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The adsorptive properties of magnetite surfaces of differing oxidation state were studied with 
respect to various probe molecules (Or, NO, CO*, and CO) using temperature-programmed desorp- 
tion (TPD). Oxygen existed on these surfaces as molecular species (Qo, = 61 and 78 kJ mol-r, 
where Q is the heat of adsorption), atomic species, and lattice-like species. The number of these 
various oxygen species decreased as the surface was vacuum-annealed at higher temperatures. 
Correspondingly, the number and coordinative unsaturation of surface cations increased. Nitric 
oxide adsorbed as both weakly bound nitrosyl and strongly bound dissociated species. Nitrosyl 
species (Qno = 60-130 kJ mol-‘) desorbed as NO and simultaneously reacted to form a small 
amount (ca. 1%) of desorbed NzO and surface oxygen. Dissociated species reacted to form Nr (with 
an activation energy of ca. 200 kJ mol-r) and surface lattice oxygen. The surface coverages of both 
species increased with increasing extent of surface reduction, and total NO coverages correlated 
with the number of exposed cation sites. Carbon dioxide adsorbed as both monodentate (Qco, = 
50-60 kJ molFr) and bidentate (Qcoz = 60-120 kJ mol-r) carbonate species. Bidentate carbonate 
formation, which required cation-anion pair sites, inhibited NO adsorption on cation sites and was 
blocked by NO preadsorption on these sites. The CO2 forming these carbonate species was capable 
of exchanging one oxygen with the surface upon desorption. Total CO2 coverages correlated with 
the number of reactive surface oxygen species. Carbon monoxide weakly adsorbed (Qco = 46 kJ 
mol-I) in a carbonyl fashion on cation sites of low coordination. 

INTRODUCTION 

A variety of sites may exist on a metal 
oxide surface. These include coordinatively 
unsaturated cations, surface anions, and 
cation-anion pairs. A number of different 
adsorption modes may therefore exist for 
an adsorbate on a given metal oxide sur- 
face. In order to understand the adsorptive 
and catalytic properties of such a material, 
it is necessary to know which of these ad- 
sorption states are predominant on the sur- 
face. The present paper involves the use 
of temperature-programmed desorption 
(TPD) to probe the surface sites and ad- 

sorption states of 02, NO, CO*, and CO on 
magnetite (Fe304). 

A previous paper (I) described the prep- 
aration and characterization of the 
magnetite surfaces which were used in the 
present study. These surfaces were formed 
by the oxidation of a polycrystalline metal- 
lic iron foil. The 30-nm iron oxide overlayer 
thereby formed was identified as magnetite 
through the use of conversion electron 
Mossbauer spectroscopy, and X-ray photo- 
electron spectroscopy was used to monitor 
the oxidation state of the magnetite surface. 
Of importance for the present study was the 
observation that the surface atomic ratios 
of Fe2+/Fe3+ and Fe/O could be controlled 

I Present address: U.S. Department of Commerce, 
by vacuum-annealing the magnetite over- 

National Bureau of Standards, Surface Science Divi- layer at temperatures from 300 to 675 K. 
sion, Washington, D.C. 20234. This provided an experimental strategy for 
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ties of magnetite as a function of the oxida- 
tion state of the surface. 

EXPERIMENTAL 

Overlayers of magnetite on a polycrystal- 
line iron foil (MRC, MARZ grade 99.99% 
purity) were formed by the oxidation treat- 
ment described in a previous paper (I> (i.e., 
3 x 10m4 Pa 02, 673 K, 45 min). The oxida- 
tion state of the surface was controlled by a 
series of pretreatment steps, the final step 
of which involved vacuum-annealing at a 
temperature T. The determining feature of 
this procedure was shown elsewhere (I) to 
be the temperature T, at which the sample 
was vacuum-annealed following oxidation. 
Accordingly, the various magnetite sur- 
faces used in the present study are desig- 
nated by this evacuation temperature. 

Temperature-programmed desorption 
(TPD) experiments on magnetite surfaces 
were performed in a bakeable stainless- 
steel UHV chamber (Perkin-Elmer Ultek, 
TNB-X system) pumped by a 200-liters s-l 
ion pump, a titanium sublimation pump, 
and a liquid-nitrogen cryopanel. Base pres- 
sures were typically 1 x lo-* Pa. This appa- 
ratus has been described in detail elsewhere 
(2). The sample was mounted on a rotary 
feedthrough. A Cu conductor feedthrough 
(12 kV, 150 A), a dual-tube liquid-nitrogen 
feedthrough, and a multiple thermocouple 
feedthrough were mounted next to this ro- 
tary feedthrough to aid in heating, cooling, 
and measuring the temperature of the sam- 
ple. The sample mounting and heating de- 
sign were adapted from similar systems re- 
ported in the literature (e.g., (3)). The 
sample (20 mm diameter and co.125 mm 
thick) was suspended from a (spot-welded) 
l-mm-diameter Fe support wire. A coiled 
tungsten filament situated ca. 3 mm behind 
the sample was used as a radiative heater 
during thermal treatments and desorption 
experiments, permitting heating rates 
greater than 70 K s-r. Sample cooling to ca. 
120 K was achievable by heat conduction 
through the Fe support wire to the stain- 

less-steel holder cooled by liquid nitrogen. 
Through this arrangement, sample cooling 
from 1000 to 150 K could be achieved in 4 
min. Sample temperature was monitored 
continuously with a (12 pm diameter) Chro- 
mel-Alumel thermocouple spot-welded to 
the back surface. 

