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Abstract   

The recent availability of shale gas has led to a renewed interest in C-H bond activation as the first step 
towards synthesis of fuels and fine chemicals. Heterogeneous catalysts based on Ni and Pt can perform 
this chemistry, but deactivate easily due to coke formation. Cu- based catalysts are not practical for this 
chemistry due to high C-H activation barriers, but their weaker binding to adsorbates offers resilience to 
coking. Utilizing Pt/Cu single atom alloys (SAAs) we examine C-H activation in a number of systems 
including methyl groups, methane, and butane using a combination of simulations, surface science, and 
catalysis studies. We find that Pt/Cu SAAs activate C-H bonds more efficiently than Cu, are stable for 
days under realistic operating conditions, and avoid the problem of coking typically encountered with Pt. 
Pt/Cu SAAs therefore offer a new approach to coke resistant C-H activation chemistry with the added 
economic benefit that the precious metal is diluted at the atomic limit.  
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 The production of shale gas from hydraulic fracturing has boosted the supply of light alkanes 

such as ethane and propane in recent years.1,2 However, there are few low-carbon footprint methods 

that efficiently convert these gases to more valuable chemicals due to their relative inertness.3 While 

steam cracking is the traditional industrial process, it is energy-demanding and less than 60% efficient.2 

Catalytic processes are sought after to improve the energy balance sheet. Facile activation of C-H bonds 

in alkanes would open new routes to synthesize commodity and fine chemicals.3–6 There are numerous 

ways to functionalize alkanes including alkane halogenation/oxyhalogenation, oxidative coupling, and 

oxidative dehydrogenation.7–10 This study will focus on the dehydrogenation of alkanes to produce 

alkenes, which are precursors to industrially relevant polymers.1,6,11,12 Ni catalysts are often used for C-H 

activation, as Ni is inexpensive, but these suffer from coking since Ni breaks C-C bonds in alkanes and 

can completely dehydrogenate alkanes to carbon.13,14 Preventing coking is indeed an active, yet 

challenging area of current research.15 Pt catalysts also suffer from coking and Pt’s high price prohibits 

widespread use.16–18 Cu catalysts are typically not considered viable due to a high C-H activation barrier 

on Cu surfaces, but are resistant to coking.19 

 Alloys often exhibit unique properties compared to their constituent metals.20,21 For example, 

using a combination of surface science, theory, and high surface area catalysis Besenbacher et al. 

showed that small amounts of Au dispersed in Ni can suppress carbon deposition in methane steam 

reforming by both raising the barrier to C-H activation and decreasing the binding strength of carbon to 

the surface.20  We take the opposite approach, using the smallest amount of a catalytic metal (Pt) in the 

form of single atoms in the surface layer of a more inert host metal (Cu) to facilitate C-H activation while 

avoiding coking that typically occurs on larger ensembles.21 These single atom alloys (SAAs)22–24 are 

analogous to single atom catalysts25,26, but unlike many single atom catalysts, reaction at the active site 

can be understood with atomistic detail on SAAs. Using a combination of simulations and surface 

science, we probe the reaction mechanism of C-H activation on these alloy surfaces and find that 
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PtCu alloys activate C-H bonds with significantly improved activity over Cu, while avoiding coking that 

occurs on catalysts with extended Pt ensembles due to Cu’s ability to facilitate C-C coupling chemistry. 

These PtCu alloy nanoparticle catalysts exhibit reaction temperatures significantly lower than Cu under 

realistic operating conditions. We provide unique insight into the atomic scale structure of the 

catalytically active sites, spillover of intermediates, and the thermodynamics and kinetics of the reaction 

pathway. The PtCu nanoparticle catalysts we have developed via this approach show great promise for 

the C-H chemistries and illustrate the paradigm of coupling surface science with catalysis as a promising 

direction for catalyst development. 

