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Abstract 

Temperature programmed desorption (TPD) results after chemisorption of car
bon monoxide (CO) and carbon dioxide (C02 ) on polycrystalline graphite are pre
sented. CO adsorbs onto graphite 'with a very low sticking coefficient « 10-12 ). 

After CO chemisorption, CO (mass 28 amu) desorbs in two temperature regions, 
between 400 and 700 K, and between 1000 and 1300 K, and CO2 (mass 44 amu) 
des orbs below 950 K. The intensity of the CO2 signal is less than one order of mag
nitude lower than the CO intensity. After CO2 adsorption the major desorption 
product is CO at high temperatures (lOOO<T( K)<1300), whereas a small amount 
of CO2 desorbs around 450 K. The adsorption of a C160 2 and C18 0 2 mixture leads 
to a nearly total oxygen scrambling of the CO2 desorbed. 

A mechanism for CO and CO2 interconyersion oil the graphite surface is pre
sented in term of surface oxide species, mainly lactones and semi-quinones, and 
their relative stability. Assignments of the TPD features is proposed accordingly. 

Reaction studies on the CO2 gasification of clean graphite and the CO dispro
portionation (Boudouard reaction) haye been performed. A comparison between 
the activation energies obtained and the desorption energies calculated from the 
analysis of the TPD results indicate that both reactions are controlled by the des
orption of the products . 

t:Permanent address:Laboratoire de Spectrochimie Infrarouge et Raman, CNRS, 
94320 Thiais, France. 
t:Permanent address:Department of Chemistry, University of vVisconsin, Milwau
kee, vVI 53211, USA. 
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1 Introduction 

The surface oxides of a vari~ty of carbon compounds such as carbon black, carbon 

fibers, coal and graphite have been extensively studied over the last two decades by 

an array of different methods. pH measurements [1], reactor studies [2], chemisorp-

tion kinetics [3,4], optical microscopy [5], thermal desorption under atmospheric 

pressure [6-13], and more recently new techniques like infrared absorption [14-15], 

nuclear magnetic resonance (NMR) [16] and surface science tools like X-ray pho-

toelectron spectroscopy (XPS) [17-19], Auger electron spectroscopy (AES) [20-21] 

and temperature progr~med desorption (TPD) [20-22] have brought some useful 

information an the nature of these surface species. 

Most papers have dealt with the natural surface oxides or have studied oxidation 

of the clean surface (o?tained after degassing at high temperatures) by O2 or CO2• 

All of them report a strongly bound surface complex that desorbs at temperatures 

higher than 1100 K as CO. 

The nature of this o)..-ide is not yet well understood although some evidence for a 

semi-quinone group has been observed [15,19]. Other groups such as carboxyls and 

lactones have also been proposed as possible candidates for graphite surface oxides 

[1,2,11,14]. 

To our knowledge, no work has been published on CO adsorption on graphite 

edge surfaces. The approach of this work has been to study the species produced 
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by the chemisorption of CO and CO2 and their isotopic derivatives labelled with 

13C and 180 onto a clean graphite sample under ultra high vacuum conditions. 

This permits the resulting surface species to be examined using a surface sensitive 

probe such as temperature programmed desorption (TPD). Experiments have been 

carried out on graphite samples from three different origins in order to check the 

reproducibility of the results. Also, kinetic measurements have been undertaken 

to study the interconversion of CO and CO2 at the graphite surface (Boudouard 

equilibrium). 

2 Experimental 

In order to maximize the number of edge sites (which are the active chemisorption 

sites), three different kinds of finely dispersed polycrystalline graphite were used: 

two of them were commercial suspensions, one in isopropyl alcohol (Electrodag), and 

the other in water (Aquadag). The third sample was sintered machinable graphite 

which was finely ground and dispersed in hexane. 

N one of these samples is e>..-pected to be of maximum purity since they all contain 

a small amount of binder. In most cases, however, the binder is organic and very 

diluted. It is therefore likely to decompose at high temperatures. 

The suspensions were deposited as thin films on a piece of tantalum foil. Tan

talum was chosen for its high melting point (3269 K), low vapor pressure, good 

2 



mechanical properties and because it is coated with a very inert passivating oxide 

layer. The non-catalytic properties of tantalum toward graphite gasification were 

checked by running a reaction under flow reactor conditions with water vapor at 

900 K. No carbonaceous compounds evolved. Blank TPD experiments were also 

carried out on the foil, without graphite, and no significant amount of CO or CO2 

adsorbed on the surface. 

