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Abstract 

The reactivity and adsorbate binding properties of alumina-supported Ptn and PtnGem (n/m = 4/1, 

7/2, 11/4) model catalysts were studied using a combination of ethylene and CO temperature-

programmed desorption (TPD), He+ ion scattering (ISS), and detailed density functional theory 

(DFT).  The Ptn/alumina catalysts gradually deactivated in repeated CO TPD runs and deactivated 

more rapidly in repeated ethylene TPD runs due to the effects of sintering and carbon deposition 

(coking).  PtnGem/alumina catalysts were dramatically more stable against deactivation by both 

sintering and coking.  Carbon addition to Ptn/alumina also increased stability against sintering, but not 

coking.  Ion scattering was used to probe the nature of adsorbate binding, including the effects of both 

carbon and Ge addition on the accessibility of strong Pt-associated binding sites for ethylene and CO.  

DFT was used to examine the electronic and geometric structures and ethylene and CO binding 

properties of Ptn (n = 4, 7) with added Ge, carbon, or both.  Consistent with the ISS results, DFT 

shows that loss of strong adsorbate binding sites mostly resulted from changes to the electronic 

properties of the clusters, rather than simple blocking of binding sites by Ge or carbon.   
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I. Introduction 

Catalysts with sub-nano cluster active sites potentially have high mass activity (activity/gram 

metal) because most or all the cluster atoms are exposed and accessible to reactants.  In addition, clusters 

have physical and chemical properties that can be tuned by varying cluster size, including size-

dependent electronic structure and fluxionality (i.e., easy interconversion between isomers) that may 

enable unique catalysis mechanisms.1-10  Using small clusters in catalysts has practical problems, 

however, including a propensity toward sintering or ripening increasing the cluster size, and the 

possibility of poisoning by adsorbates that may modify the cluster electronic properties or block reactant 

binding sites.  In particular, carbon deposition (coking) under hydrocarbon-rich conditions is a 

degradation mechanism that affects many catalysts, and for sub-nano clusters the high temperatures 

where coking tends to occur also are likely to drive sintering.  The focus of this study is understanding 

the mechanisms by which Ge addition stabilizes sub-nano Pt clusters against both sintering and coking 

when the clusters are saturated by a model alkene (ethylene), and heated. 

We previously examined deactivation of sub-nano Ptn/alumina (n = 4,7,8) and Ptn/silica (n = 

4,7) model catalysts by a combination of sintering and coking, during repeated ethylene temperature-

programmed desorption (TPD) experiments. Density functional theory (DFT) with PBE functional11 

and PAW pseudopotentials12 was used to examine ethylene binding and its effects on cluster structure, 

stability, and fluxionality.13, 14 The clusters were found to deactivate rapidly, as shown by the loss of 

strong ethylene chemisorption sites, with effects from both carbon deposition and sintering.  In addition, 

sintering was found to be size-dependent for Ptn/alumina, with Pt4 and Pt7 showing enhanced (but still 

imperfect) stability at temperatures to 750 K, compared to neighboring cluster sizes.15   

In those experiments, sintering was inferred from changes in both numbers of exposed Pt 
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binding sites estimated by TPD, and in the fraction of Pt atoms in the surface layer, estimated by He+ 

ion scattering (ISS).  Imaging would provide a more direct way of observing sintering but supports such 

as the alumina/Ta(110) used here are too thick for transmission electron microscopy (TEM).  We have 

reported scanning TEM (STEM) imaging of Ptn deposited in UHV on carbon and alumina thin film 

TEM grids.16 The STEM was not aberration corrected, but the cluster spot sizes, densities, and stability 

in repeated scans suggested that the air-exposed Pt clusters were at least reasonably stable under the e-

beam at room temperature, but we were not able to test the effects of heating. The relevance of these 

measurements to sintering on a different support under the effects of heating and/or adsorbate binding 

and desorption is unclear, thus the present work also relies on TPD and ISS to provide in situ probes of 

sintering. 

We also tested the effects of selectively adding boron or tin atoms to the clusters,13, 14, 17-21 and 

found that both additives strongly suppressed carbon deposition and also appeared to enhance stability 

with respect to thermal sintering.  Neither boron nor tin was ideal, however.  Boron addition suppressed 

coking but did so by weakening the ethylene binding so much that that it all simply desorbed at low 

temperatures, and the loss of strong chemisorption sites would likely make the clusters useless for 

catalysis of reactions such as alkane-to-alkene conversion.  Tin addition stabilized the clusters against 

coking and sintering, however, because the Sn:Pt stoichiometry was high, the numbers of strong 

chemisorption sites per cluster, while stable, were substantially smaller than for equivalent size Ptn 

clusters.  

Based on DFT results suggesting that Ge should be an interesting dopant,22 we carried out a 

detailed study of a prototype Ge-doped Pt cluster catalyst: Pt4Ge/alumina.16, 23 This cluster was found 

to have high stability in repeated ethylene TPD experiments, with good retention of strong ethylene 
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binding sites, however, the stabilization mechanism was unusual.  Ge addition only partially suppressed 

carbon deposition, however, the amount of carbon per cluster self-limited at 2 C atoms/cluster, and DFT 

showed that the resulting Pt4GeC2 clusters were highly stable, yet retained a substantial number of 

strong chemisorption sites.  The obvious question is whether this mechanism might also stabilize the 

activity of PtnGem clusters of different sizes and compositions. 

This paper reports experiments and theory on larger PtnGem/alumina cluster sizes, addressing 

questions such as: Does Ge addition suppress carbon deposition, and if so, how?  Is coking self-limiting 

for the larger clusters, and if so, how does coking vary with cluster size?  Does Ge confer stability 

against both carbon deposition and sintering, and if so, how?  Do the effects of Ge (and carbon) addition 

largely result from simple site blocking, from changes in the Pt electronic properties, or both?  These 

issues were probed by a combination of ethylene and CO TPD, time- and temperature-dependent He+ 

ion scattering, and detailed DFT modeling of Ptn/alumina, PtnGem/alumina, and PtnGemC2/alumina 

samples.  Several minor improvements to the experimental protocols were made in the course of this 

work, aimed at reducing complications from adventitious adsorbates and improving the calibration of 

the numbers of molecules desorbing in the TPD experiments.  Thus, in addition to the new experiments, 

we repeated previously published13, 16 C2D4 TPD experiments for Pt4/alumina, Pt7/alumina, and 

Pt4Ge/alumina.  For these clusters, the desorption temperature dependences were essentially identical 

in the old and new results, however, the improved calibration reduced the absolute numbers of D2 

molecules desorbing by ~30% in the new experiments.  Although that is within our estimated 50% 

absolute uncertainty, the new results are reported below so that direct comparisons can be made for 

different cluster sizes and compositions. 

Before presenting the results, we briefly review the literature for ethylene 
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adsorption/decomposition on Pt and Pt alloy surfaces to provide context.  Ethylene binding and 

hydrogenation/dehydrogenation reactions on well-defined Pt surfaces have been well studied, and for 

brevity we focus on just a subset of particularly relevant work. At low temperatures ethylene adsorbs in 

a di-σ arrangement on Pt(111)24-26 and Pt(100)27, but forms π-bonds to lower-coordination Pt atoms on 

surfaces like Pt(210) and Pt(110).28 For high coverages on Pt(111), desorption of intact ethylene starts 

at 235 K, but as desorption creates empty sites, the remaining ethylene decomposes, resulting in some 

ethane desorption at ~285 K, but with most of the decomposition resulting in H2 desorption with carbon 

deposition.29  TPD of C2D4 and C2H4 co-adsorbed on Pt(111) yielded mixed species like C2D3H and 

C2H3D, indicating that recombinative desorption of dissociatively chemisorbed ethylene also 

contributes to the “intact” ethylene desorption signal.30 Dehydrogenation proceeds through various 

intermediates, including ethylidyne (-CCH3),31-35, which undergoes further dehydrogenation to H2 plus 

adsorbed carbon, going to completion by ~ 700 K.  For Pt(210), some π-bound ethylene desorbs intact 

at ~ 250 K, but most dehydrogenates, ultimately resulting in H2 desorption above ~300 K, again going 

to completion by ~700 K.  For π-bound ethylene on Pt(110)-(1x1), desorption of some methane and H2 

was also observed between 270 and 330 K, but most of the carbon deposited, liberating H2 below 700 

K.  For alumina-supported Pt nanoparticles, ethylene was found to adsorb below 180 K as a combination 

of π-bound ethylene, di-σ bound ethylene, and ethylidyne.36 The π-bound ethylene desorbed intact 

below 300 K, while the di-σ ethylene decomposed at higher temperatures, generating H2 and depositing 

carbon.   

These studies suggest several points that may also apply to sub-nano Ptn on alumina. Because 

the TPD experiments below all started with the samples saturated with ethylene, the bulk Pt TPD 

behavior26 suggests that we might expect the initial desorption to be dominated by intact ethylene, but 
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that as desorption creates empty sites, the remaining molecules should tend to decompose, with 

hydrogen desorbing and carbon depositing. Furthermore, our previous DFT work for C2Hx bound to 

Ptn/alumina23 showed that C-C bond scission occurred only after dehydrogenation with hydrogen loss, 

resulting in bound acetylene, which further decomposed yielding 2 C, with the hydrogen desorbing. In 

addition, the previous studies suggest a correlation between ethylene bonding configuration (di-σ vs. π) 

and its reactivity.33, 35, 37-40 Ethylene in π-bonded, sp2 configurations tended to desorb intact (or 

hydrogenate if H2 was co-adsorbed), while di-σ bonded, sp3 ethylene tended to decompose, depositing 

carbon and liberating hydrogen.  For our system, no hydrogen was added and no hydrogenation products 

were observed, thus the correlation would be decomposition from di-σ bonded ethylene, v.s. intact 

desorption of π-bonded ethylene.   

Alloying Pt with a second metal (i.e., Co, Cu, Ga, Mn, Sn and Zn) forming bimetallic catalysts, 

has proven to be effective in enhancing catalyst selectivity and activity in alkane dehydrogenation, often 

by inhibiting catalyst deactivation via coke formation.41-51  Only a few studies of PtGe alloy catalysts 

have been reported, however,52-54 thus the results below, in addition to probing the effects of Ge addition 

on sub-nano clusters, may provide insights useful in nano-catalysis as well. 