Results and Discussion 

Model Catalysts Studies 

 To understand C-H activation in a well-defined system, we study single crystals under ultra-high 

vacuum (UHV) conditions which allows the surface reactivity and selectivity measured with temperature 

programmed reaction (TPR) to be related to the atomic scale structure of the active sites and the 

reaction intermediates imaged with high-resolution scanning tunnelling microscopy (STM). The alloying 

mechanism of Pt into Cu was previously characterized and representative STM images are shown in 

Figure 1a-b.22–24  In these alloys Pt atoms are able to alloy both directly into the terraces and in regions 

near the step edges and are randomly distributed throughout the surface. By controlling the 

temperature during alloying we ensure that Pt atoms remain predominately in the surface layer and are 

mono-dispersed. Using density functional theory (DFT) we calculate the adsorption energy of CHx 

fragments and the activation energies for the various possible C-H bond scission elementary events on 

Pt(111), Cu(111) and Pt/Cu(111) SAAs. Moreover, we incorporate the DFT data into kinetic Monte Carlo 

(KMC) simulations of TPR, which are essential for interpreting the experimental results and explaining 

the unique surface chemistry of Pt/Cu SAAs. 
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TPR Experiments 

Methyl iodide (CH3I) provides a simple method for adding methyl groups to our alloy surfaces 

and TPR studies of subsequent methane evolution allows us to examine C-H activation energetics. CH3I 

has been well studied on a number of metal surfaces in UHV, including Pt and Cu, and is known to 

dissociate to form CH3 and I at low temperature.18,27–33 At low coverage, the main effect of iodine is as a 

site blocker and the C-H activation temperature is relatively unaffected across a range of iodine 

coverages (Supplementary Figures 1 and 2).33,34  TPR spectra resulting from the reaction of 4.5 Langmuirs 

(1 L = 1 X 10-6 Torr·s) of CH3I on pure Cu, a 0.01 monolayer (ML) Pt/Cu(111) SAA, and 1 ML Pt/Cu(111) 

are presented in Figure 1c. The major desorption product for each surface is methane. Ethene, ethane, 

and propene are also produced (Supplementary Figure 3). Desorption of intact CH3I is not detected at 

these exposures.  For clarity, only traces for methane and ethene are displayed in Figure 1b. Desorption 

of these products is reaction rate limited as small hydrocarbons normally desorb from Cu(111) at very 

low temperatures.30,35,36 The black spectra correspond to the reaction of CH3I on Cu(111) and agree well 

with previously published results on this surface.30,31 Methane and the larger hydrocarbons desorb at 

~450 K. It has been previously demonstrated that the rate limiting step to form these products is the 

activation of C-H bonds in methyl groups to produce methylene and Ha.27,28 Methane is formed by facile 

hydrogenation of remaining methyl groups, while the coupling of methylene and methyl forms larger 

hydrocarbons. These C-C coupling reactions allow Cu(111) to avoid coking.30,31 The red spectra in Figure 

1c correspond to CH3I on a 0.01 ML Pt/Cu(111) SAA alloy. On the SAA surface, methane and carbon 

coupling products desorb at ~350 K, 100 K cooler than on the pure Cu(111) surface. Because the rate 

limiting step in methane evolution is C-H activation, this 100 K temperature shift reveals that single Pt 

atoms in the Cu surface significantly lower the barrier to C-H activation in CH3. The formation of ethene, 

ethane and propene implies the Pt/Cu SAA maintains the ability of Cu to avoid coking via C-C coupling. 

Experiments adding deuterium to the surfaces verified that C-H activation was still the rate limiting step 
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on the SAA (Supplementary Figure 4)22,23,32,37 The blue spectra in Figure 1c correspond to the reaction of 

CH3I on a surface where 1 ML of Pt has been deposited on Cu(111) (Supplementary Figure 5). The 

majority of methane desorbs at ~250 K, a temperature close to that of methyl decomposition on a 

Pt(111) crystal.18,32 Despite activating C-H bonds at a low temperature, on Pt(111) methylene groups do 

not couple and eventually decompose to surface bound carbon and gas phase H2.18,29,32  No coupling 

products are observed at 250 K on the 1 ML Pt/Cu(111) surface, showing that this alloy is more similar to 

Pt(111) than Cu(111). Hydrogen from methylene decomposition desorbs at high temperature similar to 

Pt(111) (Supplementary Figure 6).18,32 No hydrogen desorbs from Cu(111) or the Pt/Cu(111) SAA 

surfaces, confirming their resistance to coking. Examining alloy surface composition, intermediate to 

0.01 ML and 1 ML Pt,  reveals generally that as the amount of Pt increases the temperature of C-H 

activation drops, but so does the production of coupling products (Supplementary Figure 7).  

