penalty that must be energetically compensated for by favorable chemical interactions. MoS2 is a hexagonal layered material with a similar in-plane lattice constant to that of SiC(0001) (aSiC = 3.09 Å, aMoS2 = 3.15 Å).41,42 However, as a layered material, MoS2 interacts weakly between layers and with a substrate surface. In order to exhibit epitaxy, the energy stored in the strained TMDC would need to be compensated by the interaction with the substrate. Indeed, by changing our reaction conditions, we were able to grow monolayer ﬂakes of MoS2 on SiC(0001) (Figure S4). Despite needing only a 2.2% compression to be epitaxial on SiC(0001), these ﬂakes of MoS2 exhibit no preferred orientation. Additionally, growth of MoO2/MoS2 core/shell plates on SiO2/Si substrates results in freestanding and ﬂat plates with random orientations (Figure S5). Given this data, the interactions between SiC(0001) and the TMDC basal plane and between MoO2 cores and the amorphous SiO2/Si substrate must be too weak to account for the oriented nanoplates that we observe. Next, we consider the structure of the MoO2 oxide core and its relationship to SiC(0001). MoO2 is a monoclinic crystal derived from a distorted rutile structure with a much larger lattice constant than SiC (space group P21/c, a = 5.61 Å, b = 4.86 Å, c = 5.63 Å, β = 121°).43 However, if one slices MoO2 along its low-index planes, there would be unsaturated metal and oxygen atoms that could form strong covalent bonds to the oxide surface. Furthermore, while the lattice of MoO2 is monoclinic, the angle between the a axis and the c axis is nearly 120°, suggesting that it could also adopt hexagonal symmetry on the surface. Finally, we note that the SiC(0001) surface is known to reconstruct in a variety of ways, but at lower temperature, the most prominent reconstruction is the highly studied SiC (√3
 
 Figure 3. (a) SEM image of MoO2/MoS2 core/shell freestanding nanoplates on bare SiC with overlaid dotted triangles indicating threefold symmetry of freestanding plates (red for vertically aligned plates and blue for tilted plates). (b) SEM image of the substrate in (a) with the stage tilted to 35°. (c) SEM image of growth on a SiC substrate previously annealed to 1000 °C. (d) Histogram of MoO2/MoS2 core/ shell nanoplates visible in a representative SEM image as a function of the azimuthal angle (relative to the SiC [112̅0] direction). (e) SEM image of MoO2/MoS2 core/shell nanoplates grown on c-cut sapphire. (f) SEM image of the substrate in (e) tilted to 45°. (g) SEM image of MoO2/MoTe2 core/shell nanoplates on sapphire. (h) SEM image of the substrate in (g) tilted to 45°. All scale bars are 1 μm. 1633
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 The Journal of Physical Chemistry Letters × √3)R30°. This surface reconstruction has a hexagonal lattice constant of 5.323 Å, only 5% diﬀerent from the a and c axes of MoO2. We used low-energy electron diﬀraction (LEED) and Auger electron spectroscopy to conﬁrm the presence of the (√3 × √3)R30° reconstruction following nanoparticle growth and following sample annealing at 1000 °C (see Figures S6 and S7). We therefore hypothesize that oriented growth of the freestanding MoO2 core is driven by the initial formation of a strained, epitaxial MoO2 particle on the reconstructed surface, which is subsequently sulfurized to form the MoS2 layers. To probe the epitaxial relationship between the MoO2 cores and the SiC substrate, we used locked-coupled XRD to determine which planes are parallel to the SiC(0001) surface and we performed electron backscatter diﬀraction (EBSD) on 63 individual plates. Representative results of this analysis can be seen in Figure S8. The XRD pattern of the MoO2/MoS2 core/shell plate sample (Figure 4a) shows four 4H-SiC {000l}
 
 Finally, while we have focused on the growth of MoO2/MoS2 platelets on silicon carbide, the mechanism that we propose for the aligned growth should be generalizable to create other structures. We note that c-cut sapphire has a hexagonal lattice and could also serve as a template for freestanding nanoparticles. The Al−O surface bonds should provide chemical anchors to form Al−O−Mo bonds, resulting in epitaxial freestanding plates. Indeed, under similar synthetic conditions, we observe the growth of freestanding, substrate-aligned MoO2/MoS2 plates (Figure 3e and 3f). Changing the chalcogen from sulfur to tellurium results in isomorphic structures composed of MoO2/MoTe2, as observed by SEM and Raman mapping (Figures 3g,h and S10). We hypothesize that this method could be extended to any single-crystal substrate that has suitable symmetry, size, and chemical anchors to epitaxially nucleate the transition metal oxide. Furthermore, we propose that future experiments could change the symmetry of the substrate to favor a diﬀerent interfacial plane of the MoO2 core, creating a pathway to form TMDC nanoparticles with a wide variety of shapes and sizes. We have reported the novel growth method of epitaxial, freestanding TMO/TMDC core/shell nanoplates. The mechanism of the growth of these core/shell nanoplates is an extension of an established mechanism regarding self-seeding TMDC monolayer growth. The method described here may be developed as a general method for growing TMDC materials in a controlled, oriented manner and linking them to the substrate by a metallic core, which may lead to improved charge injection into these materials. Furthermore, this mechanism oﬀers new pathways for creating new families of TMDC and TMO/ TMDC nanoparticles controlled by substrate surface chemistry.
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 Figure 4. (a) XRD pattern of MoO2/MoS2 freestanding core/shell nanoplates on SiC acquired using a locked-coupled methodology. Schematics illustrating the MoO2 crystallographic planes associated with the facets of (b) normal plates and (c) tilted plates.
 
 peaks corresponding to the single-crystal 4H-SiC(0001) substrate used in the growth. Two MoO2 peaks corresponding to the (020) and (002) planes are also visible. The lockedcoupled θ/2θ methodology only probes crystal planes with the q̂ vector normal to the surface. The presence of peaks corresponding to MoO2 (010) and (001) planes conﬁrms that these planes feature interfacial binding with the reconstructed substrate surface. These interfacial plane assignments are supported by EBSD (see the Supporting Information). Schematics of vertical (Figure 4b) and tilted (Figure 4c) plates indicate low-energy surface planes responsible for plate morphology. Given the crystal structure of the MoO2 cores, the SAED patterns in Figure 2 indicate that all plates have basal planes of (100). The edge plane identities schematically represented in Figure 4b,c were determined by simple crystallographic facet angle calculations. These edge plane identities are supported by the interfacial planes identiﬁed from XRD, EBSD, and calculation of the plate facet angles using SEM images of ﬂattened plates (Figure S9).
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