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The individual steps in the uncatalyzed and potassium catalyzed CO? gasification reaction were 
studied on glassy carbon surfaces using Temperature-programmed reaction spectroscopy (TPRS) 
with labeled isotopes, Auger electron spectroscopy (AES), and steady-state reaction kinetics. 
Uncatalyzed CO2 gasification surfaces showed the presence of strongly bound oxygen. Subsequent 
CO2 adsorption and dissociation activity were severely limited on uncatalyzed surfaces. In con- 
trast, potassium catalyzed glassy carbon surfaces were active for CO* adsorption and dissociation. 
The energy barrier for dissociation of CO2 to yield adsorbed oxygen and gaseous CO was estimated 
at 28 kcahmole on the potassium catalyzed glassy carbon surface. Our results show that while the 
energetics of the CO formation step to produce CO from lattice carbon control the energetics of 
gasification by CO,, the dissociative adsorption step is responsible for the increase in reaction site 
density and increased gasification rate. 

INTRODUCTION 

The empirical identification of carbon 
gasification catalysts has yielded to a more 
focused effort to understand the mecha- 
nisms of carbon gasification. Potassium cat- 
alyzed COZ and Hz0 carbon gasification 
system have received by far the most atten- 
tion (2-22). The efforts have yielded suffi- 
cient information to describe the mode of 
catalyst formation and catalytic action on a 
wide variety of reactant carbons. Catalyst 
precursor complexes can be formed from 
the reaction of potassium salts with carbon 
surfaces (2, 3). The presence of oxygen 
containing functionalities on the carbon 
surface facilitate catalyst formation (21). 
Potassium complexes are well dispersed on 
carbon. The potassium complex is associ- 
ated with oxygen on carbon (5, 8, 22, 14, 
19-21). The complex takes part in the cata- 
lytic cycle by way of an oxygen transfer- 
ence mechanism. Despite these findings it 
is still difficult to assemble and quantify the 
explicit chemical pathway of the catalytic 
reaction. A knowledge of the mechanism of 
the uncatalyzed carbon gasification reac- 

tion is an essential component to achieve a 
description of catalytic action. It is equally 
important to consider the carbon type in a 
full description of the catalytic process as 
the nature of the substrate carbon can mod- 
ify to some extent the precise surface 
chemistry. 

Kinetic studies of uncatalyzed (22-24) 
and potassium catalyzed (25) carbon gasifi- 
cation systems have demonstrated that a 
classical oxygen exchange mechanism can 
be applied to these systems. An increase in 
the rate of product formation is generally 
observed with the addition of potassium 
catalysts, yet the energetics of the overall 
reaction remain nearly constant for a given 
carbon type (25). Catalytic operation along 
these lines has been interpreted in terms of 
an increase in “active” site density (25, 
26). Our approach to understand the mech- 
anism of catalytic action has been to apply 
surface characterization techniques to ki- 
netically well-defined carbon gasification 
systems. In the case of the uncatalyzed CO2 
gasification reaction we have concentrated 
our efforts on a “paracrystalline” glassy 
carbon (27). The quantitative aspects of 
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how the presence of a potassium catalyst 
increases the number of active sites for CO:, 
gasification of glassy carbon is the subject 
of the present work. Surface sensitive 
probes which include temperature-pro- 
grammed reaction spectroscopy (TPRS) 
have been successfully applied in potas- 
sium catalyst characterization studies (14). 
These methods can be extended to model 
gasification systems where the gas dissocia- 
tion step can be separately studied from the 
product CO formation step. 

II. EXPERIMENTAL 

The glassy carbon starting material was 
obtained as plates from Atomergic Che- 
metals. Samples were made in the form of 
powders and chips. Powders (60-80 mesh) 
were produced by grinding and sieving 
glassy carbon plates. Powders were found 
to have 5 m2/g specific surface area based 
on Kr chemisorption measurements. Pow- 
dered samples were used in steady-state ki- 
netic studies and temperature-programmed 
experiments. The reaction kinetics were 
done in a DuPont Model 951 thermogravi- 
metric analyzer (TGA). Fifty milligrams of 
material was the normal sample size. Un- 
catalyzed glassy carbon powders were first 
heated up to 900°C in argon prior to experi- 
ments. Potassium catalysts could be pro- 
duced in several ways. A physical mixture 
of K2C03 and carbon heated to 800°C in an 
inert environment is a standard method 
used in the study of steady-state kinetics of 
carbon (25). Another method of prepara- 
tion, which yielded comparable steady- 
state kinetic results, was by ion exchange 
using a KOH solution added to HN03 pre- 
oxidized glassy carbon (21). These potas- 
sium-treated samples were heated in argon 
to 800°C prior to experiments. Thermal 
treatment decomposed the initial acid sites 
and yielded a well-dispersed submonolayer 
concentration of potassium catalyst on the 
glassy carbon surface. This procedure mini- 
mized complications due to the presence of 
excess bulk potassium salts. Kinetic data 
for the uncatalyzed and potassium cata- 

lyzed reactions we obtained under steady- 
state conditions over the range of l-15% 
burn-off. 

