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Abstract 

Carbon dioxide hydrogenation is a promising approach for the reduction of greenhouse gas 

pollution via the production of fuels and high value chemicals utilizing C1 chemistry. In this 

process, the activation of non-polar molecules, CO2 and H2, at mild conditions is challenging. 

Herein, we report a well-defined inverse SnOx/Au(111) catalyst that shows ability to activate 

both CO2 and H2 at room temperature. Scanning tunneling microscopy (STM) and ambient 

pressure X-ray photoemission spectroscopy (AP-XPS) are combined to understand the surface 

structure, growth mode, chemical state, and activity of SnOx/Au(111) surfaces. Nanostructures 

of SnOx at a sub-monolayer level were prepared by depositing Sn on Au(111) followed by O2 

oxidation. For the as-prepared SnOx/Au(111), two-dimensionally formed SnOx thin film on 

Au(111) substrate were observed with STM of two different moieties, discernable based on 

their height: clusters (~ 0.4 Å) and nanoparticles (NPs, 1 – 2.5 Å), which are assigned to Sn-

Au alloys and SnOx, respectively, in corroboration with XPS analysis. Furthermore, 

SnOx/Au(111) was annealed under UHV to test its thermal stability. Upon annealing at 400 - 

600 K, a disappearance of SnOx NPs and re-appearance of highly dispersed Sn clusters was 

clearly noticeable from the STM and XPS results, identifying the thermal decomposition of 

SnOx and subsequent formation of Sn-Au alloys on the surface due to the recombination of Sn 

clusters with Au. We investigated the reactivity of the SnOx/Au(111) surfaces towards CH4, 

CO2 and H2. The SnOx/Au(111) surfaces have excellent CO2 and H2 activation ability even at 

room temperature with negligible reactivity for methane activation. Our AP-XPS results show 

that H2 can be activated on the SnOx NPs by the reduction to Sn. For CO2, the activation and 

further dissociation is identified by a re-oxidation of Sn with newly formed Sn-O bonds, and 

the formation of surface carbon. Therefore, we propose that SnOx is a potential catalyst or 

additive to achieve CO2 hydrogenation under mild conditions.  
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Introduction 

CO2 and CH4 are major greenhouse gases generated by human activities.1–3 In principle, 

the chemical recycling of CO2 or CH4 can provide a renewable, carbon-neutral, unlimited 

source for the reduction of atmospheric pollutants and production of fuels and high value 

chemicals.4 Since CO2 and CH4 are highly stable and non-polar molecules, their conversion 

usually requires the use of catalysts, which must be able to adsorb and activate CO2 or CH4 

efficiently.2,5–8 Most of the catalysts used in the industry involve metal nanoparticles supported 

on an oxide substrate.5–7 Usually, moderate or high temperatures are required as energy to 

enable the CO2 or CH4 conversion.9  

The concept of a system composed of a metal oxide deposited on a plain metal support, 

also known as inverse oxide/metal catalysts, is often used to explore or utilize the synergistic 

effect of metal-metal oxide interface sites towards enhanced catalytic activity.10–13 Oxide 

nanoparticles or monolayer thin films, when placed on metal supports, show unique physical, 

chemical, and electronic properties when compared to their bulk counterparts.13–15 This is 

because their small size can lead to quantum effects, and also the nanoparticles typically can 

have a high density of defects, corner or edge surface sites.13–15 Lunkenbein et al. observed the 

formation of zinc oxide overlayers on top of copper particles in powder Cu/ZnO/Al2O3 

catalysts used for industrial methanol synthesis under reaction conditions.16 The active phase, 

ZnOx overlayers, turned out to be a graphite-like structure which is different from the stable 

wurtzite structure typically seen for bulk ZnO.16 In fact, the ZnO/Cu inverse system 

demonstrated an enhanced  catalytic activity when compared to a catalyst with a conventional 

