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ABSTRACT: Moiré superlattices (MSLs) are an emerging class of two-dimensional functional materials whose electronic states 

can be tuned by the twist angle between two van der Waals layers and/or the relative placement of the layers. The intriguing 

properties of MSLs are closely correlated to the moiré potential, which is the electrostatic potential induced by interlayer 

coupling. Intensive efforts have been made to understand the nature and distribution of the moiré potential by using various 

experimental and theoretical techniques. However, the experimental observation of the moiré potential is still challenging 

because of the possible presence of the surface and/or interlayer contaminants. In this work, we develop a method to obtain 

hexagonal boron nitride (hBN) nanolayers (with or without twist) using a specially designed chemical exfoliation technique. 

The resulting hBN nanolayers are atomically clean and strain free, hence providing ideal MSLs for the investigation of their 

moiré potential. Aberration-corrected high resolution transmission electron microscopy measurements on the twisted hBN 

nanolayers allow us to observe moiré diffraction spots in Fourier space. Then, the moiré potential is reconstructed by the 

inverse fast Fourier transform of the moiré diffraction spots. It has been revealed that the local interlayer atomic overlap plays 

a decisive role in determining the periodicity and distribution of the moiré potential, as supported by density functional theory 

calculations. This work not only provides a general strategy to observe the moiré potential in MSLs, but it also expands the 

application of electron microscopy to the further study of MSLs with atomic resolution. 

 ■ INTRODUCTION  

 

Vertically stacked twisted layers of two-dimensional (2D) 

materials provide a fruitful ground for the exploration of 

unique and novel quantum phenomena in van der Waals 

(vdW) material systems.114 Stacking of 2D vdW materials 

with a small twist angle θ (θ<~10°) and/or a slight lattice 

mismatch results in the reconstructed moiré superlattices 

(MSLs), accompanied by the enhanced interlayer cou-

pling.4,1416 As for twisted graphene layers, these recon-

structed MSLs especially with magic twist angles around 

θ≈1.1º can host flat electronic bands to form highly corre-

lated phases, even showing superconductivity.1,8,9  

In the small angle regime of MSLs, the commensuration 

cell lattice constant can be equal to the moiré periodicity D, 

which is given by15  

                         𝐷 =  
𝑎

2 sin
𝜃

2

     (1), 

 

where a is the lattice constant of the constituent layer. For 

large twist angles (θ>~15°), on the other hand, the commen-

suration cell lattice constant is generally much greater than 

D.15 However, there exist a few special twist angles at, e.g., 

13.2° and 21.8º for twisted hexagonal bilayers,15,17,18 where 

the “commensuration periodicityˮ is equal to D. Thus, from 

the view point of MSLs, any large twist angles except for the 

above special twist angles can be regarded as incommensu-

rate twist angles. In the large angle regime, it is believed that 

atomic reconstruction hardly occurs, meaning that a rigid lat-

tice model is a reasonable representation of the actual sys-

tem.4 Although the interlayer coupling is supposed to be sup-

pressed in these incommensurate MSLs,19 it has recently 

been revealed that this is not necessarily the case for 30°-

twisted vdW bilayers, forming quasicrystalline patterns with 

a 12-fold rotational symmetry.2023 In these quasicrystalline 

layers, two twisted layers are coupled via Umklapp electron-
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electron scattering, which results in rich electronic structures, 

such as mirrored Dirac cones in graphene quasicrystals20 and 

mini-gaps near the valence band maximum in tungsten 

diselenide quasicrystals.23 Also, it has recently been demon-

strated that boron nitride twisted bilayers exhibit flat bands 

in the quasicrystal limit.24 Thus, large twist-angle MSLs and 

related moiré potentials have attracted increasing attention 

in various MSLs,24,25,26,27 offering an interesting experi-

mental platform to explore moiré physics beyond the small 

twist-angle regime. However, atomic-scale visualization of 

moiré potential is highly technically demanding. At present, 

scanning tunneling microscopy/spectroscopy (STM/STS) is 

one possible technique available for that purpose.23,28,29 

Here we use an aberration-corrected high-resolution 

transmission electron microscopy (HRTEM) technique as a 

tool to explore the moiré potential of twisted hexagonal bo-

ron nitride (hBN) nanolayers in atomic scale. It has been 

well recognized that hBN nanostructures are characterized 

by their excellent thermal and chemical stability and unique 

electronic and optical properties,30 providing an ideal build-

ing block for the investigation of vdW potentials.31 Although 

HRTEM has been often employed to obtain atomic resolu-

tion imaging of 2D materials and related MSLs,3237 we show 

that this technique is also applicable for imaging the moiré 

potentials of twisted hBN nanolayers by using their moiré 

diffraction spots in Fourier space. In previous works, the dif-

fraction spots due to moiré potential have not been explicitly 

observed by HRTEM because of the general presence of hy-

drocarbon contaminants which are often trapped during the 

assembly of 2D stacked materials.3840 These contaminants 

yield a severe background noise in Fourier space, obscuring 

weak moiré diffraction spots. Furthermore, any interlayer 

contaminants will modify the interlayer distance, leading to 

a fluctuation of moiré potential.41,42 In this work, we over-

come the problem by developing a specially designed chem-

ical exfoliation method to obtain atomically clean hBN 

nanolayers. 

     

■ EXPERIMENTAL SECTION 

Our exfoliation procedure is based on an intercalation-based 

method;43 however, unlike conventional methods, it does not 

require any sonication, sharing nor electrochemical process 

as a driving force, hence yielding mechanically intact and 

strain-free samples. Briefly, we start by creating hBN/H2SO4 

intercalation compounds by heating hBN powders in an 

aqueous H2SO4 solution.44,45 The resulting solution is neu-

tralized by a solution of NaHCO3 to form sodium sulphate 

salt in between the hBN layers. We found that this acid/base 

reaction leads to spontaneous exfoliation of high-quality 

hBN layers suitable for the characterization of moiré poten-

tials by HRTEM (see the Supporting Information and Fig. 

S1 for details). 

HRTEM and scanning TEM (STEM) observations were 

carried out on a JEOL JEM-ARM300F instrument equipped 

with a cold field emission electron gun and a spherical aber-

ration (Cs) corrector at an acceleration voltage of 80 kV, un-

der 1 × 10−5 Pa in the specimen column. We analyzed strain 

of the exfoliated hBN layers based on the HRTEM images 

using the Peak Pairs Analysis (PPA) software package for 

Gatan Digital Micrograph.46 

In order to calculate the interlayer electrostatic potential, 

we performed quantum chemical calculations using density 

functional theory (DFT) methods implemented in the Gauss-

ian 16 suite of programs.47 In this work, hydrogen terminated 

clusters with various sizes and two different edges (zigzag 

and armchair) were used to model the local structure of 

twisted hBN bilayers with different twist angles. 