The sample was cleaned, by annealing at ca. 1500 K for about 60 seconds. 

Neither XPS nor AES spectra showed an oxygen signal after the treatment. CO 

and CO2 gases were of standard purity, 'and the 13C and 180 enriched compounds 

from Cambridge Isotope Laboratories were 98% pure. 

The experiments ,vere performed in a stainless steel diffusion pumped ultra high 

vacuum chamber. Additional titanium sublimation pumping allowed a base pressure 

of 5x10-10 Torr to be obtained after bakeout. Repeated adsorption-desorption 

cycles, however, led to working base pressures of 2x10-9 Torr. 

The sample was mounted on a rotatable manipulator. It could be resistively 

heated and the temperature measured by means of a chromel-alumel thermocouple 

in intimate contact with the sample. A coaxial high pressure reactor was incorpo

rated into the chamber so that the sample could be isolated from UHV and exposed 

to high pressure (up to 760 Torr) of CO or CO2• The gases were circulated around 

an external loop in order to ensure that the reactants and products were well ho-
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mogenized. It was found indispensible to bake out the loop for at least one hour 

before any gas introduction to avoid contamination by residual H2 0 and O2 • 

The rotatable ma.riipulator allowed the sample to be turned toward a quadrupole 

mass spectrometer located 5 cm away from the sample for thermal desorption stud

ies. TPD experiments were carried out using a heating rate of 50 K/sec, 

In the kinetic studies, the reaction mixture was analyzed using a gas chromato

graph equipped with a thermal conductivity detector sensitive to both CO and 

CO2 • 

3 Results 

The three different samples described above yielded similar results, although slight 

differences in TPD peak intensities were observed. Only results for the Aquadag 

samples \,'m therefore be presented. 

3.1 CO adsorption 

The CO adsorption kinetics are presented in figure 1. The total CO desorption 

measured by integrating the mass 28 amu TPD peak is plotted versus exposure at 

vanous pressures. 

The thermal desorption spectra taken after adsorption of 6 x 10-5 Torr of CO for 

30 sec at different temperatures are plotted in figure 2. "YVhen adsorbed at 323 K, CO 

desorption occurs in two overlapping peaks at 393 and 503 K. Adsorption at higher 
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temperatures yields other TPD peaks at 673, 973 and 1093 K. Similar adsorption 

of I3e showed no I2eo evolved, i. e. no carbon ex~hange with the bulk occurs. 

Also, this allows us to rule out any O2 or H2 0 contaminations, which would lead 

to I2ea desorption. Additional experiments performed with elSo confirmed this 

observation. 

Some e02 (mass 44 amu) is produced after eo adsorption (figure 3). Room 

temperature adsorption leads to a single peak at 443 K, whereas higher adsorption 

temperatures -lead to more stable species that desorb at 673 and 923 K. In our 

experimental conditions the amount of e02 desorbed after eo adsorption is always 

less than 10% of the total amount of eo chemisorbed. 

3.2 CO2 adsorption 

The TPD spectra for mass 28 (l2eO), 29 (l3eO), 44 (l2e02 ) and 45 amu (13e02) 

after adsorption of 8 Torr of 13C02 for 60 sec are reproduced in figure 4. Molecular 

13eo2 desorbs at 423 K. A large high temperature 12eo TPD peak at 1093 K 

with two shoulders at 923 and 1253 K are observed. e ISo 2 adsorption resulted in 

identical desorption peaks at mass 30 amu (eISO) indicating that there is no O2 or 

H20 contamination. Some 13CO (mass 29 amu) is evolved at low temperature, and 

the weak mass 44 amu signal (l2e02 ) can be asc~bed to isotopic impurities. 

Adsorption of a 58-42% mixture of CI60 2 and e1So 2 leads to a nearly total 

scrambling on the surface as the e02 desorbed is 35% e 160 2 (mass 44 amu), 41 % 
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C160 180 (mass 46 amu) and 24% C180 2 (mass 48 amu) (figure 5). Theoretical 

proportions for total scrambling are 34, 48 and 18% respectively. 

3.3 Kinetic results 

Reaction rates between CO and graphite and CO2 and graphite were obtained using 

the high pressure reactor. Data for the C + CO2-+ 2 CO reaction as a function of 

temperature (plotted in Arrhenius form) is shown in figure 6. The slope of this line 

yields an activation energy of 67±3 kcal/mol. This value is in agreement although 

slightly higher, with that obtained in flow reactor experiments (59 kcal/mol) [23]. 