Cu/ZnO configuration.17 Furthermore, a small fraction of ceria (CeOx) or titania (TiOx) 

deposited on a Au support revealed excellent activity toward the water-gas shift reaction 
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(WGS), even showing comparable or better performance than Cu(111) or Cu(100), the 

benchmark catalyst for the WGS process; whereas neither bulk Au nor bulk ceria and titania 

show significant activity.18 

These phenomena or trends originate in strong oxide-metal interactions caused by the 

special physical and chemical properties of the oxide structures on top of a metal substrate that 

also can participate in the catalytic process.10–15 This is in contrast to oxides in many industrial 

catalysts which are employed simply as high surface area supports for the dispersion of metal 

particles.19–21 Moreover, inverse model catalysts offer an advantage for understanding the role 

of the oxide component in a catalytic process; whereas the complexity and heterogeneity of 

powder catalysts make it difficult to obtain fundamental insight of their catalytic activities.22–

24 In this context, we applied the inverse configuration to investigate the structure and catalytic 

properties of tin oxide (SnOx) on an well-defined substrate, Au(111) single crystal.   

Sn and SnOx have been studied and employed in the past for gas sensors25–28 and used 

in diverse types of catalytic reactions such as ethanol oxidation for fuel cells, CO oxidation, 

electrochemical CO2 reduction, dry reforming and steam reforming of methane, partial 

oxidation of methane, and methane chlorination.29–34 Additionally, in a previous study, our 

group investigated methane activation on highly dispersed SnOx NPs that were grown on 

Cu2O/Cu(111) using reactive deposition.35 This study demonstrated that SnOx/CuOx/Cu(111) 

catalysts activate methane even at room temperature and enhance the activity upon creation of 

a SnOx-Cu2O interface.35 However, the contribution of pure SnOx without any interfacial sites 

cannot be distinguished by such a system, due to the existence of an active SnOx-Cu2O interface. 

Thus, for academic and practical reasons, it is important to establish the intrinsic reactivity of 

SnOx NPs towards typical reactant molecules used in the conversion of CO2 or CH4. 
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In the present study, we used a well-defined Au(111) as a substrate, which is well 

known to be inert in various reactions.18,36,37 Sub-monolayers of SnOx were prepared by vapor-

depositing Sn on Au(111) followed by oxidation at room temperature. Thus, the intrinsic 

property of SnOx NPs can be studied without any interaction with the substrate. By means of 

scanning tunneling microscopy (STM) and ambient pressure X-ray photoelectron spectroscopy 

(AP-XPS), we performed a series of experiments to obtain the morphology of the SnOx NPs 

and to test their ability to activate molecules frequently used in C1 chemistry (CO2, CH4, and 

H2).  

 

Experimental Methods: 

All the STM experiments were conducted using an Omicron STM instrument housed 

in an ultra-high vacuum chamber with a background pressure of 9 × 10–10 Torr. A Au(111) 

single crystal (Princeton Scientific Corp) was cleaned by cycles of Ar ion sputtering (2 kV, 15 

min) and annealing (650 K, 20min). The STM images were collected at room temperature by 

using a Pt–Ir tip. Tin was vapor-deposited at room temperature on the clean Au(111) surface. 

SnOx overlayers were subsequently prepared by exposing 50 mTorr of oxygen for 30 min in a 

high-pressure cell at room temperature. For thermal stability test, as prepared SnOx/Au(111) 

surfaces were annealed to 400, 500, and 600 K, consecutively. The preparation methods for our 

SnOx films on the Au single crystal surface were adopted and modified from those of our 

previously reported study for ZnO films, which provided the known inverse ZnO/Cu 

configuration for methanol synthesis.38,39 In our STM studies, the coverages of Sn or SnOx 

features were determined with a program by calculating the area of protruding or depressed 

features relative to the Au surface, and the calculated coverages were obtained from comparing 
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and taking average of more than 50 different large areas. 