Computational Studies 

To further understand and support our experimental data, we evaluate the kinetics of methane 

dehydrogenation on Cu(111), Pt/Cu(111) SAA and Pt(111) using KMC simulations (Figure 1d). Simulated 

TPR spectra of species from a methyl covered lattice are used to study the rate of methane desorption 

as a function of temperature. KMC is used to analyze and identify the elementary processes contributing 

to the observed methane desorption rate and determine the typical reaction temperatures for 

successive scissions of C-H bonds in methane-derived species on each surface. To parameterize a KMC 

simulation, we generate a list of elementary events with associated rate constants. For calculating the 

latter we employ the Eyring equation within the framework of transition state theory (TST), with 

activation energies and pre-exponentials computed from first principles (see Supplementary section 

A.8). 
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We use DFT to study the successive scission of C-H bonds from methane through to atomic 

carbon.  First, we find the most stable configurations for all CxHy species (x=0,1; y=0, 1,2,3,4) on the 

Cu(111), Pt/Cu(111) SAA and Pt(111) surfaces. Three adsorption sites are considered for each adsorbate 

on each surface, namely atop, bridge and hollow. The formation energies (ܧி) of the most stable 

configurations with the corresponding site type for each species on each surface are given in Table 3 in 

the Supplementary Information.  DFT structures of the most stable configurations on Pt/Cu(111) SAA are 

shown in Figure 2a; the corresponding configurations for Cu(111) and Pt(111) are shown in Figure 10 in 

the Supplementary Information. 

Transition states for C-H bond scission steps from CH4* to C* on each of the three surfaces, were 

computed using the dimer method and are verified with vibrational frequency analysis.38,39 The 

corresponding activation energies are given in Table 4 of the Supplementary information. The DFT 

structures for the transition states of each C-H bond scission on the Pt/Cu(111) SAA are shown in Figure 

2b. We note clear differences in the energetics of each pathway despite the comparable intermediate 

and transition state molecular geometries we have computed. Figure 2c elucidates why Pt(111) is an 

active C-H activation catalyst, exhibiting much lower barriers for all C-H scissions considered when 

compared to Cu(111). However, the strong binding of CHx intermediates to the Pt(111) surface 

compared to Cu(111) explains the tendency for coke to form on Pt C-H activation catalysts and the lack 

thereof on Cu. Interestingly, the Pt/Cu(111) SAA exhibits intermediate barrier heights compared to the 

two pure metals. Dehydrogenations of CHx species on Pt/Cu(111) SAA and Cu(111) are endothermic, 

however the net pathway on Pt(111) is exothermic.  These findings explain our experimental 

observations that the Pt/Cu(111) SAA may readily activate C-H bonds in adsorbed CH3* while resisting 

coke formation. 
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TPR Simulations 

Using KMC simulations, we analyse the reliability of our DFT calculations and provide further 

insight into the kinetics and reaction pathways that give rise to the experimental observations previously 

discussed, ascertaining the temperatures and extent of each activation. We simulate TPR using KMC on 

Cu(111), Pt/Cu(111) SAA and Pt(111). In each simulation, the lattice was randomly initialized with CH3* 

only and the temperature ramped from 160 K to 560 K at a heating rate of 1 K/s. Extensive details on the 

simulation setup are found in Supplementary section A.7. By initializing each surface with H (in addition 

to methyl), rapid hydrogenation of methyl to methane occurs at around 200 K (Supplementary Figure 4). 

In the absence of such pre-dosed H, CH3* must first dehydrogenate in order to detect any subsequent 

methane desorption. Therefore, the C-H scission of CH3* is rate limiting for methane production, and 

the temperature at which this occurs is surface dependent. We simulate methane TPR peak 

temperatures of 451 K, 373 K and 288 K for Cu(111), Pt/Cu(111) SAA and Pt(111) respectively (Figure 

1d). Each TPR profile agrees well with the experimental data, strongly supporting the reliability of our 

DFT calculations. 