II. Results and Discussion 

 Details of the experimental and computational methods are given below.  Additional detail 

regarding the preparation of size- and composition-selected Ptn/alumina and PtnGem/alumina model 

catalysts is given in the Supporting Information, along with X-ray photoelectron spectral (XPS) 

characterization of the Pt:Ge stoichiometry.  In short, a Ta(110) single crystal was cleaned by heating 

to 2100 K in UHV, then a ~4 nm thick alumina film was grown by Al vapor deposition in an O2 

atmosphere, as described previously.55-57 Size-selected Ptn were soft-landed on the alumina film to 
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produce Ptn/alumina with coverage equivalent to 1.5 x 1014 Pt atoms/cm2 ≈ 0.1 ML.  All samples, thus, 

had identical amounts of Pt, deposited in the form of different size clusters.  To prepare PtnGem/alumina, 

freshly-prepared Ptn/alumina samples were exposed at 300 K to ~60 L of GeCl4, followed by ~6000 L 

of H2 (leading to HCl loss), and then briefly heated to desorb residual H and Cl as HCl and H2.   The 

Pt:Ge stoichiometries produced by this process were determined by XPS, as described in the Supporting 

Information.  XPS analysis showed that Ge deposited on Pt sites with efficiency 6 to 10 times higher 

than on alumina sites, but because 90% of the surface is alumina, there was also Ge present in alumina 

sites, amounting to ~4% of a close-packed Ge monolayer.  As shown below, however, these alumina-

bound Ge atoms had little effect on reactivity, compared to Ge bound to the clusters.  Note that the Ge 

deposition process is self-limiting, i.e., doubling the GeCl4 exposure did not significantly increase the 

amount of Ge deposited, implying that the process was limited by the number of GeCl4 adsorption sites.  

For this reason, we propose that the clusters have well-defined Pt:Ge stoichiometry, rather than the 

distribution of Ge doping levels that would have resulted from non-self-limiting deposition. 

A. Coking and thermal stability during ethylene temperature-programmed desorption (TPD) 

1. Ptn/alumina:   

The binding and reactivity properties of Ptn/alumina (n = 4, 7, 11) model catalysts were studied by 

ethylene temperature-programmed desorption (TPD), using C2D4 to avoid high background for the 

hydrogen-desorption channel. Select experiments with C2H4 were used to show that there was no 

significant acetylene desorption.  As noted above, new experiments for Ptn/alumina (n = 4, 7) were 

done so that Fig. 1 and the tables summarizing the analysis could be based on data taken under 

conditions identical to those used for Pt11 and for the PtnGem clusters discussed below.    

Six sequential TPD experiments were run on each sample to allow observation of changes in 
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properties, each 

starting with a 

saturation dose (~10 

L) of C2D4 at 150 K, 

followed by a 3 K/sec 

temperature ramp to 

750 K while 

monitoring both 

expected products 

and possible 

adventitious species 

(CO, H2O).  150 K 

was chosen for dosing to minimize C2D4 adsorption on the alumina support.  The only significant 

desorption signals for Ptn/alumina were for intact C2D4 and for D2, and runs to higher final temperature 

showed that desorption was complete by 750 K.  The D2 signal has been corrected for the small mass 4 

contribution from dissociative ionization of C2D4.   

The dotted curves show the desorption observed in the 1st TPD run for a Pt-free alumina sample. 

No D2 was observed, and the calibrated intensity (see “Methods”) of the weak C2D4 desorption near 

200 K was ~2 x 1013 C2D4/cm2, or just over 1% of a C2D4 monolayer.  Thus, the alumina support had a 

small density of sites capable of binding ethylene at 150 K, but these molecules simply desorbed intact 

below 250 K.  No change was observed in repeated TPD runs.   

For all Ptn/alumina samples, both C2D4 and D2 desorption were observed, with size-dependent 

 

Figure 1. C2D4 and D2 desorption, from Ptn/alumina (n = 4, 7, 11)  
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variations in the intensities and sub-structure of the desorption features.  C2D4 desorption was bi-modal, 

with a ~200 K peak similar to that for Pt-free alumina but with higher intensity, and a stronger feature 

only seen with Ptn present, beginning near 230 K and going to completion by ~450 K.  In the 2nd and 

subsequent TPD runs, the ~200 K peak strengthened, while the higher temperature feature weakened 

rapidly.   

D2 desorption was observed between ~270 K and ~750 K for all Ptn, with intensity that decreased 

rapidly over the series of TPD runs, and generally shifted toward higher temperatures.  D2 desorption 

was clearly bimodal for Pt11, with an initial feature that peaked near 360 K, followed by a stronger 

feature starting near 400 K and peaking at ~520 K.  For Pt4 and Pt7, the bimodal structure was less 

obvious, possibly because the higher temperature feature shifted ~50 K to lower temperature, 

overlapping to varying degrees with the low temperature feature.  The bimodal structure generally 

became less pronounced in subsequent TPD runs. 

A calibration method outlined previously18 was used to convert the measured C2D4
+ and D2

+ ion 

signals to numbers of desorbing C2D4 and D2 molecules, and the results are summarized in Tables S1 

through S3, reported in terms of numbers of molecules per deposited cluster. The Ptn/alumina values 

were corrected by subtracting the desorption observed from Pt-free alumina, i.e., the tabulated values 

represent desorption from Ptn-associated sites.  Both the total Pt-associated C2D4 desorption, and the 

T >260 K desorption (“High T C2D4”) values are reported.  The tables also report two derived values. 

“Adsorbed C2D4/cluster” is the number of C2D4 molecules that adsorbed into strong (Tdesorption >260 K) 

Pt-associated binding sites during the 150 K C2D4 dose preceding each TPD heat ramp, calculated by 

assuming that all adsorbed C2D4 either desorbed intact or decomposed to liberate 2 D2 molecules.  

“Accumulated C atoms/cluster”, is simply the amount of carbon that accumulated on the samples, 
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calculated assuming each desorbing D2 molecule left behind one C atom.  This assumption was 

previously tested by post-TPD C 1s XPS.16  We estimate ~10% relative uncertainty in comparing C2D4 

vs. D2 desorption or comparing desorption in different experiments, but ~50% uncertainty in the 

absolute values.  Non-integer molecules/cluster values may simply reflect this absolute uncertainty, 

however, multiple cluster isomers were likely to have contributed to the desorption, each with its own 

C2D4 adsorption/decomposition properties.  Note that the “alumina” values given in each table are 

simply the ~2 x 1013 C2D4/cm2 that desorbed from Pt-free alumina, normalized to the density of 

deposited clusters in each Ptn/alumina sample.   

Roughly speaking, during the 150 K saturation dose prior to the first TPD runs on the Ptn/alumina 

samples, ~n/2 C2D4 molecules/cluster adsorbed into strong Pt-associated sites, in addition to a smaller 

amount in weakly bound sites, mostly associated with the alumina support.  Roughly half this strongly 

bound C2D4 desorbed intact below 400 K, while the balance decomposed producing D2 between ~270 

and ~700 K, leaving ~n/2 carbon atoms behind on the surface. 

As noted above, ethylene TPD studies on bulk Pt surfaces found that intact ethylene desorption 

dominated at high coverages, but for coverages below ~0.5 ML, decomposition leading to H2 desorption 

dominated,26 with the change in branching attributed to decomposition requiring empty sites to bind the 

decomposition products.  For our clusters, the branching between intact dissociation and decomposition 

generating D2 also appears to follow this pattern, i.e., the initial desorption from C2D4-saturated clusters 

was entirely of intact C2D4, with D2 observed only at higher temperatures after significant C2D4 

desorption had occurred. 

In the second TPD runs, the numbers of C2D4 molecules adsorbed into strong binding sites during 

the initial 150 K dose dropped by roughly half, and continued to drop more slowly in subsequent runs, 
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reaching values ≤30% of the 1st run values in the 6th TPD run.  Both the >260 K intact C2D4 desorption 

and D2 desorption decreased, the latter by factors of ~84% for Pt4 and Pt7, and by ~90% for Pt11 over 

the six TPD runs. Thus, we conclude that the combination of carbon deposition and sintering reduced 

the numbers of strong C2D4 binding sites available. This decrease was only partially offset by increases 

in the numbers of weak-binding sites, from which C2D4 simply desorbed intact below 260 K.  The 

increase in <260 K desorption is attributed C2D4 bound at weak Pt-associated binding sites, rather than 

at alumina sites, because no such increase was observed in repeated TPD runs on Pt-free alumina.   

The obvious question is whether these changes resulted from carbon deposition, from thermal 

effects such as cluster isomerization or sintering, or from both.  Purely thermal effects were probed by 

experiments such as that presented in Fig. S1 and Table S4, in which a set of six TPD heat ramps were 

performed for a Pt4/alumina sample, but with no C2D4 dose prior to the 1st heat ramp.  Thus, at the start 

of the 2nd TPD run in this experiment, the sample had been heated to 750 K, but without carbon 

deposition.  The amounts of D2 and high T C2D4 desorption observed when the once-heated sample was 

given a C2D4 TPD run were 45% and 17% lower, respectively, compared to the amounts during the 1st 

TPD run on as-deposited Pt4/alumina, but substantially larger decreases (60% and 30%, respectively) 

were observed following a single C2D4 TPD run on as-deposited Pt4/alumina.  Thus, both carbon 

deposition and thermal isomerization/sintering contribute to the loss of strong Pt-associated C2D4 

binding sites and the resulting reduction in decomposition to produce D2.   

2. The effects of Ge addition to Ptn/alumina 

Fig. 2 shows TPD data for Pt4Ge/alumina, Pt7Ge2/alumina, and Pt11Ge4/alumina measured using 

the same protocol used for Ptn/alumina (Fig. 1). Both C2D4 and D2 were observed to desorb, but the 

relative intensities and run-to-run stabilities were very different from the Ptn results. Tables S5-S7 give 
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the numbers of 

molecules that 

desorbed, the inferred 

numbers of C2D4 

molecules adsorbed 

into strong (Tdesorption > 

260 K) binding sites 

prior to each TPD run, 

and the cumulative 

carbon deposition. For 

comparison, the C2D4 

desorption from a Ge-

treated alumina 

substrate (“Ge/alumina”) is also shown. No D2 desorption was observed from that sample. 

Note that the 1st TPD run for the PtnGem samples was different from the 2nd-6th runs. As noted, the 

final step in the Ge-treatment process was to ramp the sample temperature to 750 K to desorb H and 

residual Cl as HCl and H2.  For the experiments in Fig. 2 the samples were dosed with C2D4 at 150 K 

prior to this heat ramp, thus the 1st C2D4 TPD run was also the final step of the Ge treatment.  Because 

H and Cl were present when the C2D4 was dosed, less C2D4 adsorbed, and the desorption products also 

changed, as shown in Fig. S2 for Pt7Ge2/alumina.  No D2 was observed, and in addition to small signals 

for HCl and C2D4 desorption, signal for C2D4H2
+ was observed, resulting from reaction between 

adsorbed C2D4 and H.  The important point is that after this first heat ramp, only C2D4 and D2 were 

 

Figure 2. C2D4 and D2 desorption from PtnGem/alumina (n = 4, 7, 

11) model catalysts with the indicated stoichiometries. 
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observed in subsequent C2D4 TPD runs, and the intensities were essentially identical if the 1st heat ramp 

was done without the 150 K C2D4 dose (Table S8).  Thus, the first heating, with or without C2D4 present, 

generated clean PtnGem/alumina samples that were then probed in the 2nd – 6th C2D4 TPD runs.  This 

numbering scheme was used to keep the thermal history of the PtnGem/alumina and Ptn/alumina samples 

consistent, but analysis of the PtnGem/alumna TPD data is focused on runs 2 – 6.  Note that for 

Ge/alumina the TPD results were identical in runs 2 – 6, and Fig. 2 shows the 2nd run signal.  