The TPRS apparatus used with powdered 
samples was specially constructed as an ap- 
pendage to a UHV spectroscopy chamber 
which housed quadrupole mass spectrome- 
ters. The TPRS unit had a base pressure of 
5 x lo-lo Torr pumped separately by a 
Balzers 300 liter/s turbomolecular pump. 
Samples of 5-10 mg were accommodated in 
a ceramic vessel 9 mm long x 3 mm diame- 
ter. A Chromel-Alumel thermocouple was 
inserted into the sample bed. The sample 
holder was resistively heated by tantalum 
elements and the sample temperature was 
controlled by a Micristar controller. The 
volume of the TPRS apparatus was approx- 
imately 100 cm3 and gas dosing was accom- 
plished via direct gas introduction by way 
of a Granville Phillips variable leak valve 
connected to a gas manifold. 

The glassy carbon chips were cut from 
plates with a diamond saw to 1 cm x 1 cm 
x 1 mm dimensions. The chips were 
washed with deionized water and then out- 
gassed to -1000°C in UHV prior to use. 
The specific surface area of the chips were 
0.3 m2/g based on Kr chemisorption mea- 
surements. The samples were not designed 
for detailed kinetic measurements, but 
these chips experienced the same reaction 
conditions as the powdered samples. The 
chips were especially suited for use in a at- 
mospheric pressure/UHV sample introduc- 
tion system. Samples could be given reac- 
tive treatment up to 750°C in 1 atm gas and 
returned into a UHV apparatus for surface 
analysis without exposure to air. Glassy 
carbon chips as well as powdered samples 
which received kinetic analysis in the TGA 
apparatus and which were cooled to room 
temperature in the reactant gas mixture, 
could be transferred in atmosphere to re- 
spective holders for TPRS experimenta- 
tion. Brief exposure to air at room tempera- 
ture did not alter reactivity patterns 
observed in subsequent steady-state kinetic 
experiments. 
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FIG. 1. Arrhenius plots for uncatalyzed and potassium catalyzed CO2 gasification of glassy carbon 
powder. 

Auger electron spectroscopy (AES) was 
performed with a grazing incidence elec- 
tron gun and a Physical Electronics double 
pass CMA. The chamber was equipped 
with both an EAI and an Extranuclear 
quadrupole mass spectrometer. The EAI 
unit had dual mass scanning capability dur- 
ing a TPRS experiment while the Extranu- 
clear spectrometer, interfaced to a PDP 11 
data acquisition system, provided the capa- 
bility to follow up to 11 masses during a 
TPRS experiment. 

The CO2 used was research purity ob- 
tained from Matheson gas products CO2 
(99.995%), 02 (3 ppm). CO* was further pu- 
rified of O2 in TGA experiments by passing 
the gas over a Spherocarb bed held at 700°C 
to convert O2 to CO. i3C02 was obtained at 
99% enrichment from Isotec, Inc. 13C1802 
was obtained from Stohler Isotope Chemi- 
cals at a 95% enrichment level. 

C(0) 4 co + C(f) (2) 

where C(f) is an available active site, C(0) 
is an occupied site, and C(f) + C(0) = CT. 
The steady-state assumption is applied to 
C(0) and the resulting rate expression is 
given as 

R = 1 + k-&[CO] + kJkJC02] * (3) 

Under modest gasification conditions the 
rate expression reduces to (28) 

k2[CT1 
R = 1 + [CO]/[CO,]Ke,~ (4) 

Keq is the equilibrium constant for Reac- 
tion (1). This shows that the effect of CO/ 
CO2 ratio must be taken into account as 
well as Keq. This has been done for a variety 
of carbon systems (25), including glassy 
carbon. A plot of ,?2[CT] vs l/T will yield a 
line with slope E,IR. The results for uncata- 

