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Abstract: Self-stabilized, heterometallic pair-sites can enable fine-tuning of catalytic functionality while 

also mitigating dynamic structural changes that degrade catalytic performance. This study demonstrates the 

development and characterization of trimetallic PtxCrxAg1-2x (x ≤ 0.1) alloys with active Pt-Cr pair-

ensembles for non-oxidative ethanol dehydrogenation, leveraging predictions that favorable bonding 

stabilizes Pt-Cr pairs diluted in Ag. Operando X-ray absorption spectroscopy confirms the preferential 

formation and stability of Pt-Cr pairings dispersed throughout the Ag matrix, and ambient-pressure X-ray 

photoelectron spectroscopy shows that Pt-Cr sites have significant activity for ethanol dehydrogenation, 

while suppressing reaction processes that deactivate binary Pt-Ag and Cr-Ag alloys. This work 

demonstrates that stabilizing heterometallic pair sites within trimetallic alloys provides a new avenue for 

designing catalysts with discrete active sites that are durable and highly selective. 
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Introduction 

Single-site catalysts can achieve high selectivity by providing atomically dispersed and uniform active sites, 

but stabilizing these materials under reaction conditions remains a challenge for their use in practical 

applications. In single-atom alloy (SAA) catalysts [1], a sub-class of single-site catalysts [2-3], the active sites 

are isolated atoms of a reactive metal dispersed throughout a less reactive host metal. SAA catalysts can 

achieve high selectivity largely because the low nuclearity of the active sites prevents multiple-step 

reactions toward undesirable products. However, adsorbed intermediates can induce segregation and 

aggregation of the active metal, leading to a loss of selectivity [4-10]. To reduce the risk of restructuring and 

degradation in performance, SAA catalysts are typically synthesized with low loadings (< 1%) of the active 

metal, thereby sacrificing catalytic activity for selectivity.  

 Compared with SAAs, dual-atom alloys (DAAs) offer broader opportunities for selective chemical 

transformations, including multistep chemical reactions, while providing greater stability of the active sites. 

Catalysts with atomically dispersed pair-sites or pair-ensembles have potential to expand the scope of 

discrete-site catalysts; however, their development has been limited by difficulty in stabilizing these active 

sites [11-16]. In a DAA, two reactive metals (A-B), present in minority concentrations, preferentially bond 

with one another and disperse throughout a less reactive host (C), generating chemically reactive, 

heterometallic dimers [17]. These heterometallic pair-sites can promote chemistries that single-atom sites 

cannot because they are larger and composed of metal atoms with different chemical functionalities. 

Furthermore, the favorable bonding that stabilizes the heterometallic pairs can improve their resistance 

toward restructuring in reactive environments. This stability stems from the preferential hetero-pairing of 

the reactive metals, analogous to the bonding in intermetallic compounds [18-19]. However, unlike traditional 

intermetallics, dual-atom alloys can preserve the discrete and isolated nature of their active sites. This 

combination of properties could allow dual-atom alloy catalysts to stabilize higher concentrations of active 

sites compared to SAAs and other pair-site catalysts, thereby enhancing both catalytic activity and 

selectivity. 

 Calculations using density functional theory (DFT) recently identified the PtCr-Ag(111) surface as a 

promising DAA for experimental studies, predicting not only that Pt-Cr pair-sites are energetically 

preferred in Ag(111) but also that they can promote the dehydrogenation of ethanol (CH3CH2OH) to 

acetaldehyde (CH3CHO) under mild reaction conditions [20]. The Pt and Cr atoms provide distinct chemical 

functionalities [21] that, when combined, provide a facile pathway for the selective dehydrogenation of 

ethanol to acetaldehyde and H2, which is a reaction of significant technological interest [22]. Experiments 

performed in ultrahigh vacuum confirmed the above mentioned DFT predictions [20], demonstrating that 

first-principles calculations can successfully guide the design of a DAA surface with distinct chemical 

properties compared with their SAA counterparts. Although computational studies suggest that DAAs with 

various hosts, including Cu, Ag and Au, and dopants can provide high performance for several important 

reactions [17, 23-27], experimental studies of DAAs and dilute trimetallics remain sparse [20, 28-29]. In particular, 

probing heterodopant interactions in dilute trimetallics under reaction conditions is challenging yet crucial 

for establishing the nature of the active site.  

