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Heterogeneous catalysis is based on the generation and
subsequent combination of chemical species retained on the
surface of a catalytic solid. Elementary reaction steps, that is,
the dissociation of reactants and association to products, take
place at the solid–gas or solid–liquid interface. Therefore,
maximizing the accessible specific catalytic surface area, by
reducing primary particle sizes, increases the (weight based)
catalyst activity and results in higher material efficiency.
However, surface and electronic properties of solids are often
also significantly altered with decreasing particle sizes.[1,2]

This results in size-dependent catalytic performance, better
known as the particle size effect.[3–5] Although this effect has
been well documented for many catalytic reactions, the exact
underlying reasons for the different performance are often
more difficult to access.

Here, we report on the surface chemistry of iron oxides of
different initial particle size in reactive gas atmospheres as
probed by in situ X-ray photoelectron spectroscopy (XPS).[6–9]

Although mbar pressures were applied, in situ XPS con-
stitutes an initial step in bridging the so-called pressure gap
between surface science (traditionally ultrahigh vacuum) and

heterogeneous catalysis (1–200 bar), and provides unique
insights into the mutual influence of surface structure and
adsorption properties of a solid. Comparison of a nano-
particulate and bulk iron oxide allowed us to probe the size
dependence of the iron, oxygen, and carbon surface chemistry
in different gas atmospheres, while the general observed
transformations in carbon-containing iron phases in both
samples were explained by ab initio atomistic thermodynam-
ics.[10–12] The results hold relevance for Fe-based catalysts, in
particular Fe-based Fischer–Tropsch synthesis catalysts,
which are important in the conversion of coal, biomass, and
natural gas to hydrocarbon transportation fuels and chem-
icals.[13–15]

Nanoparticulate iron oxide, similar to catalyst materials
used in industry,[13] was prepared by precipitation. A bulk iron
oxide sample was acquired commercially. Section S1 and
Figure S1 in the Supporting Information give the detailed
preparation method and representative transmission electron
microscopy (TEM) images of both samples. The nanoparti-
culate iron oxide sample consists of agglomerates of small (ca.
5 nm) a-Fe2O3 crystallites, whereas the bulk sample shows a-
Fe2O3 crystallites of approximately 100 nm. The Brunauer–
Emmett–Teller (BET) surface area of the materials was
136 m2 g�1 for the nanoparticulate iron oxide and 17 m2 g�1 for
the bulk iron oxide.

For the XPS experiments, the materials were suspended in
isopropyl alcohol and deposited on pre-cleaned diced Si
wafers. The deposition was repeated until the wafers were
completely covered in sample. Any residual carbonaceous
surface species were removed by treatment in 0.3 Torr O2 at
300 8C. The inertness of the Si wafers in the gas atmospheres
was evaluated by means of reference experiments on blank Si
wafers. Section S2 in the Supporting Information gives a
detailed description of the experimental setup, sample
preparation, applied excitation energies, energy calibration,
and atomic ratio calculations.

Figure 1 shows the Fe 2p and O 1s XPS spectra, and the
calculated atomic O/Fe ratios for the two samples during
treatment in 0.2 Torr H2. At 275 8C in vacuum, both materials
consist of a-Fe2O3, as indicated by the Fe 2p3/2 peak at
710.5 eV[16] (Figure 1a,d) and associated shake-up structure.
In addition, the O 1s spectra showed the contribution of a
single peak at 529.8 eV[17] (Figure 1b,e), characteristic for O
in a-Fe2O3. Upon exposure to H2 and heating to 300 8C, a
shoulder appeared in the Fe 2p3/2 spectrum at 709.8 eV,
assigned to Fe2+ species in Fe3O4 and FeO.[16] At the same
time, the main peak in the O 1s spectrum shifted to higher
binding energy (530.1 eV), characteristic for the lower
valence of Fe.[17] In addition, a shoulder appeared in the O
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1s spectrum at 530.8 eV, assigned to surface oxygen species,
probably present as surface OH groups. Both samples showed
a significant increase in OH/Fe ratios upon initial exposure to
H2 gas. The bulk iron oxide showed a higher OH/Fe ratio up
to 350 8C. This is in line with recent observations that bulk a-
Fe2O3 binds water more tightly than nanoparticulate hematite
by a factor of 2.[2]

Upon heating to 375 8C, the bulk oxide quickly reduces to
metallic Fe, as indicated by the rapid growth of the Fe 2p3/2

XPS peak at 706.8 eV together with the drop in O/Fe ratios.
After 30 min at 375 8C, the sample is completely reduced with
a final O/Fe ratio of 0.46 at 7 � and 0.39 at 11 � (inelastic
mean free path; IMFP). In contrast, the nanoparticulate
material reduces very slowly, with similar O/Fe ratios at 7 and
11 � probing depth during the treatment. The sample had to
be heated to 400 8C to reduce further and even after 1 h, the
sample showed a higher contribution of O at the surface with
a final O/Fe ratio of 1.0 at 7 � and 0.78 at 11 � IMFP. This
indicates that the reduction of nanoparticulate iron oxide is
more dynamic and has an oxide-rich surface after treatment in
H2.