III. RESULTS lyzed and potassium-catalyzed glassy car- 

The CO2 gasification kinetics of glassy bon systems are shown in Fig. 1. The acti- 

carbon were studied and analyzed in the vation energy of the uncatalyzed system, 

context of the classical oxygen exchange determined by least squares analysis, was 

mechanism (28) 67.3 kcal/mole. For the potassium cata- 
lyzed system a comparable value, 71.4 

C(f) + co2 * C(0) + co (1) 
k&/mole, was obtained as a best fit. As is 
commonly observed, there is a striking dis- 
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CO2 Garlfled 
Glassy Carbon 

FIG. 2. A comparison of the UHV TPRS profile from 
uncatalyzed and potassium catalyzed glassy carbon 
powder samples following cooling to room tempera- 
ture in the reactant gases. 

parity in absolute rates for the uncatalyzed 
and potassium catalyzed systems. 

The uncatalyzed and potassium cata- 
lyzed CO2 gasification surfaces were exam- 
ined in close detail. The glassy carbon sam- 
ples were cooled in their reactant mixture 
to room temperature and transferred to the 
UHV environment for TPRS and AES anal- 
ysis. A series of experiments was designed 
to characterize the surfaces and then probe 
the separate steps in the CO2 gasification 
reaction. 

The gasified glassy carbon samples were 
temperature-programmed at a rate of 1°C 
per second. Mass 28 and mass 44, CO and 
COZ, respectively, dominated the gaseous 
evolution. Figure 2 shows typical results 
observed with uncatalyzed and potassium 
catalyzed samples. There is a large amount 
of CO2 evolved from the catalyzed sample 
up to 600°C. There are two prominent 
peaks which occur near 150 and 500°C. In 
contrast to this situation, there is over an 
order of magnitude less COZ evolved from 
the uncatalyzed sample. CO is observed 
from both samples at high temperatures. 
The contribution to mass 28 from CO1 

cracking in the mass spectrometer ionizer 
has been subtracted from each spectrum. In 
the case of the catalyzed reaction, CO evo- 
lution begins at 500°C and extends over the 
next 450°C. CO evolution has still not re- 
turned to baseline at the end of the experi- 
ment at 950°C. Substantial CO evolution is 
found with uncatalyzed samples. The total 
amount of CO is approximately one-third 
that from the potassium-catalyzed surface. 
CO is first detected near 700°C 200°C 
higher than the catalyzed case. The com- 
plexity of the gas evolution from both sam- 
ples indicate that there are several pro- 
cesses at work. 

CO production at high temperatures from 
uncatalyzed glassy carbon surfaces has 
been previously examined in some detail 
(27). CO formation originates from lattice 
carbon. The wide range of temperature for 
production has been interpreted in terms of 
coverage dependent reaction energetics. 
This behavior was also observed with OZ 
oxidation of glassy carbon and edge graph- 
ite surfaces. In the case of CO2 gasification 
of glassy carbon almost all of the CO evolu- 
tion is representative of strongly held oxy- 
gen. Estimates for the CO formation ener- 
gies range from 75 to 90 kcal/mole going 
from the highest to the lowest surface cov- 
erages (27). This kind of oxygen also ap- 
pears to be a component of the potassium 
catalyzed surface. The contention of in- 
creasing CO formation energetics with de- 
creasing oxygen coverage is supported by 
the following experiment. A potassium-cat- 
alyzed glassy carbon surface was tempera- 
ture-programmed to a given temperature, 
quenched to low temperature and then re- 
flashed to a higher temperature. The inter- 
rupt temperatures were chosen at 775, 825, 
and 875°C. The results are shown in Fig. 3. 
Curve A corresponds to the first flash. 
Curve B corresponds to the flash after the 
775°C interrupt, Curve C to the 825°C inter- 
rupt, and Curve D after the 875°C interrupt. 
As a result of flash B the remaining oxygen 
coverage was lowered to 67% of the 
amount present before B. If a simple first- 
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FIG. 3. CO evolution from a potassium-catalyzed 
glassy carbon powder sample produced by thermal 
processing to successively higher maximum tempera- 
tures and cooling in UHV. 

order process is solely responsible for the 
high temperature CO evolution then the 
leading edge of the next flash C should re- 
produce the preceding flash B at approxi- 
mately 67% intensity. This is not the case. 
The intensity of the leading edge of flash C 
corresponds to only 33%. The next flash 
interval also shows less than expected in- 
tensity from a single first-order process. Af- 
ter flash C the remaining oxygen coverage 
was lowered to 50% of the amount present 
before flash C. The intensity of the leading 
edge of flash D corresponds to only 30% of 
Curve C. We would anticipate CO forma- 
tion to proceed via a first-order reaction 
since the reactant carbon is thought to have 
restricted mobility on the surface. These 
results can be rationalized if CO is pro- 
duced by way of several first-order pro- 
cesses having kinetics with different ener- 
getics. 