Comparison of Figs. 1 and 2 (tables S1-S3 and S5-S7), shows that Ge addition to Ptn had several 

effects. Ca. 30% less C2D4 desorbed from the Ge/alumina surface than from alumina, indicating that Ge 

blocked some sites for 150 K C2D4 adsorption on alumina, presumably because both Ge and C2D4 

adsorption tended to occur at similar alumina defect sites.  Intact C2D4 desorption occurred in distinct 

low and high temperature features for both Ptn/alumina and PtnGem/alumina but run-to-run stability was 

far higher for the Ge-treated samples.  D2 desorption (i.e., carbon deposition) was largely, but not 

entirely suppressed in the Ge-treated samples and occurred with distinctly bimodal temperature 

dependence.  

To facilitate comparisons between different size Ptn and PtnGem samples, Fig. 3 plots the numbers 

of C2D4 molecules that adsorbed, desorbed, and decomposed during the TPD sequences for Ptn/alumina 

and PtnGem/alumina, including the Pt4/alumina sample that was flashed to 750 K prior to the TPD 

sequence.  The results for a Pt4Ge/alumina sample that was heated to 750 K twice prior to the first C2D4 

TPD run (Table S8) are not plotted because they were essentially identical to those for Pt4Ge from Fig. 

2.  The figure is plotted in terms of C2D4 molecules per Pt atom to facilitate comparisons between cluster 

sizes, and values are shown from the 1st, 2nd, and 5th TPD runs on the Ptn samples, and from the 2nd, 3rd, 

and 6th runs for the PtnGem. The total bar heights represent the numbers of C2D4 molecules adsorbed 
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into strong binding sites (Tdesorption > 260 K) prior 

to each TPD run, the lower segments show the 

intact C2D4 desorption above 260 K, and the 

upper segments represent C2D4 molecules that 

decomposed resulting in desorption of two D2 

molecules.  Comparing the 2nd run 

PtnGem/alumina data to the 1st run data for Ptn 

shows that Ge addition (with 750 K heating to 

desorb H and Cl) substantially reduced the per-

Pt number of C2D4 binding sites, but because of 

the stabilizing effects of Ge addition, the 

numbers of binding sites remaining at end of the 

TPD sequences were higher for PtnGem than for 

the Ptn.   

One interesting point is that by end of the 6-

run sequence, the Ptn/alumina samples had 

accumulated 4.3 C atoms/Pt4, 7.7 C/Pt7, and 9.7 

C/Pt11 (Tables (S1-S3). Thus, for the Ptn, the 

carbon accumulation increased almost linearly 

with cluster size, such that the final C atom/Pt 

atom ratios were all near unity.  In contrast, the 

final (5 run) carbon accumulations were 1.2 

Fig. 3. Desorption per Pt atom in selected 

TPD runs for Ptn/alumina and 

PtnGem/alumina for n = 4 (A), 7 (B), and 11 

(C).  Blue = intact >260K C2D4 desorption.  

Red = C2D4 that decomposed to 2 D2 + 2C. 

Total bar height = total C2D4 adsorbed prior 

to each TPD run. Relative uncertainties for 

comparing values are ~10%, and absolute 

uncertainties are estimated to be ~50%. 
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C/Pt4Ge, 1.4 C/Pt7Ge2, and 1.8 C/Pt11Ge4, i.e., the carbon accumulations per PtnGem cluster varied 

weakly with increasing cluster size, such that the C atom/Pt atom ratios decreased from ~0.35 for Pt4Ge 

to just 0.16 for Pt11Ge4, implying that cluster size continued to be a controlling factor over the TPD 

sequence.  Note that the fact that up to ~2 C atoms can accumulate per cluster with little effect on the 

TPD temperature dependence or intensity implies that carbon deposition has minimal effect on the 

strength and number of C2D4 binding sites on PtnGem.  

Figs. 1 and 2 show diminishing amounts of D2 desorption/carbon deposition over the TPD 

sequence, and in our previously reported C2D4 TPD study of Pt4/alumina and Pt4Ge/alumina,16 we 

carried out 21-run TPD sequences to see if carbon deposition stopped at some level.  The D2 desorption 

signal continued to decrease over the 21 runs, eventually dropping below the small m/z=4 mass 

spectrometer background, implying that carbon deposition asymptotically approaches some limiting 

value.  For the Ptn clusters, this value exceeds one C atom/Pt atom, but for the PtnGem clusters, coking 

appears to self-limit at a relatively small value, of roughly two C atoms/cluster, approximately 

independent of cluster size.  

3. The effects of alumina-bound Ge 

As noted, the Ge treatment process resulted in significant numbers of alumina-bound Ge atoms in 

the Ge-treated samples, i.e., the PtnGem/alumina samples had Ge bound to the Pt clusters with additional 

Ge in nearby alumina sites.  Ge-treated, Pt-free alumina was found to have ~5.9 x 1013 Ge/cm2 (~4% of 

a Ge monolayer), and the alumina-bound Ge coverage on the PtnGem/alumina samples would have been 

~90 % of this value because the Ptn clusters would have occupied ~10% of the alumina surface.  The 

effects of this alumina-bound Ge on C2D4 TPD were tested by the experiments shown in Fig. S3, where 

alumina supports were pre-treated with Ge and heated to 750 K (to desorb HCl) prior to Ptn deposition 
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and probing by six C2D4 TPD runs.  The conclusion from comparing Figs. 1, 2, and S3 is that the 

alumina-bound Ge present on the PtnGem/alumina samples would have had minimal effect on the 

chemistry of the PtnGem clusters.  The results also indicate that diffusion of as-deposited Ptn on the 

Ge/alumina surface is not facile, but that diffusion may occur when the samples are heated repeatedly. 

4. The effects of Ge and carbon addition on hydrogen desorption from Ptn  

One question is whether D2 

desorption during C2D4 TPD is rate-

limited by C2D4 decomposition or by the 

kinetics for recombinative desorption of 

the resulting D atoms. We probed this 

issue by measuring (Fig. 4) the D2 

desorption observed following 150 K 

saturation D2 doses followed by heating 

at 3 K/sec.  Data are shown for as-

prepared Pt4 and Pt4Ge samples, and for 

Pt4 and Pt4Ge samples given two C2D4 

TPD runs prior to the D2 TPD run.  For comparison, the figure also reproduces the D2 signal observed 

during the 1st C2D4 TPD experiment on Pt4/alumina (Fig. 1).  A small HD signal was observed for the 

as-deposited Pt4 sample, attributed to adventitious H2 adsorption during deposition, and the “D2” signal 

for that sample is the sum of the HD and D2 signals.  

For D2-dosed Pt4/alumina, desorption started near 200 K, peaked near 330 K, and was complete by 

~450 K, similar to hydrogen recombinative desorption reported for both Pt clusters and bulk Pt 

 

Fig. 4.  Recombinative D2 desorption following 150 K D2 

exposures to Pt4/alumina and Pt4Ge/alumina, as-prepared and 

after two C2D4 TPD runs.  Also shown is the D2 desorption 

observed in the first C2D4 TPD run on Pt4/alumina. 
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surfaces.20, 58, 59  Desorption of D2 during C2D4 TPD began near 300 K, peaked near 470 K, and continued 

to 750 K, with integrated intensity roughly double that observed during D2 TPD.  The higher D2 onset 

temperature during C2D4 TPD supports the conclusion that D2 desorption is rate-limited by the C2D4 

decomposition step, rather than D-D recombinative desorption.     

It is conceivable that the high D2 desorption onset temperature during C2D4 TPD partly results from 

strengthening of Pt-D binding due to the presence of carbonaceous co-adsorbates on the clusters, and 

this possibility was tested by subjecting a Pt4/alumina sample to two C2D4 TPD runs prior to the D2 

TPD experiment, depositing ~4 C atoms/Pt4.  As shown by the “Pt4 post 2 C2D4 TPD” data, both the D2 

signal intensity and desorption temperatures decreased substantially, implying that co-adsorbed carbon 

actually weakened Pt-D binding, and also reduced the number of sites capable of supporting 150 K D2 

adsorption. 

As-prepared Pt4Ge/alumina also gave weak D2 TPD signal, peaking near ~200 K, implying that a 

single Ge atom also substantially decreased the D2 chemisorption probability and reduced the Pt-D 

binding strength.  The onset of D2 desorption was well below the D2 desorption onset for C2D4 TPD 

from Pt4Ge, again suggesting that C2D4 decomposition is rate limiting.  Subjecting Pt4Ge to two C2D4 

TPD runs prior to the D2 TPD run resulted in only a small additional reduction in the D2 desorption 

signal, with no significant effect on the temperature dependence.   

B.  CO TPD as a probe of accessible Pt sites  

Figs. 1 and 3 show that repeated C2D4 TPD runs on Ptn/alumina decreased the numbers of strong 

(Tdesorption>260 K) Pt-associated C2D4 binding sites and the fraction of adsorbed C2D4 that decomposed, 

but also increased the number of weak C2D4 binding sites.  Ge addition reduced the initial number of 

strong C2D4 binding sites; however, it also stabilized these sites against the effects of carbon deposition 
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and sintering.  One obvious question is whether the effects of carbon or Ge addition are geometric, due 

to site blocking by C or Ge atoms, or if the main effects are electronic, changing the nature and strength 

of C2D4-cluster binding.  For PtnGem/alumina, another question is whether the high stability simply 

results from reduced carbon deposition or if Ge also suppress sintering, as seems to be implied by the 

TPD results.   

Because CO binds strongly to Pt, CO TPD was used to probe changes in the numbers and strengths 

of accessible Pt sites under different conditions.  Six sequential CO TPD runs were used to probe as-

prepared Ptn/alumina and PtnGem/alumina samples, with 13CO dosed at 150K prior to each 3 K/sec heat 

ramp, and both 12CO and 13CO desorption monitored.  Fig. 5 shows the results for alumina, Pt4, Pt7, Pt11, 

Ge/alumina, Pt4Ge, Pt7Ge2, and P11Ge4 samples, and Tables S9-S11 summarize the molecular 

bookkeeping, using the same calibration approach used for the C2D4 TPD, with estimated ~10% relative 

and ~50% absolute uncertainties.  Values are given for “Total CO/cluster” and for “High T CO”, defined 

as Tdesorption > 335 K for Ptn and 300 K for PtnGem, reflecting the onset of the main high T desorption 

feature.  Significant 12CO signal was observed only for the 1st TPD run for Pt4/alumina due to 

background CO adsorbed during cluster deposition, and for that run, the sum of 12CO + 13CO signals is 

plotted.   

Roughly 2 x 1013 molecules/cm2 (~0.01 ML) desorbed from Pt-free alumina below 250 K, 

attributed to binding at alumina defects.  CO desorption from Ge/alumina was ~15% weaker but 

extended to slightly higher temperatures, suggesting that the ~0.04 ML of alumina-bound Ge blocked 

150 K adsorption at some alumina defect sites, but also slightly increased the strength of CO binding at 

some Ge/alumina sites. To facilitate comparison to the cluster-containing samples, the numbers of CO 

that desorbed from alumina and Ge/alumina samples are tabulated in terms of “molecules/cluster”, i.e., 
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the desorption/cm2 

divided by the cluster 

coverages for each 

cluster size. 

