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Herein, we report the synthesis of one-dimensional chromium oxide nanostructures, utilizing a
modified sol—gel technique combined with a constrained template environment. Using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution trans-
mission electron microscopy (HRTEM), we noted that individual nanowires were cylindrical in
nature and appeared to be composed of smaller, crystalline, constituent nanoparticles, sintered and
aggregated together so as to form a discrete, polycrystalline structure. Spectroscopic and diffraction
investigations of our nanostructures confirmed their chemical composition with little if any impu-
rities. Moreover, we further investigated the properties of our nanomaterials using both electrical and
magnetic characterization. Interestingly, the magnetic properties of our nanostructures are strongly
modified as compared with the bulk, due to the emergence of a net magnetic moment induced by
uncompensated surface spins. Catalysis data showed that these nanostructures were active toward

the thermal decomposition of KCIO,.
Introduction

Chromium sesquioxide or Cr,Os3 is an important re-
fractory material (due to its high melting temperature of
~2435 K and oxidative resistance)."> As such, it has found
usage for coatings>* known for their wear resistance and
thermal protection,’ solar energy collectors, and liquid
crystal displays,® as well as for heterogeneous catalysts (e.g.,
hydrogenation and dehydrogenation of selected olefins,
methanol synthesis, and SO, oxidation).””'? Interestingly,
particles smaller than 50 nm have been used as transparent
colorants.” Moreover, Cr,0; is a wide band gap (E, ~ 3.4€V)
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p-type semiconductor (especially at lower temperatures) with
potential applicability in optical and electronic devices and
shows high electrical conductivity with reasonable levels
of electron transfer.'® Furthermore, bulk chromium ses-
quioxide is an antiferromagnetic material with a Néel tem-
perature of 307 K;'*1¢ however, in nanoscale Cr,Os, the
observed magnetic properties are primarily driven by the
presence of uncompensated surface spins.'” Because it is also
sensitive to hydrogen adsorption,'® not surprisingly, Cr,O;
has also been used as a component of gas sensors for ethanol
and ammonia vapor, operating through detectable electrical
changes that can be probed by means of ac impedance spec-
troscopy and work function measurements.'**

The need for nanoscale formulations of this material is
2-fold. First, high surface-area’ Cr,O5 is required for many of
their desirable applications, and commercial bulk Cr,Os5 is
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difficult to sinter. Second, the production of finely di-
vided magnetic solids has been known to exhibit anom-
alous magnetic behavior for these materials relative to
their bulk forms.?' A number of disparate methods have
been reported to synthesize Cr,O; nanoparticles and aerogels,
including but not limited to hydrothermal processing,’>?*
the use of supercritical fluids,”** precipitation—gelation
reactions,>** a solid thermal decomposition reaction,®
mechanochemical processing, hydrazine reduction coupled
with thermal treatment,?’ precursor calcination and annea-
ling,"*' laser-induced deposition from solution,®®
laser-induced pyrolysis,” room-temperature sonochem-
ical reduction, forced hydrolysis from chromium pre-
cursors,*® and microwave plasma processing.'’

In contrast, there have been only relatively few previous
reports pertaining to the synthesis of anisotropic, one-di-
mensional (1D) Cr,Os3. For instance, Cr,O5 nanobelts have
been synthesized using chemical vapor deposition®! as a
result of flowing ethanol vapor over a piece of Cr metal
heated to 800 °C. Whereas as-produced uniform single-
crystalline nanobelts were produced, the synthesis proto-
col necessitated the use of high temperatures in a controlled
gaseous atmosphere (whose precise role in the formation
mechanism of these nanostructures was not understood)
and, moreover, yielded a relatively polydisperse product
in terms of a size distribution (e.g., widths ranging from
tens to hundreds of nanometers). A similar need for an
excessive thermal treatment was evident in the prepara-
tion of Cr,05 nanorods and nanowires, measuring 50 nm
in diameter and 550 nm in length, generated through the
annealing of precursor Cr(OH); nanoparticles at tem-
peratures higher than 1027 K.* In addition, Cr,O5 nano-
tubes with diameters of 80 nm and lengths of 550 nm have
also been synthesized in a solvothermal reduction at 180 °C
in the presence of acetyl acetone and ethylene glycol.>