On Cu(111) and the Pt/Cu(111) SAA, further dehydrogenations of CH* to carbon are not 

observed within the simulated temperature range, though these do occur on Pt(111) as a result of a 

lower barrier and the exothermic nature of the overall pathway (Figure 2c, blue curves). The facile 

formation of CH* and C* at low temperature on Pt(111) likely prevents the coupling of CH* and CH2 

fragments to form C2Hx or C3Hy species that are observed experimentally as desorption products from 

the Pt/Cu(111) SAA. Inevitably this leads to coking of the Pt(111) surface through the production of 

carbon-rich species. 
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STM Experiments 

We performed STM experiments to examine reaction intermediates not detectable in the TPR 

experiments and to confirm that no coke is formed on the Pt/Cu SAA surface. Figure 3a-h shows a series 

of images taken after annealing the system to progressively higher temperatures for both Cu(111) and 

0.01 ML Pt/Cu(111). After an 80 K anneal, below the temperature necessary for C-I bond cleavage, intact 

CH3I appears in the images as disordered clusters on both surfaces (Figure 3a and b). Annealing either 

surface to 120 K results in new ordered structures (Figure 3c and d). On both surfaces there are 

intermixed bright and dark features arranged in large well-defined 2D clusters forming a √33√ݔ	30ܴ° 
structure. A high-resolution STM image clearly displaying this structure is shown in Figure 3i. The 

clusters exhibit similar behaviour to pure methyl groups formed via pyrolysis of azomethane on 

Cu(111).41 The bright features are iodine atoms while the darker features are CH3. For the Pt/Cu surface 

shown in Figure 3d, some individual iodine atoms are separated from clusters, marking positions where 

iodine is absorbed on Pt atoms. Annealing to higher temperatures between 350-450 K causes notable 

changes in the adsorbate structures on Cu(111) vs. 0.01 ML Pt/Cu(111) (Figure 3e and f). On Cu(111) 

both bright and dark features are on the surface, while on Pt/Cu(111) only bright features remain in a  √33√ݔ	30ܴ° structure (Figure 3j). This is consistent with the TPR results which reveal that on 0.01 ML 

Pt/Cu(111), C-H activation of CH3 occurs at 350 K followed by immediate desorption of methane and 

coupling products. Figure 3f shows that after annealing to 350 K, the Pt/Cu(111) SAA surface contains 

only patches of iodine atoms  which appear as bright protrusions in a √33√ݔ	30ܴ° structure, in 

agreement with previous reports.33,41–43  However, annealing the Cu(111) surface to 350 K is insufficient 

to activate C-H bonds and so methyl groups are still observed in Figure 3e; while for Pt/Cu(111) in Figure 

3f, the C-H bond has been activated leaving only adsorbed iodine atoms.43 Importantly, no other species 

besides iodine are observed on the Pt/Cu(111) surface, indicating it does not suffer from coking by 

carbon like pure Pt(111). Annealing the Cu(111) surface further to 450 K (Figure 3g) allows for C-H bond 
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activation, hydrocarbon desorption, leaving only iodine on the surface. On the Pt/Cu(111) surface no 

change is observed after annealing to 450 K (Figure 3h). Iodine is very stable on Cu(111) and desorbs 

above 800 K.43 Annealing either surface above 1000 K results in a clean Cu(111) surface (Supplementary 

Figure 15), further demonstrating that no carbon remains. 

Ambient pressure C-H activation studies 

Encouraged by the results in our model studies, we studied C-H activation with PtCu SAAs under 

ambient pressure catalytic reaction conditions.  Butane-deuterium isotope scrambling (B-D scrambling) 

experiments were performed with nanoparticle (NP) catalysts in a flow reactor. The production rate of 

deuterated butane in B-D scrambling experiments indicates the C-H activation capability of the catalysts 

as hydrogen (deuterium) dissociation is a facile process under the reaction conditions applied.23,37 The 

reaction was operated within the kinetics controlled regime (conversion < 5%), so that the effluent 

concentration of B-D scrambling products is proportional to the overall C-H activation rate.   

Pt0.03Cu-SAA and Pt0.01Cu-SAA NPs were prepared by a galvanic replacement reaction as reported 

in Lucci et al. and Liu et al.23,37 (see Supplementary Table 5 and section B.2) and supported on silica. 

Extended X-Ray absorption fine structure (EXAFS) and Fourier transform infrared spectroscopy (FTIR) 

results confirm the formation of NPs with isolated Pt atoms (Supplementary Figures 16-21 and Table 6).  

