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Abstract 

We show that Pt nanoclusters preferentially nucleate along the grain boundaries (GBs) in 

polycrystalline MoS2 monolayer films, with dislocations acting as the seed site. Atomic resolution 

studies by aberration-corrected annular dark field scanning transmission electron microscopy reveal 

periodic spacing of Pt nanoclusters with dependence on GB tilt angles and random spacings for the 

anti-phase boundaries (i.e. 60o). Individual Pt atoms are imaged within the dislocation core sections of 

the GB region, with various positions observed, including both the substitutional sites of Mo and the 

hollow center of the octahedral ring. The evolution from single atoms, small few atom clusters to 

nanosized particles of Pt is examined at the atomic level to gain a deep understanding of the pathways 

of Pt seed nucleation and growth at the GB. DFT calculations confirm the energetic advantage of 

trapping Pt at dislocations on both the APB and the small-angle GB rather than on the pristine lattice. 

The selective decoration of GBs by Pt nanoparticles also has a beneficial use to easily identify GB 



areas during microscopic scale observations and track long range nanoscale variances of GBs with 

spatial detail not easy to achieve using other methods. We show that GBs have nanoscale meandering 

across micron scale distances with no strong preference for specific lattice directions across 

macroscopic ranges. 
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Monolayer molybdenum disulfide (MoS2) is a two-dimensional (2D) semiconducting material, 

composed of one layer of Mo atoms sandwiched between two layers of S atoms through covalent 

bonds, and holds great potential in applications of nanoelectronics, optoelectronics and catalysis.1–8 

Chemical vapor deposition (CVD) has emerged as one of the most promising approaches to satisfy the 

industrial requirements on both high quality and productivity of this material. Although wafer-scale, 

continuous monolayer MoS2 have already been synthesized, they are commonly polycrystalline sheets 

with grain size in the order of several micrometers, in which grain boundaries (GBs) are inevitably and 

can influence the overall properties of the material profoundly.9–14 Band structures can be largely tuned 

with implantations of mid-gap states depending on the atomic stitching manner between grains by 

theoretical calculations, while electrical transport and photoluminescence emission characteristics (PL 

peak energy, intensity and width) of monolayer MoS2 have been confirmed to be altered by GBs 

through experimental studies.15,16 Therefore, characterizing and understanding GBs is significant for 

the manipulation of properties of 2D materials, including MoS2.  

Several methods have been established to probe GBs of 2D materials. In the macroscopic scale, a 

liquid crystalline texture method was applied to directly visualize MoS2 and graphene GBs under the 

polarized optical microscope based on the correspondence between the orientation of liquid crystals 



and that of the underlying 2D material.17,18 The selective oxidation of the underlying copper substrate 

through functionalized graphene GBs grown on top was used to probe graphene GBs just using the 

optical microscope.19 Photoluminescence, Raman and multiphoton microscopy were also utilized to 

discriminate GBs of MoS2 macroscopically by constructing 2D maps and detecting subtle variations 

of the peak position and intensity at GBs.16,20 These methods can display the concentration and 

distribution of GBs in a large area. However, they are mainly limited in supplying detailed information 

about the atomic structures of GBs and the misorientation angle between neighboring grains. Some 

methods also suffer from the low sensitivity when the GB angle is small. Annular dark field scanning 

transmission electron microscopy (ADF-STEM) can resolve GB configurations down to the atomic 

level. Several structures have been discovered, typically including arrays of 5- and 7-fold (5|7) rings, 

6|8 rings and 4|6 rings with slight variations on element types at different lattice points for small-angle 

GBs, as well as linearly arranged 4-fold rings with point sharing (4|4P) or edge sharing (4|4E) and the 

recurring 8|4|4 motif for anti-phase boundaries (APBs), i.e 60o rotation.15,16,21 However, due to the 

nanoscale width of GBs, the relatively low concentration of them compared with the pristine lattice 

and the small characterization region of high-resolution ADF-STEM, directly locating GBs on 

monolayer MoS2 at the microscopic level using ADF-STEM is time-consuming and challenging. 

Therefore, developing methods that can visualize both the atomic configurations of GBs 

microscopically and their geometry and distribution macroscopically with fast speed, convenient 

operation and high sensitivity is highly desirable. 

Apart from the investigation of GBs, comprehension about the interaction between single foreign 

atoms and the host 2D crystal is also critical for tailoring materials’ electrical and catalytic properties. 