The morphology of the exfoliated layers was observed 

using a dynamic force mode atomic force microscope 

(AFM; SII SPA400). 

Further details about the characterization and calcula-

tional procedures used in the work can be found in the Sup-

porting Information. 

 

■ RESULTS AND DISCUSSION 

General characteristics of exfoliated hBN.  Figure 

1 shows a typical AFM image of the exfoliated hBN sheets 

with a lateral size of a few m. Each sheet has a relatively 

smooth surface with a thickness t of 24 nm. Considering 

that the interlayer distance of hBN is ~0.33 nm, we can esti-

mate that each nanosheet consists of ~515 BN layers. We 

show in Fig. 2a a low-magnification annular dark field scan-

ning TEM (ADF-STEM) image of the exfoliated hBN, 

showing a random stacking of micrometer-sized hBN layers. 

A high-magnification ADF-STEM image of non-twisted 

hBN layers is given in Fig. 2b, illustrating 2D honeycomb 

structures of BN with asymmetric ADF scattering intensities. 

One may expect that three boron and three nitrogen atoms in 

each hexagonal ring are responsible for this asymmetric con-

trast, which can be in principle distinguished by their inten-

sity based on the Z-(atomic number) contrast principle.48 

However, we should note that our exfoliated hBN 

nanosheets are likely to have more than 5 AA-stacked BN 

layers, which are formed by stacking many anti-aligned (B 

 

Figure 1. (Left panel) A typical AFM image of the 

exfoliated hBN sheets. (Right panels) The corresponding 

thickness profiles along the lines denoted by (a), (b) and (c) 

in the left panel..  
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to N and N to B) layers. In such layers, the expected Z-con-

trast will be averaged out to yield symmetric ADF scattering 

intensities.49 We hence assume that observed asymmetric 

ADF contrast results from a slight specimen tilt. To confirm 

the assumption, we performed simulations by changing x-tilt 

angle φ  (for details, see Fig. S2) using a comprehensive 

multipurpose crystallographic program Recipro.50 After sev-

eral try-and-error attempts, we found that the specimen of t 

= ~8 nm and φ = ~1° yields the asymmetric contrast which 

is most comparable to that of the observed ADF-STEM im-

age (see Fig. 2c). Although the thickness estimated from the 

simulation is somewhat greater than that obtained from an 

AFM image shown in Fig. 1, these estimated values are rea-

sonably consistent with each other. Thus, we can conclude 

that the thickness of our exfoliated hBN sheets lies in the 

range from ~3 to ~8 nm, which will be thin enough to satisfy 

the weak phase object approximation (WPOA) especially for 

the samples consisting of light elements such as B and N. 

Under WPOA, the TEM image operated in the phase con-

trast mode at optimum focus directly reveals the projected 

potential.51 

 HRTEM images shown in Fig. 3a,b demonstrate that the 

resulting layers have a clean and adsorbates-free area ex-

tending several tens of nanometers (see also Fig. S3). The 

corresponding fast Fourier transform (FFT) image yields six 

spots of 0.21, 0.12 and 0.11 nm spacings attributed, respec-

tively, to 101̅0, 112̅0 and 202̅0 Bragg peaks (see the inset in 

Fig. 3a). Figure 3c is the PPA strain mapping obtained for 

the HRTEM image shown in Fig. 3b. As shown in Fig. 3c, 

the strain tensor is estimated to be as low as 1 % over the 

entire region of interest (see Fig. S4 for more details of the 

PPA).  

Figure 4a shows the edge area of exfoliated BN layers 

(see also the line profile in Fig. 4b). In general, the edge of 

2D layers is folded or scrolled during the TEM specimen 

preparation process. As a result, c-planes become parallel to 

 

Figure 2. (a) Low- and (b) high-magnification ADF-

STEM images of exfoliated hBN layers. (c) A simulated 

ADF-STEM image of a 8 nm thick hBN, which is x-tilted 

by 1° (17.5 mrad). 

 

Figure 3. (a) An HRTEM image showing a dark contrast 

for the B and N atoms. The corresponding FFT image is 

given in inset. (b) A magnified HRTEM image of the area 

marked by the white, dashed square in (a). (c) Shear strain 

component εxy of the lattice strain tensor obtained by 

applying peak-pairs analysis to the HRTEM image shown 

in (b). The map displays strain ranging from 20% to 20 %. 

 

 

Figure 4. (a) An HRTEM image of the edge of an hBN 

multilayer. (b) Line profile as a function of distance along 

the yellow line in (a), showing a four-layer structure with a 

fringe separation of 0.325 nm. 
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the incident beam and appear as a series of lines in the TEM 

image. In Fig. 4a,b, one sees four lines with a separation of 

0.325 nm, corresponding to the interlayer distance of hBN. 

Thus, the present exfoliated specimen consists of four BN 

layers. Note also that one cannot recognize any moiré pat-

terns nor the related rotational stacking faults at the edge, but 

finds a well-ordered honeycomb structure inside the edge re-

gion. This indicates that the edges are not folded back but 

rather exhibit the smallest possible scroll, as often observed 

in the edge structures of high-quality free-standing graphene 

layers.52 

 All the above results demonstrate that as far as the non-

twisted hBN layers are concerned, atomically clean, flat and 

strain-free thin samples can be obtained by the present exfo-

liation procedure. 

TEM observations on twisted hBN layers. In ad-

dition to the non-twisted regions, we also found several con-

taminant-free twisted regions at different twist angles. We 

show in Fig. 5a-d the HRTEM and the corresponding FFT 

images of the twisted hBN layers with four different twist 

angles of = 24.0º, 21.6º, 19.8º and 13.6 º. In this work, the 

twist angle was defined as the angle between the two clos-

est 101̅0 spots, as often done in previous studies. The uncer-

tainty of is within the range of ±0.4º. Note, however, that 

the alternative twist angle 𝜃̅ can be defined as the angle be-

tween the two next-closest 101̅0 spots, i.e., 𝜃̅ = 60° − 𝜃 . 

Since we cannot identify which definition is appropriate 

from the diffraction pattern alone, the selection of is just 

for convenience. We will show that this selection is not cru-

cial for the discussion of this work in a later subsection..  