Ambient pressure XPS (AP-XPS) experiments were conducted using an instrument 

available at the Chemistry Department of Brookhaven National Laboratory (BNL). A 

commercial SPECS AP-XPS chamber equipped with a PHOIBOS 150 EP MCD-9 analyzer 

and a Mg Kα anode was used to record the Au 4f, Sn 3d, O 1s, and C 1s regions. A Au(111) 

single crystal, cleaned by cycles of Ar ion sputtering and annealing (800 K, 10 min), was used 

as a substrate to grow SnOx overlayers. Nanoclusters of SnOx were deposited following the 

same methodology applied to the STM experiments described above. The CH4, CO2 and H2 

activation were studied at temperatures in the range between 300 and 500 K. Following the 

initial characterization in the UHV chamber, a reaction feed of H2 (20 mTorr) or CO2 (50 mTorr) 

was introduced sequentially to the SnOx/Au(111) surfaces, and finally the samples were rapidly 

heated to the desired reaction temperature. 

 

Results and Discussion 

A. Sn Deposition on Au(111) at Room Temperature: STM studies  

It is known that bulk Au and bulk Sn can form different types of alloys.40,41 The two 

metals have a high miscibility even below room temperature. Several studies have reported that 

Sn deposition on Au(111) forms surface alloys with AuSn and Au2Sn composition, depending 

on the substrate temperature.40–44 AES, LEED, XPS and STM investigations revealed two 

dimensional layer growth of Sn-Au surface alloy with 1:1 ratio of Sn to Au when Sn is 

deposited on Au at room temperature.40,41,44 DFT calculations also found a surface 

reconstruction and alloy formation by the interaction between the adsorbed Sn (θSn = 0.5 ML) 

and the 1st and 2nd layers of the gold substrate at room temperature.43 Barthès et al. discovered 
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that rapid diffusion of gold through tin layers occurs at room temperature so that only the alloy 

structure is observed.41 Taking into account the larger diffusion coefficient of Au in Sn (10-13 – 

10-15 m2/s) than that of Sn in Au (10-25 m2/s)45, it seems a valid statement. Similarly, as an 

evidence of the high miscibility between Sn and Au, we observed a STM tip induced – dynamic 

formation of Sn-Au surface alloy (Figure S1) and surface reconstruction at room temperature 

over a long period of time after deposition of a large amount of Sn, which was enough to form 

multilayers of Sn. Considering the corresponding bond dissociation energies, it is also valid to 

observe the formation of Sn-Au alloy because the bond energy of Sn-Au (256 kJ/mol) is larger 

than those of Sn-Sn (187 kJ/mol) and Au-Au(226 kJ/mol).46  

Figure 1 shows a set of STM images collected before (a) and after (b and c) the 

deposition of Sn on Au(111) at room temperature. A clean Au(111) surface with the typical 

herringbone structure is shown in Figure 1a. Figure 1b and 1c represent 0.1 ML Sn on Au(111). 

The Sn-related nanoclusters appear as depression and are located dominantly around the 

herringbone elbows. Such depression features are attributed to the incorporation of Sn atoms 

in the Au surface, and the same phenomena were observed in other surface alloy systems at 

sub-monolayer coverage levels such as Rh/Au(111), Mn/Au(111), Ni/Au(111), and Co/Cu(001), 

where there was incorporation of the admetal into the host substrate due to alloying.47–50 The 

Figure 1. STM images of Au(111) and Sn/Au(111). (a) A clean Au(111) (b) 0.1 ML Sn on Au(111) (c) A zoomed-

in region of 0.1 ML Sn/Au(111). Scanning condition: (a) -1.2 V, 0.1 nA, (b) - 0.7 V, 0.14 nA, (c) -0.7 V, 0.12 nA 
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depth of these depressions in Figure 1 is in the range of 0.25 – 0.5 Å, and this agrees with the 

reported value by Sadhukhan et al for 0.01ML of Sn on Au(111).40 Increasing the admetal 

coverage, a surface with 0.3 ML of Sn on Au(111) was prepared and shown in Figure S2. Due 

to the lower surface free energy of Sn (~ 0.7 J/m2) compared to that of Au (~ 1.5 J/m2),51 we 

observed surface wetting of Sn on Au(111), connecting the thin Sn domains localized at each 

elbow site along the <112> direction, instead of the formation of three-dimensional island of 

Sn.   