 Herein we report the successful synthesis of CrxAg1-x, PtxAg1-x, and PtxCrxAg1-2x alloy thin-films via 

controlled sputter-deposition. Catalytic testing demonstrated that the trimetallics are active, selective, and 

stable for the ethanol dehydrogenation reaction under practical conditions, whereas the bimetallic Pt-Ag 

and Cr-Ag systems are not. Despite their structural complexity, we demonstrate how bulk- and surface-

sensitive X-ray spectroscopies can characterize their structure and dynamic segregation under reactive 

atmospheres and quantify the Pt-Cr pairings responsible for the reactivity. Significantly, operando X-ray 

spectroscopy reveals that preferential Pt-Cr pairing intrinsically stabilizes the active sites on Pt-Cr-Ag 

surfaces, ensuring sustained catalytic performance at high active-metal loadings.  

 Thin films (100 nm and 5 m in thickness) of bimetallic PtxAg1-x and CrxAg1-x and trimetallic 

PtxCrxAg1-2x alloys of various compositions (x = 0.02, 0.05 and 0.1) were magnetron sputter-deposited onto 

polycrystalline Ag (poly-Ag) and glass substrates (Supporting Information - SI). Scanning transmission 

electron microscopy (STEM) shows that the alloy films have a columnar grain structure with a characteristic 

grain width of several hundred nm (Fig. 1A). The films are characterized by a high density of stacking 

faults and stacking tetrahedra, which produce bright contrast in STEM images obtained at longer camera 



3 

 

length (CL) due to strain-induced contrast variations (Fig. 1A,B) but not at lower CL where Z-dependent 

contrast dominates in comparison to the smaller effects due to electron channeling caused by strain, stacking 

faults and stacking tetrahedron defects (Fig. 1C) [30-31]. The absence of abrupt contrast variations in higher 

resolution images at lower CL demonstrates that Pt or Cr clustering occurs negligibly at length scales of ~1 

nm (Fig. 1C). Consistent with this observation, energy dispersive spectroscopy (EDS) shows that the metal 

elements distribute uniformly throughout the films down to the ~1 nm level, without any indication of 

surface or grain boundary segregation (Fig. 1D, fig. S1). 

 

E) 

 
 

Figure 1. A) Low-magnification HAADF-STEM image of a Pt-Cr-Ag(10:10:80%) film grown on a poly-Ag 

substrate. High-magnification images of columnar grain at camera lengths (CL) of B) CL: 4 cm, C) CL: 2 cm. D) 

Elemental distribution map of Ag, Cr and Pt. E) Models of Pt-Cr pairs in bulk Ag and the (111), (100) and (110) 

surfaces and the Pt-Cr dimerization energies computed using DFT.  

 
DFT predicts that Pt and Cr atoms substituted into Ag in low concentrations preferentially pair with one 

another to form stable heterometallic dimers. Pt-Cr dimerization is favorable by about 0.20 eV per pair 

within both the bulk and the dominant low-index surfaces of Ag (Fig. 1E), where the dimerization energy 

is defined relative to the dispersed state in which Pt and Cr atoms bond only with Ag atoms. The Pt-Cr 
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dimerization energy is high enough to stabilize the Pt-Cr pairs but likely low enough to avoid aggregation 

into large Pt-Cr rich domains. Consistent with this, calculations using DFT-derived energies for homo- and 

heterodimer formation indicate that Pt-Cr pairing is thermodynamically preferred for these materials even 

at reaction temperatures (see fig. S2). These DFT results thus suggest that Pt-Cr pairs will preferentially 

form and disperse throughout Ag, and that the dimerization energy should stabilize the Pt-Cr pairings within 

the bulk and the surfaces, thus suppressing adsorbate-driven segregation of one or more alloy components 

during catalysis.  