AES was used to characterize the 
amount of oxygen and potassium present 
on the uncatalyzed and potassium cata- 
lyzed gasification surfaces after steady- 
state reaction. The oxygen AES signal and 
the AES potassium signal normalized to the 
carbon substrate signal was used to mea- 
sure the relative concentration changes. 
Consequently, these are not absolute cov- 

erage scales. Figure 4 shows the results fol- 
lowing heating in UHV. The samples were 
heated to the indicated temperature for 300 
s at each point. An AES O/C ratio of 0.30 
corresponds to nearly a full monolayer cov- 
erage (27). These results clearly show that 
the majority of oxygen-containing species 
are lost upon heating above 900°C in UHV. 
Separate experimental runs show that at- 
omically clean surfaces are in fact recov- 
ered upon heating just above 1000°C with 
only trace levels of oxygen contamination. 
The relative changes in magnitude of the 
oxygen signals for the catalyzed and unca- 
talyzed surfaces correspond with the rela- 
tive amounts and changes in CO produced 
in TPRS experiments from these surfaces. 
Decreases occur at slightly lower tempera- 
tures in the AES experiments relative to the 
TPRS experiments due to the much longer 
heating times. The potassium catalyzed 
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FIG. 4. Catalyzed and uncatalyzed samples were 
cooled from reaction conditions to room temperature 
in the reactant gases. (A) Change in the AES O/C ratio 
on the uncatalyzed glassy carbon surface after heating 
for 300 s at each point in UHV. (B) Changes in the 
AES O/C and K/C ratio on the potassium catalyzed 
glassy carbon surface after heating for 300 s at each 
point in UHV. 
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FIG. 5. A potassium catalyzed sample was cooled 
from reactive conditions. The changes in the AES oxy- 
gen signal relative to potassium followed upon heating 
in UHV. The result for KOH desorption from the 
basal surface of graphite is included as a calibration. 

surfaces show a much greater decrease in 
oxygen AES signal below 700°C relative to 
the uncatalyzed surface. Up to 7Oo”C, the 
potassium signal is nearly constant. This 
observation is consistent with previously 
reported thermal stability observations for 
potassium catalysts (8, 20). Potassium can 
be vaporized at higher temperatures. In in- 
ert environments, there is a precipitous de- 
cline in the potassium AES signal between 
750 and 850°C. This behavior is also consis- 
tent with the observed stability in other sys- 
tems (21, 29). 

The AES oxygen signal, O/C, was tabu- 
lated relative to the potassium signal, K/C, 
for the UHV thermal experiments just de- 
scribed. The results are shown in Fig. 5. 
The AES signal response for KOH desorp- 
tion is the monolayer regime (N), a com- 
pound with 1 : 1, 0: K stoichiometry, is 
also shown as a calibration. Based on this 
calibration, the monolayer surface compo- 
sition of the potassium-catalyzed surface 
shows a 4 : 1, 0 : K relative stoichiometry. 
Decreases in the potassium Auger ratio 
scale with the oxygen ratio. As CO is pro- 
duced into the gas phase, potassium is va- 
porized from the surface. Upon heating to 

temperatures above 900°C the potassium 
signal disappears yet there is still a small 
AES O/C ratio. This represents very 
strongly bound residual oxygen. At typical 
gasification temperatures, 700-8OO”C, the 
potassium catalyst exists on the carbon sur- 
face in an excess “sea” of oxygen. 