B. Oxidation of Sn/Au(111) by O2 at Room Temperature: STM studies  

The formation of SnO2 is a highly exothermic reaction (ΔHo
298K= -578 kJ/mol), but 

the oxidation of metallic tin can be retarded by kinetic effects.25,26  When a 0.1 ML Sn/Au(111) 

surface was exposed to O2 with a pressure of 50 mTorr for 30 minutes, bright nanoparticles 

appear at the elbow sites and step edge (Figure 2). There are two types of species found in 

Figure 2a according to their height: Clusters (~ 0.4 Å) and nanoparticles (~ 2 Å). The line 

profiles 1 and 2 in Figure 2b were measured on clusters and a nanoparticle, respectively, as 

examples. The height of the clusters is comparable to the depth of Sn on Au(111) in Figure 1c, 

and these clusters are considered to be the remaining Sn-Au surface alloys even after 30 

minutes oxidation with 50 mTorr of O2. Meanwhile, the bright protruded particles are likely 

ascribed to SnOx. The presence of both a Sn-Au alloy and SnOx 

on this surface was further confirmed by the XPS results which will be discussed in detail in 

the following section. While Figure 2 shows only protruded features, Figure S3 obtained by 

applying different polarity on the tip shows both depression and protrusion features on the 

surface and indicates the mixed states of the deposited Sn. The depression features are likely 

attributed to a Sn-Au alloy, which are also found in Figure 1b and 1c, and the bright protruded 
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particles near the elbow sites are likely ascribed to SnOx formed by pulling out the embedded 

Sn atoms from the Sn-Au surface alloy via reaction with O2. Since the Sn-O bond energy (528 

  

kJ/mol) is greater than the Sn-Au bond energy (256 kJ/mol), it is reasonable to observe the 

formation of SnOx from the Sn-Au surface alloy upon O2 oxidation.46            

To understand the growth behavior of SnOx, a higher coverage of SnOx was prepared 

by increasing the Sn evaporation time. Figure 3 represents different regions of a 0.3 ML 

SnOx/Au(111) surface. At this coverage, the number of SnOx nanoparticles has noticeably 

Figure 2. STM images of 0.1 ML SnOx/Au(111). (a) 43 x 43 nm2 (b) 20 x 20 nm2, blue rectangle region in Figure 

2(a). Profile 1 and 2 correspond to SnOx nanoclusters and nanoparticles in Figure 2(b), respectively. Scanning 

condition: -0.77V, 0.12nA 
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increased and many of them are found near step edges as seen in Figure 3b (white circle). The 

height of these particles is in the range of 1 – 2.5 Å. Since our SnOx/Au(111) sample was 

prepared by oxidizing pre-deposited Sn on Au(111), which grows preferentially from the 

elbows and expands two dimensionally while connecting the elbows, SnOx appeared as thin 

films on Au(111) with an average height of 0.6 Å (See Figure 3, line profile 2). Interestingly, 

the larger SnOx nanoparticles formed by oxidation were also mostly observed near the 

herringbone elbow sites on the terrace (Figure 3c), similar to those of the 0.1 ML sample.   

 

C. Surface Chemical States of Sn-Au(111) and SnOx/Au(111): XPS studies  

Figure 3. STM images of 0.3 ML SnOx/Au(111). (a) 150 x 150 nm2, (b) 100 x 100 nm2, blue rectangle 

region in Figure 3(a), (c) 50 x 50 nm2, yellow rectangle region in Figure 3(a). Profile 1, 2, and 3 

correspond to SnOx nanoparticles and island in Figure 3(b, c). Scanning condition: (a) -1.1 V, 0.1 nA, (b, 

c) -1.8 V, 0.1 nA.   
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XPS was used to probe the chemical state of as-prepared samples, as shown in Figure 

