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Abstract

:

Studies of adsorption of CO   2   on nanoscopic surfaces are relevant for technological applications in heterogeneous catalysis as well as for sorption of this important greenhouse gas. Presently, adsorption of carbon dioxide on pure and oxidized thin samarium layers near mono-layer thickness on Ni(100) has been investigated by photoelectron spectroscopy and temperature programmed desorption. It is observed that very little CO   2   adsorb on the metallic sample for exposures in the vacuum regime at room temperature. For the oxidized sample, a large enhancement in CO   2   adsorption is observed in the desorption measurements. Indications of carbonate formation on the surface were found by C 1s and O 1s XPS. After annealing of the oxidized samples to 900 K very little CO   2   was found to adsorb. Differences in desorption spectra before and after annealing of the oxidized samples are correlated with changes in XPS intensities, and with changes in sample work function which determines the energy difference between molecular orbitals and substrate Fermi level, and thus the probability of charge transfer between adsorbed molecule and substrate.






Keywords:


carbon dioxide; samarium; Ni(100); adsorption; surface nano-structures; TPD; XPS; UPS; carbonate












1. Introduction


Increased interest in recent years in adsorption properties of carbon dioxide has been triggered by applications in chemical industry and by the role of CO   2   as the most important greenhouse gas. Carbon dioxide tend to adsorb on oxide surfaces but show less affinity to metal surfaces. The presence of a surface may lead to formation of carbonate,    CO 2  γ −     species, or dissociation [1]. A comprehensive understanding of such phenomena is important for optimizing technological processes. Nano-structured surfaces open up new degrees of freedom that need to be unraveled. Presently, near mono-layer thick samarium layers on Ni(100) are considered. Ni was chosen as substrate due to the catalytic properties.



Rare earth oxide surfaces play an important role in heterogeneous catalysis. Fields of applications include petroleum chemical industry, catalytic combustion, automotive emission control, and purification of industrial waste [2,3,4,5]. The catalytic activity of rare earth oxides stem from low energy spin and charge fluctuations [6]. Rare earths have many interesting properties caused by the electronic structure which contains a partly filled 4f electron shell. Rare earth oxides have been reported to be hydrophobic [7,8,9], which is beneficial for heat transfer mechanisms in industrial applications. Samarium compounds may exhibit mixed valence behavior since the energy difference between trivalent Sm (  4  f 6    electron configuration) and divalent Sm (  4  f 5    electron configuration) is small so that perturbations by e.g., compound formation may result in a change of valence state or result in valence fluctuations [10]. For example, Sm metal is trivalent in the bulk, whereas the surface is divalent due to the lower coordination number [11,12]. The low work function of the rare earths and the relative high stability of rare earth oxides make such materials interesting for adsorption studies [13].



Activation of carbon dioxide by charge doping of the molecule through transfer from a catalytic active surface has been extensively studied during the last several years. These works include experimental and theoretical investigations of vacuum adsorption of CO   2   at low temperatures on metal surfaces [14,15,16,17] as well as experiments at higher pressures [18,19,20,21,22].



Whereas relevant chemical reactions frequently take place at elevated temperatures and pressures, this paper presents a study of adsorption of carbon dioxide on samarium nano-structures on a Ni(100) substrate at ambient temperatures and in ultra high vacuum. The observed enhanced CO   2   adsorption on oxidized samples have bearing on the understanding of capture mechanisms as well as chemical reactions involving the important green house gas. The positions of the electron energy levels of filled and empty molecular orbitals of carbon dioxide relative to the substrate Fermi level are argued to be relevant for the adsorption properties of these samarium based structures.




2. Materials and Methods


The Ni(100) crystal was cleaned by repeated Ar+ sputtering, flash heating, and oxygen annealing. The quality of the Ni single crystal was verified by measuring a sharp FCC(100) low-energy electron diffraction (LEED) pattern. Sm was deposited from an electron beam heated evaporation source using an Al-oxide crucible. Temperature programmed desorption (TPD) spectra were obtained by using a shielded and differentially pumped Prisma quadrupole mass spectrometer (Pfeiffer).The mass spectrometer was positioned close to the sample surface during measurements to discriminate against spurious desorption from the sample support, and to obtain reproducible intensities that could be compared for different runs. Spectra were obtained from masses 2, 18, 28, 32, and 44 amu (atomic mass unit) simultaneously for all experimental runs. X-ray photoelectron spectrocopy (XPS) and ultra-violet photoelectron spectrocopy (UPS) measurements were recorded using a SES2002 spectrometer (Scienta) in conjunction with a monochromatized Al K α  X-ray source (Scienta) and a UVS300 He discharge lamp (Specs) which provided photons of energy   h ν = 21.2   eV. The sample work function was estimated by subtracting the width of the UPS spectrum from the photon energy using a sample bias of −5 V. Deposited effective amounts of Sm were estimated from XPS intensities. The electron energy spectrometer was calibrated within ±0.1 eV by using the Ag 3d core level and the Fermi level. Sample cleanliness was monitored by XPS.