Temperature-programmed desorption 
spectra were collected in both line-of-sight 
(LS) and nonline-of-sight (NLS) modes, 
with respect to the mass spectrometer (UT1 
lOOC), for identical surface and dosing pre- 
treatments. Difference spectra (LS-NLS) 
were calculated to cancel spectral contribu- 
tions equivalent in both modes of opera- 
tion. These include nonline-of-sight desorp- 
tion contributions from the back of the 
sample, the W filament, and the support 
surfaces as well as isotropic partial pres- 
sure contributions from the front of the 
sample. Assuming that the only significant 
difference between the two modes was the 
flux contribution due to line-of-sight de- 
sorption into the mass spectrometer ioni- 
zer, the difference spectra were treated as 
flux spectra. 

Cracking patterns for the various gas spe- 
cies under consideration were experimen- 
tally determined and used to deconvolute 
desorption spectra possessing signal over- 
lap from more than one mass fragment. Rel- 
ative coverages of the different surface spe- 
cies were determined using appropriate 
relative mass spectrometer sensitivity fac- 
tors. These factors were determined by an 
empirical calculation method suggested by 
UT1 (4). Temperature-programmed desorp- 
tion spectra were collected and stored in a 
UT1 Programmable Peak Selector (PPS) for 
subsequent computer analysis. 

Gas adsorption on the sample surface 
was accomplished by dosing through a 
0.35mm-i.d. stainless-steel syringe (lo- 
cated 25 mm from the sample surface), 
which reduced adsorption on the back sur- 
face of the sample as well as on the filament 
and support surfaces. Dosing was per- 
formed at constant backpressures behind 
the syringe. Effective dosing pressures 



were determined by comparing desorption 
spectra with those from known isotropic 
exposures of the same gas. Pressures and 
exposures of each gas were calculated us- 
ing appropriate ionization gauge sensitivity 
factors. 

Argon (99.9995%), CO2 (99.8%), and CO 
(99.5%) were obtained from Matheson. Ox- 
ygen (99.9%) was obtained from Cheme- 
tron. Nitrogen-IS-labeled NO (99% 15N) 
was obtained from Prochem. Oxygen-18-la- 
beled O2 (99.51% l*O) and Cl*02 (99.85% 
IsO) were obtained from Alfa Products. All 
gases were used without further purilica- 
tion. 

polycrystalline sample of this study to the 
published TPD spectral results for Fe(l10) 
suggests that this sample was primarily 
composed of (110) surface planes. The 
reader is referred elsewhere for further de- 
tails (2). 

RESULTS AND DISCUSSION 

Before performing desorption experi- 
ments on the various mode1 magnetite sur- 
faces, the CO and Hz adsorption behavior 
of the clean polycrystalline Fe surface was 
examined. This allowed comparison of the 
results of the present TPD experiments 
with the literature results (e.g., (3, 5-8)) to 
verify proper functioning of the TPD appa- 
ratus. Second, it permitted utilization of 
CO desorption flux spectra from Fe as cali- 
bration spectra for subsequently estimating 
all other coverages of adsorbed species on 
magnetite surfaces as well as for determin- 
ing the ionization gauge sensitivity factor 
for CO. 

After the above calibration experiments, 
the sample was subjected to several sput- 
ter-anneal cleaning cycles to ensure clean- 
liness prior to formation of the magnetite 
overlayer via oxidation treatment. As men- 
tioned previously, this was followed by fur- 
ther treatment of the sample to control the 
oxidation state of the surface. Desorption 
spectra of 02 were then collected for these 
various magnetite surfaces immediately fol- 
lowing preparation and cooling to 150 K. 
These spectra are illustrated in Fig. 1. 
Spectra from surfaces vacuum-annealed at 
temperatures higher than 250 K showed no 
02 desorption. The 250 K surface displays a 
single 02 desorption peak at ca. 330 K (des- 
ignated as the ~2 state). The 150 K surface 
displays an additional O2 desorption peak at 
ca. 260 K (designated as the cul state). As- 
suming that the magnetite surface area was 
identical to the original metallic Fe surface 
area (i.e., no changes in microscopic sur- 
face roughness occurred upon oxidation), 
the total coverage of desorbable 02 from 

The degreased Fe foil sample was 
mounted in the TPD chamber and cleaned 
by a procedure similar to the one described 

X 

3 

elsewhere (I). In short, after sputtering il. 

away the superficial oxide overlayer from 0” 

the front face, the sample was vacuum-an- 
nealed at 1000 K for 30 min to reduce the 
amount of dissolved Nz, followed by nu- 
merous sputter-anneal cycles (sputter, 3 
kV, 20 min; anneal, 825 K, 30 min). The 
TPD spectra subsequently collected for CO 
and H2 were in excellent agreement with 
the reported behavior of these molecules on 
clean iron surfaces. Indeed, the resem- 
blance of these TPD spectral results for the (c) 300-900 K. 

I / I / / / I 1 
xx, 400 600 800 

TEMPERATURE fK1 

FIG. 1. TPD spectra (50 K s-l) of O2 desorption from 
various magnetite surfaces after cooIing to 150 K: 
Samples vacuum-annexed at (a) 150 K, (bj 250 K, and 
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the 150 K surface was determined to be ca. 
4.0 x 1016 molecules rnp2 (ca. 2.7 x lOi and 
1.3 x lOi molecules mm2 in the (Y~ and (~2 
states, respectively). Desorption spectra of 
surfaces with different initial coverages of 
the CY~ and CY~ oxygen states indicated that 
the desorption peak positions remained in- 
variant with changes in coverage, implying 
first-order desorption processes. Assuming 
preexponential factors of 1Oi3 ss’, desorp- 
tion activation energies Ed of 61 and 78 kJ 
mol-’ were calculated for the CY~ and a2 
states, respectively. For nonactivated ad- 
sorption, these values are also equal to 
heats of adsorption, Qo,. 