Figure 7 shows a similar plot for the reverse reaction: 2 CO -+ C + CO2 • In this 

case, rates were measured from the accumulation of CO2 , and the linear portion of 

the curve 'yields and activation energy for CO2 fOrII?-ation of 24±2 kcal/mol. 

4 Discussion 

CO adsorbs onto graphite with a very low sticking coefficient. The mass 28 amu 

TPD peak obtained after adsorption of 100 Torr of CO for 30 sec is one order of 

magnitude smaller than the one obtained after O2 adsorption [24]. Since it is well 

established that chemisorbed o"'-ygen covers only a few percents of the total number 

of surface carbon atoms [3,6,22], it is clear that CO adsorption on graphite is a very 

low probability event, that is, highly activated. Its sticking probability is difficult 

to' calculate, since the exact number of chemisorption sites in our polycrystalline 
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sample is unknown. The value can only be estimated to be of the order of 10-12 at 

room temperature, as 1010 Langmuir of exposure leads to a coverage of the order of a 

percent. Also, as observed in figure 1, it is highly pressure and coverage dependent. 

Figure 2 shows that CO (mass 28 amu) desorbs in two temperature regions after 

CO adsorption. When CO is adsorbed at room temperature, desorption peaks at 

393, 503 and 673 K are obtained, and when CO is adsorbed above 800 K, TPD 

peaks at 973 and 1093 K are observed. These results suggest that the two temper

ature regions are due to the desorption of two distinct surface species. The high 

temperature TPD feature is also observed after CO2 adsorption (figure 6), and O2 

or H20 oxidation [24] and it is therefore likely due to the same species. CO desorp

tion peaks from carbon in the low temperature region have not been reported after 

adsorption of O2, CO2 or H20, but desorption of CO from metal surfaces usually 

occurs in this temperature region (400-700 K) [25]. 

Figure 4 shows that the major desorption product after CO2 adsorption is CO 

at high temperatures. This figure also shows that the adsorption of 13C02 favors 

the desorption of 12CO. This indicates the dissociation of CO2, and the creation of 

a carbon-oxygen bond from the graphite lattice which would eventually desorb as 

12CO at high temperatures. This agrees with the mechanism proposed earlier by 

several authors [2,9,13]: 

(1) 13C02 + 12C --+- 12CS(O) + 13COT 
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where the 12C6(O) is likely to be the same strongly bound species which is obtained 

after CO adsorption at high temperature (figure 2), owing to the similar desorption 

temperature. The above reaction implies the release of 13CO, which can further 

adsorb on the surface. This is however a very low probability process, as discussed 

previously, and for this reason the area of the mass 29 amu peak in figure 6 is much 

lower than that of the mass 28 amu peak. 

Assuming a frequency factor of 1013 sec-I, Redhead's equation [26] can be used 

to obtain an estimate of the desorption energies from the peak temperatures in 

a TPD experiment. The values obtained for the CO and CO2 species observed 

are summarized in Table 1. A comparison between these values and the activation 

energy obtained in kinetic experiments for CO2 gasification and the Boudouard 

reactions indicate that both reactions are controlled by the desorption of the prod

ucts. The activation energy for CO2 gasification, (67 kcal/mol) agrees well with 

the lowest desorption temperature for CO formation after CO2 adsorption (around 

64 kcal/mol), and the activation energy for the Boudouard reaction (24 kcal/mol) 

coincides 'with the lower limit in activation energy for desorption of CO2 after CO 

adsorption (28 kcal/mol). 

As mentioned in the introduction, there has been a great number of studies on 

the surface oxides adsorbed on various types of carbons. These studies, including 

spectroscopy, have proposed the existence of several types of surface groups. In 

8 



'. 

' .. 

what follows, we will try to discuss in more details what chemical surface species 

are formed on the graphite surface after CO or CO2 adsorption and that are respon

sible of the TPD peaks. As previously discussed, analysis of TPD data provides 

information about the desorption energy of the surface species involved, which is 

related to the strength of the bonds involved in the desorption process. By com

paring these values with bond energies in similar organic compounds, we can make 

tentative assignments of the various desorption features to surface species. 

It should be noticed, however, that.it is difficult to get precise values of the bond 

energies on the graphite surface, from the desorption energies obtained from TPD. 