The two samples also followed a significantly different
reduction pathway. An isosbestic point was observed above
350 8C in the XPS spectra of the nanoparticulate iron oxide.
This was not observed in the reduction of the bulk oxide
(Figure S2, Supporting Information). The occurrence of the
isosbestic point suggests that only two species contribute to

the spectrum. Considering the high Fe3+/Fe2+ ratio, and the
low stability of this phase, it is unlikely that FeO is present.
Therefore, above 350 8C the XPS spectra of the nanoparticu-
late material only consists of Fe3O4 and Fe0, suggesting that
the final reduction step is inhibited. The absence of an
isosbectic point in the case of the bulk iron oxide indicates
that the reduction of a-Fe2O3 to Fe3O4 and Fe0 occurs
simultaneously. Overall, complete reduction is more difficult
to achieve in the nanoparticulate sample.

After reduction, the materials were exposed to CO/H2 and
CO at different temperatures. The samples were initially
cooled from 350 8C in a stepwise manner to 150 8C, while
exposing them to 0.3 Torr CO/H2 (0.1 Torr CO/0.2 Torr H2).
After this, the samples were heated to 350 8C in 0.3 Torr CO
using 50 8C increments. Figure 2 shows the O 1s and C 1s XPS
spectra during these treatments.

There are significant differences in the XPS spectra of
both samples. At 350 8C in CO/H2, there are little carbon- or
oxygen-bearing surface species observed in both materials.
Upon cooling to 250 8C, the iron phase in both samples is
partially converted into iron carbides, as evidenced by the
appearance of a peak at 283.3 eV in the C 1s spectra.[18] The
carbide peak is associated with a shoulder at 284.6 eV. The
contribution of this shoulder was small, however, and its
assignment is not unambiguous. Therefore we will assign it to
the occurrence of generic non-oxygenated surface carbon
species (Csurf). In the nanoparticulate material, there is an
additional contribution to the C 1s spectrum at 289.8 eV,

Figure 1. a,d) Fe 2p and b, e) O 1s XPS spectra (both at 200 eV KE,
7 � IMFP) and c, f) calculated O/Fe atomic ratios of various oxygen-
containing species for the nanoparticulate iron oxide (a–c) and bulk
iron oxide (d–f) during treatment in H2. The closed black symbols
indicate ratios at 200 eV KE (7 � IMFP), the open gray symbols
indicate ratios at 450 eV KE (11 � IMFP).

Figure 2. O 1s (top) and C 1s (bottom) XPS spectra of the a) nano-
particulate iron oxide and b) bulk iron oxide during the treatment in
0.3 Torr CO/H2 and 0.3 Torr CO at various temperatures. Hatched
areas indicate the possible contribution of the SiOx wafer. The spectra
were acquired at 200 eV KE (ca. 7 � IMFP).
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which is absent in the bulk iron oxide sample. This peak is due
to surface carbonate species. The mass spectrometry data
measured during the experiment suggested a higher concen-
tration of CO2 during treatment of the nanoparticulate
sample (Figure S3, Supporting Information). This might
indicate a preferential reduction of the iron oxide by CO in
this sample.

The O 1s XPS spectra during CO/H2 treatment show
contributions of different oxygen-bearing species. Both
samples have a contribution of oxide and surface OH at
530.1 and 530.8 eV, respectively. In addition, both samples
show a peak at 533.3 eV. Although this peak can be assigned
to adsorbed molecular H2O,[19] the supporting oxygen-termi-
nated Si/SiOx wafer was partially exposed after H2 treatment,
due to shrinkage of the iron oxide layer. The maximum
observed Si/Fe ratio was 0.14 at 200 eV kinetic energy (KE).
Therefore SiOx species contribute to the O 1s peak at
533.3 eV, and because of the uncertainty introduced by this,
we will not treat the 533.3 eV peak area or H2O contribution
quantitatively. In the O 1s spectrum of the nanoparticulate
material, there is an additional contribution at 531.9 eV,
further confirming the presence of surface carbonates.[19]

