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Chapter 4 
 

CO2 Adsorption on SnO2 (110) and Cu2O (111) Surfaces 
 

 
4.1   Introduction   

CO2 is one of the most common probe molecules used to study surface basicity 

[1-6].  CO2 is often viewed as a weak Lewis acid, which probes basic sites due to its 

electropositive carbon atom [7].  CO2 can form a variety of surface species on different 

metal oxides [8].  CO2 has been shown to form carbonates and physisorbed species on 

CaO (100) [9], MgO (100) [10,11], TiO2 (110) [12,13], and ZnO (0001) surfaces [14].  

CO2 has also been shown to form carboxylates and physisorbed species on Cr2O3 (0001) 

[15] and ZnO (0001) surfaces [14,16-18].  Only physisorbed CO2 was shown for MnO 

(100) [8] and NiO (100) surfaces [19].  Little is known about the surface properties of 

metal oxides that lead to basicity.  Surface base sites on metal oxides are typically 

considered to be electron rich surface oxygen anions, which can donate electronic charge 

or bind acidic protons to form surface hydroxyl groups [20].   

CO2 adsorption on the well-defined surfaces of SnO2 (110) and Cu2O (111) was 

examined in an attempt to understand the details of the interaction of CO2 at specific, 

well-defined sites on an oxide surface.  Well-defined SnO2 (110) and Cu2O (111) 

surfaces were used in this study to investigate directly the effects of local site 

configuration and anion coordination number on CO2 adsorption and its relationship to 

basicity.  
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4.2   Experimental  

XPS experiments were run at a pass energy of 200 eV for the C 1s region.  Using 

Ag 3d5/2 for calibration, a FWHM of 2.1 eV is resolved for a pass energy of 200 eV.  A 

pass energy of 200 eV was used to achieve better signal-to-noise for the carbon 1s feature 

since carbon 1s has a small x-ray absorption cross section [21].   

 

4.3   Results and Discussion  

4.3.1  SnO2 (110) 

Thermal desorption spectroscopy (TDS) was used to study the adsorption of CO2 

on SnO2 (110) surfaces.  On the nearly-stoichiometric and “highly-defective” SnO2 (110) 

surfaces, no CO2 desorption features were detected that could not be attributed to the 

sample support hardware after CO2 exposures at 190 K under UHV conditions.  On the 

“reduced” and “less-defective” SnO2 (110) surfaces, one small desorption feature is 

observed at 205 K with the exposure of 0.18 L CO2 at 190 K in UHV.  Due to similar 

CO2 desorption behavior, the TDS spectrum shown in Figure 4.1 is typical of both these 

surfaces.  For the low temperature (205 K) TDS feature, CO2 desorption is seen 

immediately upon heating the surface.  The observation suggests that an adsorption 

temperature of 190 K is not low enough to accommodate a fully-populated low 

temperature adsorption state.  Hence, it is expected that a higher CO2 coverage could be 

obtained with a lower adsorption temperature.   

X-ray photoelectron spectroscopy (XPS) was used as a check for CO2 uptake and 

carbonate formation following CO2 adsorption on SnO2 (110) surfaces. Surface 

carbonates and molecularly adsorbed CO2 are distinguished in XPS by higher binding 
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Figure 4.1  (a) Carbon dioxide TDS trace following adsorption for an 
exposure of 0.18 L CO2 at 190 K in UHV on a “reduced” SnO2 (110) 
surface, and (b) XPS spectra of the C 1s region of the clean “reduced” 
SnO2 (110) surface (dotted spectrum) and the “reduced” SnO2 (110) 
surface following a 10 L CO2 exposure at 130 K in UHV (solid 
spectrum). 
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energies (289-292 eV) than other forms of surface carbon species reported on other 

surfaces [22,23].  Carbonates have been reported for Cu (110)-O and ZnO (1010) in the 

range of 289-290.4 eV [24,25].  Physisorbed CO2 has been reported for Cu (110)-O and 