ADF-STEM has contrast that is sensitive to the atomic number of the column being probed and enables 

both the detailed bonding configuration and the element of dopants on the host 2D crystal to be 

unambiguously identified.22–27 Both Re and Au dopants have been successfully introduced to single 

layer MoS2, which substituted or resided on various atomic sites, including Mo, S and hollow centers 

of hexagonal rings, and led to n-type and p-type doping, respectively.28 Recent work has studied the 

atomic structure of single Pt atoms on the surface of MoS2 and found that Pt prefers to localize in S 

vacancy sites on monolayer MoS2 due to increased binding energy. This was then calculated by density 

functional theory to show a detrimental impact on the surface catalytic activity for hydrogen evolution 

reaction (HER).29 In addition, Cr and V impurity dopants have been found in CVD-grown monolayer 

MoS2 and behave as substitutional atoms at the Mo sites, resulting in n-type doping commonly seen 

in CVD-grown transition metal dichalcogenide (TMD) samples.30 However, most studies have focused 

on single atom dopants on pristine monolayer MoS2, with little work done on dopants interacting with 

defective structures, such as GBs. Prior work has shown that Pt can preferentially form nanoclusters 

in grain boundary regions of graphene using electron diffraction in an electron microscope, but the 

detailed atomic level imaging of Pt atoms interacting with dislocation cores was not experimentally 

performed, but was theoretically predicted.31  

Here, we show how Pt nanoclusters preferentially nucleate at dislocation cores in GB regions of 

MoS2. This leads to a simple strategy to quickly locate GBs in CVD-grown polycrystalline monolayer 

MoS2 by the selective decoration of Pt nanocrystals on GBs. This is achieved by depositing a Pt 

precursor followed by decomposing it at high temperature to form Pt nanocrystals. Different Pt 

nanoparticle formation is examined at small-angle GBs and APBs, respectively. The inter-particle 



distance is quantitatively dependent upon the misorientation angle between adjacent grains, matching 

predictions based on the Frank-Bilby equation.32–36 Moreover, these dislocation cores at small-angle 

GBs perform as a template to construct a 1D Pt nanoparticle chain with an even spacing, which has a 

potential for applications of waveguiding, surface-enhanced Raman scattering and gas sensing.37–39  

Results and Discussion 

 

Figure 1. (a) Schematic illustration of decorating GBs of monolayer MoS2 with Pt nanocrystals. (b) Low-mag 

ADF-STEM image showing the deposition of Pt nanocrystals on a APB. (c) Zoomed-in ADF-STEM image of 



the region marked with the red box in (b). Inset is the FFT of (c), in which only one set of reflexes can be 

observed. (d) High-mag ADF-STEM image showing the detailed atomic structure of the Pt-decorated APB 

corresponding to (c), where Pt nanocrystals discretely attach on a periodic line 8-fold and 4-fold rings, as 

outlined with white lines. (e) Low-mag ADF-STEM image of a small-angle GB composed of Pt nanocrystal 

deposition and triangular-shaped nanopores. (f) Zoomed-in ADF-STEM image of the area labelled by the red 

box in (e). Inset is the FFT of (e), in which two sets of MoS2 reflexes are displayed with a misorientation angle 

of ～3.6º. (g) Medium-mag ADF-STEM image corresponding to the yellow boxed region in (f), indicating a 

uniform distribution of Pt nanocrystals along the small-angle GB. (h) High-mag ADF-STEM image of the green-

boxed region in (g), showing that the Pt nanocrystal is deposited on a dislocation core on the small-angle GB 

with a Burgers vector b and closed circuit (white) surrounding it.  

 

Monolayer MoS2 was grown by CVD followed by being transferred onto a Si3N4 TEM grid using 

a polymer-assisted method previously reported.40–42 Subsequently, a drop of diluted H2PtCl6/ethanol 

solution (0.025mol/L) was deposited on the grid and allowed to dry in the air naturally. Finally, the 

grid was heated at 350ºC under the protection of Ar gas at atmospheric pressure for 15 min to 

decompose the Pt precursor so that Pt particles with diameters of several nanometers can be obtained 

on the surface of monolayer MoS2. We found that Pt nanoparticles are prone to anchoring and aligning 

on GBs of MoS2, as schematically illustrated in Figure 1a. The Pt nanocrystals attached on GBs adopt 

much higher brightness compared with the pristine monolayer MoS2 lattice, serving as indicators to 

tell the exact location of GBs even under a low-magnification imaging condition and exhibiting the 

morphology of GBs in a large scale. Figure 1b-d show the configuration of a Pt-decorated APB, where 

two neighboring grains are twisted by an integral multiple of 60º, with an increased magnification of 

ADF-STEM images. The relative lattice orientation between two grains can be indicated by the fast 

