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Abstract: A simple, efficient synthesis approach for designing large ceramic pieces, herein termed
chromium (III) oxide (Cr2O3) material, is provided. The process can be called the replica technique,
or replication. The elaboration of a material with a unique morphology is a result of a ceramic salt
coating that has been previously dissolved in ethylene glycol as the solvent; this process is performed
on a carbon material surface that is selected as a template. Here, the carbon template was carbon fiber.
After a heat treatment to convert the ceramic precursor to the corresponding ceramic oxide followed
by the removal of the template, hollow ceramic oxide wires were obtained. The resulting material
was characterized by X-ray diffraction, Raman and Fourier transform infrared spectroscopies, and
scanning electron microscopy. The material exhibited a multiscale architecture, assembling nanosized
nodules to form micron-sized tubes that assemble themselves into a centimetric structure. Objects
with such tailored architectures can be used in a large variety of applications in fields as diverse as
pyrotechnics, adsorption, and catalysis.
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1. Introduction

Research in designing inorganic materials with well-defined and controlled multi-scale
architectures is ubiquitous in the literature [1]. These shapings largely contribute to improving
the existing physicochemical properties of materials, but, sometimes, they reveal unexpected properties
of raw materials [2]. These tailoring fabricated architectures are able to revolutionize the application
of numerous materials in unsuspected areas and are of interest to a large majority of the materials
scientists’ community.

Chromium (III) oxide exhibits many unique properties, making it a candidate for several
domains of application such as protective material in front of thermal and abrasive phenomena [3,4];
heterogeneous catalysis, specifically for dehydrogenating alkanes such as propane ((CH3)2CH2) [5];
sensors for different species, like alcohol (ethanol, CH3CH2OH), ketone (acetone, (CH3)2CO), alkane
(toluene, C6H5(CH3)), and toxic gases like ammonia (NH3) and dichloride (Cl2) [6–8]; and pyrotechnic
applications with the creation of energetic composites—where, when mixed with fuel-like aluminum
(Al), they react according to a redox reaction and release a large amount of heat (10.9 kJ/cm3) that is
tied to a high adiabatic temperature (2054 ◦C) [9]. Chromium (III) oxide’s global technic capabilities
can be enhanced by nanostructuring the matter, allowing for the development of materials with large
specific surface areas where the reactive area number is considerably improved, synonymous with
optimized performance. To satisfy this permanent requirement of nanostructuring and/or developing
complex architectured materials, in particular for the Cr2O3 chromium (III) oxide, many processes
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have been developed. For instance, Cr2O3 material can be synthesized in the form of spherical
nanoparticles [10–13], nanotubes [6], films [8], and porous matrices by means of soft (surfactants) and
hard (mesoporous carbon and silica materials, polymeric building) templates [14,15]. To the best of
our knowledge, a nanostructured chromium (III) oxide material that is designed at the macroscale
(centimeter) has not yet been proposed in the literature. These kinds of architectures are potentially
easier to handle than architectures that exhibit smaller dimensions. Herein, the work is in the same vein
as works that have been published in the literature regarding macroscale material synthesis, whose
large number spotlights a real interest of the scientific community. For example, oxide ceramic objects
(TiO2, ZnO, HfO2, Fe2O3, NiO, SnO2, ZrO2 (stabilized with yttria or not), and SiO2) in the shape of
macro- and micron-sized tubes and hollow fibers have already been prepared. They are candidates
for applications relating to lithium ion batteries, bacterial filtration, photocatalysis, and ultra-visible
microlasers. Some of them are synthesized by means of direct methods, such as electrospinning [16,17],
microwaves [18,19], the sol–gel method combined with centrifugal spinning [20], extrusion [21], the
self-rolling of gel films [22], or a vapor diffusion route [23]. In all cases, tubes of 0.1–100 µm in diameter
with a length of several micrometers were designed. The second approach mentioned in the literature
used the well-known hard-template route. For that, different kinds of templates were implemented,
such as biomineral ones, like cotton fibers [24–26], human hairs [27], vegetal fibers (Platanus acerifolia,
Ceiba pentrada, Kapok) [28,29], and calcite [30], as well as synthetic ones like carbon fibers [31–33],
carbon cloth [34] and glass fibers [35]. These processes allow for the building of materials with tube-like
morphologies that exhibit a diameter ranging from 10 to 20 µm, always with lengths of a couple
of micrometers. All these investigations evidenced that the synthesis of such architectures, with
well-defined textural properties (porosity, surface areas, pore size . . . ), significantly enhanced the
performance of the material for the considered application.

