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Abstract 

 Sn clusters have been grown on highly oriented pyrolytic graphite (HOPG) surfaces and 

investigated by scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), 

and density functional theory (DFT) calculations.  At low Sn coverages ranging from 0.02-0.25 

ML, Sn grows as small clusters that nucleate uniformly on the terraces.  This behavior is in 

contrast with the growth of transition metals such as Pd, Pt, and Re on HOPG, given that these 

metals form large clusters with preferential nucleation for Pd and Pt at the favored low-

coordination step edges.  XPS experiments show no evidence of Sn-HOPG interactions, and the 

activation energy barrier for diffusion calculated for Sn on HOPG (0.06 eV) is lower or 

comparable to those of Pd, Pt and Re (0.04, 0.22, and 0.61 eV, respectively), indicating that the 

growth of the Sn clusters is not kinetically limited by diffusion on the surface.  DFT calculations 

of the binding energy/atom as a function of cluster size demonstrate that the energies of the Sn 

clusters on HOPG are similar to that of Sn atoms in the bulk for Sn clusters larger than 10 atoms, 

whereas the Pt, Pd, and Re clusters on HOPG have energies that are 1-2 eV higher than in the 

bulk.  Thus, there is no thermodynamic driving force for Sn atoms to form clusters larger than 10 

atoms on HOPG, unlike for Pd, Pt, and Re atoms, which minimize their energy by aggregating 

into larger, more bulk-like clusters.  In addition, annealing the Sn/HOPG clusters to 800 K and 

950 K does not increase the cluster size but instead removes the larger clusters, while Sn 

deposition at 810 K induces the appearance of protrusions that are believed to be from 

subsurface Sn.  DFT studies indicate that it is energetically favorable for a Sn atom to exist in the 

subsurface layer only when the Sn atom is located at a subsurface vacancy. 
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Introduction 

 Understanding the growth of Sn-based clusters on surfaces is important for a variety of 

applications in battery electrodes and microelectronics,1,2 and in catalysis and electrocatalysis, in 

which bimetallic Sn-Pt clusters have superior selectivity for the desired products compared to 

Pt.3-6  For example, knowledge of the interface between Sn and carbon supports is valuable for 

applications involving the Sn-carbon nanocomposites used in the anodes of Li ion batteries.2,7-10  

Metallic Sn anodes have a high Li ion storage capacity but are mechanically unstable due to the 

large volume expansion during lithiation.2,7,8  However, nanosized Sn particles intercalated into 

graphite sheets have better stability due to the smaller change in absolute volume, and therefore 

these Sn-graphite composites are promising anode materials that can combine the desired 

properties of high reversible capacity with good stability upon cycling.7,8,10 Small Sn particles 

also maximize the contact between the particle and the carbon support and result in superior 

electrochemical performance.7 

 In general, the growth of metals on HOPG is consistent with high mobility of atoms on the 

surface and the formation of thermodynamically favored three-dimensional (3D) clusters.11-13 

Specifically, 3D cluster growth is observed at room temperature for post-transition metals that 

are neighbors of Sn in the periodic table, such as Ge14,15 and Sb.15-18  The growth of 3D islands 

on HOPG is also reported for many transition metals.11  Annealing clusters deposited at room 

temperature increases the cluster size for Ge19 as well as for transition metals like Ni,20 Ru,21 

Cu,11 Ag11 Pt11 and Mo.11  Moreover, decoration of the step edges of HOPG by deposited metals 

is consistent with the high mobility that allows the atoms to diffuse to the most energetically 

favored binding sites, as observed for Pt,12,22-24 Pd,25 Ru,21 Ag,13,26 Cu,27,28 Ge14,15,19 Sb,16-18 and 

Mo.29  While metal growth on freshly cleaved (pristine) HOPG yields relatively large clusters, 

the dispersion of metal atoms can be increased by sputtering HOPG with Ar, Ne, or N2 ions to 

intentionally create defects, as has been reported for Pd,25,30-34 Pt23,24,35 Au,32,36 Ag,36 Ru,21 Fe,37 

and Cs.38 

 Alkali, alkaline earth and rare earth metals are known to readily intercalate into pristine 

graphite27,39,40  For example, Cs atoms are believed to enter the subsurface region via defects 

such as the basal plane step edge,39 and the energy gained from Cs interaction with the graphene 

sheets offsets the energy required for exfoliation.38  Although the transition metals and post-

transition metals typically do not intercalate into pristine graphite, Thiel and coworkers showed 
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that a number of metals, such as Cu,27,41,42 Fe,1,41 Ru,41-43 Pt,41and Dy41,42 become encapsulated 

by graphene layers; metal encapsulation requires both high temperature deposition and ion 

bombardment to create point defects for portals into the subsurface.41,42  In contrast, Au and Ag 

do not become encapsulated when deposited at elevated temperature on the ion bombarded 

HOPG because the interactions of the metals with HOPG are not strong enough to offset the 

energetic cost of separating the graphene sheets.44 

 Our group's previous studies of Sn on TiO2(110) demonstrated that small clusters of Sn were 

formed due to the strong interaction of Sn with the titania support.45  Specifically, Sn is oxidized 

while titania is reduced at the cluster-support interface.  The weak Sn-Sn interaction compared to 

the Sn-titania interaction results in no thermodynamic driving force for Sn to aggregate into large 

particles, which is contrary to what is observed for other metals on TiO2(110), including Au,46-48 

Cu,49,50 Pt,46,51 Ni,50 Ag,52 Rh, 51 and Pd.53  In this work, the nucleation and growth of Sn clusters 

on highly oriented pyrolytic graphite (HOPG) carbon supports were investigated.  Since HOPG 

is a chemically inert support unlike titania, it was expected that there should be no strong 

interactions between the support and the metal clusters, and therefore larger clusters might form.  