4. In this figure, the bottom spectrum, Sn0 features,35 is prepared by vapor deposition onto 

Au(111) substrate without any background O2 present. Thus, the generated Sn is in a metallic 

state. This is further confirmed by its binding energy, which is 485.0 eV, consistent with 

reported value for metallic Sn.35 The top spectrum, SnOx sample, is prepared by the oxidation 

of the as-deposited Sn/Au sample at 500 K with 10 mTorr O2. The binding energy is 486.2 eV, 

which is 0.5 eV lower than that of reported bulk SnO2.
52,53 We also estimated the atomic O/Sn 

ratio by using the Scofield Relative Sensitivity Factor, which is calculated as 1.3. These results 

indicate that SnOx is stabilized on Au(111) as the reduced form compared to bulk SnO2. Similar 

stabilization were reported for reduced SnOx on a Pt(111) surface, as well as reduced TiOx and 

Figure 4. Sn 3d XPS spectra of Sn-Au(111) alloy, a SnOx film, and pristine SnOx/Au(111) systems with 

different coverages. The SnOx coverages in the samples were estimated to be 0.1 and 0.25 ML as 

indicated. 
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CeOx islands deposited on a Au(111) substrate.18,54 Furthermore, due to the rich electron density 

on the metal support,18,19 electrons may be flowing from the Au(111) surface into the tin oxide 

overlayer leading to a lower oxidation state in the Sn cations and a lower binding energy with 

respect to Sn4+. Interestingly, in our previous work, with a similar deposition method but using 

pre-oxidized Cu2O/Cu(111) as the substrate, we were able to fully oxidize the tin, forming 

SnO2/Cu2O/Cu(111). This comparison shows the importance of the substrate and how it can 

affect the chemical state of deposited tin oxide. 

For the 0.1 and 0.25 ML samples, they were prepared by the oxidation of an as-

deposited Sn-Au(111) alloy at room temperature to get identical systems to those investigated 

by STM. It is clearly seen that they consist of both SnOx and Sn0. The atomic fraction of SnOx 

increases from 68% to 77% with increasing coverage. The behavior is consistent with the STM 

images in Figure 3 where more SnOx NPs are detected in the higher coverage sample. The 

increase in the amount of SnOx is correlated with the increasing amount of the deposited Sn 

species, which was also observed in a previous work for the SnOx/Pt(111) system.55 In addition, 

XPS showed no evidence of Au oxidation under all tested conditions. 
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D. Temperature effect on the morphology and chemical state of SnOx/Au(111) 

 

To investigate the temperature effect on SnOx, we applied heat to our 0.3 ML 

SnOx/Au(111) sample and probed its morphology at room temperature after annealing to 400, 

500, and 600 K, as displayed in Figure 5. It was noticeable that the SnOx thin films observed 

in Figure 3 were not seen after applying heat. Instead, highly dispersed clusters were observed 

across the terraces and no longer showed the preferential sites at elbows. At 400 K (Figure 5a), 

bright nanoparticles still existed on the terraces while they were hardly found on terraces at 

500 and 600 K but mostly found at step edges (Figure 5b and 5c). This phenomenon is 

attributed to the decomposition of SnOx upon annealing, and subsequent formation of a Sn-Au 

Figure 5. STM images for 0.3 ML SnOx/Au(111) after UHV annealing to (a, b) 400 K, (c, d) 500 K, (e, f) 600 

K. Figure 5 (b, d, f) corresponds to the blue rectangle regions in Figure 5 (a, c, e), respectively.   
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alloys with evolution of O2 gas was expected. Yan et al. also reported after reduction via STM 

the surface morphology of their SnOx/Au(111) were smoothened as a consequence of instant 

Sn incorporation to Au.56 The XPS results in Figure 6 point to the re-appearance of metallic Sn 

on the surface as a consequence of annealing.                    

For the comparison with the result obtained from STM, we also performed annealing 

experiments with XPS under UHV conditions. As we mentioned, in Figure 5, once the sample 

is heated to 400 K, we saw the disappearance of SnOx NPs, and the formation of more Sn 

clusters, which indicates the thermal decomposition of SnOx to a Sn-Au alloy. Accordingly, in 

the XPS spectra displayed in Figure 6, we also see the reduction of SnOx (486.2 eV) to Sn 

(485.0 eV). The composition of all samples was fitted with two components, SnOx (486.2 eV) 

and Sn (485.0 eV), and was further quantified by the area fraction. Initially at 300 K, about 23% 

Figure 6. Sn 3d XPS region for a SnOx/Cu(111) surface (θSnO2 ~ 0.25 ML) when annealing under UHV 

at different temperatures. 
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of Sn0 is present in the pristine sample. Once it is annealed to 400 K, the percentage of Sn0 is 

increased to 43%. The reduction becomes more predominant at temperatures above 450 K. 

