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Chromium dioxide, CrQ,, supported on titania was prepared
by impregnation of the carrier with chromium(III) nitrate (10
wt% Cr,0; on TiQ,) followed by its thermal decomposition
and calcination under oxygen at 573 K. X-ray amorphous CrO,
(ca. 95%) was found to be present after calcination. The chemi-
cal and structural changes of the supported CrO, phase during
thermal treatment in hydrogen, oxygen, air, argon, and ammo-
nia, and under SCR conditions (selective catalytic reduction
of NO by NH; in excess oxygen) were investigated by thermoan-
alytical methods, (ferro)magnetic resonance, XRD, and UV-
visible and IR spectroscopy. Supported CrO- is reversibly re-
duced under hydrogen, producing antiferromagnetic CrOOH
on titania. Reoxidation to CrO, occurs at temperatures above
520 K in air, under oxygen, and under SCR conditions (NO
+ NH; + O,). CrOOH and CrQ, were decomposed at 7 = 770
K under argon to antiferromagnetic Cr,0;; the decomposition
is complete only at 7 > 1000 K. The composition and thermal
stability of the supported oxides are compared to the corre-
Sponding bulk phases CrO,. © 1995 Academic Press, Inc.

INTRODUCTION

The characterization of chromium oxides supported on
metal oxide surfaces is extensively reported in the litera-
ture, largely due to their activity in several catalytic pro-
cesses. Although the structure of the supported phases
was investigated in detail, the nature of the supported
chromium oxide species remained debatable in many cases.
Supported chromium species are typical of a pronounced
oxidation-reduction chemistry. When chromium is sup-
ported on Al,Oj3, Si0,, ZrO,, or TiO,, more than a single
oxidation state is observed in most cases, depending on Cr
loading, preparation procedure, and treatment conditions
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applied (see, e.g., Refs. (1-12) and literature cited therein).
In general, Cr(11I) and Cr(VI) and the corresponding ox-
idic phases Cr;0; and CrO; and chromates(VI) were re-
garded as the main components, but also Cr(V) and Cr(II)
surface species were proven or proposed to be present in
nonnegligible amounts,

Chromium(IV) dioxide, CrO», supported on a metal
oxide surface is not discussed in the literature apart from
two exceptions: (i) minor amounts of CrO, were observed
as an intermediate of CrO, decomposition on SiO, by
XRD (5); (ii) in Parts I and II of this series, the presence
of ferromagnetic CrO, was proposed hypothetically for
higher-loaded oxygen-calcined CrO,/TiO, catalysts for the
selective reduction of NO by ammonia based on paramag-
netic resonance (12) and thermoanalytical investigations
(13). Very recent investigations of the products of thermal
decomposition and calcination of bulk chromium(IIl) ni-
trate under conditions generally used for the preparation
of supported catalysts showed Cr,0O; and CrO, to be the
main products (14, 15). In addition, the specific reversible
interconversion CrO, == CrOOH could be proven also for
the amorphous oxide phases, which is of special importance
for the investigation of corresponding supported systems.

The hypothetical character of the supported CrO; sur-
face species and the recent results of chromium(II1) nitrate
decomposition prompted us to investigate in detail the
nature and the related interconversions of the relevant
chromium oxide phases on titania using thermogravimetry
(TG) and differential thermal analysis (DTA) monitored
by mass spectrometry (MS), X-ray powder diffraction
(XRD), (ferro)magnetic resonance, and UV -visible and
FT-IR spectroscopy. Considering the distinctive magnetic
properties of the three oxides concerned (CrO,, CrOOH,
and Cr,0;) and the high sensitivity of the method, mag-
netic resonance experiments are a suitable tool for charac-
terization, especially of the supported oxides. CrQO; is ferro-
magnetic below its Curie temperature T = 390 K (16), a
property never established for any other chromium oxide.
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CrOOH and Cr,O; are typical antiferromagnetic materials
with Néel points Ty = 130 (17) and 388 K (18), respectively.
Of central interest were the solid state reactions, such
as the reversible interconversion CrQ, = CrOOH and the
thermal decomposition of both into Cr,O;. The applica-
tion of the results gathered for the bulk solids (15) should
provide, at least for higher Cr loadings (5-10 wt%), the
conditions necessary to prepare supported chromium oxide
catalysts containing the desired chromium oxide phases
CrQO-, CrOOH, and Cr,0Os, as well as mixtures of defined
composition on titania. In addition, the nature of the sup-
ported oxide phases has been investigated under conditions
typical of the selective catalytic reduction (SCR) of nitric
oxide by ammonia in excess oxygen, i.e., their transforma-
tions under ammonia and NH;/NO/O; atmospheres.