A few groups have latched onto the idea of the use of
different types of templates as a platform with which to
facilitate one-dimensional growth. For example, calcina-
tion of hydrated precursors at 550—650 °C for 5to 6 h
within the straight, close-packed, porous channels of
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mesoporous silica*** has been reported to yield single
crystals of Cr,O nanowires. An analogous calcination®®
at 550 °C using multiwalled carbon nanotubes as a tem-
plate via a supercritical fluid-mediated route has also
been demonstrated to produce chromium oxide nano-
tubes. A third approach'? reported immersion of pores of
alumina templates in a Cr(OH); sol, initially created using
hydrazine, for 4 to 5 h under 1.3 atm at ambient tempera-
ture followed by annealing under an argon atmosphere to
600 °C for 5 h in order to yield nanowires in the range of
100—300 nm in diameter and over 10 um in length.

Apart from the fact that we do not rely on the use of
a microemulsion or an autoclave, the method we have re-
ported herein for the synthesis of high-aspect-ratio Cr,O3
nanowires is distinctive from all of these previous experi-
ments mentioned in several ways. First, we do not require
the use of either specialized or inert gases during our an-
nealing procedure, which can actually be run under air.
Second, our procedure does not require any particular high-
temperature annealing treatment in order to specifically
isolate the product from within the template. In fact, our
polycarbonate template platform is actually burned off as
a normal byproduct of our synthesis steps. Third, while our
specific method necessitates the application of pressure,
its duration is much more rapid (30—45 min) as compared
with previous reports, and overall, our reaction times are
noticeably faster than those of previous groups. Fourth,
while our procedure is based upon a sol—gel methodology,
we have tried to simplify the process as much as possible.
For example, we do not use hydrazine, supercritical fluids,
or any particularly hazardous conditions in order to facil-
itate the reaction progression. We have demonstrated the
catalytic behavior of our nanostructures herein for the
destruction of KCIO,.

Moreover, we have also investigated the magnetic prop-
erties of our Cr,O; nanowires. We find that, in as-pre-
pared 1D Cr,0O5 nanostructures, the magnetic properties
are strongly modified as compared with the bulk, due to
the emergence of a net magnetic moment induced by un-
compensated surface spins, as has been previously reported
for Cr,05 nanoparticles.'*'>"® Furthermore, previous
reports have indicated the presence of an exchange bias
effect in Cr,O5 nanoparticles,15 38 as a result of the exchange
coupling between the surface spins and core; we have soug-
ht an analogous effect for our samples herein.

Experimental Section

All chemicals were used as received without additional pur-
ification. Our methodology is based upon an adaptation of a
sol—gel procedure that has been previously reported® for a generic
synthesis of metal oxide aerogels using inorganic salt precursors.
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Specifically, to the resulting aqueous, translucent, dark green
solution of chromium chloride hexahydrate (Strem Chemicals)
was added an aliquot of propylene oxide (Acros Organic, 99.5%)
in a molar ratio of ~1:3.5 with thorough stirring. The purpose of
the propylene oxide in the solution is to act as a gelation pro-
moter.?> Upon thorough mixing, droplets of the sol precursor
solution were forced into the hollow pores of 6 um thick porous
Whatman polycarbonate track-etched membranes (containing
200 nm pore sizes) by systematic and continuous application of
pressure through the mediation of a 25 mL syringe, until the
template pore channels appeared to be fully saturated with solu-
tion, upon visual inspection. After cleaning of its external sur-
face to dryness, the polycarbonate template was subsequently
placed into a porcelain crucible (i.e., a glazed porcelain boat)
and heated in air to 600 °C for | h at a ramp rate of 5 °C/min
followed by natural cooling to room temperature. In additional
experiments, we also used templates with nominal pore sizes of
100, 50, and 15 nm. Of significance, we should note that it has
been previously shown for polycarbonate templates with pore
sizes less than 100 nm that (i) the pore size is often not consistent
throughout the full length of the template and (ii), hence, as-
obtained nanowire diameters can be larger than expected by fac-
tors of as much as 2—4.34

Characterization. To prepare powder X-ray diffraction (XRD)
samples, the resulting chromate nanorods were rendered into
slurries in ethanol, sonicated for about 1 min, and then air-dried
upon deposition onto glass slides. Diffraction patterns were col-
lected using a Scintag diffractometer, operating in the Bragg-
Bretano configuration using Cu Ka radiation (A = 1.54 A) from
20 to 70° at a scanning rate of 2° per minute.