Other O2 adsorption studies on iron ox- 
ides have indicated three states of adsorbed 
oxygen above ca. 250 K (9-13), the most- 
weakly-bound state being molecular and 
the other more-strongly-bound states being 
atomic. The desorption activation energy 
for the a2 state observed in the present 
study agrees well with that of the molecu- 
larly adsorbed 0; species (Ed = 77 kJ 
mol-i) proposed on a-Fe203 (9) and the 0; 
species (Ed = 81 kJ mol-‘) observed on 
Fe304 (10). There is no similar correspon- 
dence with the (Y~ state since high surface 
temperatures used in the other studies pre- 
cluded its formation. This more-weakly- 
bound (Y~ state may be either an 0, species 
or a more neutral O2 species (14). The 
matching of the CX~ and a2 states with ad- 
sorbed molecular species was further justi- 
fied with the aid of 1802. A 150 K surface 
was prepared utilizing an equimolar mix- 
ture of i602 and i802. Similar desorption 
spectra for 1602 and i802, combined with the 
absence of ‘80160, indicated that no scram- 
bling had occurred between i602 and i8O2 
coadsorbing on the surface in the (Y] and a2 
states. 

Assuming that the polycrystalline oxide 
surface is mainly composed of Fe304(100) 
crystal planes, the surface lattice oxygen 
density can be estimated to be 1.1 x lOi 
sites m-2. Hence, the desorbable oxygen 
from the 150 K surface, 8.0 x lOi atoms 
rnm2, amounted to ca. 0.0073 lattice oxygen 

monolayers, a relatively small fraction. 
This quantity of desorbable 02, however, 
does not necessarily coincide with the ini- 
tial surface coverage of adsorbed species. 
In fact, reported O2 adsorption studies on 
bulk iron oxide (Fe304 and a-Fe203) speci- 
mens suggested that atomic oxygen species 
(such as O- and 02-) were also present on 
the surface, desorbing above ca. 400 K (9- 
13). Thus, it appears that there is a competi- 
tion for the fate of adsorbed oxygen species 
on magnetite surfaces between desorption 
of O2 into the gas phase and transformation 
into surface lattice oxygens. The difference 
in 02 desorption behavior between bulk ox- 
ide surfaces and the magnetite surfaces of 
the present study can be attributed to the 
magnetite overlayers of this study being 
supported on a metallic iron substrate. For 
magnetite overlayers on iron, there is a 
source of cations at the metal-metal oxide 
interface which allows cations to diffuse 
through the oxide overlayer to the oxide 
surface, as discussed elsewhere (I). For 
bulk oxide surfaces, there is no equivalent 
source of cations. This enhanced cation 
availability for the magnetite overlayers on 
iron favors incorporation of adsorbed oxy- 
gen as part of the lattice (by interaction of 
the diffusion-supplied cations with the lat- 
tice additions) over desorption of O2 into 
the gas phase. This is especially true for the 
more-strongly-bound atomic species which 
are stable on the surface at temperatures 
where cation diffusion rates become signifi- 
cant. The existence of these atomic species 
was confirmed from CO2 adsorption-de- 
sorption studies, as discussed in a later sec- 
tion. 

Interaction of NO with Magnetite 
Surfaces 

Temperature-programmed desorption 
following nitric oxide exposure to 
magnetite surfaces indicated that, besides 
desorbing intact, NO underwent surface re- 
action to form both N20 and N2. Nitrogen 
dioxide (NO,) was never detected. In these 
experiments, 15N0 was utilized instead of 
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i4N0 because the i5N20 and i5N2 product 
molecules have different masses than those 
of CO* and CO, two potentially interfering 
background gases. 

Figures 2 and 3 illustrate the desorption 
spectra and calculated apparent initial cov- 
erages, respectively, of NO, N20, and N2 
after 50 L saturation NO exposure at 
150 K for surfaces vacuum-annealed at 
temperatures from 150 to 800 K. The mono- 
layer site concentration was assumed to be 
1.1 x lOi sites m-*, which is the octahedral 
cation site (B-site) density of the Fe304(100) 
surface. The B-site density is the maximum 
surface cation density for the (100) surface, 
which is attained when the topmost layer 
becomes FeO-like. For the various 
magnetite surfaces, a broad NO(a) desorp- 
tion peak at ca. 365 K is found. This peak 
temperature remained essentially invariant 
with respect to changes in surface cover- 
age, and the peak shape and broadness indi- 
cate the presence of a distribution of bind- 
ing states with spectral contributions from 
ca. 250 to 550 K. In fact, for the 150 K 
surface, two distinct NO spectral contribu- 
tions are evident at ca. 300 and 390 K inside 
the spectral peak envelope. The previously 
reported behavior of NO on iron oxides and 
other metal oxide surfaces (15-20) suggests 
that this NO(a) desorption peak represents 
nitrosyl species adsorbed on exposed cat- 
ion sites. The more-strongly-bound species 

TEMPERATURE (K) 

FIG. 2. TPD spectra (65 K s-l) of NO, NrO, and Nz 
desorption from various magnetite surfaces following 
50 L saturation NO exposure at 150 K: Surfaces 
vacuum-annealed at (a) 150 K, (b) 200 K, (c) 300 K, (d) 
400 K, (e) 500 K, (f) 600 K, (g) 700 K, and (h) 800 K. 

d .cJLd , , J 
0 200 400 600 EC0 lam 

OXIDE SURFACE (K) 

FIG. 3. Apparent initial coverages of desorbed NO, 
NzO, and Nz species following 50 L saturation NO 
exposure at 150 K versus the vacuum-annealing tem- 
perature of the surface. 

are probably associated with cations of 
lower coordination. 

