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Abstract
Background: The thermal stability of iron oxide nanowires, which were obtained with a hard template method and are promising

elements of Li-ion based batteries, has been investigated by means of thermogravimetry, infrared and photoemission spectroscopy

measurements.

Results: The chemical state of the nanowires is typical of the Fe2O3 phase and the stoichiometry changes towards a Fe3O4 phase by

annealing above 440 K. The shape and morphology of the nanowires is not modified by moderate thermal treatment, as imaged by

scanning electron microscopy.

Conclusion: This complementary spectroscopy–microscopy study allows to assess the temperature limits of these Fe2O3 nanowires

during operation, malfunctioning or abuse in advanced Li-ion based batteries.
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Introduction
The ever-growing need for energy is pushing research towards

the study and development of new energy storage and conver-

sion tools with high efficiency such as Li-ion based batteries

[1]. The request of stable low-cost components with a high

energy-density is leading to the development of nanostructured

metal oxides [2-4], because the nanostructuring allows a high

specific capacity [5-13]. These considerations brought the

development of a new variety of transition metal oxide based
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systems [14-24]. Within this context, iron oxide systems are

convenient materials because of their low cost and environ-

mental sustainability.

One of the important issues in Li-ion batteries is the chemical

and thermal stability of the components. Fe2O3 presents a defi-

nite chemical phase (Fe3+) with a high chemical stability, while

the mixed chemical state of Fe3O4 (Fe2+/3+) might induce insta-

bilities during its use as electrode material. In the present work,

we present a spectroscopic and morphologic characterization of

Fe2O3 nanowires (NWs), which were produced by means of a

hard template method [25] that allows for a good control over

the size of the nanoparticles [26]. The characterization was

carried out as a function of the annealing temperature in order

to assess the thermal stability of the NWs and the temperatures,

above which a chemical reduction of the Fe ions takes place.

Thermogravimetry measurements distinctly show the mass

reduction due to oxygen loss, and infrared transmittance and

core-level photoemission measurements allow to follow the

reduction process of the iron ions at different temperatures,

showing the chemical reduction to Fe3O4 starting at moderate

temperatures (above 440 K).

Experimental
Thermogravimetry (TGA) measurements were performed by

means of a Setaram Setsys Evolution 1200 apparatus, equipped

with a mass spectrometer Pfeiffer Vacuum Quadstar QMS200.

To identify all possible gaseous products, survey scans in the

mass range between 1 and 100 amu were recorded. The TGA

measurements were performed by heating in vacuum (approx.

10−4 mbar) at 0.5 K/min. Infrared spectra were collected by

means of an Agilent Cary 660 spectrometer with a resolution of

1 cm−1 in the frequency range between 430 and 1100 cm−1. The

spectra were the mean of at least 100 scans for each sample.

The NW oxide powders were ground and mixed with dried KBr

in a weight ratio of about 1:100. The mixed powders were

pressed in a circular die in order to have self-standing pellets.

The transmission of each sample was calculated as the ratio

between the intensity transmitted by each pellet and the inten-

sity transmitted by a pure potassium bromide pellet, produced in

a similar way. Field-emission scanning electron microscopy

(SEM) images have been taken at the Sapienza Nanotech-

nology and Nanoscience Laboratory (SSN-Lab), with a Zeiss

Auriga 405 instrument (nominal resolution of 1.0 nm at

maximum magnification, beam energy of 10 keV). The X-ray

photoemission spectroscopy (XPS) measurements have been

carried out at the Lotus laboratory at the “Università di Roma

La Sapienza”, in an ultra-high vacuum (UHV) system with a

base pressure of 1 × 10−10 mbar, un-monochromatized Al Kα

photon source (hν = 1486.7 eV), hemispherical electron

analyzer with a pass energy of 100 eV. The binding energy

(BE) with respect to the Fermi level has been calibrated at the

Au-4f7/2 core level (84.0 eV BE).

The iron oxide nanowires have been obtained by means of a

hard template method. The hard template is mesoporous silica

(SBA-15) synthesized through the sol–gel method. In order to

embed the iron oxide nanowires, 0.01 M Fe(NO3)3·9H2O was

dissolved in 50 mL of ethanol and added to 1 g of SBA-15. This

solution was mixed at room temperature, dried at 310 K for

1 week, and the resulting powder was sintered at 820 K to

promote the decomposition and dehydration of NOx. After

etching, washing and filtering, we obtained the Fe2O3

nanowires. A detailed description of the production procedure

has been reported elsewhere [25]. For the spectroscopic investi-

gation, the nanowires were finally dispersed in ethanolic solu-

tion, deposited onto Si and Cu substrates, and dried in vacuum

before analysis.