Figure 3 summarizes the evolution of the O/Fe and C/Fe
ratios during the different treatments. In both samples, the
total coverage of carbon- and oxygen-containing surface

species increases at lower temperatures. The iron oxide
content in the nanoparticulate material, as derived from the O
1s peak at 530.1 eV, drops during CO/H2 treatment at lower
temperatures, while at the same time the coverage of surface
OH species and carbonates increases. In contrast, the oxide
content of the bulk material increases during CO/H2 treat-
ment, especially at 150 8C. This oxidation is reflected in the Fe
2p XPS spectra acquired during the CO/H2 and CO treatment
(Figure S4, Supporting Information). As can be further

inferred from Figure 3, the Fe species in nanoparticulate
iron oxide remain reduced throughout the experiments. The
increase in O/Fe ratios at temperatures below 200 8C is likely
to be due to the higher coverage of oxidizing H2O species that
may become adsorbed below this temperature. The contri-
bution of the oxygen-bearing species in both samples is higher
at 7 � compared to 11 � IMFP, confirming the surface nature
of the oxygen-bearing species and excluding the extensive
formation of bulk iron oxides.

The C/Fe ratios also increase in both carbon materials
during CO/H2 treatment, illustrating that the materials are
reactive to CO, even at temperatures as low as 150 8C. The
nanoparticulate sample mainly forms carbonates at the
surface, whereas a small part of the iron is converted into
iron carbides (Ccarbide/Fe = 0.04). The bulk sample shows a
larger contribution of carbides (Ccarbide/Fe = 0.07). The ratio
between the O 1s and C 1s carbonate peaks was approx-
imately 3, fitting the expected stoichiometry of CO3.

Upon heating the samples in 0.3 Torr CO the bulk
material is further oxidized up to 200 8C. Possibly, oxidation
in the presence of physisorbed or adsorbed H2O species
competes with the reduction by CO at this temperature. An
alternative explanation is the segregation of oxygen from
unreduced (bulk) iron oxide, which may be present in deeper
layers after reduction in H2, to the surface. The change in gas-
phase conditions may induce segregation of oxygen from
deeper bulk layers (not observed in XPS) to the surface,
apparently oxidizing the surface of the material. At higher
temperatures, the contribution of oxide and OH oxygen
species decreases gradually. At 300 8C in CO, the O/Fe ratios
are back to the ratios found after the H2 treatment.

During the treatment in CO, the contribution of the
carbide phase at 7 � IMFP slowly decreases at the expense of
non-oxygenated surface carbon species. Upon reaching 350 8C
there is a sharp increase in the C/Fe ratios, primarily due to
the buildup of surface carbon species. This buildup is most
probably a direct result of the formation of Boudouard coke
(2CO!CO2 + C) on the metallic surface.

The nanoparticulate material shows a different behavior
in 0.3 Torr CO. The carbonate species formed during CO/H2

treatment slowly desorb at higher temperatures. The total
iron oxide content did not change as drastically as for the bulk
material, but remained constant throughout the CO/H2 and
CO treatment. It is suggested that the presence of surface
carbonates might play a role in protecting the small particles
from oxidizing in the presence of H2O. At temperatures above
200 8C, the carbide content of the nanoparticulate material
increases up to Ccarbide/Fe = 0.2 for both 7 and 11 � IMFP,
illustrating the formation of bulk iron carbides. Above 250 8C,
an increase in surface carbon is observed, probably due to the
buildup of Boudouard coke. In this case, however, the
contribution of iron carbides increases proportionally with
the surface carbon species, showing that the nanoparticulate
material is carburized to iron carbides much more facilely and
dynamically than the bulk iron oxide. At temperatures above
250 8C, the nanoparticulate sample showed an additional
contribution in the C 1s XPS spectra. This contribution at
282.7 eV is assigned to atomically dispersed surface or
subsurface carbon, similar to species observed in Pd cata-

Figure 3. O/Fe and C/Fe ratios for various species during the CO/H2

and CO treatment at various temperatures. a) Nanoparticulate iron
oxide and b) bulk iron oxide. Black symbols indicate ratios at 7 �
IMFP, gray symbols indicate ratios at 11 � IMFP.
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lysts.[20] At 350 8C, there is also an additional contribution to
the O 1s spectrum at 529.0 eV, assigned to subsurface or
atomically dispersed adsorbed oxygen species.[6]

The morphology and texture of both samples were
analyzed after treatment by N2 physisorption and TEM
(Figure S1, Supporting Information). Significant sintering was
observed. A carbon layer could be observed on the outer rim
of the particles in both samples. The BET surface area of both
samples was below 10 m2 g�1 after the experiment.

