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S1. METHODOLOGY
A. Density-functional theory calculations

All calculations are performed using the density-functional theory (DFT) as implemented
in the Vienna Ab initio Simulation Package (VASP) code [1-3]. The electron-ion interactions
are treated using the projector-augmented wave (PAW) [4, 5] method with a planewave
kinetic energy cutoff of 500eV. The generalized-gradient approximation due to Perdew,
Burke and Ernzerhof (PBE) [6] is used to treat the exchange-correlation energy, augmented

with the Grimme’s D2 van der Waals (vdW) correction (PBE + D2) scheme [7] to calculate
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all structural optimizations and surface energies. As reported Refs. 8 and 9 and references
therein, the PBE+D2 approach used in this work describes the group 5 tetradymites well
in terms of lattice constants, and provides a nice agreement to the experimental results.
All atomic geometries and unit cell structures are fully optimized until changes in the total
energy and forces are less than 107°eV and 10~* eV/A, respectively. Spin-orbit coupling
(SOC) effects are neglected since it does not affect the order of surface energies considered
in this work [10].

In addition, to evaluate the contribution of a solution-based environment to the surface
stability of the M, X3, we utilized an implicit solvation model with a relative permittivity (¢)
to account for solvation effects implemented in the VASP code (VASPsol) [11]. In order to
mimic experimental synthesis conditions of M, X3 (i.e., solvothermal method [12-17]), we set
three dielectric constants of 4, 40 and 80, to represent low, moderate, and high € condition,
respectively (e.g. polyvinyl pyrollidone (e = 4), ethylene glycol (e = 37), diethylene glycol
(e = 31.69), and water (e = 80)). Within the solvation model, solvation energy of the surface
(Eso1) is defined as:

1
B, = — slab Eslab 1
sol ) A[ sol vac ] ) (S )

where ES2P ) E5lab "and A denotes the total energy of the slab in the solvent, in the vacuum,
and the surface area, respectively.

For the slab calculations, 25 atomic layers (ALs) of (001) and 13 ALs of (015) and (110)
surface slabs are modeled while preserving the inversion symmetry, and the innermost 5
ALs for (001) and 3 ALs for (015) and (110) surfaces are fixed in their bulk positions. In
order to take surface defects into account, we have included four different types of surface
point defects, such as cation vacancy (V)s), anion vacancy (Vx), cation antisite (My), and
anion antisite (X,). By combining different surface indicies and surface defects together,
40 different surface phases for all three tetradymite M, X3 (i.e., BiySes, BiyTes, and SbhyTes),
total 120 surface phases were constructed (see Tabs. S3-S5). Considering possible diversity
at the non-stoichiometric conditions, p(2 x 2) supercell is calculated exceptionally for (001)
slab model (containing 100 atoms) while p(1 x 1) surface unit cell is used for (015) and (110)
surfaces (containng 65 atoms). To avoid the spurious interactions between periodically

repeated images, the vacuum region of at least 15 A is introduced along the out-of-plane

direction. The Brillouin zone integration is sampled with k-point grids of 12 x 12 x 1,



S3

4x4x1,and 6 x 3 x 1 for the (001), (015), and (110) p(1 x 1) surfaces, respectively. For the
larger surface unit cells, the grids have been folded accordingly to obtain the same sampling

of reciprocal space.

B. Ab-initio atomistic thermodynamics

The surface free energy () of three surface models (i.e. (001), (015) and (110) sur-
faces) considered in this work is calculated under the ab-initio atomistic thermodynamics

framework [12, 18-21], with the following definition:

1
Y(pars fix) = oA (B> — Narpinr — Nxpx) (52)

where A, E52" and Ny (N);) denoting the the surface area of the slab, DFT-calculated total
energy of the slab, and the number of X (M) atoms, respectively. px (ua) is the chemical
potential of the X (M) species, which is derived from the relationship of 2ux + 3uy =
E¢(MyX3) where F¢(M;X3) is the formation energy of bulk M;X3. Having the condition
of chemical potentials (i.e., 2ux + 3uy = Er(MyX3)), upper and lower limits of chemical
potential can be understood as the chemical reservoir of respective species (i.e., bulk X
phase and bulk M phase). For instance, assuming that Bi,Se; nanoparticles are synthesized
by mixing bulk Bi and bulk Se phases, upper (lower) limit of pp; is the chemical potential of
bulk Bi (bulk Se), which is understood as a Bi-rich (Se-rich) condition. In other words, going
beyond these chemical potential limits implies the non-equilibrium condition with respect
to bulk Bi and bulk Se.

