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Abstract 

Electron energy loss spectroscopy (EELS) in the transmission electron microscope (TEM) was used to compare the iron oxidation state 
at the surface and intc1ior of -y-Fe20 3 nanopatticles produced by the combustion process under fuel conditions leading to low and high soot 
concentrations. These experiments were performed in the nanoprobe mode, which allowed for very high spatial resolution (the probe size 
was 1.4 nm). Hen:, low soot concentrations were obtained in a laminar ethylene-air diffusion name seeded with iron pentacarbonyl, while 
high soot concenn·ations were achieved with the addition of acetylene to this fuel mixture. The studies showed that the surface oxidation 
state of iron was lowered with the addition of acetylene, although the core composition remained the same. This was indicated by changes in 
hath the iron L23 - and the oxygen K-edges at the smface of the pattieles. These highly spatially-resolved measurements showed a chemical 
shift of both theL, and L2 iron lines, accompanied by significant reduction of the L1:L2-intensity ratio, indicating Fe2+ at the particle surface. 
Reduction in the pre-edge peak of the oxygen K-edge at the pa1ticle surface also indicated iron reduction at the smface. These results suggest 
that the smface oxidation state, and therefore gas-sensing prope1ties, of combustion-synthesized iron oxide nanoparticles is highly dependent 
on flame conditions. Furthermore, this study shows that EELS is an important research tool for the investigation of nanoscale gas-sensors, 
allowing differentiation of composition and oxidation state at the interior and surface of individual nanostructures in these materials. 
© 2005 Elsevier B.V. All tights reserved. 
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1. Introduction 

In recent years, semiconducting metal oxides have 
attracted substantial attention as promising inexpensive gas­
sensing materials. Some of the most extensively studied for 
sensing applications are: titanium oxide (Ti02) [1-6], indium 
oxide (In203) [7-12], gallium oxide (Ga203) [13-20], and 
especially tin oxide (Sn02) [5,19,21-27]. A number of stud­
ies have also focused on iron oxide (Fe203 ), which, especially 
in the gamma, cubic phase, exhibits good sensing charac­
teristics towards hydrocarbon gases and carbon monoxide 
[28-34] . The sensitivity of iron oxide-based sensors can be 
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enhanced by various doping schemes and a number of dif­
ferent dopants such as Pd [29], Sn [35-37], Ti [37], Zn 
[38,39], etc. While doping is an important factor for con­
trolling the sensing characteristics, the sensor structure, and 
especially the thickness of its active layer, also has a great 
influence on the sensitivity. In fact, bulk and thick-film type 
sensors exhibit a relatively low sensitivity, which substan­
tially improves when the same sensing material is used in a 
thin-film type sensor. The improvement is even greater when 
a nanosized material is used. Indeed, experimental studies 
of sensors produced from Sn02 nanopowders have shown 
a systematic increase in sensitivity with decrease in grain 
size. This increase becomes very drastic when the grain size 
approaches the double Debye length for electrons, i.e. where 
the total depletion from carriers is expected to occur within 
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grains [ 40,41 ]. The increase of sensitivity can also be sim­
ply explained by the fact that by reducing the grain/particle 
size to the nanometer range, its surface-to-bulk ratio greatly 
increases and it is the metal oxide surface where the gas­
sensing takes place. Therefore, there is an increasing interest 
in using nanosized metal oxides for gas-sensing applications 
[1 ,23,42-45]. 

Various methods have been used to produced nanosized 
iron oxide powders, including chemical co-precipitation 
[46,47], sol-gel processes [33,43], spray pyrolysis [45], 
plasma enhanced chemical vapor deposition [48], and laser 
ablation [ 49,50]. Here, in this work, we studied iron oxide 
nanopaiticles prepared by a combustion method under con­
ditions of high and low soot formation. Energy electron loss 
spectroscopy (EELS) at high spatial resolution was used to 
study the chemical composition of these particles with the 
emphasis placed on detecting any changes at the particle sur­
face, since such changes can modify gas-sensing prope11ies of 
the nanopowder material. Results of this study are discussed 
in relation to the gas-sensing mechanism of iron oxide-based . 
sensors. Discussion of the impact of surface chemistry and 
particle morphology on the respiratory toxicity of these mate­
rials may be found in ref. [51]. 

