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CO 2 conversion on alkali promoted metals in aprotic systems has been followed with 
surface sensitive spectroscopies. New results on sodium modified aluminum(100) are pre- 
sented and compared with previous studies on magnesium [1], aluminum [2], and bulk alkali 
metals [3]. Electron energy loss spectra reveal two different states of CO 2 adsorption at 100 K 
and monolayer sodium coverage. Vibrational bands at 650 cm-1 and 2325 cm-1 correspond 
to weakly bound molecular CO 2 and a multitude of bands between 2300 cm 1 and 460 cm- 1 
to oxalate ions with low, possibly unidentate, coordination. Gentle annealing increases the 
coordination as apparent by vibrational shifts. This corresponds to oxalate to carbonate 
conversion, a process which is completed around room temperature. CO desorption was 
detected at 285 K and Auger measurements reveal a 1:3 C/O stoichiometry after high 
temperature annealing. We observe no release of CO 2 above 110 K but an additional weak 
state of CO desorption around 470 K. High temperature annealing causes decomposition of 
all intermediates and leaves the aluminum surface covered with an irreducible carbide and 
oxide overlayer. We suggest that CO 2 reduction and dimerization to C204 -2 is a common 
path to yield carbon deposition on all alkali promoted surfaces in hydrogen deficient systems. 
In contrast, oxalate decomposition is related to the specific chemistry of each substrate. 

1. Introduction 

The present  c o m m u n i c a t i o n  relates to c a r b o n  dioxide convers ion  and  the 

efficiency of ca rbon  depos i t ion  in m e t h a n a t i o n  catalysis. We  argue that  the 

lowered work func t i on  of  an alkali p r o m o t e d  surface facili tates a h igh p robab i l i ty  

of  electron t ransfer  to impinging  neut ra l  C O  2 molecules.  C O  2- radicals  react  to 

oxalate  ions, C2042-,  in h y d r o g e n  p o o r  systems. Our  results suggests that  the 

d imer iza t ion  occurs  via a rad ica l - subs t ra te  reac t ion  ra ther  than  a radica l - radica l  

mechanism.  The high probab i l i ty  for CO2 reduc t ion  on  p r o m o t e d  meta l  surfaces 

explain the observed two orders  of  m a g n i t u d e  higher  eff iciency of  c a rbon  

depos i t ion  f rom C O  2 c o m p a r e d  with f r o m  CO. The  process  of  d imer iza t ion  is a 
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general phenomenon in aprotic systems. The subsequent path of oxalate decom- 
position, in contrast, relates to the specific chemistry of the adsorbent. The 
decomposition has been demonstrated to be different on alkali promoted iron [4] 
and aluminum [this work] surfaces as well as on bulk polycrystalline alkali metals 
[3]. 

Carbon dioxide reduction is of interest in other branches of engineering science 
as well. Oxalate production through electrochemical reduction is a feasible, 
although not economically competitive process [5]. Of greater interest is the role 
of oxalate intermediates in potassium catalyzed CO 2 gasification reactions on 
carbon surfaces [6]. 

2. Experimental 

Experiments were performed in an ultra high vacuum (UHV) chamber  oper- 
ated at 1 • 10 - l~  torr. The Al(100) crystal was cleaned following a documented 3 
hr procedure [7]. Sodium was deposited from a SAES getter source. Carbon 
dioxide was dosed through a beamdoser. Gas doses are given in 'X L' Langmuirs 
(1 L = 10 -6 torrsec) as read on the ion gauge i.e. uncorrected for ion gauge 
sensitivity and beamdoser efficiency. The neglect of the ion gauge sensitivity will 
overestimate CO 2 doses by about 40% [8]. The beamdoser  efficiency relative to 
backfilling was estimated to 50 : 1 for water [7]. We use typical exposure times of 
one minute.  This means that a '1 L' exposure translates to an effective dose of 50 
L at around 1 • 10 .6 torr. 

Electron energy loss (EEL) spectra were measured with a Leybold spectrometer 
(E  k --- 5 eV, R = 60 cm-~).  Thermal desorption (TDS) traces were followed with 
the crystal in line of sight of the mass spectrometer (UTI 100C). The heating rate 
was 1.5 ksec -~. The UTI  manual  postulates a m 2 8 / m 4 4  ratio of 0.15 for CO 2 
fragmentation and we measured 0.17 for the same ratio. Auger electron spectra 
(AES, E k = 3 keV, Vpp = 2 V) were only measured prior to molecular adsorption 
or after decomposition of any molecular intermediate in order not to introduce 
any electron beam artefacts. 