3. Results


Sm was evaporated at room temperature onto the clean Ni(100) crystal at a rate of about 0.4 mono-layer (ML) per minute. The samples were then exposed to 10 L (Langmuir)   O 2   (  1  L    = 1.33 × 10    − 4    Pa · s). The oxidized samples were subsequently exposed to 1 L CO   2   for the TPD measurements. First, the XPS results are presented, then the UPS and work function results are described, and finally the results from thermal desorption are given.



3.1. XPS Measurements


Carbon 1s XPS core level spectra are shown in Figure 1 before exposure to CO   2   (bottom spectrum), after exposure to CO   2   (middle spectrum), and after annealing to 900 K (top spectrum) for Sm/Ni exposed to oxygen. The Sm coverage was estimated to be 0.8 ML for these spectra. Corresponding oxygen 1s core level spectra are shown in Figure 2. The peak that was observed at binding energy near 290 eV for the C 1s core level after CO   2   exposure (middle curve in Figure 1) is characteristic of carbonate species at the surface [23]. Similarly, the oxygen 1s emission after CO   2   exposure (middle spectrum in Figure 2) shows a peak near binding energy 532 eV which is consistent with carbonate species [24]. The C 1s peak near binding energy 290 eV disappears after annealing the sample ti 900 K (upper spectrum in Figure 1). The intensity of the carbon contamination at binding energy near 283.5 eV (bottom spectrum in Figure 1) was estimated to be about 3% of the Ni signal.



Changes in the O 1s core level emission are shown in Figure 3 for a sample of effective Sm coverage 0.9 ML exposed to oxygen as the sample is heated. A core level shift of 0.7 eV was observed for the major component after heating to 900 K. A significant intensity increase of the feature near 531.2 eV was seen subsequent to annealing. The minor peak near 531.2 eV was not shifted upon heating. These findings are addressed in the next section.



Samarium   3  d  5 / 2     XPS are shown in Figure 4 for Sm/Ni (bottom spectrum) and Sm/Ni exposed to oxygen (two top spectra). The 3d XPS of Sm is made complicated by multiplet interactions between the open 4f shell and the valence electrons [25,26]. Deconvoluted components are shown as solid lines for the Sm    3 +    components, and as dashed lines for the Sm    2 +    components (for the metallic spectrum). These components do not represent the true multiplet structure of Sm but merely represent the smallest number of peaks that give a reasonable fit to the data. Only trivalent Sm was observed in the spectra from the samples that were exposed to oxygen. XPS from rare earth oxides is rather complex and the weak components at lower binding energy as compared to the main peak have been identified as due to strong charge transfer of unpaired 4f electrons [27,28]. The main component of the convolution of the spectra of the sample exposed to oxygen is shifted 0.6 eV to higher binding energy after the temperature ramp (see two top spectra in Figure 4). Table 1 lists XPS intensities for Sm 3d and O 1s core levels relative to the intensity of the Ni 2p core level. The intensities have been corrected by using atomic sensitivity factors. It is seen from the table that the Sm intensities show relatively small reductions (≤10%) after annealing to 900 K. For the lowest Sm coverage, 0.4 and 0.9 ML the oxygen intensity decreases substantially. For the higher Sm coverage, 1.9 ML, the relative Sm and O core level intensities showed relatively small increases (<10%) after annealing.




3.2. UPS and Work Function Determination


UPS of the valence band region of the Sm/Ni system is shown in Figure 5. The bottom spectrum corresponds to pure Sm/Ni. As the sample is exposed to oxygen the O 2s emission near 5 eV binding energy grows. A feature near 10 eV emerges for the two largest oxygen exposures (middle curves). Upon exposure to carbon dioxide the 10 eV feature increases significantly. This peak is identified as C 2s, possibly originating from carbonate species, as indicated by the C 1s spectra in Figure 1 [29,30].



