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1 Density functional theory calculation details
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Supplementary Figure 1 Optimized structures for calculating the binding energy of a graphene ZZ edge
to the Cu(111) surface. The angle between the graphene ZZ edge and the <110> crystallographic direction
of the Cu substrate is given for each structure. The unit cell of each structure is denoted by green dashed

rhomb.

Supplementary Figure 2 Optimized structures for calculating the binding energy of graphene ZZ edge to
Cu(100) surface. The angle between graphene ZZ edge and the <110> crystallographic direction of the Cu
substrate is given for each structure. The unit cell of each structure is denoted by green dashed rhomb.
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Supplementary Figure 3 Optimized structures for calculating the binding energy of graphene ZZ edge to
Cu(110) surface. The angle between the graphene ZZ edge and the <110> crystallographic direction of the
Cu substrate is given for each structure. The unit cell of each structure is denoted by green dashed rhomb.

Supplementary Figure 4 Optimized structures for calculating the binding energy of hBN ZZN edge to
Cu(111) surface. The angle between the hBN ZZ edge and the <110> crystallographic direction of the Cu
substrate is given for each structure. The unit cell of each structure is denoted by green dashed rhomb.
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Supplementary Figure 5 Optimized structures for calculating the binding energy of hBN ZZN edge to
Cu(100) surface. The angle between the hBN ZZ edge and the <110> crystallographic direction of the Cu
substrate is given for each structure. The unit cell of each structure is denoted by green dashed rhomb.
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Supplementary Figure 6 Optimized structures for calculating the binding energy of hBN ZZN edge to
Cu(110) surface. The angle between the hBN ZZ edge and the <110> crystallographic direction of the Cu
substrate is given for each structure. The unit cell of each structure is denoted by green dashed rhomb.
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Supplementary Figure 7 Optimized structures for calculating the binding energies of graphene ZZ edge
to Pt(111) surface (a-f). The angle between the graphene ZZ edge and the <110> crystallographic direction
of the Pt substrate is given for each structure. The unit cell of each structure is denoted by green dashed
rhomb. (g) shows the binding energy profile of the graphene ZZ edge to the Pt(111) substrate as a function
of the alignment angle.



Supplementary Figure 8 Optimized structures for calculating the interaction between hBN bulk and
Cu(111) surface (a-d). The angles between the ZZ direction of hBN and the Cu<110> direction are provided.
The unit cell of each structure is denoted by green dashed rhomb.
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Supplementary Figure 9 Optimized structures for calculating the interaction between hBN bulk and
Au(111) surface (a-g). The angle between the hBN ZZ direction and the <110> crystallographic direction
of the Au substrate is given for each structure. The unit cell of each structure is denoted by green dashed
rhomb. (h) shows the binding energy profile of the hBN wall to the Au(111) substrate as a function of the
alignment angle.
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Supplementary Figure 10 Optimized structures for calculating the weak interaction between a triangular
WS cluster and hBN surface (a-g). The angle between the WS, ZZ direction and the hBN ZZ direction is
given for each structure. The unit cell of each structure is denoted by green dashed rhomb.

Supplementary Figure 11 Atomic model showing the configuration difference between two anti-parallel
MoS; clusters on the oxygen terminated Al.O3; (0001) surface. Because the oxygen terminated Al,O3 (0001)
surface is 3-fold symmetric, which is denoted by the blue triangle, the two anti-parallel MoS; clusters are
actually non-equivalent. The oxygen atoms at the top atomic layer of the Al,Os; (0001) surface are
represented by red large balls.



2 Proof of Egn. 1 in the main text
Eqn. 1 is derived from the Lagrange’s theorem of the group theory.

It is clear that the symmetry group of the system of a 2D material on a substrate, Gzpgsub, Must be a subgroup
of the symmetric group of the substrate, Gsu, because any symmetric operation of Gapgsus Will not change
the substrate. From the Lagrange’s theorem®, we have the following relationship between the order of Gsus
(the number of nonequivalent symmetry operations of Gsu,) and that of its subgroup, Gzp@sus:

|Gsub| = [Gsup: GZD@sub“GZD@subl’ (S1)

where |Ggyp| and |Gopasup | are the orders of Gsu and Gapasus, respectively. N = [Gsyup: Gopasup] 1S the
number of nonequivalent left cosets of Gap@sub in Gsun. According to the Lagrange’s theorem, Gsu, Can be

constructed as:

Gsub = glGZD@sub u gZGZD@sub U--u giGZD@sub Uu--u gNGZD@suby (SZ)

where g; € Ggyp, 91 = E, and g;G2p@sup # 9jG2p@sup UNlESS 1= .

