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ABSTRACT 
There is ongoing research in freestanding single-atom thick elemental metal patches, including those suspended in a two-dimensional 
(2D) material, due to their utility in providing new structural and energetic insight into novel metallic 2D systems. Graphene pores 
have shown promise as support systems for suspending such patches. This study explores the potential of Sn atoms to form 
freestanding stanene and/or Sn patches in graphene pores. Sn atoms were deposited on graphene, where they formed novel 
single-atom thick 2D planar clusters/patches (or membranes) ranging from 1 to 8 atoms within the graphene pores. Patches of 
three or more atoms adopted either a star-like or close-packed structural configuration. Density functional theory (DFT) calculations 
were conducted to look at the cluster configurations and energetics (without the graphene matrix) and were found to deviate from 
experimental observations for 2D patches larger than five atoms. This was attributed to interfacial interactions between the 
graphene pore edges and Sn atoms. The presented findings help advance the development of single-atom thick 2D elemental 
metal membranes. 
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1 Introduction 
The isolation of graphene from graphite has inspired research 
into other van der Waals (vdW) layered two-dimensional (2D) 
materials, such as hexagonal boron nitride (hBN) and transition 
metal dichalcogenides (TMDs) [1–11]. These freestanding 
single-layer materials, which can be stacked vertically or laterally, 
mainly rely on lamellar structures that ensure the stability of 
their few or even single-layer formations through their strong 
intra-layer chemical bonding and weak inter-layer interaction 
[12]. In contrast to van der Waals materials, metal atoms have 
a strong preference for three-dimensional (3D) close-packed 
structures. Hence, monolayer free-standing metallic structures 
with numerous unsaturated atoms are difficult to stabilize and 
their synthesis has been challenging [13]. Recently, researchers 
have shown that metal (and metalloid) elements that do not 
adopt a layered structure in their bulk form can exist as a 2D 
single-atom-layer thick structure. Examples include stanene 
[14–16], silicone [17, 18], germanene [19–21], antimonene and 
plumbene [22, 23]. However, these examples have only been 
demonstrated on a support (substrate). It can be argued that a 

valid single-atom thick 2D layered material should be sufficiently 
stable to exist as a freestanding structure, as is the case for 
graphene, h-BN, TMDs, and MXenes. Over the past few years, 
the use of a lateral support structures to exploit the potential 
of metals and metal oxides has been developing, in particular, 
using in-situ transmission electron microscopy (TEM). To 
date, the most successful development uses pores or holes in 
mono-layer graphene as a system to suspend a novel material  
as a 2D single-atom thick membrane. Examples include 
freestanding single-atom thick Fe and graphene-like ZnO and 
CuO membranes [24–26]. Suspended Au and Mo monolayer 
membranes have also been formed in an Au-Ag alloy and 
MoSe2, respectively [27, 28]. Thus, the principle of an atomic 
monolayer material suspended in a support can also be used 
to explore whether exotic supported 2D monolayers, such as 
stanene, can exist as freestanding structures. Freestanding 
metals and metalloids are of interest for two reasons: the 
necessity of decoupling their support on their physical 
properties and the development of novel properties that may 
expand their utility. The different monolayer 2D material 
examples and strategies discussed are provided in Fig. 1. 
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This work explores the potential of Sn atoms to form in 
graphene pores and form freestanding stanene or alternate 2D 
single-atom thick membranes. Stanene has attracted considerable 
interest due to its unique properties as both a 2D topological 
insulator (TI) with very large band gaps (as proposed by first- 
principles calculations) and an amplifier of thermoelectric 
performance, topological superconductivity, and the near-room- 
temperature quantum anomalous Hall (QAH) and quantum 
spin Hall (QSH) effects [16, 29–33]. While we did not obtain 
stanene, we did discover the ubiquitous formation of novel 2D 
single-atom Sn patches embedded in graphene vacancies or 
anchored to defects. 

2 Results and discussion 
To evaluate the potential of forming free-standing stanene or 
novel 2D Sn membranes, a previously developed technique in 
which Sn material is deposited over a graphene mono-layer 
was used [34]. This was achieved by the sublimation and 
decomposition of tin acetylacetonate over the graphene (on a 
standard Lacey carbon Mo TEM grid) in vacuum (ca. 10–6 mbar) 
at an elevated temperature (300 °C). After the deposition process, 
the specimen was loaded into the TEM and exposed to a beam 
shower for 5–30 min (dose ca. 1 × 10−4 A/m2). Further details are 
provided in the Methods section. Energy dispersive spectroscopy 
(EDS), as well as visual inspection of the specimen before and 
after the deposition process, confirmed the presence of Sn atoms 
on the graphene, as can be seen in Fig. S1 in the Electronic 
Supplementary Material (ESM).  