Surprisingly, STM experiments demonstrate that deposition of Sn on HOPG results in very small 

clusters with a high cluster density, in contrast with the behavior of transition metals like Pt, Pd, 

and Re deposited under similar conditions.  Furthermore, the deposition of Sn on HOPG at 

elevated temperatures or after annealing to high temperatures does not produce larger Sn clusters 

but appears to induce the formation of subsurface Sn. 

 

Experimental Methods: 

 Experiments were carried out in two stainless steel ultrahigh vacuum chambers that have 

been described in detail elsewhere.54-57  The first chamber (P=1.5x10-10 Torr) houses an Omicron 

VT-25 STM, quadrupole mass spectrometer (Leybold-Inficon, Transpector 2), and a single-

channel hemispherical analyzer (Omicron EA125) for X-ray photoelectron spectroscopy 

(XPS).54,55  The second chamber (P=2x10-9 Torr) is equipped with a multichannel hemispherical 

analyzer (Omicron EA2000 SPHERA) for XPS experiments, and a quadrupole mass 

spectrometer (Stanford Research Systems, RGA 300).56,57  Both chambers have commercial 

metal evaporators for Sn deposition (Oxford Applied Research, EGCO4), quartz crystal 

microbalances for measuring Sn coverages (InficonXTM-2), and load lock chambers for rapid 
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introduction of samples and STM tips.  One monolayer (ML) is defined as the packing density of 

the: Pt(111) surface (1.50x1015 atoms/cm2) for Pt and Sn; Pd(111) surface for Pd (1.53x1015 

atoms/cm2); and Re(0001) surface for Re (1.51x1015 atoms/cm2).  The QCM was calibrated by 

depositing submonolayer coverages of Sn on Pt(111) and Pt on Pt(111) and imaging by STM.58  

The reported surface coverages in ML are based on the flux measured by the QCM, assuming a 

sticking probability of unity; however for deposition of these metals on HOPG above room 

temperature, the sticking probability appears to to be <1, as further discussed in the results 

section. 

 HOPG crystals (SPI Supplies, 10 mm x10 mm x 1 mm) were mounted on an Omicron Ta 

sample plate and supported with Ta foil straps, as previously described.59  Samples were heated 

via electron bombardment from a tungsten filament position directly behind the crystal, and 

temperatures were measured with an infrared pyrometer, which was calibrated against a type K 

thermocouple spotwelded to the Ta sample plate.59,60  Before each STM experiment, the HOPG 

crystal was cleaved in air using adhesive tape and heated to 950 K for 12 min in UHV before 

metal deposition; surface cleanliness was confirmed by XPS and STM.  For the modified HOPG 

surfaces, the crystal was sputtered with Ar+ at 500 eV and 100 nA for 10 s and then annealed to 

950 K for 10 min. 

 Sn was deposited by heating pure Sn pellets (ESPI 99.999%) in a Ta crucible, while Re, Pt, 

and Pd were deposited from the pure rods (ESPI, 99.99%).  All metals were deposited at a rate of 

0.035-0.050 ML/min for the STM experiments.  For the XPS experiments, the deposition rates 

for Sn were 0.15-0.26 ML/min, and the HOPG was annealed at 850 K for 3 min after cleaving 

and before deposition.   

  STM experiments were carried out with electrochemically etched tungsten tips45,61 with 

typical sample biases ranging from +1.4-2.5 V and tunneling currents of 0.01-0.05 nA.  XPS data 

were collected with a MgKa source and step size of 0.01 eV using a dwell time of 0.6 s for 0.25 

ML Sn at room temperature, and 2-3 s for the lower coverages of 0.005 ML Sn and 0.25 ML Sn 

deposited at 810 K.   

 Cluster heights were measured for all clusters in the image using an in-house program that 

has been described in detail elsewhere,62,63 and the number of clusters/image were counted 

manually.  For the higher coverages of Sn deposited at room temperature (0.05 and 0.25 ML), 

automated height analysis was not possible, and therefore cluster heights and diameters were 
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determined manually using the WSxM Image shareware program.  Reported cluster diameters 

were also measured with WSxM Image, and STM images were plane-flattened and deglitched 

using WSxM Image.   

 

Computational Methods: 

 DFT calculations were conducted as implemented in the Vienna Ab Initio Simulation 

Package.64-68  Core electrons were described within the projected augmented wave framework, 

while valence electrons were described with a plane wave basis set up to an energy cutoff of 400 

eV.69  The generalized gradient approximation in the form of the Perdew, Burke and Ernzerhof 

functional was used to model electronic exchange and correlation,70  and Van der Waals 

interactions were calculated using the DFT-D2 method.71  For all calculations, the Brillouin zone 

integration was carried out at the gamma point. Spin polarization was used in all calculations. 

