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Magnetite (Fe;0,) surfaces were created on polycrystalline metallic Fe substrates by low-pres-
sure oxidation (3 X 10~* Pa O,, 673 K). Conversion electron Mdssbauer spectroscopy, X-ray
photoelectron spectroscopy, and Auger electron spectroscopy were utilized in the characterization
of these surfaces. The iron oxide overlayers were identified as magnetite using the former tech-
nique, while the latter two techniques revealed that vacuum-annealing at various temperatures
below ca. 675 K was an effective means of altering the surface oxidation state. Both the degree of
surface reduction and the surface cation concentration increased as the vacuum-annealing tempera-
ture was increased. In particular, as the vacuum-annealing temperature was increased from 300 to
675 K, the surface changed from an Fe;0,-like appearance to an FeO-like appearance. This FeO-
like surface was maintained at vacuum-annealing temperatures above 675 K,

INTRODUCTION

The nature of surface sites on metal ox-
ides is of importance for such catalytic re-
actions as water-gas shift, partial oxidation
of hydrocarbons, and catalytic cracking.
Typically, these sites are described in terms
of acid/base properties. Coordinatively un-
saturated metal cations may function as
Lewis acids, surface oxygen anions may
act as Lewis bases, and surface protons
may be Brgnsted acid sites. In addition, the
relative surface concentrations of these
various types of sites may be a function of
sample pretreatment. This is especially true
for reducible oxides, where the stoichiome-
try of the oxide is variable. In short, funda-
mental studies are required on ‘‘model ox-
ide surfaces’’ to probe systematically the
role of the surface chemical state (e.g., oxi-
dation state) in determining the adsorptive
and catalytic properties of these materials.

The present two-part study addresses the
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relationship between the surface oxidation
state and the adsorptive properties of
magnetite (Fe;0,). This iron oxide is in an
intermediate oxidation state (between
Fe,0; and FeO), suggesting that the surface
oxidation state may be particularly sensi-
tive to pretreatment effects. In addition,
magnetite-based catalysts are used for wa-
ter-gas shift and oxidative dehydrogenation
reactions. The focus of the present paper is
on the preparation and characterization of
magnetite surfaces. These surfaces were
prepared by the controlled oxidation of me-
tallic iron substrates, and the techniques
used for sample characterization were con-
version electron Mossbauer spectroscopy
(CEMS), X-ray photoelectron spectros-
copy (XPS), and Auger electron spectros-
copy (AES). A subsequent paper (1) will
deal with the adsorptive properties of these
magnetite surfaces, as studied by tempera-
ture-programmed desorption.

RATIONALE FOR PREPARING MAGNETITE
OVERLAYERS ON IRON

Structure of Oxidized Layers on Iron

Numerous iron oxidation studies have
been undertaken to ascertain the corrosion
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processes involved (e.g., (2-15)). These
studies are complicated by the fact that
more than one stable iron oxide phase can
exist. In reality, the iron oxide layer usually
consists of several layers of different oxide
phases (stacked in the order Fe/Fe;_ O/
Fe;0,/y-Fe;03/a-Fe,03) in various propor-
tions (16).

Single-crystal iron oxidation studies (6,
11-15) have established that at low oxygen
exposure (<ca. 100 L), the initial stages
of oxidation involve dissociative chemi-
sorption of oxygen followed by either FeO-
like or spinel-like oxide formation, depend-
ing on the orientation of the iron surface.
Independent of the particular surface orien-
tation, further stages of iron oxidation
result in an increase in the oxide film thick-
ness and the layered epitaxial appearance
of other oxide phases. Epitaxy between the
cubic oxide phases (Fe,_,0O, Fe;04, and vy-
Fe,03) is facilitated by the similarity in lat-
tice structures. All three cubic oxides have
the same fcc oxygen lattice structure and
differ crystallographically only in the num-
ber and position of Fe cations among the
interstitial sites. It appears that transitions
between these three oxide phases can pro-
ceed topotaxially (16, 17) involving only a
depletion or gain of Fe cations in the inter-
stitial sites of the oxygen lattice. The oxida-
tion scheme Fe;_,0 — Fe;O4 — y-Fe, 04
can thus be imagined to proceed by the ad-
dition of new layers of close-packed oxygen
atoms on the Fe,_,0 lattice surface with to-
potaxial migration of Fe cations into this
extended lattice array from the subsurface
region. As a result, the subsurface Fe cat-
ion concentration would decrease with a
gradual and continuous subsurface phase
change from Fe,_,O to the spinel oxides.