Therefore, with increasing annealing temperature, the SnOx is thermally decomposed into 

metallic Sn and re-dispersed on the Au(111) surface, as observed in the corresponding STM 

images. This can be linked to the bond energy of Sn-Au (256 kJ/mol), which is significantly 

greater than that of Sn-Sn bond (187 kJ/mol) ) and Au-Au bond (226 kJ/mol).46 When extra 

energy is applied from heat, the Sn-O bond is cleaved to liberate O and recombine Sn-Au bonds. 

Hence, we see a clear trend of SnOx decomposition and re-dispersion in the annealing process. 

 

E. Reactivity of SnOx/Au(111): Interaction with CH4, H2 and CO2 

In the enzyme methane monooxygenase, the conversion of methane into methanol 

takes place at room temperature and is carried out a by a group of three copper cations that can 

easily activate C-H bonds.57,58 The CuOx/Cu(111) substrate is not efficient for the activation of 

methane but its reactivity can be enhanced by the addition of NPs of a second oxide.35 Our 

group at BNL has previously reported that SnOx/Cu2O/Cu(111) surfaces can activate methane 

at room temperature. The CH4 activation energy is as low as 18.45 kcal mol-1, in sharp contrast 

with the CH4 activation energy of 36.90 kcal mol-1 on a bare and perfect Cu2O/Cu(111) 

surface.35 Therefore, we first tried CH4 activation on the SnOx/Au(111) system. The plain 

Au(111) surface is inert for this reaction. With this in mind, we can say that any reaction on 

this system can be attributed mainly to the supported SnOx alone. Interestingly, the 

SnOx/Au(111) surfaces did not show any signs of C-H bond cleavage and the adsorption of 

CHx groups. . This result highlights the importance of the SnOx-CuOx interface: Only when 

such interface exists, does the system shows activity towards methane dissociation whereas the 
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bare Cu2O/Cu(111) and SnOx/Au(111) samples do not show significant methane activation. 

SnO2 is widely used as a H2 sensor.25,26,59 Therefore, we introduced 20 mTorr of H2 

into the chamber at room temperature to observe the interaction of H2 with the SnOx/Au(111) 

system. As shown in Figure 7(a), the introduction of H2 leads to immediate partial reduction of 

SnOx to metallic Sn at room temperature. Accordingly, the corresponding O 1s spectrum in 

Figure 7(b) also shows an attenuation of the total oxygen content.  

With this reduced sample, we then evacuated H2 and dosed 50 mTorr of CO2 at room 

temperature. Surprisingly, around 24.3% of the Sn could be re-oxidized to SnOx also at room 

temperature. If the sample is heated to 400 K or higher, all metallic Sn is re-oxidized and shows 

a Sn-O bond at 530.1 eV in the O 1s spectra. Figure S4 shows the C 1s XPS spectra collected 

while exposing the reduced SnOx/Au(111) sample to CO2. It is important to note that under 

Figure 7. (a) Sn 3d and (b) O 1s regions in AP-XPS spectra for a  SnOx/Au(111) surface (θSnO2 ~ 0.25 ML) 

when exposed to 20 mTorr of H2 or 50 mTorr of CO2 at different temperatures. 
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CO2 ambient, no features are seen for adsorbed CO2 or carbonate species, only a C* peak is 

seen near 284.3 eV at 300 and 400 K, at which temperature the sample starts to be re-oxidized. 

