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Abstract Chromia (Cr,O3) nanoparticles were prepared
by urea forced hydrolysis in the presence of chromium (III)
nitrate using NaCl as a precipitating agent. The size, distri-
bution, and purity of the particles were evaluated. The
necessity of polyvinylpyrrolidone (PVP) as a surfactant to
prevent aggregation was also investigated. In the presence
of PVP, non-aggregated spherical-like nanoparticles
(3 £ 1 nm) were formed, whereas in the absence of
PVP, spherical-like weakly agglomerated nanoparticles
(85 £ 16 nm) comprised of 10 nm nanoparticle subunits
were produced, creating a large surface area. The as-formed
hydrated Cr,O3; nanoparticles were amorphous, although
they could be easily converted into crystalline form by
heating to 400 °C for 1 h, with minimal particle aggregation
and size reduction. Attenuated total reflectance Fourier
transform infrared spectroscopy indicated that preparation
methods (surfactant and precipitating agent) influence sur-
face reactivity of the nanoparticles to catechol.

Introduction

Chromium (IIT) oxides are important materials in hetero-
geneous catalysis [1, 2], green pigments [3, 4], and
industrial coatings for wear resistance and thermal pro-
tection [5-7]. They are also effective refractory materials
due to their high melting temperature (~ 2300 °C) and
oxidation resistance [8, 9]. Recently, there has been an
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interest in the development of chromium (III) oxide nan-
ospheres to improve the sintering properties of these
materials for refractory and ceramic applications. Nano-
sized powders present higher surface areas, potentially
improving the sintering process by decreasing sintering
temperatures and providing an increased density of sintered
powders [8, 10, 11]. In addition, nanosphere chromium
oxide particles are needed for utilization of chromium (IIT)
oxide in transparent pigments [4, 12] and improved cata-
lysts [1, 2]. To achieve this, strategies are needed to
develop chromium (III) nanoparticles with controlled,
narrow size distribution.

Several synthetic processing techniques for chromium
IIT nanoparticles have been reported including precipita-
tion—gelation reactions [13], sol-gel processes [8, 14], gas
condensation [10], sonochemical reactions [15], laser-
induced pyrolysis [16], forced hydrolysis [17, 18], mech-
anochemical processing [19], hydrothermal [20], and
amorphous complexation methods using citric acid [21].
However, in most cases, irregular and ill-defined particle
shapes were produced and particle agglomeration was
obtained. In addition, industrial applications of some of
these methods may be limited due to high cost and low
yield. An economical, simple approach to creating chro-
mium (III) oxide nanoparticles of controlled size, shape
and high yields is needed. Precipitation from a Cr (III) salt
solution has been shown as a cost-effective preparation
method. This route can give high yields; however, diffi-
culties in controlling nanoparticle size, purity, and
agglomeration have been noted [13, 22-25].

This article reports using a modified approach utilizing
homogenous urea-assisted precipitation with NaCl as a
precipitating agent to produce high-purity chromic oxide
nanoparticles of narrow size distribution in high yield.
Under mild heating, urea decomposes, generating an
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increase in pH, which allows for homogeneous precipita-
tion of numerous hydrated metal oxides [26-29]. The
morphological size and shape, chemical composition, and
crystallinity of the formed nanoparticles were evaluated.
Results were compared to the previously reported method
for urea-assisted hydrothermal synthesis of hydrated
chromium oxide particles, which indicated Na,SO, was
necessary for particle precipitation and polyvinylpyrroli-
done (PVP) was required to prevent particle agglomeration
[22]. In addition, we report for the first time the use of
attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) to evaluate the effect of pre-
cipitating reagents on the surface reactivity of the
chromium oxide nanoparticles to catechol. ATR-FTIR has
been recently recognized as a powerful method for
revealing the details of chemical reactions at solid-solution
interface [30, 31], which have implications in a variety of
fields including catalysis [32, 33], the dissolution of metal
oxides [34], and corrosion of materials [35]. Metal oxide
sol—gel films deposited on ATR crystals increase the sen-
sitivity of ATR-FTIR measurements due to the large
surface area that can concentrate analytes at the interface,
permitting direct adsorbate/surface interactions to be
monitored [36, 37].

