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Abstract  

Lateral confinement of layered, two-dimensional (2D) materials has uniquely enabled the 

exploration of several topological phenomena in electron transport due to the well-defined, 

nanoscale cross-sections and perimeters. At present, research on laterally confined 2D materials is 

constrained by the lack of synthesis methods that can reliably and controllably produce 

nanostructures with narrow widths and high aspect ratios. We demonstrate the use of 

thermomechanical nanomolding (TMNM) to fabricate nanowires of six layered materials (Te, 

In2Se3, Bi2Te3, Bi2Se3, GaSe, and Sb2Te3) with widths of 40 nm and aspect ratios above 100. 

During molding, the van der Waals (vdW) layers rotate by 90º from the horizontal direction in the 

bulk feedstock to the vertical direction in the molded nanowire such that the layers are aligned 

along the nanowire length. We find that interfacial diffusion and surface energy minimization drive 

the nanowire formation during TMNM, often resulting in single crystalline nanowires with 

consistent crystallographic orientation.  

  

Introduction  

Layered van der Waals (vdW) two-dimensional (2D) materials have been the source of 

major advancements across many research disciplines owing to their unique electronic1,2, 

mechanical3, and optical properties4. While their thickness-dependent properties have been 

investigated down to the monolayer limit, studies of their lateral confinement into extremely 

narrow nanostructures (<50 nm) are sparse. Nonetheless, laterally confined layered materials have 

led to important discoveries such as chiral edge channel interactions in quantum anomalous Hall 

insulators5, Berry phase detection for topological surface states via Aharanov-Bohm oscillations in 



topological insulators6, and Majorana bound states that are anticipated for quantum computing7,8,9. 

Thus, lateral confinement is an effective strategy for tailoring the electronic properties of layered 

materials, making it a potentially transformative tool for designing next generation electronic and 

spintronic devices. The scarcity of lateral confinement studies stems from the lack of synthesis 

methods that can fabricate extremely narrow nanostructures with high aspect ratios and uniform 

widths. Epitaxial thin film growth techniques such as molecular beam epitaxy (MBE) can 

synthesize nanowires, but intensive growth optimization is needed for each material system. Other 

methods such as chemical vapor deposition (CVD) and vapor-liquid-solid (VLS) growth provide 

limited control over morphology, often resulting in layered nanomaterials with widths above 100 

nm and large size distributions10.  

The recently developed nanofabrication technique of thermomechanical nanomolding 

(TMNM) provides a straightforward process to make narrow nanowires with high aspect ratios and 

uniformity. In TMNM, a bulk material of interest is extruded through a nanoporous mold at 

elevated temperatures (approximately 0.5Tm, where Tm is the material’s melting point in Kelvin) 

and pressures (higher than 100 MPa)11. Nanowire growth during TMNM is driven by lattice and 

interfacial diffusion12 along the mold channels. Additionally, grain re-orientation occurs at the base 

of the nanowire in order to minimize the interfacial energy between the crystal and mold surfaces, 

leading to formation of single crystalline wires with consistent growth orientation13. TMNM is 

materials agnostic and has been successfully applied to metallic elements11, alloys14, and 

intermetallic compounds15. If TMNM can work for 2D materials, it will produce narrow, 

singlecrystalline nanowires of 2D materials with large aspect ratios. Due to the extremely 

anisotropic bonding nature consisting of weak interlayer interactions and strong in-plane bonding, 

however, it is unclear if TMNM can work for 2D materials.   

Here, we demonstrate the successful TMNM of laterally confined nanowires of layered 2D 

materials with diameters of 40 nm and aspect ratios greater than 100. The vdW layers are 

consistently parallel to the nanowire length and molding direction even though the layers in the 

bulk feedstock are oriented perpendicular to the molding direction, showing that a 90º layer rotation 

occurs during the TMNM process. When molding is done at sufficiently high temperatures for 

diffusion dominated growth, the nanowires are single crystalline. We demonstrate that TMNM of 

layered materials is a general strategy as we successfully mold six different layered systems:  



Te, In2Se3, Bi2Te3, Bi2Se3, GaSe, and Sb2Te3. Te, Bi2Te3, Bi2Se3, and Sb2Te3 are topological 

materials and have demonstrated exotic phenomena such as superconductivity16 and topological 

surface-dominated transport17 at nanoscale dimensions. GaSe and 2D ferroelectric In2Se3
18 exhibit 

size-dependent bandgaps with potential applications in optoelectronic and memory devices19. We 

show that TMNM enables fabrication of laterally confined nanowires of layered vdW materials 

with high aspect ratios and consistent crystallographic orientation that can be used to study 

emergent electronic properties.  