Heating to 800°C in UHV showed that 
submonolayer concentrations of potassium 
catalyst and oxygen could still be main- 
tained. Exposure of these surfaces to CO* 
and subsequent TPRS experiments show 
that these surfaces were active for COZ ad- 
sorption at 300°C. Repetitive thermal cy- 
cling encountered in TPRS experiments 
caused the gradual loss of potassium cata- 
lyst and CO* adsorption capacity. This be- 
havior is shown by the results in Fig. 6. The 
CO;! evolution, mass 44, is monitored as a 
function of temperature for a heating rate of 
l”C/s. Curve A corresponds to the initial 
potassium catalyzed gasification sample 
cooled from reaction temperature in COZ. 
Peaks occur near 150 and 475°C. The maxi- 
mum sample temperature during the TPRS 
run was 825°C. Curve B was produced after 
the first TPRS run by exposing the sample 
to 1 atm. CO2 at 3OO”C, allowing the sample 
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FIG. 6. CO2 TPD mass 44 from a potassium-cata- 
lyzed surface following: curve A cooling in CO2 from 
gasification conditions; curve B after curve A and 1 
atm CO2 at 300°C; curve C after curve B and 1 atm CO2 
at 300°C; curve D after curve C and 1 atm CO2 at 
300°C; curve E after curve D and 1 atm CO2 at 300°C. 
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FIG. 7. TPRS profile following 1 atm “CO2 exposure 
at 300°C to a glassy carbon surface containing the 
potassium catalyst. The catalyzed surface was first 
heated in UHV. 

to cool to room temperature in COZ and 
then evacuating the sample to 10m9 Torr. 
The COZ evolution from this experiment 
follows a similar pattern as observed di- 
rectly following catalyzed CO2 gasification. 
The amount of CO* declines with the de- 
creased level of potassium catalyst. This 
cycle was repeated in Curves C and D. The 
same pattern of CO2 evolution is found and 
there is a continued decline in the amount 
of CO;? produced as the potassium catalyst 
concentration drops further as a result of 
the multiple heating cycles to 800°C. For 
comparison, Curve E shows the same ex- 
periment with uncatalyzed glassy carbon 
where virtually no CO? adsorbs under these 
conditions. The results demonstrate the 
CO;? absorption capacity is linked to the 
concentration of potassium catalysts on the 
glassy carbon surface. 

The CO2 adsorption step is only partially 
reversible. On potassium catalyzed sur- 
faces isotopically labeled COZ adsorption 
studies were carried out to probe the gas 
dissociation step to produce gaseous CO 
and adsorbed oxygen. The potassium cata- 
lyzed surface was first heated to 780°C in 
UHV. The TPRS experiment was done fol- 
lowing r3C02 exposure at 1 atm gas pres- 

sure and the sample held at 300°C. The gas 
was removed at 300°C and the sample al- 
lowed to cool while pumping. The results of 
the TPRS experiment are shown in Fig. 7. 
t3C02 mass 45, 13C0 mass 29, and ‘*CO 
mass 28 were the dominant gaseous prod- 
ucts. t3C02 desorption signal was compara- 
ble to previous results for CO2 except for 
the lack of a 150°C desorption peak which is 
expected since the sample was cooled un- 
der vacuum in this experiment. Mass 45 de- 
sorption occurred over several hundred de- 
grees with a peak maximum near 475°C. 
The large quantity of t3C02 observed indi- 
cates that the adsorption processes are 
largely reversible. 

There is evidence that a portion of r3C02 
dissociates during exposure at 300°C. 13C0 
desorbs above 500°C. There are two peaks 
in the spectrum which occur near 575 and 
850°C. The r3C0 peak at 575°C indicates 
that 13C02 dissociates to give adsorbed oxy- 
gen and gaseous t3C0. Mass 28 CO desorp- 
tion also occurs from this system and must 
originate from lattice carbon. r3C02 adsorp- 
tion happens on the potassium catalyzed 
surface that possesses a sizable standing 
population of adsorbed oxygen species. 
The 800°C initial heat treatment is not suffi- 
cient to remove all of the surface oxygen 
nor all of the potassium catalyst. We expect 
that an amount of oxygen comparable to 
the amount of labeled CO will be added to 
the standing oxygen population. The de- 
sorption of CO from lattice carbon begins 
above 700°C and proceeds to higher tem- 
peratures. The presence of additional oxy- 
gen in the standing population manifests it- 
self in increased CO production at the 
lower temperature end of the CO manifold 
(see Fig. 3). The added CO production from 
lattice carbon does not give rise to a 
“clean” desorption peak but rather contrib- 
utes to a wide distribution. r3C0 is also evi- 
dent in the high temperature distribution of 
carbon monoxide. Some labeled carbon 
from the gaseous reactant exchanges with 
the carbon substrate during the course of 
reaction. 
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FIG. 8. TPRS profile following 100 Torr ‘3C1802 ex- 
posure at room temperature to a glassy carbon surface 
containing the potassium catalyst. The catalyzed sur- 
face was first heated in UHV. 

