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A B S T R A C T

Fundamental understanding of charge transfer reaction is essential for the surface and interface engineering of
transition metal oxides. In this study the chemical reactivity towards oxygen and hydrogen (13 Pa) under applied
thermal conditions (423–673 K), of two polymorphic forms of Fe2O3 nanoparticles (γ-Fe2O3 and α-Fe2O3) are
investigated with the combination of in situ ambient pressure X-ray photoelectron spectroscopy (AP-XPS) and
near edge X-ray absorption fine structure spectroscopy (AP-NEXAFS). Our data show that the reactivity of these
two polymorphs has a similar character based on the contribution of oxygen vacancy defect states and related
material non-stoichiometry. Their exposure to hydrogen at increased temperature results in both cases in the
surface reduction. However, γ-Fe2O3 exhibits more covalent character and undergoes the reduction pre-
ferentially with a contribution of metallic Fe0 than Fe2+, in contrast to α-Fe2O3. Further, upon introduction of
oxygen at low temperature of 423 K, rapid re-oxidation process takes place at the Fe2O3 nanoparticles surface.
Prepared γ-Fe2O3 and α-Fe2O3 nanostructures exhibit in general high n-type and p-type sensor response towards
hydrogen, respectively, in a wide concentrations range.

1. Introduction

It was already emphasized years ago e.g. by Schierbaum [1], that
the surface and interface engineering of polycrystalline metal oxides
must be based on the atomistic understanding of the charge transfer
reaction at surfaces and interfaces and of the charge carrier transport
and relaxation mechanism. This involves the presence of intrinsic sur-
face defects or extrinsic metal atoms, which alter the electronic struc-
ture of metal oxides. The chemical reactivity of semiconductor metal
oxides in the surrounding oxidizing and reducing atmosphere at ele-
vated temperatures, being a consequence of modification of their sur-
face chemical composition and resulting electronic structure is still a
matter of research, though a great improvement of its applicable side.

Transition metal oxides (MOx), in spite of their seemingly simple
stoichiometry, are complex systems exhibiting different bonding prop-
erties due to the contribution of d-orbitals. Moreover, they show vari-
able oxidation states in addition to the crystal field splitting of d-orbi-
tals. In turn, the non-transition metal oxides usually exhibit one
preferred oxidation state, as other states might be not accessible due to

higher energy required for adding or removing electrons from cations,
when they are coordinated with oxygen ligands. In transition metal
oxides this energy difference is rather small, hence they often exist in
several stable oxides and are often prone to the defect formation in sub-
stoichiometric metal oxides [2]. Defect rich surface of semiconductor
metal oxides and defect formation reactions by incorporating impurities
or surface oxygen removal (by the annealing in a vacuum, reducing gas
atmosphere or inert ion bombardment), give a way to employ these
materials in gas sensing applications [3]. Stoichiometry can be restored
upon heating in air and oxygen containing atmosphere. Changes of the
charge concentration upon such exposure play a key role in the sensing
mechanism of resistive type sensors proposed by Morison [4]. This
mechanism involves adsorption/desorption processes at sensor sur-
faces, interfaces and grain boundaries. Among point defects at surfaces,
which are conjugated with surface electronic states, oxygen vacancies
are crucial, as they can act as active sites for chemisorption of gas
molecules, therefore affect the charge transfer and thus the electric
properties. This is a necessary condition for resistive gas sensors. Thus,
transport properties of semiconductors can be improved significantly,
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when additional energy levels corresponding to surface states asso-
ciated with the material non-stoichiometry are available within the
energy gap between the valence and conduction band [5,6].

Iron (III) oxides, in their most thermodynamically stable poly-
morphic phase of hematite (α-Fe2O3) and metastable maghemite (γ-
Fe2O3), are intriguing semiconducting materials among other transition
metal oxides, which are used i.a. in solar energy conversion devices and
water splitting [7], heterogeneous catalysis including also photo-
catalysis [8], in fuel cells [9] and gas sensing applications [10]. They
are narrow band gap semiconductors within the range of 1.8–2.2 eV
(depending on their synthesis and processing), chemically stable, ex-
hibiting interesting magnetic and optical behavior. α-Fe2O3 has the
corundum structure (with hexagonal unit cell) constructed of iron
atoms surrounded by six oxygen atoms, which are not bonded at cor-
ners of a regular octahedron. In turn, γ-Fe2O3 is iso-structural with
magnetite (cubic crystal system), but with cation deficient sites. In γ-
Fe2O3 crystal structure eight cations occupy tetrahedral sites and re-
maining are randomly distributed over the octahedral sites, vacancies
are restricted to octahedral sites [11].