The observed HRTEM images illustrate a variety of 

moiré patterns typical to twisted bilayers with large twist an-

gles. The two of the observed twist angles (13.6 ° and 21.6°) 

are comparable to two of the commensurate angles of 

twisted hexagonal bilayers (13.2° and 21.8°)17,18 within the 

experimental uncertainty. Thus, in what follows, we will re-

fer to the samples with  =13.6 ° and 21.6° as nearly com-

mensurate layers, whereas the rest of the samples as incom-

mensurate ones. Note, however, that even in the incommen-

surate cases, the partially eclipsed interlayer atomic overlap, 

i.e., N nearly on N (or B nearly on B) configurations, is ex-

pected to be realized in the rigid lattice picture, as illustrated 

in Fig. S5. 

The FFT images given in Fig. 5 are especially worth not-

ing. We see that in addition to the two sets of 101̅0 Bragg 

spots defining a twist angle, there exist several extra spots 

especially in the inner region of the 101̅0 spots, which are 

located symmetrically with respect to the center spot. These 

extra spots have not been explicitly reported in previous 

 

Figure 5. HRTEM observations on twisted hBN layers with different twist angles. (a-d) (left panel) HRTEM image. Scale bar, 

1 nm. (middle panel) FFT image, showing the twist angle determined from the angle between the two closer spots. Red and 

yellow circles show two sets of six 101̅0 diffraction spots belonging respectively to different layers. (right panel) A magnified 

FFT image of the area marked by the white dashed square shown in the middle panel. 

 

 

Figure 6. (a) HRTEM image of twisted hBN layers with 

hydrocarbon adsorbates. Scale bar, 1 nm. (b) Correspond-

ing FTT image, along with the twist angle determined from 

the angle between the two closest spots. Red and yellow 

circles show two sets of six 101̅0 diffraction spots belong-

ing to different layers. 
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HRTEM observations on MSLs.3237 We also found that 

these extra spots are not observed in the TEM image of the 

twisted hBN layers with hydrocarbon adsorbates (Fig. 6). 

This allows us to expect that clean and contaminant-free 

samples are necessary for the observation of the extra dif-

fraction spots.  

What is the origin of these extra diffraction spots? One 

immediate answer is double diffraction, which often occurs 

in thick two-phase materials when a diffracted beam travel-

ling through a crystal is rediffracted when it passes into a 

second crystal.53 Hence, it would be natural to expect that 

double diffraction induces several extra diffraction spots in 

MSLs. We, however, argue that the simple double diffrac-

tion process cannot account for the extra diffraction spots 

shown in Fig. 5. Double-diffraction spots occur around each 

of the primary reflections, including  the direct beam spot, 

by keeping the symmetry of the constituent crystals.53 This 

general feature of double diffraction implies that as for 

twisted hBN layers, two types of primary reflections, each 

with 6-fold rotational symmetry, should be accompanied by 

a set of  double diffraction spots with the same 6-fold rota-

tional symmetry, as indeed observed in 10° twist angle dou-

ble-multilayer of ~100-nm-thick hBN sample.54 Contrary to 

the above expectation from double diffraction, the extra dif-

fraction spots given in Fig. 5 does not show the 6-fold rota-

tional symmetry except for the nearly commensurate sample  

at  = 21.6°. Furthermore, for very thin specimens in which 

the WPOA holds, the double diffraction does not contribute 

to the entire diffraction process, as will be discussed below. 

For a better understanding of the extra diffraction spots, 

we analyzed the positions of these spots ke in reciprocal 

space. It has been revealed that ke can be found by connect-

ing the two Bragg spots belonging to the different layers and 

translating the obtained vectors to the center of the diffrac-

tion pattern, as demonstrated in Fig. S6. The relationship can 

be written as ke = G1 G2, where Gi (i = 1, 2) represents the 

reciprocal vectors from two different layers. This relation-

ship implies that the interlayer interactions are responsible 

for the generation of these extra diffraction spots indeed, but 

the question is, why do particular sets of the reciprocal vec-

tors contribute to the extra diffraction processes? Here, one 

should remind that under WPOA, the contrast in HRTEM 

images is proportional to the projected specimen potential, 

convoluted with the impulse response of the instrument.51 

Note, however, that diffraction peaks due to moiré structures 

(or double diffraction) cannot be observed when acquired at 

typical TEM electron energies (60300 keV) under WPOA, 

provided that the projected specimen potential consists only 

of the potentials of individual atoms in the respective lay-

ers55 (see 'Intensity of moiré peaks in diffraction pattern' sec-

tion in the Supporting Information). We hence assume that 

the observed extra diffraction spots are originated from a 

well-defined moiré potential newly created by interlayer 

coupling and interactions. The moiré potential presumably 

has complicated spatial distributions, periodicity and ampli-

tude modulation depending on the twist angle. It is most 

likely that specific sets of diffraction sports from different 

crystalline faces of the twisted hBN layers are required to 

 

Figure 7. Atomic-scale moiré potentials of the twisted hBN layers. (a-d) (top panel) False-color IFFT images obtained by selecting 

the spots other than the Bragg and center spots shown in Fig. 5ad, yielding a triangular lattice-like pattern for the samples with 

twist angles of 24.0° (a), 21.6° (b), 19.8° (c), and 13.6° (d). Scale bar, 1 nm. (lower panels) Line profiles as a function of distance 

along the three yellow lines (1), (2) and (3) in the corresponding top panel. 
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represent such a spatially complicated moiré potential. 

When an electron beam is diffracted by the complicated 

moiré potential, the resulting diffraction pattern will not nec-

essarily have 6-fold rotational symmetry except for the com-

mensurate MSLs but should be represented by the combina-

tion of specific set of ke vectors with particular frequencies 

and amplitudes. This accounts for the reason why the extra 

diffraction spots with particular frequencies derived from 

different layers are observed in the FFT images in Fig. 5. 

Construction of the Moiré Potential. If the assump-

tion mentioned in the previous subsection is valid, the in-

verse FFT (IFFT) of these extra spots will yield information 

on the spatial modulation of the moiré potential. It is hence 

interesting to reconstruct IFFT images from the FFT images 

by filtering in the frequency domain using the inclusive 

mask for the extra spots shown in Fig. 5, but excluding all 

the well-defined Bragg and center spots (for details, see Fig. 