According to Columbo et al. (18, 19), the
formation of a-Fe,0; by further oxidation
of Fe104 occurs via an epitaxial, autocata-
lytic growth process originating at nuclea-
tion sites which consist of stacking faults in
the spinel lattice. Annealing the Fe;04
phase decreases the concentration of stack-
ing faults and, subsequently, the formation
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rate of a-Fe,0; relative to that of Fe;_,0,
(where 0 = z < 1 corresponds to the cubic
transition from Fe;0; to y-Fe,)O3). Ideally,
a Fe;0,4 phase free of stacking faults will
oxidize topotaxially to Fe;_,04, maintain-
ing a cubic structure.

In summary, the oxidation of iron in-
volves both epitaxial and topotaxial growth
processes. For Fe,_,O, cationic diffusion
via cation vacancies predominates due to
the unusually high concentration of va-
cancy defects present (20, 21). For a-
Fe,0;, cationic diffusion is relatively low
compared to Fe;_,0, and anionic diffusion
predominates (5, 22). For cubic phases be-
tween these two extremes, both cationic
and anionic diffusion occur, although cat-
ionic diffusion predominates (5).

The composition and thickness of the ox-
ide layer is dependent on the total oxygen
pressure, the oxidation temperature, the
oxidation time period, and the nature (e.g.,
crystallographic orientation, grain size, and
purity) of the iron substrate (6). Graham
and Cohen (&) studied the effect of oxygen
pressure (107* Pa—8 kPa) on the oxidation
of polycrystalline iron foils at 623 and 673
K. It was proposed, consistent with the
work of others (6, 10), that Fe;O, formed
initially on the surface and the oxide layer
grew topotaxially as Fe cations diffused
outward through cation vacancies in the ox-
ide. Increasing the oxygen pressure in-
creased the concentration of cation vacan-
cies, thereby increasing the cation flux and
the oxidation rate. The oxidation rate de-
creased when a continuous a-Fe,0; over-
layer was formed on the surface. This re-
duced the effective oxygen pressure at the
outer surface of the Fe; O, layer. At this
stage, the rate-controlling step became the
diffusion of oxygen inward through the a-
Fe,0; layer. The kinetic stability of the a-
Fe,;0; overlayer depends on a balance be-
tween its reduction to Fe;O, by diffusing Fe
cations and the oxidation of Fe;O, to a-
Fe,O; by oxygen (10). For example (8), at
ca. 1073 Pa, the fast diffusion of cations
through Fe;04 at 673 K led to continuous
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reduction of any a-Fe,0; to Fe;04, while at
623 K the slower cation flux allowed the
formation of a continuous layer of a-Fe,0;.
At oxygen pressures less than 1073 Pa, only
Fe;04 was observed at 623 K.

It should be noted that the above growth
mechanism also applies to oxide layers
formed at temperatures greater than 840 K
where Fe;_,0 is the predominant phase (2,
23) and below 520 K where the formation of
v-Fe,O; becomes increasingly important
(5, 24).

Finally, at the temperatures (ca. 600 K)
employed to form magnetite surface layers,
the oxidation rate follows the parabolic rate
law developed by Wagner (25).

Low-Pressure Stability of the Oxidized
Layers

The effects of ultrahigh vacuum (UHV)
annealing on oxide overlayers grown on
iron have been documented in the literature
(3,4,7,9, 26, 27). Davies et al. (3) found
that, for films of a-Fe,0; on top of Fe;0y4,
vacuum annealing (<10~* Pa) at tempera-
tures as low as 523 K reduced the surface a-
Fe,0; layer to Fe;Q4. This reduction is be-
lieved to be controlled by cation transport
across the magnetite layer (9). At higher
temperatures (ca. 1073 K), both a-Fe,04
and Fe;0, reduce to Fe,_,0O (27).