Iron oxides, as transition metal oxides with dn with ≥n 1, are sus-
ceptible for the oxidation and reduction, resulting in an electrical re-
sponse with a large dynamic range, when exposed to the surrounding
reactive gas atmosphere. Moreover, Fe2O3 next to ReO3 or VO2 is a
particular exception to other transition metal oxides. This is due to
partially filled d-orbitals (dn for 0 < n < 10), which according to the
band gap model should exhibit metallic behavior. Other transition
metal oxides do not fall into this category due to electron–electron and
electron-lattice interactions. Despite the complexity of the electronic
structure and preferences toward reactions either with oxidizing or
reducing gas molecules, transition metal oxides still remain as the best
candidates for resistive type gas sensor, mostly due to their unique
surface properties, and the high catalytic activity.

Properties of Fe2O3 that are used for aforementioned applications
are related to the electronic configuration and valency of Fe.
Considering the interaction of oxide with the surrounding gas atmo-
sphere, nearly stoichiometric Fe2O3 is quite inert for the surface gas
adsorption, probably due to the stability of the half-occupied d-band
configuration. However, defect-rich surface provides more active sites
for the interaction with gas molecules [12–15]. The defect structure of
Fe2O3 is also relevant for switching their charge carrier type (n- or p-
type), which can be controlled e.g. by the material doping, thermal
conditions and selection of surrounding gas atmosphere [16]. This ef-
fect can have a significant impact on gas sensing properties of Fe2O3, in
particular on their selectivity towards either reducing or oxidizing
gases. From the electrical and electronic behavior point of view, n-type
conductivity (usually expected and reported for hematite) is associated
with the presence of free electrons established by oxygen vacancies and
excess of iron sites, while p-type conductivity is due to the presence of
iron vacancies and associated electron holes.

The understanding of principles of surface and/or bulk interaction
with surrounding gases is expected to lead to the development of ma-
terials with an increased sensitivity, selectivity and stability, when
considering e.g. gas sensing applications. Recent progress of spectro-
scopic tools, devoted to the assessment of physico-chemical processes
taking place in the sensing material in a real time and under operating
conditions, has introduced a new trend in the research on gas sensors. In
situ and operando methods are important for all device-related studies,
including gas sensors, since the historical “pressure gap” dilemma is
now overcome with ambient pressure or close to ambient pressure X-
ray photoelectron spectroscopy (AP-XPS) and near edge X-ray absorp-
tion fine structure spectroscopy (NEXAFS) [17,18]. By applying spec-
troscopy along with the electroanalytical techniques they contribute to
the deeper understanding of chemical reactivity on the molecular scale
in terms of the electronic structure changes [19–21].

Therefore, in this study the ambient pressure XPS (AP-XPS) and AP-
NEXAFS in situ approach towards the surface chemistry and electronic

structure of two polymorphic forms of Fe2O3 (maghemite γ-Fe2O3 and
hematite α-Fe2O3) is presented. Reports on reactivity of Fe2O3 nano-
particles are mostly devoted to α-Fe2O3 and focus only on the inter-
action with one type of gas atmosphere. In this study, the reactivity of
Fe2O3 nanoparticles is investigated under reducing (hydrogen) and
oxidizing (oxygen) gas atmosphere, also as a function of applied
thermal conditions.

2. Experimental

Fe2O3 nanoparticles were prepared by the one-step flame spray
synthesis (FSS) using 0.5 M solution of ferrocene (Fe(C5H5)2, 98%,
Sigma-Aldrich) in benzene (C6H6, 99.9%, Sigma-Aldrich). Detailed
synthesis procedure and technical description of FSS set-up is given
elsewhere [22,23]. As-synthesized maghemite (γ-Fe2O3) nanoparticles
were subjected to a thermal post-treatment at 823 K for 30min in air
(particular controlled) in order to induce the phase transformation to-
wards hematite (α-Fe2O3) [22]. The specific surface area (SSA) of as-
synthesized powders was determined from a 5-point N2 adsorption
isotherm obtained from Brunauer-Emmett-Teller (BET) measurements
(Beckman-Coulter SA3100). Powder X-ray diffraction (XRD) was per-
formed with a Philips PANalytical X’Pert Pro MPD diffractometer using
Cu Kα filtered radiation over a 2θ range from 20˚ to 80˚. Powders of
prepared nanoparticles were then uniaxial pressed into pellets with
diameter of 10mm and thickness of 2mm. Metallic contacts were
provided by Au electrodes deposited by the evaporation in vacuum
from crucibles heated by an electron beam, with a shape-mask. For
sufficient electrical contact with electrodes, pellet sample prior to the
investigation, was mounted on a sample holder with spring-loaded
probe tips (Fig. 1).