Mid-infrared spectra were obtained on a Nexus 670 (Thermo
Nicolet) equipped with a Smart Orbit accessory, a KBr beam
splitter, and a deuterated triglycine sulfate (DTGS) KBr detec-
tor. As-prepared solid powder samples were placed onto a dia-
mond crystal where data were taken with a reproducible pressure.
A background correction was performed using the diamond
crystal in the spectral range studied. UV —visible spectra were
collected at high resolution on a Beckmann Coulter model DU
640 spectrometer using quartz cells with a 10 mm path length.
Spectra were obtained for as-prepared samples, which were son-
icated in distilled water so as to yield homogeneous dispersions.
UV-—visible absorption spectra were recorded using distilled water
as a blank. We have also obtained analogous spectral data in
ethanol, dimethylformamide (DMF), and cyclohexane with a
series of nanowire concentrations ranging from <1 ug/mL to
0.5 mg/mL. Raman data were taken using a WiTec alpha 300
microscope using an excitation wavelength of 532 nm with a
power of ~0.5 mW to avoid strong laser heating. Spectra were
acquired with an integration time of 10 s with a total of 30 scans.
Scattered light was analyzed using a 600 mm™~' spectrometer
grating with a spectral resolution of ~3 cm™ .

The diameters and lengths of as-prepared 200 nm diameter
nanorods were initially characterized using a field emission
scanning electron microscopy instrument (FE-SEM Leo 1550),
operating at an accelerating voltage of 20 kV and equipped with
energy-dispersive X-ray spectroscopy (EDS) capabilities. The
corresponding diameters and lengths of as-prepared 100, 50, and
15 nm diameter nanorods were analyzed using a Hitachi S4800,
operating at an accelerating voltage of 5 kV. Samples for SEM
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were prepared by dispersing as-prepared chromate nanorods in
ethanol, sonicating for about 2 min, and then depositing several
drops of the sample solution onto a silicon wafer, attached to a
SEM aluminum stub.

High-resolution transmission electron microscopy (HRTEM)
images and selected area electron diffraction (SAED) patterns
were obtained on a JEOL 2010F instrument at accelerating volt-
ages of 200 kV. Specimens for all of these TEM experiments
were prepared by dispersing the as-prepared product in ethanol,
sonicating for 2 min to ensure adequate dispersion of the nano-
wires, and dipping one drop of the solution onto a 300 mesh Cu
grid, coated with a lacey carbon film.

To perform electrical characterization, Pt contacts were defined
by ion beam assisted deposition using the Ga ions of a dual-
beam SEM/focused ion beam (FIB) system. This fabrication
method was chosen because our nanowires showed poor adhe-
sion to substrates (600 nm SiO»/n™ Si) during the electrode metal
lift-off stage of conventional e-beam lithography. Current—vol-
tage (C—V) curves at different temperatures were measured for
two nanowires (named A and B here) using a cryogenic probe
station that spanned the 4—300 K temperature range. C—V
curves were Ohmic from 300 K down to 4 K as can be seen in the
upper inset of Figure 4. Only curves at 4 K were slightly non-
Ohmic.

In order to study the magnetic properties of Cr,Oz nanowires,
we measured both the temperature and field dependence of
direct current (dc) magnetization at a range from 10 to 320 K
and in magnetic fields as large as 50 kOe, using a Quantum
Design Magnetic Property Measurement System (MPMS-XL7)
instrument. In a typical experiment, 3 mg of nanowires were
contained in gelatin capsules and fastened in plastic straws for
immersion into the magnetometer. No subtraction of the dia-
magnetic signal associated with the sample container was made
for the magnetization data.