First, desorption energies are the sum of the activation energy for desorption and the 

surface bond energy. This activation energy is very low in the case of CO desorption 

on metal surfaces, for instance [25], but is known to be of the order of 10 kcal/mol 

[4] or greater [20] for O2 on graphite. Also, Sanderson has pointed out [27] that the 

reorganizational energy of radicals after breaking the surface bond is an important 

contribution to the desorption energy, and in graphite this energy is expected to be 

considerable, because of the electron delocalization. Another complication to the 

determination of the bond strengths from TPD experiments is that the edges of the 

graphite particles contain various adsorption sites (zig-zag, arm-chair ... ) that lead 

to species of different stability, whose desorption will multiply, or at least broaden 

the TPD features [28]. For example, theoretical calculations [20] have shown that 
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arm-chair sites are less reactive than zig-zag sites but are more stable. 

Despite the complexity of the surface structure and the large number of vari-

abIes involved in the desorption energy, we can reasonably assume that each surface 

species is likely to desorb in the same temperature range and that some qualitative 

trends can be established, which can help to the assignment of the TPD features to 

particular surface species. For example, it is easier to break external carbon-carbon 

bonds ( ..... 80 kcal/mol), than internal graphitic ones ( ..... 115 kcal/mol)j and at tem-

peratures below 1500 K, carbon-oxygen single bonds can be thermally dissociated 

(-85 kcal/mol), but double bonds cannot (",175 kcal/mol). 

Taking into account all these considerations, the TPD features. observed are 

assigned as follows. The low temperature CO desorption peaks at 393, 503 and 

673 K, after exposure to CO at room temperature (figure 2) are likely due to weakly 

bound species such as carbonyl and/or cyclic ether groups. 

o 
1\ 
c.. 
II 

Carbonyl 

c.-o 

Ether 

To our knowledge, carbonyl species adsorbed on carbon have never been cited in 

the literature before, but analogy with CO adsorption on single crystal metal sur-

faces [25] makes them favorable candidates. The transformation into ether groups 
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is only a ring closure· and appears energetically favored. The lack of spectroscopic 

data, however, prevents any further answer. The mass 28 amu high temperature 

peaks between 923 and 1123 K, obtained after CO adsorption above 800 K, and 

CO2 adsorption can be assigned to semi-quinone species adsorbed on various sites, 

like on a zig-zag edge as shown below: 

o 
\l 

Semi-quinone 

The high stability of quinone groups in polycyclic aromatic compounds (30] 

gives strong support to the existence of semi-qui nones on the graphite surface. The 

desorption of this species involves the breaking of two graphitic carbon-carbon 

bonds from the lattice, and explains the high desorption temperature. In the case 

of 13CO adsorption at high temperature, no 12eo is evolved, indicating that CO 

does not dissociate on the surface, but it rather inserts onto the graphite lattice 

following the possible mechanism: . 

(2) -
11 
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This insertion requires a graphitic carbon-carbon bond breaking, and it would 

explain why its formation is such a highly activated process. 

At this point it is important to make a comment about the nomenclature used 

to identify these species. The name carbonyl has been employed to identify the 

low temperature CO species, rather than ketene, in agreement with IUPAC rules 

[31]. It must not be confused with the CO species desorbing above 1000 K after 

CO or CO2 adsorption. Most authors refer to this highly stable species as carbonyl, 

but we prefer a more specific denomination, such as ketone or oxo [32], or better 

semi-quinone [33], to emphasize the strong conjugation with delocalized electrons 

as encountered in quinoid structures. 

The formation' of a semi-quinone group from CO2 follows the previously described 

reaction (1), where the surface complex Cs(O) is now better characterized: 

+ COl. 

(3) -
o 
\I 

The desorption of CO2 at 443, 673 and 923 K after CO adsorption is likely due 

to the thermal decarboxylation of a. lactone group, which is a. well known organic 

reacti'on taking place in the same temperature range [34]. The formation of these 

lactone functionalities from CO may imply semi-quinone groups as intermediates: 
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+CO 

-
0 + ('0 
1\ 

(4) 

~O 
0- c.. 

6--

a 
\I 

0-

40-

step '1 

0 

c 41' 

step 2 

c.Dz.. 

step 3 

Again, a number of different sites are likely to give ri~e to such chemical species, 

and this explains the existence of several TPD 44 amu peaks in the low temperature . 

region. 

Equation (3) is simply the reverse reaction of equation (4) from step 3 to step 1, 

where step 2 has been omitted. The large number of semi-quinone groups formed 

after CO2 adsorption as compared to lactones (figure 4) shows their greater sta-

bilities as graphite surface species. The total oxygen scrambling that occurs when 

CO2 is adsorbed (figure 5) may be explained by the kinetic equilibrium between 

the semi-quinone and the lactone groups of equation (4), and can be illustrated as 

follows: 

13 



Ie. 
C 02,. 