Ambient pressure X-ray photoemission (AP-XPS) and near edge X-
ray absorption fine structure spectroscopy (AP-NEXAFS) experiments
were performed at beamline 9.3.2 of the Advanced Light Source at
Lawrence Berkeley National Laboratory, California [26–28]. The end-
station is equipped with the hemispherical Scienta 4000R-HiPP ambient
pressure photoemission spectrometer (APPES) with two dimensional
detector consisting of two multi channels plates coupled to a phosphor
screen and charge coupled device camera (MCPs/CCS). The energy
resolution of the beamline is about E/ΔE=3000. The ambient pressure
analysis chamber is separated by a series different pumping systems and
apertures from the electron analyzer, which operates at ultra-high va-
cuum of around about 1.2×10−6 Pa. The measurements conditions
and their sequence were as follow: 13 Pa O2 exposure at 423 K (only for
α-Fe2O3), 13 Pa H2 exposure at 423 K, 573 K and 673 K, and 13 Pa O2

exposure at 423 K, 573 K and 673 K. Firstly, the sample was exposed to
the gas atmosphere at ambient temperature and then the temperature
was increased step-by-step. After equilibration of sample in the given

Fig. 1. Sample holder for operando/in situ XPS experiments under thermal gas
phase electrochemical conditions [24–25] with the iron oxide pellet fixed to the
sample holder and electric terminals.
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gas and temperature, the XPS core level (O 1 s, Fe 2p), valence band
(VB), as well NEXAFS spectra were recorded in situ. The endstation at
BL 9.3.2. has a limited number of electrical feedthroughs available for
the AP-XPS measurements. It is therefore not possible to combine
thermocouples for temperature measurements simultaneously. There-
fore, the temperature calibration was carried out externally and actual
temperature under H2 and O2 exposure may slightly deviate (approx.
10 K) from the given 423–673 K.

The XPS spectra were recorded with a PHI LS5600 spectrometer.
The binding energies were calibrated by using Au 4f7/2 peak position at
84 eV. The Voigt, the combination of Gaussian-Lorentzian (GL), fit
function was applied for the analysis of experimental XPS results. The
NEXAFS spectra were collected in total electron yield (TEY) detection
mode. The overall energy resolution was set to 100meV at the soft X-
ray energy for the oxygen K-edge, and metal L-edge.

The morphology of particles were investigated using transmission
electron microscopy (TEM). TEM images were recorded with a high-
resolution and analytical HRTEM Jeol ARM 200F operating at 200 kV.

The DC gas sensor measurements were carried out as well on the
disc-shaped bulk nanosensors inside a closed quartz tube placed
coaxially inside a resistively heated furnace, with remotely controlled
temperature and gas delivery. The sensor response (S) is defined as the
ratio of resistance in the presence of target gas R to the resistance in the
reference atmosphere at constant voltage (2 V), R0, i.e. S= (R− R0)/
R0.

3. Results and discussion

Considering the importance of the interface between the solid and
gas for the mutual interactions, γ-Fe2O3 and α-Fe2O3 nanoparticles are
polycrystalline and provide high specific surface area of 95m2/g
(dTEM= 11.98 nm) and 25.3 m2/g (lengthTEM=157 nm,
widthTEM=42 nm), respectively. As observed in Fig. 1 the post-treat-
ment of γ-Fe2O3 resulted in the significant particle size increase next to
the phase transformation into α-Fe2O3, due to the sintering with the
formation of prolate worm-like aggregates [22].

The X-ray diffractograms in Fig. 2 were recorded from powders.
Visual inspection of the Bragg reflections reveals broader peaks (large
full width at half maximum FWHM) for the maghemite and sharper
peaks for the hematite. This is in line with the experience that ma-
ghemite persists only in the form of very small nanoparticles due to the
thermodynamic constraints of surface energy and size [29,30]. Indexing
of the Bragg reflections confirms the phase purity of our samples as
hematite and maghemite.

3.1. AP-XPS

The chemical interaction of Fe2O3 samples with oxygen and hy-
drogen gas molecules and resulting electronic structure changes were
monitored separately under each introduced gas atmosphere and as a
function of temperature.