ZnO (1010) in the range of 291.8-292 eV [24,25].  No apparent C 1s XPS signal is 

detected following a 10 L CO2 exposure at 125 K for the "highly-defective" surface and a 

10 L CO2 exposure at 150 K for the nearly-stoichiometric surface.  Hence, no indication 

of CO2 uptake on these surfaces is seen in XPS in agreement with the TDS results.  XPS 

following a 10 L CO2 exposure at 130 K for the "reduced" surface and a 10 L CO2 

exposure at 115 K for the "less-defective" surface reveals a small C 1s feature with a 

binding energy centered around 291.5 eV for each surface.  The XPS spectra shown in 

Figure 4.1 are representative of the results obtained from both the “reduced” and “less-

defective” surfaces.  The 291.5 eV feature in XPS falls closest to the range of reported 

binding energies of physisorbed CO2.  Hence, the CO2 that is associated with the 205 K 

desorption feature on the "reduced" and "less-defective" surfaces is likely representative 

of physisorbed CO2. (Note: The adsorption temperatures of the XPS experiments are 

lower than those used for the TDS experiments.)   

The SnO2 sample was also exposed to CO2 in a high-pressure cell at 1 atm total 

CO2 pressure.  Exposures of 7.6×108 to 1.5×109 L at 300 K and 370 K were examined in 

the high-pressure cell.  The high temperature and high pressure conditions were used in 

an attempt to scale any activation barrier that might exist in the formation of a surface 

carbonate species.  After the CO2 exposures in the high-pressure cell, the sample was 

moved back to the preparation chamber for TDS runs using the mass spectrometer after 

the chamber pressure decreased to 1×10-9 Torr.  On all the different modifications of the 
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SnO2 (110) surface, no CO2 desorption features are detected that could not be attributed 

to the sample support hardware. 

CO2 physisorbs on the "reduced" and "less-defective" SnO2 surfaces, but none is 

seen on the nearly-stoichiometric and "highly-defective" SnO2 surfaces.  One possibility 

for the difference in behavior is that the lone pair on the Sn2+ cations available on the 

"reduced" and "less-defective" surfaces donates electrons to the carbon atom of the CO2 

molecule.  The electron donation is probably small but enough to stabilize a weakly-

adsorbed CO2 species on these surfaces. 

 

4.3.2  Cu2O (111) 

Thermal desorption spectroscopy (TDS) was also used to study the adsorption of 

CO2 on Cu2O (111) surfaces.  On the nearly-stoichiometric Cu2O (111) surface, one 

small CO2 desorption feature was detected near 175 K following an exposure of 0.18 L 

CO2 at 120 K in UHV (shown in Figure 4.2).  TDS runs on the oxygen-deficient 

(√3×√3)R30° surface yields similar results.  The TDS spectrum shown in Figure 4.2 is 

typical for both surface preparations.   

X-ray photoelectron spectroscopy (XPS) was used as a check for CO2 uptake and 

carbonate formation following CO2 adsorption on Cu2O (111) surfaces.  No apparent C 

1s signal is detected in XPS for a 10 L CO2 exposure on the nearly-stoichiometric or 

oxygen-deficient Cu2O surface at 120 K in UHV (shown in Figure 4.2), suggesting the 

desorption feature seen in TDS is from a very small coverage.  

The Cu2O sample was also exposed to CO2 at 1 atm in the high-pressure cell.  

CO2 exposures in the range of 7.6×108 to 1.8×1011 L were examined at 300 K, 370 K,
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Figure 4.2  (a) Carbon dioxide TDS traces following adsorption for 
exposures of 0.18 L to 1.43 L at 120 K in UHV on a nearly-
stoichiometric Cu2O (111) surface, and (b) a XPS spectrum of the C 1s 
region following a 10 L CO2 exposure at 120 K in UHV on a nearly-
stoichiometric Cu2O (111) surface 
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420 K, and 470 K in the high-pressure cell.  The high temperature and high pressure 

conditions were used in an attempt to scale any activation barrier that might exist in the 

formation of a surface carbonate species.  After the CO2 exposures in the high-pressure 

cell, the sample was moved back to the preparation chamber for TDS runs using the mass 

spectrometer after the pressure pumped down to 1×10-9 Torr.  All the observed CO2 

desorption features could be attributed to the sample support hardware. 