Reduction of iron oxides under vacuum
is not restricted to oxide films grown on
iron. Rather, there is evidence that bulk a-
Fe,0; powder undergoes a partial reduction
to Fe;04 during vacuum annealing (26, 28,
29). Removal of oxygen from the lattice to
the gas phase must occur to explain the ob-
served behavior. From the nitric oxide ad-
sorption behavior of vacuum-annealed
magnetite powders, Lund ez al. (30) have
inferred that long vacuum treatments (14 h)
at 650 K can result in the removal of as
much as a monolayer of oxygen and the
reduction of all surface Fe?* cations to Fe?*
cations. In short, it appears that the surface
structure of the cubic iron oxides (e.g., ra-
tios of Fe’*/Fe?* cations and tetrahedral/
octahedral site cations) depends on both
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the temperature and time of vacuum treat-
ment.

EXPERIMENTAL

Experiments were performed utilizing
conversion electron Mossbauer spectros-
copy (CEMS) to study the low-pressure ox-
idation behavior of polycrystalline iron
films. Approximately 20 nm (as estimated
by a quartz-crystal thickness monitor) of
ca. 90% YFe-enriched iron (New England
Nuclear) was deposited onto one face of
a degreased 310 stainless-steel foil (50 x
50 x 0.025 mm, New England Nuclear).
This was accomplished by vacuum evapo-
ration from an alumina-coated Mo dimple-
boat. Subsequently, the iron film was re-
duced in hydrogen (10? kPa, 623 K, 24 h).
CEMS experiments were performed in the
spectrometer described by Tatarchuk and
Dumesic (3/). The sample was mounted in
the spectrometer on a Ti holder, exposing a
37-mm-diameter area to the 50-mCi ’Co/
Pd Mossbauer source. The emitted electron
signal was detected by a continuous dynode
electron multiplier (‘‘Spiraltron’ Galileo
Electro-Optics Corp.) at a 4.2-kV multiplier
voltage (gain > 10%). All scans were taken
at a base pressure of ca. 10~% Pa. Each
Moéssbauer spectrum was computer-fitted
using the program MFIT (32). The single
peak near the center of each spectrum due
to “Fe in both the underlying stainless-steel
substrate and the surrounding stainless-
steel vacuum chamber was computer-sub-
tracted. The spectrometer was calibrated
using a metallic iron foil enriched in 'Fe.
All isomer shifts were determined relative
to this standard.

XPS and AES were employed for the
characterization of the iron oxide surfaces.
The polycrystalline iron foil substrates uti-
lized in these experiments were obtained
from the Materials Research Corporation
(10 x 10 x 0.025 mm, MARZ grade,
99.99% purity). XPS and AES experiments
were performed in a Physical Electronics
Model 548 ESCA/Auger electron spec-
trometer pumped by a 200-liters s~' ion
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pump and a titanium sublimation pump.
Background pressures in the analysis
chamber were ca. 107 Pa. X-Ray excita-
tion was accomplished using a magnesium
source anode. The chamber was equipped
with an argon-ion gun for sputtering. De-
greased samples were loaded through a
turbo-pumped introduction chamber and
heated in the analysis chamber on the intro-
duction rod with the aid of a pancake
heater. All XPS binding energies were de-
termined from spectral peak maxima before
baseline corrections and were referenced to
a carbon impurity C;, binding energy of
285.0 eV (27). The photoelectron intensi-
ties were determined from peak areas em-
ploying two different baseline correction
schemes: Scheme A, the convenient yet
physically inappropriate linear baseline ap-
proximation (33); and Scheme B, a baseline
correction function suggested by Barrie and
Street (34), which more appropriately
models the spectral peak contribution to
the inelastic electron background. Iron/ox-
ygen and iron/carbon surface atomic ratios
were calculated utilizing the relative Fe,,,
Oy, and Cy; sensitivity values (of 3.8, 0.63,
and 1.0, respectively) from Wagner et al.
(35). Ferrous/ferric surface cation ratios
were estimated by computer-fitting the Fe,,
spectra with the Fe?* and Fe3* reference
spectra generated from highly reduced
(Fe?*-enriched) and highly oxidized (Fe3*-
enriched) surfaces, respectively. These
spectra will be shown in the next section.
Argon (99.9995%) and 85:15 CO,/CO
(99.5% pure) were obtained from Mathe-
son. Hydrogen (99.9%) and O, (99.9%)
were obtained from Chemetron. All gases
were used without further purification.