METHODS

The starting material was prepared according to Ref.
(12) by impregnation of TiO, (P25, specific surface area
49 m?/g, supplier Degussa) with chromium(III) nitrate,
Cr(NO3);3 - 9H,O (Fluka). After vigorous stirring for 2 h
the water was evaporated at 50 Torr (6.66 X 10* Pa) by
heating to 363 K within ca. 4 h. Crushing and sieving to
0.3- to 0.5-mm grain size was followed by rapid heating to
573 K in a nitrogen stream (50 ml/min). Afterward the
sample was cooled to room temperature and calcined in
an oxygen stream (50 ml/min) at 573 K for 3 h (sample
designation: CrO,-ST). A chromium content of 6.84 wt%
Cr = 1.46 X 10 * mol Cr/g TiO; (corresponding to 10 wt%
of Cr,03) was used.

Thermal analytical investigations were carried out in
hydrogen, air, argon, and ammonia (0.09 vol% in argon),
and under a SCR atmosphere (900 ppm NO, 900 ppm NH3,
1.8 vol% O,, balance argon) at different temperatures and
under different conditions (see later text).

The decomposition of the supported chromium oxides
was investigated under pure argon (less than 0.005 vol% of
impurities) and their reactions with pure hydrogen (<0.005
vol% of impurities) were carried out on a thermobalance
or in a specially constructed quartz microreactor.

Preparation conditions and compositions of the different
samples prepared (all of them containing an amount of Cr
equivalent to 10 wt% Cr,0,) are summarized in Table 1.
The acronyms used to designate the individual CrO,/TiO,
samples were derived from the main component (CrO,-
ST, CrOOH-ST, CrO,-RE; ST means standard, RE reoxi-
dized, and HT after high-temperature reduction) or from
the percentage of these oxides remaining after decomposi-
tion under argon (error, <=*5%).

The unsupported (bulk) oxides CrO, and CrOOH were
prepared as follows: CrO; (Aithaca Chemical Corp., USA)
was heated in air at 673 K prior to further use, in order to
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decompose the CrOOH present and to remove the organic
impurities. CrOOH was prepared by reduction of CrO,
with pure hydrogen by heating at a rate of 10 K/min in the
range 298-623 K. XRD analysis confirmed the presence of
only one phase in both samples (compare also Ref. (15)).

Thermoanalytical measurements were performed at a
heating rate of 10 K/min on either a Mettler 2000C thermo-
analyzer or a Netzsch STA 409, using a-alumina as a refer-
ence. Evolving gases were monitored on-line using a Balz-
ers QMG 420 quadrupole mass spectrometer connected
to the thermoanalyzer by a heated capillary.

X-ray analysis was carried out on a Siemens D5000 pow-
der X-ray diffractometer using CuKe radiation in step
mode between 20° and 80° 26, with a step size of 0.01° and
a step time of 0.3 s.

The content of CrO, and CrOOH in the samples was
determined by temperature-programmed decomposition
monitored by mass spectrometric (Balzers GAM 455) anal-
ysis of the evolved O, and H,O. The catalyst was heated
in a fused quartz microreactor at a heating rate of 10 K/
min under flowing helium (300 ml/min STP).