The Ptn/alumina 

samples also had weak 

desorption below 200 

K attributed to the 

alumina support, but 

the main desorption 

occurred in a broad 

feature between 400 

and 600 K, along with 

weaker, structureless desorption in the 200 to 400 K range.  Over the TPD sequence, the high T 

desorption feature weakened and shifted to lower temperatures, increasing the desorption between 200 

and 400 K for Pt4 and Pt7, but not for Pt11.  The total 1st run CO desorption (corrected for alumina-bound 

CO) ranged from 3.73 CO/Pt4, to 6.22 CO/Pt7,to 6.76 CO/Pt11, i.e., the CO:Pt ratio was nearly unity for 

Pt4 and Pt7 but only ~0.6 for Pt11, indicating that all Pt atoms in Pt4 and Pt7 were accessible in agreement 

with DFT studies (see below), while Pt11 retained 3D structure with some Pt atoms buried, even when 

saturated with CO.  Both the total CO/cluster and high T CO/cluster decreased gradually over the 6 

TPD runs, with the largest decrease for Pt11. Given that these changes must have resulted from processes 

like cluster isomerization or sintering, the implication is that Pt11 is less thermally stable than Pt4 and 

Fig. 5. CO desorption from Pt4, Pt7, Pt11, Pt4Ge, Pt7Ge2 and Pt11Ge4 

on alumina.  
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Pt7, consistent with 

previous results showing 

that Pt4 and Pt7 are 

relatively stable with 

respect to other sizes in the 

Pt1 to Pt7 size range.15  

Prior to the CO TPD 

sequence, the Pt-

nGem/alumina samples 

were flashed to 750 K to 

remove H and Cl from the 

Ge-addition process, then 

CO TPD was done as the 

2nd – 6th heat ramps, labeled in this way to keep the thermal history of all the samples consistent.  

Compared to the Ptn the initial numbers of CO molecules desorbing per cluster were lower for the 

PtnGem (by ~48% for n=4, 7, ~30% for 11), but both the molecules/cluster and the temperature 

dependence of the desorption were far more stable in repeated TPD cycles.  All five TPD runs had 

relatively sharp peaks between ~375 and 475 K, along with weaker, featureless desorption at lower 

temperatures.  Thus, the CO TPD results imply that Ge addition reduced the initial numbers of CO 

binding sites, but stabilized the clusters against sintering or other thermal changes that would have 

reduced the number or strength of the CO binding sites. 

To examine the effects of carbon deposition on CO binding, separate sets of Ptn and PtnGem samples 

Fig. 6. CO desorption from Pt4, Pt7, Pt11, Pt4Ge, Pt7Ge2 and Pt11Ge4 clusters 

on alumina, after three prior C2D4 TPD runs. 
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were first given three C2D4 TPD runs, then probed by three CO TPD runs, shown in Fig. 6 and Tables 

S12-S14.  Note that the CO desorption intensities increased slightly from run to run – an artifact of 

slowly decreasing C2D4 background pressure following the three C2D4 TPD runs. As a result, there was 

competition for Pt adsorption sites between background C2D4 and CO, especially during the first CO 

TPD run, therefore we use the final CO TPD run data for each sample when comparing numbers of CO 

binding sites.  

For the Ptn samples, comparing the same numbered TPD runs in Figs. 5 and 6 shows the combined 

effects of thermal sintering/isomerization and carbon deposition during the three C2D4 TPD runs, which 

would have deposited ~0.7 to 0.8 C atom/Pt atom on average.  Compared to CO TPD without prior 

C2D4 TPD (Fig. 5), the most obvious effects were substantial weakening of the desorption between 400 

and 600 K, with increased run-to-run stability of the CO desorption.  Comparison to runs 4-6 in Fig. 5, 

where the samples were heated three times but without carbon deposition, implies that stabilization is 

an effect of carbon addition to the clusters.  Taken together, the data for the Ptn samples in Figs. 5 and 

6 show that much of the initial loss of CO binding sites for Ptn/alumina is attributable to thermal 

sintering/isomerization, with carbon deposition resulting in ~20% additional site loss, but also 

stabilizing the clusters against further thermal changes.    

Comparison of Figs. 5 and 6 shows that three prior C2D4 TPD runs only decreased the number of 

strong CO binding sites by 16% for Pt4Ge and by 12% for Pt7Ge2.  Three C2D4 TPD runs would have 

deposited an average of 0.57 C atom/Pt4Ge cluster, and 0.72 C/Pt7Ge2 cluster (0.14 and 0.10 C/Pt atom), 

but because C2D4 either desorbs intact or decomposes depositing two C atoms, we interpret this to mean 

that roughly a third of the clusters had accumulated two C atoms, with the rest remaining carbon free.  

Therefore, the fact that only 12 - 16% loss of CO binding sites occurred implies these very small PtnGem 
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clusters can accommodate two C atoms with only modest effects on the number or strength of the CO 

binding sites.  The DFT results below show that CO binds only to Pt atoms, and not to Ge or C in the 

coked clusters.  Curiously, the CO binding site loss caused by three prior C2D4 TPD runs was much 

larger for Pt11Ge4 (~56%), even though the amount of carbon that would have accumulated (~0.79 

C/cluster) was only slightly higher than for Pt7Ge2 (0.72 C/cluster), and the C/Pt atom ratio (~0.07) was 

substantially smaller than those for Pt4GeC2 or Pt7Ge2C2. Finally, note that despite the substantial 

variations in the intensities of the different desorption features, the desorption temperatures are quite 

similar for all three sizes of Ptn and PtnGem clusters, with and without prior C2D4 TPD runs.  Thus, while 

cluster size affects the numbers of different types of CO binding sites, the desorption energies for the 

various binding sites are nearly identical for all three cluster sizes.  

C.  He+ Ion Scattering (ISS) Probes of Cluster and Adsorbate Morphology 

ISS provides a complementary probe of the surface accessibility of Pt (and Ge) atoms, with the 

added benefit that it can show how Pt accessibility changes during a TPD run, using temperature-

programmed ISS (TD-ISS).60  Examples of raw ISS data are shown in Fig. S4 for Pt7/alumina and 

Pt7Ge2/alumina samples probed as prepared, after a single 750 K heat ramp, and after one or six C2D4 

TPD runs.  Separate samples were used for each measurement to avoid damage effects.  Experiments 

examining changes in the Pt and Ge ISS intensities as the He+ beam slowly sputters the surface are 

presented in Fig. S5 and the associated discussion.   

ISS peaks largely result from He+ scattering from single atoms in the surface layer, giving well-

defined scattered energies that identify the surface atom masses.61 Sub-surface or multiple scattering 

events contribute mostly to a featureless background that is weak because He+ is less likely to survive 

such events. Because all samples here had identical numbers of Pt atoms deposited, variations in the Pt 
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(and Ge) ISS intensities provide insights 

into changes in the fraction of Pt atoms 

present in the surface layer.  For 

example, adsorbate-free Ptn with single 

layer structures where all Pt atoms are in 

the surface layer should have the highest 

Pt intensities, while multi-layer/3D 

clusters should have lower intensities.  

The intensities for adsorbate-covered 

clusters are small because adsorbates 

block or shadow scattering from 

underlying Pt atoms, whereas 

adsorbates bound within or under the 

cluster surface layer do not attenuate the 

Pt ISS signal.60   

1. Effects of sample treatment of ISS intensities 

Fig. 7 summarizes the results from Fig. S5, giving Pt intensities for Ptn and PtnGem samples under 

different conditions.  The error bars reflect uncertainties from both statistical noise and from small day-

to-day variations in the He+ beam properties and other experimental conditions, as estimated from the 

reproducibility observed in experiments on identically prepared samples.  For the as-prepared Ptn 

samples, where a small amount of adventitious CO adsorbed during cluster deposition, “adsorbate-free” 

intensities have been estimated by extrapolating the data in Fig. S5 to the limit of zero He+ exposure.62  

 

Fig. 7. Initial Pt exposure in ISS spectra of as 

prepared, post 750 K heat, post 1 TPD and post 6 

TPDs of (A) Pt and (B) PtnGem clusters. 
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Relative to the estimated as-prepared values, 750 K heating (desorbing the CO) had little effect on the 

Pt ISS intensities for Pt4 and Pt7 and caused a ~10% reduction for Pt11. The Pt intensities decreased after 

C2D4 TPD, by ~45% for Pt4 and Pt7, and by ~35% for Pt11 after 6 C2D4 TPD runs.  While those 

attenuations are substantial, even larger attenuations would be expected if the ~1.5 C atoms/Pt atom 

deposited by six TPD runs were bound on top of the clusters.60 Furthermore, if carbon were bound 

primarily on top of Pt, the post-TPD Pt intensities in Fig. S5 would have increased with He+ exposure 

as overlying carbon sputtered away, contrary to observation.  

The as-prepared PtnGem samples had Pt ISS intensities that were lower than those for the Ptn, by 

~10%, 18% and 32% for Pt4Ge, Pt7Ge2, and Pt11Ge4, but the Pt ISS signals for the PtnGem were more 

stable after repeated C2D4 TPD runs, particularly for Pt11Ge4, where the Pt ISS intensity was essentially 

unaffected by C2D4 TPD.  Thus, the effects of Ge addition on Pt ISS intensities generally follow the 

trends in numbers of strong CO or C2D4 binding sites observed in the TPD experiments, i.e., the numbers 

are decreased by Ge addition, but are far more stable in repeated TPD runs. 

2. Temperature-dependent ion scattering (TD-ISS)  

ISS can also be used to probe changes in cluster/adsorbate morphology during TPD, using the 

temperature-dependent ISS (TD-ISS) approach shown in Fig. 8.  In essence, TD-ISS involves 

measuring ISS intensities after dosing a sample with reactants, and then at regular intervals as the 

sample is heated to drive desorption, sintering, and other processes that also occur during TPD.60  

Fig. 8a shows TD-ISS probing C2D4 adsorption/desorption on Pt4/alumina.  Pt ISS intensities are 

plotted vs. temperature as black points connected by lines, referenced to the right-hand axis.  C2D4 and 

D2 desorption intensities observed during the 1st TPD run on Pt4/alumina (Fig. 1) are shown as blue and 

red lines, referenced to the left axis.  Pt ISS intensities measured for separate samples of as-deposited 
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Pt4/alumina (~0.175) and 

Pt4/alumina after a single 

C2D4 TPD run (~0.145) 

are indicated on the 

right-hand axis by a blue 

diamond and a red 

triangle, respectively.  

The Pt ISS intensity 

after the 150 K C2D4 dose 

(0.04) was ~77% smaller 

than the value for as-

deposited Pt4/alumina, 

showing that C2D4 was 

bound on top of the 

clusters, attenuating 

scattering from Pt.  