S7). Figure 7a-d shows the thus obtained IFFT images using 

the FFT images shown in Fig. 5a-d. We found that regardless 

of the twisted angles, the IFFT images exhibit a triangular 

lattice-like pattern. Note also that a similar pattern can be 

obtained even if the contrast of the respective IFFT images 

is inverted (Fig. S8). In general, the atom contrast in 

HRTEM images can be inverted depending on various fac-

tors, including thickness, orientation and scattering of the 

sample, objective lens focus and aberrations, electron beam 

coherence and convergence angle on the sample.51,53 Hence, 

the HRTEM imaging mode does not necessarily yields a 

structure image. If the IFFT images shown in Fig. 7 repre-

sent the atom contrast of each layer, the image would look 

very different by inverting the contrast. As noted above, 

however, the apparent feature of the IFFT images are hardly 

affected by the contrast inversion. We thus suggest that the 

 

Figure 8. DFT cluster calculations of electrostatic potential (ESP). (a-e) Optimized structure (left panel), ESP map (middle 

panel), and magnified ESP map (right panel) of the (B111N111N42)2 clusters with twist angles of (a) 0°, (b) 24.0º, (c) 21.6º, (d) 

19.8°, and (e) 13.6°calculated at the B97XD/6-31G(d) level. In the left (right) panels, triangular lattice-like patterns created 

by the interlayer atomic overlap, as shown by the magnified views in the left panels, are indicated by red (white) triangles. 

The unit of the scale bar is e a.u.1. (f) Comparison between the ESP map (upper panels) and the corresponding IFFT image 

shown in Fig. 7 (lower panels) with the same twist angle. These images are created by cropping and rotating the original 

images for the ease of comparison. 
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resulting IFFT images are not associated with the atom con-

trast of each layer but will represent interlayer 2D potential 

functions with comparable positive and negative amplitudes.  

As for one nearly commensurate case at = 21.6° shown 

in Fig. 7b, a triangular lattice-like pattern is visible over the 

entire region observed. Note, however, that the detailed local 

structure varies as we go from top to bottom of the image. 

This is probably due to the fact the effect of incommensura-

bility inherent in the original twisted layer is not completely 

negligible. Irrespective of the apparently inhomogeneous 

lattice structure, the corresponding line profiles show dis-

tinct repeating patterns with positive and negative correla-

tions along the three directions of the triangular lattice, 

which extends over the length scale of several to tens of na-

nometers (see Fig.S9a for a wide-area IFFT image of = 

21.6°). Thus, the periodicity of the MSLs is almost preserved 

in the IFFT image. Although such a lattice-like pattern is not 

clearly obvious in the other nearly commensurate case at 

=13.6° (see Fig. 7d), the line profiles indeed show a peri-

odic pattern along the three sides of a triangle. The periodic-

ities of the lattice for the IFFT images at = 21.6° and 13.6° 

are estimated to be ~0.6 nm and ~1.0 nm, respectively. These 

values are comparable to those deduced from Eq. (1) (D = 

0.66 nm and 1.08 nm for = 21.6° and 13.6°, respectively). 

This allows us to confirm that the periodic patterns recog-

nized in Fig. 7b,d represent the moiré periodicity or the 

moiré potential. For the samples with =24.0° (Fig. 7a) and 

19.8° (Fig. 7c), the translational symmetry is restricted 

within the range of a few nm (see Fig. S9b for a wide-area 

IFFT image of = 24.0°). Accordingly, the corresponding 

line profile strongly varies from site to site, even showing a 

1D stripe-like feature in some regions in Fig. 7c. The ob-

served quasi-periodicity can be viewed as an incommensu-

rate periodicity derived from the incommensurate layered 

structures of these MSLs. 

Calculations of electrostatic potential. The pre-

sent IFFT images presumably represent the interlayer moiré 

potential in our incommensurate and nearly commensurate 

hBN layers. However, additional theoretical support would 

be necessary to confirm this argument. In theoretical studies 

of 2D materials, two models are usually employed, i.e., a pe-

riodic model and a finite model. The periodic model is based 

on Blochʼs theorem and utilizes periodic boundary condi-

tions to replicate the elementary cell.14 This approach is in 

principle applicable only to commensurate systems where 

the momentum is well defined. In the finite model approach, 

one performs, for example, quantum chemical calculations 

using a large enough finite cluster models, whose external 

dangling bonds are terminated usually by hydrogen at-

oms.56,57 Although the results of the finite models may suffer 

from edge effects,57 this approach can be applied both to 

commensurate and incommensurate systems and is useful 

for calculating electrostatic potential (ESP) in real space. 

Thus, in this work, we carried out a series of quantum chem-

ical density functional theory (DFT) calculations using suf-

ficiently large clusters of atoms modeling the hBN bilayers 

with different twist angles as well as the one with the un-

twisted AAstacking configuration (θ = 0°). Although the 

DFT calculations were performed on several model clusters 

with different sizes using various density functionals under 

the rigid lattice approximation, we only show the results on 

the (B111N111H42)2 cluster at the B97XD/6-31G(d) level, as 

explained in 'Computational details' section in the Support-

ing Information. 

Figure 8 shows the resulting optimized structures of the 

H-terminated clusters with different twist angles, along with 

the 2D plot of the ESP in a plane bisecting the two hBN lay-

ers of the respective clusters. One sees from Fig. 8a that as 

for the cluster with θ = 0°, the periodicity of the interlayer 

ESP matches that of the atomic configuration (for the cross-

sectional map perpendicular to the atomic planes, see Fig. 

S10). The periodic pattern is created by the negative ESP on 

the N atoms and the positive ESP on the B atoms located 

exactly above (or below) the N atoms. As the twist angle in-

creases from zero, the anti-aligned AA stacking (B on N or 

N on B) is altered to form various interlayer atomic align-

ments, such as N on N and B on B configurations, especially 

for the nearly commensurate clusters (Fig. 8c,e). From the 

2D plot of the ESP shown in Fig. 8c,e, one sees that such 

N/N (B/B) overlaps yield negative (positive) ESP. Conse-

quently, the point where a fully eclipsed arrangement of N/N 

(B/B) shows the highest local negative (positive) ESP. This 

leads to the formation of triangular lattice-like patterns with 

pitches of 0.66 nm and 1.09 nm for θ = 21.6° and 13.6°, re-

spectively, which are almost equal to those deduced from Eq. 