Assuming first-order desorption with a 
preexponential factor of lOi s-l yields an 
average desorption activation energy Ed of 
86 kJ mol-’ (for a peak temperature of 365 
K) with desorption activation energies 
ranging from 60 to 130 kJ mol-I. The initial 
a-state sticking coefficient so at 150 K for all 
the surfaces was determined to be ca. 0.2, 
suggestive of nonactivated adsorption (Ed 
= QNO). 

The N20 desorption spectra following 
NO exposure at 150 K also indicate a broad 
desorption peak centered at ca. 365 K, 
which remained invariant with respect to 
changes in apparent surface coverage. In 
fact, the N20 and NO desorption peaks co- 
incide, suggesting that N20 forms in the 
same step as NO desorption by a surface- 
reaction-limited process. It is postulated 
that this occurs on cation sites of low coor- 
dination which can accommodate two ad- 
sorbed NO molecules (e.g., formation of 
dinitrosyl complexes, as reported for the in- 
teraction of NO with Fe*+ cations sup- 
ported on silica (21) or in zeolites (22)). For 
these types of adsorbed complexes, a com- 
petition is imagined between simple desorp- 
tion of NO molecules and reactive desorp- 
tion as an N20 molecule and an adsorbed 
atomic oxygen species. As displayed in Fig. 
3, the amount of NO transformed to N20 is 
only ca. 1% of the amount desorbed intact, 
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suggesting low surface coverages of dinitro- 
syl-like species and/or low reaction rates 
compared to desorption rates. 

The N:! desorption spectra following ex- 
posure of the more-reduced magnetite sur- 
faces to NO at 150 K indicate a broad de- 
sorption peak centered at ca. 800 K. This 
peak temperature decreased with increas- 
ing apparent surface coverage. Simulta- 
neous growth of the NO(a) and Nz desorp- 
tion peaks upon increasing the NO 
exposure at 150 K suggested that NO does 
not dissociate at 150 K to form adsorbed 
nitrogen and oxygen atoms. Rather, it ap- 
pears that the amount of desorbed N2 de- 
pends on the amount of adsorbed NO, indi- 
cating that NO(a) species are precursors 
for desorbed NZ. During heating, these spe- 
cies either desorb as NO or transform into a 
more-strongly-bound, dissociated NO state 
which reacts at higher temperatures to form 
desorbed NZ and surface lattice oxygen. 
This state of NO is referred to as p-state 
NO. The existence of both weakly-bound 
and strongly-bound NO species on the iron 
oxide surface has, indeed, been established 
by others (17, 20). 

The shifting of the NZ desorption peak to 
lower temperatures with increasing NO(P) 
coverage is suggestive of a desorption pro- 
cess higher than first order. The desorption 
activation energy for N2 desorption from 
the NO(P) species was estimated to be ca. 
200 kJ mol-i assuming a second-order de- 
sorption process with a preexponential fac- 
tor of lop6 m* molecules-’ s-i. 

The above results suggest that NO is a 
useful probe molecule for characterizing 
magnetite surfaces. In particular, Figs. 2 
and 3 indicate that the desorption products 
following saturation NO exposure at 150 K 
are sensitive to the surface oxidation state. 
For the NO(a) state, the saturation cover- 
age increases smoothly (1.2-4.8 x lOi mol- 
ecules m-* , corresponding to 0.1 l-O.44 
monolayers) as the vacuum-annealing tem- 
perature is raised from 150 to 550 K. The 
NO adsorption capacity thus appears to be 
related to the number of exposed cation 

sites. For the desorbed N20 species, the 
apparent saturation surface coverage in- 
creases in two regimes (see Fig. 3). Upon 
increasing the vacuum-annealing tempera- 
ture from 150 to 400 K, the apparent cover- 
age increases smoothly (O-l. 1 X 1Ol6 mole- 
cules rnm2, corresponding to O-0.0010 
monolayers). This indicates that the num- 
ber of cation sites of sufficiently low coordi- 
nation (to bind two NO molecules) in- 
creases with increasing extent of surface 
reduction. In the second regime, going from 
the 400 to the 550 K surface, there is a 
sharper increase in apparent N20 coverage 
(1.1-3.1 x 1016 molecules m-*, correspond- 
ing to 0.0010-0.0028 monolayers). It has 
been determined by other investigators (9- 
13, 23) that, within this temperature region, 
the desorption (or incorporation as part of 
the oxide lattice) of adsorbed atomic oxy- 
gen species occurs. Thus, it is postulated 
that the sharp increase in the number of 
cation sites of low coordination caused by 
increasing the vacuum-annealing tempera- 
ture from 400 to 550 K is related to a de- 
crease in the number of adsorbed atomic 
oxygen species on these surfaces. This fol- 
lows from the rationale that the removal of 
adsorbed O- species lowers the coordina- 
tion of the underlying cation sites. 