3.1.1. O 1s core level
O 1s core level region (Fig. 3) of α-Fe2O3 and γ-Fe2O3 exposed to

ambient atmospheric and thermal conditions comprises a multi-com-
ponent structure. The predominant peak is attributed to the lattice
oxygen (denoted as −Ox

2 ) positioned at 530.17 eV for α-Fe2O3 and at
530.03 eV for γ-Fe2O3 at the initial applied conditions (13 Pa O2, 423 K)
and remains at this position under the subsequent hydrogen exposure
and applied temperature (13 Pa H2 at 423, 573 and 673 K). During
exposure to oxygen atmosphere (13 Pa O2 at 423, 573 and 673 K) the
main peak shifts of about 0.3 eV and 0.5 eV towards lower binding
energy for α-Fe2O3 and γ-Fe2O3, respectively and remains in this po-
sition within the entire controlled temperature range. The changes of
spectra upon applied ambient conditions are also observed for peaks
positioned at the higher binding energy side of the main peak.

Under initial conditions (13 Pa O2, 423 K) three higher binding
energy side peaks create characteristic tailing and are positioned at
about 531.9 eV (significant contribution), 532.9 eV and 533.9 eV (less
significant contribution) in case of α-Fe2O3. These peaks originate from
the non-stoichiometry related hydroxyl groups ( −OH ), oxygen ion spe-
cies ( − −O O/2

2 ) and the lowest from adsorbed water molecules (H Oads2 ),
respectively [31–34]. After the hydrogen atmosphere introduction
(13 Pa H2) the last contribution of H Oads2 disappears, while the con-
tribution of remaining peaks varies only slightly. Upon further heating
in the hydrogen atmosphere the tailing disappearance in favor of the
increasing contribution of the main peak originating from the lattice
oxygen is observed. Moreover, the 0.4 eV shift of the second peak ori-
ginating from hydroxyl groups towards lower binding energy is ad-
ditionally observed. Similar shift of hydroxyl group was observed in
BaCeY-oxide proton conductor exposed to water vapor at 532 K [35].
These observations indicate that the chemical environment of the
oxygen is more negatively charged. Upon interaction of oxide with
introduced H2 gas molecules, lattice oxygen is removed from anion
surface sites leaving behind defects, such as oxygen vacancies and re-
lated free electrons, which can be injected to the conduction band of an
oxide.

Upon the subsequently introduced oxygen atmosphere and thermal
conditions (13 Pa O2 at 423, 573 and 673 K) the contribution of the
lattice oxygen becomes predominant, and related peak shifts of 0.3 eV
towards lower binding energy and its intensity increases upon tem-
perature increase. This is due to the refilling surface oxygen vacancies
previously induced by H2 and bonding with Fe atoms at the surface. In
addition, a less significant contribution of the second component −OH
(at the level of around 1.5%), as well as a double peak at around
538–540 eV appears, corresponding to the oxygen gas phase, is ob-
served.

The O 1s core level region of γ-Fe2O3 under initial conditions (13 Pa
H2 at 423 K) is composed of three components: −Ox

2 , −OH and − −O O/ .2
2

However, the contribution of −Ox
2 is more predominant and the overall

spectral intensity is much higher than in case of α-Fe2O3 (see the dif-
ferent ordinate scale range in Fig. 2). Upon subsequent temperature
increase a decreasing contribution of the higher energy side component
is observed along with a decreasing overall spectral weight. Similarly,
as in case of α-Fe2O3, the −OH component is shifted towards the lower
binding energy of 0.3 eV. Upon the following oxygen introduction
(13 Pa O2) the overall spectral weight increases, particularly the one of
the lattice oxygen component, until it reaches the maximum at the final
oxygen exposure at 673 K, which is accompanied by the disappearance
of other components.

The precise assignment of the lower binding energy peaks origi-
nating from −OH and − −O O/2

2 is usually difficult in relation to the ex-
istence of ionizations associated with weakly adsorbed species, which
might additionally differ upon introduced gas atmospheres and thermal
conditions. These peaks are associated with the non-stoichiometry of
the semiconductor material, as these species can easily adsorb onto
active sites available on its surface, resultant of surface defects. These
non-stoichiometry-related species are strongly involved in the interac-
tion with introduced gas molecules, as their contribution significantly
decreases upon subsequently introduced gas molecules and increasing
temperature.

At the first glance at the summary of the O 1s core level presented in
Fig. 3 it is possible to make out significant differences of the spectral
shape and weight for these two Fe2O3 polymorphs. This suggests that
the their covalent character can be changed upon exposure to the cer-
tain gas atmosphere and applied temperature. The shift of the main
peak towards lower binding energy of 0.3 and 0.5 eV for α-Fe2O3 and γ-
Fe2O3, respectively, indicates that upon hydrogen atmosphere at 673 K
more negative charge is expected on oxygen atoms, as the binding
energy determined by the XPS for the core electrons of an atom is de-
pendent on the chemical state of this atom. Moreover, the lower overall
intensity of the O 1s core level spectra upon hydrogen than upon

D. Flak et al. Applied Surface Science 455 (2018) 1019–1028

1021



oxygen exposure, results from the lower ion coverage. This is particu-
larly the case of α-Fe2O3 exhibiting lower SSA. In turn, the dis-
appearance of the O 1s core level tailing in favor of an increased lattice
oxygen contribution upon increasing temperature can be related to
desorption of oxygen ion species and filling of the oxygen vacancies.
These observations are in great accordance with the proposed gas
sensing mechanisms in case of MOx semiconductors [4].

