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Abstract  

Dicarbonyl species are ubiquitous on Rh/oxide catalysts and are known to form on Rh+ centers. 

However, dicarbonyl species have never been directly observed on single-atom alloys (SAAs) 

where the active site is metallic. Herein, using surface science and theoretical modeling, we 

provide evidence of dicarbonyl species at isolated Rh sites on a RhCu(100) SAA. This approach 

not only enables us to directly visualize dicarbonyl species at Rh sites, but also demonstrate that 

the transition between the mono and dicarbonyl at Rh sites can be achieved by changing surface 

temperature and CO pressure. Density functional theory calculations further support the mono and 

dicarbonyl assignments and provide evidence that these species should be stable on other SAA 

combinations. Together, these results provide a picture of the structure and energetics of both the 

mono and dicarbonyl configurations on the RhCu(100) SAA surface and should aid with IR 

assignments on SAA nanoparticle catalysts.  
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CO infrared spectroscopy is a ubiquitous tool used in catalyst characterization due to the sensitivity 

of the C-O stretch frequency to different surfaces and binding sites.1,2 This technique has been 

widely applied to study CO oxidation on supported metal nanoparticles, as well as used in the 

characterization of active sites in single-atom catalysts.3–7 However, definitive peak assignments 

on complex catalysts samples is challenging. While the fast growing field of single-atom catalysis 

has produced many promising catalysts for a variety of reactions, definitively attributing catalytic 

activity to single atom or cluster sites can been difficult and controversies exist in the literature 

over the assignment of IR spectra.3,6  

Single-atom alloys (SAAs) are a type of single-atom catalyst consisting of a somewhat inert host 

metal doped with single atoms of a more reactive metal.8–16 Unlike most catalysts, single-atom 

alloys were discovered using fundamental microscopy and desorption measurements on single 

crystals under model-system Ultra-High Vacuum (UHV) conditions before making the transition 

to nanoparticle analogs. Since these initial studies, close synergy between model-system work 

under UHV and nanoparticle studies under industrially relevant conditions has enabled the design 

and understanding of these materials. Several nanoparticle catalysts have been developed using 

this combined methodology, and some examples include: RhCu SAAs for propane 

dehydrogenation,9 PdCu SAAs for acetylene semi-hydrogenation to ethylene,14 and NiAu SAAs 

for the dehydrogenation of ethanol.11 

While dicarbonyl species have been observed on single-atom catalysts consisting of metal atoms 

supported on oxides, these species have not been reported on SAAs.17,18 Furthermore, it would not 

be expected that dicarbonyls would be stable on SAAs considering that they normally form on Rh+ 

species according to the 18 electron rule.19–22 It is well known that atomically dispersed Rh atoms 

on oxide supports exhibit two characteristic CO IR peaks which correspond to the asymmetric and 

symmetric stretch of the dicarbonyl at isolated Rh sites.19,23–27 In fact, the appearance of these 

spectral features (and the absence of linear and bridge bound CO, characteristic of CO adsorption 

on nanoparticles) is often considered as strong evidence of active site dispersion on oxides.25,28 

Herein, we examine a well-defined RhCu(100) SAA surface to understand CO adsorption at the 

active site. Using a combination of temperature programmed desorption (TPD) and reflection 

absorption infrared spectroscopy (RAIRS), we find two unique features in the spectra: a weakly 

bound dicarbonyl feature at 1926 cm-1 (stable below ~265 K), and a strongly bound monocarbonyl 

feature at 1978 cm-1 (stable below ~440 K). Due to the surface selection rules on metallic samples, 

we only observe the symmetric feature, unlike dicarbonyls on metal oxides where both symmetric 

and asymmetric bands are observed. To confirm our assignments, we exposed the surface to an 

isotopic mixture of CO which led to the band associated with the symmetric dicarbonyl stretch 

splitting into three features, while the band associated with the monocarbonyl stretch split into 

two, consistent with the expected isotopic scrambling. Interestingly, we found that even modest 

pressures of CO (~1×10-6 mbar) can cause the conversion of the monocarbonyl feature to the 

dicarbonyl at room temperature. This is the first observation of dicarbonyls on SAAs and is 

important in terms of catalyst characterization, but may also have broader implications, since the 

dicarbonyl structure may act as a reaction intermediate for C-C coupling in CO2 reduction. 