CO* adsorption and dissociation are acti- 
vated processes on potassium catalyzed 
glassy carbon. TPRS studies following 
room temperature 13C’802 adsorption at re- 
duced pressure illustrate this point (see Fig. 
8). Only a small amount of 13C1802 adsorbs 
following a 15min exposure to r3Cr802 at 
100 Torr pressure. Mass 28 originating from 
the standing initial oxygen population is the 
dominant high temperature desorption 
peak. The low temperature peak is now rel- 
atively larger than the 475°C peak as the 
high temperature state is only partially 
filled. Mass 47 is a one-third contribution to 
the total carbon dioxide signal and there is 
almost no mass 44 COZ. Carbon dioxide ex- 
changes oxygen with the standing oxygen 
population on the carbon surface, as evi- 
denced by a significant mass “C’“O com- 
ponent at higher temperatures. Carbon 
from 13C*802 does not readily exchange 
with the substrate carbon under these con- 
ditions. 13Ci802 does not dissociate yielding 
gaseous 13Ci80 under the present condi- 
tions as evidenced by an absence of a 575°C 
peak. 

In order to probe the energy barrier for 
CO* dissociation on the catalyzed surface, 
we have measured the increase in the oxy- 

gen Auger signal as a function of exposure 
to COZ with the sample held at 500°C. The 
samples were first heated to 750°C in UHV. 
The initial AES K/C ratio was 0.15 which 
remained constant during the experiment. 
The results are shown in Fig. 9. The uncata- 
lyzed surface produces no measurable in- 
crease in oxygen signal for these condi- 
tions. On the other hand, the catalyzed 
surface shows an oxygen signal increase 
beyond 10” (L) exposure. The signal con- 
tinues to rise over the next several decades 
and then begins to level off. CO1 desorption 
is not observed following these conditions 
indicating that CO;! irreversibly dissociates 
on the potassium catalyzed glassy carbon 
surface. 

IV. DISCUSSION 

Previous studies which have concen- 
trated on the kinetics of uncatalyzed and 
potassium catalyzed carbon gasification by 
CO;! have contributed to a mechanistic de- 
scription of the reaction. For a given reac- 
tant carbon, the rate increases with catalyst 
addition but the activation energy remains 
almost constant (25). This behavior was 
also found in the study of glassy carbon. On 
glassy carbon an activation energy of 69 ? 
4 kcal/mole was determined by way of the 
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FIG. 9. Increase in the oxygen AES O/C ratio as a 
function of exposure to COZ. The catalyzed and unca- 
talyzed samples were heated to 750°C in UHV prior to 
CO2 exposure. The surface temperature was held at 
500°C. 



88 KELEMEN AND FREUND 

classical oxygen exchange mechanism. Ob- 
servations such as this are the basis for the 
conclusion that the potassium catalyst acts 
to increase the concentration of active car- 
bon sites. The precise chemical pathway 
responsible for this action has not been 
previously addressed. We have character- 
ized uncatalyzed and potassium catalyzed 
glassy carbon surfaces with surface sensi- 
tive spectroscopies as well as followed ad- 
sorption desorption processes in order to 
quantify the aspects of carbon gasification 
catalysis. 

Potassium catalyzed surfaces heated in 
UHV to reaction temperatures are distin- 
guished in the ability to adsorb and subse- 
quently dissociate CO*. Reversible CO2 ad- 
sorption is characterized by a desorption 
maximum of 475°C while dissociation to 
produce gaseous CO and the oxygen sur- 
face species is marked by a 575°C 13C0 
peak in i3C02 studies. We can obtain a 
rough idea of the energetics of these pro- 
cesses from the desorption peak tempera- 
ture maximum if we assume first-order ki- 
netics with preexponential factor of 10i3. 
This estimate yields a value of 48 kcal/mole 
for CO* desorption and 55 kcal/mole for 
dissociation. The increase in the oxygen 
AES signal as a function of CO2 exposure 
with the glassy carbon surface held at 500°C 
can provide information about the ener- 
getics of direct gas dissociation. We can de- 
termine from experimental data the proba- 
bility of a successful dissociation event 
under these conditions (-10-8-10-‘o). If we 
assume a Boltzmann energy distribution 
and a CO2 gas temperature equivalent to 
the surface temperature, then the energy 
barrier for gas dissociation is of the order of 
28 kcahmole . 