Results and Discussion  

Highly oriented Te and Sb2Te3 crystals purchased from 2Dsemiconductors and Funcmater 

and chemical vapor transport (CVT) grown ⍺-In2Se3, Bi2Te3, Bi2Se3, and GaSe are used as bulk 

feedstock materials for molding. The Te, ⍺-In2Se3, Bi2Se3, Bi2Te3, and GaSe feedstocks are high 

quality single crystals, while the Sb2Te3 crystals are polycrystalline. The crystals are molded at 

temperatures between 250°C – 450°C and pressures between 500 MPa – 5 GPa for 30 minutes 

using anodic aluminum oxide (AAO) molds with 40 nm pore size. Exact molding conditions for 

each material are summarized in Table S1. The molding direction is perpendicular to the vdW layer 

planes as illustrated by the schematic shown in Figure 1a. After molding, the AAO is etched away 

using hydrofluoric acid (HF) or potassium hydroxide (KOH), leaving the wires attached to the 

feedstock. Figure 1b shows a scanning electron microscope (SEM) image of In2Se3 nanowires with 

uniform diameters and aspect ratios above 120 after etching away the AAO mold. An atomically 

resolved high angle annular dark field-scanning transmission electron microscopy (HAADFSTEM) 

image of an In2Se3 nanowire shown in Figure 1c reveals that the layers are parallel to the nanowire 

length and molding direction, suggesting that a 90º layer rotation occurs from the bulk feedstock.   

  

Figure 1. Overview of TMNM of 2D materials. a) Schematic of molding In2Se3 (In atoms in pink, 

Se atoms in yellow) using AAO mold (white) at high temperature and pressure. Arrows indicate 

the direction of applied pressure during TMNM. b) SEM image of molded In2Se3 nanowires with 



40 nm diameter after etching AAO mold (scale bar: 1 µm). c) HAADF-STEM image of In2Se3 

nanowire showing layers parallel to nanowire length (scale bar: 1 nm). The arrow indicates the 

molding direction and nanowire length with parallel vdW layer planes.  

  

We verify the layer rotation by using focused ion beam (FIB) milling to make an electron 

transparent cross-section liftout of the bulk feedstock with molded nanowires attached, shown in 

Figure 2a. Using HAADF-STEM, we characterize the atomic structure changes from feedstock to 

wire. Initially, the vdW layers of the bulk In2Se3 crystal are oriented perpendicular to the molding 

direction as shown in Figure 2c. Within the molded nanowire, the vdW layers are oriented parallel 

to the mold direction, shown in Figure 2b. Thus, HAADF-STEM images from these regions reveal 

that the layers rotate 90º from the feedstock into the nanowire. We also observe that ⍺-In2Se3 

transitions to β-In2Se3 in both the feedstock and nanowire during TMNM, indicated by the 

centering of the middle row of Se atoms in the vdW layers as seen in the overlays in Figure 2b and 

2c. This transition has been previously reported to occur at 200°C20 and can therefore be attributed 

to the elevated molding temperature of 300°C. A change in stacking sequence is also observed in 

the HAADF-STEM images. The bulk feedstock is β-In2Se3 with 3R stacking where all layers are 

oriented in the same direction, while the nanowire has alternating 2H stacking sequence (Figure 

2b and 2c).  

  

Figure 2. Characterization of layer rotation during TMNM. HAADF-STEM images of a) bulk 

In2Se3 feedstock with molded nanowires attached (scale bar: 50 nm). Atomic structure of b) 

molded nanowire showing β-In2Se3 phase with 2H stacking sequence (In atoms in pink, Se atoms 

in yellow, scale bar: 1 nm) and c) bulk feedstock showing β-In2Se3 phase with 3R stacking 

sequence (scale bar: 1 nm). d) Layer rotation at base of molded nanowire (scale bar: 5 nm). Red 



dashed lines indicate the layer orientation direction. e) Schematic showing progression of layer 

orientation from bulk feedstock to molded nanowire.   

  

The 90º layer rotation occurs beginning at the base of the nanowire as shown in Figure 2d. 