Previous results have shown that low coverages of Rh in Cu exist as isolated sites forming a 

SAA.17,29 This is in agreement with theoretical studies which show that the formation of small Rh 

ensembles (such as dimers and trimers) is endothermic in Cu.30,31 Interestingly, due to the kinetics 

of alloy formation under model system conditions, we have previously found that the host metal 



facet (111 vs 100) impacts the dispersion of the active sites.17,29 On RhCu(100), single Rh atoms 

are finely dispersed across the entire surface, while on RhCu(111) most of the isolated Rh atoms 

are located in dense brims in the regions above the step edges. Density Functional Theory (DFT) 

calculations demonstrated that these observed Rh distribution differences between RhCu(100) and 

RhCu(111) were due to different alloying mechanisms on the two different surface facets.29 

Specifically, the diffusion barrier for Rh atoms on Cu(100) is higher than that on Cu(111) and 

therefore direct atomic exchange of Rh into the terraces is favored on Cu(100). This results in the 

observed well dispersed Rh atoms in Cu(100) while dense alloyed brims are formed in the regions 

above the step edges on Cu(111) due to the higher diffusion rate on Cu(111) that enabled the Rh 

atoms to reach step edges and place exchange into the surface at those sites.29 

In order to further study the properties of isolated Rh sites in Cu(100), 0.7% of a monolayer of Rh 

was deposited on Cu(100) at 300 K, the surface was cooled, and CO TPD and IR spectroscopy 

were conducted. As shown by the TPD results in Fig. 1A, we observe the desorption of CO from 

the c(2×2) phase on Cu(100) <180 K.32 These results are consistent with previous reports as well 

as our controls on Rh-free Cu(100) presented in Fig. 1A (black trace).32,33 At higher temperatures, 

two features, which are found only in the presence of Rh, are observed at ~265 K and ~440 K. The 

high temperature feature at ~440 K corresponds to CO bound in a mono-dentate configuration to 

the isolated Rh atoms.17 However, the feature at ~265 K has never been observed before. To rule 

out the possibility that defect sites such as steps and kinks on the Cu(100) surface could be 

responsible for this desorption feature, we intentionally increased the step edge density of the 

crystal via argon ion bombardment at 300 K.34 This led to the appearance of an additional CO 

desorption feature at 200 K (grey trace),32 indicating that the desorption peak at ~265 K is 

associated with the Rh atoms not Cu defect sites. The ratio of the area of the low temperature Rh 

feature to the high temperature feature is ~1:1 which is consistent with adsorption of two CO 

molecules at each Rh site in a dicarbonyl configuration.  

 

Fig. 1. TPD and RAIRS results showing two distinct binding sites for CO on isolated Rh atoms in Cu(100). 

A) TPD spectra of saturation CO exposures on Cu(100), roughened “stepped” Cu(100), and a 0.7% 

RhCu(100) SAA. A magnified view of the high temperature desorption features is shown above the TPD 

traces. The inset shows an STM image of a Rh/Cu(100) SAA in which the Rh sites appear as depressions. 

Image conditions: 300 mV, 300 pA, scale bar is 2 nm. B) RAIRS spectra of saturation CO on RhCu(100) 

SAA as a function of temperature. All spectra were obtained at the indicated temperatures. C) Schematic 

illustration of the proposed structure of the low and high temperature carbonyls.  



To aid assignment of these features, we computed the stability of CO bound to Rh in the mono and 

dicarbonyl configurations using DFT as shown in Table S1. These results demonstrate the 

formation of a dicarbonyl at the Rh dopant atom is more stable (-2.90 eV, with the particular 

exchange-correlation functional used, see Supporting Information) compared to a situation where 

there is only one CO molecule adsorbed on Rh and the other CO is adsorbed on the Cu host (-2.40 

eV). This result is initially very surprising, given there is usually a strong steric and electronic 

CO-CO repulsion on metal surfaces that prevents CO from aggregating at low and intermediate 

coverages.35,36 However, dicarbonyl formation on SAAs can be rationalized by the strong 

adsorption energy of CO on the Rh dopant and the associated energy gain ∆𝐸 from moving the 

CO from the weakly binding Cu host to the dopant, that outweighs the steric and dipole repulsion 

upon bringing two CO molecules close together. The calculations show that the desorption energy 

of CO from the dicarbonyl configuration is lower (1.09 eV) than the monocarbonyl (1.81 eV), but 

still stronger than on the Cu host (0.59 eV), in agreement with the experimental values derived 

from Redhead analysis with a pre-factor of 1015 as obtained for the desorption of CO under the 

assumption of a late 2D gas-like transition state (0.8 eV for the peak at ~265 K and 1.4 eV for the 

peak at ~440 K, see Supporting Information).  

In order to better understand the behavior of the carbonyls as a function of temperature and 

pressure, CO RAIRS experiments were conducted by exposing the as-prepared RhCu(100) SAA 

to a saturation coverage of CO at 180 K and collecting IR spectra at increasing surface temperature. 