Detailed visual examination of the specimen showed that, in 
addition to Sn atoms deposited on the mono-layer graphene 
surface, small groups of Sn atoms could be observed in vacancies 
and pores. Remarkably, the structural configuration of the 
atoms in the graphene was reproducible over large areas for many 
of the 2D embedded patches. These clusters/patches varied 
from 1 to 8 atoms and were mostly planar (as confirmed 
through image simulations, which are discussed further on). 
To distinguish whether Sn atoms are embedded in the graphene 
plane or absorbed on-top of the graphene, relative intensity 
analysis for one atom in and on graphene was performed,  
and the results are shown in Fig. S2 in the ESM. Clearly, the 
experimental data (red curve) has a better fit in the case of one 
atom in graphene as compared with the case of one atom on 
graphene. Most 2D patches (from 2–7 atoms) showed two types 
of structural configurations as shown in Fig. 2, rows a and b. 
Single Sn atoms were found to reside in either single or double 
vacancies in the graphene, similar to the formations observed 
in Cr and Fe embedded graphene systems [34, 35]. Two Sn 

atoms embedded in the graphene occurred either in small pores 
comprising several vacancies (Number 2, row a) or in a single 
graphene vacancy with their axis perpendicular to the graphene 
plane (Number 2, row b). This double-atom configuration  
led to a darker relative contrast (normalized to the graphene 
contrast) as compared to a single atom. This was confirmed 
through normalized relative intensity measurements from 
micrographs and image simulations, as shown in Fig. S3 in  
the ESM.  

In the case of three-atom 2D clusters, two configurations,  
a tri-star (Number 3 row a) and a line, were again observed,  
as shown in Fig. 2. For four Sn atoms the first arrangement 
(Number 4, row a) is again a tri-star configuration; however, 
unlike the three-atom case, a fourth atom is located in the 
centre of the tri-star configuration. In the second configuration, 
the four atoms form a close packed or diamond arrangement. 
Indeed, these two configurations (star and close-packed) form 
in all remaining atom 2D patches, except in the case of eight 
atoms, where no close-packed cluster was observed. No cluster 
formations with greater than eight atoms were observed. To 
better comprehend the cluster structures we conducted image 
simulations to compare to the experimental data, as shown in 
Fig. 2, rows II, III, and IV. In some patches with more atoms, a 
slight difference is observed between the contrasts of some 
experimental and simulation images, as multiple images were 
captured over a period of time for the imaging of a cluster. 
Since the image capture process takes a finite (approximately 
half a second) artefacts because atom movement can occur. 
This can lead to slight differences between the experimental 
micrographs and the image simulations. 

The stability of the clusters under electron irradiation, as 
well as the frequency for each cluster type, was also examined 
(Fig. 3), where the typical dose was 1.8 × 106 A/m2. With regards 
to the stability, it was determined that the larger planar cluster 
were more susceptible to electron irradiation before collapsing. 
Between the different types of structures (a and b) the trends 
are less clear; however, still suggest a competition between  
the graphene pore shape/size and the Sn atom structural 
configuration. Single Sn atoms were embedded in both 
monovacancies and divacancies. Monovacancy-based Sn atom 
embedding was found to be more stable and prevalent, which 
is in agreement with studies investigating Cr and Fe atoms 
embedded in graphene [34, 35]. With two atoms, the more 
frequent and stable configuration involved two Sn atoms 
embedded in-plane with the graphene next to each other. The 
instability (and low frequency) of both atoms anchoring was 
attributed to a strong preference for single atom anchoring in 
a monovacancy. 

 
Figure 1 Examples of various of 2D single-atom-thick layer or membrane formations. (a) Van der Waals freestanding mono-atomic 2D layer. (b) Mono-layer
2D metal on a support (substrate). (c) Freestanding single atom thick membrane suspended in graphene. (d) Illustration of how freestanding 2D materials
found on supports (e.g. stanene or alternatives) might be observed in a graphene pore. 
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With three atoms, the tri-star configuration was energetically 
favourable, since it was a close-packed form and the graphene 
pore was more circular than elongated. With four atoms,  
the close- packed formation is more prevalent than the star 
configuration as there is little difference in the pore morphology 
required between the two structures. However, with five atoms 
or more, the star-based 2D structures tend to be more stable 
and more frequently observed. This difference is attributed  
to the graphene pore shape being more circular and therefore, 
inadequate for the close-packed clusters, which require faceting 
due to a higher energy configuration. 