Experimental
Materials

Chromium (III) nitrate nonahydrate (Cr(NOj); - 9H,0,
Acros 99%) urea (Sigma—Aldrich, 99%) and NaCl (Fisher
Chemical, 99%) were used as-received. All samples were
prepared in DI water purified using a Milli-Q plus water
purification system (Millipore, Bedford, MA). Additional
reagents utilized in this work include Na,SO, (Fisher
Chemical, 99%) and polyvinyl pyrrolidone (PVP-360,
Acros). A Cr,O5; powder standard (Sigma—Aldrich, 99%)
was used for FTIR comparison.

Preparation of hydrated chromic oxide nanoparticles

Nanoparticles of narrow size distribution were prepared
using a modified method reported previously [22, 24]. The
particles were prepared by aging a 10 mL aliquot of
0.005 M chromium nitrate solution in the presence of NaCl
(0.6 mol ratio CI/Cr) and urea (0.02 mol/L). For aging,
solutions were placed in a 15.0 mL pressure tube with a
Teflon cap and placed in a preheated isotemp furnace at
100 °C for 24 h. After aging and cooling at room tem-
perature for 6 h, the dark green particle suspension (yield
98%, based on chromium remaining in solution) was dia-
lyzed for 48 h to remove excess ions from solution using

regenerated cellulose dialysis tubing. It should be noted
that the synthesis has been repeated on a larger scale
(100 mL) with similar yields (90-97%). For comparison to
previously reported methods [22], particles were also
synthesized using Na,SO, at a 0.6 mol ratio of sulfate/Cr
instead of NaCl as described previously. The effect of
adding PVP-360 (0.02 g/mL) on agglomeration of particles
was also evaluated by forming nanoparticles with and
without PVP present. As-formed nanoparticles were kept in
aqueous solution or centrifuged and dried under vacuum
for further analysis. For calcination, samples were heated
for 1 h in a furnace at desired temperatures, and slowly
cooled to room temperature inside the furnace.

Characterization

The size and morphology of the nanoparticles was exam-
ined using tapping mode with a Digital Instruments
Dimension IV atomic force microscope (AFM) equipped
with 125-um silicon cantilevers with resonance frequencies
between 150 and 200 kHz and typical scan rates of 1 Hz.
For analysis, samples were drop cast from an aqueous
solution onto silicon [111] substrates. Particle sizes were
determined from cross-sectional height analysis of particles
[38—40]. The statistical distribution of the particle size is a
resultant of over 40 nanoparticle cross-sectional height
profiles. Additionally, particles were analyzed with an IEF
scanning electron microscope with Princeton Gamma-Tech
(PGT) coupled energy dispersive X-ray spectrometer. The
crystallinity of the nanoparticles was evaluated by powder
X-ray diffraction with a Rigaku Ultima III powder X-ray
diffractometer (XRD) using the Cu Ko radiation (40 kV,
44 mA). Data were collected over a 26 range between 20
and 60° at scan rate of 0.1°/min. For FTIR analysis, the
nanoparticles were mixed with KBr and analysis was
conducted using a Nicolet NEXUS 670 FTIR equipped
with a deuterated triglycine sulfate (DTGS) detector.
Thermogravimetric analysis (TGA) of nanoparticles was
conducted under high-purity N, using a TA Instruments,
TGA 2050 thermogravimetric analyzer (30—1000 °C).

Surface reactivity

ATR-FTIR measurements were made using a horizontal
attenuated total reflectance infrared (ATR-IR) attachment
(Pike Technologies) with a 45° ZnSe crystal. The adsorp-
tion of catechol onto the nanoparticle films was evaluated.
The films were formed by placing 400 pL samples of
nanoparticle solution directly onto the ZnSe crystal,
evaporating to dryness at room temperature (films formed
about 1 pm thick according to AFM analysis). The particle
films were rinsed with DI H,O to remove loosely deposited
particles. Spectra were taken at 64 scans and with a
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resolution of 4 cm ™" using the ZnSe crystal with deposited
nanoparticles as the background spectra. A sample
(900 pL) of 0.01 M catecholate solution was directly
placed onto the sol-gel and measurements were taken at
5-min intervals until equilibrium was established
(~30 min). A spectral scan of water over the sol-gel was
subtracted from the adsorbate spectral scan to minimize
contributions of water to the spectra. For ease of spectral
comparison, baselines were corrected without altering
position or magnitude of peaks.

Results and discussion

Atomic force microscopy (AFM) was used to evaluate
nanoparticle morphology. Figure la shows the AFM
analysis of nanoparticles produced using NaCl as a pre-
cipitating agent. For comparison, the AFM analysis of
particles produced with Na,SO, as a precipitating agent
[22] is also shown in Fig. 1b. In both syntheses, PVP was
used as a surfactant, as it had been reported previously that
the surfactant was necessary to control particle agglomer-
ation [22]. For both NaCl and Na,SO,, the particles
appeared to be randomly and homogeneously distributed.