Fourier transform (FFT) of the ADF-STEM image, where only one set of reflexes were observed (inset 



of Figure 1c). It can also be fully confirmed by the detailed structure of the 6-fold rings on two sides 

of the GB in the high-mag image, in which positions of Mo and S atoms are swapped in the hexagonal 

lattice (yellow triangles in Figure 1d). The APB winds its way across the monolayer MoS2 region in 

the nanometer scale (Figure 1b) with Pt nanoparticles unevenly deposited on it (Figure 1c). With the 

help of the high-mag ADF-STEM image in Figure 1d, it shows that the APB is composed of an array 

of randomly combined octagonal and tetragonal rings, and Pt nanocrystals are arbitrarily deposited on 

the linearly extended APB. Figure 1e-h shows another scenario, where Pt nanocrystals decorate on a 

small-angle GB with grain orientation mismatch of ～3.6º, as evidenced by the FFT of Figure 1f. The 

GB appears straight in the micrometer scale but can be sinuous in the nanometer scale (Figure S1). It 

is decorated by not only arrays of Pt nanoparticles but also chains of triangular holes with a broad size 

distribution (Figure S2, Figure S4). The generation of well-shaped holes might be ascribed to the 

superiority in the chemical reactivity of dislocation cores on small-angle GBs over the intrinsic MoS2 

lattice, so that atoms are more easily to be etched by components in the air, such as O2 and H2O, or 

during the heat treatment for the decomposition of the Pt precursor along energetically favorable lattice 

orientations.43 The frequency of holes in the APB is significantly lower than that on small-angle GBs. 

Distinct from the case of APB, a majority of Pt nanoparticles are uniformly spaced on the small-angle 

GB (Figure 1g), and their inter-particle distance is associated with the GB misorientation angle, which 

will be discussed in detail in Figure 2. By constructing the Burgers circuit that encloses a Pt nanocrystal, 

we can get the Burgers vector to be (1,0), which is the shortest one for a perfect edge dislocation 

formed by the insertion or removal of a semi-infinite row of atoms along the armchair direction (Figure 

1h). It proves that these Pt nanocrystals are selectively anchored on the dislocation cores of the small-



angle GB rather than on pristine MoS2 lattice, which could be attributed to the change of the 

coordination manner of Mo and S atoms at dislocation cores so that the binding energy between Pt and 

the MoS2 at the defective region can be increased. This could also explain the reason why the 

concentration of Pt nanoparticles on GBs, no matter whether they are APBs or small-angle GBs, 

surpasses that within grains predominantly. Even the existence of edges, which is well known as highly 

active nucleation sites, did not influence the selective deposition of Pt nanocrystals on GBs (Figure 

1b).  

 

Figure 2. (a) Zoomed-in ADF-STEM image showing the Pt-decorated small-angle GB corresponding to Figure 1(f). (b) 

Magnified image of the region marked with the red box in (a). (c) Medium-mag ADF-STEM image corresponding to the 

pink box in (b). (d) High-mag ADF-STEM image of the white-boxed region in (c) with the Burgers vector (yellow arrow) 

and the closed circuit (white) labelled. (e) Distribution of inter-particle spacing of Pt nanocrystals attached on the small-



angle GB based on the measurement of the distance between adjacent Pt nanoparticles in (b), as indicated by the yellow 

dashed lines. (f) Distribution of the Pt nanocrystal size deposited on the small-angle GB in (b). (g,h) Intensity line profiles 

measured along two pink segments across the linearly-distributed Pt nanocrystal chains on the GB in (a), marked by 1 and 

2, respectively. Location of each Pt nanoparticle can be clearly detected due to the prominent contrast variations so that the 

average distance between neighboring nanocrystals can be calculated. (i) Plot showing the dislocation spacing as a function 

of the misorientation angle between adjacent grains based on the Frank-Bilby equation, which is applied to small-angle 

GBs. Inset is the zoomed-in image of the blue boxed region. Red, black and blue data points with coordinates of (4.88, 

3.6), (4.93, 3.6) and (4.90, 3.6) calculated from the experimental data in (e), (g) and (h), respectively, agrees with the Frank-

Bilby curve well.  

Figure 2a is the magnified ADF-STEM image showing the Pt-decorated small-angle GB in Figure 

1f. Figure 2b corresponds to the region in the red dashed box in Figure 2a, where a chain of Pt 

nanocrystals arranged with an almost uniform spacing are aligned on the GB with a misorientation 

angle of ～3.6º. Figure 2c is the magnified image of the pink-boxed region in Figure 2b with a fire 

false color look-up table (LUT) to enhance the visualization of Pt nanoparticles with respect to the 

MoS2 lattice. Most Pt nanocrystals are residing on the intact MoS2 film without pores surrounding 

them. Only a small number of Pt nanocrystals sit within nanopores, which could be formed either by 

the Pt-catalyzed chemical etching of MoS2 during the heat treatment or by the dislocation core-induced 

decomposition of the MoS2 film to release strain. The Burgers vector and the closed circuits around 

another Pt nanocrystal corresponding to the white-boxed region in Figure 2c, are shown in Figure 2d. 