The HOPG structure was modeled with a (6x9x1) supercell. Binding energies of metal clusters 

were calculated using their bulk states as the energy reference according to the equation below: 

𝐸!" = 𝐸#$%&'()∗ − 𝐸&%)*+#( − 𝑛𝐸,('+$	 

where 𝐸!" is binding energy, 𝐸#$%&'()∗ is the energy of the cluster and support, 𝐸&%)*+#( is the 

energy of the supporting surface alone, 𝑛 is the number of metal atoms in the cluster, and 𝐸,('+$	 

is the energy of a metal atom in the bulk state.  These binding energies were determined using a 

single layer of HOPG, given that additional graphite layers have a negligible effect on the 

binding energy. Structures of the metal clusters up to a size of five atoms were sampled to find 

the lowest energy structure;  sampled geometries included all linear, convex polygon, and 

convex polyhedron structures.  Clusters of larger sizes up to 15 atoms were created by adding an 

atom to a stable structure in positions maximizing the number of metal-metal bonds.  Binding 

energies of metal clusters in the sublayer were calculated using two layers of HOPG, and the 

optimized structures of all subsurface clusters were a single layer high.  The term "pristine" 

HOPG means that there were no vacancy defects in the surface or subsurface layers.  Reaction 

pathways and energy barriers were determined using the climbing image nudged elastic band 

method.72   

 Simulated STM images were created from isosurfaces of the total electron density.  The 

simulated line profiles were generated using a tip diameter of 30 Å; this estimated value was 
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based on the fact that the smallest cluster diameters measured in the STM images were 20-30 Å 

and assumed to be limited by tip convolution effects.61,73  No convolution was included for the 

simulated STM images. 

 

Results  

STM images show that the freshly cleaved HOPG surface before metal deposition consists of 

atomically flat terraces ~400-1000 Å wide separated by single-layer steps that are 3.4 Å high 

(Figure 1a).  After deposition of 0.02 ML of Sn (1 ML =1.5x1015 atoms/cm2), many small 

clusters appear with an average height of 2.7+1.2 Å, which corresponds to clusters 1-2 layers 

high, assuming the b tin structure (Figure 1b, Table 1, Figure S1a).  Table 1 reports the average 

cluster heights and cluster densities, while Figures S1-3 show the cluster height distributions for 

all of the surfaces in this study.  For the 0.02 ML Sn surface, typical cluster diameters range from 

30-40 Å, but it is likely that the STM tip itself limits the smallest diameter to ~20-30 Å due to tip 

convolution effects, and therefore the height is expected to be a more accurate measure of cluster 

 

Figure 1. STM images for: a) freshly cleaved HOPG; and the following coverages of Sn on 
HOPG deposited at room temperature: b) 0.02 ML; c) 0.05 ML; and d) 0.25 ML. The blue 
circles in Figure 1c indicate bubble-like features that could be associated with subsurface Sn. 
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size than the diameter.61,73  There are also two large clusters ~10 Å high and 60-80 Å wide that 

appear in the 1100x1100Å2 image.  Strong interactions between the STM tip and the Sn clusters 

result in glitches in the image, and consequently it is more difficult to image Sn on HOPG 

compared to other metals on HOPG (Ru35, Re, and Pd) or Sn on TiO2;45 this behavior is 

characteristic of tip-cluster interactions that are stronger than the cluster-support interactions.  

For a higher coverage of 0.05 ML Sn on HOPG (Figure 1c, Figure S1b), the average height of 

the small clusters is similar (3.5+1.0 Å), but the cluster density is increased by a factor of 2.9 

from 2.96x1012/cm2 to 8.60x1012/cm2 (Table 1).  Large clusters ~10 Å in height account for <3% 

of the total number of clusters on the surface for both coverages.  When the coverage is increased 

to 0.25 ML Sn, a greater fraction of the surface is covered by small clusters that range from 35-

60 Å in diameter and 3.3+1.7 Å in height with a density of 8.18x1012/cm2 (Figure 1d, Table 1, 

Figure S1c).  There is also a greater number of large clusters that are 55-75 Å in diameter and 7-

13 Å high, but these still comprise only ~3% of the total number of clusters.  The frequent 

appearance of glitches in the STM images and partial clusters are again indicative of a strong 

interaction between the STM tip and the Sn clusters that may result in metal atoms or clusters 

being picked up or dropped by the STM tip.  There are many studies of metal clusters on HOPG 

in which the clusters were also displaced by STM tip,11,41 as observed for Pt,22,74,75 Fe,1 Cu,27 and 

Ru.21 

 STM images of other metals such as Re, Pd, and Pt on HOPG demonstrate that for an 

identical coverage of 0.05 ML, the cluster sizes are substantially larger than for Sn/HOPG, and 

the number of clusters on the surface is correspondingly smaller.  For example, for Re clusters on 

HOPG, the average cluster height is 9.9+4.4 Å and the number of clusters (1.62x1011/cm2) is 

lower by a factor of 50 (Figure 2a, Table 1, Figure S1d).  In the case of 0.05 ML Pt on HOPG, 

the average cluster height is 12.6+3.6 Å with a cluster density of 2.60x1011/cm2 (Figure 2b, 

Table 1, Figure S1e).  Moreover, there is a clear preference for the Pt clusters to aggregate at the 

step edges, which are the preferred low coordination sites, indicating that the diffusion of Pt 

atoms on the HOPG surface is facile. Re clusters also nucleate at the step edges, but there are 

many Re clusters that exist on the terraces as well. Although some large islands are observed on 

the terraces for Pt on HOPG, these often are associated with an STM tip glitch, which again 

suggests that the large terrace clusters could be influenced by interaction with the STM tip.  
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Table 1. Average heights and cluster densities for metals on HOPG. 