3.1.2. Fe 2p core level
Fe 2p spectra of α-Fe2O3 and γ-Fe2O3 recorded under ambient at-

mospheric and thermal conditions are presented in Fig. 4. These spectra
have been reported to be identical for both polymorphs, despite

differences in their crystal structure under UHV conditions [36,37].
These spectra have the characteristic doublet of Fe 2p1/2 and Fe 2p3/2 at
binding energies of around 725 eV and 711 eV, respectively. The Fe 2p
main peaks are accompanied by satellite structures characteristic for
Fe3+ on their higher binding energy side (8–9 eV away). This is the case
of Fe2O3 nanoparticles at initial measurement conditions (13 Pa O2 and
13 Pa H2 at 423 K). According to the GL fit the contribution of both
Fe3+ and Fe2+ is observed. The spectra of nanoparticles exposed to
hydrogen at increased temperature (13 Pa H2, 573 and 673 K) indicate
that Fe2O3 nanoparticles were partially reduced, as signified by the
broadening of the core level Fe 2p3/2 peak due to formation of reduced
species of Fe, i.e. Fe2+, as well as metallic Fe0, at lower binding energy

Fig. 2. (HR-)TEM images (a-d) and XRD diffractograms (e) of prepared γ-Fe2O3 (black color, broad reflections) and α-Fe2O3 nanoparticles (red color, sharp re-
flections. (hkl) indices for γ-Fe2O3 are noted at the bottom in black; indices for α-Fe2O3 are noted on the top of diffractogram in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Experimental (open circles) O 1s AP-XPS spectra of α-Fe2O3 (left) and γ-Fe2O3 (right) under applied gas atmosphere and thermal conditions (see description
insets in the figure). The chronological changes of introduced gas atmosphere and thermal conditions should be followed from lower to upper panel. The solid line is
the least square fit with Gaussian-Lorentzian peak profile.
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Fig. 4. Experimental (open circles) Fe 2p AP-XPS spectra of α-Fe2O3 (left) and γ-Fe2O3 (right) under applied gas atmosphere and thermal conditions (see description
insets in the figure). The chronological changes of introduced gas atmosphere and thermal conditions should be followed from lower to upper panel. The solid line is
the least square fit with Gaussian-Lorentzian peak profile.
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side. In addition, instead of a characteristic Fe3+ satellite peak, Fe2+

satellite peak is observed on the higher binding energy side. Finally, the
chemical shift of Fe 2p main peaks is observed due to the contribution
of reduced Fe species.

γ-Fe2O3 nanoparticles appear more prone to the reduction, as evi-
denced by the significant drop of the spectra intensity and contribution
of reduced Fe species including metallic Fe0, which is not the case of α-
Fe2O3 nanoparticles. Moreover, the higher intensity of the spectra in
case of γ-Fe2O3 than α-Fe2O3 nanoparticles, under initial conditions
(13 Pa O2 for α-Fe2O3 and 13 Pa H2 for γ-Fe2O3 at 423 K) is related to
the higher ion coverage of γ-Fe2O3 nanoparticles due to their higher
SSA and available cation deficient sites, as compared to α-Fe2O3.
Higher SSA offers more chemically active sites for the interaction with
surrounding gas molecules, while the oxygen deficiency, reflected in
the O1 s core level spectra, is preferred for gas adsorption and/or water
dissociation. These results are similar to those given by Graat and
Somers [38] on thin iron-oxide films. Also Deng et al. [31] reported on
α-Fe2O3 nanoparticle-based thin films, which were stable up to 700 K at
UHV conditions, while the reduction took place during further heating
up to 750 K under CO exposure, however no metallic Fe0 was found. In
turn, de Smit et al. [39] reported on the fast reduction of bulk α-Fe2O3

(SSA∼17m2/g) to metallic Fe0, in contrast to the slow reduction in
case of α-Fe2O3 (SSA∼135m2/g), which possess oxide-rich surface,
after treatment in hydrogen. Non-stoichiometry in nanoparticulated
Fe2O3 was also observed by Bora et al. [40], who found the Fe3+ oc-
tahedral to Fe2+ tetrahedral transition upon increasing temperature
(523–1173 K) in ambient air. Our observations are in good accordance
with results in mentioned above reports.