(1) (D = 0.66 nm and 1.08 nm for = 21.6° and 13.6°, re-

spectively). Note also that even in the 2D ESP map of in-

commensurate clusters with θ = 24.0° (Fig. 8b) and 19.8° 

(Fig. 8d), a similar periodic pattern with a pitch of 0.66 nm 

is created due to periodicity of N nearly on N (or B nearly 

on B) configurations. As for incommensurate MSLs, the pe-

riodicity is not actually well defined in real systems. Hence, 

a similar periodicity obtained for the clusters with θ = 21.6°, 

24.0° and 19.8° is valid only in the limitation of the present 

cluster calculations. However, the present results imply that 

the corresponding moiré potential is determined by the local 

interlayer atomic overlap for both the commensurate and in-

commensurate hBN nanolayers. Further worth mentioning is 

that as shown in Fig. 8f, the triangular lattice-like patterns of 

the 2D ESP maps are very similar to those found in the IFFT 

images of the samples with the corresponding twist angles 

in terms both of the pitch and the pattern. A slight discrep-

ancy between the observed and calculated pitch values may 

result from the rigid lattice approximation employed in the 

DFT calculations. This good correspondence confirms our 

assumption that a series of the IFFT images shown in Fig. 7 

represent the interlayer moiré potential created by the local 

interlayer atomic overlap in the respective hBN bilayers. 

Thus far, the discussion was given based on the twist an-

gle 𝜃 defined earlier. What happens when we employ an al-

ternative definition of the twist angle, i.e., 𝜃̅ = 60° − 𝜃? To 

answer the question, we calculated the 2D ESP map of one 

of the nearly commensurate cluster with 𝜃̅ = 60° − 21.6° =
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38.4°. In the 38.4° cluster, the aligned N on N (or B on B) 

stacking points realized in the 21.6° cluster are replaced by 

the anti-aligned N on B (or B on N) stacking points, yielding 

locally nearly zero potential regions. Even in the 38.4° clus-

ter, however, there exist a number of N nearly on N (or B 

nearly on B) configurations, whose periodicity is similar to 

that of the N on N (or B on B) stacking points in the 21.6° 

cluster. These N nearly on N (B nearly on B) configurations 

will yield locally negative (positive) EPS, although their am-

plitudes are slightly smaller than those for the N exactly on 

N (B exactly on B) configurations. Consequently, as shown  

in Fig. 9, the 2D ESP map at 38.4° show a triangular lattice-

like pattern with nearly the same periodicity as that at 21.6°, 

implying that both the ESP maps at  21.6° and 38.4° fit the 

IFFT image shown in Fig. 7b. Although the moiré potentials 

at θ and 𝜃̅ are indistinguishable, their detailed atomic con-

figurations are different. It is hence possible that the elec-

tronic structures at θ and 𝜃̅ are not equivalent, as pointed out 

in commensurate twisted bilayer graphene in the gap feature 

(gapped or ungapped) and the related low-energy electronic 

spectra.17 However, the possible difference in the electronic 

structure of twisted hBN layers at θ and 𝜃̅  cannot be 

identified by this method. Thus, at present we cannot defi-

nitely decide which angle, 𝜃 or 𝜃̅, is more consistent with 

the reconstructed IFFT image 

Finally, we discuss how the interlayer ESP varies as the 

interlayer distance dint increases from its optimal value 

dint(opt). Figure 10 shows a variation in the ESP with inter-

layer distance obtained for the cluster with θ = 24.0°, which 

is characterized by dint(opt) = 0.329 nm. One sees from Fig. 10 

that the positive ESP almost disappears for dint=0.375 nm, 

and the interlayer ESP eventually becomes almost structure-

less for din=0.475 nm. This probably accounts for the reason 

why in previous HRTEM studies on MSLs, the extra FFT 

diffraction spots, such as those observed in Fig. 5, have not 

been reported to occur.3237 In the previous HRTEM meas-

urements, it is likely that various adsorbates are trapped be-

tween layers during their assembly and sample handling, 

which prevents the observation of interlayer moiré potential. 

Thus, as mentioned repeatedly before, the preparation of ad-

 

Figure 10. Variation in the ESP with interlayer distance. (a) Enlarged representation of the BN bilayer model with a twist angle 

of 24.0º. (b-h) ESP for the interlayer distance dint of (b) 0.329 nm (optimized value) , (c) 0.350 nm, (d) 0.375 nm, (e) 0.400 nm, 

(f) 0.425 nm, (g) 0.450 nm, and (h) 0.475 nm. ESP is shown for a plane bisecting the two hBN layers of the respective clusters, 

and the unit of the scale bar is e a.u.1. A solid (dotted) triangle represents a portion of the triangular-like lattice consisting of  N 

nearly on N (B nearly on B) configurations. 

 

 

Figure 9. ESP map of the (B111N111N42)2 clusters with twist 

angles of (a) 21.6º and (b) 38.4° calculated at the 

B97XD/6-31G(d) level. The unit of the scale bar is e 

a.u.1. 
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sorbate-free samples is a prerequisite to observe moiré po-

tential as FFT diffraction spots. The chemical exfoliation 

procedure developed in this work is one useful method for 

obtaining clean hBN nanolayers and hence observing their 

moiré potential. We are now applying the present method to 

graphite and transition metal dichalcogenides. Currently, 

studies are in progress to confirm its applicability to other 

vdW systems. 

 

■ CONCLUSIONS 

We fabricated strain- and contaminant-free hBN layers 

with different twist angles using the intercalation-based ex-

foliation technique and observed their HRTEM images. The 

FFT of the HRTEM images allowed us to recognize moiré 

diffraction spots, and their IFFT computations provided in-

formation about the interlayer moiré potential, as corrobo-

rated by the DFT calculations. Also, the DFT calculations 

highlight the importance of the local interlayer atomic over-

lap in establishing the moiré potentials both in the commen-

surate and incommensurate cases. The present results not 

only pave the way for observing the moiré potentials in 

twisted hBN layers, but they also expand the application of 

electron microscopy to visualizing the moiré potential in a 

variety of MSLs especially with large twist angles. 
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S1. Sample preparation 

Boron Nitride was purchased from Kojundo Chemical Lab. Co., Ltd. (purity ∼99%, particle size ∼10 μm) 

without any additional treatment. We confirmed that the sample powders show Bragg X-ray diffraction peaks 

attributed only to the hBN phase. Sulfuric acid (95 %) was obtained from Wako Pure Chemical Industries, Ltd. 

and was used as purchased. We prepared h-BN/H2SO4 intercalation compounds according to the scheme shown 

schematically in Fig. S1. A 30 mg amount of h-BN was added to 0.5 mL of sulfuric acid in a 50 mL Teflon-

lined stainless steel autoclave. The autoclave was heated at 200 °C for 24 h, and then naturally cooled to room 

temperature, producing a slightly brownish slurry. The slurry was transferred into a test tube and was neutralized 

with an aqueous solution of NaHCO3, resulting in an opaque solution. During neutralization, sodium sulfate 

salt (Na2SO4) is expected to be formed in between the hBN layers, leading to spontaneous exfoliation of hBN 

layers The solution was centrifuged at 15000 rpm for 45 min to remove insoluble materials, and then the 

supernatant was transferred to a new test tube. The thus obtained supernatant is an aqueous solution containing 

Na2SO4 and exfoliated hBN nanosheets. A solvent extraction method was utilized to isolate the exfoliated hBN 

nanosheets from the supernatant solution. That is, the solution was mixed with an equal volume of organic 

solvent in a separatory funnel, leading to migration of hBN nanosheets into the organic solvent. We found that 

1-pentanol is the most suitable solvent for the present purpose. Although the extracted 1-pentanol solvent was 

transparent, a colloidal dispersion of the exfoliated hBN nanosheets was confirmed by the Tyndall effect (Fig. 