To confirm that the clusters were Sn atoms, electron energy 
loss spectroscopy (EELS) and normalized relative intensity 
measurements were employed (Fig. 4). EELS measurements over 
many clusters showed signals for Sn around 485 eV (Figs. 4(a) 
and 4(b), and Fig. S4 in the ESM). Weak oxygen signals around 
532 eV were also found; however, were collected on bare pristine 
graphene (Figs. 4(c) and 4(d)) and were attributed to adsorbed 
O or H2O species on the graphene. For single-atom clusters, 
EELS signals proved challenging due to low signal to noise ratios 
and limited stability. However, to better examine the patches 

we also obtained EELS spectra in a probe corrected TEM. 
Figure 4(f) shows the EELS data for the blue dot area of patch 
shown in Fig. 4(e); the results show a patch comprising pure 
Sn as indicated by the Sn M4,5 edge at 485 eV and no oxygen 
peaks (as would be present from tin oxide) [36]. This observation 
was true for other planar clusters embedded in graphene as  
for example the upper and middle EELS spectra in Fig. 4(g). 
We also examined some nano-particles on the surface of the 
graphene and these showed clear oxygen K1 edges, indicating 
they are tin oxide. In addition, relative intensity measurements 
for single-atom Sn, Si, and Cu (with Si and Cu being the two 
most likely contaminants) were conducted from image simulations 
[37], as presented in Figs. 4(k), 4(l), and 4(m). The data indicates 
that the atoms were Sn.  

We now turn to the dynamic aspects of the Sn clusters under 
electron irradiation. Two dynamic aspects were observed as 
the Sn atoms were ejected from a graphene vacancy. First, 
when the Sn atom was ejected, the vacancy remained behind 
(Figs. 5(a) and 5(b)). In some instances, the vacancy was filled 
again (Figs. 5(c) and 5(d)) due to the vacancies being efficient 
traps for diffusing atoms (and clusters) on the graphene surface 

 
Figure 2 The observed in-plane single-atom thick 2D Sn patches found embedded in graphene. These clusters varied from 1 to 8 atoms and were mostly 
planar, two types of (2D) structural configurations, rows Ia and Ib, were found for most patches. (Ia and Ib) HRTEM images, image simulations (IIa and 
IIb), top-view stick-and-ball models (IIIa and IIIb), and side-view stick-and-ball models (IVa and IVb) for different forms of clusters. 

 
Figure 3 Sn cluster stability for two types of structural configuration ((a), (b) from Fig. 1) under electron beam irradiation. (a) Plot of the experimentally 
observed frequency. (b) Observed frequency for the different forms of clusters. A total of 76 videos (each video contains 200 images) were selected to
calculate the stability and frequency of the different types of atom cluster. The x-axis denotes the longest time that a cluster takes to stabilize in graphene, 
based on the videos that we randomly selected. The frequency indicates the number of images containing different atom clusters divided by the total
number images selected. 



 Nano Res. 2021, 14(3): 747–753 

 | www.editorialmanager.com/nare/default.asp 

750 

[38]. Second, when an Sn atom was ejected the vacancy healed, 
it suggests that perhaps Sn atoms have a catalytic ability similar 
to Cr and Fe [34, 39]. Examples of this healing are provided in 
Figs. 5(e)–5(h).  

Occasionally, the star-structured clusters (with 6–7 atoms) 
anchored to the surface of the graphene would rotate under 
the electron beam. An example is provided in Fig. 6; panels 
(a)–(c) show the three positions that the six-atom star cluster 
adopts at t = 0, 1.5, and 2.5 s, respectively. Immediately below 
the star cluster, a pair of defects in the graphene was observed 
and used for spatial identification of the anchor atom of the 

cluster, viz. the atom bound the graphene. The rotation angles 
are shown in the schematic in panel (d). Another example of  
a six-atom star cluster was seen rotating through 180°. Further 
examples are provided in Fig. S5 in the ESM. With extended 
irradiation, eventually the clusters would either detach and 
instantaneously disappear from view, leaving a vacancy, healed 
vacancy, or if only part of the cluster was released, a smaller 
cluster embedded in the graphene. A fuller demonstration   
of the dynamic character of the star clusters anchored to 
graphene can be seen in Movies ESM1–ESM4. 