As shown in Fig. 1B, two peaks at 2099 cm-1 and 1926 cm-1 were observed. The peak at 2099 cm-1 

originates from CO on Cu and disappears by 220 K, consistent with our TPD data.32 Upon further 

increasing the temperature such that CO is only bound to Rh sites, the feature at 1926 cm-1 shrinks 

and a peak at 1978 cm-1 appears. According to our theoretical modeling, the monocarbonyl and 

symmetric dicarbonyl stretches should appear at 1934 cm-1 and 1891 cm-1 with a 43 cm-1 interval. 

This 43 cm-1 difference is in good agreement with the 52 cm-1 interval in the experimental results 

(1978 cm-1 for monocarbonyl vs 1926 cm-1 for dicarbonyl).17,30,37 The ~40 cm-1 offset between the 

experiment and theory is typical of similar studies.37,38 

 

Fig. 2. Isotopic evidence of mono and dicarbonyl assignments. A) RAIRS spectra after exposing saturation 

coverage of a 2:3 ratio 13C16O:12C16O mixture to 0.7% RhCu(100) and taking the IR spectra over the 

temperature range 180 K to 320 K with peak fitting. B) Expanded view of red highlighted region in panel 



A. C) Schematic illustration of the three isotopically labelled dicarbonyl species observed between 180 K 

and 320 K. All spectra were obtained at the indicated temperatures. 

While dicarbonyls are typically identified by their characteristic symmetric and asymmetric 

stretches, due to the surface selection rules on metals, only the symmetric stretch is observed (see 

Fig. S2 for details).39 In order to further support our mono and dicarbonyl assignments, we exposed 

the RhCu SAA surface to a mixture of 13C16O and 12C16O (the 13C16O:12C16O ratio was 2:3 as 

measured by mass spectroscopy). This is a well-known approach for the identification of 

dicarbonyl species when only symmetric modes can be observed.39 Specifically for this case, the 

monocarbonyl should exhibit two peaks arising from the (13CO)-Rh and (12CO)-Rh stretches. In 

contrast, the dicarbonyl should exhibit three peaks due to the symmetric stretches of the 

(13CO)-Rh-(13CO), (13CO)-Rh-(12CO), and (12CO)-Rh-(12CO) dicarbonyls.  

Consecutive IR spectra were then taken at 20 K intervals starting from 180 K. As shown in Fig. 

2A, when the surface temperature is 180 K, three peaks (1926 cm-1, 1917 cm-1 and 1884 cm-1) are 

observed which correspond to (12CO)-Rh-(12CO), (12CO)-Rh-(13CO) and (13CO)-Rh-(13CO) 

symmetric stretching modes, respectively. The intensity of these initial features starts to diminish 

as the surface temperature increases. At 220 K, IR peaks at 1978 cm-1 and 1934 cm-1 are observed. 

These two peaks can be assigned to monocarbonyl species at isolated Rh sites (1978 cm-1 and 1934 

cm-1 peaks corresponding to 12C16O and 13C16O, respectively). This observation agrees with the IR 

data in Fig. 1B where dicarbonyl species begin to convert into monocarbonyl species at ~220 K. 

Importantly, in our TPD experiments, we observe a desorption maximum for half of the CO 

adsorbed at Rh sites at ~265 K, which is consistent with the temperature at which we observe the 

complete conversion of dicarbonyl features to monocarbonyls in the RAIRS measurements. This 

provides further support for our IR assignments of a lower temperature dicarbonyl state and a high 

temperature monocarbonyl species.  

As we have described, the relative populations of the mono and dicarbonyls can be controlled by 

surface temperature, and we now discuss how these species are affected by CO pressure (Fig. 3). 

Exposure of the surface to saturation CO at 250 K followed by pumping down to UHV results in  

a mixture of dicarbonyl and monocarbonyl species as evidenced by the peaks at 1978 cm-1 and 

1926 cm-1. Heating to 300 K converts the dicarbonyl species at 1926 cm-1 to the monocarbonyl 

species at 1978 cm-1. However, when we backfill the chamber and conduct the RAIRS experiments 

in-situ, we see a steady increase in the dicarbonyl configuration with increasing pressure. At 300 

K and 1×10-6 mbar CO, nearly all of the Rh exists in the dicarbonyl configuration. Further 

evacuation of the CO leads to the disappearance of dicarbonyl peak and again the monocarbonyl 

species becomes dominant. The result indicates that we can reversibly transition between 

monocarbonyl and dicarbonyl species at the Rh sites by changing the CO partial pressure in the 

chamber.  



 

Fig. 3. In-situ RAIRS experiments showing pressure induced conversion of mono to dicarbonyl species. A) 

RAIRS spectra as a function of CO pressure on 0.7% RhCu(100) SAA. B) Schematic illustration of the 

process. All spectra were obtained at the indicated temperatures. 

Using LT-STM, we are also able to directly visualize the dicarbonyl species observed in the TPD 

and IR experiments. As shown in Fig. 4, dicarbonyl species (red arrows) appear as dark linear 

three-lobed depressions while the CO-free Rh atoms appear as bright protrusions (green arrows). 

