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ABSTRACT 

 An atomic layer deposition process is used to modify size-selected Pt7/alumina model 

catalysts by Sn addition, both before and after Pt7 cluster deposition.  Surface science methods are 

used to probe the effects of Sn-modification on the electronic properties, reactivity, and 

morphology of the clusters.  Sn addition, either before or after cluster deposition, is found to 

strongly affect the binding properties of a model alkene, ethylene, changing the number and type 

of binding sites, and suppressing decomposition leading to carbon deposition and poisoning of the 

catalyst.  Density functional theory on a model system, Pt4Sn3/alumina, shows that the Sn and Pt 

atoms are mixed, forming alloy clusters with substantial electron transfer from Sn to Pt.  The 

presence of Sn also makes all the thermally accessible structures closed shell, such that ethylene 

binds only by π-bonding to a single Pt atom.  The Sn-modified catalysts are quite stable in repeated 

ethylene temperature programmed reaction experiments, suggesting that the presence of Sn also 

reduces the tendency of the sub-nano clusters to undergo thermal sintering. 
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I. INTRODUCTION 

 Catalyst deactivation by coking, i.e., carbon deposition, is a significant problem in many 

catalysis applications at high temperature under hydrocarbon-rich conditions, such as 

dehydrogenation of alkanes to alkenes1-3 for petroleum processing, including applications based 

on Pt nanoparticle catalysts.4-9 In industrial applications, it is possible to regenerate catalysts by 

periodically oxidizing the coke away at high temperatures; however, for nano-catalysts, the high 

regeneration temperatures can lead to sintering and loss of activity.  Sub-nano clusters have most 

or all of the catalytic metal in the reactant-accessible surface layer, thus improving the use of 

precious metals. However, such small clusters are less thermodynamically stable than larger 

particles, thus sintering is even more of a problem.  One application of interest is the use of alkane-

to-alkene dehydrogenation in hot hydrocarbon fuels as an endothermic reaction to cool air vehicle 

fuel systems at high temperatures, the problem being that dehydrogenation of the alkene product 

creates coke precursors. Coking is a particular problem because it can lead to clogging of small 

channels or injectors, and regeneration may not be a practical option.  One strategy for sintering 

prevention is to stabilize the catalyst by forming porous silica or alumina coating over the 

nanoparticle catalysts;10-13 however, despite achieving anti-sintering effects, this can also block the 

catalytic sites.14 

 Previous research on Pt bimetallic catalysts introduced elements such as tin, nickel, cobalt, 

copper, and germanium into the nanoparticle catalysts15-22. The role of these second elements is to 

alter the geometric and electronic properties of Pt particles to improve the stability of the catalyst 

and selectivity of catalytic reactions.  Among these elements, Sn has been widely investigated, and 

PtSn bimetallic catalysts showed favorable selectivity and low activity loss, especially toward light 

alkene production1, 23-26.  
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For example, Koel and co-workers reported UHV studies of ordered PtSn surface alloys 

formed by depositing Sn on Pt (111) single crystals.  In particular, they found that Sn-alloying 

suppressed dehydrogenation of adsorbed ethylene and other alkenes such as propylene and 

isobutylene, thus reducing formation of coke precursors.27, 28  The temperature-programmed 

desorption (TPD) results showed that as the Sn coverage increased, the binding energies of the 

alkenes to the surface decreased substantially, resulting in desorption temperatures dropping by 

~100 K in the case of ethylene.  As a result, H2 desorption, signaling ethylene decomposition and 

coking, was almost completely suppressed.  These changes in binding energy and desorption 

behavior occurred despite the observation that Sn alloying had no effect on low temperature 

sticking probability, nor on the saturation alkene coverage.  It was proposed that ethylene binds in 

a di-σ geometry on both the Pt and PtSn alloy surfaces. 

Recently, Hook et al. used density functional theory (DFT) to examine ethane 

dehydrogenation over PtSn surface alloys, finding, consistent with the experiments of Koel and 

co-workers, that Sn depresses the alkene desorption energy below the barrier for dehydrogenation, 

due to a combination of geometric and electronic effects.29  Ethylene was found to bind in a di-σ 

fashion on both the Pt and PtSn alloy surfaces.  The results were in line with an earlier DFT study 

by Yang et al. of propane dehydrogenation, where formation of coke precursors was also predicted 

to be suppressed by Sn alloying due to lowering of the propylene desorption energy below the 

barrier for further dehydrogenation .30   

Dumesic and co-workers used microcalorimetric and IR spectroscopy methods to study 

ethylene interactions with Pt/SiO2 and several different stoichiometry PtSn/SiO2 catalysts with 

metal particle sizes in the 2 to 5 nm range.31, 32  On Pt/SiO2, both di-σ and π-bonded ethylene were 

observed.  Sn alloying reduced the heat of adsorption of ethylene on the catalysts, and with 
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increasing Sn content, the fraction of π-bonded ethylene increased, thus differing from the results 

on extended PtSn surface alloys.  As shown below, moving to sub-nanometer clusters introduces 

additional differences. 

 We have been using a combination of experiments and density functional theory (DFT) to 

probe methods to mitigate coking and sintering of sub-nano, size-selected model Ptn/alumina 

catalysts.  Ethylene temperature-programmed desorption (TPD), along with surface probes such 

as low energy ion scattering (ISS) and X-ray photoelectron spectroscopy (XPS) is used to test the 

propensity toward coking and sintering.  Monitoring the branching between desorption and 

dehydrogenation, which deposits carbon, provides a signature of coking, and observing the 

evolution of the catalyst morphology and adsorption properties during multiple TPD runs, provides 

insight into thermal processes.  Pure Ptn/alumina catalysts were found to deactivate rapidly in 

sequential ethylene TPD experiments, primarily due to the deposition of carbon on the clusters.33 

We showed that diborane could be used to selectively borate size-selected Ptn seed clusters on the 

alumina support,34 thus generating clusters anchored to the support by Pt-B-O bonds, and 

modifying the electronic properties such that dehydrogenation and carbon deposition were almost 

completely suppressed.35  

The success of coking prevention was attributed to boration substantially reducing the 

ethylene binding energy, so that desorption occurred in preference to dehydrogenation.  DFT 

showed that the PtB clusters support only weak -interaction with ethylene, favoring ethylene 

desorption, whereas pure Pt clusters can also bind ethylene in a strong di- fashion, activating it 

for dehydrogenation. Importantly, this property was observed for the entire thermally-accessible 

ensemble of cluster isomers, assessed via global optimization and Boltzmann statistics.36, 37 A 

concern regarding boration, however, is that because it substantially weakens the alkene (i.e., 
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ethylene) binding to the clusters, it might also increase the activation barriers for the desired 

alkane-to-alkene conversion. 

 Recently we developed an atomic layer deposition (ALD) approach that allows Sn to be 

selectively deposited on size-selected Ptn clusters on oxide thin film supports.  The clusters act as 

seeds to initiate the ALD process, thus SnmPtn clusters of well-defined size and stoichiometry can 

be prepared.38 For Ptn on SiO2 the Sn deposition process was highly selective, depositing Sn on Pt 

cluster sites at least 50 times more efficiently than on the SiO2 support sites.  Here we apply this 

Sn deposition method to modifying model Ptn/alumina catalysts and examining the effects on 

ethylene binding and suppression of carbon deposition.  Alumina was chosen for the initial 

catalysis study of PtnSnm clusters, to allow comparisons with the Ptn/alumina and PtnBm/alumina 

systems, where detailed experimental and DFT results are available.   