Fig. 1 AFM analysis,

10 x 10 pm?, of nanoparticles
produced using 0.2 g/mL of
PVP and different precursors
(a) NaCl and (b) Na,SOy,.
Representative cross-sectional
height analyses of isolated
particles produced using each
precursor (¢) NaCl and

(d) Na,SO, are also shown
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Under the experimental conditions chosen, the nanoparti-
cles produced via Na,SO, were comparable to those
reported by Ocana [22] with an average size of
90 % 15 nm (Fig. 1d). It can be clearly seen in Fig. 1a and
c that nanoparticles produced using NaCl are significantly
smaller than those produced from Na,SO, and are more
uniform in size and shape. The nanoparticles were found to
be 3 & I nm in dimension, according to cross-sectional
height profiles. It should be noted that at this scale, tip
convolution effects distorted the resolution in the lateral
dimensions, as the dimensions of the particles are smaller
than the radius of curvature of the AFM probe
(r = 15 nm) [38, 39]. Similar to previous reports utilizing
Na,SOy4 [18, 22, 23], attempts to produce nanoparticles of
narrow size distribution in the absence of Cl™ ions failed
with gel-like, ill-defined systems produced. The Cl™ ion
concentration was important in precipitation and control-
ling polydispersity of the nanoparticles. However,
nanoparticle size was influenced by the concentration of Cr
(IIT) ions in solution [22]. Larger particles were produced
with increasing concentration of Cr’* (keeping the CI/Cr
mole ratio constant), although sizes were not predictable.
The reaction conditions described above (0.6 mol ratio of
precipitating anion/Cr) produced nanoparticles of the most
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Fig. 2 FTIR analysis of nanoparticles produced under various
precipitating agent and surfactant conductions: (a) Na,SO, with
PVP as-prepared, (b) NaCl with PVP as-prepared, (¢) NaCl without
PVP as-prepared, (d) NaCl without PVP, heated to 400 °C, and (e)
(2]
Cr,0O5 standard reference =
8
uniform size and distribution. Therefore, subsequent anal-
ysis described here will focus on these reaction ratios.
.. . (o) Cr
The composition of the nanoparticles was evaluated lor
using FTIR spectroscopy. The effects of precipitating | s |
agents (Na,SO,4, NaCl), surfactant (PVP), and calcination | i | G
0 5 10 15 20

on the composition are shown in Fig. 2. Particles produced
by the previously reported method [22], utilizing Na,SOy4
and PVP reagents, display an absorbance maximum at
540 cm™', which can be ascribed to Cr—O vibrations of
chromium (III) hydroxide [25, 41], with bands at
1640 cm ™" and in the 3200-3600 cm ™' region indicating
adsorbed water [15] (Fig. 2a). FTIR analysis also shows
the presence of sulfate (~ 1100 cm™ ') [22, 25] and car-
bonate contaminates (1378 and 1482 cm™ ') [41]. The
sulfate contaminates are attributed to the Na,SO, precur-
sor. Ocana [22] indicated that the carbonate contaminates
were likely from the decomposition of urea [24]. Regard-
less of various washing methods [22, 24, 25], these
contaminates could not be removed and remained present
in the samples. The FTIR spectrum of nanoparticles syn-
thesized with NaCl and PVP (Fig. 2b) is similar to that
shown for the synthesis using Na,SO, and PVP (Fig. 2a).
However, two key differences can be noted. First, bands
associated with sulfate contaminate are not present, as
expected due to changing the precipitating ion. EDX
analysis (Fig. 3) provides further verification and indicates
that residual NaCl is not evident in the nanoparticles,
unlike the sulfate ion (Fig. 3). Secondly, the absorbance
maximum for Cr-O vibrations (Fig. 2b) was shifted to
higher wavenumbers, ~580 cm™', corresponding to the
characteristic vibrational mode of symmetric CrOg octa-
hedra of Cr,O; [24]. These results suggest that the
composition of as-prepared particles precipitated with
NaCl is likely a hydrated Cr,O5 species, whereas Na,SOy4

Energy (kEV)

Fig. 3 EDX analysis of the Cr,O3 nanoparticles prepared using
(a) Na,SO,4 and (b) NaCl. The silicon and carbon peaks are due to the
SEM substrate

precipitation creates primarily a chromium hydroxide
species [23, 25, 41].