3. Results 

3.1. ELECTRON ENERGY LOSS SPECTROSCOPY 

Figure 1 shows EEL spectra for C O  2 adsorbed on AI(100) covered by a 
c(2 • 2) monolayer of sodium [9]. Exposure to CO 2 at 100 K gives rise to a 
multi tude of peaks. Flashes to subsequently higher temperatures alter the vibra- 
tional structure first by surpressing the 650 cm-1 and 2325 cm-1 bands and later 
by shifting the double peak structure at 1310/1480 cm -1 to 1350/1570 cm -1. 
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Fig. 1. Electron energy loss spectra of CO 2 adsorbed onto an annealed monolayer of sodium on 
AI(100). From below we display EEL spectra of (i) the clean AI(100) surface (ii) the annealed 
monolayer of sodium, (iii) AI(100)/Na(ML) after '1 L' of CO 2 at 100 K, and (iv) to (vii) flashed to 
increasingly higher temperatures. Analogous thermal desorption spectra are shown in fig. 2. 

AI(100)/Na(ML) is characterized by a c(2 • 2) 0 = 0.50 overlayer [9]. 
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Table 1 
Auger ratios after annealing to 700 K 

Adsorption system C272/0503 Stoichiometry C : O 

A1/Na/CO 0.57 +_ 0.04 1 : 1 
Na(bulk on A1)/CO2 0.29 _+ 0.03 1 : 2 
A1/Na(ML)/CO2 0.19 _+ 0.02 1 : 3 

The 460 cm -1 band is correlated to the 1310/1480 cm -1 pair and the 1050 cm a 
band to the 1350/1570 cm -a pair. Weak bands around 650, 800, and 2300 cm -1 
also appear to be correlated to the 460/1310/1480 structure. Finally, spectra 
obtained after flashes to 720 K are dominated by vibrational structure around 
850 cm -1. 

3.2. AUGER ELECTRON SPECTROSCOPY 

EEL spectra revealed that no molecular intermediate survived annealing to 
above 470 K. At this temperature we observed the characteristic Auger peak 
profiles of aluminum oxide and aluminum carbide [9]. The relative intensities of 
the carbon 272 eV and oxygen 503 eV lines reveal a different ratio between 
carbide and oxide coverages after CO 2 decomposition on bulk sodium and 
aluminum modified by a monolayer of sodium [table 1]. The C272/0503 ratio 
after CO decomposition is given as a reference value [10]. This latter ratio is 
independent of alkali and CO coverages [11]. 

Previous surface titration measurements allow- us to correlate AES intensities 
to surface coverages of AlaO 3 and A14C 3 [9] and to evaluate the amount of 
deposited carbon per dosed gas equivalent [table 2]. The figures for the Auger 
ratio, C272/A168, equal roughly the fraction of the surface covered by the 
carbide [9]. A relative efficiency factor was defined as the carbon Auger intensity, 
C272/A168, devided by the gas dose, 'X L'. We normalize the highest value to 
unity. Obviously this factor serves as a guidance rather than an absolute measure- 
ment of initial reaction probabililties. 

Table 2 
Carbon deposition efficiency 

Substrate Gas Dose C272/A168 Efficiency 
(100 K) (700 K) (arb. units) 

K(bulk on A1) CO '50 L' 0.03 0.0002 
A1/Na(ML) CO ' 200 L' 0.17 0.0003 
A1/K(ML) CO '50 L' 0.2 0.001 
A1/Na(ML) CO 2 '1 L' 0.09 0.03 
Na(bulk on A1) CO 2 '1 L' 3.4 1 
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3.3. T H E R M A L  DESORPTION SPECTROSCOPY 

Figure 2 shows thermal desorption spectra of COjm44) ,  CO(m28), and 
Na(m23) from AI(100) modified by a monolayer of sodium and exposed to '1 L' 
of CO 2 at 100 K. Weakly bound molecular CO2 desorbs at low temperature. The 
m44 peak saturates our measuring range but the contribution to the m28 intensity 
from the CO s cracking pattern is obvious around 110 K. We did not observe any 
CO2 desorption at higher temperatures. Carbon monoxide desorption is observed 
at 285 K and 470 K. We also observe a higher sodium desorption temperature 
from the surface exposed to CO 2 than from the clean surface (fig. 2 and ref. [9]). 