Surface Average 

Height (Å) 

Cluster Density 
(cm-2) 

0.02 ML Sn 2.7+1.2 2.96x1012 

0.05 ML Sn 3.5+1.0 8.60x1012 

0.05 ML Sn, anneal 800 K 3 min 2.8+1.1 9.54x1012 

0.05 ML Sn, anneal 950 K 3 min 3.0+1.0 5.77x1012 

0.25 ML Sn 3.3+1.7 8.18x1012 

0.05 ML Sn at 550 K 3.0+0.9 3.87x1012 

0.05 ML Sn at 810 K 2.0+0.9 2.84x1012 

0.25 ML Sn at 810 K 1.4+0.5 1.13x1013 

0.25 ML Sn at 810 K sputtered 2.3+0.7 7.57x1012 

0.05 ML Pt 12.7+3.6 2.60x1011 

0.05 ML Pd 14.9+5.9 1.20x1011 

0.05 ML Pd, anneal 810 K 3 min 20.0+3.9 8.44x1010 

0.05 ML Re 9.9+4.4 1.62x1011 

 

For 0.05 ML Pd on HOPG, the average cluster height is 14.9+5.9 Å, and the cluster density is 

1.20x1011/cm2 (Figure 2c, Table 1, Figure S1f).  Pd clusters also have a tendency to aggregate at 

line defects like step edges and form large clusters that are generally not observed on the 

terraces.  The Pd clusters exhibit regular shapes like truncated triangles, implying that diffusion 

of atoms within the clusters readily occurs to produce thermodynamically favored shapes.  

Furthermore, Pd and Re clusters are relatively easy to image, unlike the Pt and Sn clusters that 

strongly interact with the STM tip.  

 When 0.05 ML Sn is annealed for 3 min at 800 K and 950 K and imaged by STM at room 

temperature, sintering into larger clusters is surprisingly not observed (Figure 3a, b).  For both 

annealed surfaces, the average cluster heights (2.8+1.1 and 3.0+1.0 Å, respectively) are slightly 

smaller than that of the unannealed surface (Table 1, Figure S2a, b).  Furthermore, the minor 

increase in cluster density (8%, Table 1) after annealing to 800 K could be explained by 



 
10 

dissociation of some of the largest clusters into smaller islands.  The cluster density decreases to 

~65% of the value on the unannealed surface after annealing to 950 K (Table 1).  In this case, the 

loss of Sn clusters is attributed to Sn sublimation, which is significant at 950 K, based on 

temperature programmed desorption experiments for Sn on HOPG (Figure S3).  These 

experiments show that the onset of Sn desorption occurs around 800 K, and substantial 

desorption occurs above 900 K.  The 800 K and 950 K annealing temperatures were chosen to 

ensure sufficient energy for atom diffusion and metal-metal bond breaking, which are the two 

processes involved in cluster sintering, while allowing some fraction of Sn to remain on the 

surface.  In contrast, the annealing of 0.05 ML Pd at 810 K for 3 min results in clusters that are 

significantly larger than the 20.0+3.9 Å high unannealed clusters.  Specifically, on the annealed 

surface, Pd clusters 30-50 Å in height are observed at the step edges, along with smaller clusters 

that are 15-20 Å high (Figure 3c).  After annealing, the larger Pd clusters grow at the expense of 

the smaller ones, and the total number of clusters on the surface decreases (Table 1). 

 Sn was also deposited at elevated temperature in order to determine if Sn-Sn bond breaking 

rather than Sn atom diffusion on the surface is the rate-limiting step in cluster sintering; if metal-

metal bond breaking is the rate limiting step, then deposition at elevated temperatures would 

result in larger clusters.  For 0.05 ML deposition at 550 K, the average height size remains small 

(3.0+0.9 Å), while the cluster density is only 45% of the value for the room temperature surface 

(Figure 4a, S4a).  Based on the lower cluster density and similar average height, it appears that 

Sn has a lower sticking probability on HOPG at 550 K compared to room temperature.  For 0.05 

ML deposition at 810 K, STM images show only small clusters on the surface (2.0+0.9 Å 

average height, 20-40 Å diameter) with a low cluster density (Figure 4b, Table 1, Figure S4b).   

Figure 2. STM images for 0.05 ML of the following metals deposited at room temperature on HOPG: 
a) Re; b) Pt; and c) Pd. 
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Figure 3. STM images for 0.05 ML of the following metals deposited at room temperature on HOPG: Sn 
annealed to 800 K for 3 min; b) Sn annealed to 950 K for 3 min; and c) Pd annealed to 810 K for 3 min. 
 

 

 
Figure 4. STM images for 0.05 ML on Sn on HOPG deposited at: a) 550 K; and b) 810 K; and STM 
images of 0.25 ML on Sn on HOPG deposited at 810 K on: c) unsputtered HOPG; and d) HOPG 
sputtered with Ar+ for 10 s at 100 uA current to the sample. (e) shows the sputtered HOPG surface in (d) 
before Sn deposition. The blue circles mark the bubble-like protrusions that appear to be related to 
subsurface Sn. 
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However, larger, bubble-like protrusions that are ~3.4 Å high and 200-450 Å wide are observed 

and marked with blue circles in Figure 4b.  STM images of the annealed 0.05 ML Sn clusters 

(Figure 3a, b) also show evidence of smaller bubble-like protrusions, and a few of these same 

features are detected in the unannealed 0.05 ML Sn clusters (Figure 1c, blue circles).  Both 

surfaces prepared by high temperature deposition do not contain larger Sn clusters and are easy 

to image by STM due to the absence of cluster-tip interactions that are typically observed for Sn 

on HOPG.  For a higher coverage of 0.25 ML Sn deposited at 810 K, the density of the large 

bubble-like protrusions increases, as well as the density of the small 2 Å high clusters (Figure 4c, 

Table 1, Figure S4c), and in some cases, the ~2 Å clusters appear to exist on top of the bubble-

like protrusions.  Notably, these clusters are smaller and more uniform in size than the ones 

observed for the lower coverages of 0.02 and 0.05 ML Sn deposited at room temperature; the 

larger clusters greater than 4 Å in height observed for 0.25 ML Sn deposited at room temperature 

(Figure 1d) are also completely absent at elevated temperature.   