The work functions of the samples were determined by UPS. Work function changes are shown in Table 2 for Sm/Ni(100), Sm/Ni(100) exposed to oxygen, and CO   2   adsorbed on oxidized Sm/Ni(100). The effective Sm coverage was estimated to be near 0.8 ML. The work function for clean Ni(100) was measured to be 5.2 eV. A reduction of 2.3 eV was seen after Sm deposition. An increase in the work function by 0.9 eV was observed after an oxygen exposure of 10 L of the Sm/Ni sample. When the oxidized Sm/Ni sample was exposed to a CO   2   dose of 1 L, the work function increased by 0.6 eV. After temperature ramp to 900 K during the TPD measurement the work function was found to be 0.5 lower as compared to the value prior to the CO   2   exposure. This is argued to be caused by a change in the surface morphology of the oxidized Sm/Ni system as a result of annealing.




3.3. Thermal Desorption Measurements


Carbon dioxide (mass 44 amu) TPD spectra are shown in Figure 6a for effective Sm coverage of about 0.4, 0.9, and 1.9 ML. Two distinct desorption features are observed for sub mono-layer Sm coverage; one near a temperature of 500 K and the other near 600 K. For the highest Sm coverage of 1.9 ML only the 600 K desorption peak was resolved. It seems likely that the Sm-Ni interface play a more important role in the case of sub-mono-layer Sm coverage as compared to multilayer coverage. It is therefore argued that the sharp TPD peak observed near 500 K for the 0.4 ML Sm coverage (top curve of Figure 6a) originates from the interface between O, Sm, and Ni. This peak becomes weaker for 0.9 ML Sm coverage, and has disappeared in the spectrum from the 1.9 ML Sm sample, where most of the surface is expected to be covered by Sm and CO   2   is likely to adsorb on the Sm–O interface.



An interesting result in the present study is the observation of the difference in the desorption spectra when CO   2   was exposed to pure non-oxidized Sm/Ni, and exposed to Sm/Ni that was exposed to oxygen. The effective Sm coverage was estimated to near 0.9 ML for both spectra. Very little CO   2   was observed to desorb from the pure non-oxidized sample (bottom spectrum, Figure 6a). Similar results were found on samples of Sm coverage of 0.4 and 1.8 ML.



TPD spectra are shown in Figure 6b for mass 28 amu. These spectra were recorded simultaneously as the mass 44 amu spectra in Figure 6a. The peaks near temperatures 500 and 600 K are due to fragmentation of CO   2   in the mass spectrometer, and the peak near 700 K most probably is due to desorption of carbon monoxide. The mass 28 amu fragment of CO   2   has an intensity of about 25% of the main peak at 44 amu. The fragmentation pattern was measured by monitoring the relevant mass-spectrometer peaks when filling the vacuum chamber by CO   2  . From the TPD spectra of mass 28 and 44 amu it seems that most of the C adsorbed on the sample desorbs as CO   2   upon heating. A smaller but significant fraction of surface carbon seem to desorb as carbon monoxide.



Another observation was that very little carbon dioxide was adsorbed on the sample after temperature cycling up to 900 K and subsequently down to near 300 K. This is shown in Figure 7 for Sm coverage 0.4 ML. Similar observations were also seen for Sm coverage 0.9 and 1.9 ML. This finding is likely to be caused by changes in sample morphology upon heating, as also indicated by the XPS results.





4. Discussion


As mentioned in the introduction, CO   2   tend to physisorb on metallic surfaces at low temperature and may chemisorb to form stronger bonds on oxide surfaces. The latter is the case for the oxidized Sm/Ni system as shown by desorption features in the temperature range from 450 to 700 K. This may be caused by an additional oxygen atom from the substrate which facilitates formation of carbonate species, as indicated by the carbon 1s core level spectra. Different adsorption pathways have been discussed in the review by Burghaus [1]. The simplest pathway may be described as


   CO 2   ( g a s )  +  O  s u r    →     [  CO 2   ( a d s )  −  O  s u r   ]  #   →    CO 3   ( c h e m )   











Another possible pathway may be that a bent    CO 2  γ −   s p e c i e s   (carboxylate) acts as a precursor for CO   2   adsorption


   CO 2   ( g a s )  +  O  s u r    →    CO 2  γ −   +  O  s u r    →     [  CO 2   ( a d s )  −  O  s u r   ]  #   →    CO 3   ( c h e m )   








where   O  s u r    indicates a oxygen site at the surface, # indicate an intermediate state, and   g a s  ,   a d s  , and   c h e m   indicate gas phase, adsorbed species, and chemisorbed species, respectively.