As part of our study of Cr,O; reactivity, thermogravimetric
analysis (TGA) was performed in a dry air environment using a
TA Instruments Q500 TGA model. Experiments were carried
out from room temperature to 700 °C with a heating rate of 5 °C/
min. Samples of 3 to 4 mg were placed in a platinum pan for
individual runs.

Results and Discussion

I. Synthesis and Structural Characterization. The pur-
ity and crystallinity of as-prepared chromium oxide nano-
rod samples were initially characterized using powder X-ray
diffraction (XRD). All of the diffraction peaks observed
from as-prepared samples in Figure 1A (top, red curve)
can be readily ascribed to a rhombohedral-phase crystal
structure with lattice constants of @ = 4.922 A and ¢ =
13.62 A, which are comparable to reported database values
(Figure 1A, bottom, blue curve) of a = 4.958 Aandc =
13.58 A for pure Cr,O5 bulk materials (JCPDS #85-0869;
space group of R3c). We did not note any peaks that could
be definitively ascribed to an impurity such as either a
hydrated phase or a nonstoichiometric phase of our desired
compound. We attribute this observation mainly to the
complete high-temperature conversion and crystallization
of the precursor gel into chromium oxide. Furthermore,
the fact that the template used to create these nanomater-
ials is composed of polycarbonate implied that it could be
completely burned off and removed in situ after heating
to 600 °C as the product was forming. Because of this
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Figure 1. (A) Powder XRD of Cr,O; nanowires. (B) Representative
low-magnification SEM image of Cr,O; nanowires. (C) EDS of sam-
ple shown in (B).

sintering process, the presence of any carbonaceous ma-
terial should have been very minimal to none. Further-
more, apart from XRD, additional SEM and TEM char-
acterization showed no evidence of the presence of any
discernible amount of carbonaceous material that could
be unambiguously ascribed to the template. Therefore,
isolation of our product did not necessitate any additional
separation or purification steps, unlike for other previously
reported methods.'* As a matter of note, the broad peak
from 26 values of 20 to 40° is associated with the amor-
phous glass slide used to support the sample.

Using FE-SEM, we were able to visualize our nanos-
tructures so as to conclusively determine their final mor-
phology. As can be seen from the SEM image shown in
Figure 1B, as-obtained samples primarily consist of one-
dimensional wirelike motifs with a small impurity consisting
of isolated, unsupported nanoparticles, i.e., <10% of the
overall sample. That is, on average, there were 90% nano-
wires present in the sample. From additional experiments
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(Supporting Figure S1, Supporting Information), we note
that both the nature and extent of the cleaning of the
external template surface, prior to its heating, were directly
correlated with the amount of isolated nanoparticles ulti-
mately observed. Analysis suggested that the as-obtained
nanowires measured 179 & 29 nm in diameter, consistent
with the size of the originating template pores (i.e.,
200 nm) and that their lengths extended to several micro-
meters. Using templates with pore sizes of 100, 50, and
15 nm resulted in the production of polycrystalline na-
nowires with average widths of 143 4+ 21, 87 4+ 12, and
31 &£ 5 nm, respectively (Supporting Figure S2, Support-
ing Information). However, we did not isolate enough
of these nanowires to adequately compare the opto-
magnetic behavior of our nanostructures with the bulk.
It is important to note that all of these 1D nanostructures
are structurally robust, as they can withstand 30 min
of sonication without evident disintegration noted. The
corresponding EDS spectrum (Figure 1C) highlights
the presence of only chromium and oxygen peaks, with
no other relevant elements present; the large Si peak can
be attributed to the Si wafer upon which the nanostruc-
tures were deposited prior to analysis. We should also
state at this point that the subsequent magnetic and optoe-
lectronic measurements were performed on the 200 nm
diameter nanorod sample, because it was easiest to fab-
ricate as pure, crystalline 1D motifs in relatively large
quantities.