It displays the same length of the Burgers vector, indicating a similar type of edge dislocation where 

Pt nanoparticles selectively anchor. The mean inter-particle spacing of Pt nanocrystals measured by 

the yellow dashed lines in Figure 2b is 4.88 nm with a standard error of ±0.60 nm (Figure 2e), while 

the geometric mean size of the Pt nanoparticles is 2.24 nm2 with a standard error of 0.91 nm2 (Figure 



2f) for this small-angle GB with a GB angle of 3.6º. The variation of the Pt nanoparticle size could be 

induced by several factors, including the thermal decomposition condition for Pt-precursor, the 

dislocation structure in GBs, the distribution uniformity of Pt-precursor, and the hydrocarbon 

contamination on the MoS2 surface, etc. It is well-documented that the atomically-stitched small-angle 

GB in MoS2 is constructed by an array of discrete dislocation cores.15,16 In bulk materials, the 

relationship between the spacing of dislocation cores in small-angle GBs (<10º) and the misorientation 

angle of adjacent gains is commonly expressed by the well-known Frank-Bilby equation,32–36 given as 

d=b/[2sin(θ /2)  in a 2D regime, in which d represents the average dislocation spacing, b is the 

magnitude of the Burgers vector for the edge dislocations on the GB and θ is the GB angle. For 

dislocation cores in small-angle GBs of monolayer MoS2, b is a constant with a magnitude of 0.312 

nm, as evidenced by the former analysis in Figure 1h and 2d and other literatures.16,35,43 It has been 

shown that Pt nanocrystals prefer to attach on the discrete dislocation cores. Therefore, the average 

spacing between dislocations can be equivalently obtained by the measurement of the inter-particle 

distance between Pt nanoparticles. We show a plot of the dislocation spacing (d) as a function of the 

GB angle (θ) according to the Frank-Bilby equation in Figure 2i, with its inset providing the magnified 

view corresponding to the blue-boxed region. It shows that the data point (red spot) with coordinates 

of (4.88, 3.6) based on the measurement in Figure 2e is well consistent with the Frank-Bilby curve. 

This indicates that a quantitative relationship of the GB angle and the inter-particle spacing between 

Pt nanocrystals on the GB can be established. It can transform the measurement of the small GB angle, 

which sometimes is not easy to detect without the diffraction information (such as using SEM and low-

mag (S)TEM imaging), to the characterization of the average distance between neighboring Pt 



nanocrystals selectively decorated on the small-angle GB. To verify the feasibility of estimating the 

small GB angle by measuring the average interparticle distance in a low-mag image, we drew intensity 

line profiles along two pink segments across the linearly-distributed Pt nanoparticle chains on the 

small-angle GB in a low-mag ADF-STEM image (Figure 2a), as labelled by 1 and 2, respectively 

(section S9 in SI). Location of each Pt nanoparticle can be clearly detected due to the prominent 

contrast variations so that the average distance between neighboring nanocrystals can be calculated, 

yielding 4.93 nm and 4.90 nm, respectively. The GB angles calculated from these two values of the 

average Pt nanocrystal spacing, based on the Frank-Bilby equation, are 3.71º and 3.74º(blue and 

black spots in Figure 2i), both of which are very close to the GB angle directly measured from the FFT 

of the high-mag ADF-STEM image, which is 3.6º. Therefore, the feasibility of evaluating the small 

misorientation angle between grains by using the Pt nanoclusters on the MoS2 sample and measuring 

the inter-particle spacing between Pt nanoclusters selectively decorated on GBs is verified.  

 



 

Figure 3. (a,b) ADF-STEM images showing two small-angle GBs with misorientation angles of ～7.3ºand ～8.8º, 

respectively. Scale bars: 2nm. (c,d) 2D strain maps of 𝜀𝑥𝑥 corresponding to (a) and (b), respectively, with a color scale 

ranging from -0.5 to +0.5. Insets are the zoomed-in strain maps of the white-boxed regions in (c) and (d), respectively, 

highlighting the tension-compression dipoles existing at dislocation cores on GBs. (e-h) Higher magnification ADF-STEM 

images showing the atomic configurations of dislocation cores in red boxes marked from 1 to 4 in (a) and (b), respectively, 

with atomic models overlaid, as well as Burgers vectors (white arrows) and closed circuits (red) labelled. Mo and S atoms 

are represented by cyan and orange circles, respectively. Surrounding Pt dopants are pointed out by yellow arrows. (i) Plot 



of dislocation spacing as a function of the GB angle with three experimental data points measured based on figure 2e (red), 

figure 3(c) (green) and figure 3(d) (blue), respectively. The dislocation spacing in (c) and (d) are obtained by measuring 

the distances between the centers of neighboring tension-compression dipoles and averaging them. (j-k) Higher 

magnification ADF-STEM images showing ultra-small Pt clusters aggregating on the dislocation core of small angle GBs. 