The energetics of the CO formation step 
to produce CO from lattice carbon control 
the energetics of the gasification reaction. 
AES characterization of CO* gasification 
surfaces quenched in reactant gases shows 
that the overall surface oxygen concentra- 
tion on the uncatalyzed surface is nearly 
half that of the potassium catalyzed sur- 

face. Heating in UHV to elevated tempera- 
ture shows that both surfaces have signifi- 
cant large standing populations of very 
stable oxygen. In addition to this kind of 
oxygen, the potassium catalyzed surface 
exhibits loss in the form of CO at lower 
temperatures. TPRS results of CO at high 
temperatures demonstrate that CO is not 
produced by way of simple first-order ki- 
netics. A range of CO formation energetics 
must be postulated to account for the CO 
TPRS evolution. Insight into CO formation 
energetics on glassy carbon surfaces was 
detailed in a previous comparative study of 
CO2 and 02 oxidation (27). It was found 
that a relatively large standing population 
of surface oxygen existed with subsequent 
CO formation energetics ~75 kcal/mole. O2 
demonstrated a vastly greater capacity to 
dissociate on surfaces at high oxygen cov- 
erages which in turn generated CO with en- 
ergetics ~70 kcal/mole. COZ was limited in 
its capacity to perform this function. There 
is a correspondence between the activation 
energy for CO2 gasification of glassy carbon 
determined from steady-state kinetics and 
the value for CO formation energetics at 
high oxygen surface coverages (25, 27). 
This correspondence is anticipated since 
this reaction step dominates the kinetic ex- 
pression of the oxygen exchange mecha- 
nism under mild gasification conditions 
(28). The energy barrier for gas dissociation 
increases as a function of surface oxygen 
coverage. The higher gasification rate, 
which, is always observed for O2 relative to 
CO*, is associated with a more facile gas- 
eous dissociation step at high oxygen cov- 
erages, which in turn is responsible for the 
generation of increased numbers of CO for- 
mation sites with lower energetics (27). 

In some respects enhancement in CO for- 
mation from the potassium catalyzed CO2 
gasification reaction is similar to O2 reac- 
tion under milder conditions. The presence 
of potassium catalyst facilitates CO2 disso- 
ciative adsorption which results in in- 
creased surface oxygen concentration. The 
presence of high oxygen surface concentra- 
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FIG. 10. Estimated energy-reaction coordination di- 
agram for CO2 reaction with potassium catalyzed 
glassy carbon. 

tions is linked with lower subsequent CO 
formation energetics. The catalyst’s ability 
to repopulate the carbon surface with more 
oxygen at already high surface oxygen con- 
centrations is associated with increased 
numbers of CO formation sites with low en- 
ergetics, -70 kcal/mole. 

The rough estimates of the energetics for 
the individual steps in the potassium cata- 
lyzed CO2 gasification reaction can be com- 
bined in the form of an energy reaction co- 
ordinate diagram. The diagram is shown in 
Fig. 10 and pertains to a high oxygen cover- 
age surface situation as representative of 
the actual steady-state gasification surface. 
The estimates are strictly associated with 
glassy carbon as values will be modified by 
the nature of the reactant carbon substrate 
(25). From the values of the barrier for di- 
rect CO2 dissociation and the barrier for 
dissociation by way of an adsorbed inter- 
mediate, we can deduce a 21 kcal/mole bar- 
rier for nondissociative CO2 adsorption on 
the potassium catalyzed surface. This de- 
rived value is consistent with the observa- 
tion of limited COZ adsorption following 
room temperature exposure. Experiments 
with ‘3C’x02 show that while adsorption 
is limited at low temperature oxygen ex- 

change reactions are prevalent with the 
standing population of strongly bound oxy- 
gen. 

Dissociation of CO* to generate adsorbed 
oxygen occurs with an energy barrier of 
roughly 28 kcal/mole. This is substantially 
lower than that estimated on a comparable 
uncatalyzed surface. At high oxygen cover- 
age the barrier for CO2 dissociation on 
glassy carbon is in excess of 45 kcal/mole 
and it is likely that the value is substantially 
greater over the majority of free sites at 
high oxygen surface coverages (27). The 
prohibitive barriers for CO* dissociation on 
uncatalyzed free sites at high oxygen sur- 
face coverages is evidenced by the results 
from glassy carbon surfaces quenched in 
COZ reactant gas (Fig. 2), and COZ oxida- 
tions at 500°C (Fig. 9). In contrast, potas- 
sium catalyzed surfaces dissociate measur- 
able amounts of CO2 on free carbon sites at 
high overall oxygen surface coverages. 