TEM images shown in Figure 2A,B clearly reinforce
the view not only that the nanowires are relatively straight
but also that their external surfaces are relatively rough-
ened and irregular, as if they were composed of constitu-
ent substructure. Indeed, individual nanowires are cylin-
drical in nature and appear to be composed of smaller,
constituent nanoparticles, sintered and aggregated to-
gether so as to form a discrete polycrystalline structure.
This observation coupled with the nontrivial selected area
electron diffraction pattern, shown as an inset to Figure 2A,
also supports the idea of the overall polycrystallinity of
our nanowires. Further evidence for this assertion is pro-
vided upon investigation of these nanowires at higher
magnifications (Figure 2C) wherein the lattice planes of
individual, constituent single-crystalline nanocrystals can
be clearly observed. The most prominent lattice planes
present have been indexed and correspond to the 012 and
the 11—6 planes of the rhombohedral phase of chromium
oxide (JCPDS #85-0869), consistent with our XRD re-
sults. In fact, the measured lattice distance for the 012
plane, in particular, was determined to be 0.374 & 0.05 nm,
which is only a 2% difference from the expected JCPDS
value of 0.364 nm. It could be argued that our wirelike
structures are composed of a string of adjoining individual
single-crystalline nanocrystal components, each measuring
36 + 17 nm in size, sintered together to form a 1D motif.
These as-formed nanocrystals are interconnected and
aligned onto the adjoining wire surface without the ap-
parent and obvious presence of misorientations, though
these certainly cannot be fully discounted. Our group has
previously observed a very similar structural motif for
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Figure 2. (A) Low-magnification TEM of a single Cr,O3 nanowire. Inset:
selected area electron diffraction pattern of this nanowire. (B) Higher-
magnification TEM image of nanowire presented in (A). (C) HRTEM
image of an individual, crystalline constituent nanoparticle within the
nanowire shown in (A). Lattice planes shown correspond to the (1—16)
and (012) planes of Cr,0;.

anatase TiO, wires, ostensibly formed from the directed
self-aggregation process of individual anatase TiO, nano-
crystals.*!

(41) Mao, Y.; Kanungo, M.; Hemraj-Benny, T.; Wong, S. S. J. Phys.
Chem. B 2006, 110, 702-710.

Santulli et al.

II. Opto-Electronic Properties. Subsequent spectro-
scopic analysis of our as-prepared nanowires further sup-
ported the notion that our nanowires are crystalline Cr,Os.
Bands present in the infrared (IR) spectrum (Figure 3A)
of our nanomaterials correspond reasonably well with
those previously reported in the literature for bulk. For
instance, the peaks in the region from 850 to 1100 cm ™
can be identified as various combination lattice modes.
Specifically, peaks at 1092, 948, and 882 cm™ ' can be
ascribed to Ey' + A5/, E;' + E3', and 2 E,' modes, respec-
tively;*? another group assigned the 1092 cm ™' band to a
stretching vibration of Cr=0.® Additional peaks present
at lower wavenumbers, namely at 609, 512, and 441 cem” L,
respectively, have been associated with the stretching vibra-
tions of Cr—O of crystalline a-Cr,O3, in agreement with
previous data,’”*%*3 and have been attributed to funda-
mental infrared-active vibrations, corresponding to Ej,
Es, and E> modes respectively.*?

The UV —visible spectrum of the nanowires, dispersed
in water, is shown in Figure 3B. While it is clearly a broad
feature, there are noticeable shoulder peaks located at
378, 472, and 591 nm, respectively. These values corre-
spond reasonably well with those reported in prior litera-
ture for chromium oxide species.”’®*~% The peak cen-
tered at 378 nm has been previously associated either with
Cr*"ions*® or with the O—Cr®" charge transfer transition
of chromate species with tetrahedrally coordinated Cr®"
ions,** suggesting their potential presence within the
Cr,O5 nanostructures we have generated. The two re-
maining features at 472 and 591 nm have been ascribed to
the intrinsic *A, o ‘T, gand the ‘A, e ‘T, o transitions
of Cr*" ions, localized within six-coordinate geometry
and octahedral symmetry, respectively.”® Data obtained
in ethanol, DMF, and cyclohexane, at varying nanowire
concentrations, were similarly broadened, an observa-
tion which has been previously ascribed to (a) light
scattering due to the relatively large size of the nano-
wires, (b) the relatively low inherent solubility of the
product, and (c) solvent dipole effects.*” Moreover, it is
important to note that the UV—visible spectra were
taken on nanowires dispersed in suspensions, as op-
posed to true, optically transparent solutions of solubi-
lized nanowires.