The above behavior is seen more dramat- 
ically for the formation of N2. No N2 is pro- 
duced on the 150-400 K surfaces, which 
are the more-oxidized surfaces. For the 400 
to the 600 K surfaces, NZ is produced in 
increasing amounts, with NO(P) surface 
coverages of O-6.2 x lOi molecules m-*, 
corresponding to O-0.056 monolayers. This 
is additional evidence for decreasing sur- 
face concentrations of adsorbed 0-i spe- 
cies in this temperature region, causing the 
appearance of lower-coordination cation 
sites capable of dissociating NO. 

Although the increases in the number of 
desorbed product molecules for the 150 to 
the 550 K surfaces are readily explained, 
decreases are observed in the number of 
desorbed product molecules for higher- 
temperature surfaces. The fact that de- 
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creases occur for all product molecules 
strongly suggests that, above 500-600 K, 
the model oxide undergoes a surface recon- 
struction. Thus, new surface planes are 
postulated to form with lower monolayer 
adsorption site concentrations. This can be 
explained by the rationale that the most sta- 
ble exposed plane for these iron oxide sur- 
faces depends on the amount and nature of 
the adsorbed oxygen species on these sur- 
faces. For the highly reduced FeO-like sur- 
faces, the preferred exposed plane is proba- 
bly the (100) plane since it results in a zero 
net surface ionic charge. In contrast, for the 
more-oxidized surfaces possessing ad- 
sorbed oxygen species, other planes con- 
taining higher concentrations of surface 
cations may be more stable. 

It was found that the saturation coverage 
of NO(@) could be increased by increasing 
the NO dosing temperature. Figure 4 shows 
the calculated NO(a) and NO(P) surface 
coverages, respectively, for a 600 K surface 
following 50-L NO exposure at various 
temperatures. As the dosing temperature is 
increased from 150 to 250 K, the NO(P) 
coverage decreases. This decrease indi- 
cates that, within this temperature region, 
no NO(P) species are formed at the time of 
dosing, and the number of NO@) species 
formed is dependent on the surface cover- 
age of NO(Q) species (which decreases with 
increasing dosing temperature at constant 
exposure). Thus, it appears that a surface 

‘%, Mx4 J 
0 P ‘: 
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FIG. 4. NO(a) and NO(P) coverages on a surface 
vacuum-annealed at 600 K versus dosing temperature 
for 50 L NO exposure. 

temperature of 250 K is not sufficiently high 
to convert NO(o) to NO(P). In contrast, in- 
creasing the dosing temperature from 250 to 
500 K causes an increase in NO(P) surface 
coverage. In this region, the temperature is 
apparently high enough to create NO@) 
species concomitant with dosing. Adsorb- 
ing molecules first form the precursor 
NO(o) species which either desorb as NO 
or are transformed into NO@). As the dos- 
ing temperature is increased, the ratio of 
the transformation rate to the desorption 
rate increases. This is evidence that the ac- 
tivation energy for transformation is greater 
than that for desorption. An approximate 
value for this difference is estimated to be 
about 2 kJ mol-i by plotting the 400 and 500 
K data points in an Arrhenius fashion. The 
activation energy for transformation be- 
tween the o-state and p-state is estimated 
to be ca. 70 kJ mol-‘, equal to the desorp- 
tion activation energy of an NO(o) species 
having a peak temperature of 300 K. 

Increasing the dosing temperature above 
500 K causes a decrease in NO@) surface 
coverage. This decrease may be due, in 
part, to the surface reconstruction postu- 
lated earlier, which results in a decrease in 
monolayer site concentration for surfaces 
vacuum-annealed higher than ca. 550 K. 
Moreover, the added complication of NZ 
desorption from the surface concomitant 
with high-temperature NO exposures be- 
comes more significant as the dosing tem- 
perature is increased above 600 K. 

Utilizing a dosing temperature of 400 K 
and varying the NO exposure of a 600 K 
surface permitted determination of an ini- 
tial sticking coefficient for NO(P) formation 
of 7.8 x 10m5. This value is similar to the 
initial sticking coefficients found for disso- 
ciative N2 adsorption on Fe surfaces (24, 
25). For this system, the low SO values were 
attributed both to a low trapping probability 
(ca. 10m2) for adsorbing N2 in the molecular 
precursor state and a much larger preex- 
ponential factor for precursor state desorp- 
tion than for precursor state transformation 
to the dissociated state. Accordingly, it is 
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suggested that the low so value for NO(P) 
formation may be due to an approximately 
four-orders-of-magnitude difference in pre- 
exponential factors for desorption and 
transformation pathways. This may also 
explain the slow rate of NO adsorption of- 
ten observed on high surface area iron ox- 
ides (e.g. (19, 21). 