RESULTS AND DISCUSSION

Figure 1 and Table 1 summarize the
CEMS results. The initial spectrum after
reduction with hydrogen was characteristic
of a metallic iron film with partial alignment
of the magnetic domains in the plane of the
film (as evidenced by the relative magni-
tudes of the sextuplet line intensities (9)).
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INTENSITY

VELOCITY (mm/s)

Fi1G. 1. Conversion electron Mdssbauer spectra of
Fe on stainless steel after the following treatments:
(a) 102kPa H;, 623 K, 24 h (spectrum without subtrac-
tion of stainless-steel peak near zero velocity); (b)
same as spectrum (a) with subtraction of stainless-
steel peak near zero velocity; (¢) 2 x 1073 Pa CO,/CO
(85:15), 673 K, 1 h; (d) 102 kPa air, 473 K, 34 h.

Upon treatment in oxygen (2 X 1073 Pa, 673
K, 1 h), the resulting spectrum matched
that of Fe;0,. This is evidenced in Fig. Ic
by an increase in the separation between
the peaks, compared to the case of metallic
iron, and by the splitting of the most-nega-
tive peak into two distinct peaks. This split-
ting is due to different Mdssbauer parame-
ters for iron cations in octahedral and

TABLE 1

Summary of Conversion Electron Mdssbauer
Spectroscopy Results following Sequential

Treatments
Sequential treatment Resulting Oxide
spectrum phase
(in Fig. 1)
(1) 102 kPa H;, 623 K, 24 h (b) Fe’
2)2x103Pa0,,673K, 1h (c) Fe;0,
(3) 2 x 1077 Pa (85:15) CO,/CO, Same as (c)  Fe;04
673K, 1h
4)2x1073Pa0,,673K,6h Same as (c) Fe;0,
(5) 10? kPa air, 473 K, 34 h (d) v-Fe 0,
(6) 2 x 107 Pa (85:15) CO,/CO, Sameas(c) Fe;0,4

673K, 2h
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FiG. 2. X-Ray photoelectron spectra of iron surface
following various treatments. (a) iron surface before
treatment, (b) iron surface after sputter—anneal clean-
ing procedure, (c) magnetite surface after standard ox-
idation treatment of ‘‘clean’’ iron surface.

tetrahedral sites in Fe;OQ4. Further treat-
ment in both CO,/CO (85: 15 molar ratio, 2
x 103 Pa, 673 K, 1 h) and oxygen (2 X 1073
Pa, 673 K, 6 h) produced no additional
changes in the Fe;0, spectrum. vy-Fe,0;
was formed after heating in air (102 kPa, 473
K, 34 h), as seen in Fig. 1d by the fact that
the splitting of the most-negative peak has
disappeared. Subsequent treatment in CO,/
CO (85:15,2 x 1073 Pa, 673 K, 2 h) re-
verted the film to Fe;O,. In short, the
results of these experiments confirmed that
low-pressure oxidation of iron at ca. 673 K
yields a magnetite overlayer. In addition,
low-pressure (85:15) CO,/CO has the abil-
ity to reduce highly oxidized surface layers
to Fe;04. This CO,/CO treatment was anal-
ogous to the high-pressure treatment per-
formed on magnetite powder catalysts by
Kubsh and Dumesic (36).