Unsurprisingly, the Pt 

intensity remained 

constant as the sample was heated to 250 K, desorbing C2D4 from sites on the alumina support.  The 

absence of intensity recovery between 250 and 400 K is more interesting, because most of the intact 

C2D4 desorption from Pt sites would have occurred in that temperature range.  This finding is consistent 

with the proposal that as C2D4 desorption creates empty Pt sites, the remaining C2D4 decomposes, and 

Fig. 8. Temperature-dependent ISS of Pt4/alumina and 

Pt4Ge/alumina samples with Pt (black) and Ge (green) ISS 

signals shown as solid points connected by lines.  C2D4 and D2 

desorption intensities observed in C2D4 TPD on Pt4 TPD and 

Pt4Ge. Red dots on the right-hand axis show the Pt ISS intensities 

of similar samples measured after one C2D4 TPD run. 
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clearly the D and CxDy fragments occupy these Pt sites so that He+ scattering from Pt remains strongly 

attenuated.  

The Pt signal recovered significantly between 400 and 650 K, i.e., over the temperature range 

where D2 desorption occurs, however, even at 650 K the Pt signal was still only ~55% of that for 

adsorbate-free Pt4/alumina, even though desorption was essentially complete. Conversely, significant 

Pt signal recovery occurred between 650 and 750 K, even though little additional desorption would 

have occurred.  Because only carbon would have been left on the surface at 650 K, the 55% Pt 

attenuation implies that the carbon atoms were initially bound in sites on top of the clusters, and the 

recovery of Pt signal above 650 K implies that these carbon atoms migrated to sites where they caused 

little attenuation of Pt ISS signal.  Such sites could include carbon bound within or beneath the cluster 

surface layer, or bound to the alumina support.   

Note that the final 750 K Pt intensity was nearly identical to the value measured after a normal 

TPD run on a separate sample, indicating that the He+ exposure during TD-ISS had minimal effect on 

the final state of the Pt clusters.  This final Pt intensity was 82% of the as-deposited value, i.e., some 

combination of carbon deposition and sintering during TPD caused a small decrease in the fraction of 

Pt in the surface layer, but clearly the clusters did not sinter into large 3D particles, which would have 

had resulted in much larger attenuations.63  

The TD-ISS results for Pt4Ge/alumina were quite different (Fig. 8b).  After the 150 K C2D4 dose, 

the Pt ISS signal was ~28% of the as-prepared value, and the Ge intensity was ~60% of the as-prepared 

Ge value (~0.04), consistent with the DFT finding that C2D4 binds preferentially to Pt.16  As in the 

Pt4/alumina experiment, there was little change in Pt or Ge ISS signals as the temperature was stepped 

to 250 K, desorbing the support-bound C2D4, however, both Pt and Ge signals recovered significantly 
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between 250 and 400 K, spanning the higher temperature C2D4 desorption feature and the lower 

temperature D2 desorption feature.  Additional recovery of both Pt and Ge signals occurred as the 

temperature was stepped from 400 to 650 K, completing the D2 desorption, but unlike Pt4, there was 

little additional change above 650 K.  These differences reflect the fact that a much larger fraction of 

C2D4 adsorbed on Pt4Ge would have desorbed intact, with fewer decomposition products present at 

intermediate temperatures, and less carbon deposited.   

From the perspective of coking effects on these model catalysts, one of the main conclusions from 

the ISS studies is that that the substantial post-750K-heating and post-TPD reductions in the numbers 

of strong Pt-associated C2D4 binding sites for Ptn/alumina, are not simply due to carbon sterically 

blocking Pt binding sites, as was previously noted for the case of Pt4/alumina.23  Nonetheless, carbon 

atoms clearly have large effects on both C2D4 binding sites and the thermal stability of the samples in 

repeated  TPD runs (Figs. 1, 2, 5 and 6).  Therefore, DFT was used to probe the effects of both Ge and 

carbon addition to small Ptn/alumina. 

D. Theoretical Studies 

1. Cluster Ensembles from DFT 

We previously reported detailed DFT studies examining Ptn/alumina (n = 4, 7, 8), including 

ethylene binding strengths on the thermally accessible cluster isomers and the effects of ethylene 

binding on cluster structures.13 For Pt4Ge/alumina and Pt4GeC2/alumina we reported DFT for all 

thermally accessible isomers of the bare clusters, the binding of one or more ethylene molecules, and 

the activation energies for dehydrogenation reactions of adsorbed ethane, ethylene, and acetylene.16, 23 

An excited cluster isomer was found to be responsible for the observed self-limiting coking of Pt4Ge,16 

i.e., including the energetically accessible isomer ensemble was critical to understanding the chemistry of 
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the n=4 clusters. Unfortunately, the numbers of potential cluster isomers, of cluster-support binding 

 

Fig.9. Top and side views of the global minimum (GM) and first two local minima (LM1, LM2) for (A) 

Pt7, (B) Pt7Ge2, and (C) Pt7Ge2C2. Energies (ΔE) are relative to the GM. The Boltzmann population at 

700 K (P700K), net support-to-cluster electron transfer (ΔQ), and spin state are shown. Bader charges are 

shown on each corresponding atom. Grey = Pt, purple = Ge, and brown = C. 
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geometries, and of possible C2H4 or CO adsorption geometries on the clusters all increase rapidly with cluster 

size, as does the cost per calculation, making such exhaustive studies infeasible for the larger Ptn, PtnGem 

and PtnGemCn systems.  We did a more limited C2H4 and CO binding study for the Pt7-based systems, 

described below, including only the cluster global minimum (GM) and the two lowest energy local minimum 

isomers, LM1 and LM2.  Even with this limitation, the computational cost was ~4 million CPU hours, and 

we estimate that the cost for a similar, limited computational study of the Pt11-based systems would exceed 

50 million CPU hours.  Fortunately, many aspects of the experimental results are quite similar for all three 

cluster sizes studied, including the observation that coking self-limits at ~2 C atoms/PtnGem cluster for all 

sizes. The DFT results for the Pt7- and Pt4-based systems also show many similarities, thus, we feel that the 

insights from the Pt4- and Pt7-based calculations can reasonably be applied to understanding the Pt11-based 

clusters as well. 

We performed global optimization for Pt7, Pt7Ge2, and Pt7Ge2C2 on α-alumina and then based all 

other calculations on the structures for the global minimum (GM) and two low-lying local minima (LM1 

and LM2) isomers. Their top and side views are shown in Fig. 9, along with the energies relative to the 

GM, the spin states, 700 K Boltzmann populations (P700K), and the net charge on the clusters (ΔQ). The 

populations were calculated at 700 K to include isomers that would be populated during TPD cycling, 

where desorption is essentially complete at this temperature. For Pt7, the GM adopts a prismatic 

structure, which comprises 70% of the 700 K Boltzmann population.  About 20 isomers were found 

within 0.5 eV of the GM, thus, due to the strong fluxionality, several Pt7 isomers are expected to be 

populated in the experimental temperature range. In contrast, only 6 and 5 isomers, respectively, were 

found within 0.5 eV of the GM for Pt7Ge2 and Pt7Ge2C2, making them unusually non-fluxional for a Pt-

based cluster of this size. Given the DFT energies, the GMs of both Pt7Ge2 and Pt7Ge2C2 would 
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dominate the distribution (P700K > 98%), with small LM1 and insignificant LM2 populations. Indeed, 

similarly low fluxionality was also noticed for Pt4Ge and Pt4GeC2.16 The isomers of Pt7Ge2 resemble 

the GM of Pt7 with all the Pt atoms exposed, and the Ge atoms either within or beneath the surface layer. 

In general, Pt7Ge2 has one centrally located Ge atom that coordinates with 3 or 4 Pt atoms, with a second 

Ge atom near the cluster periphery, coordinated with 3 Pt atoms. No accessible isomers with direct Ge-

Ge bonds were found. For Pt7Ge2C2, the isomers are very similar to those of Pt7 and Pt7Ge2, in which 

all the Pt are exposed, and the added C atoms sit on the edge of the clusters. The structures of Pt7Ge2C2 

are quasi-planar with features similar to the isomers of Pt4GeC2, i.e., the Ge atoms are bound in sites 

near the cluster periphery, coordinated to 2 to 4 Pt atoms, while the C atoms are more centrally located, 

each bonded to three Pt atoms. In contrast to Pt4GeC2, Pt7Ge2C2 does not have direct C-C bonds for the 

accessible isomers. None of the Pt7Ge2C2 (or Pt4GeC2) isomers have direct Ge-C bonding, and in all 

cases, the carbon atoms are in the plane of the cluster, rather than on top of Pt atoms. The latter point is 

consistent with the ISS experiments (Fig. 7), which showed that carbon tends to bind in sites where it 

does not strongly attenuate He+ scattering from Pt. 

The Pt4Ge calculations found that both Ge and C additions strongly affected the charge distribution 

within the clusters.16, 23 Additionally, the structural similarity among Pt7, Pt7Ge2, and Pt7Ge2C2 as shown 

in Fig. 9 suggests that both the reduction in strong C2H4 binding sites and the enhanced thermal stability 

resulting from the addition of Ge and C to Pt is mainly driven by electronic effects rather than steric 

blocking of Pt binding sites. Therefore, Bader atomic charges were calculated to assess the effects of 

the heteroatoms on the metal charges. The isomers of Pt7 all have net negative charges due to electron 

transfer from the support to the cluster, and roughly half the Pt atoms have negative atomic charges. 

The GM and LM1 of Pt7 are spin triplets, while LM2 is a spin singlet.  
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In Pt7Ge2, the Ge atoms are electron donors, such that the Pt atoms become more negatively 

charged than in Pt7, but with less net negative charge on the clusters as a whole.  Pt atoms that are 

directly bound to Ge are generally the most negatively charged. The accessible isomers of Pt7Ge2 are 

singlets, due to spin quenching via covalent Pt-Ge bonding. The inclusion of carbon in Pt7Ge2C2 further 

reduces electron transfer from the support to the cluster, despite the charge distribution of Pt and Ge 

atoms remaining similar to that in Pt7Ge2. The C atoms of Pt7Ge2C2 have negative atomic charges, which 

aligns with their relatively high electronegativity. The Pt atoms that are bound to C are generally more 

positively charged, and the rest of the Pt atoms are slightly less negative than those of Pt7Ge2. The GM 

of Pt7Ge2C2 is a triplet, while the LM1 and LM2 are singlets.  Since ethylene adsorption is associated 

with electron transfer from Pt to the carbon atoms of ethylene,13 the similar Pt charge distributions in 

Pt7Ge2 and Pt7Ge2C2 suggests that their ethylene binding energies should also be similar, consistent with 

the observation that C2D4 desorption changed only slightly over the TPD sequence for the 

PtnGem/alumina samples (Fig. 2).   