We compared the performance of Cu NPs and PtCu SAA NP catalysts for B-D scrambling using 

temperature programmed surface reaction (TPSR) (Figure 4a). Pt0.03Cu-SAA and Pt0.01Cu-SAA start to 

convert butane (C4H10) to deuterated butane (C4H9D) at around 250 °C but the Cu-NP is active only at 

temperatures above 500 °C (Supplementary Figure 22). This demonstrates that the activity of B-D 

scrambling i.e. C-H activation, is significantly improved by the addition of a small amount of Pt into the 

Cu surface. Figure 4b shows that Pt-NPs begin to catalyse the B-D scrambling around 100 °C. Thus, TPSR 



10 
 

suggests the barriers of C-H activation on the NP catalysts follow the order: Pt < PtCu-SAA < Cu. This 

corroborates the trend of C-H activation barriers identified in the model catalyst studies.  

Pure Pt NP catalysts rapidly deactivate during the reaction (Figure 4b). In the first cycle of TPSR, 

the production of C4H9D ‘lights-off’ at 100 °C and increases with increasing temperature up to 230 °C. 

The production rate of C4H9D then drops off after 230 °C indicating significant deactivation, overcoming 

the effect of temperature increase on reaction rate. The second and third cycles of TPSR show much 

lower activity compared to the first cycle and the activity decreases cycle by cycle.  On the other hand, 

PtCu-SAAs are very stable. Figure 4c shows that Pt0.01Cu-SAA catalyses the B-D scrambling at 360 °C 

without any deactivation for at least 12 hours. CO-FTIR of the spent catalyst indicates that the Pt atoms 

remain isolated in PtCu SAA NPs post reaction (Supplementary Figures 18 and 19). These results 

demonstrate the structural stability of PtCu SAA NPs under atmospheric pressure reaction conditions.  

Our surface science studies showed that extended Pt surfaces can over-dehydrogenate methyl 

groups and cause carbon deposition. To verify this coking in the NP catalysts we performed 

temperature-programmed-oxidation (TPO) on used catalysts to determine whether carbon deposition 

occurs during B-D scrambling. Pt-NP and Pt0.01Cu-SAA were both exposed to B-D scrambling conditions 

at 360 °C for 12 hours prior to TPO measurements. As shown in Figure 5, a broad CO2 evolution from the 

used Pt-NP is seen, beginning at 130 °C. At least two different types of carbon are shown, the second 

matching graphitic carbon oxidation44, while any adsorbed hydrocarbon species must have desorbed 

during the Ar heat treatment. These features are absent on the Pt0.01Cu-SAA. The amount of CO2 

produced from this catalyst is essentially the same as that produced from the silica support without any 

hydrocarbon exposure. Thus, PtCu SAAs are coke- resistant at atmospheric pressure reaction conditions 

while Pt NPs catalyse carbon formation and deposition, which causes severe deactivation of the catalyst 

during the B-D scrambling conditions.  
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To investigate the coke resistance of PtCu SAAs under realistic catalytic reaction conditions, we 

conducted the non-oxidative dehydrogenation of butane to butene over Pt0.01Cu-SAA. We found the 

reactivity was stable for at least 52 hours at 400 °C (Supplementary Figure 25) and only minimal carbon 

deposition on Pt0.01Cu-SAA compared to Pt-NP (Supplementary Figure 26).  

Conclusion 

 C-H activation was examined on PtCu SAAs using a combination of single crystal studies in UHV, 

simulations, and supported nanoparticle catalyst tests in a flow reactor at atmospheric pressure.  Our 

TPR and STM results reveal that SAAs activate C-H bonds in methyl groups at 350 K, 100 K cooler than 

Cu, while avoiding the coke formation observed on Pt surfaces. We rationalize these results with DFT 

studies that examine a succession of C-H scissions in methane. Our calculations show that compared to 

the pure metals, SAAs have intermediate barriers for C-H activation and the formation of 

dehydrogenated fragments is endothermic, therefore the Pt/Cu(111) SAA surface is active but does not 

coke. In addition, KMC simulations using the activation barriers and binding energies calculated from 

DFT agree very well with our TPR study.  Our catalytic studies with supported PtCu, Pt, and Cu NPs show 

that PtCu-SAAs activate C-H bonds using the B-D scrambling reaction in butane. We find that the PtCu 