Consequently, given that the condition of chemical potentials (i.e., 2ux + 3uy =
E¢(M,Xs3)) holds true, the Eq. S1 can be expressed as a function of jux,

Ny, 3

1
Y(px) = 24 G — TGIXE% — (NX — §NM> MX] : (S3)

This definition thus allows us to include various non-stoichiometric surfaces of MyX3
whose thermodynamic stability will be governed by the chemical potential change of the X

species.
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C. Gibbs—Wulff theorem

Having calculated surface free energies of different orientations via Eq. S3, we can predict
crystal shapes according to the Gibbs-Wulff theorem [12, 20, 22-24]. The Gibbs—Wulff
theorem provides a simple mathematical approach that predicts the shape of crystals or
nanoparticles, whereby the total free energy of the crystal is minimum at a constant volume.

The mathematical expression of Gibbs—Wulff theorem is given by:

r(d) = min oy ()] (54)

where 7(d) represents the radius of the crystal shape in the direction of the vector, d and
« is the proportionality constant. The directional vector, d, defines the normal vector to
a particular crystal surface (hkl). - (p;) is the surface energy value as a function of the
chemical potential of the component i. For given condition (i.e. under specific u;), by
minimizing the total surface free energy of the crystal at a constant volume and particular

surface orientation, we can obtain the corresponding crystal morphology.
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(001) (015) (110)

FIGURE S1. Top- and side- view of a unit cell of bulk MsX3 (M = Bi and Sb, X = Se and Te) and
(001), (015), and (110) surface is shown. The five atomic layers (X — M — X — M — X)) consist
one quintuple layer (QL) and three QLs compose one unit cell of the bulk M;X3. Distinct atomic
sites on the uppermost atomic layer of surface structures are labeled as well. Large green spheres
and small gold spheres denotes the M and X atoms, respectively. Red boxes are used to indicate
the unit cell.
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FIGURE S2. Calculated surface free energy (v, in J-m~2) as a function of the anion chemical
potential (x, in eV) for (a) BiySes, (b) BisTes, and (c¢) SbyTes, under the vacuum condition. The
surface free energies of the most favorable surface phases of (001), (015), and (110) are indicated
by red-, orange-, and blue-colored lines, respectively. All other less stable surfaces are illustrated
in gray lines. The thermodynamic equilibrium and non-equilibrium regions are separated by the
vertical dotted lines labeled in A and B, which correspond to the reference bulk state of M and
X, respectively (see Tab.S2 in Supplementary Materials for details). The number written above
each line corresponds to the specific surface structure listed in the Tabs. S3-S5.



Side Top e (eV)  d,/d.
- ® -5.473 1.81
I -5.375 1.46

) v -5.250 0.33
. ‘ -5.125 0.12
- v -5.000 7.43
| ® -4.875 0.90
- @ 4175 3.91
- @ 4.625 4.57
= @ 4500~-3875 271
- @ 375 271
= @ 3% 2.71
a @ e 271
m O 350 1.93
— ® 3.375 8.47
Il N -3.250 0.42
- L -3.125 4.41
N 7 -3.000 0.39
A v 2,926 0.87

S7

FIGURE S3. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured

aspected ratio of Bi,Se; calculated in every 0.125 €V of p1x specifically under the vacuum condition.

The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.
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FIGURE S4. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured
aspected ratio of Bi,Tes calculated in every 0.125¢eV of px specifically under the vacuum condition.
The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.
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FIGURE S5. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured
aspected ratio of Sb,yTes calculated in every 0.125 eV of 1 x specifically under the vacuum condition.
The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.
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FIGURE S6. Measured aspect ratio of predicted crystal shapes, with respect to the px for (a)
BisTes (—4.17 < pre < —3.09) and (b) SbyTes (—3.92 < e < —3.14).
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FIGURE S7. Measured aspect ratio of predicted crystal shapes, with respect to the px for (a)
BiySes, (b) BiyTes, and (c) SbyTe; under vacuum condition. The yellow colored points represent
the particular points where the highly isotropic particle with skewed cubic-like shape on it.
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FIGURE S8. Calculated v with respect to pux for BiySe; under different dielectric mediums, (a)
€ =4 (b) e =40, and (c) € = 80. The surface free energies of the most favorable surface phases
of (001), (015), and (110) are indicated by red-, orange-, and blue-colored lines, respectively. All
other less stable surfaces are illustrated in gray lines. The thermodynamic equilibrium and non-
equilibrium regions are separated by the vertical dotted lines labeled in A and B, which correspond
to the reference bulk state of M and X, respectively (see Tab.S2 in Supplementary Materials for
details). The number written above each line corresponds to the specific surface structure listed
in the Tabs. S3-S5.
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F1GURE S10. Measured aspect ratio of predicted crystal shapes, with respect to the px for Biy;Ses
under different dielectric mediums, (a) e = 0, (b) e = 4, (c¢) € = 40, and (d) € = 80. The thermody-
namic equilibrium and non-equilibrium regions are separated by the vertical dotted lines labeled
in A and B, which correspond to the reference bulk state of M and X, respectively (see Tab.S2