Catalytic cycles involving alkali interca- 
lates (2, 31, 32), bulk-like alkali surface 
salts (6, 7, 11, 33, 34), and oxidic alkali sur- 
face species (5,8, 18-21) have been consid- 
ered in catalyzed carbon gasification mech- 
anisms. The observation that catalytic 
gasification activity can be regained after 
subjecting the reaction system to inert gas- 
eous environments at reaction tempera- 
tures (8) does not support the view that in- 
tercalates are involved as these compounds 
have limited vacuum thermal stability (35, 
36). K2C03-like species on carbon have 
been regarded as likely forms as they are 
believed to be stable with respect to vapor- 
ization (6, 7, 34) at gasification tempera- 
tures. Catalytic cycles have been postu- 
lated on the basis of K2C03-like surface 
species (6, 7, 11, 33, 34). Recent tempera- 
ture-programmed desorption results with 
isotopically labeled reagents indicate the 
existence of stable potassium surface spe- 
cies distinct from bulk-like KzC03 (14). 
AES, UPS, and XPS characterization of 
potassium catalyst formation (21) show the 
presence of a potassium oxygen complex 
distinct from bulk-like KOH, K2C03, or 
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FIG. 11. (A) Proposed potassium catalyzed glassy carbon surface configuration before and after CO2 
dissociation. (B) Proposed reactions which are a result of subsequent heating in different environ- 
ments, Path (1) represents an ambient of CO, while Paths (2) and (3) represent inert environments. 

IQ0 forms. Surface species of potassium 
and oxygen are then considered to be likely 
chemical forms of the potassium catalyst 
(5,8,14, 28-21). The presence of a surface 
species contained C-O-K bonds was de- 
termined by subsequent methylation of the 
carbon surface with CH31 to produce 
C-04H3 (5, 8). The existence of a sta- 
ble surface potassium species associated 
with oxygen has implications in the cata- 
lyzed gasification mechanism. A catalytic 
cycle can be postulated which does not in- 
volve bulk-like K20 or K2C03. The ob- 
served stability of the species and ample 
population at gasification temperatures in 
inert environments indicates that the cata- 
lytic reaction involves a further reversible 
oxidation step involving the potassium 
complex (8, 22). 

The potassium complex consists of po- 
tassium and oxygen at submonolayer con- 
centrations. The presence of the complex 
modifies the surface electronic properties 
of carbon as seen by a decrease in work 
function, a trend consistent with partial 
charge donation to the carbon surface (21). 
The present study has focused on the oxi- 
dation step involving the potassium com- 
plex on glassy carbon surfaces and pro- 
vides a basis to propose a simplified picture 

of the catalytic surface. The (1120) “arm- 
chair” orientation is chosen for the repre- 
sentation in Fig. 1 IA, as this external edge 
orientation was identified to be most reac- 
tive (9). The presence of the catalytic po- 
tassium surface species facilitates disso- 
ciation of C02. The arrow in Fig. 1 IA 
indicates partial charge donation to an adja- 
cent free carbon site. The catalyst gener- 
ates an active center for gas dissociation on 
already heavily covered carbon surfaces. 
Our results suggest that, once formed, the 
oxidized carbon surface would undergo 
several possible reactions, depending on 
the external conditions. The proposed reac- 
tions are depicted in Fig. 1 LB. In the pres- 
ence of ample C02, as found during steady- 
state reaction conditions, reaction one 
seems likely. CO is formed from lattice car- 
bon and the potassium species is reformed 
on an adjacent site via reaction with CO2 
which also produces CO. Under vacuum, 
reactions (2) and (3) are favored. Reaction 
(2) involves CO formation with potassium 
loss. Reaction (3) involves CO formation 
with retention of the potassium catalyst on 
an adjacent oxidized site. Following reac- 
tion three the surface can be reoxidized in 
an ambient of CO*, thereby continuing a 
catalytic cycle. 
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V. SUMMARY 

(1) The uncatalyzed glassy carbon sur- 
face is limited in its ability to dissociate CO2 
and generate an “active” surface situation 
for CO formation from lattice carbon. 

(2) The catalytic potassium surface spe- 
cies provides an active center for CO* ad- 
sorption and dissociation. 

(3) The potassium catalyst increases the 
surface oxygen concentration and leads to 
an increase in the reaction site density rela- 
tive to the uncatalyzed surface. 
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