Znteraction of CO2 and CO with 
Magnetite Surfaces 

The adsorption of CO2 on the various 
magnetite surfaces yielded no other desorp- 
tion products than the parent CO2 mole- 
cules. Figures 5 and 6 illustrate the CO2 
desorption spectra and calculated initial 
coverages, respectively, for 150-900 K sur- 
faces after 80 L saturation CO* exposure 
at 150 K. The monolayer site concentration 
was taken to be 1.1 x 1019 sites me2 (which 
is both the lattice oxygen density and the B- 
site cation density of the Fe304(100) sur- 
face). No additional, more-strongly-bound 
CO2 adsorption states were evident for CO2 
exposures at high temperatures. The initial 
CO2 sticking coefficient for all the 
magnetite surfaces was estimated to be ca. 
0.1, suggestive of nonactivated adsorption. 
The broad CO2 desorption peak (ranging 
from ca. 200 to 500 K) for all the surfaces 
suggests that there is a distribution of bind- 
ing energies. In light of the known adsorp- 
tion behavior of CO* on high-surface-area 
metal oxides (26-29), it is proposed that the 

TEMPERATURE (K) 

FIG. 5. TPD spectra (50 K s-l) of CO2 desorption 
from various magnetite surfaces after 80 L satura- 
tion exposure at 150 K: Surfaces vacuum-annealed at 
(a) 150 K, (b) 400 K, (4 ~00 K, (4 6110 K, W 700 K, (D 
800 K, and (g) 900 K. 
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FIG. 6. CO2 coverage following 80 L saturation 
exposure at 150 K versus the vacuum-annealing tem- 
perature of the surface. 

CO2 peak represents adsorbed carbonate 
species. Assuming first-order desorption 
with a preexponential factor of 1013 S-I 
yields desorption energies Ed (=Qco,) rang- 
ing from ca. 50 to 120 kJ mol-‘. 

Figures 5 and 6 indicate that both the sat- 
uration CO2 coverage and the shape of the 
CO2 desorption peak depend on the oxida- 
tion state of the surface. In particular, the 
saturation CO2 coverage decreases (from 
1.1 to 0.44 X lOi* molecules rne2, corre- 
sponding to 0.10-0.04 monolayers) upon go- 
ing from the 150 to the 900 K surface. The 
marked decrease in CO2 coverage upon in- 
creasing the vacuum-annealing temperature 
from 400 to 600 K parallels the postulated 
decrease in surface coverage of adsorbed 
atomic oxygen species in this temperature 
region (9-13, suggesting that some of the 
adsorbed CO2 is associated with atomic ox- 
ygen species. The nonzero CO2 coverage 
for the highly reduced surfaces (annealed at 
900 K) also suggests that some CO2 (ca. 
4.4-7.5 x lOi molecules mW2, correspond- 
ing to 0.04-0.07 monolayers) is associated 
with surface lattice oxygen. These oxygens 
are probably lattice anions of low coordina- 
tion on the surface. It should be remem- 
bered that part of the decrease in CO2 cov- 
erage for the 600 K and higher-temperature 
surfaces may be due to a decrease in mono- 
layer site concentration from oxide surface 
reconstruction (as discussed with respect to 
NO adsorption). 
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The differences in desorption peak 
shapes for the various magnetite surfaces 
indicate differences in the distribution of 
CO2 adsorption sites. For example, the sur- 
face vacuum-annealed at 150 K shows in- 
creased relative spectral contributions at 
ca. 200 and 400 K compared to the desorp- 
tion spectrum of the 400 K surface (see Fig. 
5). It may be anticipated that monodentate 
carbonate species would have lower bind- 
ing energies than bidentate (or organic) spe- 
cies since they are only bound to the sur- 
face by one as opposed to two oxygens. 
Thus, it is tempting to assign the spectral 
contribution at ca. 200 K to monodentate 
species and that at ca. 400 K to bidentate 
species. These assignments were investi- 
gated using C’80~ to study the exchange of 
oxygen with the oxide surface. As a mono- 
dentate carbonate species, CO* adsorbs on 
a surface oxygen site with neither of its ox- 
ygen atoms interacting with the oxide sur- 
face ; therefore, no oxygen exchange 
should occur between CO2 and the oxide 
surface. In contrast for bidentate (or or- 
ganic) carbonate formation, CO2 adsorbs 
with one of its oxygen atoms participating 
in the C02-surface bond. The result is a car- 
bonate species with two oxygens equally 
bonded to the oxide surface, one oxygen 
from the original COZ molecule and one 
oxygen from the oxide surface. This pro- 
vides a path for oxygen exchange between 
CO:, and the oxide surface. 

The C180160, C1802, and total CO2 de- 
sorption spectra from the surface vacuum- 
annealed at 150 K followed by 80 L 
C’802 exposure at 150 K are shown in Fig. 
7. These spectra indicate that no oxygen 
exchange occurs for CO2 desorbing at the 
lowest temperatures (200-250 K). For CO2 
desorbing at higher temperatures, random 
oxygen exchange occurs as evidenced by 
approximately equal amounts of desorbed 
C180’60 and PO2. These spectra display 
the desorption behavior that was typical of 
all the magnetite surfaces, namely, that 
only the CO* desorbing on the low-tempera- 
ture side did so without oxygen exchange. 

I / I I I / 
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FIG. 7. TPD spectra (50 K s-l) of Cl*OW, ClQ, 
and total CO2 desorption from the surface vacuum- 
annealed at 150 K followed by 80 L Cl*02 exposure at 
150 K. 

Thus, it appears that the more-weakly- 
bound species (Qco, = 50-60 kJ mol-‘) are 
monodentate carbonate species, and the 
more-strongly-bound species (Qco, = 60- 
120 kJ mol-I) are bidentate carbonate spe- 
cies. From the extent of oxygen exchange 
on these surfaces, it can be concluded that 
the majority (ca. 80-90%) of the carbonate 
species formed are bidentate species. It is 
important to note that no double oxygen 
exchange occurred over any of the 
magnetite surfaces (i.e., no PO2 was 
formed), indicating that the bidentate car- 
bonate species were bound to particular ad- 
sorption sites below their desorption tem- 
perature without CO2 or atomic oxygen 
migration across the surface. 