 The freshly cleaved HOPG surface was lightly sputtered with Ar+ ions (0.5 keV, 10 s, 100 

nA current to the crystal) to introduce defects that can act as portals into subsurface region.  STM 

images of the resulting surface exhibit protrusions that are 2.0-3.9 Å high and 80-130 Å wide 

(Figure 4d).  The low ion flux and short sputtering time were used so that the surface would not 

be substantially damaged. These bubble-like features are attributed to subsurface argon and are 

similar to the ones observed on the surface after high temperature Sn deposition.  Thus, the 

surface for Sn deposited at 810 K exhibits the same type of features associated with subsurface 

species and might be assigned to subsurface Sn.  To test this hypothesis, 0.25 ML Sn was 

deposited at 810 K on the HOPG surface that was sputtered using the same conditions as in 

Figure 4d; the introduction of defects into the HOPG substrate is expected to promote diffusion 

of Sn subsurface and the formation of the bubble-like protrusions.  The STM image shown in 

Figure 4e demonstrates that this surface looks similar to Sn deposited at 810 K on unsputtered 

HOPG, but a greater fraction of the total surface area is covered by the bubble-like protrusions in 

the case of the sputtered surface (20% vs. 12%); furthermore, the density of the small clusters is 

30% lower than on the unsputtered HOPG, and the average height of these clusters is greater 

(2.3+0.7 Å, Table 1, Figure S4d).  This result is consistent with a greater fraction of deposited Sn 

diffusing subsurface on the sputtered HOPG, which has more defects that can potentially serve 
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as entry points into the subsurface region.  Three dimensional STM images are shown in Figure 

S5 to better illustrate the bubble-like features on the Sn/HOPG surfaces. 

 

X-ray Photoelectron Spectroscopy Studies 

 For 0.25 ML Sn on HOPG deposited at room temperature (Figure 5), the Sn(3d5/2) binding 

energy of 484.7 eV and peak shape corresponds to metallic Sn.74  Therefore, there is no evidence 

of strong interactions between Sn and the HOPG support, which is the expected behavior since 

Sn is not known to form carbides.75-77 XPS studies of 0.25 ML Sn deposited at 810 K show that 

the Sn signal is barely detectable and 23 times lower in intensity than for 0.25 ML Sn deposited 

at room temperature (Figure 5).  Based on the integrated Sn(3d5/2) signals for 0.005 ML and 0.25  

 

Figure 5. XPS data for the Sn(3d) region for: 0.25 ML Sn deposited at room temperature (black); 0.25 ML 
Sn deposited at 810 K (red); and 0.005 ML Sn deposited at room temperature (blue). 
 

ML Sn deposited at 810 K (Figure 5), the actual Sn coverage on latter surface was estimated to 

be ~0.007 ML.  This in contrast to the much higher coverage of 0.25 ML determined from the 

flux from the Sn source and the deposition time; thus, it appears that the sticking coefficient of 

Sn on HOPG is significantly lower than unity at 810 K, as also observed for other metals 

deposited on HOPG at high temperature11 such as Pt,22 Ag,26,78 and Fe.41  Similarly, the sticking 

coefficients must be close to zero for Re and Pd deposition at 810 K because almost no metal 

clusters are detected in the STM images for these surfaces.  The Sn(3d5/2) peak for the high 

temperature deposition is slightly broader than for 0.005 ML at room temperature, which may 
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suggest the presence of Sn species with a different environment from metallic Sn on the surface 

of HOPG.  Assuming that the small clusters observed in the STM image for 0.25 ML deposited 

at 810 K (Figure 5) correspond to single Sn atoms on the surface of HOPG, the estimated 

coverage would be 0.0075 ML based on the number of clusters on the surface.  This value is in 

general agreement with the experimentally observed ~0.007 ML coverage determined from the 

Sn(3d5/2) XPS intensities, but it is also still consistent with Sn covered by a single HOPG layer, 

which would attenuate the Sn signal by only 14% (see Supporting Information).  If the Sn 

clusters were larger than a single atom, they would need to be covered by more than one layer of 

HOPG; for example, the Sn clusters would need to be covered by 4 layers of graphene in order 

for the experimental Sn(3d5/2) intensity to be consistent with Sn2 clusters (see Supporting 

Information). 