Figure 3C shows the Raman spectrum for our as-synthe-
sized chromium oxide nanowires. Peaks present at 315, 355,
556, and 612 cm ™' for as-prepared nanowires are con-
sistent with both our bulk data (Figure 3D) as well as with
values reported in the literature.*® In fact, the most intense
peak centered around 556 cm ™! has been attributed to a
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Figure 4. Temperature dependence of the conductance from ~50 to
300 K for two nanowires: A (black squares) and B (red dots). Solid lines
are fits to the form of o o exp(T,/T)". Top inset: Current—voltage
curves measured at three temperatures for nanowire A (nanowire B
showed similar results). Bottom inset: Same as main graph but including
points measured at 4 K. The graph shows the onset of a distinct transport
mechanism for temperatures below 50 K.

vibrational mode of A, symmetry, whereas all remaining,

noticeable peaks can be attributed to E, symmetry.**4°
Figure 4 shows the conductance, extracted from the

C—V curves, as a function of temperature in the ~50—300

(49) Mougin, J.; Le Bihan, T. L., G. J. Phys. Chem. Solids 2001, 62,
553-563.

Raman shift (cm™)

nanowires. Raman spectrum of (C) bulk Cr,Os and of (D) Cr,O3 nanowires.

K range. A thermal activation conductance of the form,
o < exp(—Ea/kgT), where E, is the activation energy
and kg i1s the Boltzmann constant, does not fit well the
data of nanowire A (black squares). Instead, the data for
both nanowires fit well the general hopping form, o
exp(Ty/T)". As areference, data are plotted usingn = 1/2,
which is the expected exponent for variable-range hop-
pingin 1D.° However, due to the limited variation of the
conductance in this temperature range, there is a large
uncertainty in the value of the exponent. More detailed
measurements are needed to clearly identify the kind of
hopping conduction in these nanowires. The lower inset
of Figure 4 shows that the conductance at 4 K does not
follow the same dependence on temperature as the data at
higher temperatures, indicating the existence of two dis-
tinctive electron transport mechanisms for temperatures
above and below ~50 K. This temperature-dependent
conductivity behavior down to approximately 50 K has
been previously ascribed to the presence of a hopping
mechanism for electrons between the Cr*" and Cr*"
oxidation states, perhaps attributed to the formation of
ferromagnetic spinel Cr;O, impurities.’’ While this ex-
planation may be valid for our system, another option we
delve into more deeply later in the manuscript to account
for the observed data is the possibility of uncompensated

(50) Mott, N. E.; Davis, E. A. Electronic Process in Non-Crystalline
Materials; Clarendon Press: Oxford, 1979.

(51) Borisov, P.; Hochstrat, A.; Shvartsman, V. V.; Kleemann, W.;
Eimuller, T.; Rodriguez, A. F. Ferroelectrics 2008, 370, 147-152.
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Figure 5. (A) Temperature dependence of FC and ZFC magnetizations at an applied field of 500 Oe; (B) the magnetic field dependence of magnetization at
10, 150, and 320 K; (C) identical to (B) but obtained at low magnetic fields; (D) magnetic field dependencies of ZFC and FC magnetizations taken at 10 K.
The FC magnetization was obtained by cooling the sample from 350 to 10 K in an applied magnetic field of 50 kOe.

surface spins. Nevertheless, previous studies on thin film
and bulk chromium oxide systems have yielded similar
results, though the inflection point in the transition
temperature was closer to ~200 K as opposed to 50
K.>>2 It may also be noteworthy that no magnetoresis-
tance was observed at 4 K in these nanowires for fields of
uptolT.