At the base of the nanowire, the layers begin to rotate from their initial horizontal orientation. Away 

from the base of the nanowire, the layers are largely parallel to the nanowire length and more subtle 

layer rotation occurs before the nanowire becomes completely single crystalline. These 

intermediate grains likely form in order to facilitate the large 90º layer re-orientation between the 

bulk feedstock and nanowire. The progression of layer orientation observed through HAADF-

STEM imaging is illustrated by the schematic in Figure 2e. This result suggests that TMNM of 2D 

layered materials occurs in a similar manner to 3D crystalline materials where grain rotation occurs 

at the pore entrance in order to lower surface energy11 and demonstrates that TMNM can produce 

nanowires of 2D materials with consistent layer orientation. To confirm that the phase of the 

nanowires is In2Se3, energy dispersive X-ray spectroscopy (EDX) is performed on both the 

nanowire and bulk feedstock (Figure S1). The intensity ratios of the In and Se peaks indicate that 

there is less In in the nanowire than the bulk crystal. This difference can be attributed to In 

vacancies in the nanowire resulting from the elevated molding temperature and pressure.   

A major advantage of TMNM is that the size of the molded nanowires can be controlled by 

using AAO molds with different diameters. We mold In2Se3 nanowires with diameters of 80 nm 

and 120 nm using the same temperature, pressure, and molding duration. The AAO molds are 

etched and SEM is used to image the nanowires (Figure S2). The aspect ratios are approximately 

130, 3.4, and 2 for the 40 nm, 80 nm, and 120 nm-diameter nanowires, respectively, showing a 

clear trend of decreasing length with increasing diameter. This trend indicates that interfacial 

diffusion of the crystal along the mold channels is one of the primary growth mechanisms, similar 

to the molding mechanism for 3D crystalline materials11. As the wire diameter decreases, the 

surface area to volume ratio increases, which promotes interfacial diffusion and subsequent 

nanowire growth during molding.   

 We demonstrate that TMNM can be applied to other layered materials to fabricate narrow 

nanowires with high aspect ratios. In contrast to MBE or CVD where growth recipes must be 

individually developed for each material system, TMNM is materials-agnostic and offers more 

straightforward parameter optimization. In addition to nanomolding of In2Se3, we fabricate 40 

nmdiameter nanowires of 1D vdW Te and 2D vdW Bi2Se3, Bi2Te3, GaSe, and Sb2Te3 using TMNM. 



The initial layer orientations of the bulk feedstock materials are verified by cross-section 

HAADFSTEM imaging (Figure S3), which shows the layers to be perpendicular to the molding 

direction.  

After molding, the nanowires show vdW layers parallel to the nanowire length, indicating a 90º 

rotation from the feedstock, just like the In2Se3 case (Figures 3, S3, and S4). Atomic resolution 

STEM images confirm that the crystalline phases of the molded nanowires match those of their 

initial bulk feedstock materials. SEM images of Te and Bi2Se3 nanowires (Figures 3j and 3n) 

attached to the bulk feedstocks after etching the AAO mold reveal that the molded nanowires are 

uniform in size with high aspect ratios above 150. The nanowires bundle together during solvent 

drying due to cohesive forces but are easily separated via sonication for imaging and 

characterization. For In2Se3, Bi2Se3, and Bi2Te3, two different nanowire growth directions are 

observed: [11#00] and [1#1#20] (Figures 3 and S5). For both growth directions, the layers are 

oriented parallel to the length of the nanowire, suggesting that the surface energies are low and 

therefore accessible via TMNM. The compositions of the nanowires are analyzed using EDX to 

ensure that their phases match those of the initial bulk crystals (Figure S6). Te, Se, and Ga 

vacancies are observed in Bi2Te3, Bi2Se3, and GaSe, respectively, and can be attributed to the 

molding conditions. These results demonstrate the wide applicability of TMNM across many 

layered materials, making it a suitable technique to fabricate narrow, laterally confined 

nanostructures of 2D materials.  



  

Figure 3. TMNM nanowires of various vdW materials. HAADF-STEM images and atomic 

structure schematics of (a-c) Bi2Te3 (Bi atoms in grey, Te atoms in red), (d-f) GaSe (Ga atoms in 

green, Se atoms in teal), (g-i) Te, and (k-m) Bi2Se3 (Bi atoms in grey, Se atoms in teal) with 

nanowire growth directions indicated by the arrows. Results for Sb2Te3 are shown in Figure S4. 

SEM images of molded j) Te and n) Bi2Se3 nanowires still attached to bulk feedstocks. The area 

at the bottom of j) is a region where the nanowires have broken off, leaving behind the hexagonally 

arranged pattern to reflect the location of the AAO mold pores. Scale bars are 5 nm for low 

magnification STEM images (a, d, g, and k), 1 nm for high magnification STEM images (b, e, h, 

and l), and 1 µm for SEM images (j and n).  