In summary, the intra-cluster Ge-to-Pt electron donation in Pt7Ge2 largely replaces the alumina-to-

Pt electron donation observed in Pt7. In Pt7Ge2C2, the electron density shifts toward the C atoms, through 

synergistic electronic interactions with the Ge. The bonding in both Pt7Ge2 and Pt7Ge2C2 is substantially 

more ionic than in Pt7, and we propose that this ionic nature helps stabilize the clusters against 

sintering/ripening by increasing the energy barriers for diffusion of the clusters on the ionic alumina 

surface and for dissociation of atoms onto the surface, as was previously suggested to rationalize the 

high stability of PtnSnm clusters.14 

As anticipated from the similarities in TPD, the charge distributions of Pt7Ge2C2 and Pt4GeC2 are 

also comparable. For the GMs of both clusters, the average Pt charge is -0.17 e in Pt7Ge2C2 vs. -0.13 e 
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in Pt4GeC2, the average Ge charge is +0.82 e in Pt7Ge2C2 vs +0.85 e in Pt4GeC2, and the average C 

charge is -0.24 e in Pt7Ge2C2 vs. -0.15 e in Pt4GeC2. The similarity in charge distributions between the 

higher energy isomers is similar to that for the GM. Therefore, it is unsurprising to see Ge induces self-

limiting coking in clusters of both sizes (and for Pt11Ge4). Under the joint influence of C and Ge, the Pt 

becomes less negatively charged, which invites less further coking since carbon functions here as an 

oxidant.  In fact, coking itself (without Ge) causes a similar electronic effect, slightly inhibiting further 

coking,23 but the effect of carbon alone is apparently too weak to prevent additional coking in 

subsequent TPD runs. Ge puts more electrons onto the incorporated C atoms, and that enhances the 

coke-inhibiting electronic effect. 

Fig. 9 shows that both Ge and C tend to embed into the Pt-Pt network, rather than staying on top, 

but this still affects the geometries of available Pt binding sites.  To examine the effects of Ge and C 

addition on cluster structure more systematically, we optimized the structures of PtnGemC2 (n = 4-7, m 

= 0-2), and the complete mapping of the Pt-Pt, C-C, and C-Pt distances for all the isomers found is 

summarized in Figs. S6 – S10.  The C-C and C-Pt distances for bonded atoms have narrow distributions, 

whereas the Pt-Pt distances for bonded/nearest neighbour Pt atoms are distributed between ~2.5 and 3 

Å, therefore 3 Å was used as the upper limit to define bonded Pt-Pt pairs.  The numbers of Pt-Pt, C-C, 

and C-Pt bonds for each isomer are given in Fig. S11, and to summarize these results, Fig. 10 reports 

the numbers of C-C, C-Pt, and Pt-Pt bonds averaged over the isomer ensembles, weighed by each 

isomer’s 700 K Boltzmann population.  700 K was chosen for this purpose as being the temperature 

where desorption was essentially complete in the TPD experiments, i.e., to include all isomers that 

would be populated during TPD cycling.  No low energy isomers with Ge-C bonds were found.  

One obvious result is that the population of structures with the two C atoms bonded together 
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decreases rapidly with increasing numbers of Pt 

atoms, becoming negligible for clusters with ≥ 6 Pt 

atoms, whereas increasing numbers of Ge atoms 

favours C-C bonding in clusters with 4 or 5 Pt 

atoms. The numbers of C-Pt bonds are less 

dependent on cluster size and stoichiometry, 

tending to increase with increasing number of Pt 

atoms, but decrease with increasing Ge content, 

approaching a limit of 6 to 7 C-Pt bonds for the 

larger clusters, for which C-C bonds were not 

observed. The average numbers of Pt-Pt bonds 

increase with the number of Pt atoms/cluster, as 

expected, but the Pt-Pt bond numbers also increase 

with added Ge atoms for the smallest clusters, 

reflecting the enhancement of C-C bonding and 

corresponding suppression of Pt-C bonding.  For 

Pt6GemC2 and Pt7GemC2, where C-C bonding was not observed, Ge addition reduced Pt-Pt bonding.  

Another conclusion from this analysis is that the tendency for coking to self-limit at 2C/cluster for the 

PtnGem, regardless of size, is uncorrelated with the tendency of the PtnGemC2 products to have C-C 

bonds. 

2. Ethylene Binding and Decomposition 

To explore the enhanced coking stability of Pt-based catalysts doped with Ge (Figs. 1 and 2), we 

 

Fig. 10.  Ensemble-averaged C-C, C-Pt, and Pt-

Pt bond counts for PtnGemC2 (n = 4-7, m = 0-

2) from DFT global optimization. The 

thresholds used to define a bond were 1.75 Å 

for C-C, 2.25 Å for C-Pt, and 3.0 Å for Pt-Pt.  
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used DFT to examine a single ethylene bound on Pt7, Pt7Ge2, and Pt7Ge2C2, including the GM, LM1 

and LM2 isomers (Fig. 9).  Unique binding modes (20 for Pt7, 30 for Pt7Ge2, and 40 for Pt7Ge2C2) were 

characterized for each isomer, and the thermodynamically most stable structures are shown in Fig. 11, 

including the ethylene binding energies (ΔEC2H4) and the lowest C-H activation barrier energies (ΔE(C-

H)). The ΔEC2H4 on pristine α-alumina was also calculated to be approximately -0.75 eV (Fig. S12). 

This value corresponds to the Pt-free alumina peak observed below 250 K in the experimental data. For 

all the stable binding modes of all three clusters, ethylene is found to bind only to Pt atoms, consistent 

with the interpretation of the TD-ISS results in Fig. 8. The most stable binding structures based on the 

GM, LM1, and LM2 isomers of each cluster are shown in Figs. S13-S15, which give both the total 

 

Fig. 11.  Thermodynamically most stable structures of ethylene binding to (A) Pt7, (B) Pt7Ge2, and 

(C) Pt7Ge2C2. The ethylene binding energies (ΔEC2H4), first C-H activation barriers (ΔE(C-H)), 

and Boltzmann population at 700 K (P700K) are shown. 
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electronic energies relative to the GM for Pt7-ethylene (ΔE) and the ethylene binding energies (ΔEC2H4) 

in each structure.  We note that the binding energies are electronic, rather than free energies, and 

therefore cannot be directly compared to the energetics estimated from TPD. However, the entropic 

corrections for different clusters/isomers should be similar, thus the trends of binding vs. cluster 

composition should be reliable.  

 Pt7 binds ethylene strongly, with ΔEC2H4 for the most stable structures ranging from -2.15 to -1.81 

eV.  The most thermodynamically stable ethylene-Pt7 structures correspond to ethylene bound to the 

LM1 isomer of Pt7 (Fig. 9), aligning well with our previous findings.13  LM1, which lies just ~0.09 eV 

above the prismatic Pt7 GM, has a single-layer structure with all its Pt atoms exposed and available for 

adsorbate binding, while the prismatic GM structure has a central Pt atom that is caged beneath the 

surface layer, unable to participate in adsorbate binding.  As shown in Fig. S13, ethylene binding to the 

GM of Pt7 is ~0.6 eV weaker, such that the most stable such structure is nearly 0.7 eV above the most 

stable ethylene-LM1 structure. Indeed, even ethylene-Pt7 structures based on the Pt7 LM2 (ΔE = 0.15 

eV) are more stable than those in which Pt7 is assumed to retain the prismatic GM structure.   

The obvious question is whether the stronger ethylene binding to the quasi-planar LM1 structure 

is sufficient to drive prismatic-to-quasi-planar isomerization of the cluster framework.  It is not feasible 

to compute that barrier, however, there are several points that support the idea that ethylene-loaded Pt7 

does adopt a quasi-planar structure.  Fig. 3 shows that the number of ethylene molecules that adsorb per 

Pt atom ranges from 0.53 for Pt4 to 0.56 for Pt7 to 0.45 for Pt11, suggesting that Pt7 exposes all Pt atoms 

to reactants, and only Pt11 retains its 3D structure when ethylene-saturated.  The fact that ~4 ethylene 

molecules adsorb per Pt7 increases the tendency to isomerize to quasi-planar structures during ethylene 

exposure, as we have shown previously.13  
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For Pt7Ge2 and Pt7Ge2C2, the GM isomers are substantially more stable than the LM1 and LM2 

isomers, and therefore dominate the cluster ensemble (P700K > 98%). All Pt atoms are exposed in the 

cluster surface layer, and as might be expected, the thermodynamically most stable geometries with one 

ethylene adsorbed are all based on the GM for Pt7Ge2, and have all Pt atoms in the surface layer.  

For ethylene-Pt7, there are multiple low-lying configurations with di-σ ethylene binding modes that 

favor dehydrogenation. The branching between intact ethylene desorption vs. dehydrogenation leading 

to coking should be related to the relative barriers for desorption (ΔE(C2H4)) and decomposition (ΔE(C-

H)) of adsorbed ethylene,23, 64 both shown in Fig. 11 and Figs. S16-S18.  For Pt7, the ΔE(C-H) values 

range from 1.86 to 1.36 eV, i.e., well below the 2.0 to 2.2 eV ΔE(C2H4) values, favoring decomposition 

over desorption, and accounting for the substantial coking and rapid deactivation observed in the 

ethylene TPD experiments (Fig. 1). 

Experimentally, dehydrogenation leading to D2 desorption and carbon deposition is strongly 

suppressed by Ge addition to the Ptn. For ethylene-Pt7Ge2, the lowest energy isomer in Fig. 11 has 

ethylene bound to the GM isomer of Pt7Ge2, but despite nearly a dozen attempts starting with varying 

initial conditions, we were unable to locate the energy of the transition state for C-H bond activation, 

ΔE(C-H).  The C-H scission pathway appears to involve both H migration on the cluster and 

restructuring of the cluster framework, i.e., the reaction coordinate appears to be quite complex.  We 

note, however, that the next lowest energy ethylene-Pt7Ge2 isomer in Fig. 11 also has ethylene 

complexed to the GM of Pt7Ge2, and that isomer has ΔE(C-H) of 2.34 eV, compared to ΔEC2H4 of 1.67 

eV, strongly favoring intact ethylene desorption over dehydrogenation. The energetics for the higher 

energy ethylene-Pt7Ge2 isomers favor intact desorption in some cases and decomposition in others, 

however, these isomers are high enough in energy that they are unlikely to contribute significantly in 
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the experimental temperature range.  Other factors that should tend to promote intact desorption over 

dehydrogenation include the finding that Pt7Ge2 and Pt7Ge2C2 predominately bind ethylene in a π-mode, 

which tends to favor desorption over dehydrogenation.  In addition, entropic effects tend to favor 

desorption over decomposition because the transition states for desorption tend to be loose (low 

frequencies for hindered rotations and cluster-ethylene vibrations), compared to the 3- or  4-centered 

transition states expected for C-H bond activation (see Figs. S16-S18).  Another final factor to consider 

is that the TPD experiments start with the clusters saturated with ethylene, and as explained above, this 

fact accounts for the observation that the initial desorption is always of intact ethylene, even for Pt7 

where C-H bond activation is strongly favored energetically.  For Pt7Ge2, this factor presumably also 

favors initial intact ethylene desorption.  A final point is that Ge addition is found to reduce the ethylene 

desorption temperatures, consistent with the lower DFT Δ(C2H4) values calculated for Pt7Ge2 compared 

to Pt7.   