4.  D i s c u s s i o n  

4.1. I D E N T I F I C A T I O N  OF INTERMEDIATES 

Weakly adsorbed molecular C O  2 w a s  identified by its vibrational bands at 2325 
cm-1 and 650 cm-1. The close proximity of these frequencies to the dipole active 
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Fig. 2. Thermal desorption spectra after C O  2 adsorption ('1L'100 K) onto AI(100)/Na(ML, 
c(2 • 2)). The cracking pattern of CO 2 (m44) gives a 15% signal for CO (m28). Heating rate = 1.5 

ksec - 1. 
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Table 3 
Dominant IR absorption bands of some CO 2 related compounds 

Substrate Frequency (cm- 1) Ref. 

Molecular carbon dioxide, CO 2 

gas phase 2349, 667 [22] 
Na(bulk on A1) 2350, 650 [3] 
AI(100)/Na(ML) 2325, 650 fig. 1 
Fe(100)/K(ML) 2325, 650 [4] 

CO 2 - 1 1665 [23] 

Oxalate ions, C204- 2: high coordination 

average 1700, 1400, 1250, 800 [12] 
solid Li2C204 1660, 1330, ,770,450 [24] 
Na(bulk on A1) 1650, 1350, ,920 [3] 
Fe(100)/K(ML) 1650, 1500, 1200, 800 [41 

Oxalate ions, C204 - 2: low coordination 

CO2.C0 2 (g, Cs) 2310, 1710, 1389, 1339, 771,656, 642 [25] 
AI(100)/Na(ML) 2300, ,1480, 1310, 800, 650, 460 fig. 1 

Carbonate ions: basic salts 

solid NazCO 3 1440, , ,878, [26] 
solid K2CO 3 1450, , ,865, [26] 
Fe(100)/K(ML) 1450, [4] 
Na(bulk on A1) 1450, ,1100, ,300 [3] 

Carbonate ions: A 1 modes, B 2 modes 

unidentate(Co) 1460, 1367, 1068, 756, 354 [27] 
Ag(ll0) 1360, 1050, 850, 270 [13] 
bidentate(Co) 1608, 1277, 1030, 760, 385 [27] 
AI(100)/Na(ML) 1570, 1350, 1050, fig. 1 

modes of gas phase CO 2 suggests a weakly perturbed and neutral species (table 
3). The 2325 cm-1 and 650 cm-1 peaks become less intense after low temperature 
annealing. This attenuation correlates with a maximum in the CO2 partial 
pressure around 110 K (fig. 2). The combined TDS and EELS observations make 
it plausible to proclaim weak molecular adsorption states on promoted surfaces. 

The following two intermediate states were characterized by their respective 
vibrational frequencies. At 150 K an intermediate species showed strong bands at 
460, 1310, and 1480 cm -1 and weak bands around 650, 800, and 2300 cm -1. A 
second, high temperature species at 330 K was dominated by strong bands at 
1050, 1350, and 1570 cm -1. The conversion of the '150 K' form to the '330 K' 
form was correlated to the release of carbon monoxide around 285 K. This 
occurred at a temperature previously identified as the oxalate to carbonate 
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conversion temperature of bulk alkali oxalate [3]. Hence, we try to identify the 
'150 K' and '330 K' forms with known oxalate and carbonate structures (table 3). 
CO 2 adsorption on a bulk sodium film gives vibrational frequencies which 
overlap those of Li2C204 and other highly coordinated oxalate ions [3]. We know 
from table 2 that these data represent above unity carbon and oxygen coverage. 
Vibrational modes at 1650 cm 1, 1350 cm -1, and 920 cm -1 consequently repre- 
sent a 3D film of bulk sodium oxalate. The term bulk compound is here 
synonymous with Nakamotos basic or mineral salt [12]. 