2. Experimental 

Iron oxide nanoparticles with sizes ranging from 10 to 
40 nm used for this study were produced in a laminar diffu­
sion flame under conditions of low and high soot formation . 
Under conditions producing a low soot concentration, a lam­
inar ethylene-air diffusion seeded with iron pentacarbonyl 
was used, while high soot concentrations were achieved with 
the addition of acetylene to this fuel mixture. In both cases, 
particles were collected on holey carbon-coated, copper mesh 
g1ids using an electrostatic precipitator, for examination in the 
transmission electron microscope (TEM) and characteriza­
tion by electron energy loss spectroscopy (EELS). Nanopar­
ticles from the high-soot sample are referred to here as group 
A. The TEM study of these particles shows that they are 
embedded in carbonaceous soot and have a tendency to form 
big clusters (Fig. IA) . Nanoparticles from the low-soot sam­
ple are referred lo here as group B, have much less orno soot 
ai·ound them, and they are either completely isolated from 
each other or form small clusters composed usually of only 
two particles (Fig. 18). 

EELS studies of these nanopciwders were performed using 
a 200 kV CM200 Philips microscope with a field emission 
gun (producing a beam of energy spread 0.85 eV at HWFM). 
EELS measmements were caffied out in the scanning trans­
mission electron microscopy mode and the smallest possible 
probe size of 1.4 nm was applied. EELS spectra with a dis­
persion of 0.3 eV were collected using a Gatan Image Filter 
(with energy resolution of ~0.9 eV). Both the oxygen K- and 
the iron l,23-EELS ionization edges were acquired. Short 
acquisition times (5 s) were chosen to minimize undesired 

Fig. I . TEM micrographs of particles from (A) group A and (B) group B. 

drift-related effects (substantial reduction in spatial reso­
lution, etc.). Since measurements were carried out in the 
nanoprobe mode with the smallest probe, such short acqui­
sition limes significantly reduced the signal-to-noise ratio in 
the recorded EELS spectra. Therefore, in order lo improve 
it, which was especially important for spectrum quantifi­
cation, spectra recorded from several particles were added 
together and the resulting spectrum was analyzed and quan­
tified. Details of the quantification methods used in this study 
are the subject of a sepamte publication [ 52] and they are only 
briefly described in the following paragraph. 

The L3 :L2 intensity ratio of the iron L-white lines was 
quantified in order to determine the iron oxidation state. 
The standard technique of background removal by fitting a 
power law formula below the ionization edge was applied 
[53] . The contribution to the iron L23-ionization edge, orig­
inating from the transitions to the continuum of states, was 
then removed under each L-line using Pearson's method [54] 
and the intensity of each line was quantified by fitting two 
Gaussian functions (in order to account for the line asym­
metry). Commercially available pure phase nanopowders of 
several phases ofiron oxide were used for calibration. Results 
obtained for standards were consistent with the L3 :L2 inten­
sity ratios of iron oxide phases reported by Colli ex et al. [55] 
Therefore, we used the values from their paper as reference 
for phase identification in nanoparticles produced in the com­
bustion process. 

3. Results 

EELS measurements show a difforence between the two 
groups of iron oxide nanoparticles. It was found that almost 
all particles from group A (i.e. particles embedded in the soot) 
show systematic, very similar differences between their bulk 
and surface properties. Spectra collected from such particles 
( obtained after averaging of spectra from 10 nanoparticles ), 
measured at the particle center and at its edge, are shown 
in Fig. 2. There is a clear difference in the fine structure 
of the oxygen K-edge between these two spectra. Namely, 
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Fig. 2. EELS spectra of the oxygenK- and ironL23-ionization edges mea­
sured in the center and at the surface of iron oxide nanoparticles from group 
A (spectra shown here were obtained by adding data from IO nanoparticles). 
Spectra are offset for clarity. Arrows show two features of the 0- K-edge 
typical for -y-Fe203 . 

there are much higher intensities of: (1) the pre-edge peak 
at -530 eV and (2) the peak at around 545-500 eV (shown 
by arrows in Fig. 2) in the spectrum measured at the parti­
cle center. Substantial differences are also present in the iron 
L23-ionization edge, which was evident when the quantifica­
tion of the iron £-lines was pelformed. This quantification 
showed that the L3 :L2-intensity ratio in the center of such 
a particle is about 5.5 ± 0.3 compared lo about 4.4 ± 0.4 al 
the surface (Table 1). In addition, the separation between the 
L2- and L3-lines remains constant (about 13 eV), but a sig­
nificant chemical shift of about 0.6 ± 0.3 eV was detected 
between these two spectra. This also can be seen from Fig. 3, 
where normalized EELS spectra of the iron L23-ionization 
edges measured in the center and al the surface of such par­
ticles are shown. These observations are consistent with the 
findings of Wallis et al. [56] who showed a similar reduced 
layer on iron oxide pa11icles. 