 

4.3.3  Implications  

The CO2 uptake is small on SnO2 (110) and Cu2O (111) surfaces over a wide 

range of adsorption temperatures and pressures.  No vacuum-stable carbonates are 

observed on either material.  The low temperature CO2 features seen in TDS can be 

attributed to very small coverages of physisorbed CO2 or CO2 adsorbed at defect sites on 

SnO2 (110) and Cu2O (111) surfaces.  Like the metal oxide surfaces MnO (100) [8] and 

NiO (100) [19], no stable CO2 species was formed on SnO2 (110) or Cu2O (111) surfaces.  

In previous studies involving polar ZnO (0001) surfaces, the lack of reactivity on the O-

terminated polar surface was attributed to the absence of accessible cation/anion pairs 

[26].  Cu2O and SnO2 surfaces have cation/anion pairs that are always available; hence 

the lack of a stable carbonate species cannot be related to the site pair accessibility.  

Given the lack of formation of a stable carbonate species and the small uptake of 

physisorbed CO2 on SnO2 (110) and Cu2O (111), it is clear that CO2 is a poor probe 

molecule for characterizing the properties of these surfaces.  

The lack of a stable CO2 species present on SnO2 (110) and Cu2O (111) surfaces 

is somewhat surprising.  CO2 adsorption on SnO2 powders at room temperature has been 
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studied using infra-red spectroscopy (IR), and the spectra indicate that CO2 forms a stable 

unidentate surface carbonate on SnO2 powders [27].  Cluster and periodic ab intio 

calculations on the adsorption of CO2 on the nearly-stoichiometric SnO2 (110) surface 

predict that CO2 is chemisorbed on the bridging oxygens in a metastable state in the limit 

of zero coverage [28].  As the CO2 coverage increases, the calculations predict the 

formation of chemisorbed CO2 on the nearly-stoichiometric surface becomes unfavorable 

due to adsorbate-adsorbate repulsions [28].  In IR studies of CO2 on CuO powders, CO2 

was found to only weakly adsorb on CuO supported by SiO2 [29].  In another IR study of 

CO2 on CuO powders, the formation of a carbonate complex is speculated with the 

possibility of defects in the oxide lattice causing individual lines to appear in the IR 

spectrum [30]. 

These single crystal surfaces are not as complex as true powder or supported 

catalysts, but the availability of defects (like oxygen vacancies) might have been 

expected to give a significant reactivity with CO2.  While these results are surprising, 

they are similar to other studies of CO2 adsorption on other single crystal oxide surfaces 

such as ZnO (0001), ZnO (0001), CeO2 (111), MgO (100), TiO2 (110), YSZ (100) (YSZ 

= yttria-stabilized zirconia), and YSZ (110) [31].  It appears that a significant interaction 

of CO2 with well-defined oxide surfaces like Cr2O3 (1012) is the exception rather than 

the rule. 
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4.4   Conclusions  

On SnO2 (110) and Cu2O (111) surfaces, no evidence of any vacuum-stable 

carbonate species was seen in TDS or XPS.  CO2 is a poor probe molecule for examining 

these surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 70 

4.5  References 
                                                           
[1]  V.E. Henrich and P.A. Cox, The Surface Science of Metal Oxides (Cambridge: 

Cambridge University Press, paperback edition, 1996). 
[2]  A. Zecchina, S. Coluccia, E. Guglielminotti, and G. Ghiotti, J. Phys. Chem., 75 

(1971) 2790. 
[3]  H. Kuhlenbeck, C. Xu, B. Dillmann, M. Habel, B. Adam, D. Ehrlich, S. Wohlrab, 

H.-J. Freund, U.A. Ditzinger, H. Neddermeyer, M. Neuber, and M. Neumann, 
Ber. Bunsenges. Phys. Chem., 96 (1992) 15. 