Ferromagnetic and paramagnetic resonance spectra
were recorded on Bruker ESP300 and ESP300E systems
at X-band frequency (Varian E-9 spectrometer at Q-band
frequency) at temperatures between 130 and 420 (300) K
with microwave frequency about 9.4 (35.5) GHz, micro-
wave power < 1 mW, and modulation frequency 100 kHz,
where the numbers in parentheses refer to Q-band mea-
surements. The measurements were carried out in a Bruker
TE104 double rectangular cavity and a modified Varian
E-266 Q-band TEO11 (right circular cylinder) cavity, re-
spectively. The g values were determined with a NMR
magnetometer and DPPH as a g marker. The signal inten-
sity was obtained by numerical double integration of the
sample and reference (DPPH) spectra, using the ESP300
software.

The UV-visible spectra were recorded on a spectrome-
ter equipped with an integration sphere (Perkin-Elmer,
Model Lambda 16). The diffuse reflectance spectra were
recorded under ambient conditions using BaSO, as a refer-
ence. For simulation and presentation the spectra were
transformed to the Kubelka—Munk function. The compos-
ite profile was fitted by a superposition of Gaussian bands
(19), with the frequency positions, intensities, and line-
widths being varied by the fit. A minimum number of
bands were allowed to achieve adequate representation of
the spectra.

The infrared spectra (transmission mode) were taken
under ambient conditions using self-supporting 13-mm pel-
lets as well as 0.5 wt% KBr pellets on Perkin-Elmer FTIR
2000 equipment. Fewer than 10 scans were collected for
each spectrum at a resolution of 4 cm ™.
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TABLE 1
Composition of Titania-Supported CrO, Samples

Label® Preparation conditions Composition (at.% Cr)?
CrO,-ST Impregnated sample calcined under O,. 573 K, 3h CrO;: 95%, chromates(VI): 4%
CrOOH-ST CrO,-ST.H,, 523 K. 1 h CrOOH :88%, CrO;: 12%

CrO,-RE CrOOH-ST, air, 520K, 1 h Cr0O,:94%, CrOOH : 6%
Cr0O,-27 CrO;-ST, Ar, 773K, 1 h Cr;0,:73%, CrO,:27%
Cr0O,-22 CrO,;-ST, Ar, 773 K. 5 h Cr,0;:78%, CrO,:22%
CrOOH-24 CrOOH-ST, Ar. 773K, 1 h Cr;03:73%, CrOOH :24%. CrO,:3%
CrOOH-15 CrOOH-ST, Ar, 773 K, 5 h Cr;0;:83%. CrOOH :15%, CrO,:2%
CrOOH-HT CrO;-ST. H,, 773 K, 0.25 h, Ar, 773 K. 5 h Cr;03:79%, CrOOH : 19%, CrO,:2%
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“The acronyms used to designate the individual CrO,/TiO; samples were derived from the main component CrO; or
CrOOH. ST indicates the standard sample containing the maximum amount of the main component; the numbers, e.g., 27 or
22, express the atomic percentage of the oxide remaining after decomposition of the ST samples. RE means after reoxidation
of CrOOH-ST. and HT means after high-temperature reduction of CrO,-ST.

® Quantitative composition derived from thermal analysis monitored by mass spectrometry.