Except g1G2p@sup = G2pa@sup, aPPlying all symmetric operations of a left corset, g;G,p@sup, 10 the system
of 2D@Sub will change the alignment of the 2D material to an equivalent but different direction. So, the
number of equivalent but different directions of a 2D material on a substrate is the number of nonequivalent

left cosets of Gap@sub iN Gsub:

N = [Gsub: GZD@sub] = |Gsub|/|GZD/sub|- (83)

3 Experimental observation of various 2D materials epitaxial growth on various substrates
and the comparison with theoretical predictions.

Supplementary Table 1 shows the experimentally observed alignments of graphene on various low-
index Cu surfaces. In perfect agreement with above theoretical predictions, the number of non-alignments
of graphene islands on Cu(111), Cu(100) and Cu(110) are 1, 2, 1 respectively, which have been clearly seen
in a large number of experiments. The misalignment of the two types of graphene domains on the Cu(100)
surface with a 30 degree misorientation angle has been observed **. Besides, the alignment of graphene ZZ

edge along the Cu<110> direction has also been confirmed ***.

Supplementary Table 2 shows the experimental observations of hBN on various Cu surfaces. As
the theoretical analyses shown in Fig. 4 in the main text, antiparallelly aligned triangular hBN grains on

both Cu(111) and Cu(110) surfaces and the four different orientations of triangular hBN grains on Cu(100)



surface have been clearly seen®®"®. The alignment of ZZN edge of hBN domains along the <110> direction

of the substrate has been shown in many experimental observations as well*'*!!,

Supplementary Table 3 presents a summary of the epitaxial grown TMDCs on various substrates,
including both metallic Au surface and the nonmetallic substrates. Most TMDCs have a Csy symmetry as
hBN and the predicted alignment of a TMDC on a substrate are exactly same as that of hBN. Antiparallel
domains of TMDCs on the six-fold symmetric Au(111)°, ALO; '*!"">and GaN(0001) surfaces "* are clearly

seen; the unidirectionally aligned WS, islands were observed to grown on a C3y symmetric hBN surface .

The unidirectional alignment of hBN on high index Cu surface have been observed (Supplementary
Table 4). Very recently, Liu and Chen et al. successfully synthesized large-sized single crystalline h-BN on
a vicinal Cu(110) and Cu(111) surface, respectively, where all the triangular h-BN grains are
unidirectionally aligned *'°. Guo and Wang at al. also observed unidirectionally aligned hBN grains grown
on many vicinal Cu(110) surfaces '"'®. Moreover, unidirectionally aligned WSe islands have also been
observed on a vicinal Al,O3(0001) surface with parallel step edges '°. Centimeter scale single crystalline
MoS; has been obtained by seamless coalescence of unidirectionally aligned MoS, grains grown on a
vicinal Au(111) surface?. These studies strongly validate our theoretical analysis that using substrates with
a high-index surface and a low symmetry might be a new direction on synthesizing large-sized single

crystalline 2D materials.



Supplementary Table 1 Alignment of graphene on low-index Cu surfaces. N represents the number of
alignments and 0 represents the misorientation angle of graphene grains, respectively. ZZ represents the
zigzag edge of graphene. In which, ZZ//Cu(110) represents the zigzag edge of graphene parallel to a

Cu<110> direction of the Cu surface and etc.

2D

Substrat

Experimental Observations

Theoretical Predictions

. Ref.
s | S | S T 0 [ e S ]
Graphene Cu(111) 77//Cu<110> | 1| 0° 234 77Z//Cu<110> | 1 00
(Cev) (Cev)
Graphene | Cu(l10) | 77/ c0c1105 | 1] o0 2 | zzicu<110s | 1| oo
(Cev) (Cav)
Graphene Cu(100) ZZ//Cu<110> | 2| 30° 2,3 77//Cu<110> | 2 | 30°
(Cev) (Cav)

For scanning electron microscopy (SEM) images in the 2, 3 and 4 rows, adapted with permission from Ref.
2. Copyright (2013) American Chemical Society. For the optical microscope (OM) image in the second
row, reprinted from Ref. 3, Copyright (2017), with permission from Elsevier.



Supplementary Table 2 Alignment of hBN on low-index Cu surfaces. N represents the number of
alignments and 0 represents the misorientation angle of hBN grains, respectively. ZZ represents the zigzag
edge of hBN.