The vibrational fingerprint of the oxalate ions on an aluminum surface 
promoted by a single layer of sodium atoms is different from that of a bulk 
sodium film and also different from that of a modified iron substrate (table 3). 
This is not surprising considering the span of oxalate vibrational frequencies of 
bulk compounds. The 'average' numbers quoted in table 3 bear considerable 
variations and Nakamoto discusses six principal ways of coordination [12]. The 
six ways are (i) unidentate, (ii) bidentate, and (iii-vi) bridging between 2-4 metal 
atoms. Whereas vibrational data for highly coordinated oxalate ions are abun- 
dant, data for unidentate species are not. Available data for CO 2 bound to the 
CO 2- anion radical, however, agree well with observed frequencies (table 3). 
Consequently, we assign the '150 K' species as an oxalate species with low, 
possibly, unidentate coordination. It is mere semantics if one prefers to call this a 
strong binding site for CO 2 associated with adsorbed CO 2 rather than an oxalate 
group. This explains the similarity between the 'oxalate bands' around 2300 cm-1 
and 650 cm 1 and the corresponding bands of weakly adsorbed COa. 

The '330 K' form was suggested to be a carbonate. Again we utilize literature 
data for the identification (table 3). The basic salt is characterized by a very 
strong band around 1450 cm -1 and much weaker bands around 1100 cm -1 and 
850 cm -1. Following the above discussion about oxalate formation we clearly 
observed the formation of a 3D carbonate for a bulk sodium film [3]. The strong 
1450 cm -1 band following CO 2 adsorption on Fe(100) also suggested the 
formation of a highly coordinated carbonate group. A lower coordination than in 
the basic salt means a loss of degeneracy in the 1450 c m  - 1  band. This is observed 
as more structure rich spectra for unidentate and bidentate species (table 3). The 
coordination of the '330 K' species on AI(100)/Na(ML) is less straightforward 
because we cannot restrict ourselves only to totally symmetric modes. We suggest, 
however, that the high frequency of the 1570 cm -~ band indicate a carbonate 
bound to the substrate via two oxygen atoms. Moreover, the species must be 
tilted to explain the excitation of a B 2 mode, normally dipole forbidden according 
to 'surface selection rules'. 

The band at 800/850 cm ~ is readily identified as an A1-O vibration (fig. 1). 
This band shifts to higher frequency as the 3D oxide develops and we recognize 
the familiar profile of aluminum oxide after annealing to 700 K [14]. The pure 
oxide shows a pronounced three peak structure which smoothens in the presence 
of hydroxyl groups or residual carbon [15]. Auger spectra clearly showed the 
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formation of aluminum carbide following high temperature annealing. Previously 
we assumed that the smoothened EELS profile of A1203 in the presence of A14C 3 
was the result of superimposed spectra [10]. This assumption was most likely 
incorrect since we were unable to register any A1-C vibrational losses from a 
polycrystalline but oxygen free AI4C 3 overlayer [J. Paul and F.M. Hoffmann, 
unpublished]. The smoothening must come from disorder in the A1203 lattice 
caused by the carbide rather than from the carbide itselL Finally, the shoulder on 
the elastic peak around 200 cm -1 corresponds to alkali-oxygen vibrations [16]. 

4.2. CARBON DIOXIDE CONVERSION 

Oxalate ions form on different alkali promoted and hydrogen deficient surfaces 
exposed to carbon dioxide [3,4]. The process of oxalate formation is the predomi- 
nant path to strong binding sites for CO a products on these surfaces. We suggest 
that carbon dioxide reduction is facilitated by electron transfer from the promo- 
ted surface followed by dimerization. The latter process could occur either via 
radical-substrate (CO 2- + CO 2 + e- )  or radical-radical (CO 2- + CO 2 ) reactions 
[5]. The observed monocoordinated oxalate species suggests the former mecha- 
nism. 

CO 2 reduction to an anion is normally a slow reaction [5] but matrix isolation 
studies have shown that alkali metals and CO 2 readily form stable clusters, 
Li+CO2 - etc. [17]. Annealing caused aggregation and oxalate was registered as 
the 'final' product [17]. Manceron et al. suggested a radical-substrate reaction for 
this dimerization [17]. Some support for this model may also be given by the 
measured low yields of dimerization of artificially produced CO 2 - anions, trapped 
in a potassium halide [18]. 