  

 To understand the observed layer rotation of the molded nanowires, we perform firstprinciples 

calculations to determine the most stable orientation for cylindrical structures of Te, In2Se3, Bi2Se3, 

and Bi2Te3. We compute surface energies for each material along the <101#0>, <0001>, <112#0>, 

and <101#1> directions. For Te, the (0001) surface has the highest energy, which is expected as 

trigonal Te chains are oriented along this direction. As such, creating this surface requires 

terminating the Te chains, resulting in a large surface energy. In the case of In2Se3, Bi2Se3, and 



Bi2Te3, the [0001] direction has the lowest energy, which is expected as the layers are orthogonal 

to the [0001] axis. A list of all calculated surface energies for all four materials is shown in the 

Supplementary Information (Tables S2-S5). Using these surface energy results, we construct Wulff 

models for all four materials with corresponding average single-crystal surface energies (see 

Tables S2-S5).   

While the Wulff model is useful for analysis in standard single-crystal growth, such a model 

becomes less practical for cylindrical nanowire geometries. Thus, we perform a geometric 

construction of a cylinder beyond the Wulff model for the molded nanowires. We consider a 

surface with its normal, 𝑛’, oriented along an arbitrary direction and sample different facets to 

produce the lowest surface energy density. The optimized surface energy is calculated for every 

surface normal direction on the unit sphere. The energy of a cylinder with axis oriented along a 

specific direction is then determined by integrating around the sphere in directions perpendicular 

to the cylinder axis. Figure 4 shows the maps of surface energy density, 𝜎,  and cylindrical surface 

energy, 𝜎!"#, for each material. Note that the listed Miller indices correspond to the surface normal 

direction for 𝜎 or the cylindrical axis orientation for 𝜎!"#. In the case of Te, cylindrical surface 

energy is maximized for directions orthogonal to (0001), whereas the opposite is true for the three 

2D layered materials, with surface energy being minimized in directions orthogonal to (0001). This 

finding agrees with the experimental observation of growth with the layers oriented parallel to the 

axis of the cylinder.  



  
Figure 4. Computed surface energy maps for Te, Bi2Te3, Bi2Se3, and In2Se3. a) Schematic showing 

energy density of a surface with normal oriented along an arbitrary direction. Surface energy 

density maps for b) Te, c) Bi2Te3, d) Bi2Se3, and e) In2Se3. f) Schematic of cylindrical surface 

energy for a cylinder oriented along an arbitrary direction. Cylindrical surface energy maps for g) 

Te, h) Bi2Te3, i) Bi2Se3, and j) In2Se3. The directions on one half of the unit sphere are shown using 

stereographic projections.  

  

For 3D crystals, the majority of nanowires produced by TMNM are single crystalline and 

defect free21. While the molded Te, In2Se3, GaSe, and Bi2Te3 nanowires are single crystals, we find 

polycrystalline nanowires for Sb2Te3 and Bi2Se3. The 90º layer rotation is still observed in the 

polycrystalline nanowires such that the layers are parallel to the nanowire length for the majority 

of the nanowire. This suggests that grain rotation occurs, but to a lesser extent, possibly due to 

lower atomic diffusivity. To investigate this, Bi2Te3 is molded at 350°C, 100°C lower than the 

single crystalline condition. Figure 5a shows a HAADF-STEM image of a nanowire molded at 

350°C, and Figure 5b is a grain map of the nanowire showing the in-plane orientation along the 

nanowire length collected using 4D-STEM22. Grain maps showing the in-plane orientation 

perpendicular to the nanowire length and out of plane orientation are shown in Figure S7. The 

Bi2Te3 nanowires molded at 350°C are polycrystalline on one end which is presumed to be the 

nanowire base. HAADF-STEM imaging shows a grain on the polycrystalline side of the nanowire 

that does not have layers oriented parallel to the long axis as previously observed (Figure 5c). The 

grain map shows that the grains eventually rotate to become single crystalline for the majority of 



the nanowire. A HAADF-STEM image from the single crystalline side of the nanowire shows the 

vdW layers to be oriented parallel to the nanowire length as expected (Figure 5d). At the higher 

molding temperature of 450°C, the Bi2Te3 nanowires are single crystalline throughout the entire 

length (Figure S8).  