Scale bars: 0.5nm.  

To investigate the atomic structure of dislocation cores on the small-angle GB, which attract the 

deposition of Pt nanocrystals, we found some dislocation cores aligned on the GB with various 

misorientation angles, which are not covered by Pt clusters, as marked by red boxes in Figure 3a and 

3b. They may not be conspicuous in the medium-mag ADF-STEM images. However, with the help of 

geometric phase analysis (GPA), we can map the 2D strain field distribution of the whole image, in 

which dislocation cores on the GB exhibit peculiar characteristics (Figure S3). As shown in Figure 3c 

and 3d, the 𝜀𝑥𝑥  strain field surrounding each dislocation core exhibits a two-lobed configuration, 

composed of a tension-compression dipole with similar magnitudes and the extent of the spatial 

dispersion. The strain fields are localized around each dislocation core on the small-angle GB without 

penetrating into the neighboring grains deeply. In addition, the strain fields of adjacent dislocation 

cores do not intersect with each other under the present case of dislocation spacing, which might 

contribute to the spatial stabilization of these isolated dislocations. The average distance between 

neighboring dislocations corresponding to the GB angle of 7.3º  and 8.8º , respectively, can be 

conveniently measured from the 2D strain maps of Figure 3c and 3d, yielding 2.31 nm and 1.97 nm, 

respectively, marked as green and blue data points in Figure 3i. Both these two points together with 

the red point measured from Figure 2e agree with the Frank-Bilby equation well under different cases 

of small GB angles, indicating a wider range of application of evaluating the small GB angle by 



measuring the spacing of dislocation cores decorated by Pt nanoparticles.  

To resolve the atomic structure of dislocation cores, regions marked from 1 to 4 are magnified 

with atomic models overlapped with cyan and orange circles representing Mo and S atoms, 

respectively, as shown in Figure 3e to 3h. The dislocation cores primarily consist of 4- and 6-

memebered rings joined at S sites with an unusual 4-fold coordination manner distinct from the case 

in the pristine MoS2 lattice, as pointed by the magenta arrows in Figure 3e and 3g. Two 6-fold rings at 

shoulders of the 4|6 dislocation core are seriously distorted. If the S atom at the intersection is missing, 

the dislocation reconstructs to the 5|8|5 structure, composed of double 5-fold rings stitching at two 

sides of the 8-fold ring with Mo-Mo edge sharing, as illustrated in Figure 3f and 3h. Burgers circuits 

and vectors for each dislocation were drawn by red curves and white arrows, suggesting that edge 

components of Burgers vectors corresponding to all four dislocation cores with various configurations 

are the same, being 0.312nm. This supports the validity of treating the Burgers vector b as a constant 

when plotting the dislocation spacing as a function of the GB angle in Figure 2i and 3i. Single Pt atom 

dopants were found in the vicinity of the dislocation core, as highlighted by yellow arrows in Figure 

3g and 3f, which could perform as nuclei and facilitate the growth of ultra-small Pt clusters with 

random atom arrangements (Figure 3j-l). It indicates an increased chemical reactivity of these 

defective structures possibly due to their specific coordination manners and the presence of built-in 

strain.  



 

Figure 4. (a) ADF-STEM image of Pt nanocluster within a nanopore at the small-angle GB of MoS2 monolayer. The scale 

bar: 1nm. (b) ADF-STEM image taken 30s after (a). (c) Higher magnification of the red boxed region in (a) showing the 

Pt bonding to S site at the edge. (d) Higher magnification ADF-STEM image from the yellow box in (a), showing single 

Pt atoms attached to the edge. (e) Higher magnification ADF-STEM image from the yellow box area in (b). (f) Schematic 

atomic model representation of the ADF-STEM image in (d) with three Pt atoms attached to the MoS2 edge. (g) Schematic 

atomic model representation of (e). (h) Multislice ADF-STEM image simulation using the atomic model from (g), showing 

similar contrast to the experimental image in (e). 