RESULTS

Thermal Analysis of the Supported Chromium
Oxide Phases

After calcination under oxygen. All these investigations
started from a sample prepared by the impregnation of
TiO; with Cr(NO3); - 9H,O (Cr content ca. 7 wt% Cr/
TiO,, ie., 10 wt% Cr,05/TiO,) followed by drying and
calcination under oxygen at 573 K, as described under
Experimental and in further detail in Ref. (12). The ther-
mogravimetric curve (TG) of the sample shows that the
loss of weight occurs in two stages (Fig. 1). During the first
stage, physisorbed water evolves from the support (mass
spectrometric curve, m/z = 18) with a peak centered at T
= 406 K. The amount of desorbed water is estimated to
be 0.8-0.9 wt%. The second step starting at 553 K is caused
by the evolution of oxygen (m/z = 32), which is interpreted
in accordance with the magnetic and spectroscopic results
as being due to CrQ, decomposition (see below). The
maximum rate of oxygen evolution occurs at 680 K, a
temperature significantly lower than that found for bulk,
crystalline CrQ, (ca. 770 K), but comparable to that ob-
served for amorphous CrO; (15). The completion of the
CrO; decomposition at about 1070 K indicates a significant
stability of CrO, supported on titania. Although XRD
analysis of the sample designated as CrO,-ST did not show
any patterns different from those of the carrier (anatase
and rutile) indicating the poor crystallinity (X-ray amor-
phous nature) of the supported chromium oxide, additional
patterns arising from crystalline Cr,O; appeared after
heating to 1170 K (inset of Fig. 1B). The mass spectrometric
curve m/z = 44 indicates desorption of CO,, the amount
of desorbed CO, corresponding to only 1/20 of the oxy-
gen evolution.

Mass spectrometric detection of the evolved gases

showed that the amount of oxygen released corresponded
to 1.01 wt% referred to total weight or 10.55 wt% referred
to CrO,. This result indicates that 95% of the chromium
was present as CrO, before decomposition. The oxygen
evolution occurred in two discernible steps in the range
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FIG. 1. Decomposition of CrO,-ST under argon. (A) Mass spectro-

metric (m/z = 18, 32. and 44) and (B) thermoanalytical measurements.
The cutout of XRD patterns of the product after heating to 1170 K shown
as an inset (upper right of (B)) indicates the presence of Cr,O;. The
notation 2E-11, SE-12, etc. signifies 2 X 107!, 5 X 10712, etc.
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FIG. 2. Decomposition of CrOOH-ST under argon. (A) Mass spec-
trometric (m/z = 18 and 32) and (B) thermoanalytical results.

513-1093 K. The decreasing rate of CrO, decomposition
with increasing conversion was described and explained
in the literature for bulk crystalline (20) and amorphous
chromium dioxide (15). With preceding decomposition the
crystallographic shear planes formed in the CrO, rutile-
type structure close the empty tunnels running parallel to
the c-axis and suppress the rate of oxygen evolution. As
a consequence, the decomposition of the last 10-15% of
the chromium dioxide requires temperatures higher than
870 K for a non-isothermal run. Even under long-term
isothermal conditions it is therefore rather impossible to
decompose the supported CrO, completely without in-
creasing the temperature above 770 K.

After reduction under hydrogen (redox cycle CrO, =
CrOOH). The mutual interconversion of CrQ, and
CrOOH has been shown to be very characteristic and suit-
able for the identification of both chromium oxide phases
(15, 20, 21). Therefore, the CrO, on the calcined sample
(CrO,-8ST) was reduced to CrOOH under pure hydrogen
at 523 K for 1 h (see Table 1). Higher temperatures enhance
the decomposition of the product CrOOH. The TG curves
of the resulting sample CrOOH-ST (Fig. 2) indicate three
distinct stages of weight loss: (i) the desorption of phy-
sisorbed water (m/z = 18) from the support (0.4 wt%,
shown by the dashed line in Fig. 2), (ii) the evolution of
water mainly formed by the decomposition of CrOOH
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between 470 and 940 K (0.7 wt%), and (iii) the evolution
of oxygen between 820 and 1090 K (0.2 wt%).