Carbon dioxide is a non-polar linear molecule in which the bonds are polar. This gives a partial positive charge located on the carbon site and partial negative charges located on the oxygen sites. The 16 valence electrons are distributed among 8 molecular orbitals formed by linear combinations of atomic orbitals [31,32,33]. Bonding orbitals are   3   σ g   ,   2   σ u   , and   1   π u   . The orbitals   4   σ g   ,   3   σ u   , and   1   π g    are occupied and non-bonding. The highest occupied molecular orbital (HOMO) is   1   π g   , and the lowest unoccupied molecular orbital (LUMO) is   2   π u    [31,34,35,36,37]. In CO   2   the LUMO is relatively low in energy, which facilitates charge transfer into the orbital for a molecule in the proximity of a surface.



The finding that carbon dioxide is not adsorbed on the system after temperature cycling to 900 K (Figure 7) may be related to a reorganized surface structure as the sample is heated. It has previously been reported that thin rare earth overlayers tend to intermix with transition metal substrates and form surface alloys at relatively low temperatures [38]. The surface reactivity may be altered even if the observed changes in XPS intensities are small. The changed surface reactivity may be related to a decrease in work function of 0.5 eV (Table 2), and corresponding changes in energy differences between molecular levels and substrate Fermi level. Since the energy levels of the adsorbed molecule are referenced to the vacuum level, the value of the work function determines the energy difference between molecular orbitals and substrate Fermi level [39,40]. This is shown schematically in Figure 8. Therefore the probability of charge transfer between adsorbed molecule and substrate depends on the work function. The illustrated energy levels in the schematic figure do not represent true values. The decrease in work function by 0.5 eV as the Sm/Ni sample is heated to 900 K is likely to contribute to a change of the adsorption properties of CO   2   of this sample. However, the details of the adsorption mechanisms of CO   2   on oxidized Sm/Ni remain undetermined.



The core level intensities presented in Table 1 indicate changes in sample morphology upon heating. For the lowest Sm coverage of 0.4 and 0.9 ML a decrease in relative Sm and O intensities may suggest aggregation of Sm oxide structures on the Ni substrate [41]. For the largest Sm coverage, 1.9 ML, increased relative Sm and O intensities do not suggest aggregation, but still suggest structural changes in the surface nano structures, as does the change in work function.



Two peaks observed in the O 1s core level (Figure 3) are located at binding energies that are usually assigned to oxide (529–530 eV) and hydroxide (531 eV). In this case, hydroxide is not likely to be present and the high binding energy feature is speculated to be due to a mixed Sm–Ni oxide at the perimeter of the Sm nano structures. The shift in the low binding energy peak by 0.7 eV after heating is comparable to the change in the work function of 0.5 eV. The high binding energy peak does not shift after annealing, and is therefore speculated to originate from atoms in metallic contact with the Ni substrate, presumably in form of a mixed Sm–Ni oxide. The Sm 3d peaks (Figure 4) show a binding energy shift of 0.6 eV after annealing. Similar core level shifts that track changes in the work function have previously been observed on systems of thin oxide layers on conducting substrates, and have been argued to be caused by an inability to equilibrate Fermi levels on the short time scale of the photoemission process [42].



It should be noted that the amount of carbonate on the Sm/Ni sample that is exposed to oxygen is only on the order of a few percent on the surface. The role of carbonate is assumed to be crucial since no distinct CO   2   desorption is observed in the absence of carbonate species, as witnessed by the C 1s XPS peak at binding energy near 290 eV. The TPD technique is sensitive enough to yield distinct desorption data for low desorption pressures. The low level (few percent) of carbon contamination on the Ni substrate is not likely to play a determining role for the observed desorption spectra from the O/Sm/Ni samples.



Future studies including measurements of surface structure are needed to obtain improved understanding of these phenomena. Studies of other supported rare earth systems will be of interest to this subject matter.
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Figure 1. C 1s XPS recorded before exposure to CO   2   (bottom spectrum), after exposure to CO   2   (middle spectrum), and after annealing to 900 K (top spectrum). The Sm coverage was estimated to 0.8 ML. 
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Figure 2. O 1s XPS recorded before exposure to CO   2   (bottom spectrum), after exposure to CO   2   (middle spectrum), and after annealing to 900 K (top spectrum). The Sm coverage was estimated to 0.8 ML. 