 

Results and Discussion 

Catalytic activity 

APXPS experiments show that trimetallic Pt-Cr-Ag thin films are catalytically active toward ethanol 

(EtOH), converting it to acetaldehyde and H2 with high selectivity. Fig. 2A shows image plots of gas-phase 

and surface C 1s spectra acquired every 14 seconds as a 10:10:80% Pt-Cr-Ag thin film was heated in 1 

mbar of flowing EtOH. The gas-phase C 1s spectra show that the C 1s peaks from EtOH diminish while a 

C 1s peak from the carbonyl group of acetaldehyde simultaneously intensifies as the Pt-Cr-Ag film is first 

heated to 350 °C, reaching about 5% of the EtOH peak intensity, with these changes reversing as the film 

is cooled to the initial temperature. Mass spectrometry confirms that acetaldehyde and H2 are the only 

species produced from EtOH during these experiments (fig. S3). The onset of catalytic activity occurs near 

200 °C, and the reaction rate increases steadily and stabilizes as the sample temperature is increased and 

held at 350 °C. The surface C 1s spectra show that the coverage of EtOH-derived surface species (~285-

287 eV) decreases as the Pt-Cr-Ag film becomes catalytically active during heating, and increases as the 

sample is cooled and its catalytic activity decreases (Fig. 2A, fig. S4). The oxygen coverage on the Pt-Cr-

Ag film also decreases during catalytic ignition and is reversible (fig. S4). The gas-phase C 1s spectra shift 

toward higher apparent binding energy as the rate of EtOH dehydrogenation increases, indicating that the 

surface work function decreases [32] as the surface coverage of EtOH-derived species decreases. These 

results demonstrate that the Pt-Cr-Ag film is not only active and selective but also remains stable for periods 

of several hours while promoting highly selective catalytic dehydrogenation of EtOH.  
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Figure 2. Trimetallic Pt-Cr-Ag films exhibit higher catalytic activity than bimetallic Pt-Ag and Cr-Ag films for 

selective EtOH dehydrogenation to acetaldehyde. Shown are image plots of XPS C 1s spectra of the gas-phase 

(left) and the surface (right) acquired as a function of time from alloy thin-films exposed to 1.0 mbar of EtOH while 

the samples were heated and cooled between 130 and ~350-405 °C (SM). Data are shown for thin films of A) Pt-

Cr-Ag (10:10:80%), B) Pt-Ag (10:90%) and C) Cr-Ag (10:90%). Mass spectrometry (fig. S2) confirms the 

assignment of the C 1s peak near 291 eV to acetaldehyde (CH3CHO). D) Comparison of C 1s gas-phase spectra 

acquired from the Pt-Cr-Ag, Pt-Ag and Cr-Ag films during reaction with EtOH at 350 °C.  
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In contrast to the trimetallic films, bimetallic (10:90%) Pt-Ag and Cr-Ag films exhibit negligible 

catalytic activity toward EtOH. For both bimetallic films, the gas-phase C 1s spectra reveal minimal EtOH 

consumption and a negligible signal from acetaldehyde during heating to 350 °C (Fig. 2B-D). For Pt-Ag, 

the C 1s spectra indicate carbon accumulation on the surface during heating in EtOH (Fig. 2B), whereas 

the oxygen coverage remains low (fig. S3). This behavior demonstrates that the Pt-Ag film promotes EtOH 

decomposition into carbonaceous surface species, but remains essentially inactive for catalyzing the 

conversion of EtOH to acetaldehyde or other gaseous products. Unlike Pt-Ag, carbon does not accumulate 

on the Cr-Ag film (Fig. 2C), but EtOH decomposition causes oxygen to accumulate instead (fig. S4), as 

elaborated below. The bimetallic Pt-Ag and Cr-Ag films thus have negligible activity for the catalytic 

conversion of EtOH compared with trimetallic Pt-Cr-Ag films (Fig. 2D), yet undergo restructuring due to 

EtOH decomposition.  