The resulting model Sn-Pt catalysts are studied using in situ surface chemistry methods to 

characterize their stoichiometries, electronic properties, morphology, and activity for ethylene 

binding and dehydrogenation.  DFT is used to model the structures, energetics, electronic 

properties of both model SnPt supported clusters, and binding of ethylene to the clusters.  Finally, 

we compare the effects of Sn-modifying the support, prior to deposition of the size-selected Pt7 

clusters, vs. modifying the samples after Pt7 deposition.  We focus the experimental work here on 

Pt7 because this was identified as a particular active cluster size for Ptn/alumina, and also 

coked/deactivated rapidly.  The DFT work focused on a smaller, more tractable size:  

Pt4Sn3/alumina.   
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II. METHODOLOGY 

1. Experimental Methodology 

 The instrument used in the experiments has been described previously.33, 34, 39 Briefly, a 

laser vaporization/supersonic expansion source was used to produce Ptn
+ clusters that were 

collected by a set of quadrupole ion guides, mass-selected by a quadrupole mass filter, and then 

guided by a final quadrupole into the ultrahigh vacuum (UHV) system (1.5 × 10-10 Torr), where 

they were deposited on a planar alumina support to form a model catalyst.  The support is mounted 

via heater wires to a cryostat, and its temperature can be controlled between 120 K and 2100 K.  

 The alumina support was a thin film grown on a Ta (110) single crystal by the following 

procedure.  The Ta single crystal was cooled below 130 K and then annealed to 2100 K for 5 

minutes to desorb Pt and Al2O3 from the previous experiment, with the cleanliness checked by X-

ray photoelectron spectroscopy (XPS). The Ta crystal was then transferred to a UHV antechamber, 

where Al was evaporated onto it in 5 × 10-6 Torr of O2, maintaining the crystal at 970 K.  According 

to Chen and Goodman,40 thin films of alumina grown on Ta(110) by this method have a distorted 

hexagonal lattice similar to the (0001) face of α-alumina or (111) face of γ-alumina. The film 

thickness was determined by modeling41 the measured Al/Ta XPS ratio using photoemission cross 

sections and asymmetry parameters from Yeh and Lindau42, and electron effective attenuation 

lengths (EALs) calculated with the database program of Powell and Jablonski.43 Thicknesses were 

in the range from 4.7 to 5.7 nm, which we previously found to be thick enough to give thickness-

independent chemistry for supported catalyst clusters, but thin enough to avoid charging during 

deposition or XPS. 

 For cluster deposition, the Al2O3 support was positioned just behind a 2 mm diameter 

exposure mask and then flashed to 700 K to remove adventitious adsorbates.  As the sample cooled, 
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Ptn
+ deposition was started as the sample temperature reached 300 K, with the coverage monitored 

via the neutralization current.  The deposition continued as the sample cooled to 120 K and was 

terminated when the coverage reached 1.5 x 1014 Pt atoms/cm2, corresponding to ~0.1 of a close-

packed Pt monolayer (0.1 ML).  In these experiments with Pt7 clusters, 2.15 x 1013 clusters were 

deposited per cm2. 

Sn was incorporated into the samples using an ALD process developed by Gorey et al.38 

to prepare PtnSnm alloy clusters on silica supports.  Here, a freshly deposited Pt7/Al2O3 sample was 

transferred into the UHV antechamber, then exposed to H2 (6000 L), followed by SnCl4 (24 L), 

followed by a final H2 dose (6000 L), all at a sample temperature of 300 K.  Gorey et al. showed 

that H selectively adsorbed on Pt atoms in the clusters, and that SnCl4 preferentially reacted with 

hydrogenated Pt sites, losing HCl(g) and binding SnClx to the clusters.  During the second H2 dose, 

additional HCl desorbed, leaving <10% of the Cl originally associated with the adsorbed Sn on the 

surface.  This remaining Cl was desorbed as HCl by flashing the samples to 700 K. For consistency 

with the Gorey nomenclature, the sequence of gas exposures will be referred to as the “full 

treatment”, i.e., a Pt7/alumina sample thus treated will be denoted FT/Pt7/Al2O3. After heating, 

such a sample would be denoted heat/FT/Pt7/Al2O3.  For comparison, samples were also prepared 

by first exposing a freshly grown alumina/Ta(110) substrate to the full H2/SnCl4/H2 treatment, then 

heating the substrate, then depositing 0.1 ML of Pt7.  These samples will be referred to as 

Pt7/heat/FT/Al2O3.  Finally, control experiments were done on Pt-free alumina given the full 

treatment, and these are denoted FT/Al2O3.  Mg Kα XPS was used to quantify the amount of Sn 

deposited on the samples.  Samples were characterized as-deposited and after being flashed to 700 

K to desorb residual H and Cl.   
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 Low energy He+ scattering (ISS) was used to probe the surface morphology of the samples. 

A 0.2 µA He+ beam impinged on the surface at 1 keV with a 45° angle of incidence and scattered 

He+ was detected along the surface normal.  The He+ beam caused some sputtering and other 

sample damage, and, to avoid damaging effects, ISS was performed either at the end of other 

experiments or on separately prepared samples.  To compensate for any run-to-run variations in 

the He+ flux, the Pt and Sn ISS peak intensities were normalized to the total scattered He+ intensity. 

 Adsorbate binding and reactivity of the samples were probed by temperature-programmed 

desorption (TPD).  In the TPD experiments, the sample temperature was held at 150 K while it 

was dosed with 5 L of C2D4. This dose temperature was chosen as being low enough to allow the 

cluster binding sites to be saturated while minimizing adsorption on the alumina support.  After 

dosing, the sample was cooled to 130 K, and then ramped to 700 K at 3 K per second. During the 

heat ramp, molecules desorbing from the surface were monitored by a differentially pumped mass 

spectrometer that views the sample through the ~3 mm aperture in a skimmer cone.  The ion signals 

are used to estimate the number of neutral molecules of each type desorbing from the sample, 

using a calibration procedure discussed elsewhere, and described in more detail in the SI.  The 

absolute uncertainty of the resulting desorption numbers is estimated to be 50%.   

2. Computational Methodology 

 Calculations were performed as discussed in previous work34. Projector-augmented wave 

method44 and PBE functional45 were used within the Vienna ab initio simulation package 

(VASP).46-49 Plane-wave kinetic energy cut-off of 400.0 eV and convergence criteria of 10–6 eV 

for electronic (SCF) steps were employed. Note that the bottom half of the slab was kept fixed 

during the relaxation. Geometric relaxation was performed until forces on each atom were smaller 

than 0.01 eV/Å. In addition, Gaussian smearing with the sigma value of 0.1 eV was used.  The 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



9 

 

hexagonal symmetry alumina thin film used in the experiments was modeled computationally as 

an α-alumina (0001) surface. The cell parameters of a = 4.807 Å and c = 13.126 Å were obtained 

by optimizing the bulk structure with stringent electronic and geometric convergence criteria, the 

details of which can be found here.33 Moreover, the slab was modeled as a (3 × 3) unit cell with a 

vacuum gap of 15 Å. Since a fairly large super cell was used in this study, a k-point grid of 1 × 1 

× 1 centered at the Γ-point was instituted. 

In order to produce initial geometries for clusters on the Al2O3 surface, we used our in-

house parallel global optimization and pathway toolkit (PGOPT), which automatically generates 

initial structures based on the bond length distribution algorithm (BLDA).50 Each structure was 

optimized with DFT, and duplicates were filtered out thereafter. Finally, partial charges on each 

atom in the cluster were obtained using the Bader charge scheme.51-54 

 

III. RESULTS AND DISCUSSION 

1. XPS  

 Mg Kα XPS studies of these samples were done over a period when the spectrometer 

sensitivity varied significantly due to aging of the electron detector, thus the raw intensities must 

be corrected to allow sample-to-sample comparisons.  If our alumina film supports were more than 

~3 times thicker than the Al 2p electron effective attenuation length (EAL), the intensity of the Al 

2p peak would be independent of film thickness, and the Pt and Sn intensities could be corrected 

by simply normalizing them to the Al 2p intensities.  The Al 2p EAL in alumina, calculated using 

the database program of Powell and Jablonski,43 is 2.1 nm, while our alumina films had thicknesses 

varying from 4.7 to 5.7 nm – not quite thick enough to give thickness-independent Al 2p signal.   
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 Therefore, the sensitivity correction must be done in two steps, as summarized in Table S1:  

1. The film thickness for each sample was determined from the Al/Ta XPS ratio as described above, 

and then the EAL was used to correct the measured Al 2p intensities to what they would have been 

if all the samples had films with identical thickness, chosen as 4.7 nm because several of the 

samples did have this thickness.  2. The thickness-corrected Al 2p intensities were then used to 

calculate the factors needed to correct for the declining sensitivity of the electron detector, and 

these factors (last column, Table S1) were then used to scale the Pt and Sn intensities in Fig. 1.  