The initial aim of this study was to determine if stanene could 

 
Figure 4 EELS studies from different areas and relative-intensity analysis for Si, Cu and Sn atoms embedded in graphene. (a) HRTEM images of
several-atom 2D patches embedded in graphene. (b) EELS spectra of the square area in image (a). (c) HRTEM images of clean graphene. (d) EELS spectra 
of the square area in image (c). (e) HRTEM images of Sn patch embedded in graphene. (f) EELS spectra of the area of Sn patch represented by the blue dot
in image (e). (g) EELS spectra from additional Sn cluster areas and particles on the surface of the graphene (the inset (h), (i), (j) on the right side of image 
g shows HRTEM images of the measurement locations; orange, purple, and green dots indicate the specific position measured. (k) Experimental TEM
image of a single Sn atom in a graphene vacancy. (l) Image simulation for Sn, Cu, and Si atoms embedded in graphene vacancies. (m) Comparison of the
normalized intensity profiles across the single metal atom at a vacancy between the simulations and experiments. 

 
Figure 5 Dynamic activity of single Sn atom in graphene vacancies under electron beam irradiation. (a)–(d) A series of HRTEM images of single Sn 
atom being ejected and leaving a graphene vacancy. ((e), (f)) and ((g), (h)) Two series of HRTEM images of single Sn show catalytic healing of Sn 
embedded graphene. All scale bars are 5 Å. 
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exist as a freestanding membrane suspended in a pore-like Fe 
and graphene-like ZnO and CuO [24–26]. In this study, Sn 
atoms were successfully deposited on graphene, where they 
became embedded in vacancies or pores and formed ordered 
planar clusters (or small membranes). Clusters of three or more 
atoms would adopt either a star-like or close-packed structural 
configuration. Planar clusters comprising more than eight 
atoms were not observed. Hexagonal crystal structures as 
found with stanene [14–16, 30] were not observed and nor 
was a predicted vertical zigzag structure [33, 40]. This suggests 
freestanding or suspended stanene may not be able to exist 
under these conditions. Moreover, the observation of anchored 
(2D) planar star clusters on graphene highlights the importance 
of the structural commensurability of the support in the 
formation of stanene.  

As such, this section will discuss the driving forces necessary 
to form highly ordered and reproducible single-atom-thick 
planar clusters embedded in graphene. Pores in 2D materials 
are often suitable for the stabilization of metal atoms. 2D 
clusters are stabilized when the interaction between the metal 
atoms and the pore edge is exothermic and appropriately 
directional [41]. This requirement is fulfilled by graphene edges 
[42, 43], which prefer in-plane to on-top adsorption [44]. A 
study by Nevalaita and Koskinen [41] showed the stability of 
2D patches or membranes depends on the relative intrinsic 
stability of the 2D metal, the commensurability and the resulting 
strain at the interface, the possibility of carbide formation, and 
the chemical bonding at the interface. These different aspects 
could account for the difference in the formation of ordered 
2D clusters or patches (as observed in this study) and disordered 
planar clusters (as found for Pt) as well as the free energy of 
the structure [45]. Furthermore, the number of metal atoms 
forming in a pore will affect the free energy, mainly the entropy 
term, and the resulting clusters would become more disordered 
as the number of atoms increase, a result supported by this 
study. To verify the experimentally observed 2D planar Sn 
clusters, possible cluster configurations and their energetics 
were further investigated using first-principles density 
functional theory (DFT) calculations. Figure S6 in the ESM 
shows the optimized atomic structures for freestanding    
Sn clusters in the absence of a graphene matrix and the 
corresponding relative formation energies. Here, initial trial 
structures were built using experimental observations with 
two competing configurations for each cluster. The more- 

frequently observed configurations (comprising up to five  
atoms) have lower formation energies than the corresponding 
competing structures, by 0.09, 1.18, and 1.21 eV for 3, 4, and 5 
atom clusters, respectively. However, the calculated energy 
differences for larger clusters indicated that the first 
configurations should be ~1012 times more frequently observed 
than the second one based on the Boltzmann factor exp(− 
ΔE/(kBT)). These results are inconsistent with the frequencies 
those attained through experimental observation. Moreover, 
for six atoms, a 3D configuration had the lowest formation 
energy, implying that graphene edge-metal atom interfacial 
interactions (edge effects) play an important role in individual 
formation stability.  