The sample was reoxidized in air at 520 K for 1 h. The
thermoanalytical curves of the reoxidized sample (Fig. 3)
indicate the presence of residual CrOOH after oxidation
(small peak centered at 615 K, m/z = 18, above the dashed
line continuing the desorption peak of physisorbed water).
The curve m/z = 32 indicates the decomposition of CrO,.
The maximum of the corresponding oxygen evolution oc-
curs at 700 K. From the mass spectrometric data it can
be calculated that two chromium-containing phases, CrO,
(94%) and CrOOH (6%), were present after reoxidation
of CrOOH/TiO; (CrO,-RE).

Preparation of Chosen (Mixed) Chromium Oxide Phases
Supported on Titania

Starting from the results presented above concerning
the reactions of CrO, and CrOOH supported on titania,
two series of catalysts containing the chromium oxide
phases CrO,, CrOOH, and Cr,0; with defined composi-
tion were prepared. First, the sample calcined under oxy-
gen containing mainly CrO, (about 95%, CrO,-ST) was
decomposed under argon at 773 K for 1 and 5 h, respec-
tively. Second, the calcined sample subsequently reduced
under hydrogen and containing mainly CrOOH was de-
composed under argon as well as reoxidized in air. The
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conditions applied and the composition of the prepared
catalysts as deduced from the thermoanalytical and mass
spectrometric measurements are summarized in Table 1.
Concerning the choice of the conditions the following fea-
tures had to be taken into account. All conversions had
to be performed under conditions as mild as possible in
order to avoid undesired changes in the supported system
(see above). The preparation of CrOOH via the reaction of
CrO, with hydrogen had to be performed at temperatures
below 525 K because CrOOH starts to decompose already
at this temperature under hydrogen (15), and even at 470
K under Ar. This does not allow the completion of the
reduction. Note that the above-mentioned specific features
of the decomposition of CrO; restrict the maximum yield.
Temperature and duration used for the thermal decompo-
sition of supported CrO; and CrOOH are further restricted
if agglomeration and crystallization of the product Cr,0;
must be avoided. Despite these limitations the solid state
reactions used afforded high yields even under mild condi-
tions. Catalysts containing the desired phase, i.e., CrO,,
CrOOH, or Cr,0;3, in concentrations higher than 80-90%
could be prepared (Table 1).

Beha ior of the Chromium Oxide Phases in Ammonia
and SCR Atmosphere

In order to examine the possibility of the reduction of
CrO, by ammonia and the oxidation of CrOOH under
SCR conditions, the respective reactions were studied with
the corresponding unsupported (bulk) materials. The as-
sumption that the reactivities of bulk and surface phases
are similar seems to be justified considering the qualitative
agreement between the reactivities of the unsupported and
supported samples described above (compare also Ref.
(15)). The products of the corresponding experiments with
the supported chromium oxide phases were investigated
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FIG. 4. XRD patterns of unsupported CrO; before and after expo-
sure to ammonia (0.09 vol% under Ar) at 573 K for 1 and 2 hours, respec-
tively.
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FIG. 5. XRD patterns of unsupported 8-CrOOH after exposure to
SCR feed gas (0.5 vol% NHj;, 0.09 vol% NO, 1.8 vol% O,, balance Ar)
at different temperatures for 1 hour.

by magnetic resonance (see below), which confirmed this
assumption. For the reduction of CrO,, ammonia with a
concentration of (.09 vol% (balance Ar) was used instead
of hydrogen. Ammonia was passed with a flow rate of 30
ml/min at 573 K through a bed of 100 mg of CrO, placed
in the microreactor. XRD patterns of the samples, taken
after 1 and 2 h, are shown in Fig. 4. Even under these
mild conditions (low ammonia concentration), chromium
dioxide is almost completely converted to CrOOH after 1
h. After 2 h on stream the sample showed only the most
intense CrO; reflection (26 = 28.64) besides 8-CrOOH.
The ease of the CrOOH oxidation prompted us to inves-
tigate its reactivity in typical SCR feed gas (0.05 vol% NH3,
0.09 vol% NO, 1.8 vol% O,, balance Ar). XRD patterns
of the sample after heating it under an SCR atmosphere
(flow 100 ml/min STP, duration 1 h) at various tempera-
tures are displayed in Fig. 5. Even in the presence of the
reducing agent (ammonia) and despite the low oxygen
concentration, chromium dioxide, the product of CrOOH
oxidation, is detected at 523 K. For the sample exposed
at 573 K only a residual amount of CrOOH is observed.