in Supplementary Materials for details). The representative crystal shapes for more intuitive com-

parisons, specifically under (I) =
—3.25eV of ux are plotted below.

—5.00, (II) = —4.75, (III) = —4.50, (IV) = —3.625, and (V) =
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FIGURE S11. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured
aspected ratio of BiySe; calculated in every 0.125eV of px specifically under the € = 4 condition.
The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.
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FIGURE S12. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured
aspected ratio of Bi,Sey calculated in every 0.125eV of px specifically under the e = 40 condition.
The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.



S17

Side Top g (eV) - d/d
- ® -5.460 5.96
- ® -5.375 1.87
o @ -5.250 2.11
® -5.125 0.69
* i -5.000 0.37

. . -4.875 1.10
_ » 4750  134.74
— ® -4.625 18.14
- @ 4500~-3.698 336

- v 13.625 3.36
T » -3.500 2.67
- ® -3.375 3.85

I , -3.250 0.21
@ P -3.125 0.68
- ® -3.000 1.96
1 . 2,919 0.64

FIGURE S13. The (meta-)stable crystal shapes, corresponding Se chemical potential, and measured
aspected ratio of BiySey calculated in every 0.125eV of px specifically under the e = 80 condition.
The red-, orange- and blue-colored facets symbolize (001), (015) and (110), respectively.
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TABLE S1. Calculated surface energies (7, in J/m?) of three stoichiometric surfaces (i.e. (001),
(015) and (110)) of MsX3 (M = Bi and Sb, X = Se and Te) under the vacuum condition (e = 0),
and v of three stoichiometric surfaces of BiySe; under different dielectric conditions (i.e. € =4, 40,
and 80).

Materials Y(oo1) 7Y(015) Y(110)

) 018 048 0.67
) 021 045 0.61
(e=0) 021 037 053
(e=4) 0.12 042 0.62
Bi,Se, (¢ =40) 0.11 0.39 0.58
Bi,Se, (¢ =80) 0.11 0.38 0.56

TABLE S2. Chemical potential of X corresponding to the equilibrium (A and B) and metastable
(C and D) boundary of M>X3 under the vacuum condition (e = 0), and Bi,Se; under different
dielectric conditions (i.e. € =4, 40, and 80).

Materials C A B D
Bi,Sey (e =0) —5.473 —4.362 —3.698 —2.926
Bi,Te; (e =0) —4.942 —3.831 —3.451 —2.437
Sb,Tey (e =0) —4.663 —3.669 —3.451 —2.437
Bi,Se; (e =4) —5.483 —4.354 —3.698 —2.903

Bi,Sey (¢ = 40) —5.466 —4.354 —3.698 —2.903
Bi,Se, (e = 80) —5.460 —4.354 —3.698 —2.919
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TABLE S3. Numerical labeling of M;X3 structures for 23 different (non-)stoichiometric (001)
surfaces. Four distinct atomic point defects (i.e. Vjs, Vx, My, and Xj,s) and their possible
combinations are included. Here, the Vi, Vx, Mx, and X; corresponds to the cation vacancy,
anion vacancy, anion antisite and cation antisite defects.

Structure number M, X3 (001)

Defect free

MX4

NN R PR PR B2 O000 0 Ok Wi -

R R R T T N e L N N N N N N TR R R T T T T T
e - e e e e e e e N —

TABLE S4. Numerical labeling of M»X3 structures for 7 different (non-)stoichiometric (015) sur-
faces.

Structure number M X3 (015)

24) Defect free
) Vo
) Vi
) Vi1
)
)
)

M
X
M
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TABLE S5. Numerical labeling of M;X3 structures for 10 different (non-)stoichiometric (110)

surfaces.

Structure number My X3 (110)

Defect free

Vira

Vxs

Vi + Ve

Vxi1 + Vxa + Vxs
Varz + Vxs

Xro

My

Xm1 + X

Mx1 + Mxy + Mxs

W W
DO —
S~—

e T R L e L T T NN
— N N N N N
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