There are alternative ways to provide strong binding sites for CO 2 products. 
Carbonate formation through reaction with adsorbed oxygen atoms have been 
observed on silver [13] and XPS data suggest carbon dioxide dissociation fol- 
lowed by carbonate formation on unmodified polycrystalline a luminum surfaces 
[2] and single crystallin e Mg(0001) surfaces [1]. The temperature and pressure 
dependences of CO 2 conversion on magnesium suggest the participation of a 
precursor dimer state, CO2--CO 2 [1], analogous to the oxalate state discussed in 
this communication. We have not observed any CO 2 adsorption on the clean 
A1(100) surface at LN 2 temperature (<  100 K) and exposures as outlined in 
section 2. We suggest that surface atoms with low coordination numbers and 
significantly higher pressures may explain the observed activity on a polycrystal- 
line sample [2]. 

4.3. OXALATE DECOMPOSITION 

The above discussed oxalate formation is largely a metal independent  process 
promoted by alkali additives. The further path of oxalate decomposition is 
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instead closely linked to the carbon and oxygen stability on the specific metal. A 
thick overlayer of sodium oxalate converts to sodium carbonate around room 
temperature but the related release of CO is not observed for a bulk film in the 
presence of excess sodium metal [3]. Less than stoichiometric amounts of carbon 
monoxide is released because of sodium induced CO dissociation [3,10,11]. The 
bulk alkali carbonate lattice is stable to around 540 K when it decomposes to an 
oxide and gaseous CO2 [19]. Carbon is thus deposited from CO dissociation 
following oxalate decomposition and additional oxygen from carbonate instabil- 
ity. These two effects give a 1 :2  C / O  stoichiometry for a bulk film after high 
temperature annealing (table 1). Carbon and oxygen will be present as a 
A1203/A14C 3 mixture on an aluminum substrate. 

Annealing to around room temperature again converts oxalate groups to 
carbonate groups on AI(100) modified by a monolayer of sodium (fig. 1). This 
conversion is correlated to the simultaneous release of CO (fig. 2). A monolayer 
obviously cannot encapsulate CO following oxalate decomposition. The decom- 
position of the bicoordinated carbonate was, in contrast to the situation for basic 
salt, not correlated to CO 2 evolution. Carbonate instability and immediate release 
of CO during oxalate conversion lead to a 1:3 C / O  stoichiometry after high 
temperature annealing. 

The situation is different on a promoted iron surface. Again we observe the 
very efficient deposition of carbon through low temperature CO 2 reduction, 
dimerization, and oxalate formation [4]. The oxalate decomposes either to 
carbonate groups and CO around room temperature or further to adsorbed 
carbon monoxide and oxygen atoms. The simultaneous desorption of alkali atoms 
and CO molecules as well as CO 2 desorption around 570 K were detected. CO 
recombination, in comparison, occurs at 800 K on Fe(100). 

5. Summary and conclusions 

Utilizing surface sensitive spectroscopies we have observed CO 2 adsorption 
and conversion on alkali modified metal surfaces. 

(i) Alkali promotion leads to CO2 reduction. The electron transfer is facili- 
tated by the reduced ionization potential of the promoted adsorbent. The anion 
radicals react to oxalate groups, C204 -2, probably through radical-substrate 
reactions. The dimerization occurs in aprotic systems and is metal independent. 

(ii) The oxalate intermediates are stable to around room temperature on all 
surfaces. The decomposition is metal dependent and leads either to a carbonate 
and CO or directly to adsorbed oxygen and carbon atoms. 

(iii) The adsorption probability of CO 2 increases with alkali coverage in 
contrast to the CO adsorption probability which decreases drastically. This leads 
to a two orders of magnitude higher efficiency for carbon deposition from CO 2 
compared with from CO on promoted aluminum. Alkali metals promote reactive 
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adso rp t ion  of CO 2 on  the over layer  and  s t rong molecu la r  a d s o r p t i o n  of  CO on 
the modi f ied  under ly ing  subs t ra te  [4,20,21]. 

(iv) C-C bonds  be tween  the molecu la r  adsorben t s  are c lear ly  f o r m e d  fol lowing 
C O 2 exposure  on  alkali p r o m o t e d  and  h y d r o g e n  free surfaces.  Th e  co r r e sp o n d in g  
fo rma t ion  of  O C - C O  bonds  af ter  CO exposure  has  ye t  to be  proven .  Coadso rp -  
t ion  studies of  CO 2 and  hyd rogen  on  alkali p r o m o t e d  surfaces are highly wanted .  
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