Finally, upon subsequently introduced oxygen atmosphere (13 Pa
O2) under similar to previous thermal conditions (423–673 K) sig-
nificant changes of the Fe 2p core level can be observed in case of both
polymorphs. Drastic narrowing of the Fe 2p3/2 peak takes place along
with the emerging Fe3+ satellite structure on the higher binding energy
side. The GL fit reveals contribution of two Fe species with different
ratios, predominating Fe3+ and Fe2+. This observation indicates that
the reduction of these nanoparticles is a reversible process, as the Fe
species are concerned.

3.1.3. Valence band region analysis
The XPS valence band region (VB) of α-Fe2O3 and γ-Fe2O3 (Fig. 5)

also reveals a relevant changes occurring upon the introduced gas at-
mosphere and applied temperature. These VB spectra are resultant of
the hybridization between Fe (3d) and O (2p) atomic orbitals and
consist of a main band within the binding energy range of 0–10 eV. The
main band seems to have in general a three-peak structure in the outer

valence band, which is consistent with the previously reported results
[36,41,42]. This three-peak structure is well explained by the cluster
calculations reported elsewhere [37,42]. The most intense feature
corresponds to the 2t2g (spin up) transition, with low binding energy
peaks corresponding to the 2t2g (spin up) transition and the 3eg (spin
up) transition as the second peak. The third peak located at around
6–7 eV corresponds to the 2eg transition [43].

The particular attention should be devoted here to the presence of
3eg transitions near the Fermi level energy. These are particularly re-
markable for nanoparticles under the hydrogen exposure in particular
at 673 K and can be considered as a contribution of the non-stoichio-
metry due to the oxygen deficiency. This is in agreement with findings
of Lee and Han [7], who determined the oxygen deficiency in α-Fe2O3

under high temperature conditions with the ab initio method. Upon the
comparison of these two polymorphs such contribution is more pro-
nounced for γ-Fe2O3, as it also appears under oxygen atmosphere ex-
posure at 573 K and 673 K, however not at the initial temperature of
423 K. This may indicate reorganizations of the oxygen non-stoichio-
metry between bulk and surface of those nanoparticles. The intensity of
the spectra significantly decreases upon subsequent oxygen introduc-
tion and remains similar upon following applied temperatures
(423–673 K). This is related to the difference in the number of valence
states. Therefore, nanoparticles exposed to the reducing atmosphere
(hydrogen) exhibit more covalent character. The comparison of spectra
of both polymorphs reveals in turn a higher spectral intensity in case of
γ-Fe2O3 nanoparticles (similarly for core levels), what also suggests that
γ-Fe2O3 nanoparticles have more covalent character than α-Fe2O3, in
particular upon interaction with hydrogen. This indicates simply
stronger hybridization between Fe (3d) and O (2p) states (FeeO bond
electrons move towards Fe (3d) derived states) [36]. These results are
in agreement with changes observed in case of O 1s and Fe 2p core
levels.

In summary, a distinct reactivity of two Fe2O3 polymorphs with
hydrogen and oxygen gas atmospheres at various temperatures was
found with the in situ XPS, in terms of their electronic structure changes.
The interaction of Fe2O3 nanoparticles surface with oxidizing and re-
ducing gas molecules can be considered in general as a catalytical re-
action (reduction or oxidation at the MOx surface), giving a rise to a
significant changes in the free electron concentration, which finally
results in changes in the electrical behavior. In our previous publication
we showed that the conductivity of this material is of electronic origin,
Arrhenius activated and strongly affected by the interaction with hy-
drogen. Considering gas sensing purposes, α-Fe2O3 exhibits larger re-
lative conductivity changes as a function of temperature upon exposure
to the air and hydrogen atmosphere [22]. The final reactivity of these

Fig. 5. XPS valence band spectra VB of α-Fe2O3 (left) and γ-Fe2O3 (right) under applied gas atmosphere and thermal conditions (see description insets in the figure).
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two polymorphs seems to have in general similar character. However,
the way they undergo resolves relevant differences. A significant con-
tribution of the oxygen vacancy defect states and related material non-
stoichiometry was revealed with the O 1s and confirmed with Fe 2p
core level analysis. Moreover, it was evidenced here that γ-Fe2O3 un-
dergoes the reduction preferentially with a contribution of metallic Fe0

unlike α-Fe2O3. This process seems to be almost entirely reversible
within the processing parameter range applied here. Higher intensity of
VB region of reduced samples particularly in case of γ-Fe2O3 and re-
distribution of the spectral weight from lower to higher binding energy
upon hydrogen exposure (transitions near the Fermi level) can be in-
terpreted with the significant changes of the FeeO bonding in the de-
fect vicinity. This is related to the difference in the number of the va-
lence states and suggests more covalent character of γ-Fe2O3

nanoparticles. These in turn indicate the higher concentration of charge
carriers within the band gap, which are available for the transfer to the
conduction band, that play a crucial role in a sensing of materials for
resistive gas sensors.