The assumption in this correction process is that the Al 2p intensities are unaffected by the 

deposition of Pt and/or Sn on the alumina films.  Given that the Pt and Sn coverages are small, on 

the order of 0.1 ML, any attenuation of Al 2p signal should be in the few percent range, and the 

resulting error is within the uncertainties due to low XPS signal level for Pt and Sn, which we 

estimate to be ± 15% for Pt, and ± 5% for Sn. 

The background-subtracted and sensitivity-corrected XPS results for all the samples are 

shown in Fig. 1, along with the fits used to extract the integrated intensities. The integrated 

intensities and intensity ratios are given in Table 1, and the binding energies (BEs) for the Pt 4d5/2 

and Sn 3d5/2 peaks are in Table S2. 

The left column of Fig. 1 shows the Pt 4d XPS for all the samples.  The first point to note 

is that the intensities are similar, as expected, because all samples had identical coverages of Pt7.  

Some variation in the Pt intensity is expected because different samples have Sn deposited on top 

of the Pt, or have been heated which may change the cluster structure.  Therefore, the attenuation 

of Pt photoelectrons should vary from sample to sample.  Note that the Pt intensities are quite low, 

because the Pt coverage is low, and also because we monitored the Pt 4d XPS, rather than the more 
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intense 4f since the 4f has substantial interference from Al 2p.  As a result, the estimated 

uncertainties in the corrected integrated Pt intensities given in Table 1 are ~±15%.   

 

Figure 1. Left column: Pt 4d XPS region spectra.  Peaks for Pt 

4d5/2 and 4d3/2 are indicated with black fitted curves, the red 

curve indicates a Ta 4s ghost peak.  Right column: Sn 3d XPS 

region.  Peaks for Sn 3d5/2 and 3d3/2 are indicated with black or 

blue curves.  The red curve indicates an Mg Kβ O 1s satellite 

peak.  “FT” refers to the full H2/SnCl4/H2 treatment.  
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 As shown in Table S2, the Pt 4d5/2 BE for Pt7/Al2O3 is 315.4 eV, compared to 314.6 eV for 

bulk Pt.55 This 0.8 eV shift to higher BE is attributed to the effects of the small cluster size on 

stabilization of the photoemission final state.56, 57 After the full Sn deposition treatment, and before 

heating (FT/Pt7/Al2O3), the Pt 4d BE is shifted to 316.2 eV, presumably due to the combined 

effects of adsorbed Sn, Cl, and H, which may affect both the Pt oxidation state, and the final state 

stabilization.  After heating to drive off H and Cl, the BE dropped back to 315.5 eV.  When the 

alumina support was given the full Sn treatment and heated prior to Pt7 deposition, the Pt 4d BE 

was 315.7 eV, and after heating to 700 K, the BE also dropped back to 315.5 eV.   

 The Sn XPS provides insight into both the amount of Sn present and its chemical state.  

First, consider the unheated samples. Fig. 1f compares the Sn XPS for the FT/Al2O3 and 

FT/Pt7/Al2O3 samples. By the integrated Sn intensities (Table 1), a substantial Sn signal is 

observed in the absence of Pt7, but that signal increases by a factor of ~1.6 when Pt7 is present.  

Given that the Pt7 is present at only 0.1 ML coverage, this implies that Sn deposition is roughly 6 

times more efficient on Pt sites, compared to alumina sites.  In comparison to Sn deposition by the 

same process on Ptn/SiO2, the selectivity is lower here, largely because the SiO2 was much more 

inert toward the H2/SnCl4/H2 treatment process.  The intensities are analyzed below to extract 

numbers of Sn atoms deposited. 
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After heating, the Sn intensity for FT/Al2O3 increased by ~10%, suggesting that the Cl and 

H present after the full treatment were attenuating the Sn signal, and demonstrating no significant 

Sn desorption occurring at 700 K.  For the FT/Pt7/Al2O3 sample, the Sn intensity also increased, 

but only by ~2%.  The smaller increase suggests that the post-heating Sn binding geometry is such 

that there is still some attenuation of the Sn signal, as might occur if some Sn is alloyed with the 

Pt so that it is not in the surface layer.  The ISS and theory discussed below address this point.  

 For Pt7/heat/FT/Al2O3 sample, we might expect that the Sn intensity should be similar to 

that of the Ft/Al2O3 sample since the Sn treatment was applied to Pt-free alumina in both cases.  

The intensity was actually ~10% higher.  Note, however, that the alumina film thicknesses were 

~0.5 nm different in the two samples, which may influence Sn deposition.  After heating, the Sn 

intensity for the heat/Pt7/heat/FT/Al2O3 sample was essentially unchanged. 

 The Sn 3d5/2 peak for FT/Pt7/Al2O3 is broadened and shifted to lower binding energies at 

487.9 eV, when Pt7 was present, and also at 487.9 eV for FT/Al2O3.  For the samples prepared by 

Sn deposition on alumina and heating, prior to Pt7 deposition, the Sn BEs are shifted to lower 

energy (487.1 to 487.3 eV), but in all cases, the BEs are substantially higher compared that the BE 

Table 1. Corrected intensities of Sn 3d, Pt 4d, Al 2s and values of their ratios.  “FT” refers to the full 

H2/SnCl4/H2 treatment.  

  
corrected intensities 

 

 
Al2O3 

thickness 

(nm) 

Sn Pt Al Sn/Al Pt/Al Sn/Pt 

Pt7/ Al2O3 5.3 
 

8051 54972 
 

0.15 
 

FT/Al2O3 5.2 12771 
 

54972 0.23 
  

Heat/FT/Al2O3 5.2 14074 
 

54972 0.26 
  

FT/Pt7/Al2O3 5.7 20006 7812 54972 0.36 0.14 2.56 

Heat/FT/Pt7/Al2O3 5.7 20413 6741 54972 0.37 0.12 3.03 

Pt7/heat/FT/Al2O3 4.7 13889 6505 54972 0.25 0.12 2.14 

Heat/Pt7/heat/FT/Al2O3 4.7 13865 5735 54972 0.25 0.10 2.42 

Pt7/heat/FT/Al2O3 post 6 TPDs 4.7 14841 5889 54972 0.27 0.11 2.52 
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reported for Sn bulk metal (~485 eV), and closer to the values reported for various oxygenated or 

halogenated Sn compounds (up to ~488 eV).55 The high Sn binding energies, thus, suggest that Sn 

is in an oxidized state on the samples.  DFT results regarding this question are presented below. 

The Sn/Pt stoichiometry of the samples can be determined from the corrected integrated 

intensity ratios in Table 1.   For samples containing 0.1 ML of Pt in the form of Pt7, we can use 

the Sn/Pt ratio, along with Pt 4d 

and Sn 3d photoemission cross 

sections (σSn, σPt), obtained from 

the work of Yeh and Lindau.42 

Taking advantage of the fact that 

both Pt and Sn are present only in 

the surface of the sample, and 

assuming the attenuation of the 

associated photoelectrons is 

negligible, the Sn/Pt coverage ratio 

(XSn/XPt) is related to the XPS intensity ratio (ISn/IPt) by the following relation: 

XSn/XPt = (ISn/σSn)/(IPt/σPt)       (2) 

The coverage of Pt-free samples can be estimated by comparison of the Sn intensities for the Pt7-

containing and Pt-free samples, and the results are summarized in Table 2. 