At low molding temperatures, the Bi2Te3 crystal is forced into the pore opening by the high 

applied pressure without exhibiting layer rotation likely due to low diffusivity, resulting in the 

presence of grains with vdW layers confined by the nanowire width. As the grains continue to 

move through the pore, interfacial diffusion and layer rotation occurs along the mold channel. The 

nanowire gradually becomes single crystalline with the vdW layers lying in the lowest surface 

energy orientation. Defects such as dislocations can be seen throughout the nanowire (Figure S9). 

At high molding temperature, the additional thermal energy leads to enhanced interfacial diffusion, 

allowing the layers to rotate to the lowest energy orientation promptly after entering the nanopores. 

A similar finding was observed in Ag nanowires, where increasing molding temperature from 

220°C (0.4Tm) to 660°C (0.76Tm) resulted in more single crystalline nanowires23. These findings 

demonstrate that at sufficiently high temperatures, nanowire growth during TMNM can be 

diffusion dominated and lead to formation of single crystalline nanowires with uniform growth 

orientation. From this, we anticipate that the Bi2Se3 and Sb2Te3 nanowires will become single 

crystalline with higher molding temperatures. These findings demonstrate that TMNM can be used 

to create high-quality, single crystalline nanowires of 2D layered materials from both single and 

polycrystalline bulk feedstocks.  

  



  

Figure 5. Microstructure characterization of a Bi2Te3 nanowire molded at 350°C and 5 GPa. a) 

HAADF-STEM image of molded Bi2Te3 nanowire (scale bar: 100 nm). b) 4D-STEM grain map 

of a). HAADF-STEM images of grains on c) polycrystalline side of nanowire showing vdW layers 

confined by nanowire length (scale bar: 2 nm) and d) single crystalline side of nanowire showing 

vdW layers oriented parallel to nanowire length (scale bar: 2 nm).  

  

The typical molding temperatures and pressures previously used for 3D materials are 

approximately 0.5Tm and hundreds of MPa13. We find that much higher temperatures and pressures 

are necessary in order to consistently obtain more single crystalline, high aspect ratio nanowires 

for the 2D layered vdW materials. In2Se3, Bi2Te3, Bi2Se3, GaSe, and Sb2Te3 are molded at 0.49Tm, 

0.84Tm, 0.74Tm, 0.60Tm, and 0.81Tm, respectively (Table S1). A high pressure of 5 GPa is used to 

mold all compounds except for Sb2Te3 which is molded at 1 GPa. When TMNM is attempted with 

lower temperatures and pressures, molding is not consistent and usually only short wires (<1 um) 

are formed. The difference in homologous temperatures used for successful TMNM of the different 

materials suggest that In2Se3 and GaSe have higher diffusivity along the AAO mold walls than 

Bi2Te3, Bi2Se3, and Sb2Te3. Additionally, the In2Se3, Bi2Te3, Bi2Se3, and GaSe bulk feedstocks are 

single crystalline while the Sb2Te3 feedstock is polycrystalline. Grain boundary diffusion has been 

shown to contribute to the growth of longer nanowires in TMNM23, which could explain why 

Sb2Te3 molds successfully at a lower pressure. The lack of grain boundary diffusion along with 

strong in-plane bonding can potentially make entry of the crystal into the AAO pores and nanowire 



growth more difficult compared to 3D crystal structures, necessitating higher temperatures and 

pressures for successful TMNM of single crystalline layered 2D materials.  

Conclusion  

We present TMNM as a straightforward and general strategy for fabricating laterally 

confined nanowires of layered 2D materials which are attractive platforms for studying emergent 

transport phenomena. While TMNM has been demonstrated on a wide range of 3D crystalline 

materials, this work provides the first mechanistic study to date of its applicability towards vdW 

layered materials. We find that TMNM of 2D materials proceeds in a similar manner to 3D 

materials where grain rotation and surface energy minimization between the crystal and mold walls 

control nanowire formation. Thus, TMNM is an effective tool for fabricating laterally confined 

layered 2D materials with high aspect ratios and consistent layer orientation.   
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Methods  

Synthesis of bulk feedstock materials  

Te was purchased from 2Dsemiconductors. Single crystals of gallium selenide (GaSe) were 

grown via a chemical vapor transport (CVT) technique. A stoichiometric quantity of elements 

(molar ratio Ga:Se = 1:1, 1 g in total) and pure iodine (around 30 mg) were sealed into a quartz 

ampule under pressure of < 10-5 hPa. Then the ampule was placed in a two-zone furnace and kept 

at 870 – 820℃ for a week, with the precursor side placed in the high-temperature zone. Van der 

Waals GaSe single crystals were collected from low-temperature end when the ampule was 

cooled back to room temperature in 24 hours. Indium selenide (In2Se3), bismuth selenide 

(Bi2Se3), and bismuth telluride (Bi2Te3) were grown with the same method using temperatures of 

850-800℃, 500-450℃, and 500-450℃, respectively.  