SAAs catalyse the exchange reaction at 250 °C compared to ~550 °C on Cu NPs and are stable during the 

reaction. Pt NPs activate the reaction at temperatures as low as 100 °C, but quickly deactivate due to 

coking. These findings, taken collectively with the surface science studies and simulations, illustrate that 

PtCu SAAs are promising catalysts for C-H bond activation in small alkane molecules at moderate 

temperatures, and can be further developed as robust catalysts resistant to coking that plagues 

traditional Pt, Pd and Ni catalysts. Furthermore, our study highlights an example of translating the 

results of theoretical and single crystal studies to the design of practical catalysts, which to date, is an 

approach rarely reported in the literature20. However, with recent innovations in simulation, imaging 
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techniques, and catalyst synthesis/characterisation we expect that this approach will become more 

commonplace.             

Methods 

UHV Experiments 

Experiments were performed in two different UHV chambers. The first UHV chamber with a 

base pressure of 1 × 10-10 mbar incorporated a quadrupole mass spectrometer (Hiden) for performing 

TPR experiments. A heating rate of 1 K/s was used for our TPR experiments. M/z 142 was monitored to 

detect CH3I. M/z 41, 30, and 27 were monitored for propene, ethane, and ethene respectively. M/z 16 

and 15 were monitored for methane. M/z 28 was monitored for various hydrocarbon fragments and for 

CO. M/z 18 and 2 were monitored for water and hydrogen. Per surface science convention TPR results 

are reported in K. The sample was held at 80 K during gas exposures. The second UHV chamber was an 

Omicron Nanotechnology LT-UHV STM with a base pressure < 1x10-11 mbar. STM images were obtained 

at 5 K. The instrument also incorporates a separate chamber for sample preparation. Clean Cu(111) 

(99.9999% Princeton Scientific) was prepared via Ar+ sputtering followed by annealing to 750 K in the 

TPR chamber and 1000 K in the STM chambers. This treatment results in a step density of ~1%. Liquid 

CH3I (Sigma Aldrich 99.5%) was degassed through freeze-pump thaw cycles before being introduced into 

the chambers. Hydrogen 99.999% and deuterium 99.999% were purchased from AirGas. Molecules were 

dosed on the Cu(111) crystals by backfilling the chamber to a desired pressure for a certain time using 

high precision leak valves. Exposures were calculated in Langmuirs (1 L = 1x10-6 torr·s). Pt deposition was 

accomplished using flux-monitored Omicron Nanotechnology Focus EFM 3 electron beam evaporators. 

Pt coverages were calibrated using CO (Airgas, 99.99%) adsorption.  

 

 



13 
 

Computational Details 

Periodic density functional theory calculations were performed using the Vienna ab initio 

Simulation Package (VASP) version 5.4.1.45,46  The exchange-correlation functional used is the non-local 

OptB86b-vdW functional,47 which is a revised version of the van der Waals density functional of Dion et 

al.48 We use a 3 × 3 × 5 slab unit cell whereby the top-most four layers are allowed to fully relax while 

the bottom-most layer is fixed at the OptB86b-vdW bulk FCC lattice constant (Cu = 3.608 Å, Pt = 3.958 Å) 

and a vacuum length of 10 Å separates periodic images in the z-direction. For surface calculations on 

Pt/Cu(111) SAA we use the lattice constant of FCC Cu and replace a single atom of Cu in the surface layer 

of the Cu(111) slab with a Pt atom. The Brillouin zone is sampled by a 13 × 13 × 1 Monkhorst-Pack k-

point mesh and the planewave kinetic energy cutoff is set to 400 eV (see Supplementary section A.9). 