For the FT/Al2O3 sample, the Sn intensity before heating gives an estimated Sn coverage 

of 15.0 Sn atoms per 10 nm2 of the Al2O3 substrate, or 1.5 x 1014 Sn/cm2, however, at this stage 

the Sn is still covered with adsorbed Cl (and possibly H), which attenuates the XPS.  After heating 

to desorb these species, the Sn XPS intensity increased by ~10%, leading to an estimate of the Sn 

Table 2. The ratio of the number of Sn atoms to Pt atoms and 

the number of Sn atoms per 10 nm2. “FT” refers to the full 

H2/SnCl4/H2 treatment.  

  Sn atoms/Pt 

atoms 

Sn atoms/10 

nm2 

FT/Al2O3 
 

15.0 

Heat/FT/Al2O3  16.5 

FT/Pt7/Al2O3 1.62 24.3 

Heat/FT/Pt7/Al2O3 1.65 24.8 

Sn bound to Pt from  

FT/Pt7/Al2O3 and 

heat/FT/Pt7/Al2O3 

0.55 8.3 

Pt7/Heat/FT/Al2O3 1.09 16.4 

Heat/Pt7/Heat/FT/Al2O3 1.09 16.4 
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coverage of 16.5 Sn/10 nm2, or 1.65 x 1014 Sn atoms/cm2.  This is comparable to the amount of Pt 

deposited in the Pt7-containing samples, 1.5 x 1014 Pt atoms/cm2, i.e., the non-selective Sn 

deposition on the alumina film gives coverage comparable to the Pt coverage in the cluster-

containing samples.  Sn deposition by the same approach on SiO2 substrates was found to deposit 

only 3.5 Sn atoms/10 nm2, i.e., roughly 1/5th the number on the alumina support.  We attribute the 

much larger amount of non-selective Sn deposition on alumina to a larger density of defects or 

other sites capable of supporting Sn deposition.  

When Pt7 is present on alumina, ~60% more Sn was deposited, and for the FT/Pt7/Al2O3 

sample, the Sn/Pt ratio was 1.62, corresponding to 24.3 Sn atoms and 15 Pt atoms/10 nm2, and 

when that sample was heated, the Sn intensity increased ~2% (due to desorption of Cl and H), but 

the Pt decreased by ~10%.  No Pt desorption is observed, and thus, we attribute the decrease to the 

effects of alloying the clusters with Sn, which may include both the Sn atoms initially deposited 

on the Pt clusters, as well as Sn initially deposited on the alumina, that diffuses and binds to the 

clusters when the samples were heated.  The ISS experiments, below, provide additional insight 

into this point.  The increase in the Sn XPS intensity after heating implies 24.8 Sn atoms/10 nm2, 

and if we assume that the Pt coverage is unchanged, then the Sn/Pt ratio after heating is 1.65. 

The question is how many of the 24.8 Sn/10 nm2 were deposited directly on the clusters, 

and how many become associated with the clusters after heating, as opposed to binding at defects 

on the alumina support.  We can estimate the number of Sn depositing on clusters by assuming 

that the presence of 0.1 ML of Pt7 on the surface does not affect the deposition of Sn on the 

surrounding Al2O3.  In that limit, we can estimate that 24.8 – 16.5 = 8.3 additional Sn atoms per 

10 nm2 deposited in association with the Pt7 clusters, corresponding to 0.55 Sn/Pt atom, or ~4 Sn 

atoms/Pt7 cluster.  To the extent that the presence of Pt7 blocks Sn deposition on the alumina, or 
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captures Sn initially impinging on the alumina, then the number of Sn atoms associated with the 

Pt7 would be higher, up to 11.6 Sn/Pt7 if all the Sn diffused and bound to the clusters.  Note that, 

for the Ptn/SiO2 system, where little non-selective Sn deposition is observed on the SiO2, the 

estimated Sn/Pt stoichiometry was ~6 Sn/Pt7. 

If similar analysis is applied to the Pt7/heat/FT/alumina and heat/Pt7/heat/FT/alumina 

samples, the conclusion is that the number of Sn depositing non-selectively on the alumina support 

was ~16 Sn atoms/10 nm2, with essentially no difference between calculations based on the two 

spectra.  The coverage of Pt7 deposited on top of the Sn-modified surface is 2.14 Pt7 clusters/10 

nm2, corresponding to 15 Pt atoms.   

The important questions regarding these model catalysts are:  

1. What effect does Sn modification have on the activity, selectivity, and stability of the catalysts?  

2. Does Sn initially deposited on the alumina support migrate and bind to the Pt clusters, either as-

deposited or when heated?   

3. Is there a significant difference between the effects of Sn deposited initially on the alumina vs. 

on the Pt clusters? 

2. TPD Results 

 Figure 2 summarizes the results of TPD experiments in which the Sn-modified model 

catalysts were saturated with C2D4 at 150 K, and then the numbers of desorbing C2D4 and D2 

molecules were monitored during 3 K/sec heat ramps to 700 K.   A series of 6 TPD experiments 

was done for each sample, each preceded by a 150 K C2D4 dose.  The calculated numbers of each 

type of molecule desorbing per cluster are tabulated in Table S3.  For comparison, TPD data for 

Pt7/Al2O3 measured under identical conditions by Baxter et al.33 is plotted in the top row.  Also 
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shown in each frame of the figure is the desorption observed from a Pt and Sn-free Al2O3 thin film 

sample.   

 As discussed in the Introduction, for our purposes, the interesting questions pertaining to 

the catalysis are:  1. How is the binding energy of C2D4 affected by the presence of Sn either on 

the clusters or the support?  2. How does Sn deposited on the clusters vs. on the support affect the 

branching to dehydrogenation?  3. In repeated TPD runs, how do the catalysts evolve, due to 

processes such as sintering or carbon deposition? 

 It can be seen that for Sn-free Pt7/Al2O3 (top row), the 1st TPD run has a low-temperature 

C2D4 desorption feature that matches that from the Al2O3 support, implying that this feature results 

from C2D4 desorbing from the support.  Because the intensity of this peak is rather low, 

corresponding to only a small fraction of a monolayer of C2D4 desorbing, it is attributed to C2D4 

bound at defects or other strong-binding sites on the surface. 
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 There is also a higher temperature feature clearly associated with C2D4 desorbing from the 

Pt7 clusters.  No D2 desorption is observed from the Al2O3 support, but in the 1st run on Pt7/Al2O3, 

a large D2 desorption feature is observed, implying that a significant fraction of the C2D4 undergoes 

dehydrogenation.  We previously showed that no acetylene desorbs from this surface,33 and thus, 

the D2 signal is associated with carbon deposition – one C atom per D2 molecule. 

 In the 2nd TPD run, the intensity of the Pt-associated C2D4 desorption decreased 

substantially, as did the amount of D2 desorption.  These changes were attributed mainly to the 

 

Figure 2.  C2D4 and D2 TPD data for the samples: a) Pt7/Al2O3 C2D4 TPD, b) Pt7/Al2O3 

D2 TPD, c) FT/Pt7/Al2O3 C2D4 TPD, d) FT/Pt7/Al2O3 D2 TPD, e) Pt7/heat/FT/Al2O3 

C2D4 TPD, f) Pt7/heat/FT/Al2O3 D2 TPD.  “FT” refers to the full H2/SnCl4/H2 treatment.  
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effects of the poisoning of cluster-associated binding sites by carbon deposition, observable by 

post-TPD C 1s XPS.  Sintering probably also contributed to the deactivation process, although ISS 

and comparison of the effects of heating with and without C2D4,33, 35 suggested that sintering during 

a single TPD run had only a modest effect for Pt7 on the relatively defective Al2O3 thin film support.  

Only two TPD runs were reported in these experiments because the deactivation was so fast. 