Herein, a templated-synthetic route for the elaboration of chromium (III) oxide (Cr2O3) microtubes
of centimetric size is reported. The method, inspired by the previous works of C. Vix-Guterl and the
author [36,37], uses commercial carbon fibers as a template and coats them with a metal oxide film in
order to produce a hollow cylindrical ceramic through carbon template removal. This approach is
named the (negative) replica technique because it consists of reproducing or replicating an existing
model, herein the carbon fibers. The interest of this synthetic method is to give the opportunity to
design large materials that are easy to handle and exhibit interesting textural properties. The carbon
template that was used is made of numerous uniform and linear filaments with a 7 µm average
diameter. The carbon template was desirable in this study for many reasons: It is commercially
available on a large scale, it exhibits a uniform shape and a homogeneous size (diameter can be adjusted
from 5 to 20 µm), and it shows good mechanical properties. These criteria seem to us well-suited
to the future implementation of a continuous process. Regarding the as-prepared material (Cr2O3)
in this investigation, one of the potential applications will be its use as oxidizer, combined with
aluminum metal, to formulate energetic composites (thermites) of large dimensions—an emerging
research activity in pyrotechnics [38–41]. The template-synthesized oxide ceramic was submitted to a
multiscale characterization.

2. Materials and Methods

Chromium (III) nitrate nonahydrate (Cr(NO3)3·9H2O, 99%) and a chromium (III) oxide
nanopowder (Cr2O3, selected as a reference) were purchased from Sigma Aldrich. Ethylene glycol
(HOCH2CH2OH, Mw = 62.07 g/mol, d20

4 = 1.113 g/mL) was obtained from Fluka Chemie AG. Carbon
fibers (average diameter = 7.2 ± 0.4 µm) were purchased from Airtech.

2.1. Synthesis of the Cr2O3 Chromium (III) Oxide Tubes

Prior to use, the carbon fibers were cleaned of any organic substances by heating them at 900
◦C (15 h) under an argon flow (100 mL/min). Then, the fibers were immersed for one hour in a 2
mol/L chromium (III+)-based ethylene glycol solution before transfer into an alumina boat and heated
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under air at 500 ◦C (2 ◦C/min, 1 h) and then at 800 ◦C (1 ◦C/min) for 2 h. While the first heating step
assured the conversion of the Cr precursor into a Cr2O3 layer at the carbon fibers’ surface, the second
one removed the carbon template to release the Cr2O3 tubular ceramic. The ethylene glycol solvent
was desirable due to its ability to chelate metal ions [42]. The chromium (III) oxide phase yield was
near 20%.

2.2. Characterization Techniques

X-ray diffraction (XRD) was used to analyze the structure of the as-synthesized sample. The XRD
pattern was collected by means of a D8Advance diffractometer (Cu-Kα radiation, λ = 1.5406 Å, Bruker,
Billerica, MA, USA) working at 40 kV–40 mA and equipped with a Lynxeye detector. The sample was
scanned from angles 20◦ to 80◦ with a 2θ step size and times of 0.02◦ and 0.1 s, respectively. Raman
spectra were collected on a InVia confocal microscope (Renishaw, Wotton-under-Edge, Gloucestershire,
UK) that was equipped with an Ar+ laser, with a wavelength of 514 nm. The laser was focused on the
sample through a x 50 objective, and the spectra were acquired on the 200–2000 cm−1 spectral domain
with an exposure time of 10 s and an accumulation of five scans. The laser power (P = 25 mW) was
set at 5%. Prior to analysis, a silicon reference was used to calibrate the device. Fourier transform
infrared (FTIR) spectroscopy was used to characterize the surface chemistry and the metal–oxygen
bonds of the sample. For that, a Tensor 27 spectrometer (Bruker) was used in the transmission mode,
and the spectra were recorded in the wavenumber range of 4000–520 cm−1 with a resolution of 4 cm−1