[4]  W. Gopel, Progress in Surf. Sci., 20 (1985) 9. 
[5]  H. Onishi, C. Egawa, T. Aruga, and Y. Iwasawa, Surf. Sci., 191 (1987) 479. 
[6]  K.E. Smith and V.E. Henrich, Physical Review B, 32 (1985) 5384. 
[7] G. Zhang, H. Hattori and K. Tanabe, Applied Catalysis, 36 (1988) 189.  
[8]  H.-J. Freund and M.W. Roberts, Surf. Sci. Reports, 25 (1996) 225. 
[9]  G. Pacchioni, J.M. Ricart and F. Illas, J. Am. Chem. Soc., 116 (1994) 10 152. 
[10]  J. Suzanne, V. Panella, D. Ferry and M. Sidoumou, Surf. Sci., 293 (1993) L912. 
[11]  G. Pacchioni, Surf. Sci., 281 (1993) 207. 
[12]  A. Boudriss and L.C. Dufour in : Non-Stoichiometric Compounds: Surfaces, 

Grain, Boundaries and Structural Defects, Eds. J. Nowotny and W. Weppner 
(Kluwer, Dordrecht, 1989) p.311. 

[13]  W. Gopel and G. Rocker, J. Vac. Sci. Technol., 21 (1982) 389. 
[14]  W. Hotan, W. Gopel and R. Haul, Surf. Sci., 83 (1979) 162. 
[15]  O. Seiferth, K. Wolter, B. Dillmann, G. Klivenyi, H.-J. Freund, D. Scarano and A. 

Zecchina, Surf. Sci., 421 (1999) 176. 
[16]  C.T. Au, W. Hirsch and W. Hirschwald, Surf. Sci., 199 (1988) 391. 
[17]  J.A. Rodriguez, Langmuir, 4 (1988) 1006. 
[18]  P.J. Moller, S.A. Komolov, E.F. Lazneva and E.H. Pedersen, Surf. Sci., 323 

(1995) 102. 
[19]  H. Onishi, T. Aruga and Y. Iwasawa, Surf. Sci., 310 (1994) 135. 
[20]  P.C. Stair, J. Am. Chem. Soc., 104 (1982) 4044. 
[21] The Leybold sensitivity factor for C 1s is 0.2. 
[22] C.D. Wagner, W.M. Riggs, L.E. Davis, J.F. Moulder, and G.E. Muilenberg, 

Handbook of X-Ray Photoelectron Spectroscopy, Perkin-Elmer, Eden Prairie, 
MN, 1979.  

[23]  J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, and J. Chastain, 
Handbook of X-Ray Photoelectron Spectroscopy, Perkin-Elmer, Eden Prairie, 
MN, 1992. 

[24] C.T. Au, W. Hirsch, and W. Hirschwald, Surf. Sci., 199 (1988) 507. 
[25] A.F. Carley, M.W. Roberts, and A.J. Strutt, J. Phys. Chem., 98 (1994) 9175.  
[26] J.M. Vohs and M.A. Barteau, Surf. Sci., 176 (1986) 91.  
[27] E.W. Thorton and P.G. Harrison, J. Chem. Soc. Faraday Trans. I, 71 (1975) 461.  
[28] M. Melle-Franco, G. Pacchioni, and A.V. Chadwick, Surf. Sci., 478 (2001) 25.  
[29]  J.W. London and A.T. Bell, J. Catal., 31 (1973) 32. 
[30]  V.G. Amerikov and L.A. Kasatkina, Kinet. Katal., 12 (1971) 165. 
[31]  J.M. Vohs, personal communication. 


	Chapter 4
	4.1   Introduction
	CO2 is one of the most common probe molecules used to study surface basicity [�-�].  CO2 is often viewed as a weak Lewis acid, which probes basic sites due to its electropositive carbon atom [�].  CO2 can form a variety of surface species on different me