3.2. NEXAFS

The electronic structure of two Fe2O3 polymorphs was simulta-
neously probed with the ambient pressure NEXAFS spectroscopy.
Normalized O K-edge spectra of α-Fe2O3 and γ-Fe2O3 under hydrogen
atmosphere are depicted in Fig. 6. The pre-edge region with the low
energy transition from the atomic-like 1s state to unoccupied O (2p)
orbital hybridized with Fe (3d) orbital of transition metal atom at
530 eV shows the well-known double peak character. The splitting into
t2g and eg orbital symmetry states originates from the crystal field
splitting according to the ligand-field theory. Peaks at higher energy
correspond to O (2p) state hybridized with 4s, 4p states of transition
metal oxides, originating from scattering resonance effects.

The pre-edge region at around 530 eV shows the well-known double
peak character, indicating after one-electron transition model [44] the
presence of Fe3+ ion states. Such double peak character of the pre-edge
region is more pronounced in case of α-Fe2O3, particularly at idealistic
UHV conditions or at the initial temperature of 423 K. γ-Fe2O3 exhibits
less developed double peak character of the pre-edge region suggesting
the contribution of the reduced Fe2+ next to Fe3+, what is confirmed by
the comparison of experimental spectra with the reported one in the
literature for FeO and Fe3O4 [40,44,45]. This is also in agreement with
presented above AP-XPS results. The comparison of these spectra with
previously reported spectra from similar samples measured upon

idealistic UHV conditions [10], as well as with those reported by Gajda-
Schrantz et al. [46] for hematite samples given to the heat-treatment
(250–1000 °C) in air atmosphere, or by Bora et al. [40] for temperature
induced non-stoichiometric Fe2O3, reveal significant dissimilarities.
This proves that the applied ambient atmosphere and thermal condition
significantly affects the electronic structure of α-Fe2O3.

Upon further exposure toward the hydrogen gas molecules and in-
creasing temperature this peak splitting character significantly di-
minishes, as a strong overlap of these two peaks in pre-edge region is
observed. O (2p)–Fe (3d) hybridization seems to be associated with a
distortion, particularly in case of γ-Fe2O3. Upon further hydrogen ex-
posure at 673 K the oxygen signal cannot be anymore well dis-
tinguished (insets in Fig. 6). Along with distorted hybridization a new
feature at around 534 eV is emerging. This might be assigned to the
presence of the molecular oxygen, due to its release upon heating and
due to the low rate of the interaction with hydrogen molecules [44].
Moreover, the broadening and shifting towards lower photon energy of
the region resultant of the hybridization of transition metal atoms Fe
(4s, 4p) with O (2p) state is observed. These observations are indicative
of the reduction of the oxide surface upon exposure toward hydrogen
under applied thermal conditions as the number of d electrons clearly
increases.

Normalized Fe L-edge NEXAFS spectra of α-Fe2O3 and γ-Fe2O3 ex-
posed to the hydrogen and oxygen atmosphere at applied temperatures
are presented in Fig. 7. In case of α-Fe2O3 Fe L-edge spectra were firstly
measured under the oxygen atmosphere at 423 K and followed by
measurements under the hydrogen atmosphere and oxygen at increased
temperatures in order to observe the impact of the order of the gas
introduction. The distinct splitting, particularly at L3-edge, with the
small intensity pre-peak followed by the main peak, attributed mostly
to Fe3+ valence form is observed at the initial gas atmosphere and
thermal conditions (13 Pa O2 and 13 Pa H2 at 423 K). Upon further
temperature increase such structure of L3 and L2-edge become changed.
Then upon the firstly introduced hydrogen atmosphere a significant
intensity drop of peaks along with their broadening and shifting toward
lower energy, as well as the peak splitting is observed. At 673 K upon
hydrogen exposure the structure of L-edges remains as a broad and low
intensity peak at lower energy. Such behavior, similarly as in case of O
K-edge, indicates the occurrence of the reduction of the metal oxide
surface. The predominating valence form of iron is Fe2+, what is con-
sistent with the observed XPS Fe2p core level. Then the introduction of
the oxygen atmosphere at decreased temperature (13 Pa O2, 423 K)
results in a restoration of the electronic structure to its initial state with