These dicarbonyl features are similar in appearance to those previously observed via STM for Fe 

atoms deposited on top of a Ag(110) surface, in which the dicarbonyl appears as a linear depression 

feature.40 It is important to note that the dicarbonyl species we observe in Fig. 4A aligned with 

both high symmetry directions of the Cu(100) lattice, which enabled us to rule out the possibility 

that their shape was an artifact of the STM tip. By conducting localized STM tip pulses on each of 

the dicarbonyl features,41 we were able to remove the adsorbed CO and reveal the Rh atoms 

underneath the dicarbonyl features as shown in panel b. It can be seen that there is a Rh atom at 

the center of where each dicarbonyl feature had been observed, thereby confirming the adsorption 

site of the dicarbonyls as a single Rh atom site.  

 

Fig. 4. 5 K STM images after CO adsorption on RhCu(100) SAA. A) STM image after adsorption of CO 

followed by ~220 K anneal to populate Rh sites but not Cu. Red arrows highlight three dicarbonyl features, 

two oriented horizontally and one vertically. B) STM image of the same area after -3 V STM tip pulses 

were used to remove the CO from the Rh sites. Green arrows correspond to the CO-free Rh atom sites on 

which the dicarbonyl species were adsorbed. Imaging conditions in both cases: 12 mV, 500 pA. The scale 

bar is 1 nm in both images. 



Based on this unexpected observation of the dicarbonyl species on a metallic Rh center, we 

assessed the possibility of dicarbonyl formation on other SAA surfaces with late transition metal 

dopants. Fig. 5A shows the spillover energies (∆𝐸) of dicarbonyls on 5 different SAAs in both the 

100 and 111 facet of Cu. This ∆𝐸 correspond to the energy necessary to move the 2nd CO from the 

host metal to a dopant bound to a single CO.  Negative values of ∆𝐸 in this case mean a favorable 

dicarbonyl formation. It can be seen that, (i) RhCu(100) has the highest preference for the 

formation of the dicarbonyl species; (ii) the more open (100) surface has a higher stability of the 

dicarbonyl species than the close-packed (111) surface; and (iii) the stability trends of the 

dicarbonyl do not follow the stability of the monocarbonyl adsorbates as compared with literature 

values.30,31 For example, the IrCu(111) SAA binds one CO in a monocarbonyl configuration 

stronger than RhCu(111), however,  RhCu(111) binds the second CO in a dicarbonyl configuration 

stronger than IrCu(111). Importantly, these results indicate that other SAAs, beyond what was 

studied experimentally in this paper, should form dicarbonyls. 

 

Fig. 5. DFT calculated stability of the dicarbonyl adsorbate configuration relative to separated 

monocarbonyl species on dopant and host. A) Dicarbonyl spillover energies of 5 different SAAs with 

different surface terminations: (100) and (111). B) Structure of the dicarbonyl adsorbate on RhCu(100) 

(top) and RhCu(111) (bottom). C) Structure of the separated monocarbonyl species on dopant and Cu host 

surfaces. Carbon atoms are colored in grey, oxygen atoms in red, Rh atoms in blue, and Cu atoms in brown.  

Using a combination of CO TPD, RAIRS, and STM we were able to characterize and directly 

visualize the binding of CO to isolated Rh atoms in the surface of Cu(100). We find that Rh atoms 

in these SAAs are able to coordinate two CO molecules in a dicarbonyl configuration at low 

temperature (<260 K) under UHV conditions, in agreement with theoretical modelling. However, 

at room temperature the dicarbonyl state can also be populated with modest standing pressures of 

CO (~1×10-6 mbar). Importantly, due to the surface selection rules of adsorbate vibrations on metal 

surfaces, even when a dicarbonyl is present only one symmetric vibrational mode is observed due 

to screening of the asymmetric stretch by the electrons of the underlying metal. The use of 

isotopically labeled CO enables us to demonstrate that this IR signature was indeed due to a 

dicarbonyl as opposed to monocarbonyl species. This contrasts with Rh dicarbonyl species on 



oxide supports which exhibit both antisymmetric and symmetric CO stretching modes. While the 

RhCu system reported here is the first example of a dicarbonyl being directly observed on a SAA, 

we speculate that such species may be quite common for other SAAs that bind CO strongly. 

Indeed, our DFT calculations have identified two other SAA systems where dicarbonyls are 

predicted to be stable. Understanding the molecular structures associated with IR signatures is 

important in the characterization of the active sites of high surface area catalysts and may also 

open up avenues of catalyst design. In particular, it may enable the discovery of SAAs on which 

two species can bind to the same active site, which is important, for example, in the context of 

coupling reactions.  
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