S1).  

For the TEM observations, the extracts of a volume of ~20 mL were concentrated to a volume of about 0.7 

mL, then ethanol of 20 mL was added. This solvent exchange is useful to minimize the amount of hydrocarbon 

adsorbates on the sample. Then, 5 μL of the suspension was collected with a pipette and drop casted onto a TEM 

microgrid. The TEM grid was dried in vacuum using a dry pumping station for ~2 h to remove solvent. 

 

 

S2. TEM observations 

Atomic-resolution HRTEM and STEM observations were carried out on a JEOL JEM-ARM300F 

instrument equipped with a cold field emission electron gun and a spherical aberration (Cs) corrector at an 

acceleration voltage of 80 kV, under 1 × 10−5 Pa in the specimen column. Typically, we adjusted the Cs value to 

1 μm. All HRTEM images were recorded with an exposure time of 4 s on a Complementary Metal-Oxide-

Semiconductor (CMOS) camera (Gatan OneView, 4096 × 4096 pixels). In ADF STEM imaging, the probe size 

was 0.07 nm, the convergence angle was 32 mrad, and the inner and outer collection angles were 45 and 180 

mrad, respectively. Although the operated voltage appears to be higher than the knock-on radiation damage 

threshold reported for h-BN (78 kV),58 we did not observe any radiation damage during the TEM observations. 

Image processing including the fast Fourier transformation (FFT) and inverse FFT (IFFT) was carried out by 

Gatan Digital Micrograph. 

We analysed strain of the exfoliated hBN layers using the Peak Pairs Analysis (PPA) software package 

(HREM research) for Gatan Digital Micrograph.46 For the analysis, we employed low-pass filtered HRTEM 

images of the non-twisted hBN layers. The peak positions were determined on the filtered image, and the relative 



3 

 

displacement fields (ux, uy) of the measured lattice with respect to a reference basis vector were calculated. The 

components of strain tensor 𝜀𝑥𝑥 , 𝜀𝑥𝑦 , 𝜀𝑦𝑦 , mean dilatation ∆𝑥𝑦 , rotation 𝜔𝑥𝑦  (in radians) are defined as 

follows: 

 

𝜀𝑥𝑥 =
𝜕𝑢𝑥

𝜕𝑥
, 𝜀𝑥𝑦 =

1

2
(

𝜕𝑢𝑥

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑥
), 𝜀𝑦𝑦 =

𝜕𝑢𝑦

𝜕𝑦
, 

∆𝑥𝑦=
1

2
(𝜀𝑥𝑥 + 𝜀𝑦𝑦), 𝜔𝑥𝑦 =

1

2
(

𝜕𝑢𝑦

𝜕𝑥
−

𝜕𝑢𝑥

𝜕𝑦
). 

 

 

S3. Intensity of moiré peaks in diffraction pattern 

We explain how the moiré peaks in the diffraction pattern of twisted bilayers are generated. First, we consider 

the electron transmission through a non-twisted 2D crystal. The total transmission function 𝑡(𝑥, 𝑦)  of the 

sample is described by: 

 

𝑡(𝑥, 𝑦) = exp[−𝑖𝛷(𝑥, 𝑦)] = exp[−𝑖𝜎𝑉(𝑥, 𝑦)]    (S1) 

 

where 𝛷(𝑥, 𝑦) is the sample phase shift, 𝜎 is the interaction parameter, 𝑉(𝑥, 𝑦) is the projected potential of 

the entire sample. The interaction parameter 𝜎 is given by σ =
2𝜋𝑚𝑒𝜆

ℎ2 , where m is the relativistic mass of the 

electron, e is the elementary charge,  is the wavelength of the electrons, and h is the Planckʼs constant. Eq. 

(S1) can further be approximated by the first order Taylor series as 

 

𝑡(𝑥, 𝑦) ≈ 1 − 𝑖𝜎𝑉(𝑥, 𝑦) (S2) 

 

under the weak-phase object approximation (WPOA),51 which is applicable to very thin crystals of light atoms, 

as in the case of hBN nanolayers.  

Then we move on to the case of twisted bilayers. For the time being, we do not take into account the effect 

of the interlayer moiré potential in the electron transmission process. When neglecting the diffraction effects 

due to propagation between the two layers, the transmission function of the twisted bilayers can be written as 

under WPOA: 

 

𝑡(𝑥, 𝑦) = [1 − 𝑖𝜎𝑉𝑡(𝑥, 𝑦)][1 − 𝑖𝜎𝑉𝑏(𝑥, 𝑦)]  

= 1 − 𝑖𝜎𝑉𝑡(𝑥, 𝑦) − 𝑖𝜎𝑉𝑏(𝑥, 𝑦) − 𝜎2𝑉𝑡(𝑥, 𝑦)𝑉𝑏(𝑥, 𝑦)  (S3) 

 

where 𝑉𝑡(𝑥, 𝑦) and 𝑉𝑏(𝑥, 𝑦) are the projected potentials of the top and the bottom layers, respectively. The 

last term describes the overlap of the top- and bottom-layer potentials, which can, in principle, contribute to the 

formation of moiré peaks in the diffraction pattern. In high-energy (20  300 keV) electron microscopy, however, 
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the related moiré peaks are not observed because of the following reasons.55 

From Eq. (S3), one sees that the second and third terms, which describes the intensity of the main peaks, 

are proportional to 𝜎, whereas the last term to 𝜎2. Note, however, that for typical TEM electron energies (20 

 300 keV), the value of 𝜎 is relatively small, e.g., 𝜎 = 0.81 (keV ∙ Å)−1 at 100 keV. Consequently, the last 

term proportional to 𝜎2 becomes negligibly small, as compared to the second and third terms, resulting in the 

absence of moiré peaks in conventional TEM mode. When the electron energy is reduced below ~100 eV, moiré 

peaks should be visible as 𝜎 becomes relatively high,55 e.g., 𝜎 = 25.61 (keV ∙ Å)−1 for 100 eV. However, 

atomic-scale imaging is not possible for such low electron energies.  