,~ 

+ G Oz.. 

" o 
" ;? o -c 

Ii 
I~ ~O 
O-c. 

" +- C. 0 

I'; , {, 
-I-CO 0 

A summary of CO and CO2 interconversion on the surface of graphite is shown 

in figure 8. 

Other chemical groups like carbonates has been proposed as graphite surface oxides 

[14] and could account for the isotope scrambling as well. Such carbonates exist 

on a number of metal oxide surfaces [35] and are reasonable candidates for exist-

ing on the surface of graphite. At this point, we cannot rule out such species and 

more spectroscopic data should be gathered to clarify this. However ,owing to the 

complexity of the system and the simplicity of our model which accounts for the 

experimental data, we will not discuss the existence of more elaborated structures. 
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5 Summary 

The chemisorption and kinetic properties of CO and CO2 adsorbed on graphite 

have been studied. Adsorption of CO is a highly activated process. It desorbs in 

two temperature regions, between 400 and 700 K, and between 1000 and 1200 K, 

suggesting the formation of two distinct groups of surface species, carbonyls and 

semi-quinones respectively. After adsorption of CO 2, CO is the main desorption 

product. Its desorption temperature is similar to that of the high temperature CO 

peak obtained after CO adsorption. This suggests that the same surface species, 

a semi-quinone, is formed in both cases. In the CO case this species is formed by 

incotporation of the CO in the graphite lattice, while in the CO2 case it is formed 

by dissociation of CO2 and transfer of one oxygen atom from the adsorbed gas onto 

the graphite lattice. 

In both cases· of CO and CO2 adsorptio~. at room temperature, CO2 is desorbed 

between 423 and 443 K. In the CO case the amount of CO2 desorbed is less than 

10% of the amount of CO chemisorbed. In the CO2 case the adsorption of a C160 2 

and C180 2 mixture leads to a nearly total oxygen scrambling of the CO2 desorbed. 

Surface lactone functionalities are proposed to account for this behavior. 

We have evidence of various chemisorption sites (zig-zag, arm-chair ... ) for a given 

surface species, according to several different TPD peak temperatures.· 

Reaction studies on the CO2 gasification and CO disproportionation (Boudouard 

15 



reaction) have been performed. A comparison between the activation energies ob

tained and the desorption energies calculated from the analysis of the TPD results 

indicate that both reactions are controlled by the desorption of the products, i.e. 

the decomposition of the surface species. 
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Figure captions 

Figure 1 : CO adsorption kinetics on polycrystalline graphite at room temperature. 

The CO coverage is estimated from the integrated intensity of the 28 amu low 

temperature TPD peak. 

Figure 2 : TPD spectra, mass 28 amu, after CO adsorption (6xlO-S Torr for 30 

sec.) on polycrystalline graphite at various temperatures. 

Figure 3 : TPD spectra, mass 44 amu, after CO adsorption (6xlO-5 Torr for 30 

sec.) on polycrystalline graphite at various temperatures. 

Figure 4 : TPD spectra after 13C02 adsorption (8 Torr f~r 60 sec.) on polycrystalline 

graphite at room temperature. 

Figure 5 : TPD spectra after adsorption (2xlO-4 Torr for 30 sec.) of a 58% C160 2 

- 42% C160 2 mixture on polycrystalline graphite at room temperature. In insert 

is the mass spectrum of the mixture; mass 46 amu peak is ascribed to isotopic 

impurity. 

Figure 6 : Arrhenius plot for the reaction C + CO2 -+ 2 CO performed in the high 

pressure cell. 

Figure 7 : Arrhenius plot for the reaction 2 CO -+ C + CO2 performed in the high 

pressure cell. 

Figure 8: Simplified model for CO and CO2 interconversion on a graphite surface. 
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Some energy ranges deduced from our experiments are indicated. The ordinate 

units are arbitrary and the relative energy level of the surface compounds are not 

respected. 
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Table I: Desorption products and energies ~f desorption of CO and CO2 adsorbed 

on graphite. 

Adsorption Adsorption Desorption Desorption Ede.t Assignment 
gas temp (K) product temp (K) kcal/mol 

CO > 800 
CO 973-1253 64-83 semi-quinones 

CO2 room temp 

CO 325-600 CO 400-700 25-44 carbonyls 

CO room temp 443 28 

CO2 room temp CO2 423 27 lactones 

CO 400-750 443-923 28-60 

~i 
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