The participation of adsorbed surface ox- 
ygen in carbonate formation was further in- 
vestigated using 1802. In particular, a 600 K 
surface (synthesized with 1602) was ex- 
posed to 200 L l8O2 at 150 K followed by 
80 L C’“0 2. The resulting C’80160, 
CL602, and total COZ desorption spectra are 
shown in Fig. 8. The total CO* desorption 
spectrum is similar in peak shape and satu- 
ration surface coverage (ca. 1 .O X lOI mol- 
ecules m-*, corresponding to 0.091 mono- 
layers) to the desorption spectrum from a 
150 K surface exposed to 80 L CO2 at 
150 K. The coverage by bidentate carbon- 
ate species containing I80 was estimated to 
be ca. 3.0 x IO” molecules m-2, calculated 
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FIG. 8. TPD spectra (50 K s-l) of C’80’60, P02, 
and total COz desorption from the surface vacuum- 
annealed at 600 K followed by sequential exposure to 
200 L ‘*02 then 80 L PO2 at 150 K. 

by multiplying by two the coverage calcu- 
lated from the C18O16O desorption spec- 
trum. The total bidentate carbonate cover- 
age was estimated to be ca. 8 x 10” 
molecules m-* by fitting the desorption 
spectrum with peaks at 200 and 400 K, and 
assuming that the latter peak was due to 
bidentate species. These coverages indicate 
that approximately 40% of the bidentate 
carbonate species formed involved partici- 
pation from surface atomic oxygen depos- 
ited from ‘*OZ. In a similar experiment, a 
400 K surface (synthesized with 1602) was 
subjected to the same exposures of r8O2 and 
PO2 at 150 K. The total CO* desorption 
spectrum was similar to the spectrum of 
Fig. 8, but no appreciable desorption of 
C1*Or60 occurred. Thus, it appears that no 
atomic 180 species were deposited on the 
400 K surface, the surface already being 
saturated with atomic 160 species during 
synthesis. The results of these experiments 
are further indications that for magnetite 
surfaces vacuum-annealed at 400-600 K, 
adsorbed atomic oxygen species exist and 
participate in bidentate carbonate forma- 
tion. 

It may be suggested that bidentate car- 
bonate formation requires the presence of a 
cation-anion pair site. It appears, however, 
that the number of reactive surface oxygen 
species governs the number of bidentate 
carbonate species. This follows from the 

observation (see Fig. 6) that the CO2 cover- 
age decreases as the vacuum-annealing 
temperature increases. Yet, the role of cat- 
ion sites adjacent to surface oxygen species 
in the formation of carbonate species was 
demonstrated by CO;? and NO coadsorption 
experiments. Desorption spectra for CO2 
and NO were collected for two different 
surfaces: a surface vacuum-annealed at 400 
K and sequentially exposed to 50 L NO 
and 80 L CO:! at 150 K, and a 400 K 
surface sequentially exposed to 80 L 
CO* and 50 L NO at 150 K. For the NO- 
predosed surface, CO2 adsorption was to- 
tally inhibited except for a low coverage 
(ca. 4 x 1016 molecules m-*, corresponding 
to 0.004 monolayers) of monodentate car- 
bonate species. The corresponding NO de- 
sorption spectrum was identical to that 
from a 400 K surface exposed to 50 L 
NO. The inhibition of CO* adsorption sug- 
gested that NO(a) species are adsorbed on 
surface cation sites normally utilized for bi- 
dentate carbonate formation. Moreover, 
the suppression of the number of monoden- 
tate carbonate species formed suggested 
that the presence of adsorbed NO(a) spe- 
cies on the oxide surface may affect the sur- 
rounding surface oxygen sites. For the 
COz-predosed surface, NO adsorption was 
partially inhibited as evidenced by a 20% 
decrease (equivalent to ca. 8 x 1Or7 mole- 
cules me2) in the NO desorption peak inten- 
sity. The corresponding CO2 desorption 
spectrum was identical to that from a 400 K 
surface exposed only to 80 L CO*. In 
addition, the bidentate carbonate coverage 
on this surface was approximately equal to 
the decrease in NO saturation coverage. 
This is further evidence that the surface 
cation sites participating in bidentate car- 
bonate formation are also sites normally 
utilized for NO adsorption. 

Monodentate carbonate formation was 
found on all surfaces but was enhanced for 
the most-oxidized (150 K) surface. This can 
be explained by the fact that the 150 K sur- 
face possesses the most-basic surface sites, 
since it has been reported (29) that strong 
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basicity is required for monodentate car- 
bonate formation. 