The activity of trimetallic Pt-Cr-Ag films toward EtOH dehydrogenation and the much lower activity 

of the binary alloys is very reproducible and was also observed with a more dilute (x=0.05) PtxCrxAg1-2x 

film (fig. S5). The differences in catalytic activity between the trimetallic and bimetallic alloys were also 

confirmed in separate measurements performed in a recirculating loop (batch) reactor (fig. S6). Our results 

thus demonstrate unequivocally that the trimetallic Pt-Cr-Ag surfaces are catalytically active in promoting 

the conversion of EtOH to acetaldehyde and H2, whereas the binary Pt-Ag and Cr-Ag films are both nearly 

inactive.  

 

Local coordination environments from bulk EXAFS 

Ex-situ extended X-ray absorption fine structure (EXAFS) data, collected at the absorption edges of all 

constituent elements, demonstrates that the trimetallic films have similar local compositional motifs in 

PtxCrxAg1-2x for all Pt and Cr loadings (x=0.02, 0.05 and 0.1). X-ray absorption near-edge structure 

(XANES) spectra at the Ag K-edge show that the local structure of Ag in the Pt-Cr-Ag films is similar to 

that in Ag foil (fig. S7), consistent with the high concentration of Ag in the films. In contrast, the Pt L3 and 

Cr K-edge XANES spectra differ significantly from those collected from pure Pt and Cr metal foils, and 

lack signatures of Pt and Cr oxidation (fig. S7). These results indicate that Pt and Cr are alloyed in all of 

the thin films, consistent with the uniform distribution confirmed by EDS mapping (Fig. 1E, fig. S1).  

EXAFS analysis demonstrates that Pt-Cr pairing occurs within all of these trimetallic alloy films, with 

the local Pt-Cr pair probabilities exceeding values for random alloys (table S1, fig. S8). Here, the Pt-Cr pair 

probability is defined as the fraction of nearest neighbor sites of Pt that are occupied by Cr. The analysis 

shows that the total coordination number of the first shell is consistent with bulk values for all elements, 

thus providing further evidence that the metals are well-dispersed throughout the trimetallic films (table S2, 

S3). Significantly, our analysis confirms that the Pt-Ag and Cr-Ag pair probabilities are lower, while the 

Pt-Cr (and Cr-Pt) pair probabilities are greater than random alloy values for each of the thin films 

investigated. For example, the EXAFS analysis yields a Pt-Cr pair probability of 37 ± 13% for the x=0.1 

PtxCrxAg1-2x film, indicating that, on average, each Pt atom has between 3–6 Cr nearest neighbors (out of 

12 total) in the bulk of the film, and 1–3 Cr nearest neighbors within the dominant low-index surface planes 

(table S4). In contrast, the Pt-Pt and Cr-Cr pair probabilities (~5%) are significantly lower than the random-

alloy expectation of 10% for the x=0.1 PtxCrxAg1-2x film (table S4). Combined with STEM evidence 

excluding clusters larger than 1 nm in size, all the EXAFS results demonstrate the presence of Pt-Cr pair-

ensembles. The ensembles are distributed nearly uniformly throughout the Pt-Cr-Ag films, but the slightly 

reduced Pt-Ag and Cr-Ag pair probabilities relative to a random mixture suggest a subtle preference for Pt 

and Cr atoms to group together, favoring Pt-Cr bonding. 

 

In situ surface-site sensitive EXAFS 

To confirm that the local ordering found in bulk EXAFS measurements is preserved near the surface, where 

catalysis takes place, we performed Pt L3-edge grazing incidence (GI) EXAFS measurements for bimetallic 

Pt-Ag and trimetallic Pt-Cr-Ag films, grown 100 nm thick on float glass substrates. These spectra, acquired 

at an incident angle below the threshold for total external reflection, provide information about Pt in the 

outermost few nanometers of the samples [33]. The GI-EXAFS measurements for Pt-Ag and Pt-Cr-Ag thin 

films exhibit clear differences attributable to Pt-Cr pairing in the trimetallic alloy (Fig. 3, fig. S9, S10). 
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While spectra acquired for the bimetallic alloy can be adequately fit using only a single Pt-Ag component, 

indicating a high dispersion of Pt in the silver matrix with little Pt-Pt association, those from the trimetallic 

alloy require an additional Pt-Cr component (Fig. 3, table S5). This finding demonstrates that Pt and Cr 

atoms directly bond with one another in the near-surface region of the trimetallic alloys, in good agreement 

with our ex-situ EXAFS results and as predicted by DFT.  