More importantly, the analysis of ethylene binding and dehydrogenation on Pt7Ge2C2 provides key 

insights into the underlying mechanism responsible for the run-to-run stability of Pt7Ge2. The ΔEC2H4 

values of Pt7Ge2C2 range from -1.79 eV to -1.33 eV, which are very similar to those of Pt7Ge2. The 

similar ethylene binding affinity between Pt7Ge2C2 and Pt7Ge2, as well as their similar geometries (Fig. 

9), suggests that even in the presence of small amount of coke, the Ge-doped catalyst can maintain its 

activity and selectivity. The ΔE(C-H) values for Pt7Ge2C2 are also relatively high, ranging from 2.04 

eV to 1.39 eV. The combined effects of its relatively weak ΔEC2H4 and high ΔE(C-H) values indicate a 

strong preference for desorption over dehydrogenation, i.e., coking might be expected to self-limit at 

~2 C atoms/cluster, as is observed experimentally.  

3. CO binding 
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Fig. 5 shows that PtnGem clusters are far more stable in repeated CO TPD runs than Ptn clusters, 

preserving strong Pt-associated CO binding sites, implying that Ge addition confers stability with 

respect to sintering under TPD conditions.  Fig. 6 shows that if the Ptn or PtnGem are first exposed to 

three prior C2D4 TPD runs, the resulting partially coked clusters are also rather stable in repeated CO 

TPD runs, although only the PtnGem clusters (which would have accumulated ~2 C/cluster) retain a 

large high temperature CO desorption peak.  To address the effects of Ge and C addition to the clusters, 

investigated CO binding on Pt7, Pt7Ge2, and Pt7Ge2C2 with DFT. The most energetically favorable 

structures and their corresponding CO binding energies, ΔECO, are shown in Fig. 12.  The three most 

stable binding modes for the GM, LM1, and LM2 isomers of the bare clusters are shown in Figs. S19-

S21.  On pristine alumina the CO binding energy, ΔECO, is roughly -0.61 eV (Fig. S12). As expected, 

the binding strength of CO across all clusters is stronger than that of ethylene. This is consistent with 

the shift in the high-temperature desorption feature to higher temperatures in CO TPD (Figs. 5-6) 

compared to the ethylene TPD (Figs. 1-2). As expected, CO was found to bind exclusively to Pt atoms 

in all of the stable binding modes across all clusters.  

For Pt7, similar to the results for ethylene, CO is found to bind substantially more strongly (ΔECO 

= -2.83 to -2.33 eV) to cluster structures based on the single-layer LM1 isomer of Pt7, compared to CO 

binding to the prismatic GM isomer (ΔECO = -2.2 to -2.1 eV), such that the lowest energy Pt7-CO 

structures all have Pt7 in a single-layer configuration.  The question is whether binding CO is sufficient 

to drive the GM-to-single-layer isomerization, and the TPD experiments suggest that it does, at least 

for a saturation CO dose.  This conclusion is based on the numbers of CO molecules that adsorbed per 

Pt atom in the 1st CO TPD run, which are similar for Pt4 and Pt7, but substantially lower for Pt11.  That 

suggests that Pt7 adopts a single layer structure, will all Pt atoms exposed upon CO saturation, while 
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Pt11 retains its 3D structure even when CO saturated.  Given the numbers of CO molecules adsorbed 

(~6 for Pt7) and the high Pt-CO binding energies, isomerization to maximize the number of Pt-CO bonds 

is unsurprising.   

For Pt7Ge2, the ΔECO values range from -2.62 to -2.09 eV, similar to those for Pt7, consistent with 

the observation that the high T desorption peaks for Ptn and PtnGem are similar.  For Pt7Ge2C2, the ΔECO 

values are smaller, ranging from -1.93 eV to -1.75 eV.  We might expect, therefore, that carrying out 

two C2D4 TPD experiments to deposit carbon before measuring CO TPD would result in a noticeable 

decrease in the CO desorption temperature, but as noted above, roughly ~2/3rds of the PtnGem clusters 

remain carbon free after two C2D4 TPD runs.  The reason that C2 addition causes a decrease in the CO 

affinity of Pt7Ge2 appears to be related to the fact that C2 addition stabilizes the cluster framework. For 

Pt7Ge2, a noticeable restructuring of the core was observed upon CO binding, stabilizing the CO-Pt7Ge2 

complex and enhancing the CO binding strength, however, this restructuring was not observed for 

Pt7Ge2C2.   

We also examined CO binding to the Pt4-based clusters, and the results are given in Fig. S22.  

Experimentally, Pt4Ge and Pt7Ge2 showed similar effects of Ge addition on CO TPD, i.e., the high 

temperature CO binding site was highly stable in repeated TPD runs, and we also observed diminished 

effects of adding carbon to both size PtGe clusters on the availability and strength of CO binding sites, 

suggesting that mechanisms are similar to those in Pt7Ge2. Fig. S22 shows calculated structures and 

binding energies for CO adsorbed at different sites on Pt4Ge/alumina and Pt4GeC2/alumina, showing 

that CO binding remains strong after the addition of two C atoms. However, the binding strength is 

strongly affected by proximity to the Ge atom. The binding energies to Pt atoms that are directly bound 

to Ge are in the 1.14 eV to 1.58 eV range, but for Pt atoms distal to Ge, the CO binding energies are >2.5 
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eV, with or without added carbon atoms. The Pt atoms near Ge are generally more negatively charged 

in both Pt4
23 and Pt7 (Fig. 9) based clusters. Thus, on the one hand, -bonding can be diminished. On 

the other hand, the increased negative charge could lead to enhanced π-back-donation strengthening CO 

binding. However, when Pt is bound to Ge in a polar covalent manner, its d-states downshift and the 

ability to -back-donate is also reduced, as can be seen from the COHP analysis presented in the SI 

(Figs. S23-S24). In contrast, Pt atoms distal to Ge retain their original, higher d-state energetics, 

allowing more d-states for bonding and thus stronger π-back-donation and CO binding. In the CO TPD 

experiments on Pt4Ge and coked Pt4Ge after three C2D4 TPD runs, ~2 CO molecules were adsorbed per 

cluster, with desorption occurring in a broad component between 150 K and ~350 K, and in a sharp 

peak between with ~350 and 450 K.  Assuming 1st order desorption the broad component would 

 

Fig. 12.  Thermodynamically most stable structures of CO binding to (A) Pt7, (B) Pt7Ge2, and (C) 

Pt7Ge2C2. The CO binding energies (ΔECO) are shown. 
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correspond to desorption energies between ~0.5 and 1.1 eV, while higher temperature peak would 

correspond to desorption energies around 1.3 eV.  Thus, while DFT appears to have significantly 

overestimated the CO binding energies, it suggests a tentative assignment of the low temperature 

desorption to CO bound to Pt atoms proximal to Ge, and the high temperature peak to CO at Pt atoms 

distal to Ge. This 2x scaling is attributed to the well-known CO over-binding problem in DFT,65-67 and 

the lack of entropic contributions in the model. 

Surprisingly, Pt11Ge4 was less stable than the smaller clusters in terms of the stability of strong CO 

binding sites, both in repeated CO TPD runs, and after three C2D4 TPD runs.  Since all the clusters had 

similar Pt:Ge ratios, it is not clear why stability was lower for the largest cluster size, but unfortunately 

it is not feasible to attempt detailed DFT for a system with the size and complexity of Pt11Ge4C2, which 

is expected to have a very large number of thermally accessible isomers.  Note that both TPD and ISS 

suggest that Pt11 has a 3D structure, unlike the 2D structures for the smaller clusters, and both the 

increased Pt-Pt coordination, and reduced footprint might reduce the cluster-support binding strength, 

facilitating ripening at high temperatures. 

III. Conclusions 

 We have shown that PtnGem/alumina model catalysts with different cluster sizes, and Pt:Ge 

stoichiometries ranging from 4:1 to ~3:1 show similar chemistry for ethylene adsorption, desorption, 

and dehydrogenation.  Carbon deposition (coking) is substantially reduced, but not eliminated relative 

to Ptn/alumina, but the numbers and strengths of strong Pt-associated binding sites are far more stable 

than in Ptn/alumina.  Independent of cluster size, carbon deposition in repeated C2D4 TPD runs on 

PtnGem/alumina was shown to self-limit at ~2 C atoms/cluster, i.e., coking stopped after a single 

ethylene decomposition event.  In contrast, coking on the Ptn/alumina reached values of roughly one C 
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atom/Pt atom, i.e., coking was not only more facile, but also increased with cluster size.   CO TPD used 

to probe the availability of strong Pt-associated binding sites also showed that Ge addition stabilized 

the clusters against thermal sintering, and also against CO site blockage by carbon deposited in prior 

C2D4 TPD runs.  Interestingly, the CO TPD experiments also show that for Ptn/alumina, a small amount 

of carbon deposition also stabilized the clusters against sintering, but unlike Ge, did not stabilize against 

deactivation by additional carbon deposition.  The ISS experiments showed that for Ptn/alumina carbon 

initially deposits into sites on the clusters, but migrates at high temperatures such that it no longer 

attenuates He+ scattering from Pt.  Both the TPD and ISS experiments suggest that much of the coking-

induced loss of strong Pt-associated adsorbate binding sites is the result of electronic, rather than steric 

effects.  Ultimately, therefore, the fact that PtnGem/alumina coking self-limits at ~2 C atoms/cluster, 

independent of cluster size, is largely a consequence of the combined effects of Ge and C addition.  

 For ethylene on Pt4Ge/alumina, DFT suggested an interesting mechanism to account for the 

gradual and self-limiting coking observed.16, 23 The GM and most LM isomers were found to bind C2D4 

in π-mode, with barriers for decomposition exceeding the energy for intact C2D4 desorption.  The small 

amount of D2 observed in the first TPD (see also Fig. 2) was attributed to a small population of a 

“gateway” LM isomer that supports strong di-σ ethylene bonding, favoring decomposition to produce 

D2, and converting Pt4Ge to Pt4GeC2, which was predicted to be stable against further coking.  The 

continued, but slowly decreasing D2 signal over multiple TPD runs is an effect of cluster isomerization, 

ensuring that the decreasing population of un-coked Pt4Ge has a fraction with the gateway structure, 

resulting in additional D2 desorption and coking, and gradually converting all the Pt4Ge to Pt4GeC2.  

Crucially, Pt4GeC2 was predicted to bind ethylene strongly, explaining why desorption from strong C2D4 

binding sites continued to be observed late in the TPD series, even after most of the original Pt4Ge 
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clusters would have been converted to Pt4GeC2.  The same effect presumably explains the persistence 

of strong CO binding sites after three prior C2D4 TPD runs. For the larger PtnGemC2 clusters, the 

similarities in observed TPD behavior suggest that there must be considerable mechanistic similarity. 