Figure 4a summarizes the observations of the in situ XPS
experiments discussed to this point. Without taking into
account the crystallite size dependency, we will now focus on
the explanation of the competition between carbon in surface,
subsurface, and carbide phases, as observed for both materi-
als, as a function of the applied experimental conditions. For
this we have calculated by density functional theory the Gibbs
free surface energy g(T, P) of growing surface layers of
commonly observed q-Fe3C and c-Fe5C2 iron carbide phases,
and (sub)surface carbon in Fe(110). The chemical potential of
carbon atoms, mC, as imposed by a gas-phase reservoir at a
certain temperature and pressure, is used as a descriptor for
the relative stability of surface phases under experimental
conditions. This ab initio atomistic thermodynamic approach

has been successfully applied to study other systems.[10–12] A
detailed description of the theoretical methodology and the
structure of the studied surfaces are given in Section S3 and
Figure S5 in the Supporting Information.

Figure 4b shows the stability of Fe (110) bound (sub)sur-
face carbon and several modified carbide surface layers (layer
thickness of five Fe layers) as a function of the chemical
potential imposed by the gas-phase conditions. The surface
free energy is given with respect to a bcc (body-centered
cubic) Fe reference. Also indicated are the critical mC values at
which bulk q-Fe3C and c-Fe5C2 carbides become stable.
Phases with the lowest free surface energy are the most stable
phases for given mC. The conditions in our experiment (shaded
area) were such that mC is in the stability range of surface and
subsurface carbon and iron carbides. Thermodynamically,
under our experimental conditions, both bulk q-Fe3C and c-
Fe5C2 carbides are stable. However, at 350 8C in CO/H2, it was
observed that kinetically these bulk carbide phases could not
form, possibly due to the competition with surface hydro-
genation reactions. At these conditions, mC is also not low
enough to induce the formation of a surface carbide layer, as
bulk bcc Fe and surface/subsurface carbon are more stable.
However, the latter species were not observed and might also
be reacted away in the presence of H2. At lower temperatures,
the mC imposed by the gas-phase reservoir is in the range
where the carbon covered c-Fe5C2(100) surface carbide layer
becomes thermodynamically more stable compared to sur-
face and subsurface carbon and there is competition between
the formation of the carbide phase and the hydrogenation of
carbon atoms at the surface. Upon lowering the temperature,
the formation of carbide surfaces becomes more favorable
thermodynamically (Figure 4b). The formation of a bulk
carbide phase might be inhibited under the low-temperature
conditions, due to diffusion limitations and limited CO
dissociation, therefore stabilizing a thin carbide surface layer.

During the CO treatment at 150 8C, mC is high. However,
in the absence of H2 and at low temperature, dissociated
carbon on the surface of the catalyst is not hydrogenated away
and not absorbed into the bulk as a result of slow kinetics.
Some surface carbon is observed to form on the materials. It is
noted here, however, that in our experiment the carbide
formation might be hindered below 200 8C because of the
oxidized state of the sample and the presence of surface
carbonates in the bulk and nanoparticulate sample, respec-
tively. Upon increasing the reaction temperature in CO, mC

decreases again and the carbide phases become thermody-
namically less and less favorable. Nonetheless, in the absence
of H2, mC is still higher at 350 8C as compared to the CO/H2

conditions and there is no competition between the surface
hydrogenation reaction and bulk carburization. Therefore,
there is thermodynamic competition between the formation
of bulk/surface carbides, and surface and subsurface carbon
and the materials start forming surface carbon deposits.
Temperatures above 300 8C might lead to thermal decom-
position of the bulk c-Fe5C2 carbide structure into q-Fe3C.[21]

Our calculations show (Figure 4b) that even the most stable
q-Fe3C surface under these conditions, the carbon-covered q-
Fe3C (100) surface layer, cannot thermodynamically compete
with surface and subsurface carbon species.

Figure 4. a) Summary of Fe species and associated surface species
during the different treatments of the two materials under study.
b) Calculated thermodynamic stability of selected thin carbide layers
and iron/carbon surfaces as a function of the chemical potential of
carbon atoms, mC. The shaded area and arrows indicate the experimen-
tal conditions applied in this study.
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Our work illustrates the dynamic nature of the iron,
oxygen, and carbon surface chemistry of nanoparticulate iron
oxide in reactive gas atmospheres. It was shown that in this
system there is competition between the formation of surface,
subsurface, and carbide carbon species, whereas a bulk iron
oxide reacted less dynamically and was susceptible to
oxidation and surface carbon deposition. The results con-
stitute a direct demonstration of the size dependency of iron
oxide surface chemistry, while the application of ab initio
atomistic thermodynamics accommodated the rationalization
of the observed surface chemistry in both materials as a
function a wide variety of experimental conditions.
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