For the FT/Pt7/Al2O3 sample, the 1st C2D4 TPD experiment was done on the unheated sample, 

and as shown in the 2nd row of the figure, little C2D4 desorption and no D2 is observed.  This 

implies that the Pt cluster sites were fully blocked by adsorbed H, Cl, and Sn and that many of the 

Al2O3 defect sites were also blocked, such that almost no C2D4 adsorbed during the 150 K dose.  

During the first TPD run, HCl desorption is observed, and there probably is also H2 desorption 

above 300 K, although our mass spectrometer background at mass 2 is too large to allow direct 

observation of the relatively small signal for H2 desorption from a coverage of clusters. 

During the 2nd and subsequent TPD runs, substantial signals are observed for C2D4 desorption, 

indicating that HCl (and H2) desorption during the 1st run exposed Pt sites.  There is a low-

temperature feature with about 1/3rd the intensity of that seen for Al2O3, which we attribute to C2D4 

desorbing from alumina defect sites that were unblocked during the 1st TPD.  The high temperature 

feature has about 46% the intensity of the high temperature feature observed for Pt7/Al2O3 in the 

1st TPD, suggesting that a significant fraction of the exposed Pt binding sites are still blocked, 

presumably by Sn.  Critically, however, little if any D2 desorption is observed. Note also that the 

ethylene desorption is essentially unchanged in four additional TPD runs. 

The bottom frame of the figure shows the results of depositing Pt7 on pre-heated, Sn-

modified Al2O3. As noted above, this results in the deposition of 16.4 Sn atoms/10 nm2 – about 

2/3rd the amount present when Sn deposition is done after Pt7 deposition.  The C2D4 TPD results 
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are actually quite similar to those observed when Sn is deposited after the clusters, with the 

exception that significant C2D4 desorption is observed in the 1st TPD.  That simply reflects the fact 

that the heat/FT/Al2O3 sample was heated to desorb H and Cl prior to Pt7 deposition, so that binding 

sites on both the alumina support and the clusters were available to binding C2D4.  Again, little D2 

desorption is observed, and the high-temperature C2D4 desorption is reasonably stable in repeated 

TPD runs.   

There are several interesting points.  Little D2 is observed even in the 1st TPD run, indicating 

that the Pt7 cluster dehydrogenation properties were already strongly modified by the Sn, even 

though there was not Sn deposited directly onto the clusters.  This suggests that some Sn may have 

diffused to the clusters, even though most of the clusters were deposited at cryogenic temperatures, 

and were never heated prior to the TPD run.  It is also possible that the clusters deposited on or 

immediately adjacent to Sn on the surface, and obtained some Sn modification in this way.  It can 

also be seen that there is a significant change in the C2D4 desorption between the 1st and 2nd TPD 

runs, with the amount desorbing between ~200 and 300 K dropping significantly.  This suggests 

that during the heating accompanying the 1st TPD run, the clusters changed somehow, and either 

additional Sn diffused to the clusters, in addition, the cluster morphology is likely to have evolved 

during the TPD heating. ISS experiments to probe changes in morphology are discussed next. 

It is interesting to compare the behavior shown here for sub-nano PtSn clusters/alumina to 

that seen for sub-nano borated PtnBm clusters/alumina,35 and for ordered PtSn surface alloys.27, 28  

In all three cases, ethylene dehydrogenation is strongly suppressed, compared to pure Ptn/alumina 

or Pt(111), however, there are several important differences.  In the case of PtSn surface alloys, 

the ethylene desorption temperature dropped with increasing Sn coverage from ~285 K for pure 

Pt(111)58 to 184 K for the √3x√3 R30° alloy.  That alloy has a 1:2 Sn:Pt ratio in the surface layer, 
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i.e., significantly lower than the Sn:Pt ratio in our clusters.  For pure Pt clusters on alumina, the 

ethylene desorption occurs in a broad feature peaking near 300 K (Fig. 2a), and after boration, the 

desorption temperature drops substantially, peaking at cryogenic temperatures (overlapping the 

desorption from the alumina support).  Thus, for both the extended PtSn alloy surfaces and 

PtnBm/alumina, a substantial reduction in ethylene binding energy is at least partly responsible for 

the suppression of dehydrogenation – the ethylene desorbs before the onset of dehydrogenation.  

From the perspective of catalyzing selective alkane-to-alkene dehydrogenation, the reduction in 

alkene binding energy may be problematic, because that implies that the exothermicity of the 

alkaneadsorbed → alkeneadsorbed reaction is lower, which would tend to increase the activation energy. 

In contrast, for the Sn-doped Pt7/alumina clusters, the ethylene desorption feature remained 

above room temperature, with peak desorption temperature actually increasing relative to that for 

Sn-free Pt clusters.  Nonetheless, dehydrogenation and the accompanying carbon deposition are 

suppressed, indicating that there must be another mechanism operating.  A similar effect was 

predicted for supported PtGe, so far purely from theory.59   

Another interesting difference is that in the PtSn surface alloys the saturation ethylene 

coverage was unaffected by Sn surface concentration, but in both borated and Sn-alloyed 

Ptn/alumina, the saturation coverages decreased significantly, by on the order of 50% in both cases.  

This difference may simply reflect a lower Sn:Pt ratio in the surface layer of the extended alloys 

(Sn:Pt ≤ 1:2) compared to the levels of boron (~1:1 B:Pt) and tin in the cluster experiments. As 

noted, the additional Sn deposited when Pt7 was present corresponded to only 4 Sn/Pt7, but the 

experiments where Pt7 was deposited after Sn-treating the alumina support suggest that Sn initially 

on the alumina support diffuses to the clusters, raising the Sn:Pt ratio.  Campbell reviewed 

chemisorption of small molecules on numerous bimetallic surface alloys and overlayer systems,60 
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and also discussed the weaker binding of small molecules (NO and CO) on the exothermic PtSn 

alloy that resulted in significant decrease (>100 K) of desorption temperatures.61  For ethylene 

adsorption, a variety of different effects have been observed, ranging from simple site blocking to 

strong electronic effects on binding energies.  In our clusters, Sn (and B) reduce the saturation 

ethylene coverage, presumably due to blocking of Pt sites.  In addition, however, boration reduces 

the negative charge on the Pt clusters.  Electronic effects of Sn addition are discussed below in the 

context of our DFT results. 

The other important point from a catalysis perspective is that the high-temperature C2D4 

desorption feature for the Sn-treated clusters was essentially unchanged in six TPD runs, whereas 

the analogous feature for Pt7/alumina decreased rapidly.  This enhanced stability in repeated TPD 

cycling is not unexpected, since there is substantial carbon deposition for pure Ptn/alumina model 

catalysts under these conditions,33 however, it also indicates that the Sn-treated clusters must be 

reasonably stable with respect to sintering.  This conclusion is consistent with calorimetric 

experiments by Anres et al. which found that bulk PtSn has a highly negative enthalpy of 

formation,62 which would slow the sintering kinetics in Campbell’s modeling of sintering 

kinetics.63, 64  Similarly, Liu and Ascencio reported DFT and MD simulations for clusters of a few 

hundred atoms, finding that PtSn clusters were more energetically favorable than pure Pt clusters65  

Results of our DFT calculations for sub-nano PtSn clusters are presented below. 
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3. Low energy He+ scattering (ISS) 

Example raw ISS spectra for select samples are shown in Fig. S1.  More than 99% of He+ 

impinging on surfaces either neutralizes or implants in the surface, and thus the ISS signal 

corresponds to the small fraction of He+ 

ions that survive and backscatter along the 

surface normal.66  Peaks in ISS result 

primarily from events in which an He+ 

scatters from a single atom in the top-most 

layer of the surface.  Scattering from atoms 

deeper in the sample, or scattering 

involving multiple surface atoms is weak 

due to a combination of shadowing, 

blocking, and reduced ion survival 

probability (ISP), contributing mainly to 

the weak background observed at low E/E0.  