  

The synthesized crystals were characterized by Raman spectroscopy carried out on a 

microRaman spectrometer (Horiba-JY T64000) (Figure S11). A 532 nm laser was used as the 

excitation light and the signal was collected through a ×50 long-working-distance objective. The 

backscattered light was dispersed with an 1800 mm-1 grating and measured by a liquid nitrogen 

cooled charge-coupled device camera.  

  

TMNM of nanowires  

AAO molds were purchased from InRedox. All materials were molded as is for 30 minutes in an  

Ar environment using the conditions given in the Table S1. To remove the AAO mold, Te, 

Bi2Se3, Bi2Te3, and GaSe were etched using 5M KOH and In2Se3 using 20% HF. The nanowires 

were then released from the feedstock by sonicating in methanol.  

  

HAADF-STEM, EDX, and 4D-STEM sample preparation and analysis  

TEM samples were made by dropcasting the sonicated nanowire solutions on lacey carbon 

overlaid on 300 mesh copper grids. EDX samples of the bulk crystals were prepared by 

sonicating the bulk crystals for 20 minutes in methanol, then dropcasting the solution onto TEM 



grids. Cross-section liftouts were made using a Thermo Fisher Helios G4 UX FIB with a final 

mill at 2-5 kV. HAADF-STEM imaging and STEM-EDX were performed on a Thermo Fisher 

Spectra 300 using 300 kV accelerating voltage. 4D-STEM data was collected using an electron 

microscope pixel array detector (EMPAD) and analyzed using py4Dstem.   

  

DFT surface energy calculations  

All first-principles calculations were performed using the open-source plane-wave software 

JDFTx [https://doi.org/10.1016/j.softx.2017.10.006]. Calculations for all materials were run 

using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional  

[https://doi.org/10.1103/PhysRevLett.77.3865] with a plane wave energy cutoff of 680 eV, and 

ultrasoft pseudopotentials were sourced from the GBRV library  

[https://doi.org/10.1016/j.commatsci.2013.08.053]. Due to the layered nature of these materials, 

the Van der Waals D3 correction [https://doi.org/10.1063/1.3382344] was included in all 

calculations. Self-consistent calculations were performed using a Gamma-cented mesh of 

12x12x12 k-points to compute the bulk free energies of Te, Bi2Se3, Bi2Te3, and In2Se3 whereas 

surface-oriented slabs utilized a 12x12x1 k-point mesh. Slab geometries were constructed such 

that the slab thickness was approximately 30 angstroms, with a vacuum spacing of 15 

Angstroms. A structural relaxation was performed iteratively for bulk and slab structures to 

optimize the lattice constants and atomic positions. Upon calculating surface energies for all  

materials, Wulff models were constructed using the WulffPack Python package 

[https://doi.org/10.21105/joss.01944].   

Due to the topological nature of Bi2Se3, Bi2Te3, and In2Se3, care was taken when defining the 

bulk energy to be used in the surface energy calculations. For each material, the computed 

energy density of the (0001) surface differed when using slabs with a differing thickness, 

corresponding to a different number of 2D layers. This discrepancy was upwards of 10% in some 

cases, without the surface energy converging towards a single value. To reconcile this difference, 

we performed total energy calculations for slabs of 3-8 layers and used a linear regression to fit 

the data shown in Figure S10. The corresponding slope is the ideal bulk energy value, with the 

yintercept corresponding to the (0001) surface energy. Using this corrected bulk energy value 

provided minor variation (< 1%) for slabs with varying thickness.  

  

Total surface energy calculations of a cylindrically shaped nanostructure  

We consider a surface with its normal, 𝑛’, oriented along an arbitrary direction. This surface is 

constructed by a linear combination of facets oriented in directions 𝑛)$ which together contain 

net orientation 𝑛’. The choice of facets is optimized to produce the lowest surface energy density 

for a given 𝑛’, which then corresponds to the equilibrium coexistence of facets. This optimized 

surface energy is calculated for every possible surface normal direction on the unit sphere. The 

energy of a cylinder with axis oriented along a specific direction is determined by integrating 

around the sphere in the directions perpendicular to the cylinder axis.  
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