We ensure electronic self-consistency up to a tolerance of <10-7 eV and the Hellmann-Feynman forces 

on free atoms during ionic relaxation are optimized to be <10-2 eV·Å-1. We present formation energies 

 of surface species with respect to gas phase CH4 and H2, which we take as references (having (ிܧ)

formation energies equal to zero). For a given surface species ܥ௫ܪ௬	ݔ = {0,1}, ݕ = {0,1,2,3,4} , we write 

the formation energy (ܧி൫ܥ௫ܪ௬൯) as 

௬൯ܪ௫ܥி൫ܧ  = ௬ܪ௫ܥ௧௢௧൫ܧ	 + −൯ܾ݈ܽݏ ൜ܧ௧௢௧ሺܾ݈ܽݏሻ + ݔ ∙ ସሻܪܥ௧௢௧ሺܧ − ൬4ݔ − 2ݕ ൰ ∙   (1)					ଶሻൠܪ௧௢௧ሺܧ

 

We write the activation energy (ܧ௔) as the DFT total energy of the transition state (்ܧ௢௧‡ ) minus the DFT 

total energy of the initial state (ܧிூௌ): 

௔ܧ  = ‡௢௧்ܧ − ௢௧ூௌ்ܧ  (2) 

We perform simulations within the graph-theoretical KMC framework as implemented in Zacros 

version 1.02.49,50 The simulation temperature is ramped from 160 K to 560 K at a rate of 1 K·s-1 to mimic 
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TPR. The partial pressures of gas phase species (CH4 and H2) are set to zero in order to reproduce ultra-

high vacuum conditions. The simulation cell is formed of (30 × 31) fcc unit cells with periodic boundary 

conditions. Simulations for the Pt/Cu(111) SAA make use of a lattice whereby Cu sites have been 

randomly substituted with Pt sites giving a Pt density of 0.039; this is slightly higher that the overall Pt 

concentration in experiment in order to reflect a higher density of Pt atoms closer to step edges. The 

surface is randomly initialized with 0.25 ML coverage of methyl and wherever noted 0.25 ML of 

hydrogen adatoms. 

Nanoparticle Studies 

Synthesis and Characterization: PtCu NP catalysts were prepared as previously described.23,37,51 

Copper NPs prepared as colloids by reducing Cu(NO3)2 in aqueous solution with NaBH4 as reducing agent 

and polyvinylpyrrolidone as capping agent. The resulting copper NPs were  deposited onto a silica 

support (fumed silica, 0.2-0.3 μm average aggregate particle size, surface area 200 m2/g) followed by 

calcination in air at 300 °C.23,37,52 Pt0.03Cu-SAA and Pt0.01Cu-SAA  were prepared by the galvanic 

replacement method on the copper NPs.23,37 Experimental and analysis details on the XAS, CO-IR and 

other characterizations for the NPs catalysts are discussed in the Supplementary section B. 

Catalytic activity measurements: B-D scrambling experiments were performed in a packed-bed 

flow microreactor (L=22 inch, O.D.=1/2 inch) with 100 mg of catalyst diluted by 1 g of quartz particles. 

Per convention we present our catalytic results in °C. Prior to the introduction of reaction gas mixture 

(5% Butane, 2% Deuterium and balance Argon), the samples were reduced in 20% H2/He at 400 °C for 20 

minutes and cooled to ambient temperature. After stabilizing in the reaction gas mixture at ambient 

temperature for 1 hour, the temperature was raised to the desired point. The gas effluent from the 

reactor was analyzed by a mass-spectrometer. To perform temperature programmed B-D scrambling, 

the temperature was increased from ambient temperature to 400 °C at 5 °C/min.   
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Data availability: Additional methods and materials characterization can be found in 

Supplementary Information. All data supporting the findings of this study are available upon request 

from the corresponding authors. 
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Figure Captions 

Figure 1. Methane evolution as a reporter of C-H activation in methyl groups on various surface 
structures; experiment and simulation. (a) STM image of a 0.01 ML Pt/Cu(111) SAA surface. Scale bar = 
1.5 nm. (b) Wide-scale image of the 0.01 monolayer (ML) Pt/Cu(111) SAA surface showing that Pt is 
distributed across both terraces and at regions near step edges. Scale bar = 1 nm. Inset shows an atomic 
resolution image of the alloy surface. Scale bar = 0.5 nm.  (c) TPR traces taken with a heating rate of  1 
K·s-1 showing the evolution of methane (solid lines) and ethene (dashed lines) from Cu(111) (black), 0.01 
ML Pt/Cu(111) (red) and 1.0 ML Pt/Cu(111) (blue) surfaces following deposition of 4.5 L of CH3I. (d) 
Simulated TPR of methyl covered Cu(111) (black), Pt/Cu(111) SAA (red) and Pt(111) (blue). The 
simulation randomly initializes the surface with 0.25 ML CH3 at 160 K and ramps the temperature at a 
rate of 1 K·s-1 for 400 s to a final temperature of 560 K. The normalized TPR signal is plotted as the 
derivative of the number of gas phase molecules of methane evolved from the surface with respect to 
time. The experiments and theory show that the Pt/Cu SAA activates C-H bonds at significantly lower 
temperature than Cu while also avoiding coking seen on extended Pt surfaces. 