 For the surface consisting of 0.25 ML of Sn deposited at 810 K, Sn is oxidized after exposure 

to 5x10-6 Torr of O2 at room temperature for 5 min under directed dosing conditions, in which 

 

Figure 6. Binding energies/atom for Sn, Pd, Pt, and Re on pristine HOPG. 
 

the local pressure is estimated to be 10 times higher than the chamber pressure (Figure S6).79  A 

shift in the Sn(3d5/2) to higher binding energy is detected after oxidation, and the extent of this 

shift is similar to what is observed for 0.25 ML Sn clusters deposited at room temperature after 

oxidation under identical conditions (Figure S6).  The observed oxidation of Sn implies that for 

Sn deposited at 810 K, there is still some fraction of Sn clusters on top of HOPG rather than in 

the subsurface. 
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DFT Studies 

 DFT studies were carried out to understand why the Sn clusters on HOPG are significantly 

smaller than for metals like Pd, Pt, and Re.  Both kinetic and thermodynamic driving forces are 

considered to explain the small Sn clusters. In terms of kinetics, small clusters could result from 

the rate of deposition being faster than the rate of diffusion. However, calculations of metal atom 

diffusion on HOPG yield activation energy barriers of 0.04, 0.22, 0.61, and 0.06 eV for Pt, Pd, 

Re, and Sn, respectively.  The fact that Sn has a diffusion barrier that is lower than or 

comparable to the other metals demonstrates that the small size of the Sn clusters is not due to 

kinetic limitations for atom diffusion.   

 A second possibility is that the small Sn cluster size are dictated by thermodynamic factors. 

Figure 6 shows the binding energies per atom for Sn, Pd, Pt, and Re as a function of increasing 

cluster size from 1-15 atoms, with the reference energy taken as the energy of the atom in the 

bulk.  Examples of the structures of Sn and Re clusters are provided in Figure S7.  In all cases, 

the binding energies are large positive values and decrease with increasing cluster size. For 

example, the binding energy of a single atom of Sn on HOPG is 2.2 eV, which is consistent with 

weak interactions between Sn and HOPG compared to Sn-Sn interactions in the bulk.  For all of 

the metals, the binding energies/atom achieve close to their minimum values at a cluster size of 

~10 atoms;  this is presumably due to the fact that the metal-metal bonds are more difficult to 

break when the atoms are not fully coordinated in the smaller clusters. The behavior of Sn is 

 

 

 

 

 

 

 

 

Figure 7. Binding energies/atom for subsurface Sn on pristine HOPG (red), at a monovacancy (blue), 
and at a divacancy (green). 
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unique in that the binding energies/atom for Sn10-Sn15 clusters are only ~0.2 eV higher than Sn in 

the bulk.  Thus, for the Sn atoms on HOPG, there is little thermodynamic driving force for the 

cluster size to increase beyond ~10 atoms.  In contrast, the atoms in the largest Pt and Pd clusters 

are more than 1 eV higher in energy than in the bulk, while Re atoms are more than 2 eV higher 

in energy.  Similar trends are observed for these metals on HOPG with a carbon vacancy defect 

or a Stone-Wales defect, as well as for the metal clusters in vacuum (Figure S8).  Specifically, 

the per atom energies for Snn (n >10) are only slightly greater (~0.25 eV) than Sn in the bulk, 

while these values are 0.6 eV or higher for 10-15 atom clusters of the other metals studied.  It 

should be noted that the single atoms at the carbon vacancy defects have negative binding 

energies due to the strong interactions with the undercoordinated carbon atoms in the surface. 

 DFT calculations were also conducted to address whether it is energetically favorable for Sn 

to reside in the subsurface.  As shown in Figure S9a, the binding energies for a single atom in the 

subsurface are >1.8 eV for the four metals studied here, and although the per atom binding 

energies decrease with increasing cluster size, the value for Sn9 is still almost 1 eV.  Calculations 

for subsurface Sn atoms in the presence of a surface vacancy also demonstrate that Sn clusters of 

1-9 atoms are not energetically favorable, and the same is true for Pd, Pt, and Re clusters larger 

than 2 atoms (Figure S9b).  However, the binding energy of a subsurface Sn atom at a subsurface 

vacancy (-1.8 eV) is lower than the binding energy of a Sn atom in the bulk (Figure 7, structures 

shown in Figure S10).  For Sn2 and Sn3 clusters at subsurface vacancies, the per atom binding 

energies are approximately the same as for the clusters at the pristine HOPG surface, suggesting 

there is no strong thermodynamic driving force for these larger Sn clusters to exist subsurface.  

At a subsurface divacancy, the energy of the Sn atom is 3.5 eV lower than Sn in the bulk and 1.7 

eV lower than Sn at a subsurface monovacancy (Figure 7).  When the number of Sn atoms in the 

cluster is increased to 2 and 3, the energies remain lower than for Sn atoms in the bulk by 1.4 and 

0.4 eV, respectively.  In contrast, Sn clusters of 1-3 atoms in the subsurface in the absence of a 

vacancy have binding energies that are more than 1 eV higher than Sn clusters in the bulk 

(Figure 7).  Furthermore, for a Sn3 cluster at a subsurface monovacancy site, the creation of a 

divacancy via the removal of a carbon atom results in an energy change of -1.07 eV. Thus, the 

growth of this subsurface vacancy site is promoted in the presence of Sn. 
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Simulated STM images 

 Simulated STM images were generated from the DFT isosurfaces in order to gain further 

insight into the nature of the Sn clusters on HOPG.  Figure 8 shows simulated STM images of Sn 

clusters with sizes of 1, 4, and 10 atoms on the surface and in the subsurface, as well as Sn4 at a 

subsurface monovacancy; atomic structures for these surfaces are shown in Figure S11and S12.  