Figure 2. O 1s XPS recorded before exposure to CO   2   (bottom spectrum), after exposure to CO   2   (middle spectrum), and after annealing to 900 K (top spectrum). The Sm coverage was estimated to 0.8 ML.
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Figure 3. XPS showing the O 1s core level before and after heating to 900 K of an oxidized sample of effective Sm coverage 0.9 ML. A core level shift of the main feature in the spectra of 0.7 eV after heating is indicated in the figure. The bottom curve shows the absence of O 1s emission before exposure to oxygen of the Sm/Ni sample. 
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Figure 4. Sm   3  d  5 / 2     XPS for Sm/Ni (bottom spectrum), oxidized sample before temperature ramp (middle spectrum), and oxidized sample after temperature ramp (top spectrum). Effective Sm coverage as indicated in the figure. Solid lines show convolution of Sm    3 +    components, and dashed lines show the Sm    2 +    components. 
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Figure 5. UPS of the valence band region of the Sm/Ni(100) sample. The effective Sm coverage was 0.8 ML.The bottom curve shows the clean Sm/Ni sample. The three curves in the middle show increasing exposure to oxygen, and the top spectrum shows exposure to CO   2   on the oxidized sample. 
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Figure 6. TPD spectra for 1L CO   2   adsorbed on oxidized (top 3 spectra) and pure non-oxidized (bottom spectrum) Sm/Ni(100). The effective Sm coverage is indicated for each spectrum. 
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Figure 7. TPD spectra showing desorption of CO   2   before (1st run) and after (2nd run) cycling the sample temperature to 900 K, for an oxidized sample of effective Sm coverage 0.4 ML. 
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Figure 8. Schematic representation of relative changes in electron energy levels that result from a reduction in sample work function. The Fermi level and vacuum level are denoted   E F   and   E V  , respectively.  ϕ  is the work function. 
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Table 1. XPS intensities    I  S m   /  I  N i     and    I O  /  I  N i     of Sm 3d and O 1s relative to Ni 2p core levels for samples of effective Sm coverage of 0.4, 0.9, and 1.9 ML, and oxygen dose of 10 L. The intensities were corrected for atomic sensitivity factors. The label 1st   r u n   indicates measurements recorded before temperature ramp to 900 K, and 2nd   r u n   indicates measurements recorded after temperature ramp.   Δ N i   and   Δ O   show percentage change in relative intensities    I  S m   /  I  N i     and    I O  /  I  N i     after the temperature ramp.
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	Sample
	
	     I Sm  /  I Ni     
	     I O  /  I Ni     
	    Δ Sm    
	    Δ O    





	0.4 ML Sm
	1st   r u n  
	0.10
	0.17
	-
	-



	
	2nd   r u n  
	0.09
	0.06
	−10%
	−53%



	0.9 ML Sm
	1st   r u n  
	0.24
	0.28
	-
	-



	
	2nd   r u n  
	0.22
	0.18
	−8%
	−36%



	1.9 ML Sm
	1st   r u n  
	0.71
	0.70
	-
	-



	
	2nd   r u n  
	0.73
	0.76
	+3%
	+9%
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Table 2. Work function values relative to Ni(100) for the following samples: (1) sample of effective Sm coverage of 0.8 ML on Ni(100); (2) sample 1 oxidized by 10 L   O 2   at a temperature of 300 K; (3) sample 2 exposed to 1 L CO   2   at 130 K; (4) sample 3 after annealing to 900 K. The work function of Ni(100) was measured to be 5.2 eV.






Table 2. Work function values relative to Ni(100) for the following samples: (1) sample of effective Sm coverage of 0.8 ML on Ni(100); (2) sample 1 oxidized by 10 L   O 2   at a temperature of 300 K; (3) sample 2 exposed to 1 L CO   2   at 130 K; (4) sample 3 after annealing to 900 K. The work function of Ni(100) was measured to be 5.2 eV.





	
#

	
Sample

	
Work Function




	

	
(Ni(100) Substrate)

	
[eV]






	
1

	
0.8 ML Sm/Ni

	
−2.3




	
2

	
Oxidized Sm/Ni

	
−1.2




	
3

	
CO   2   on oxidized Sm/Ni

	
−0.6




	
4

	
after annealing

	
−1.7
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