 

To show that some of the Pt nanoclusters are formed within the holes at the GBs, we examined 

the area in more detail. Figure 4 shows the Pt nanocluster within a small nanopore on the small-angle 

GB, with some part of the open nanopore visible in the bottom section. Pt atoms with higher contrast 

in the ADF-STEM image are seen attached to various edge sites around the nanopore, figure 4a. An 

image taken 30s later shows the reconstruction of the Pt atomic bonding sites due to the electron beam 



irradiation causing some structural modifications. Figure 4c shows the high magnification view of the 

red boxed area in figure 4a, with the Pt atom bonded to the S site. Figures 4d and e show the yellow 

boxed regions from 4a and b respectively and reveal the various Pt binding sites at the edge. In figure 

4d, the two Pt atoms on the left are bonded to S atoms, with the third Pt atom bonded to the middle Pt 

atom forming Pt-Pt bond. In the next frame, figure 4e, the middle Pt atom is now bonded to the two 

Mo atoms, with the S atoms previously there being sputtered away by the electron beam. Schematic 

atomic models are shown below in figures f and g, respectively. A multislice ADF-STEM image 

simulation, figure 4h, based on the atomic model in figure g, shows a good match for the Pt contrast 

and positions relative to the MoS2 lattice. These images show that Pt can bond to both S and Mo sites 

at the edge by natural decoration during the thermal decomposition rather than by the electron beam 

induced reconstruction (Figure S5 in SI).  



 

Figure 5. (a) Low-mag ADF-STEM image showing the decoration of Pt nanocrystals on a APB. Inset is the FFT of (a). (b) 

Medium-mag ADF-STEM image exhibiting the random and non-uniform attachment of Pt nanoparticles along the APB. 

(c) High-mag ADF-STEM image showing the atomic structure of the APB. (d) Overlay of atomic models of 4- and 8-

membered rings in a straight APB with the ADF-STEM image in (c), with a semi-transparent mask in yellow covered in 



the upper grain. Green and yellow spheres represent Mo and S atoms, respectively. (e) ADF-STEM image showing the 

existence of single Pt atoms substitution at the APB, indicated by pink arrows. (f,j,l,n) High-mag ADF-STEM images 

showing the Pt atom sitting in several typical locations of the APB. (g,k,m,o) Atomic models corresponding to ADF-STEM 

images in (f), (j), (l), and (n), respectively. The single Pt atom is represented by the red sphere. (h) Multislice ADF-STEM 

image simulation corresponding to the atomic model in (f). (i) Intensity line profiles measured from the selected area 

marked by the white square brackets in (f) and (h), respectively.  

 The Pt decoration of APBs is different from that of small-angle GBs. Pt nanocrystals localize on 

the APB non-uniformly with a random dispersion rather than situating at discrete dislocation cores on 

small-angle GBs with an even spacing (Figure 5a,b). This could be ascribed to the continuous but 

aperiodic 8- and 4-fold rings aligning along the APB with peculiar coordination numbers, as illustrated 

in Figure 1d. Free combination of 4- and 8-fold rings lead to the structural diversity of APB. It can 

extend straightly with occasional kinks. Figure 5c is a high-mag ADF-STEM image of a linearly-

extended APB with corresponding atomic models overlaid in Figure 5d. Discrete 8-fold rings are 

commonly connected by short strings of 4-fold rings in arbitrary lengths, which are constructed by 

point sharing at 2S sites and extend along one zigzag lattice direction. Octagons and tetragons 

atomically stitch with edge sharing. Sometimes 8-fold rings can directly link together in parallel with 

edge sharing but could lead to the loss of double S atoms on the joint side. The orientation of the 8-

fold ring is along another zigzag lattice orientation of MoS2, which has a tilt angle of integral multiples 

of 60ºwith respect to that of the string of 4-fold rings, as depicted by pink arrow in Figure 5d. Therefore, 

different combinations of 8- and 4-fold rings realize the flexibility of the APB direction in the 

macroscopic scale.  

 Figure 5e is a general view showing several single Pt atoms residing along an APB free of 

contaminations, as marked by pink arrows. Figure 5f,j,l,n list some typical examples of single Pt atom 



substitution at defective sites in magnified images with corresponding atomic models shown in Figure 

5g,k,m,o. Surprisingly, distinct from the case of single Pt atom interaction with the pristine MoS2, 

where Pt atoms prefer to localize at S vacancy sites,29 Pt atoms at APB are prone to substituting for 

Mo atoms at 8-fold rings of APB (Figure 5f,g). Figure 5h is the multislice ADF-STEM image 

simulation based on the atomic model in figure 5f, which matches with the experimental image of 

figure 5f well. Intensity line profiles (Figure 5i) show a good contrast match between the experimental 

image (Figure 5f) and the simulation of a substitutional Pt atom in the place of Mo (Figure 5h), which 

excludes the possibility of single Pt adatom sitting on top of the Mo site. A row of Mo atoms in 

octagons can be replaced by Pt atoms simultaneously (Figure 5n,o). In addition, single Pt atom can 

also reside on the hollow center of an 8-fold ring owing to the sufficient space of an octagon and the 

diverse coordination manner of Pt with d orbitals.  