Magnetic Resonance

Calcined sample. The ferromagnetic resonance (FMR)
powder spectra of the calcined sample at the frequency
v = 9.4 GHz are shown in Fig. 6A for different recording
temperatures and at v = 35 GHz in Fig. 6 B for T = 293 K.
As expected for a ferromagnetic (or superparamagnetic)
system and analogously to other FMR investigations of
CrO, (23-27), they are strongly temperature dependent
concerning the width, shape, and intensity {numerical dou-
ble integral) of the lines. Above 390 K, the Curie tempera-
ture (7¢) of CrO,, a symmetric derivative line is observed:
T =400 K; g = 1.972, and AB,, = 23 mT. Below 390 K
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FIG. 6. Ferromagnetic resonance spectra of the impregnated sample
calcined under oxygen at 573 K (CrO,/TiO;, CrO,-ST) for different
recording temperatures (A) at X-band (¥ = 9.4 GHz) and (B) at Q-
band (v = 35.6 GHz). The arrows indicate where the AB,,;, values were
taken from.

the line is broadened, becomes first asymmetric and for T
< 353 K a low-field shoulder appears and is further shifted
to lower fields against the derivative line remaining at
g = 1.98 (AB,, = 30 mT) with decreasing temperatures.
A finite value of absorption is observed at zero field at the
lowest temperature investigated in the X band (7T = 133
K). The temperature dependence of AB,, is given in Fig.
7. This peak-to-peak linewidth, AB,,, or H,,, which is ordi-
narily deduced from the ferromagnetic resonance powder
spectra as indicated by arrows in Figs. 6A and 6B (22), is
caused by a number of different magnetic anisotropies.
Their main contributions to AB,, are not markedly field
dependent to a first approximation, as can be seen from
the FMR spectra at a frequency of 35.5 GHz (Fig. 6B).
The low-field shoulder appears at B = 1.08 T and the
corresponding derivative line at 1.26 T (g = 1.975), i.e,,
the ABy, value defined above is practically unchanged for
both frequencies used. Additionally this proves that this
low-field absorption is not due to a new or different signal
or compound.

The temperature dependence of the integrated intensity
at v = 9.4 GHz is shown in Fig. 7 as I, = I(T)/I(Ty)
versus T (T = 130 K, lowest T investigated). The determi-
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nation of the Curie temperature T of the supported CrO»,
using as a first approximation a linear extrapolation of the
linewidth AB,, o< T (25), yields a T = 400 K, which is
slightly higher than that of pure bulk CrO; (16). A direct
proportionality of AB,, holds, however, only in the case
of pure shape anisotropy. For CrO; embedded in a polymer
matrix (25), however, it has been found that all anisotrop-
ies, i.e., shape, magnetocrystalline, and magnetostriction,
must be taken into account. The field H,, (ABy,) > 200
mT is also too large to be explained by magnetocrystalline
anisotropy alone (27). The determination of T by the
quadratic (22) or cubic (28, 29) extrapolation of /.., yields
T values lower than that of bulk CrO, (7 = 360 K or
lower). At this point it must be mentioned that the mag-
netic characteristics such as AB, < T and /I, < T depend
sensitively on slight, more or less controllable changes of
the preparation conditions (impregnation, drying, calcina-
tion). This is found as a result of several repetitions of the
preparation procedure. The particle size of CrO; calcu-
lated from the 7, versus 7 dependence using the Langevin
function L(X) (22, 30) assuming superparamagnetism and
single-domain particles, varies accordingly (particle diame-
ter of a few nanometers). On the other hand, repeated
calcination under oxygen caused similar magnetic parame-
ters for all samples prepared (7¢ increases).