Results and Discussion
TGA measurements were performed both on the as-produced

nanowire sample (sample 1) and on a nanowire specimen

heated in vacuum (p < 10−4 mbar) for 24 h at 350 K (sample 2),

in order to clean the surface and to mimic the baking procedure

that was carried out before the XPS measurements. In Figure 1

we report the mass variation of both samples and the correspon-

dent signals detected by the mass spectrometer for m/z = 32

(oxygen molecule). Sample 1 displays a smooth, almost linear,

loss of mass, which reaches a value of Δm/m ≈ −0.03 around

T1 = 470 K and increases further with higher temperatures.

Correspondingly, the mass spectrometer detects a high value of

the oxygen signal, which decreases with increasing tempera-

tures. In the case of the nanowire specimen with a cleaned

surface (sample 2), the mass variation is higher and reaches

values of Δm/m ≈ −0.04 around T1 = 470 K, and Δm/m ≈ −0.08

around T2 = 560 K. The mass spectrum of Sample 2 displays a

well evident oxygen peak below 470 K. These experiments

suggest that oxygen loss from the nanowired samples takes

place in any case below 470 K, even if its amount depends on

the cleanliness of the surface. Indeed, the higher value of Δm/m

of the pre-heated sample (sample 2) suggests that the surface of

the as-prepared nanowires can be covered by a layer acting as a

barrier that prevents oxygen loss. However, these experiments

are not conclusive about which iron oxide is obtained after the

loss of O2. Therefore, we used infrared and XPS spectroscopy

in order to identify the phase changes that are induced by the

thermal treatment.

Infrared (IR) spectroscopy measurements were performed at

room temperature (rt) on sample 2 and on two samples, which

were obtained by heating sample 2 in vacuum (≈10−4 mbar) up

to 470 K (sample 3) and up to 560 K (sample 4). The IR trans-
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Figure 1: Temperature dependence of the signal of the mass spectrometer for m/z = 32 (left) and of the total mass variation Δm/m (right), of the
as-produced nanowire sample (red lines, sample 1) and of the nanowire specimen after a thermal treatment (TT) at 350 K for 24 h in vacuum (blue
lines, sample 2).

Figure 2: Infrared spectrum (normalized transmittance signal) of the
nanowire sample (sample 2, red line), and of the specimen obtained
from sample 2 after a thermal treatment at 470 K (sample 3, green
line) and at 560 K (sample 4, blue line). In order to compare the trans-
mission of different oxide powders, the transmittance spectra have
been normalized. Data are vertically stacked, for the sake of clarity.

mittance spectra of those samples are reported in Figure 2.

Sample 2 shows an IR phonon spectrum that strongly resem-

bles that of hematite, α-Fe2O3 [27], with a smooth transmit-

tance between 500 and 650 cm−1 and the broad phonon band

centered around 950 cm−1. However, we can observe a

minimum of the transmittance around 700 cm−1, which is a

fingerprint of maghemite (γ-Fe2O3) [27]. Thus, the clean

sample 2 presents features that are typical of a mixture of α- and

γ-Fe2O3. The infrared spectrum of the sample heated at 470 K

(sample 3) is very similar to that of sample 2, while after the

thermal treatment at 560 K (sample 4), the minimum around

700 cm−1 becomes deeper and the transmittance below

600 cm−1 decreases, which strongly resembles the infrared

spectrum of magnetite, Fe3O4 [27].

The evolution of the infrared spectra with temperature indicates

that in the pristine α-Fe2O3 material, there is a minor contribu-

tion of γ-Fe2O3, the concentration of which remains practically

unchanged when the sample is heated to about 470 K, but

increases significantly after a thermal treatment at T2 = 560 K.

Moreover, at T2 a significant part of the sample is transformed

into magnetite. We remark that the IR spectra are measured in

transmission mode, so that they probe the whole thickness of

the NW powders and are not limited to their surface. This issue

is important to compare the IR conclusion with the results of the

XPS core levels, with higher surface sensitivity.