 

 

 
 

Figure 3. GI-EXAFS demonstrates that Pt and Cr atoms preferentially pair with one another in the near-surface 

region of Pt-Cr-Ag films. Reflectance Pt L3-edge GI-EXAFS data (solid) and their fits (dashed) obtained from Pt-

Ag (10:90%) and Pt-Cr-Ag (10:10:80%) films in A,B) helium at room temperature and C,D) EtOH at 300-350 °C. 

Scattering components for Pt-Ag (blue) and Pt-Cr (orange) are needed to accurately fit the data from the Pt-Cr-Ag 

film. The contribution of the Pt-Cr component is most apparent in the k-space plots (A,C) near k=6Å-1 due to an 

antiphase alignment with the Pt-Ag component (blue arrows).  

 

 The local structure of the Pt environment determined from Pt-L3 edge GI-EXAFS data remained largely 

unchanged when the Pt-Cr-Ag film was heated from room temperature to 350 °C in helium or EtOH (Fig. 

3, fig. S9, S10). The Pt-Cr pair probability determined from these experiments is 17  6%, which is nearly 

double the Pt-Cr pair probability (10%) for random mixing in the trimetallic alloy (table S5). The GI-

EXAFS results thus show that each Pt atom in the near-surface region has an average of 1 or 2 Cr nearest 

neighbors and importantly, that the Pt-Cr pairings remain stable under reaction conditions. Overall, both 

grazing incidence and bulk EXAFS demonstrate that Pt-Cr pairing occurs preferentially in the Pt-Cr-Ag 

thin films, and that this pairing is maintained close to the surface under reaction conditions, as required to 

influence catalytic behavior.  

 

APXPS: Cr speciation and restructuring 

APXPS, the most surface sensitive measurement used in this study, shows that both metallic and oxidized 

Cr were present on the Pt-Cr-Ag and Cr-Ag surfaces during exposure to EtOH, but that catalytic EtOH 

dehydrogenation only occurred on Pt-Cr-Ag due to the coexistence of metallic Cr and Pt. Deconvolution 
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of the Cr 2p + Ag 3p3/2 spectra shows that the Cr+3 oxidation state was the dominant form of Cr on both the 

Pt-Cr-Ag and Cr-Ag surfaces, and that both metallic Cr and Cr+6 were also present in smaller quantities 

(fig. S11). Although Cr2O3 was the majority state of Cr, our results demonstrate that oxidized Cr on the 

alloy surfaces was inactive toward EtOH dehydrogenation. For example, mass spectrometry shows that 

similar EtOH dehydrogenation activity was achieved on Pt-Cr-Ag surfaces on which the amount of surface 

Cr2O3 differed by more than a factor of two, but the amounts of metallic Cr were similar (fig. S12). Metallic 

Cr was also present on the Cr-Ag surface in similar or even higher concentrations compared with Pt-Cr-Ag 

(fig. S11c). However, given that the Cr-Ag film exhibited negligible catalytic activity toward EtOH 

dehydrogenation (Fig. 2C), our results indicate that metallic Cr in the form present on the Cr-Ag surface is 

also inactive toward the catalytic dehydrogenation of EtOH. Together, these findings demonstrate that 

catalytic EtOH dehydrogenation on the Pt-Cr-Ag surfaces requires the coexistence of metallic Cr and Pt. 

Since EXAFS reveals preferential Pt-Cr pairing, the combined APXPS and EXAFS results provide strong 

evidence that Pt-Cr pair sites serve as the active sites for EtOH dehydrogenation over the Pt-Cr-Ag alloy 

catalysts.   