More quantitative statements concerning the kind of
anisotropy, particle size and distribution, and crystalliza-
tion effects and their dependence on chromium content
and pretreatment require more detailed investigation and
interpretation and will be discussed elsewhere. At this
point the following needs to be stated. The observed reso-
nance spectra are clearly due to collective properties of a
ferromagnetic system. Chromium dioxide is the only
known transition metal oxide that is strongly ferromagnetic
at room temperature. There is no indication of the presence

L1.2
200 - 5
- 10 2
E 150 £
-~ r08 Z
E a
= -
g 100 - F06 Z
=
Z 04 B
=} U, [
= <
50 4 :
L0.2 =

—

200 300 400

TEMPERATURE / K

FIG. 7. Temperature dependence of the integrated intensity of the
FMR spectra (thermomagnetic curves, empty circles) and of the line-
widths (AB,,, peak to peak, full squares) for a typical CrO,/TiO; sample.
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of other magnetic components, such as Cr(11I) or Cr,O5;,
as found for the corresponding calcination product of bulk
chromium nitrate. As a restriction it must be mentioned,
however, that diamagnetic components such as chro-
mates(VI) would not be observable by EPR/FMR, and
that minor amounts of paramagnetic or antiferromagnetic
constituents could be masked by the strong ferromag-
netic absorption.

Magnetic resonance of the intercon ersion products.
The spectra after the reduction of the calcined sample
under hydrogen at 7 = 523 K for 1 h (CrOOH-ST) are
shown in Fig. 8 for different recording temperatures. The
spectra are symmetric Lorentzian lines whose width and
intensity are temperature dependent. The peak-to-peak
linewidth increases with decreasing temperature from
about 70 mT at 293 K to 90 mT at 130 K (spectrum not
shown) but remains symmetric over the full temperature
range investigated. This indicates that Cr*" ions coupled
antiferromagnetically by exchange interactions. The sig-
nals are assigned to Cr**—O?" clusters (3 phase (1)). The
behavior observed is expected for minute 3-CrOOH parti-
cles, which do not exhibit distinct magnetic properties, such
as a sharp Néel point. There is no indication of a chromium
oxidation state other than +3 by EPR or by any other
spectroscopic method applied. Very low amounts of CrO,,
however, would not be expected to be observable under
the conditions applied. The same spectroscopic features
were observed for CrO,-ST after reduction with ammonia
(T'=573K.2h).

The spectra of the reduced sample (CrOOH-ST) decom-
posed under argon under mild conditions depend on the
temperature and duration of the treatment. Three samples
will be compared (Fig. 9): decomposition of CrOOH-ST
(i) for 1 h at T = 773 K under Ar (CrOOH-24), (ii) for 3
h at 7 = 773 K under Ar (CrOOH-15), and (iii) a sample
prepared by reduction of CrO,-ST at a temperature as

FIG. 8.

Paramagnetic resonance spectra of CrOOH-ST for different
recording temperatures at X-band (» = 9.4 GHz). The small peaks indi-
cated by open circles are due to Cr*" incorporated into the lattice of
rutile (compare with (12) and literature cited therein).
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FIG. 9. Temperature dependence (A) of the integrated intensity of
the magnetic resonance spectra and (B) of the linewidths (AB,,,) for the
decomposition of CrOOH-ST (1) for 1 h at 7 = 773 K in Ar (CrOOH-
24), (2) for 5hat T = 773 K in Ar (CrOOH-15). and (3) for the sample
prepared by reduction of CrO,-ST at T = 773 K in hydrogen followed
by decomposition under Ar for S h at 773 K (CrOOH-HT).