and superposing 16 scans. Prior to the analysis, the sample was mixed with potassium bromide (KBr,
99.99%) and pressed to obtain disks (200 mg, 10 tons, 60 s). The textural properties of the sample were
determined by nitrogen sorption measurements (77 K) that were carried out on an Accelerated Surface
Area and Porosimetry 2020 analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA). The sample was
outgassed at 200 ◦C (6 h) under vacuum before analysis. The surface area was determined according
to the Brunauer–Emmett–Teller (BET) model and applied in the 0.05–0.20 relative pressure domain.
The microstructure (morphology, size) of the sample was examined by using a Nova Nano-SEM 450
scanning electron microscope (FEI™, Hillsboro, OR, USA) operating at 10 kV. Gwyddion free software
was used to determine carbon fiber and ceramic sample dimensions (diameter and thickness). The
values were averaged over at least twenty measures that were randomly taken on at least different
places of the materials. Macroscopic views of the pristine sample were obtained with a Canon EOS
SDR-R camera.

3. Results and Discussion

Figure 1 shows the X-ray diffraction pattern of the pristine material after the removal of the
carbon template. The XRD pattern evidences diffraction peaks that were indexed to a rhombohedra
Bravais lattice (corundum structure), with an R-3c space group identifying the Eskolaite chromium
(III) oxide phase (Cr2O3), as described in the JCPDS card No. 038–1479 (Figure 1, down). The Miller
indices (hkl) characterizing the reticular planes that were defined by the different diffraction peaks
present on the pattern are reported in Figure 1. No additional peaks from crystalline secondary phases
(impurities) were observed on the investigated angular domain. The broad and very low-intensity
peaks located around 23–28◦ and 40–50◦ were ascribed to the polymethylmethacrylate sample holder
(Figure S1). The crystallite size or coherence length (D) of the Cr2O3 material was determined by using
the Scherrer equation:

D = 0.9. λ/(β.cosθ) (1)

where λ is the X-ray wavelength of the radiation, β is the corrected peak width at half-maximum
intensity, and θ is the diffraction peak position for the (hkl) considered Miller plane. Taking into
account the four most intense peaks, i.e., the (012), (104), (110) and (116) Miller planes, an average
crystallite size of 105 ± 22 nm was thus calculated for the Cr2O3 material that was derived from the
carbon fiber.
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Figure 1. XRD pattern of the as-templated Cr2O3 material (top pattern). For comparative purposes, the
diffraction profile of the Cr2O3 Eskolaite phase is shown (bottom pattern) (JCPDS No. 038-1479).

Additional spectroscopic characterizations were performed to confirm the purity of the
as-synthesized chromium (III) oxide structure. Figure 2 displays the Raman and the Fourier transform
infrared spectra of the as-synthesized Cr2O3 material and the carbon fiber that was used as a template.
The spectrum of the chromium-based material (Figure 2A) presented six active Raman peaks, located at
303, 350, 530, 551, 610, and 1400 cm−1. Based on the literature and the commercial Cr2O3 nanopowder
Raman spectrum that was taken as a reference (Figure S2) [43], Cr–O stretching modes in the material
were considered. While the bands at 303 and 551 cm−1 were attributed to an A1g symmetry mode,
the bands at 351, 397, 530, and 609 cm−1 were indexed to an Eg symmetry mode [44]. The Raman
spectrum of the carbon fiber material, given in Figure 2B, shows two peaks at 1594 and 1353 cm−1

that are typically attributed to a graphitic (G) carbon material that exhibits some disorders or defects
(D) in its structure [45]. The fact that these last peaks were not observed on the templated-Cr2O3