For all sizes, a Sn cluster on the surface appears higher than the same size cluster in the 

subsurface, and diameters of the clusters are larger for the subsurface clusters.  The Sn4 

subsurface cluster at a subsurface monovacancy is also lower than the Sn4 cluster at the surface 

or in the subsurface.  The appearance of the simulated STM images Sn1-Sn10 clusters are 

generally consistent with the experimental images containing clusters of the same sizes (Figure 

1a) although it is not possible to definitively distinguish surface from subsurface clusters based 

on the simulated images.  The line profiles of these clusters (Figure S13) demonstrate that the 

Sn1 and Sn4 surface clusters have larger heights than their subsurface counterparts, and the Sn4 

subsurface cluster at a subsurface vacancy has the lowest height of any of the Sn4 clusters.  The 

 

 

Figure 8. Binding energies/atom for subsurface Sn on pristine HOPG (red), at a monovacancy (blue), 
and at a divacancy (green). 
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simulated height for the surface Sn1 species is 3.0 Å, which is in good agreement with the 

empirical diameter of the Sn atom (2.9 Å),80 whereas the simulated height of subsurface Sn1 is 

1.9 Å.  The most stable Sn4 cluster on the surface is two atoms high and has a simulated height of 

4.5 Å, while the single-layer subsurface Sn4 cluster has a simulated height of 2.9 Å, and 

subsurface Sn4 at a subsurface vacancy has an even smaller height of 1.4 Å.  Experimental STM 

cluster profiles are shown in Figure S14 for comparison with the simulated data.  

 

Discussion 

 The deposition of 0.05 ML Sn on pristine HOPG results in small clusters (2.4+1.4 Å high), 

whereas Pt, Pd, and Re deposited under the same conditions exhibits much larger cluster sizes 

(9-13 Å high).  Furthermore, the size of the Sn cluster remains small after annealing to 800 K 

and 950 K, in contrast to the large Pd clusters observed after annealing to 810 K.  The existence 

of only small Sn clusters on pristine HOPG under any deposition and annealing conditions is 

unique with respect to the behavior of transition metals11,13,20-22,27,31,37 and the post-transition 

metals (Ge,14,15 and Sb15-17) that are neighbors of Sn in the periodic table.  In general, it is 

expected that metal and semimetal atoms on HOPG should be mobile, given that the adatom 

interactions with HOPG are primarily through weak van der Waals forces.11,41   

 The unusual behavior of Sn on HOPG can be attributed to the weak metal-metal interactions 

compared to that of the transition metals, and this behavior is consistent with the relatively low 

heat of sublimation for Sn (70 kcal/mol)81 vs. transition metals such as Pt,(135 kcal/mol),82 Pd 

(89 kcal/mol),83 and Re (186 kcal/mol)84.  Consequently, there is no strong thermodynamic 

driving force for the Sn atoms to aggregate into larger, bulk-like clusters because the stability of 

a Sn atom in the bulk is not much higher than a Sn atom in a 10-atom cluster on HOPG (0.2 eV, 

Figure 6).  In contrast, Pd, Pt, and Re atoms are 1-2 eV more stable in the bulk than in 10-atom 

surface clusters.  Since the diffusion barrier for a Sn atom on HOPG (0.06 eV) is lower or 

comparable to Pt, Pd, and Re atoms (0.04-0.6 eV), which form large clusters on HOPG, the small 

sizes of the Sn clusters on HOPG are attributed to thermodynamic rather than kinetic factors.  

The growth of small Sn clusters is also consistent with the relative surface free energies (g) of Sn 

and HOPG.  Two dimensional (2D) metal cluster formation is thermodynamically favored when: 

gsupport is large; gmetal is small; and the metal-substrate interaction is strong.85  In the case of Sn on 

HOPG, only the low gSn (0.5 J/m2)86 favors 2D growth, whereas the weak Sn-HOPG interactions 
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and gHOPG (0.14-0.15 J/m2)87 do not.  Although gSn is larger than gHOPG, entropy favors formation 

of small 2D Sn clusters over aggregation into large 3D clusters at low coverages. Notably, low 

values for gmetal, favoring 2D growth also correspond to weak metal-metal bonds and low 

sublimation energies.  

 There is strong evidence that subsurface Sn formation is induced by high temperature 

deposition or annealing.  Bubble-like features ~1.5-3 Å height and ranging from 200-450 Å in 

diameter are observed for Sn deposition at 810 K (Figures 4c, S5) and attributed to subsurface Sn 

species.  The Sn-induced bubble-like features are similar to those observed for subsurface Ar on 

HOPG.  These same features are detected after sputtering HOPG and disappear after the surface 

is heated to induce Ar desorption.  Furthermore, the presence of clusters smaller than 2 Å in 

height suggests that the small clusters could be from subsurface atoms, given that the sub-2 Å 

high clusters are smaller than the 2.9 Å diameter of a Sn atom. Simulated STM images indicate 

that subsurface Sn atoms and subsurface Sn4 clusters at a subsurface vacancy should have 

heights below 2 Å.  Nearly all of the bubble-like features have one or more clusters on top of 

them.  These are likely to be Sn surface clusters that are perhaps trapped at a defect;  although 

they are relatively small, their heights are typically larger than 2 Å, and therefore it is reasonable 

to assign them to surface clusters.  The surface consisting of 0.25 ML Sn deposited at 810 K is 

oxidized by exposure to 1x10-6 Torr O2 at room temperature, implying that there is some fraction 

of Sn at the surface that is readily oxidized and not deep in the subsurface. 