This is a strong indication of the full CO2 dissociation on the SnOx nanoparticles: 

2 Sn + 𝑥 CO2  → 2 SnO𝑥 + 𝑥 C∗ 

In our experiments, it was impossible to rule out the desorption of CO formed by the partial 

decomposition of CO2. At 300-500 K, this molecule could desorb as soon as it is formed. In 

any case, the significant amounts of C and O deposited on the surface point to a full 

decomposition of CO2. Thus, we highlight that the SnOx/Au(111) surface is reactive for both 

H2 and CO2 activation at mild conditions, showing great potential to be used as a system for 

CO2 hydrogenation. As mentioned above, Au(111) does not activate CO2. Cu(111), a typical 

benchmark in studies for CO2 hydrogenation, is also no good for the activation of carbon 

dioxide.60,61 The SnOx/Au(111) system displays an activity for the cleavage of C-O bonds that 

is much larger than that of Au(111) and Cu(111). In principle, SnOx NPs could be used in novel 

inverse oxide/metal catalysts or added to existing metal/oxide catalysts to enhance activity for 

CO2 hydrogenation.  

 Since Au(111) is inert, it probably did not have a direct participation in the dissociation 

of H2 or CO2. However, it is a metal substrate with a large electron density that in part could 

be transferred to the tin oxide overlayer.18,19,62 A metal→oxide charge transfer is consistent with 

the results of XPS in Figure 4 and will reduce the positive charge on the tin cations making 

them more reactivity than in bulk SnO2. From previous experimental and theoretical works, it 

is known that Au(111) enhances the chemical reactivity of CeO2 and TiO2 overlayers by 

increasing the relativity stability of the Ce3+ and Ti3+ states.18.19,62  A similar phenomenon 

could be happening for the Sn3+ or Sn2+ states in the SnOx/Au(111) system.  
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Conclusions 

We have investigated the morphology and chemical state of sub-monolayers of tin 

oxide (SnOx) grown on a Au(111) substrate by using STM and AP-XPS. To prepare SnOx, 

metallic Sn was initially vapor-deposited on Au(111) at room temperature followed by 

oxidation via 50 mTorr of O2. Sn/Au(111) system was also compared with SnOx/Au(111). We 

have observed the formation of Sn-Au surface alloys and Sn incorporation into Au near the 

herringbone elbow sites on the reconstructed Au(111) surface. Due to the strong bond between 

Sn and Au, two-dimensional growth of Sn on Au (surface wetting) upon increasing the Sn 

coverage was noticeable from the STM images. The oxidation process resulted in SnOx 

nanoparticle formation at both herringbone elbows and step edges, pulling out the embedded 

Sn from Au to the surface, and the height of particles varied from 1 to 2.5 Å. We have confirmed 

the presence of both Sn0 and SnOx in our oxide samples through XPS and also noticed reduction 

of SnOx upon UHV annealing, transitioning from SnOx to Sn0 in the temperate range of 300 – 

600 K. The STM data with UHV annealing of the surface was consistent with that of the XPS 

data: A majority of the SnOx nanoparticles disappeared on the terrace regions and only 

remained at step edges while highly dispersed Sn clusters were detected on the terraces, 

recombing with Au.  

To investigate the potential catalytic chemistry of the SnOx NPs, the sample was treated 

with CH4 or H2 and CO2 sequentially. There was no activation of methane on the SnOx/Au(111) 

surfaces. This was in contrast to the behavior seen previously for SnOx/CuOx/Cu(111). The 

lack of a SnOx-CuOx interface made impossible the activation of methane. On the other hand, 

the supported SnOx NPs alone were very effective for H2 and CO2 activation, accompanied by 
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redox chemistry under mild conditions. At 300 K, H2 was activated on the surface and then 

reduced the SnOx to Sn. Upon exposure to CO2, the molecule fully decomposed to re-oxidize 

the SnOx and formed carbon species on the SnOx/Au(111) surface. These findings point to a 

great potential for the use of SnOx NPs in catalyst for CO2 hydrogenation.      

 

Supporting Information 

STM Images of surface reconstruction of Sn/Au(111) upon tip-induced dynamic formation of 

Sn-Au alloy; STM Images of 0.1 and 0.3 ML SnOx/Au(111); C 1s regions in AP-XPS spectra 

for the SnOx/Au(111) surface (θSnO2 ~ 0.25 ML) when exposed to 20 mTorr of H2 or 50 mTorr 

of CO2 at different temperatures. 
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