Figure 2. Comparison of the reaction pathways between pure and SAA surfaces shows that 
Pt/Cu(111) SAAs have intermediate C-H scission barriers but beneficial Cu-like reaction energies, such 
that the SAA can perform C-H activation without carbon deposition. Optimized configurations from 
density functional theory are shown for a) the most stable adsorptions of CxHy species (x=0,1; y=0, 
1,2,3,4) on the Pt/Cu(111) SAA surface; and b) the transition states (TS) for C-H bond scissions from CH4* 
to CH3* + H* (TS1), CH3* to CH2* + H* (TS2), CH2* to CH* + H* (TS3) and CH* to C* + H* (TS4) on the 
Pt/Cu(111) SAA surface. An energy landscape for the full dehydrogenation of adsorbed CH4* on Cu(111) 
(black), Pt/Cu(111) SAA (red) and Pt(111) (blue) is given in c). 
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Figure 3. STM imaging of reaction intermediates on Cu(111) and Pt/Cu SAA surfaces revealing 
lower temperature C-H activation on Pt/Cu SAAs than Cu. (a-h) STM images at 5 K show the various 
stages of the reaction of CH3I on Cu(111) and 0.01 ML Pt/Cu(111) surfaces (top and bottom rows 
respectively) after annealing to various temperatures. Scale bars = 3 nm. Panels a and b show clusters of 
intact MeI molecules. In panels (c-h) dissociated iodine atoms appears as higher, brighter protrusions, 
while methyl groups appear as darker protrusions. (i) High resolution STM images of mixed phase 
methyl (darker protrusions) and iodine (brighter protrusions) after a 120 K anneal on Cu(111) and (j) 
iodine on Cu(111) after a 450 K anneal. Scale bars = 1 nm for (i) and (j). These STM images confirm what 
was predicted by the TPR results, namely that the Pt/Cu SAA surface is able to activate C-H bonds in 
methyl groups at lower temperature than Cu while still avoiding carbon deposition. 

Figure 4. Reactor studies of butane-deuterium scrambling as a reporter of C-H activation and 
long term catalyst stability of NP catalysts. TPSR data for the B-D scrambling reaction over (a) Pt0.03Cu-
SAA, Pt0.01Cu-SAA and Cu-NP catalysts and (b) Pt-NP catalysts, monitored by mass spectrometry. 
(Temperature ramp 5°C/min)  The 59/58 mass ratio indicates the C4H9D amount. The data in (a) are from 
the second reaction cycle. First, second and third cycles of TPSR are shown for Pt-NP (b); (c) 12-hour test 
for the Pt0.01Cu-SAA catalyst at 360°C showing stability over time. The catalyst was at room temperature 
at the beginning and end of the test. Gas composition: 5% butane, 2% deuterium and balance argon. 50 
ml/min, 100 mg catalysts. These flow reactor studies show PtCu SAA NPs catalyse C-H activation in 
butane molecules at lower temperature than Cu without the deactivation observed for Pt NPs. 

Figure 5. Oxidation tests reveal a lack of coking of Pt/Cu SAA catalysts. Temperature 
programmed oxidation (TPO) of Pt-NP (blue), Pt0.01Cu-SAA (red) and silica (green). Pt-NP and Pt0.01Cu-
SAA were treated in B-D scrambling reaction conditions at 360°C for 12 hours. All systems were treated 
in an argon flow at 300°C for 2 hours before TPO to desorb the hydrocarbon adsorbates. TPO conditions: 
20% O2/He, 20 mL/min, 3°C/min, 100 mg catalysts. TPO experiments confirm there is no carbon 
deposition on PtCu SAA NPs, only the silica, at ambient pressure reaction conditions while Pt NPs are 
subject to significant carbon deposition. 
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