Thus, the intensities of ISS peaks are 

highly sensitive to sample structure, 

including cluster geometry and the 

presence of adsorbed species on top of 

cluster atoms.  In the following, we present 

ISS data in the form of ISS peak intensities 

as a function of exposure to the He+ beam, 

which slowly sputters the surface, 

Figure 3.  ISS intensities vs. He+ exposure for:  a) 

Pt7/Al2O3, b) FT/Pt7/Al2O3, c) Pt7/heat/FT/Al2O3.  In 

each experiment, 2 ISS scans were taken for the as-

prepared sample, followed by a 700 K flash, and a 

series of ISS scans.  “FT” refers to the full 

H2/SnCl4/H2 treatment.  
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providing some depth information.  The intensities are normalized to the total scattered intensity 

in order to correct for any day-to-day changes in the He+ beam flux.  

Fig. 3 compares ISS sputter series results for Pt7/Al2O3, FT/Pt7/Al2O3, and Pt7/heat/FT/Al2O3 

samples.  These measurements were done on a separate set of samples, but are directly comparable 

to the XPS and TPD data in Figs. 1 and 2.  In each ISS experiment, the as-prepared sample was 

first exposed to two ISS scans at low (0.2 μA) He+ flux.  Then the sample was flashed to 700 K, 

driving the same processes that would have occurred in other 700 K heating experiments, including 

TPD.  Finally, repeated ISS scans were used to measure changes in the peak intensities as the 

sample was slowly sputtered.   

The top frame shows the Pt ISS intensity for a Pt7/Al2O3 sample.  The first two points are for 

the as-deposited sample, and the rest are for the sample after flashing to 700 K.  The increase in Pt 

intensity after flashing is attributed to desorption of adventitious adsorbates, primarily CO, which 

adsorbs very efficiently on samples with sub-nanometer dispersed clusters due to substrate-

mediated adsorption (reverse spillover).  Pt7 desorption was done as the samples cooled from room 

temperature to ~120 K.  This is above the temperature for CO desorption from the alumina 

support,67 however, the lifetime of CO on the alumina is sufficient to allow some diffusion, thus 

allowing CO initially landing on the alumina to bind at a nearby Pt7 cluster.  After heating, the Pt 

ISS intensity slowly decreased, consistent with the slow sputtering of Pt from the surface.   

For the as-prepared FT/Pt7/Al2O3 sample, both Sn and Pt ISS peaks are observed, but with 

much lower intensity compared to the Pt peak intensity in the Pt7/Al2O3 sample.  This low intensity 

reflects the presence of Sn bound to the Pt cluster and of Cl and H atoms adsorbed on Pt and Sn 

sites, attenuating ISS from the underlying atoms by a combination of shadowing, blocking, and 

reduced ISP.  The presence of Cl is confirmed by the appearance of a weak peak for Cl ISS, as 
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shown in the figure.  After heating, the Cl intensity is attenuated nearly to the background level, 

and the Pt and Sn intensity both increase.  Because ISP varies significantly for different elements, 

it is not possible to infer the ratio of Sn/Pt in the surface layer from the Sn/Pt intensity ratio.  Note, 

however, that just after heating, the Sn intensity is higher than that for Pt, but it decays with time, 

while the Pt intensity is nearly constant (unlike the slow decline observed for Pt7/Al2O3).  This 

behavior indicates that the sputter rate for Sn is faster than that for Pt, which could reflect 

differences in the binding energy to the surface, but also would be expected if the heated clusters 

have Sn in the surface layer.   

For the Pt7/heat/FT/Al2O3 sample (bottom frame), the initial Sn ISS intensity is similar to 

that for the FT/Pt7/Al2O3 sample, but the Pt intensity is twice as high as Pt in that sample.  This is 

expected.  The number of Sn atoms on the surface of both samples is high, but for FT/Pt7/Al2O3, 

the Pt7 has Sn, Cl, and H adsorbed on top, while for Pt7/heat/FT/Al2O3, the Pt clusters are deposited 

on top after desorbing H and Cl, and thus should have less adsorbate coverage.  Interestingly, 

however, the initial Pt intensity for Pt7/heat/FT/Al2O3 is still only ~40% of that for the Pt7/Al2O3 

sample.  This implies that even though the Pt clusters were deposited after the substrate was Sn-

modified and heated, something is attenuating ISS from the Pt atoms.  The most likely possibility 

is that some Sn atoms have aggregated to the clusters, which, given the ~0.1 ML coverage of Sn 

in these samples, is not surprising.  If the Sn is initially present as isolated atoms, the average Sn-

Sn separation is less than 1 nm, and there would be a high probability for Pt7 clusters to deposit on 

top of, or very near to Sn atoms on the substrate.  Again, cluster isomerizing to flatter shapes that 

favor Pt-Sn binding cannot be ruled out. Both suppositions that Sn already is binding to the clusters 

as-deposited would also explain why no significant D2 desorption is observed in the 1st TPD on 

the Pt7/heat/FT/Al2O3 sample – the clusters are already Sn-modified. 
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After heating, the Sn intensity in the Pt7/heat/FT/Al2O3 sample was essentially unchanged, 

but the Pt intensity increased by nearly a factor of two.  Some of this increase can be attributed to 

the desorption of adventitious CO (as in the Pt7/Al2O3 data in the top frame), but there may also 

be some restructuring of the clusters. 

4. DFT Calculations 

Because the Sn-modified Pt clusters are quite large, and the number of Sn atoms present is 

not well defined, it was not feasible to try to compute the structures.  We previously reported on 

the structures of Pt7/Al2O3 with and without 1-3 ethylene molecules adsorbed.33  Here we report 

DFT calculations of structures, atomic charges, and ethylene binding behavior for a small model 

system, consisting of Pt4Sn3 clusters on an alumina support.  

The global optimization was carried out, with the purpose of finding the low-lying minima 

that could be thermally populated at temperatures of the TPD. The three lowest energy structures 

found for Pt4Sn3/alumina are shown in Fig. 4, with the atomic charges, energies relative to the 

global minimum structure, and the Boltzmann populations estimated at 700 K. The Pt4Sn3 clusters 

were all singlets with a net negative charge indicating net electron transfer from the alumina 

support to the clusters (see Table S4). The structures also tend to have Pt binding to underlying Al 

atoms, while the Sn binds to both Al and O atoms on the surface.  

The global minimum structure is nearly planar with all atoms exposed in the surface layer.  

The Sn atoms are all positively charged by nearly 1 e, and the Pt atoms are negative, with charges 

ranging from -0.4 e to -0.95 e, thus, there is substantial electron transfer from Sn to Pt.  The charge 
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distribution is consistent with the 

high Sn 3d BEs measured by 

XPS, which indicates oxidized 

Sn.  The Sn and Pt atoms are 

mixed, rather than phase-

separated.   

 The second minimum 

structure is substantially (0.396 

eV) higher in energy than the 

global minimum, thus even at 700 

K, its predicted population 

remains below 1 %.  Again, the 

Sn atoms are all positively 

charged by ~1e, and the Pt atoms 

are negative, with charges 

between -0.3 and -1.04 e.  This 

structure is three dimensional, 

with a Sn atom in the top layer.  

The third isomer is a roughly 

hexagonal, quasi-planar structure 

with alternative Pt and Sn atoms around the periphery, but it is >0.7 eV above the global minimum 

and has near-zero population at 700 K.  Again, there is substantial Sn-to-Pt electron transfer. One 

important observation can be made about the global minimum that both Sn and Pt atoms are in 

 

Figure 4.  (1) Isomer A, the global minimum structure for 

Pt4Sn3/alumina.  (2) Isomer B, the 2nd minimum structure for 

Pt4Sn3/alumina.  (3) Isomer C, the 3rd minimum.  E indicates the 

energy relative to the global minimum structure. P700K is the 

Boltzmann population at 700 K. 
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contact with the support. This kind of structure could form either if Sn is deposited on alumina-

supported Pt clusters and the cluster restructures upon heating, or if Sn is on the surface before the 

Pt cluster arrives and it mixes into Pt upon heating. Hence both or our aforementioned hypotheses 
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of the effect of heating on the ethylene binding remain valid, and in fact they might be 

indistinguishable.  