 
 

 
 

Figure 4. Pt stabilizes Cr on Pt-Cr-Ag surfaces during EtOH dehydrogenation, whereas EtOH deoxygenation 

induces Cr segregation and oxidation on Cr-Ag. Comparison of Cr 2p + Ag 3p3/2 spectra obtained from A) Pt-Cr-

Ag and B) Cr-Ag films in vacuum at 130 °C and during exposure to EtOH at elevated temperature, after repeated 

heating-cooling between 130 and 350 or 400 °C. For the data shown, the Pt-Cr-Ag film was in 0.25 mbar EtOH 

and heated to 350 °C, and the Cr-Ag film was in 1.4 mbar EtOH and heated to 400 °C. Cr oxidation was also 

negligible on the Pt-Cr-Ag film at higher EtOH pressures up to 400 °C (fig. S11). 

 
The Cr 2p spectra demonstrate that the Pt-Cr-Ag surfaces remain stable for prolonged durations during 

catalytic EtOH dehydrogenation, whereas the Cr-Ag surface undergoes significant restructuring due to 

deoxygenation of EtOH. For the trimetallic Pt-Cr-Ag films, the amount of Cr2O3 at the surface either 

remained constant (Fig. 4A) or slightly decreased (fig. S11a,b) when the films catalyzed the 

dehydrogenation of EtOH (0.25 to 1.25 mbar) at temperatures up to 400 °C, demonstrating that Cr2O3 was 

initially present on the Pt-Cr-Ag surfaces and not generated by EtOH. In sharp contrast, exposing the 

bimetallic Cr-Ag film to similar conditions caused Cr to oxidize to Cr2O3 (Fig. 4B, fig. S11c), with the 

surface Cr2O3 more than doubling from its initial amount, likely during the first thermal cycle. Analysis of 

the O 1s spectra shows that the surface oxygen coverage also more than doubled, primarily due to a more 

intense peak at 530.5 eV, consistent with lattice oxygen in Cr2O3 [34] (fig. S13). A smaller peak at 532 eV, 

attributed to OH and oxidized carbon species, also slightly intensified. Given the lack of C accumulation 
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on the Cr-Ag surface (Fig. 2C, fig. S4), we conclude that EtOH decomposition on the Cr-Ag thin film 

proceeds via deoxygenation, producing gaseous hydrocarbons while oxygen remains on the surface [20, 35]. 

The Cr2O3 phase was inactive toward EtOH up to 400 °C and its formation thus prevented sustained EtOH 

deoxygenation on the Cr-Ag surface. By comparison, no additional Cr oxidation occurs on the Pt-Cr-Ag 

surfaces, demonstrating that Pt-Cr pairing suppresses the ethanol-driven Cr oxidation and enables Pt-Cr 

sites to selectively catalyze EtOH dehydrogenation over extended periods. While the electronic origin 

requires further study, the Pt-Cr bonding interaction may prevent EtOH C-O bond activation by effectively 

lowering the oxophilicity of Cr, analogous to effects observed in electrochemical dealloying [36] and in other 

dilute alloys with early transition-metal dopants [35, 37]. 

 

 

APXPS: Pt speciation and coking 

APXPS shows that Pt atoms on the Pt-Ag film become covered by carbonaceous species (“coke”) due to 

non-selective EtOH decomposition, whereas negligible deactivation occurs on the Pt-Cr-Ag surfaces. For 

the Pt-Cr-Ag film, the overall intensity of the Pt 4f7/2 spectrum increased by about 50% after repeated cycles 

of EtOH dehydrogenation (Fig. 5A). A concurrent decrease in the carbon surface coverage (Fig. 5B, fig. 

S4) suggests that adsorbed C-species are removed from surface Pt sites during EtOH dehydrogenation on 

the Pt-Cr-Ag film, consistent with the conversion of Pt-bound intermediates to gaseous CH3CHO. The C 

1s surface spectra can be fit with two peaks for gaseous EtOH and three peaks at 287, 285.4 and 284.4 eV 

that are characteristic of oxidized carbon species, hydrocarbon species and atomic or graphitic C, 

respectively (fig. S14). The peaks at 287 and 285.4 eV diminished after repeated thermal cycling, indicating 

removal of oxidized and hydrocarbon species as the film became catalytically active, whereas the peak at 