The iron oxide nanowires have been deposited onto a Si surface

and imaged by SEM at rt before and after a thermal treatment at

650 K, to observe whether any morphology modification took

place. the resulting images are shown in Figure 3. The NWs

assemble in bundles that are a few hundreds of nanometers
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Figure 3: SEM images of the Fe2O3 nanowires deposited on a Si surface before (left) and after (right) thermal treatment at 650 K.

thick and several micrometers long. The individual NWs are

visible within the bundles, as long parallel nanometer-thick

rods. After the thermal treatment that changes the oxidation

state of Fe in the NW, they do not change either shape or

morphology in the bundled structure. Thus, the thermal treat-

ment causes a chemical reduction, while not affecting the struc-

ture of the assembly, which renders the NWs a stable system for

potential use in batteries, even after heating. We underline that

heating at 650 K is by far a much higher temperature than what

is to be expected in any device.

The oxidation state of the Fe atoms can be determined by an

analysis of the Fe core levels [28,29]. We confirm the ther-

mally induced reduction at moderate temperatures of the Fe

ions in the NWs by the X-ray photoemission spectroscopy

analysis of the Fe 3p core level. The XPS Fe 3p core-level data

of the Fe2O3 NWs, taken at rt and after subsequent steps of

thermal annealing, are shown in Figure 4. The Fe 3p signal of

the clean Fe2O3 system at rt, which is roughly centered at 56 eV

BE, presents the characteristic structure that is associated with

multiple oxidation states [30-32].

We  f i t  t he  expe r imen ta l  da t a  w i th  t h r ee  Vo ig t

(Lorentzian–Gaussian) functions with all peaks having the same

Gaussian width (GW = 1.8 eV) and Lorentzian width

(LW = 1.0 eV). The lineshape and BE of the Fe 3p core level

confirm the Fe3+ oxidation state [32] of the Fe2O3 NWs. The

Fe 3p XPS spectra that were taken after annealing the NWs at

increasing temperatures present the emerging of a further mani-

fold of peaks, at lower BE, the relative intensity of which grows

as a function of temperature. This lower-BE manifold is asso-

ciated to the Fe2+ oxidation state, and we fit it with three more

Voigt functions, in analogy to the previous manifold. The

evolution of the relative intensity of the Fe3+ and Fe2+ signal as

evaluated from the fit, is shown in the right panel of Figure 4.

Data analysis shows that already at 470 K, the reduction of iron

ions has taken place, and finally a 60:40 ratio of Fe2+/Fe3+ is

reached at 650 K. These spectroscopic data fully confirm the

observed thermal-induced reduction of Fe2O3 to Fe3O4 at

moderate temperatures.

The XPS measurements are more sensitive to the properties of

the surface than the infrared spectroscopy measurements, in fact

the electron mean free path of the photo-electrons is of the order

of 1 nm in this energy range. Both experimental techniques

indicate that at 470 K the sample has transformed into Fe3O4.

However, while infrared measurements show an almost abrupt

change from Fe2O3 to Fe3O4 between 470 K and 560 K, XPS

measurements can sensitively detect the progressive change of

the iron ion valence above room temperature. In particular, the

appearance of divalent Fe ions is clearly visible above 440 K. In

fact, XPS probes mainly the physical properties of the very

surface. Therefore, the comparison between the data obtained

by IR and XPS, strongly indicates that the reduction of iron

oxide nanowires starts from their very surface and is completed

in the bulk only around 560 K.

Conclusion
We characterized the mass loss and spectroscopic change of

Fe2O3 nanowires obtained through a hard template method [25],

as a function of the annealing temperature, by means of thermo-

gravimetry, IR and XPS spectroscopy. Heating the NWs

induces an oxygen loss from the surface and a subsequent

reduction of the Fe ions from a 3+ to a prevalent 2+ oxidation

state at moderate temperatures (above 440 K). The reduction

starts from the NW surface and progressively extends into the

bulk, as determined by comparing the IR (bulk sensitive) and

XPS (surface sensitive) techniques. Despite the chemical
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Figure 4: XPS of the Fe 3p core levels as a function of the annealing temperature. Left panels: XPS rough data (black dots), total fitting curves (red
continuous lines), along with the deconvolution with contributions associated to the Fe3+ (light color curves) and Fe2+ (darker color curves) manifold
components. Right panel: relative intensity estimations of the Fe3+ (red dots) and Fe2+ (black triangles) content in the NWs as a function of the
temperature, as obtained from the fitting of the XPS experimental data (see text).

change, the NWs maintain the same shape and size, as imaged

by SEM. The chemical reduction is clearly followed and quanti-

fied thanks to the thermogravimetry measurements and spectro-

scopic tools, and it assesses temperature limits for the operation

of these nanowires in Li-ion based batteries, establishing the

Fe2O3 nanowires as stable nanostructured elements for new

advanced batteries.
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