 Finally, we take account of the interlayer moiré potential in the electron transmission process. We assume 

that the interlayer moiré potential is created in between the top and bottom layers as a result of the interlayer 

coupling and also that this potential explicitly contributes to the phase shift. The resulting transmission function 

of the twisted bilayers can be described as: 

 

𝑡(𝑥, 𝑦) = [1 − 𝑖𝜎𝑉𝑡(𝑥, 𝑦)][1 − 𝑖𝜎𝑉𝑏(𝑥, 𝑦)][1 − 𝑖𝜎𝑉𝑖𝑛𝑡(𝑥, 𝑦)] 

= 1 − 𝑖𝜎𝑉𝑡(𝑥, 𝑦) − 𝑖𝜎𝑉𝑏(𝑥, 𝑦) − 𝑖𝜎𝑉𝑖𝑛𝑡(𝑥, 𝑦) …  (S4) 

 

where 𝑉𝑖𝑛𝑡(𝑥, 𝑦) describes the spatial modulation of the moiré potential in the interlayer region. In this case, 

the last term in Eq. (S4) is proportional to 𝜎, and the intensity of the resulting peaks due to the moiré potential 

is expected to be comparable to that of the main peaks even for typical TEM electron energies. This argument 

provides a reasonable explanation for the occurrence of the extra diffraction spots shown in Fig. 5. Hence, we 

suggest that the absence of the moiré peaks in previous TEM studies on MSLs3035 should not be ascribed to the 

high TEM electron energies, but rather to the absence of interlayer moiré potential due to the strains and 

contaminants remained in the samples investigated. Considering that the effect of interlayer decoupling becomes 

more significant with increasing twist angle,59,60 we would assert that cleanliness of the sample is a matter of 

great importance in exploring the moiré potential especially for the samples with larger twist angles (see also 

Fig. 10). 

 

 

S4. Computational details 

All quantum chemical calculations were performed by density functional theory (DFT) methods 

implemented in the Gaussian 16 suite of programs47 using the 6-31G(d) basis set. The suitable selection of 

functional, and particularly the treatment of long-range exchange interactions in the functional, is crucial for 

correctly describing vdW interaction.61 To provide comparison, two functionals were used: one is the B3LYP 

with the dispersion corrections for the non-bonding vdW interactions (B3LYP-D3),62,63 and other is a long-range 

corrected hybrid density functional (B97XD)64 with a parameterized classical dispersion term. 

In this work, hydrogen terminated clusters were used to model the local structure of twisted hBN bilayers 

with four different twist angles (𝜃 = 13.6°, 19.8°, 21.6° and 24.0°). For comparison, we also employed a cluster 

with zero twist angle, modeling the local structure of pristine hBN bilayers with the AA high-symmetry stacking. 
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To bear out the electronic structure characteristics of the systems considered, we carefully checked how the size 

and edge shape of the clusters affect or do not affect the calculated results. For this purpose, we employed three 

types of clusters. Two of them are (B75N75H30)2 and (B147N147H42)2 bearing zigzag edges, and the other one is 

(B111N111H42)2 featuring armchair edges (Fig. S11). Considering that the twist angles examined in this study are 

larger than 10° and circumventing possible edge effects of the clusters, we employed the rigid lattice assumption 

in the structural optimization process; that is, we assumed that each BN layer is completely flat and consists of 

ideal BN hexagons, in which all the BN distances are identical and all the BNB and NBN bond angles 

are 60°. As a result of the above structural constraints, the optimized structural parameters are the BN distance 

(dBN), the interlayer distance between the two BN layers (dint), and the terminal B-H and N-H bond distances. 

Since our main concern is how the optimized structure, especially the B-N bond distance dBN and the 

interlayer distance dint, are influenced by the size of the clusters and/or the type of edges (zigzag or armchair), 

we obtained the optimized values of dBN and dint for the above three types of clusters with twist angles of  = 

0° and 24.0° at the B3LYP-D3/6-31G(d) level. Figure S11 summarizes the results of geometry optimization for 

the above three model clusters, showing that the optimized structural parameters depend hardly on the type of 

the clusters. We also found that irrespective of the types of the clusters, the optimized values of dBN and dint 

obtained for the cluster with  = 0° lie in the range 0.14451446 nm and 0.33320.3339 nm, respectively, 

which are in good agreement with the experimental values of bulk hBN (dBN=0.145 nm, dint= 0.333 nm),65 The 

good agreement between the calculated and observed bulk values of dint is likely to be fortuitous because the 

reported dint value for hBN multilayers is slightly shorter (dint= 0.325 nm)66 than the bulk one (see also Fig. 4b). 

When the value of  increases to 24.0°, the optimized values of dBN remain constant, whereas those of dint show 

a slight increase for all the clusters employed. This implies that an increase in leads to a decrease in the 

interlayer interaction For the calculation of the electrostatic potential (ESP), we employ the (B111N111H42)2 

cluster with armchair edges because the (B147N147H42)2 cluster is too large to perform such calculations within a 

reasonable computational cost. 

The ESP at position r (ϕESP(𝒓)) is given as a sum of contributions from the nuclei and the electronic wave 

function Ψ given by, 

 

ϕESP(𝒓) = ∑
𝑍A

|𝒓 − 𝑹A|

nuclei

A

− ∫
|Ψ(𝒓′)|2

|𝒓 − 𝒓′|
𝑑𝒓′,   (S5) 

 

where A represents a nucleus, and 𝑍A and 𝑹A are the charge and position of the nucleus A, respectively. The 

ESP is generally insensitive to the level of sophistication, e.g., the size of the basis set and the level of electron 

correlation, since it depends directly on the electron density (ρ = |Ψ|2 ).67 2D ESP was rendered by Visual 

Molecular Dynamics (VMD)68 and/or Gaussview69 software packages. 