284.4 eV remained nearly constant, pointing toward the persistence of graphic (or atomic) carbon. Future 

studies using surface IR spectroscopy are likely to provide complementary insights into EtOH-derived 

surface species and reaction intermediates. A Pt 4f7/2 peak at 71.4 eV also emerged when the Pt-Cr-Ag film 

was catalytically active (Fig. 5A, fig. S15). DFT calculations suggest that this Pt 4f7/2 peak originates from 

Pt bonded to H-atoms (table S6), in agreement with the bifunctional mechanism predicted for EtOH 

dehydrogenation on Pt-Cr pairs in Ag(111) [20].  

In contrast to the behavior of the Pt-Cr-Ag film, the total intensity of the Pt 4f7/2 signal from the Pt-Ag 

film decreased by approximately a factor of seven after repeated heating in EtOH to 400 °C (Fig. 5D). This 

loss of Pt 4f intensity was accompanied by a substantial increase in the graphitic (or atomic) carbon 

coverage, indicated by the C 1s peak at 284.4 eV (Fig. 5D, E, S14), while the oxygen coverage remained 

low (fig. S4). These results demonstrate that EtOH decomposition produces carbonaceous species that 

accumulate on Pt sites of the Pt-Ag film, leading to surface deactivation. Together, these findings 

demonstrate that preferential Pt-Cr pairing provides a “built-in” mechanism for stabilizing the active sites 

of Pt-Cr-Ag alloy surfaces to avoid coking and enable sustained catalytic EtOH dehydrogenation, and 

highlight the importance of operando spectroscopic measurements for characterizing dynamic changes in 

surface structure that occur under practical reaction conditions.  
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Figure 5. The Pt surface coverage remains high during EtOH dehydrogenation on the Pt-Cr-Ag surface, whereas 

EtOH decomposition causes carbon to accumulate on Pt sites of the Pt-Ag surface. Shown are APXPS Pt 4f7/2 and 

C 1s surface spectra obtained from a thin film of A, B) Pt-Cr-Ag (10:10:80%) and C ,D) Pt-Ag (10:90%) exposed 

to 1 mbar EtOH before (blue) and after (red) repeatedly heating to 350 or 400 °C. Attenuation of the Pt 4f signal 

from the Pt-Ag surface coincides with significant carbon accumulation as summarized in E).   
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Conclusions 

The present study demonstrates that preferential Pt-Cr pairing in Pt-Cr-Ag alloys provides stable and 

selective sites for EtOH dehydrogenation while suppressing deactivation processes related to non-selective 

EtOH decomposition and surface segregation. The intrinsic stability of the Pt-Cr pair-sites enables Pt-Cr-

Ag films with high loadings of the active metals to sustain their catalytic performance, demonstrating that 

trimetallic catalysts with heteropair ensembles can achieve higher activity than typical single-site catalysts 

while remaining selective and stable. Our findings also show that investigations with model crystalline 

surfaces [17, 20] can effectively identify trimetallic alloys that, when synthesized in polycrystalline form, 

achieve selective catalysis under practical operating conditions. As such, computational screening of the 

vast structure space of trimetallic systems may allow the efficient discovery of other heterometallic-pair 

trimetallic alloys for various applications in selective catalysis. Future efforts to stabilize heteropair sites in 

trimetallic nanoparticles will be critical for realizing the potential of these alloy catalysts in practical 

applications. Studies with model SAA surfaces have already enabled the development of several catalytic 

processes with high surface-area materials [38-42], suggesting that similar advances are achievable for 

trimetallic catalysts. 
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Trimetallic PtxCrxAg1-x (x < 0.1) alloys feature active Pt-Cr pairs for non-oxidative ethanol 

dehydrogenation.  Operando X-ray spectroscopy confirms the preferential formation of Pt-Cr pairs 

dispersed throughout an Ag matrix and demonstrates that the Pt-Cr sites have high activity and 

selectivity for catalytic ethanol dehydrogenation, while suppressing reactions that deactivate 

binary Pt-Ag and Cr-Ag alloys.  