2D Substrat Experimental Observation Theoretical Prediction
- e Ref.
Material hBN , hBN
type Alignment N ® Figures Alignment N @

hBN | Cu(l1l)

0
(Cav) (Cov) ZZ[/Cu<110> | 2 | 60

56,7 | ZZ//Cu<110> | 2 | 60°

hBN | Cu(110)

° (0]

C») | (Cv) NIA 2 | 60 8 | zzicu<110> | 2 | 60
30°, -

hBN | Cu(100) 60° 0
Ca) | (Cay | Z2MCUSIIO> |4 o 7 | zzicu<uo> |4 | 20
900 900

30°, 30°,

hBN | Cu(100) ok 0
C) | (Ca) NIA 4| and 5 | zzicu<t10> | 4 | 2
900 900

For the SEM images including the upper left one in row 2 and the one in row 5, reprinted with permission
from Ref. 5, Spring Nature, Copyright (2015). For the lower SEM image in row 2, reproduced from Ref. 6
with permission from the PCCP Owner Societies. For the upper right SEM image in row 2 and the SEM
image in row 4, reprinted with permission from Ref. 7, IOP Publishing Ltd, Copyright (2015). For the SEM
image in row 3, reproduced from Ref. 8 with permission from The Royal Society of Chemistry.



Supplementary Table 3 Alignment of TMDCs on low-index substrate surfaces. N represents the number
of alignments and 0 represents the misorientation angle of TMDC grains, respectively. ZZ represents the
zigzag edge of TMDCs.

2D Experimental Observation Theoretical Prediction
Materi Substrate Refs
| type TMDC N | o Figures ' TMDC N| o
a Alignment Alignment
MoS; Au(111) zzll 5 .
(Dsr) (Cov) AU<110> 2 60 9 ZZ//Au<110> 2 60
MoS; Al203(0001) o ZZ]! 0
(Dan) (Cav) NIA 2| 60 W12 Aosiizos | 2 |
WSe; | Al,03(0001) zzll . yard]| .
(Dan) Csv) | AlOs<1120> | 2 | © 101 Apos<izos | 2 | ©0
MoS; | GaN(0001) zzil . zzll .
(Dsn) (Cev) GaN<1120> 2 60 13 GaN<1120> 2 60
WS hBN(0001) ZZ//_ 1 0° 14 ZZl1 _ 1 00
(Dsn) (Cav) hBN<1120> hBN<1120>

For the SEM image in row 2, adapted with permission from Ref. 9, Copyright (2015) American Chemical
Society. For the OM image in row 3, adapted with permission from Ref. 11, Copyright (2017) American
Chemical Society. For the SEM image in row 3, adapted with permission from Ref. 12, Copyright (2015)
American Chemical Society. For the SEM image in row 4, adapted with permission from Ref. 10, Copyright
(2015) American Chemical Society. For the SEM image in row 5, adapted with permission from Ref. 13,
Copyright (2015) American Chemical Society. For the SEM image in row 6, From Ref. 14, Reprinted with
permission from AAAS.



Supplementary Table 4 Alignment of 2D materials on high-index substrate surfaces. N represents the
number of alignments and 6 represents the misorientation angle of 2D grains, respectively. ZZ represents
the zigzag edge of 2D grains.

Experimental Observation Theoretical Prediction
2D Substrate . Refs -
.‘ a A

Vicinal

(h(;I‘BN) Cu(110) zz /e/ngSstep 1| oo 15 zz é/ngsstep 1| oo
3V (C1or Cy) g g

hBN Cu(14115) ZZ |l Cu step 1| oo 17 ZZ |l Cu step 1| oo
(Cav) (Cy) edges edges

Cu(102)
hBN Cu(103) ZZ |l Cu step 1] oo 18 ZZ |l Cu step 1| oo
(Cav) () edges edges
hBN Cgt(elplgc)jg‘;zgh ZZ Il Cu step 1| oo 16 ZZ |l Cu step 1| oo
(Cav) (C1or C) edges edges

Vicinal
\(’:’Dse)z A20x(0001) | %% " Q'ZS: 1| o 9 | % " Q'ZS; 1] o

s (CiorCs) pedg pedg

Vicinal
MoS; ZZ Il Au step ZZ |l Au step

Au(111) 1] 0° 20 1] 0°
(D3n) (Cior Cy) edges g edges

:""i ..‘!. -

For the SEM image in row 2, reprinted with permission from Ref. 15, Spring Nature, Copyright (2019). For
the SEM image in row 3, reprinted with permission from Ref. 17, John Wiley and Sons, Copyright (2019).
For the SEM images in row 4, reprinted with permission from Ref. 18, John Wiley and Sons, Copyright
(2016). For the OM image in row 5, reprinted with permission from Ref. 16, Spring Nature, Copyright
(2020). For the OM image in row 6, adapted with permission from Ref. 19, Copyright (2015) American
Chemical Society. For the OM image in row 7, adapted with permission from Ref. 20, Copyright (2020)
American Chemical Society.



It should be noted that only the top atomic layer is considered for determining the symmetries of the
substrates, because the 2D material mainly interacts with the top atomic layer of the substrate, as has
exemplified in Fig. 2 in the main text.
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