The effect of density functional on the optimized structure and ESP is also of interest. Figure S12 shows 

the optimized values of dBN and dint obtained for the (B111N111H42)2 cluster with  = 0°, 13.6°, 19.8°, 

21,6° and 24.0° calculated at the B3LYP-D3/6-31G(d) and ωB97XD/6-31G(d) levels. The optimized values of 



6 

 

dBN and dint at the ωB97XD/6-31G(d) level yield smaller values than those at the B3LYP-D3/6-31G(d) level 

irrespective of the twist angle; that is, the value of dint (dBN) at the B97XD/6-31G(d) level is ~0.01 nm 

(~0.003 nm) smaller than that at the B3LYP-D3/6-31G(d) level. Consequently, as for the (B111N111H42)2 cluster 

with  = 0°, the ωB97XD/6-31G(d) level yields the dint value of 0.3241 nm, which is quite comparable to that 

of hBN multilayers (dint = 0.325 nm).66 This suggests that the long-range electron-electron exchange interactions 

are reasonably incorporated in the B97XD functional. The interlayer ESPs calculated at the B3LYP-D3/6-

31G(d) and ωB97XD/6-31G(d) levels for the (B111N111H42)2 cluster with  = 21.6° and 13.6° are given in Fig. 

S13. We did not find any critical differences between the ESPs at the B3LYP-D3/6-31G(d) and ωB97XD/6-

31G(d) levels, although these two levels of calculations result in somewhat different values of dint. This implies 

that the underlying features of the interlayer ESP are insensitive to the DFT functional. Hence, in the main text, 

we only show the ESP map for the (B111N111H42)2 cluster calculated at the ωB97XD/6-31G(d) level.  
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S5. Supporting figures 

 

 

 

Figure S1. Exfoliation of hBN layers from hBN powders. (a) Formation of hBN/H2SO4 intercalation compounds, exfoliation 

of hBN layers via neutralization with NaHCO3, and subsequent extraction of exfoliated hBN layers with 1-pentanol. (b) 

Microscopic scheme of the exfoliation process occurring spontaneously under the neutralization reaction. 
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Figure S2. (a) Schematic illustration of an x-tilt performed on a hBN 0001 plane. (b) Series of simulated ADF-STEM 

images for the x-tiled (x-tilt angle: 1°) hBN layers with a different thickness ranging from 4 to 14 nm. (c) An example of 

the observed ADF-STEM image of the exfoliated specimen. 



9 

 

 

 

 

Figure S3. HRTEM images of non-twisted hBN layer. (a) Raw HRTEM image, along with a FFT image (inset) and (b) a 

magnified HRTEM image of the area marked by the white, dashed square in (a). 
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Figure S4. PPA analysis. (a) HRTEM image used to perform the PPA analysis. (b) Rotation (in degree and anti-clockwise 

positive), (c) Mean dilatation, (d) Strain tensor. The PPA analysis demonstrates that rotation is within the range of ±1 degree, 

whereas mean dilatation and strain tensor within the range of ±1 %. 
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Figure S5. Real and reciprocal space representations of 2D hexagonal bilayers with different twist angles in the rigid lattice 

model. (a) hBN monolayer (left panel) and the corresponding diffraction patterns (right panel). G1 and G2 are reciprocal lattice 

vectors. (bd) Atomic configurations (left panels) of twisted hBN bilayers with twist angles of (b) 24.0º, (c) 21.6º, and (d) 

19.8º, and the corresponding diffraction patterns (right panels). The Miller indices, hkl, are shown to indicate the set of lattice 

planes responsible for each diffraction peak. Even in the incommensurate cases in (b,d), the partially eclipsed interlayer atomic 

overlap can be recognized. 
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Figure S6. Identification of moiré peaks in FFT. (ad) FFT images of the hBN layers with different twist angles of (a) 24.0°, 

(b) 21.6°, (c) 19.8°, and (d) 13.6°. Red and yellow circles show sets of 101̅0, 112̅0 and 202̅0 diffraction spots belonging 

respectively to different layers. White or black vectors are created by connecting the two diffraction spots belonging to the 

different layers. These vectors provide the positions of the moiré peaks when translated to the center of the diffraction pattern. 



13 

 

 

 

 

 

Figure S7. Fourier filtering process to reconstruct the moiré potential in real space by inverse FFT (IFFT). Left panels show 

original FFT images for the sample with a twist angle of (a) 24.0°, (b) 21.6°, (c) 19.8°, and (d) 13.6°. White circles in right panels 

indicate the diffraction spots used for the inclusive mask in the IFFT process. Red and yellow circles in right panels show sets 

of 101̅0, 112̅0 and 202̅0 diffraction spots belonging respectively to different layers. These well-defined Bragg diffraction spots 

as well as the center spot were excluded in the IFFT process.  
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Figure S8. Comparison of the IFFT images between the normal and inverted contrast conditions. (ad) IFFT images of the 

hBN layers with different twist angles of (a) 24.0°, (b) 21.6°, (c) 19.8°, and (d) 13.6°. Left and right panels show the normal 

and inverted intensities, respectively. 
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Figure S9. Comparison of the wide-area IFFT images between the commensurate and incommensurate layers. (a,b) (upper 

panels) IFFT images of the hBN layers with different twist angles of (a) 21.6° and (b) 24.0°. (lower panels) Line profiles as a 

function of distance along the white broken line in the corresponding upper panel. 

 



16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S10. Cross-sectional ESP map perpendicular to the atomic planes. (a,b) (top panel) Optimized structure of the model 

clusters with twist angles of (a)  = 0.0º and (b) 21.6º. (bottom panel) The corresponding cross-sectional ESP contour map 

along the red line shown in the top panel. The blue and pink lines are positive and negative, respectively. Contour intervals 

are drawn at 0.002 e (a.u.)3. In the bottom panel in (b), negative potential regions are marked by red circles, which 

correspond to the N on N (or N nearly on N) regions shown in the top panel.  

. 
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Figure S11. Comparison of the optimized structural parameters obtained for the three BN bilayer model clusters with 

different size and different twist angles ( = 0° and 24.0°) calculated at the B3LYP-D3/6-31G(d) level. (a) 

(B75N75H30)2 with zigzag edges. (b) (B111N111H42)2 with armchair edges. (c) (B147N147H42)2 with zigzag edges. The 

optimized parameters for the BN bond distance dBN and the interlayer distance dint are given. Schematic 

representations of the clusters illustrate the optimized geometry although the terminal H atoms are omitted for clarity. 
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Figure S12. Density functional dependence of the optimized structural parameters calculated for the (B111N111H42)2 

clusters with different twist angles. (a) = 0°. (b)  = 13.6°, (c) = 19.8°, (d)  = 21.6°, and (e)  = 24.0°. 
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Figure S13. Density functional dependence of the electrostatic potential for the (B111N111H42)2 clusters with different twist 

angles. (a)  = 21.6°, (b)  = 13.6°. The 2D plot of the ESP is shown for a plane bisecting the two hBN layers of the respective 

clusters. The unit of the scale bar is e a.u.1. 
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