Experiments using XPS were next per-
formed to establish a procedure for creating
*‘clean’’ iron surfaces as precursors for the
synthesis of magnetite surfaces. The proce-
dure chosen was based on the cleaning
methods developed by other researchers
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(37-39). Figure 2 summarizes the experi-
mental results. The initial XPS spectrum
(Fig. 2a) of the degreased Fe foil showed
the presence of an iron oxide surface layer
contaminated with carbon, nitrogen, and
sulfur. Argon-ion sputtering (2 kV, 15 min)
at room temperature removed this oxide
layer with only a moderate decrease in sur-
face impurities. The sample was then an-
nealed at 870 K for 1 h to reduce the
amount of dissolved nitrogen. After cooling
to 300 K, the sample was subjected to a
series of sputter—anneal cycles (sputter, 2
kV, 5 min; anneal, 770 K, 30 min). After
about five cycles, only a slight surface car-
bon impurity was detectable (Fig. 2b).
From high-resolution spectral area analy-
sis of the Fe;, and C,; peaks, the surface
carbon concentration was estimated to be
less than ca. 2% of a monolayer. Subse-
quent low-pressure oxidation (3 X 107 Pa
0,, 673 K, 45 min) formed a ‘‘clean”
magnetite overlayer (Fig. 2c). This 45-min
oxidation treatment was chosen as the ini-
tial oxidation treatment for the creation of
the magnetite overlayer.

To estimate the thickness of the
magnetite layer produced by the standard
oxidation treatment, a simple optical
method was employed which correlates the
oxide overlayer thickness with the over-
layer tarnish color. Over the 45-min oxida-
tion, the tarnish color changed in the fol-
lowing sequence: metallic — golden brown
— red — purple — blue. Ideally, the tarnish
color is governed by the wavelength of light
that undergoes destructive interference
upon reflection from both the oxide surface
and the underlying metal-metal oxide inter-
face (40). In practice, the overlayer thick-
ness for a given tarnish color must be em-
pirically calibrated. Davies et al. (3) have
done this for iron oxide overlayers on iron.
Their results, used in conjunction with the
experimentally determined color transfor-
mations during the oxidation treatment of
the present study, indicated that the final
overlayer was ca. 30-nm thick.

The above magnetite overlayer thickness
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is in agreement with oxidation rate calcula-
tions and depth-profiling experiments using
the argon-ion sputtering gun. Assuming lin-
ear-oxidation-rate behavior (i.e., the oxida-
tion rate is limited by the oxygen impinge-
ment rate on the oxide surface) and utilizing
an oxygen sticking probability of 0.025 at
673 K (8), the overlayer thickness can be
estimated to be ca. 20 nm after the oxida-
tion treatment (41). The linear-rate behav-
ior, which had been found by Graham and
Cohen (8), was verified by Ar-ion sputter-
ing through oxide overlayers of different
thicknesses (i.e., different oxidation times)
and noting the constant change in required
sputtering time with respect to change in
total oxidation time.

The resultant overlayer was found to be
stable under the experimental conditions of
interest as evidenced by the lack of flaking
and the invariance of the blue tarnish color.
The results of temperature-programmed de-
sorption studies (/) also indicated the ab-
sence of metallic iron on the surface follow-
ing the above oxidation treatment or after
any of the vacuum-annealing treatments de-
scribed below.

To vary systematically the surface oxida-
tion state of the magnetite overlayer, a
standard procedure was adopted. Typically
the clean oxide overlayer was (1) exposed
to 1 x 1074 Pa O, at 300 K, (2) increased in
temperature to 950 K to desorb any admol-
ecules accumulated from the background
pressure, (3) lowered in temperature to 800
K and held for 3 min to build up the oxide
overlayer, (4) lowered (or raised) to the de-
sired treatment temperature T and held for
3 min to further oxidize the surface, and (5)
vacuum-annealed at temperature 7T for 1.5
min (by evacuating the O, from the UHV
chamber) to reduce the surface to a steady
state condition. This type of model surface
was designated by the temperature 7 of
steps (4) and (5).

XPS experiments were performed to
study the surface behavior of the magnetite
overlayer as a function of pretreatment
conditions. The Fe,, and O,, photoelectron
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peaks were monitored for various surfaces
ranging from a 300 K surface to an 875 K
surface; a fully oxidized surface (all Fe3*)
resulting from exposure to high-pressure
(102 kPa) air at 300 K; and a highly reduced
surface (all Fe*') created by vacuum-an-
nealing an oxidized surface at 875 K fol-
lowed by several minutes of 2-kV argon-ion
sputtering. Particular features were fol-
lowed as a function of surface pretreat-
ment: the Fe,, and Oy, binding energies as
well as the Fe,,/Oy, and Fe}; /Fe3; photo-
electron intensity ratios, The results are
displayed in Figs. 3 and 4 and in Table 2.
The Fe,, spectrum for the fully oxidized
surface (Fig. 3a) is essentially an Fe3* spec-
trum from a y-Fe,O; (or a-Fe,03) surface,
as evidenced by the 710.5-eV binding en-
ergy for Fe,,,, and the satellite structure at
ca. 719 eV (27, 42). The Oy, spectrum for
this surface (Fig. 4a) indicates hydroxyl-
ation as evidenced by the high binding en-
ergy shoulder ca. 2 eV above the main
peak. This is to be expected since air-ex-
posed magnetite surfaces readily chemisorb
water (43). The Fe,, spectrum for the