Fig. 6. Normalized O K-edge NEXAFS of α-Fe2O3 (left) and γ-Fe2O3 (right) under applied gas atmosphere and thermal conditions (see description insets in the figure).
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the double peak splitting of L-edges and significant increase of the
spectral intensity. This indicates that Fe3+ is a predominating valence
form of iron. Therefore, the introduction of oxygen into the highly
oxygen deficient surface of metal oxide seems to reverse the reduction
effect. Upon further temperature increase under the oxygen atmosphere
the double peak character of pre-edge region remains, however overall
spectral intensity decreases. This decrease is resultant of the increasing
number of d electrons and related contribution of Fe2+.

In situ AP-NEXAFS results reveal that the electronic structure of
these two phases of Fe2O3 nanoparticles strongly depends on the sur-
rounding gas atmosphere and thermal conditions. γ-Fe2O3 is more
susceptible to the reduction, however it undergoes as easily the re-
oxidation as α-Fe2O3.

3.3. Sensor response

Observed resultant reversible electronic structure changes of γ-
Fe2O3 and α-Fe2O3 upon oxidizing and reducing gases exposure in-
dicate that these nanoparticles can be exploited for gas sensing pur-
poses. Therefore, the gas sensor response of γ-Fe2O3 and α-Fe2O3 to-
wards hydrogen, as a function of the gas concentration and operating
temperature was investigated and is presented in Fig. 8. Two con-
ductivity types can be resolved as S < 1 denotes n-type conductivity
and S > 1 denotes p-type conductivity. γ-Fe2O3-based sensor shows n-
type conductivity up to 573 K, while α-Fe2O3-based sensor p-type
conductivity. This correlates with the XPS and NEXAFS results, where γ-
Fe2O3 have been shown to offer more active sites for hydrogen gas
molecules interaction, which results in surface oxygen deficiency, as
well as presence of reduced Fe species. This is a cause of free electrons
release into the conduction band and thus n-type conductivity behavior.
At the temperature of 673 K the conductivity type of γ-Fe2O3-based
sensor changes from n-type to p-type, what is also accompanied by the
decrease of the sensor response. This can be related to the structure
reordering with the contribution of the iron vacancies and associated
electron holes. In both sensor cases the strongest sensor response is
observed at operating temperature of 523 K.

4. Conclusions

The chemical interaction of surrounding gas molecules with the two
polymorphic forms of Fe2O3 nanoparticles was investigated with the in

situ ambient pressure XPS upon the oxygen and hydrogen exposure and
applied temperature of 423–673 K. Results indicate that the interaction
of Fe2O3 surface with the oxidizing and reducing gas molecules can be
considered as a catalytic reaction at the semiconductor surface (oxi-
dation and reduction) giving a rise to distinct changes in the free
electron concentration and resultant changes in the electrical behavior.
The reactivity of these two polymorphs seems to have a similar char-
acter based on the contribution of oxygen vacancy defect states and
related material non-stoichiometry. However, some differences can be
still resolved such as: γ-Fe2O3 undergoes the reduction preferentially
with a contribution of metallic Fe0 and exhibits more covalent character
of γ-Fe2O3 than α-Fe2O3. Observed reduction process is almost entirely
reversible. Simultaneously, the electronic structure was monitored by
the ambient pressure NEXAFS. Iron chemical state was found to be
affected by switching the gas atmosphere from reducing to oxidizing
and also upon changing the temperature. At the initial temperature of
423 K and upon oxygen exposure Fe3+ is the dominant form particu-
larly for α-Fe2O3, while γ-Fe2O3 exhibits a significant contribution of
the reduced Fe2+ next to Fe3+. In turn, upon exposure towards

Fig. 7. Normalized Fe L-edge NEXAFS of α-Fe2O3 (left) and γ-Fe2O3 (right) under applied gas atmosphere and thermal conditions (see description insets in the
figure).

Fig. 8. Sensor characteristics of hydrogen detection with α-Fe2O3 and γ-Fe2O3

nanoparticles-based sensor under different operating temperatures. Note: “−”
and “+” signs of sensor response correspond to the n-type and p-type con-
ductivity, respectively.
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hydrogen and increasing temperature the reduction of the oxide surface
occurs (greater in case of γ-Fe2O3). However, upon the following
oxygen exposure, a rapid re-oxidation process is observed already at
low temperature of 423 K. Prepared γ-Fe2O3 and α-Fe2O3 nanos-
tructures exhibit high n-type and p-type sensor response towards hy-
drogen, respectively, in a wide concentrations range, therefore have the
potential as sensing materials.
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