 

Figure 6. (a) DFT-relaxed atomic model involving typical defective structures in APBs on monolayer MoS2 with 

denotations showing atomic sites studied in the DFT calculations for the adsorption or substitution of the single Pt atom. 

(b,c) DFT-relaxed 6|4 and 5|8|5 dislocation core configurations in the small-angle GB, respectively, with denotations 

showing atomic sites studied in DFT calculations for the adsorption of the single Pt atom. (d) Bar chart showing the 

adsorption energy of the single Pt atom on top of the atoms in APBs denoted in (a). Red, blue and green columns represent 

Mo, S and hollow sites on the APB for Pt adsorption, respectively. (e) Bar chart showing the adsorption energy of the single 

Pt atom when it substitutes the atoms in APBs denoted in (a). (f, g) Bar charts showing the adsorption energy of the single 

Pt atom on top of the atoms of dislocation cores in small-angle GBs denoted in (b) and (c), respectively. Red, blue and 



green columns represent Mo, S and hollow sites on the small-angle GB for Pt adsorption, respectively, while the pink 

column represents S sites beside the small-angle GB. 

 To get the insight of the Pt interactions with the MoS2 grain boundary, theoretical calculations 

based on Density Functional Theory (DFT) were carried out to study on the adsorption energy through 

the MoS2 grain boundaries, detailed settings listed in the Experimental Section. It is a challenge to 

model the grain boundary in a periodic model. Here we proposed two different solutions for the small 

angle and APB grain boundaries, respectively. For the small angle grain boundaries (6|4 and 5|8|5), the 

dislocation cores were treated as the central of the large cell with the atoms outside the core area kept 

fixed. The interaction between the Pt atom with the atoms outside the core area is in the same range (~ 

3 eV) with the pristine MoS2 (Figure 6f,g). For the APB, a supercell with lattice parameters of 7*7 

pristine MoS2 supercell was adopted which co-exists 4|4|8 (Figure 5g, k and m) and 8|8|8 dislocations 

(Figure 5o), shown in Figure S6 with all the coordinates listed in section S8 of SI. To validate the 

accuracy of this model, Bader charge analysis44 was carried out. Our results show that the charge of 

the Mo in the shadow area (Figure S6) is 4.99 against 5.00 in the pristine one. While, those Mo in the 

8-member rings is 4.95. It implies that further electron transfer from Mo to S induced by the 

dislocations. Hence, our proposed models could overcome the obstacle to represent grain boundary at 

the DFT level. 

Atoms in the dislocation positions, denoted in Figure 6a-c were selected to study the Pt adsorption 

behavior in the dislocation area and around dislocation cores. The adsorption energy was calculated 

based on the following equation: 

𝐸𝑎𝑑 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑀𝑜𝑆2𝑠𝑢𝑏 − 𝐸𝑃𝑡 

Where the Etotal is the total energy of the system. EMoS2sub and EPt are the energy of the MoS2 substrate 



and the chemical energy of the Pt, which derived from the energy of the bulk Pt. As the results shown 

in Figure 6d,f and g, Pt atom is exothermic stable at the hollow position of the 8|8|8 (APB) and 5|8|5 

(small-angle GB) dislocations. Compared with Pt on the pristine MoS2 in our previous study,29 the 

dislocations in both APBs and small-angle GBs play as the Pt trapping sites. Unlike the mono-vacancy 

in pristine MoS2, where Pt tends to substitute S instead of Mo, it is more energetically favorable to 

substitute Mo in the APB of MoS2, as shown in Figure 6e. This phenomenon has also been observed 

in our experiments, Figure 5 (detailed adsorption values shown in section S7 in SI).  

 In summary, we have shown the selective nucleation of Pt nanocrystals at GBs on polycrystalline 

monolayer MoS2 membranes, serving as indicators to facilitate the visualization of GBs with 

nanometer-scale width and to track their long-range morphology change during the ADF-STEM 

imaging. Pt nanoparticles decorated on the small-angle GBs show a homogeneous inter-particle 

distance as they nucleate on the dislocation cores of GBs, whose spacing is quantitatively related to 

the GB angle based on the Frank-Bilby equation. It provides an approach to evaluate the GB angle by 

the measurement of the average Pt inter-particles distance, which, sometimes, is more accessible. Pt 

nanoclusters on APBs are randomly spaced due to the continuous and linearly-aligned octagonal and 

tetragonal rings with a random combination on APBs, where both two types of defective configurations 

can work as trapping sites for Pt. Small holes can be formed at GBs with Pt filling into them and 

attaching at various edge sites. Single Pt atoms have been observed as substitutional dopants in the 

place of Mo or adatoms residing at the hollow center of 8-fold rings in APBs. DFT calculations have 

also been conducted to prove the energetic preference of attracting Pt to dislocations of GBs and to 

compare the reactivity of different atomic sites with Pt in both the APB and the small-angle GB. These 



results give insights into the interaction between different types of GBs of monolayer MoS2 with Pt 

dopants in various sizes, ranging from single atom, a few atom clusters to nanocrystals, and may help 

understand the influence of Pt dopants on monolayer MoS2 more comprehensively.   