III. Magnetic Measurements. The results of magneti-
zation measurements are summarized in Figure 5. The
zero-field cooled (ZFC) and field cooled (FC) magnetiza-
tions measured at an applied magnetic field of 500 Oe
coincide at high temperatures (Figure 5A) but separate
below the blocking temperature of about 290 K. While
antiferromagnetic order is first observed in bulk Cr,O5 at
its Néel temperature, T = 308 K, there is no sign of
either a peak or slope change in the magnetization that
would identify Ty in our Cr,O3 nanowires. This is not
unexpected, since there is only a ~10% reduction of 7'\ to
270 K in spherical 7.8 nm nanoparticles,” where finite
size effects may play a much more profound role than in
our 179 nm nanowires. The TEM images of our nano-
wires indicates the presence of substructure, but the large
magnitude of the blocking temperature, 7'z, which is nor-
mally linearly proportional to the nanoparticle volume,
indicates that the length scale controlling the magnetic
behavior is much larger in our samples than in 15 nm

(52) Cheng, C.-S.; Gomi, H.; Sakata, H. Phys. Status Solidi A 1996, 155,
417-425.

(53) Tobia, D.; Winkler, E. L.; Zysler, R. D.; Granada, M.; Troiani, H.
E J. Alloys Compd. 2010, 495, 520.

nanoparticles (75 = 160 K)** orin 7.8 nm particles (75 =
28 K).>?

The field-dependent magnetization measured at 10,
150, and 320 K is consistent with the presence of a
composite magnetic structure within the nanowires, con-
sisting of (i) unsaturated moments which lead to the
linear, paramagnetic contribution to the magnetization
(Figure 5B) and (ii) saturated moments, which can yield a
closed ferromagnetic loop with nonzero coercive field
below the blocking temperature (Figure 5C). Such mag-
netic behavior can be explained by the presence of un-
compensated spins at the surface of Cr,O; nanowires,
as has been previously reported for Cr,O; nanopartic-
les.'#1337:38 Iy nanostructures, the uncompensated surface
spins possess a lower coordination number. Therefore, a
net magnetic moment can be induced on the surfaces of
either nominally nonmagnetic nanowires or antiferro-
magnetic nanoparticles.”>> >’

To further probe the effect of the surface spins, we have
tested for the possibility of an exchange bias effect in Cr,O5
nanowires.”®>° Conventionally, the exchange bias effect

(54) Makhlouf, S. A. J. Magn. Magn. Mater. 2004, 272—276, 1530.

(55) Morales, M. P.; Serna, C. J.; Bodker, F.; Morup, S. J. Phys.:
Condens. Matter 1997, 9, 5461.

(56) Teng, X.; Feygenson, M.; Wang, Q.; He, J.; Du, W.; Frenkel, A. L;
Han, W.; Aronson, M. C. Nano Lett. 2009, 9, 317.

(57) Feygenson, M.; Kou, A.; Kreno, L. E.; Tiano, A. L.; Patete, J. M.;
Zhang, F.; Kim, M. S.; Solovyov, V.; Wong, S. S.; Aronson, M. C.
Phys. Rev. B2010, 81, 014420.

(58) Nogues, J.; Schuller, I. K. J. Magn. Magn. Mater. 1999, 192, 203.

(59) Nogues, J.; Sort, J.; Langlais, V.; Skumryev, V.; Surinach, S.;
Munoz, J. S.; Baro, M. D. Phys. Rep. 2005, 422, 65-117.
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can be observed in composite nanostructures simultaneously
possessing both ferromagnetic (FM) and antiferromag-
netic (AFM) components with a common interface, such
as, for example, in ferromagnetic-core/antiferromag-
netic-shell nanoparticles.’*®" In these nanostructures,
the exchange interactions between the FM and AFM
parts can lead to a shift of the hysteresis loop along the
field axis, once the system has been field cooled. The
absolute value of the loop shift is known as the exchange
bias ﬁeld, HEB'