DFT calculations were also performed for ethylene binding to the three Pt4Sn3/alumina 

structures.  A total of 10 structures were found to be within thermal reach, as shown in Fig. 5.  

 

Figure 5. Structures of Pt4Sn3/alumina with one ethylene bound, with energies relative to the global 

minimum (GM), and thermal populations at 700 K.  Note that the GM with ethylene is based on 

Isomer C of the bare cluster.   
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Again, the Sn atoms are positively charged by roughly 1 e each, and the Pt atoms are negatively 

charged by -0.4 e to -1 e.  There are several interesting points.  Note that the two lowest energy 

structures for C2H4/Pt4Sn3/alumina are based on ethylene binding to Isomer C of Pt4Sn3/alumina, 

which is ~0.4 eV above the global minimum for the bare cluster.  These two nearly isoenergetic 

structures both have C2H4 π-bonded to a single Pt atom around the edge of the nearly planar Isomer 

C structure.  The 3rd and 4th isomers are built on Isomer A, i.e., the global minimum for 

Pt4Sn3/alumina, and again are nearly isoenergetic structures with C2H4 π-bonded to single Pt atoms 

at the edge of the cluster.  The 5th isomer is again built on Isomer C of Pt4Sn3/alumina, but in this 

case has C2H4 bound on top of the cluster, with substantial distortion of the cluster.  This 5th isomer 

is already 0.265 eV above the global minimum, and thus has <1% population weighting at 700 K.  

The other 5 structures are all build on Isomer B of Pt4Sn3/alumina, and have energies between 

0.313 and 0.444 eV above the global minimum, hence having very small population weighting.   

It is interesting to compare these structures to those found for ethylene bound to Ptn/alumina 

previously. For the Sn-free Pt clusters, ethylene binds in both π and di-σ geometries (i.e., with each 

C atom bound to a different Pt atom, and sp2 hybridization broken).  Di-σ bonding has been 

associated with a propensity for dehydrogenation, thus the DFT structures are consistent with the 

observation of significant D2 desorption from the Sn-free Pt7/alumina sample.  In contrast, all the 

structures found for Pt4Sn3/alumina have only π-bonding of ethylene, which is presumably a factor 

contributing to the observation that little D2 is generated for Sn-treated Pt4Sn3/alumina. We 

confirmed the strong correlation between the mode of binding of ethylene and the barrier to 

dehydrogenation for other co-alloying elements, Si and Ge59, 68. The barriers associated with 

ethylene undergoing dehydrogenation from the -mode is typically several times larger than that 

for the di- mode. In addition, upon dehydrogenation, a detached H atom needs to bind to Pt, and, 
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when most of Pt atoms are separated by Sn, the sites for H atom arrival becomes unavailable. In 

contrast, for the preceding step of ethane dehydrogenation, there is no need for two adjacent Pt 

sites, as the reaction occurs on a single Pt atom59. Hence, in agreement with the experiment, theory 

shows that PtSn clusters should prevent dehydrogenation of alkanes beyond olefins.  

 

IV. CONCLUSIONS 

We have shown that an ALD-like process can be used to modify Pt7/alumina samples with 

Sn, both before and after Pt cluster deposition.  Sn deposition is roughly 5 to 6 times more efficient 

on Pt sites than on the alumina support; however, it is far less selective for Pt sites than the Ptn/SiO2, 

studied previously.  Modification of the alumina (e.g. use of thicker, less defective thin films) 

would presumably reduce the number of alumina sites that support Sn deposition, making the 

process more selective for Pt sites. 

For these model catalysts, Sn modification almost completely suppresses carbon deposition, 

i.e. coking, and unlike the B-induced suppression of coking, it does it without lowering the 

ethylene binding energy. The effects of adding Sn to the support before depositing clusters, vs. 

depositing Sn after cluster deposition, are quite similar, and both the TPD and ISS results 

indicating that Sn present on the support prior to Pt7 deposition must be binding to, and modifying 

the chemical properties of the Pt clusters, even at the low deposition temperatures.   

The DFT results show that Sn and Pt mix intimately, with substantial Pt-to-Sn electron 

transfer.  The clusters have exclusively spin-singlet isomers, and ethylene binds to Pt in PtSn in an 

exclusively π-mode. In contrast, Sn-free Pt clusters have both closed and open-shell structures, 

allowing ethylene to bind strongly in di-σ geometries that tend to undergo dehydrogenation, rather 
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than desorption. The electronic, structural, and mechanistic effects of Sn closely resemble those 

for Si and Ge recently predicted theoretically. 

Sn-modification clearly makes two highly desirable changes to sub-nano Ptn/alumina 

catalysts for potential applications in fuel-rich, high-temperature applications.  First, it almost 

completely suppresses dehydrogenation to deposit carbon on the surface.  In addition, repeated 

TPD experiments show very little run-to-run change in the C2D4 desorption intensity or 

temperature dependence, indicating that the catalysts are also more thermally stable than Sn-free 

Ptn clusters on alumina.  Both factors would be highly desirable in applications where the catalysts 

must be stable against coking and sintering.  One such application is alkane-to-alkene 

dehydrogenation as an endothermic reaction for air vehicle cooling.  The gas-phase Sn deposition 

process used could, presumably, be adapted to modifying small Pt clusters supported on alumina-

coated lines and other fuel system parts.  

 

SUPPLEMENTARY MATERIAL 

Details of the XPS intensity correction process, example raw ISS spectra, and coordinates 

of the DFT structures can be found in the supplementary information. 

Acknowledgments 

This work was supported by the U.S. Air Force Office of Scientific Research under AFOSR 

Grants FA9550-19-1-0261 and FA9550-16-1-0141. 

 

References 

1 M.-H. Lee, B. M. Nagaraja, K. Y. Lee, and K.-D. Jung, Catalysis Today 232 (2014) 53. 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



33 

 

2 Y.-K. Park, C. W. Lee, N. Y. Kang, W. C. Choi, S. Choi, S. H. Oh, and D. S. Park, Catalysis 

surveys from Asia 14 (2010) 75. 

3 Z. Nawaz, Reviews in Chemical Engineering 31 (2015) 413. 

4 M. Bhasin, J. McCain, B. Vora, T. Imai, and P. Pujado, Applied Catalysis A: General 221 

(2001) 397. 

5 B. K. Vu, M. B. Song, I. Y. Ahn, Y.-W. Suh, D. J. Suh, J. S. Kim, and E. W. Shin, Journal of 

industrial and engineering chemistry 17 (2011) 71. 

6 S. Sokolov, M. Stoyanova, U. Rodemerck, D. Linke, and E. V. Kondratenko, Journal of 

catalysis 293 (2012) 67. 

7 G. J. Arteaga, J. A. Anderson, and C. H. Rochester, Journal of Catalysis 187 (1999) 219. 

8 A. Iglesias-Juez, A. M. Beale, K. Maaijen, T. C. Weng, P. Glatzel, and B. M. Weckhuysen, J. 

Catal. 276 (2010) 268. 

9 J. J. Sattler, J. Ruiz-Martinez, E. Santillan-Jimenez, and B. M. Weckhuysen, Chemical reviews 

114 (2014) 10613. 

10 J. L. Lu, B. S. Fu, M. C. Kung, G. M. Xiao, J. W. Elam, H. H. Kung, and P. C. Stair, Science 

335 (2012) 1205. 

11 S. H. Joo, J. Y. Park, C.-K. Tsung, Y. Yamada, P. Yang, and G. A. Somorjai, Nature Materials 

8 (2008) 126. 

12 Z. Li, Z. Wang, and S. Kawi, ChemCatChem 11 (2019) 202. 

13 M. A. Lucchini, A. Testino, A. Kambolis, C. Proff, and C. Ludwig, Applied Catalysis B: 

Environmental 182 (2016) 94. 