a2
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Fi6. 3. Fe, X-ray photoelectron spectra for
magnetite surfaces subjected to different treatments:
(a) fully oxidized surface, (b) 300 K surface, (c) 440 K
surface, (d) 575 K surface, (e) 675 K surface, (f) 775 K
surface, (g) 875 surface, and (h) sputtered surface.
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Fic. 4. O, X-ray photoelectron spectra for
magnetite surfaces subjected to different treatments:
(a) fully oxidized surface, (b) 300 K surface, (c) 440 K
surface, (d) 575 K surface, (¢) 675 K surface, (f) 775 K
surface, (g) 875 K surface, and (h) sputtered surface.

highly reduced surface (Fig. 3h) is essen-
tially an Fe?* spectrum, as evidenced by
the 709.3-eV binding energy for Fe,,,, and
the satellite structure at ca. 715 eV (27, 42).
Although the above absolute binding ener-
gies are not in exact agreement with the
referenced values (27, 42), the 1.2-eV dif-
ference between the Fey,,, binding energies
for Fe?* and Fe* and the satellite structure
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are in excellent agreement with the litera-
ture. Differences in absolute binding ener-
gies could be corrected by shifting the refer-
ence level.

The previous two surfaces were created
as reference surfaces for Fe?* and Fe’*
XPS spectra. The Fe,, spectra from these
two reference surfaces were combined by
computer in appropriate ratios so as to give
a satisfactory fit to the Fe,, spectra of the
other pretreated surfaces (Figs. 3b-g). Re-
sulting Fe2*/Fe3* ratios are only estima-
tions and are to be used in a qualitative
sense.

The results in Table 2 illustrate the rela-
tive oxidation state of the various pre-
treated magnetite surfaces. The 875 to 675
K surfaces are reduced (mainly Fe?") sur-
faces with high surface cation concentra-
tions, as evidenced by the relatively high
Fe?*/Fe3* and Fe/O atomic ratios and the
low Fey,,, binding energy (709.6 V). De-
creasing the pretreatment temperature be-
low 575 K results in an increase in the sur-
face oxidation state (i.c., decreases in the
Fe?*/Fe** ratio and Fey,,, binding energy)
and a decrease in surface cation concentra-
tion (i.e., a decrease in the Fe/O atomic
ratio). These oxidation state trends are ap-
parent from the Fe,, XPS spectra in Fig. 3,
which illustrates the changing spectral con-
tributions from Fe?* and Fe®* satellite

TABLE 2

Summary of X-Ray Photoelectron Spectroscopy Results for Magnetite Surfaces Subjected to Various
Treatments (Figs. 3 and 4)

Type of Binding energy, Ej (eV) Fe/O atomic ratio Fe2*/Fe3*
surface Ratio
Fey Fesps, Oy, Scheme A Scheme B

(a) Oxidized 723.6 710.5 529.8 0.45 0.41 0
(b) 300 K 723.4 710.3 529.8 0.78 0.71 ~0.7
(c) 440 K 723.0 710.1 529.7 0.83 0.75 ~1.5
(d) 575K 722.5 709.7 529.7 0.89 0.80 ~2
(e) 6715 K 722.4 709.6 529.7 0.89 0.80 ~5
f) 775K 722.4 709.6 529.7 0.89 0.80 ~10
(g) 875K 722.4 709.6 529.7 0.89 0.80 ~10
(h) Sputtered 722.1 709.3 529.7 1.1 0.99 x
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structure as well as the shifts in Fe,, bind-
ing energy for the pretreated surfaces be-
low the 675 K surface.