Such a nonzero exchange bias field can also be observed
in single phase nanostructures, including in Cr,Os3 nano-
particles.'>>® In the case of antiferromagnetic nanopar-
ticles, the exchange bias field would be a result of the
exchange interactions between uncompensated surface
spins, which play the role of the FM domain, and the
AFM core interior of the nanoparticle. As such, we mea-
sured the hysteresis loop of Cr,O; nanowires at 10 K,
after cooling down from 350 K in an applied field of
50 kOe, and compared our data with zero-field data
(Figure 5D). An apparent shift of the FC hysteresis loop is
clearly observed with Hgg = 60 Oe. This value is much
smaller than those reported for Cr,Os nanoparticles.’*>*
It is possible that there is an element of disorder in the
interface between the antiferromagnetic core and the un-
compensated surface moments. Alternatively, the thickness
of the surface layer is very small, and the exchange coupling
to the antiferromagnetic core may simply be too large to
allow for the independent reorientation of the shell that
lies at the heart of the exchange bias effect. Finally, we
cannot rule out the possibility that we are not observing
an exchange bias effect at all but rather the formation of
an antiferromagnetic substructure in an antiferromag-
netic particle, as has been observed in other systems
such as NiO.%""*> We conclude that the magnetism of
these Cr,O5 nanowires has all the complexity and subtlety
expected of a nanoparticle system. The overall promise
of this system for combined electronic and magnetic
functionality renders it pressing to carry out parametric
studies with the goal of determining the fundamental
limits of these behaviors.

IV. Effect of Cr,O3 on the Thermal Decomposition of
KClOy. We have performed catalysis with our metal oxide
nanowires. Specifically, we have used these nanostruc-
tures for the decomposition of KCIO, into ClIO; ™ ions and
oxygen. It has previously been shown that due to its p—n-
type properties as well as its high electronegativity, Cr,O3
can effectively lower the thermal decomposition tempera-
ture of KCIO,4 by favoring certain novel mechanistic path-
ways.® As such, Figure 6 shows individual TGA plots of the
decomposition of pure KClOy, as well as of KCIO4 mixed

(60) Inderhees, S. E.; Borchers, J. A.; Green, K. S.; Kim, M. S.; Sun, K.;
Strycker, G. L.; Aronson, M. C. Phys. Rev. Lett. 2008, 101, 117202.

(61) Feygenson, M.; Kou, A.; Kreno, L. E.; Tiano, A. L.; Patete, J. M.;
Zhang, F.; Kim, M. S.; Solovyov, V.; Wong, S. S.; Aronson, M. C.
Phys. Rev. B 2010, 81, 14420.

(62) Kodama, R. H.; Makhlouf, S. A.; Berkowitz, A. E. Phys. Rev. Lett.
1997, 79, 1393.

(63) Said, A. A.; Hassan, E. A.; El-Salaam, K. M. A. Surf. Technol.
1983, 20, 131-137.
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Figure 6. Thermal decomposition of pure KClO, (black), KCIOy, in the
presence of bulk Cr,O3 (red), and KClO4 in the presence of Cr,Os
nanowires (green).

with bulk Cr,O3 and with our Cr,O5; nanowires. We have
found that both our nanowires and the bulk induce a
lower decomposition temperature of KClO,4 as compared
with pure KClO4 alone. Furthermore, the shoulder pre-
sent in the data corresponding to both the bulk and nano-
wire systems can be attributed to formation of K,Cr,07,
whereas the small hump present near the tail of the
TGA plot can be ascribed to the production of KCI
salt.®?

V. Conclusions. In this work, we were able to synthe-
size one-dimensional chromium oxide (Cr,O3) nanowires
using a sol—gel technique mediated using a polycarbo-
nate template. The resulting nanowires are crystallogra-
phically pure and consist of smaller component nano-
particles that appear to be fused together so as to form a
larger 1D motif. The key point is that this high-yield,
low-waste synthesis method is a distinct improvement
upon previous efforts in that (i) we do not require the
use of either specialized or inert gases; (ii) we do not
necessitate any particular high-temperature annealing
treatment; (iii) our reaction times are reasonably rapid;
and (iv) our precursors do not involve hydrazine, super-
critical fluids, or any particularly hazardous reaction con-
ditions.

Both magnetic and electronic data have been collected
to investigate the properties of as-prepared nanowires.
From the former, we conclude that uncompensated sur-
face spins coupled by the exchange interactions to the
interior of the nanowires play a dominant role in the
magnetic properties of Cr,O3 1D nanostructures. From
the latter, it was evident that as-prepared nanostructures
evinced temperature-dependent conductivity trends, ana-
logous to what has been observed for bulk and thin film
analogues. Moreover, the addition of our Cr,O3 nanos-
tructures effectively induced the decomposition of a
model compound, KClOy, to a much lower decomposi-
tion temperature as compared with its pure, uncatalyzed
form.
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