14 T. J. Gorey, Dai, Y., Anderson, S. L., Lee, S., Lee, S., Seifert, S., Winans, R. E. , Surface 

Science Submitted (2019)  

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



34 

 

15 S. Veldurthi, C.-H. Shin, O.-S. Joo, and K.-D. Jung, Catalysis Today 185 (2012) 88. 

16 A. K. Avcı, D. L. Trimm, A. E. Aksoylu, and Z. İ. Önsan, Applied Catalysis A: General 258 

(2004) 235. 

17 R. Mu, Q. Fu, H. Xu, H. Zhang, Y. Huang, Z. Jiang, S. Zhang, D. Tan, and X. Bao, Journal of 

the American Chemical Society 133 (2011) 1978. 

18 E. Antolini, J. R. Salgado, and E. R. Gonzalez, Journal of Power Sources 160 (2006) 957. 

19 E. Y. Ko, E. D. Park, H. C. Lee, D. Lee, and S. Kim, Angewandte Chemie International 

Edition 46 (2007) 734. 

20 C. Yokoyama, S. Bharadwaj, and L. Schmidt, Catalysis Letters 38 (1996) 181. 

21 Z. Han, S. Li, F. Jiang, T. Wang, X. Ma, and J. Gong, Nanoscale 6 (2014) 10000. 

22 R. Mariscal, J. L. Fierro, J. C. Yori, J. M. Parera, and J. M. Grau, Applied Catalysis A: General 

327 (2007) 123. 

23 R. Burch, and L. Garla, Journal of Catalysis 71 (1981) 360. 

24 H. N. Pham, J. J. Sattler, B. M. Weckhuysen, and A. K. Datye, ACS Catal. 6 (2016) 2257. 

25 C. Sun, J. Luo, M. Cao, P. Zheng, G. Li, J. Bu, Z. Cao, S. Chen, and X. Xie, Journal of energy 

chemistry 27 (2018) 311. 

26 B. M. Nagaraja, C.-H. Shin, and K.-D. Jung, Applied Catalysis A: General 467 (2013) 211. 

27 Y.-L. Tsai, C. Xu, and B. E. Koel, Surf. Sci. 385 (1997) 37. 

28 M. T. Paffett, S. C. Gebhard, R. G. Windham, and B. E. Koel, Surf. Sci. 223 (1989) 449. 

29 A. Hook, J. D. Massa, and F. E. Celik, J. Phys. Chem. C. 120 (2016) 27307. 

30 M.-L. Yang, Y.-A. Zhu, X.-G. Zhou, Z.-J. Sui, and D. Chen, Acs Catalysis 2 (2012) 1247. 

31 M. Natal-Santiago, S. Podkolzin, R. Cortright, and J. Dumesic, Catalysis letters 45 (1997) 155. 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



35 

 

32 J. Shen, J. M. Hill, R. M. Watwe, B. E. Spiewak, and J. A. Dumesic, The Journal of Physical 

Chemistry B 103 (1999) 3923. 

33 E. Baxter, T., M.-A. Ha, A. Alexandrova, and S. L. Anderson, ACS Catal. 7 (2017) 3322. 

34 E. T. Baxter, M.-A. Ha, A. C. Cass, H. Zhai, A. N. Alexandrova, and S. L. Anderson, J. Phys. 

Chem. C. 122 (2018) 1631. 

35 M.-A. Ha, E. T. Baxter, A. C. Cass, S. L.Anderson, and A. N. Alexandrova, J. Am. Chem. Soc. 

139 (2017) 11568. 

36 H. Zhai, and A. N. Alexandrova, ACS Catal. 7 (2017) 1905. 

37 B. Zandkarimi, and A. N. Alexandrova, Wiley Interdiscip.  (2019) e1420. 

38 T. J. Gorey, B. Zandkarimi, G. Li, E. T. Baxter, A. N. Alexandrova, and S. L. Anderson, J. 

Phys. Chem. C. 123 (2019) 15. 

39 M. D. Kane, F. S. Roberts, and S. L. Anderson, Faraday Discuss. 162 (2013) 323  

40 P. J. Chen, and D. W. Goodman, Surf. Sci. 312 (1994) L767. 

41 M. D. Kane, F. S. Roberts, and S. L. Anderson, J. Phys. Chem. C. 119 (2015) 1359. 

42 J. J. Yeh, and I. Lindau, Atomic Data and Nuclear Data Tables 32 (1985) 1. 

43 C. J. Powell, and A. Jablonski, NIST Electron Effective-Attenuation-Length Database v. 1.3, 

SRD 82 (NIST, Gaithersburg, MD, 2011), 1.1 edn.,   

44 G. Kresse, and D. Joubert, Phys. Rev. B. 59 (1999) 1758. 

45 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865. 

46 G. Kresse, and J. Furthmüller, Comput. Mater. Sci. 6 (1996) 15. 

47 G. Kresse, and J. Furthmüller, Phys. Rev. B 54 (1996) 11169. 

48 G. Kresse, and J. Hafner, Phys. Rev. B 49 (1994) 14251. 

49 G. Kresse, and J. Hafner, Phys. Rev. B 47 (1993) 558. 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



36 

 

50 H. Zhai, and A. N. Alexandrova, J. Chem. Theory Comput. 12 (2016) 6213. 

51 W. Tang, E. Sanville, and G. Henkelman, J. Condens. Matter. Phys. 21 (2009) 084204. 

52 E. Sanville, S. D. Kenny, R. Smith, and G. Henkelman, J. Comput. Chem. 28 (2007) 899. 

53 G. Henkelman, A. Arnaldsson, and H. Jónsson, Comput. Mater. 36 (2006) 354. 

54 M. Yu, and D. R. Trinkle, J. Chem. Phys. 134 (2011) 064111. 

55 C. D. Wagner, A. V. Naumkin, A. Kraut-Vass, J. W. Allison, C. J. Powell, and J. R. R. Jr., 

NIST Standard Reference Database 20, Version 3.2 (Web Version)  (2000)  

56 Y. Dai, T. J. Gorey, S. L. Anderson, S. Lee, S. Lee, S. Seifert, and R. E. Winans, J. Phys. 

Chem. C. 121 (2017) 361. 

57 F. S. Roberts, S. L. Anderson, A. C. Reber, and S. N. Khanna, J. Phys. Chem. C. 119 (2015) 

6033. 

58 R. G. Windham, E. Bartram, and B. E. Koel, J. Phys. Chem. 92 (1988) 2862. 

59 E. Jimenez-Izal, J.-Y. Liu, and A. N. Alexandrova, Journal of Catalysis 374 (2019) 93. 

60 C. T. Campbell, Annual Review of Physical Chemistry 41 (1990) 775. 

61 C. T. Campbell, in Handbook of Heterogeneous Catalysis, edited by H. K. a. J. W. G. Ertl 

(Wiley-VCH, Weinhein, Germany, 1997), pp. 814. 

62 P. Anres, M. Gaune-Escard, J. Bros, and E. Hayer, J. Alloys Compd. 280 (1998) 158. 

63 C. T. Campbell, and J. R. Sellers, Faraday discussions 162 (2013) 9. 

64 C. T. Campbell, and Z. Mao, ACS Catalysis 7 (2017) 8460. 

65 H. Liu, and J. A. Ascencio, in Journal of Nano Research (Trans Tech Publ, 2010), pp. 131. 

66 J. W. Rabalais, Principles and Applications of Ion Scattering Spectrometry : Surface Chemical 

and Structural Analysis (Wiley, New York, 2003), Wiley - Interscience Series on Mass 

Spectrometry,   

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6



37 

 

67 F. S. Roberts, M. D. Kane, E. T. Baxter, and S. L. Anderson, Phys. Chem. Chem. Phys. 16 

(2014) 26443  

68 E. Jimenez-Izal, H. Zhai, and A. N. Alexandrova, ACS Catal. 8 (2018) 8346. 

 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
29

68
6












	Manuscript File
	1
	2
	3
	4
	5