The Oy, XPS spectra in Fig. 4 are essen-
tially constant except for the hydroxyl fea-
ture from the fully oxidized surface (Fig.
4a). The spectra display a constant Oy
binding energy of 529.7 eV and a slightly
asymmetric peak tailing toward the high-
binding-energy side. As mentioned above,
this high-binding-energy contribution is
probably due to the presence of oxygen in a
hydroxyl state and/or as nonstoichiometric
surface atoms (42).

The oxidation state of the magnetite sur-
face was found to be dictated by the vac-
uum-annealing portion of the standard pre-
treatment sequence. This was verified by
XPS analysis of a 300 K surface after vac-
uum-annealing at successively higher tem-
peratures. Resultant XPS spectra indicated
that vacuum-annealing a 300 K surface in
steps from 300 to 875 K produced surface
states identical to the 300-875 K surfaces
created by standard pretreatment.

Auger electron spectroscopy was used to
continuously follow the Fe/O ratio of a 300
K surface raised in temperature (heating
rate equal to 1 K s™!) under vacuum from
300 to 875 K. The peak-to-peak heights of
the Fe(LMM) transition at ca. 700 eV and
the O(KLL) transition at ca. 510 eV were
monitored with a multiplexer every 10 s.
Calculated Fe(LMM)/O(KLL) peak-to-
peak height ratios were adjusted to Fe/O
atomic ratios by an appropriate factor
which gave a final Fe/O atomic ratio of 0.80
(in accordance with XPS results). These
AES data along with the XPS ratio data
(Scheme B) from Table 2 are plotted in Fig.
5, showing good agreement. A similar AES
plot was also obtained by Kelemen et al.
(44) for a vacuum-annealed polycrystalline
iron oxide overlayer on Fe(100). They ob-
served that the Fe/O atomic ratio became
constant above an annealing temperature of
ca. 575-600 K. Using UPS, XPS, and AES,
they identified the surface oxide phase in
the plateau region as FeO and inferred that
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F1G. 5. Fe/O atomic ratios determined for different
vacuum-annealing temperatures. The circles denote
XPS results and the solid line denotes AES results (see
text for explanation).

excess atomic oxygen existed on the sur-
face for lower annealing temperatures (300-
500 K).

Finally, XPS experiments studying the
effect of vacuum-annealing were performed
on a bulk magnetite powder specimen iden-
tical to that employed by Lund et al. (30)
for NO adsorption studies. The powder was
pressed into a 10 X 10 X 2-mm Cu holder
having a slightly indented surface to hold
the compressed pellet. XPS spectra were
taken of a 300 K surface vacuum-annealed
in steps from 300 to 875 K. Results obtained
were in good agreement with XPS results
from model surfaces. One difference be-
tween the two sets of experiments involved
the rate of attaining the final state of surface
reduction upon vacuum-annealing. The fi-
nal surface state was reached much more
quickly for the nonporous magnetite over-
layers on iron than for the porous, high-
surface-area magnetite powders (in seconds
as opposed to minutes or hours).

DISCUSSION AND SUMMARY

The surface reduction behavior of the
magnetite overlayer during vacuum-anneal-
ing is illustrated schematically in Fig. 6 for
the case of an Fe;04(100) surface. For the
300 K surface, there is a mixture of Fe?*
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F1G. 6. Schematic representation of surface reduc-
tion behavior of the magnetite overlayer during vac-
uum-annealing. Iron cations are represented by small
circles, solid circles for A-sites, open and shaded cir-
cles for surface and bulk B-sites, respectively. Oxygen
anions are represented by large circles, solid and open
circles for surface and bulk anions, respectively.