In the case of nanoparticles from group B, formed under 
low soot conditions, two different surface chemistries are 
observed. About 60% of these particles (six out of 10), which 
will be refeITed as particles of group Bl, have properties 
remarkably similar to these found for nanoparticles from the 
A group (see Table 1 ). The L3:L2-intensity ratio of iron white 
lines is again 5.5 ± 0.3 at the center and is about 4.0 ± 0.3 at 
the surface. Also the chemical shift of about 0.7 ± 0.3 eV of 

Table I 
Quantification results for iron L-lines 

Nanoparticlcs 

A 
Bl 
B2 

L3 :L2-intcnsity ratio 

Center 

5.5±0.3 
5.5 ±0.3 
5.2±0.3 

Edge 

4.4 ±0.4 
4.0±0.4 
4.7±0.4 

Chemical shift ( c V) 

0.5 ±0.3 
0.7±0.3 
0.1 ±0.2 

0.7 ± 0.4 
0.7±0.4 
0.2±0.2 
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Fig. 3. Normalized EELS spectra of the ironL23-ionization edge measured 
in the center and at the surface of particles from all three groups. Spectra were 
offset for clarity. Arrows indicate chemical shift between spectra measured 
in the center and at the surface. 

the iron L23-ionization edge was detected between the edge 
and the center of such particles (see Fig. 3). 

The rerpaining 40% (four out of 10) of particles of the 
group B, which will be referred to as particles of the group B2, 
have different properties. The L3 :L2-intensity ratio measured 
for these particles differs only slightly between the center and 
the edge of the particle (5 .2 ± 0.3 versus 4.7 ± 0.3) and there 
is almost no chemical shift between the iron L23-ionization 
edges measured in the center and at the surface of such parti­
cles (see Table 1 and Fig. 3). In addition, the oxygen K-edge 
spectra measured in the center and at the edge of these parti­
cles are similar. 

4. Discussion 

The observed changes in the EELS spectra between the 
edge and the center of a particle from group A or B 1 indi­
cate that the chemistry of such a particle is modified at the 
surface. Results obtained in the center of such a particle, 
both the value of the L3:L2-intensity ratio, as well as the fine 
strncture of the oxygen K-edge, suggest that the core of the 
particle is composed of either -y-Fe203 or Fe304 [55]. This 
is consistent with X-ray diffraction and selected area elec­
tron diffraction measurements [57,58], which indicate that 
particles are composed mostly of -y-Fe203, as well as with 
previous studies [59], which indicate that -y-Fe203 is a typ­
ical iron oxide product of the combustion process. On the 
other hand, the surface layer of such a particle is composed 
ofFeO as indicated bythel3 :L2-intensityratio of about 4 and 
by the very weak intensities of the oxygen K-edge features 
indicated in Fig. 2 [55]. In the case of particles from group 
B, formed under low soot conditions, only a subset (60%) of 
the nanopa11icles show this lower iron oxidation state at the 
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nanoparticle surface. The particles that were covered with a · 
substantial layer of soot and were not exposed to an oxidiz­
ing environment in the flame would be expected to exhibit the 
reduced surface layer. On the other hand, iron particles that 
were covered with a thin layer of soot that burned off readily 
at the flame tip were exposed to a high temperature-oxidizing 
environment. This condition led to full oxidation to Fe203 . 
Variations in the soot layer on particles is expected in view of 
the fairly broad soot particle size distribution in flames that 
occurs as a result of aerosol coagulation and growth processes 
in the inhomogeneous environment of a diffusion flame. This 
type of flame exhibits large gradients in temperature and con­
centration that affect the history of particles as they pass from 
a fuel rich interior to a bum-out or oxidation zone at the flame 
tip. 

The results indicate that while the bulk properties of iron 
oxide nanoparticles may remain the same under a range of 
combustion conditions, the sm·face oxidation state of iron, 
and therefore the gas-sensing capability of the nanoparticles, 
is highly dependent on the flame conditions. In the com­
monly accepted mechanism of -y-Fe203-based sensors, the 
surface of the -y-Fe203-based sensor is reduced to Fe304 
when exposed to a reducing gas atmosphere (60) . Since 
Fe304 is much more conducting than the -y-Fez03, the resis­
tivity of the -y-Fe203 film decreases during exposure to a 
reducing gas. Such a process does not require any signifi­
cant change of the structure since both -y-Fe203 and Fe304 
have the same spine! type crystal structure and their lattice 
parameters ditler only very slightly. 

5. Conclusions 

Spatially-resolved EELS measurements were used to 
study iron oxide nanoparticles produced in a combustion pro­
cess. The study showed that the oxidation state of iron at the 
surface of the nanoparticles, and therefore their gas-sensing 
properti_es, is highly dependent on the flame conditions (fuel 
mixture/position in flame). EELS performed in STEM mode 
is an important spectroscopic and analytical technique, capa­
ble of studying at a very high spatial resolution the oxidation 
state and composition at the cores and surfaces ofnanosized 
materials. This technique provides additional information rel­
evant to gas-sensing properties, normally not accessible with 
bulk characterization techniques, and further insight into the 
gas-sensing mechanism in these materials. 
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