To better explore the role of interfacial effects, the adsorption 
energetics of a Sn atom adsorbed on graphene or within a C 
vacancy were calculated. As shown in Fig. 7, the adsorption 
energy for vacancies (−1.60 eV and −0.19 eV for a monovacancy 
and divacancy, respectively) is much lower than that on 
graphene (3.19 eV), confirming the stabilization effect of these 
graphene pores. Moreover, the adsorption energies for the 
armchair and zigzag edges are −0.43 eV and −2.65 eV, respectively, 
indicating that the reaction can be exothermic within larger 
pores. Overall, these results confirmed that pores can stabilize 
Sn atoms through interactions with the graphene pore edges. 

 
Figure 7 Sn adsorption on C vacancies in graphene: (a) VC1, (b) VC2, 
(c) armchair edge and (d) zigzag edge. 

 
Figure 6 Dynamic behaviour of anchored star 2D single-atom thick cluster on graphene. (a)–(d) Sequences of HRTEM images show the flip/rotate 
activities that prove the clusters can form in free space. (e)–(h) Sequences of HRTEM images show the flip/rotate activities an insertion of an atom (from 6 
atoms to 7 atoms) forming the 2D star cluster. All scale bars are 5 Å. 
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3 Conclusions 
This work explored congregating Sn atoms in graphene pores 
to form stanene or novel 2D single-atom thick membranes. 
No structures resembling stanene were observed, though 2D 
planar membranes were formed. Clusters of three or more 
atoms adopted either a star-like or close-packed structural 
configuration. Planar Sn patches comprising more than eight 
atoms were not observed. DFT studies looking at the cluster 
configurations and energetics (without the graphene matrix) 
deviated from experimental observations for membranes larger 
than five atoms. This is attributed to interfacial forces between 
the graphene pore edges and Sn atoms. This study provides a 
framework for understanding single-atom thick Sn planar 
membranes embedded in graphene as well as the dynamic 
behaviour of anchored 2D planar Sn clusters over graphene 
under electron irradiation, advances the use of graphene pores 
as a means to suspend single-atom thick 2D metals, and further 
enhances our understanding of 2D metals.  

4 Methods  

4.1 Sample preparation 

The base graphene was prepared through thermal CVD over 
Cu foil, as described in previous studies [46, 47]. The graphene 
was then transferred onto standard Lacey carbon Mo TEM 
grids through spin-coating with PMMA before etching the Cu 
foil away with APS. To deposit the Sn on the graphene, a TEM 
grid with transferred graphene was placed in a quartz vial 
with a nominal amount of Sn acetyle acetonate (acac). The 
vial was then evacuated to ca. 10−6 mbar, sealed, and heated to 
300 °C for 12 h to sublime and decompose the Sn acac and 
leave nominal amounts of Sn atoms on the graphene surface. 
After deposition, the specimen was loaded into the TEM  
and exposed to beam shower for 5–30 minutes (ca. 9 nA). 
Energy-dispersive spectroscopy was performed to confirm the 
presence of Sn. Prior to the TEM in-situ experiments, the 
specimen was annealed under vacuum (< 10−6 mbar) overnight 
at 250 °C [48]. 

4.2 TEM studies 

The experiments were conducted on a Titan3 TEM equipped 
with a monochromator and a Cs corrector for the primary 
objective lens. The electron acceleration voltage was 80 kV. 
The current density was typically 3.8 nA/nm2. 

4.3 Image simulation 

The multi-slice high-resolution image simulations were 
conducted using JEMS software. All the simulation parameters 
were equivalent to those used in the TEM experiments. The 
acceleration voltage was 80 kV. The energy spread was set 
at 0.2 eV. The chromatic (Cc) and spherical (Cs) aberrations 
were set as 1 mm and 1 μm, respectively. The focuses were 
typically 2 and 3 nm, with a defocus spread of 2 nm. 

4.4 DFT calculations 

The first-principles DFT calculations were performed using 
the projector-augmented wave (PAW) method and the 
Perdew–Burke–Emzerhof exchange correlation functional 
[49, 50], as implemented in the Vienna ab initio simulation 
package [51, 52]. The graphene was modelled by an 8×8×1 
supercell with slabs separated by a vacuum space of 20 Å to 
avoid spurious interactions between the images. A plane-wave 
basis was employed with a kinetic energy cut-off of 450 eV. 

The Γ point was used for K-point sampling. The optB88 
functional was employed to include the effects of the van der 
Waals forces [53]. 
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