and Fe** cations in the surface region. The
Fe3* cations are stabilized in full-coordina-
tion sites (either fourfold-coordinated,
tetrahedral A-sites or sixfold-coordinated,
octahedral B-sites). Cations in the immedi-
ate surface region are present in lower-co-
ordination sites and cannot exist in the Fe3*
state due to the destabilizing effect of the
missing oxygen anion neighbors, i.e., these
cations are reduced to Fe?* which can bet-
ter compensate for the missing negatively
charged neighbor. Also, Fe?* cations are
stabilized in subsurface, fully coordinated
B-sites. As the surface is vacuum-annealed
at progressively higher temperatures, diffu-
sion of cations toward the surface through
the oxygen anion sublattice takes place.
Hence, both the surface cation concentra-
tion and the degree of surface reduction in-
crease. At the highest annealing tempera-
ture of 875 K, a FeO-like surface layer is
envisioned with all surface B-sites occupied
by Fe?* cations. This surface possesses a
net surface ionic charge of zero. Subse-
quent oxygen treatment of this surface at
300 K adds additional oxygen to the over-
layer with diffusion of Fe cations into the
oxygen sublattice to create a more-oxidized
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surface. Vacuum-annealing this surface at
300 K regenerates the 300 K surface state.

It is useful to utilize the Fe/O atomic ra-
tios calculated from XPS spectra to de-
scribe more quantitatively the surface com-
position of the different magnetite surfaces.
The inherent uncertainties in these ratios
must be noted, however, due to uncertain-
ties in the baseline correction schemes and
atomic sensitivity factors employed. The
ratios calculated from baseline correction
Scheme B are estimated as accurate to
within ca. 5-10%. A stoichiometric surface
of Fe;0,4 should show an Fe/O atomic ratio
of 0.75 and a Fe?*/Fe** cation ratio of 0.5.
Magnetite surfaces treated at temperatures
from 675 to 875 K showed Fe?*/Fe’* ratios
near 10 and Fe/O ratios of about 0.89 to
0.80 (according to Schemes A and B, re-
spectively). These surfaces are apparently
more like FeO than Fe;04. In contrast, the
300 K surface appears to be more like Fe;04
with more Fe?* cations than Fe* cations in
the analysis volume. This is an indication
that the calculated Fe/O value for the 300 K
surface of 0.71 is slightly low and a more
appropriate value seems to be 0.78, calcu-
lated using the linear baseline correction of
Scheme A.

Two phenomena are probably responsi-
ble for the observation that the reduction of
magnetite surfaces by vacuum treatment is
more rapid for magnetite overlayers on me-
tallic iron than for high surface area,
magnetite powders. First, the porous, high-
surface-area nature of the magnetite pow-
der enhances the readsorption rate (of, e.g.,
desorbed H,0 and O,) due to locally high
partial pressures within the pore structure.
This inhibits escape of the desorbed species
from the pore structure into the UHV
chamber. Due to the nonporous nature of
the model magnetite surface, readsorption
effects are negligible. Second, the mecha-
nisms of surface reduction are different for
the two types of specimens. For magnetite
overlayers on metallic iron, surface reduc-
tion can occur by interstitial diffusion of Fe
cations toward the surface from within the
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overlayer since these diffusing cations can
be replenished by cations created at the
metal-metal oxide interface. For bulk
magnetite powders, there is no equivalent
source of Fe cations and surface reduction
must occur by removal of surface lattice
oxygen. It appears that this is a much
slower process.

CONCLUSION

A procedure for synthesizing clean
magnetite overlayers on iron has been de-
veloped. CEMS was utilized to identify that
the overlayer was, in fact, Fe;O,4. It was
found that the oxidation state of the surface
of this overlayer could be altered by low-
pressure oxidation followed by vacuum-an-
nealing at various temperatures, especially
below 675 K. These different surfaces were
characterized using XPS and AES, which
showed that both the degree of surface
reduction and the surface cation concentra-
tion increased as the vacuum-annealing
temperature was increased.

The results of this study provide an ex-
perimental strategy for varying the oxida-
tion state of iron oxide surfaces and thereby
investigating the effects of surface oxida-
tion state in determining the adsorptive
properties of the surface. This is the subject
of the following paper (1).

Specifically, temperature-programmed
desorption studies of O,, NO, CO,, and CO
will be performed on surfaces vacuum-an-
nealed at various temperatures. In general,
adsorbed species which increase in surface
coverage with increasing vacuum-annealing
temperature can be associated with coor-
dinatively unsaturated iron cations, while
adsorbed species which show the opposite
trend can be associated with surface oxy-
gen species. In addition to changing the rel-
ative numbers of surface sites, it will be
shown that varying the surface oxidation
state also alters the nature of the adsorbed
species.
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