 

Experimental Methods 

Synthesis and transfer of monolayer MoS2 

MoS2 monolayers were grown by a hydrogen-free CVD method under atmospheric pressure with 

molybdenum trioxide (MoO3, ≥99.5%, Sigma-Aldrich) and sulphur (S, ≥99.5%, Sigma-Aldrich) 

powder used as precursors, as previously reported.40 SiO2/Si (300 nm thick SiO2) chips were used as 

substrates. To avoid the quench of MoO3 powder by S vapor during the reaction, an inner tube with 

MoO3 powder placed inside was inserted into the outer 1-inch quartz tube, where S powder was 

positioned. Two furnaces were used to give independent temperature control on both two precursors 

and the substrate. The typical heating temperatures for S, MoO3 and SiO2/Si substrate were ~180, ~300, 

and ~800 ⁰C, respectively. After the growth, monolayer MoS2 was transferred to a Si3N4 TEM grid 

(Agar Scientific AG21580). A thin film of poly (methyl methacrylate) (PMMA) was first spin-coated 

on the MoS2/SiO2/Si substrate surface. Subsequently, float the sample on a 1 mol/L potassium 

hydroxide (KOH) solution to etch SiO2 away. As soon as the PMMA/MoS2 film detached from the Si 

substrate, the film was transferred to the deionized water for several times to remove residuals left by 

the etchant thoroughly. After that, the PMMA/MoS2 film was scooped up by a holey Si3N4 TEM grid, 

allowed to dry in the air naturally and baked at 180 ⁰C for 15 minutes. The PMMA scaffold was finally 

removed by submerging the TEM grid in acetone for 8 hours.  



Sample preparation of Pt-doped monolayer MoS2 

A drop of hexachloroplatinic acid (H2PtCl6)-ethanol solution (0.025mol/L) was deposited on 

monolayer MoS2 transferred on the Si3N4 TEM grid and dried in the air. The sample was subsequently 

positioned in the quartz tube and heated to 350°C for 15 min with the carrier gas of argon, thus 

converting H2PtCl6 to Pt. Finally, the sample was rapidly cooled down by removing it from the hot 

zone furnace.  

Scanning transmission electron microscopy and image processing 

ADF-STEM imaging was conducted at room temperature on an aberration-corrected JEOL 

ARM300CF STEM equipped with a JEOL ETA corrector45 operated under an accelerating voltage of 

60 kV located in the electron Physical Sciences Imaging Centre (ePSIC) at Diamond Light Source. 

Dwell times of 5−20 µs and a pixel size of 0.006 nm px−1 were used for imaging. Conditions were a 

CL aperture of 30 μm, convergence semi-angle of 31.5 mrad, beam current of 44 pA, and inner 

acquisition angle of 49.5−198 mrad.  

Images were processed using the ImageJ software. Two types of false colour LUTs, fire and orange 

hot, were applied to grayscale images for the enhancement of the visual effect of Pt atom dopants and 

dislocation cores. A Gaussian blur filter (～2-4 pixels) were used on high-mag ADF-STEM images for 

smoothing. Atomic models were constructed using the software of Accelrys Discovery Studio 

Visualizer.  

Density functional theory (DFT) calculation 

All the calculations carried out based on Density Functional Theory, implanted in Vienna ab-inito 

Package (VASP).46,47 The plane wave augment (PAW) potential is adopted to treat the core electron, 



with the wave function cut off of 500 eV.48 The exchange-correlation interaction was treated by the 

generalized gradient approximation (GGA) using Perdew-Burke-Ernzerhof exchange-correlation 

functional.49 The energy and forces converged to 10-5 eV and 0.01 eV/Å, respectively. The K-points 

were sampled by gamma-only. The dipole correction was considered during the calculations. 

The two representative models for small-angle grain boundary of MoS2 (Figure S7), which depicted 

from our experimental observation in Figure 3e, f, g and h, were set in a 50*50*20 box. The model 1 

and 2 consist of 202 and 204 atoms, respectively. To study the Pt interaction with the defect central, 

the atoms inside of the highlighted red dash line were fully relaxed, while all other atoms were kept 

fixed during the whole calculations. 
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