Consistent with this claim, the theoretical study on Pt7, Pt7Ge2, and Pt7Ge2C2 clusters highlights the 

similar effects of Ge and C on the electronic properties of Ptn, as well as the consequent impact on 

adsorbate binding. With a high C-H activation barrier and moderate ethylene binding strength, Pt7Ge2 

favors desorption over dehydrogenation. Some LM isomers of Pt7Ge2 exhibit lower C-H activation 

barriers with stronger ethylene binding, acting as a precursor to the formation of Pt7Ge2C2. The 

combination of a high C-H activation barrier and weak ethylene binding confers the self-limiting coking 

ability to Pt7Ge2C2. Its similar ethylene and CO binding strengths to Pt7Ge2 contribute to the enhanced 

run-to-run stability of PtnGem in catalytic environments.  

IV. Methods 

Experimental Methods. 

Sample preparation, XPS quantification, ISS and TPD procedures were performed as described 

previously.16  All experimental steps were done in situ in a UHV system with base pressure ~1 x 10-10
 

Torr.  Briefly, a Ta(110) substrate was cleaned by heating to 2100 K for 5 minutes, then alumina was 

deposited by evaporating Al in 5 x 10-6 Torr of O2 at a surface temperature of 970 K.  The alumina films 

were grown to a thickness of ~4 nm, as determined by XPS, based on previous work showing that for 

alumina films thicker than ~3 nm, the chemistry of supported clusters is thickness independent.68  

Previous work has shown that films grown under these conditions have hexagonal symmetry,55, 56 ISS 

showed no evidence of surface Ta for alumina films in this thickness range on Ta(110),57 and 

CO TPD (Fig. 5) from the alumina and Ge/alumina films showed no evidence of the strong 
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binding sites expected for Ta.69  Thus we conclude that the alumina films are solid, exposing 

only Al and O binding sites. 

Ptn/alumina samples were prepared by depositing mass-selected Ptn
+ on the alumina support at 

an energy 1 eV/atom, monitoring and controlling the deposition via the neutralization current.  All 

samples contained the same total number of Pt atoms (equivalent to 10% of a close-packed Pt 

monolayer), differing only in the size of clusters deposited. To minimize adventitious adsorption on the 

samples during the initial sample holder cool-down process, the alumina films were briefly flashed to 

750 K, and cluster deposition was started as the sample cooled below 300 K. TPD or other experimental 

steps were then carried out immediately after deposition was completed.  

PtnGex/alumina samples were prepared by exposing freshly deposited size-selected Ptn/alumina 

samples to 60 L of GeCl4 vapor at 300 K, followed by a 300 K 6000 L exposure to H2, resulting in HCl 

desorption.  To avoid contaminating the UHV chamber, both alumina growth and GeCl4/H2 exposures 

were carried out with the sample sealed into a separately pumped UHV antechamber.  Following the H2 

exposure, the PtnGex clusters are saturated with Hads and have some residual Cl coverage, thus the final 

step was to ramp the sample temperature to 750 K, desorbing HCl and H2.   

An important point is that the Ge addition process is self-limiting, i.e., if the GeCl4 dose was 

doubled, the amount of Ge deposited on the clusters did not change, within the uncertainty of the XPS 

analysis. Thus, the amount of Ge deposited is assumed to be limited by the number of GeCl4 binding 

sites, rather than the dose.  This is important, because it suggests that for samples containing a particular 

size Ptn cluster, the process prepares PtnGem/alumina model catalysts with Pt:Ge stoichiometry 

controlled by the number of GeCl4 binding sites/cluster, i.e., the cluster size and composition should be 

uniform. 
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Characterization of the PtnGem/alumna samples is discussed in the SI, along with the XPS data 

used to quantify the Pt:Ge stoichiometry (Fig. S25).  The main conclusions from that analysis are as 

follows:  For a Pt-free sample of the alumina thin film support, 5.9 x 1013 Ge atoms/cm2 were deposited, 

corresponding to ~2% of the atoms in the alumina surface layer.  The low Ge/alumina coverage suggests 

that GeCl4 chemisorbed only at a small number of defects in the alumina film.  Subtracting the amount 

of non-specific Ge deposition on alumina, resulted in estimation of the PtnGem cluster stoichiometries 

ranging from Pt4Ge1 to Pt7Ge2 to Pt11Ge4.  Note that these stoichiometries were calculated assuming 

that the presence of ~0.1 ML equivalent of Pt on the Ptn/alumina samples did not significantly affect 

deposition of Ge at alumina sites.   

Ethylene TPD experiments were done by exposing a sample to 10 L of C2D4 at 150 K, chosen 

to saturate Pt-associated binding sites, while minimizing adsorption on the alumina support.  The sample 

was then moved to within 0.5 mm of the skimmer cone aperture separating the main UHV chamber 

from a separately pumped chamber containing a quadrupole mass spectrometer.  The sample was heated 

at 3 K/sec while monitoring masses of interest, including C2D4
+ and D2

+, as well as potential 

adventitious species including CO+ and H2O+.  Repeated TPD runs, with 150 K ethylene exposures prior 

to each heat ramp, were done to assess how the cluster samples were changed by the TPD process.   

During the first TPD runs on the Ptn/alumina samples, significant H2O+ desorption signal was 

observed due to adsorption of background water during the cluster deposition process, however, the 

water signals from Ptn/alumina and Pt-free alumina samples were nearly identical, implying that the 

adventitious water was mostly adsorbed on the alumina support, and thus should not have significantly 

affected C2D4 adsorption on the clusters. Adventitious CO (PCO ≈ 4 x 10-11 Torr) is potentially more 

problematic, because CO binding strongly to Pt. The deposition times were kept short enough to 
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minimize competition between adventitious CO and C2D4 for cluster binding sites during the 1st TPD 

runs. In the 2nd and subsequent TPD runs on each sample, the adventitious water and CO coverages 

were negligible because the inter-run time scale was short.  

The calibration procedure relating C2D4
+ and D2

+ signals to the numbers of desorbing C2D4 and 

D2 molecules has been discussed previously.68, 70 In essence, we measure the C2D4
+ or D2

+ signals while 

leaking C2D4 or D2 into the main UHV chamber at known pressures, thus creating known fluxes of C2D4 

or D2 effusing through the differential pumping aperture into the mass spectrometer ion source.  The 

precision of the calibration for comparing results for different TPD runs or different cluster sizes was 

estimated to be on the order of ~10%, however, because of possible differences in angular and velocity 

distributions and detection efficiencies for effusing vs. desorbing molecules, we estimate that the 

absolute values are good to only ~50%. 

Because CO binds strongly to Pt, it is a useful probe of accessible Pt binding sites and how they 

evolve as the clusters are modified by C2D4 TPD.  Thus we also carried out CO TPD experiments with, 

and without prior C2D4 TPD runs.  The ethylene TPD runs were done as described above.  The CO TPD 

was done by dosing the samples with 10 L of 13CO at 150 K, then monitoring 13CO+ (as well as water, 

12CO, etc) as the samples were ramped at 3 K/second.  Approximate desorption energies were estimated 

by fitting the desorption temperature dependence assuming 1st order desorption kinetics with a 

commonly used prefactor (1014) as described elsewhere.62  These correspond to desorption enthalpies, 

i.e., activation enthalpies, and changing the prefactor by an order magnitude would change the extracted 

energy scale by 7 to 10%. 

He+ ion scattering (ISS) was used to probe the as-prepared Ptn/alumina and PtnGex/alumina 

samples, and samples that had been subjected to various TPD experiments.  Because ISS is a destructive 
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technique, the “as-prepared”, “post-TPD”, and other ISS experiments were all done on separate sets of 

samples.  To compensate for any day-to-day variation in He+ beam intensity, the Pt and Ge ISS 

intensities were normalized to the sum of the O, Al, Pt and Ge ISS.  A series of ISS experiments was 

done on each sample, providing additional insight into the morphology of the samples.  For adsorbate 

free clusters, the initial Pt ISS signal is large, and decreases slowly over time as Pt is sputtered from the 

surface by the 1 keV He+ beam.  If, however, adsorbates (carbon, CO, etc.) are present on top of the 

clusters, the initial Pt ISS signal is attenuated, but tends to increase during the first few ISS scans as the 

adsorbates sputter away, then decrease in later scans as Pt begins to sputter.60 This procedure also allows 

the “as-deposited” ISS data to be corrected for attenuation from adventitious CO adsorbed during cluster 

deposition. In essence, the slow decrease in Pt signal observed after sputtering away the CO is 

extrapolated to the limit of zero He+ exposure.  For samples that had been heated (during TPD or in the 

final step of PtGe preparation), the adventitious CO coverages were negligible.   

Temperature-dependent ISS (TD-ISS) was done by exposing a Ptn/alumina or PtnGex/alumina 

sample to 10 L of C2D4 at 150 K, then probing with a single, low He+ current ISS scan.  Comparing the 

Pt (and Ge) intensities with those for adsorbate-free samples, reveals the attenuation of Pt (and Ge) ISS 

intensities by the adsorbed C2D4.  Samples were then heated in 50 K steps, measuring a single ISS scan 

at each temperature, allowing the recovery of Pt and Ge ISS signals due to adsorbate desorption to be 

measured and correlated with the desorption features measured in TPD experiments.   

Computational methods 

Calculations on surface-supported clusters were performed using plane-wave DFT in VASP,71 

using the PBE exchange-correlation functional11 and PAW pseudopotentials.12 Dispersion effects were 

described by the DFT-D3 method.72 Unit cells were constructed from a 5-layer 3x3 supercell of Al2O3 
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with a vacuum gap of 1 nm or more, and the lower layers of the slab were kept fixed during global 

optimization and subsequent adsorbate binding calculations. The plane-wave cut-off was 400 eV for 

structural optimizations, and Gaussian smearing with a width of 0.1 eV was used. Gamma-point 

sampling was used for all calculations due to the large supercell used in the study. Structural sampling 

was performed with our in-house code PGOPT73 and GOCIA74 (available with documentation on 

GitHub) to generate 500 chemically reasonable initial structures per cluster, which we later refined with 

DFT. The convergence criteria for electronic minimization and ionic optimization were 10-6 eV and 0.02 

eV/Å, respectively. QTAIM analysis was performed using the Bader program.75, 76 

Unique, rough binding modes of C2H4 and CO (20 binding modes per adsorbate for each Pt7 isomer, 

30 for Pt7Ge2, and 40 for Pt7Ge2C2) for the thermally accessible structures were generated using 

PGOPT73 with a bond-length distribution algorithm, which we later refined at the same DFT level as 

the structural optimizations to obtain the final binding modes. Transition states were calculated using 

the climbing-image nudged elastic band (CI-NEB) method implemented in VTST77, 78 until the forces 

on all images were less than 0.03 eV/Å. Local-basis projections for bonding analysis were performed 

using LOBSTER.79 The PBEvaspfit basis set was used, with basis functions 5p5d6s for Pt, 4s4p for Ge, 

2s2p for C and O, and 3s3p for Al. 

The details of the method were chosen to ensure maximal comparability to previous studies on 

related materials.16, 23 All energies in the paper are electronic energy differences. The binding energies 

of ethylene and CO (Eads) to the clusters (clust) were calculated based on their electronic energy 

differences and referenced to the gaseous state (gas) of the adsorbates, using the equation Eads = Eclust+ads 

- Eclust - Egas. 
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