Raman spectrum (Figure 2A) suggests that the chromium oxide material was free of any carbon phase
and, accordingly, that the oxidative treatment that was applied during the experimental procedure to
remove the carbon template was efficient. The FTIR spectrum of the templated Cr2O3 material shown
in Figure 2C is similar to the one that was expected for the Eskolaite phase (α-Cr2O3), as depicted
in the Supporting Information 2. Four vibration bands were observed in the 400–800 cm−1 domain,
and these corresponded to chromium–oxygen single bonds in stretching vibrations, as noted in the
literature [46,47]. The bands at 444 and 569 cm−1 were ascribed to the Eu vibrational mode, while the
band at 414 cm−1 was ascribed to the A2u mode. The intense band at 653 cm−1 was attributed to a
contribution of the spherical morphology of the particles [47]. At higher wavenumbers, two vibration
bands were observed at 1642 and 3000–3500 cm−1. Basically, they can be attributed, respectively,
to the (δ) symmetric/antisymmetric bending mode of hydroxyl groups (-OH) and the (υ) stretching
mode of water molecules that were physisorbed at the investigated particle’s surface [48]. Other very
small vibration bands, observed at wavenumbers of 1000–1300 and 2800–2900 cm−1, were assigned to
functional groups (C–O–H, C–O, O–H, and –CH2) and may have originated from the decomposition
products of the ethylene glycol solvent. According to the resolution limit of the analysis technique, no
further vibration bands were observed, confirming that the as-templated Cr2O3 material was free of
any chromium-based amorphous impurities.
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Figure 2. (A,C) Raman and Fourier transform infrared (FTIR) spectra, respectively, of the as-templated
Cr2O3 material and (B) the Raman spectrum of the carbon fiber that was used as template. In the FTIR
spectrum of Cr2O3, all the vibration bands related to the chromium–oxygen bonds are noted by means
of vertical lines, while a star symbol is used to identify the solvent traces and/or moisture that were
adsorbed at the particles surface.

Photographs and a scanning electron microcopy analysis were achieved to collect information
relating to the macro- and microstructure of the carbon template and the as-templated Cr2O3 material.
The representative pictures of both samples are depicted in Figure 3A,B, respectively. Regarding
the Cr2O3 sample, a macroscopic voluminous tangle of intense green fibers, with large air gaps,
was obtained, as displayed in Figure 3B(1). This result clearly highlights the successful replication
of the carbon fibers (Figure 3A(1)) into a ceramic material, as the morphology of the carbon fibers
was preserved. As observed, it was possible to design a flexible complex ceramic structure of large
dimensions with chromium (III) oxide filaments that may exhibit a length of several centimeters
coupled to a strong curvature. However, from a magnified image of this photograph (zoom × 5),
displayed in Figure 3B(2), the Cr2O3 filaments seemed to be assembled between themselves and did
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Figure 3. Photographs (1–2) and SEM views (3–4) of the (A) carbon fiber template and (B) as-templated
Cr2O3 material.

From a scanning electron microscopy analysis, the Cr2O3 fibers are revealed in Figure 3B(3). The
filaments were uniform in the long axial direction, with a length of several ten of micrometers and an
average diameter in the same order of magnitude as that of the carbon fibers that were selected as
the templating agent (Figure 3A(3)). A cross-section of the fibers (Figure 3B(4)) shows that chromia
fibers were, in fact, hollow, with an inner diameter of the tubes ca. 6.6 ± 0.3 µm, validating the
negative replica concept that was expected from this approach. The fact that this last value was slightly
below the average diameter of the carbon fibers may be explained by a structural shrinkage coming
from the crystallization of the Cr2O3 material [36,37]. By comparison, a representative cross-sectional
image of the carbon fibers shows solid fibers (Figure 3A(4)). In addition, from careful observation of
Figure 3A(4),B(4), the inner surface texture of the Cr2O3 tubes matched well with the outer surface
aspect of the carbon fibers, highlighting the good adhesion of the chromium-based coating on the
carbon fibers’ surface during the dip-coating step. Another microscopic view showing hollow fibers is
reported in Figure S3. Figure 4 shows other views of the Cr2O3 hollow fibers where textural aspects are
highlighted. For example, Figure 4A shows the thickness of the Cr2O3 walls, which was determined to
be around 0.160 ± 0.04 µm. By scrutinizing the wall of the tubes in the long axial direction, an assembly
of submicron-sized particles was observed (Figure 4B,C). The particles seemed to adopt a sphere-like
morphology that was in agreement with the results of the FTIR analysis, exhibiting a strong vibration
band with a shoulder at 653 cm−1. The average particle size was approximately 0.15 µm, and the
particles seemed to be sintered between themselves with a minor interparticular porosity, as seen in
Figure 4B. The specific surface area of the corresponding hollow Cr2O3 fibers, as determined by means
of nitrogen physisorption and taking into consideration the BET model, was 7 m2/g. This value was
higher than the specific surface area of the pristine carbon fibers, which was measured below 1 m2/g.
Finally, since SEM images and results from BET evidenced larger primary particles than the coherence
length that was determined by means of XRD analysis, defects and polycrystallinity inside the Cr2O3

particles were expected.
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