In contrast to CO2 adsorption, exposure 
of the magnetite surfaces to CO resulted in 
only weak adsorption. Figure 9 shows both 
the CO desorption spectra and the calcu- 
lated initial coverages for surfaces vacuum- 
annealed at HO-600 K followed by 50 L 
saturation CO exposure at 150 K. A single 
CO deso~tion peak is observed, having a 
peak temperature of ca. 200 K which re- 
mains inv~iant with respect to changes in 
surface coverage. This peak is assigned to a 
weakly-bound carbonyl species in accor- 
dance with the known adsorption behavior 
of CO on metal oxide surfaces (29-33). As- 
suming nonactivated adsorption and first- 
order desorption with a preexponential fac- 
tor of IOi3 s-i yields a heat of adsorption 
Qco = 46 kJ mol-‘. This is similar to Qco = 
50 kJ mol-i found for CO adsorbed in a 
carbonyl fashion on ZnO surfaces (33). 
Yet, the desorption spectra are in disagree- 
ment with those of Kelemen et al. (23) who 
indicated stronger CO adsorption (with a 
desorption peak as high as 415 K) and 
higher CO coverages (0.10-0.20 mono- 
layers) for FeO-like surfaces vacuum-an- 
nealed at 650 K. Matching their experimen- 
tal conditions for the magnetite surfaces in 
the present study resulted in negligible CO 
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FIG. 9. TPD spectra (SO K s-l) of CO dcsorption 
from various magnetite surfaces after 50 L satura- 
tion exposure at 150 K: Surfaces vacuum-annealed at 
(a) I50 K, (b) 300 K, (c) 400 K, and (d) 600 K. Corre- 
sponding surface coverages are plotted in the inset. 

adsorption. At this time, there is no expla- 
nation for this discrepancy. 

The saturation CO coverages found for 
the magnetite surfaces vacuum-annealed at 
150-600 K are small (ca. 1.6-3.9 X lOI 
molecules mW2, corresponding to 0.01% 
0.035 monolayers). The coverage increases 
as the vacuum-annealing temperature is in- 
creased (ie., the surface becomes more re- 
duced), suggesting that there is a correla- 
tion between CO coverage and the number 
of exposed cation sites. Moreover, the CO 
coverages are similar to NO(P) coverages 
obtained after saturation NO exposure at 
I50 K. This suggests that the sites for CO 
adsorption are similar to those for NO@) 
formation, these being surface cations of 
low coordination. It is possible that weaker 
CO adsorption can occur on the more- 
highly-coordinated cation sites, but this 
could not be observed in this study due to 
the minimum-su~ace-temperature limit of 
the TPD apparatus. 

CONCLUSIONS 

The adsorptive properties of magnetite 
surfaces of differing oxidation state (pro- 
duced by vacuum-annealing at tempera- 
tures from 150 to 950 K) were studied with 
respect to various probe molecules (02, 
NO, COz, CO) using temperature-pro- 
grammed desorption. The different oxide 
surfaces were found to possess different’ 
amounts and types of adsorbed oxygen spe- 
cies. Surfaces vacuum-annealed at temper- 
atures higher than 600 K possessed only 
strongly bound, lattice-like oxygen species. 
In addition to these species, the 600 to 300 
K surfaces possessed increasing surface 
coverages of less-strongly-bound atomic 
oxygen species, in agreement with the in- 
creasing oxidation state determined by XPS 
(I). Finally, surfaces vacuum-annealed at 
temperatures below 300 K also possessed 
weakly bound molecular oxygen species 
(Qo, = 61 and 78 kJ mol-I). 

Nitric oxide possessed two adsorption 
states designated as (Y and ,G states. The 
NO(cr) species (nitrosyl species with Qno = 
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60-130 kJ mol-l) desorbed intact. A small 
number (ca. 1%) of these species desorbed 
reactively as N20, leaving surface oxygen. 
This suggested the presence of dinitrosyl 
adsorption complexes. The NO(P) species 
(more-strongly-bound, dissociated species) 
reacted to form Nz (Ed = 200 kJ mol-I) and 
surface lattice oxygen. Both NO(a) and 
NO(P) coverages increased with increased 
extent of surface reduction suggesting that 
adsorbed NO was associated with surface 
cation sites. The formation of NZ and N20 
was believed to originate from NO ad- 
sorbed on cation sites of low coordination. 
Total NO coverages indicated that NO ad- 
sorption may be useful for titrating exposed 
cation sites. 

Carbon dioxide adsorbed on the oxide 
surfaces as carbonate species @co, = 50- 
120 kJ mol-I). For the more-strongly-bound 
species (Qco, = 60-120 kJ mol-9, desorp- 
tion of both C180160 and Cl802 occurred 
following Ci802 adsorption. This suggested 
that these species were adsorbed as biden- 
tate (or organic) carbonates capable of ex- 
changing oxygen with the surface. Surface 
oxygen species participating in this ex- 
change were probably adsorbed atomic ox- 
ygen species and lattice-like oxygen species 
of low coordination. For the more-weakly- 
bound species (Qco, s 50-60 kJ mol-i) no 
oxygen exchange occurred, suggesting that 
these species were adsorbed as monoden- 
tate carbonates. The majority (ca. 8090%) 
of the carbonate species on the oxide sur- 
faces were bidentate carbonate species. 
The total CO:! coverage decreased with in- 
creased extent of surface reduction. Biden- 
tate carbonate formation was believed to 
require the presence of a cation-anion pair 
site, although the number of reactive sur- 
face oxygen species appeared to govern the 
number of bidentate species formed. The 
importance of cation sites adjacent to the 
surface oxygen species for the formation of 
bidentate carbonate species was demon- 
strated by the observation that preadsorp- 
tion of NO on cation sites blocked CO2 ad- 
sorption. In addition, preadsorption of CO2 

on these sites inhibited NO adsorption. 
Monodentate carbonate formation was en- 
hanced for the more-oxidized surfaces indi- 
cating that strongly basic adsorption sites 
were required. 

Carbon monoxide adsorbed only weakly 
on the oxide surfaces (Qco = 46 kJ mol-I). 
The increasing CO coverage with increas- 
ing extent of surface reduction suggested 
that CO adsorbed in a carbonyl fashion on 
surface cation sites of low coordination. 
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