 The fact that the bubble-like features and sub-2 Å clusters attributed to subsurface Sn both 

increase with increasing deposition and annealing temperatures is consistent with the expected 

promotion of Sn migration into the subsurface at higher temperatures.  For 0.05 ML Sn clusters 

deposited at room temperature, <1% of the clusters are smaller than 2 Å (Figure S1b), but upon 

annealing to 800 K or 950 K, this fraction increases to 25% (Figures S2a, b). For 0.05 ML Sn 

clusters deposited at 550 K, the fraction of clusters smaller than 2 Å is 11%, and at the higher 

deposition temperature of 810 K, this fraction increases to 75-85% (Figures S4a, b).  

Interestingly, the fraction of sub-2 Å clusters is lower for 0.25 ML Sn deposited at 810 K on the 

sputtered surface (39%) compared to the unsputtered HOPG (86%).  One possible explanation is 

that the Sn atoms are less mobile on the sputtered surface because they are trapped at vacancy 

defect sites, and consequently, the surface atoms are less likely to migrate to the steps and enter 

the subsurface.   
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 Studies by the Thiel and Evans group report subsurface metal clusters on HOPG for Cu, Fe, 

Ru, Pt and Dy.41 In all of these cases, the HOPG surface was first bombarded with Ar+ ions to 

introduce vacancy defects that provide portals by which the metal atoms can enter the 

subsurface.  Deposition was carried out at elevated temperature so that the metal atoms would 

not be trapped at the low-coordination vacancy defects.  Large, facetted subsurface metal islands 

with average heights of 13-35 atomic layers were observed for Cu27 and Fe,1 whereas smaller 

faceted subsurface clusters ~3 atomic layers high were observed for Ru43 and Dy,42 and Pt44 

exhibited 3-layer rounded subsurface clusters. For the Cu and Fe deposited on HOPG, clusters as 

small as ~2 Å in height were observed on top of the facetted subsurface clusters and on HOPG 

itself1,27;  these features were attributed to defects decorated by bare metal atoms and resemble 

the small Sn clusters observed in this work.  For Sn deposition at elevated temperatures, the 

appearance of subsurface features occurs on pristine, unsputtered HOPG surface.  One possibility 

is that the Sn atoms enter the subsurface via the step edges and then readily diffuse in the 

subsurface region; this behavior has also been suggested for intercalation of other species into 

pristine graphite.38,39  In our experiments, Sn deposition occurred through electron bombardment 

of a Sn-containing crucible, and it is possible that the metal flux contains high energy ions that 

could potentially damage the surface.  However, it does not appear that high energy Sn ions were 

involved in the formation of subsurface Sn because the STM images from experiments carried 

out with a +600-800 V bias on the surface to exclude Sn ions were the same as the images 

collected without the bias.   

 Although some atoms like Ce38 and Li88 are known to intercalate into pristine graphite, Sn 

intercalation is not expected based on DFT calculations. It is not energetically favorable for Sn 

atoms to exist under a single layer of HOPG due to the high energy cost of separating the HOPG 

layers compared to the weak Sn-HOPG interactions, whereas alkali metals have stronger 

admetal-graphite interactions that favor intercalation.11  However, DFT calculations also 

demonstrate that a subsurface Sn atom at a subsurface vacancy is lower in energy than a Sn atom 

at the surface, thus providing a scenario in which Sn can exist subsurface.  Moreover, subsurface 

Snn clusters (n=1-3) at a subsurface divacancy are more stable than the clusters at the surface.  

Calculations also suggest that the presence of subsurface Sn could induce existing subsurface 

vacancies to grow in size. Specifically, the energy of a Sn atom at a subsurface vacancy 

decreases when another vacancy is added to form Sn at a subsurface divacancy. 
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Conclusions: 

 Small Sn clusters are observed on the non-interacting HOPG surface, implying that Sn is 

likely to form a uniform layer that completely covers the surface.  Since this behavior is 

attributed to the lack of thermodynamic driving force to form Sn-Sn bonds in large clusters, and 

is not associated with Sn-substrate interactions, it is reasonable to expect that Sn should form 

uniform layers on any substrate surface.  Furthermore, there is evidence that Sn migrates 

subsurface at elevated temperatures, which would promote the stability of Sn-graphite 

composites used in alkali ion batteries and other applications.  For applications in Li ion 

batteries, the small particle sizes for Sn on graphite are desirable for improving stability during 

cycling by minimizing the absolute volume change during lithiation.2,7-10 
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Associated Content 

Supporting Information Description 

 Cluster height histograms for: Sn, Re, Pd, and Pt clusters on HOPG after room temperature 

deposition, Sn and Pt clusters on HOPG after annealing, and Sn clusters deposited on HOPG at 

elevated temperatures; TPD data for Sn desorption from HOPG; 3D STM images of Sn deposited 

on HOPG at elevated temperatures and annealed after deposition at room temperature; XPS data 

for Sn on HOPG before and after exposure to O2; atomic structures of Sn and Re clusters on HOPG 

used for DFT calculations; binding energies for Sn, Pd, Pt, and Re in vacuum, and on HOPG at 

defects; binding energies for Sn, Pd, Pt, and Re in the subsurface of pristine HOPG and HOPG 

with a surface vacancy; atomic structures for subsurface Sn clusters on HOPG with and without 

vacancies; atomic structures used in the STM simulations for Sn on pristine HOPG; atomic 

structures used in the STM simulations for subsurface Sn clusters; simulated and experimental 

STM line profiles; calculation of Sn XPS signal for Sn clusters covered by HOPG. 
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