Utilization of NaCl instead of Na,SQO, as a precipitating
reagent removed the precipitating agent contaminates from
the nanoparticles; however, carbonate contaminates
remained. Although carbonate contamination is likely from
urea synthesis, prominent IR bands of PVP are also present
within the 1378 and 1482 cm ™' region and could contrib-
ute to the contamination [42]. Therefore, in an attempt to
further reduce contamination of as-prepared nanoparticles,
synthesis of chromia nanoparticles was conducted utilizing
NaCl as precipitating agent in the absence of PVP. FTIR
analysis (Fig. 2c) confirms that contamination in the 1378-
1482 cm™' region has been significantly reduced. This
modified synthesis not only removes contamination con-
tributions from the surfactant, PVP, but also seems to
minimize any carbonate contamination from urea decom-
position. Any carbonate ions produced during synthesis are
weakly bound to the surface of the nanoparticles and easily
removed with additional dialysis, rather than incorporated
into the nanoparticles themselves [22, 24, 25]. Further-
more, the chemical composition of the nanoparticles
remained consistent with particles produced from NaCl
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precipitation in the presence of PVP. Upon calcination at
400 °C, two well-resolved absorption bands at 570 and
638 cm™' appear (Fig. 2d). These bands fall well within
the range reported in the literature for bulk Cr,O5 [43] and
are associated with Cr—O stretching modes in Cr,O5 due to
various combination of Cr and O displacements in the
lattice [44]. In addition, characteristic bands at 413 and
443 cm™! appear and correlate with the bulk Cr,Os stan-
dard (Fig. 2e).

Powder XRD was utilized to evaluate nanoparticle
crystallinity. Figure 4a shows the characteristic X-ray dif-
fraction pattern of as-prepared nanoparticles produced
using NaCl in the absence of PVP. Although it has been
reported that some crystalline metal oxides can be formed
under controlled hydrolysis without calcination [27, 28],
chromium oxide nanoparticles prepared here are amor-
phous. Results are similar for all synthetic conditions
evaluated and are consistent with previously reported
methods to synthesize Cr,O3 nanoparticles [10, 14-16, 20,
22, 24]. Annealing for 1 h at 400 °C produces the crys-
talline Cr,O3 phase, rhombohedral structure (space group
R-3c (167), with lattice parameters a = b = 4.9588 A and
c = 13.5942 A) [15, 45, 46], as shown in Fig. 4b. No other
crystalline phases appear to be present. Thermal gravi-
metric analysis of the chromium oxide nanoparticles is
shown in Fig. 5. Comparison to previously reported TGA/
differential thermal analyses of Cr,Os; nanoparticles sug-
gests that the crystalline phase transition starts around
300 °C [21, 22, 24], associated with no further weight loss.
This is a lower temperature than previously reported for
crystalline Cr,O5 nanoparticles and has been confirmed by
XRD analysis [10, 14-16, 20, 22, 24]. The TG analysis also
shows a broad decrease in weight starting at 100 °C
characteristic of water and organic loss. The particles with

S
Q
=

Intensity A.U.

Fig. 4 X-ray diffraction patterns for chromium oxide nanoparticles:
(a) as-prepared using NaCl as precipitating agent in the absence of
PVP and (b) calcined at 400 °C. It should be noted that synthesis with
PVP shows the same results
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Fig. 5 TGA of as-prepared chromium oxide nanoparticles prepared
by urea-assisted homogeneous precipitation with NaCl as a precip-
itating agent and (a) PVP, (b) no PVP

PVP show an additional loss in mass around 200-250 °C,
which has been associated with carbonate ions [22]
detected in the FTIR analysis. Overall there is only a small
difference in overall weight loss, ~5%, which suggests
that the carbonate contamination from PVP is not a large
contribution to the overall original mass of the sample.
Ocana [22] had previously determined that PVP was
necessary to prevent particle aggregation when using
Na,SO, as a precipitating agent. As shown in Fig. 5a and
b, despite the absence of PVP, the nanoparticles produced
using NaCl as a precipitating agent are quite uniform in
size and shape. However, the morphology of the nano-
particles changed. Figure 6a clearly shows that the
nanoparticles remain spherical-like in shape but are larger
in dimension (85 + 16 nm) compared to particles pro-
duced in the presence of PVP (3 £ 1 nm). Closer
inspection (Fig. 6b) reveals the particles themselves are
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Fig. 6 AFM analysis of
chromium oxide nanoparticles
prepared by urea-assisted
homogeneous precipitation with
NaCl as a precipitating agent.
As-prepared samples:

@5 x5 umz area and

b)1 x1 um2 area. After
calcination at 400 °C:

(¢) 10 x 10 pm? and

(d) representative
cross-sectional height

of particles

comprised of small subunits, ~ 10 nm diameter nanopar-
ticles, which increase the surface area of the nanoparticles
produced. This could prove useful in the application of
these materials in catalysis applications. Overall the larger
nanoparticles (85 £ 16 nm) are loosely aggregated and
dispersion can be increased by sonication, without degra-
dation of the particles and their subunits. After annealing to
400 °C, AFM analysis (Fig. 6¢, d) indicates that the par-
ticles remain spherical-like, but decrease in size to
~65 £ 10 nm. XRD analysis using the Scherrer equation
[47] for all diffraction peaks indicates the average crys-
tallite size to be 20 nm. This correlates well with AFM
analysis which reveals the 60 nm particles are still com-
prised of smaller subunits. The slight decrease in particle
size is likely due to fusing of the void volume between the
individual subunits of the nanoparticles upon calcination
and crystallization. The nanoparticles do not appear to be
strongly interconnected, but some aggregation of particles
is evident.

Catechol was used to compare the surface reactivity of
the chromium oxide nanoparticles created under different
precipitating agent and surfactant conditions (Fig. 7).
Catechol was chosen as model analyte as its derivatives are
an important class of chemicals originating from both
natural and anthropogenic sources, and it has shown to
have a high affinity to metal oxide surfaces [36, 48, 49].
Adsorption of organic molecules onto mineral surfaces is
generally thought to occur through either of two funda-
mental interactions: inner-sphere adsorption, in which the

200 nm 60 nm

100 nm

0+ M

T T T LS T

0 100 200 300 400 500 600 700
Trace (nm)

(b)

Absorbance

(a)

1600 1500 1400 1300 1200 1100 1000
Wavenumbers (cm™)

Fig. 7 ATR-FTIR analysis of (a) catechol (pH 7) and its interaction
with chromium oxide nanoparticles prepared under different precip-
itating agent and surfactant conditions: (b) Na,SO, with PVP,
(c¢) NaCl with PVP, and (d) NaCl no PVP

organic anion forms a direct bond with the surface cation,
or outer-sphere, where a direct anion-surface bond is
formed [34]. Outer-sphere binding of organic anions gen-
erally gives rise to IR spectra that are similar to those of the
anion in aqueous solution. The symmetry of anions is
reduced when they adsorb in an inner sphere complex.
Inner-sphere binding is often evident from shifting of
bands, increased intensity of bands, and/or development of
new bands, relative to the anion in aqueous solution
[50, 51]. ATR-FTIR analysis suggests that catechol forms
an outer-sphere complexation with the surface of the
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nanoparticles prepared using Na,SO, and NaCl in the
presence of PVP (Fig. 7b, c). This is evident, as the spec-
trum is similar to that of catechol in solution, with little
changes in spectral bands or intensities (Fig. 7a). However,
catechol adsorbed on Cr,Oj3 hydrated nanoparticles pre-
pared with NaCl in the absence of PVP (Fig. 7d) showed a
five-fold increase in two main catechol bands, 1480 cm_l,
v(—=C=C-) and 1250 cm_l, v(C-0), which was independent
of ionic strength. The splitting of the C-O stretching also
disappeared, indicating a bidentate inner-sphere complex
with Cr,O3 [36, 49]. These results clearly indicated that
depending on the precipitation reagent, nanoparticle reac-
tivity may vary.

Conclusions

In conclusion, a modified low-temperature method has
been developed to produce weakly agglomerated spherical-
like hydrated chromium oxide nanoparticles with narrow
size distribution by aging chromium (III) nitrate in the
presence of NaCl and urea at 100 °C. An advantage to this
approach is that Cr,O3 nanoparticles of higher purity and
composition, compared to those prepared with Na,SO, and
PVP, can be created under moderate conditions. Crystalline
Cr,O5; nanoparticles can be produced with minimal
agglomeration, by heating samples to 400 °C. Furthermore,
ATR-FTIR results suggest that the reactivity of the Cr,O3
nanoparticles could potentially be tailored depending on
the preparation method.
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