high as 773 K (CrOOH-HT). The temperature dependence
of the linewidths AB,,, (Fig. 9A) and integrated intensities
(Fig. 9B) become gradually more similar to antiferromag-
netic Cr,O; from (i) to (iii) (compare, e.g., solid solutions
of Cr,05 in Al,O; (31, 32)). The quantitative interpreta-
tion of the antiferromagnetic resonance data of a-Cr,O4
is reported for rather large grain sizes (a few tenths to a
few hundreds of nanometers in diameter (33)) of crystalline
samples. The sizes of the supported CrOOH and Cr,O,
clusters described above are expected to be a few nanome-
ters only (from FMR measurements of the CrQ, precursor
CrO,-ST and from the temperature dependence of the
FMR spectra). This does not allow quantitative statements.
However, the qualitative information obtained is unambig-
uous: in all samples described we can observe a more or
less pronounced antiferromagnetic behavior typical of
chromium(II)-oxygen clusters of different sizes. The de-
composition at high temperatures (1170 K) causes a mag-
netic behavior typical of crystalline o-Cr,0; (18) (data
not shown), which is in agreement with the corresponding
XRD (inset Fig. 1B), and the reduction of CrO,-ST at
T = 773 K causes a pronounced antiferromagnetic behav-
ior, indicating an increase in the particle size of Cr,O; on
the surface.
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FIG. 10. UV-visible diffuse reflectance spectra of (a) pure titania
support (calcined), (b) impregnated sample, (¢) CrOOH-ST, (d) products
of decomposition of CrOOH under argon (CrOOH-24), (e) CrO,-ST.
For spectrum (c) two bands resulting from the deconvolution analysis
are given (dashed lines). The fit procedures were performed after sub-
tracting the TiO, background.

Reoxidation and SCR conditions. Reoxidation of
CrOOH-ST in air or under oxygen gives samples having
practically the same spectroscopic features of ferromag-
netic CrQ, as described for the oxygen-calcined sample.
The same is true for the sample exposed to an SCR atmo-
sphere containing 900 ppm NO, 900 ppm NHj, and 1.8
vol% oxygen under argon for temperatures above 573 K
(1 h). For T < 473 K, the magnetic properties typical of
a antiferromagnetic material (CrOOH, compare above)
are observed; for temperatures between 473 and 573 K,
the CrOOH species were oxidized under SCR conditions
to ferromagnetic CrO,. That means that as regards the
nature and oxidation state of the chromium surface species
the SCR atmosphere is oxidative in character above tem-
peratures of about 523 K even in the presence of the reduc-
ing agent NH;.

UV-Visible Spectroscopy

The observed changes in color of the samples are in all
cases in agreement with the results reported above. After
calcination (CrO,-ST) the sample is black as bulk CrO,.
The UV-visible spectrum consists of one strong, very
broad absorption over the full visible range (Fig. 10e). This
is attributed in the literature to highly conducting phases
(5). The strong absorption does not allow the identification
of charge transfer bands due to Cr(VI) components. Below
400 nm all diffuse reflectance spectra are dominated by
strong absorptions of the titania carrier (Fig. 10a). Reduc-
tion under hydrogen {Fig. 10c) changes the color to green
and the UV-visible absorptions with maxima at 470 and
690 nm are ascribed to the A, —» Ty, and Ay, T5, d—d
transitions due to Cr3* (34). Particularly the latter is shifted
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toward higher wavelengths in comparison to bulk Cr,0;
or mononuclear or dinuclear Cr** in octahedral coordina-
tion in solution (about 460 and 600 nm). Thermal decompo-
sition of CrOOH generates spectra with slightly changed
band positions in comparison to CrOOH-ST (Figs. 10c
and 10d; 460 and 660 nm). The assignment to Cr®* is in
agreement with the results described above. The shifts of
the bands were observed also for other supported Cr(III)-
oxide phases (34, 35) and will not be further discussed here.

FT-IR Spectroscopy

The most pronounced absorptions in the transmission
IR spectra of self-supporting and KBr pellets expected for
CrOOH, Cr, 03, or CrO, are covered by the strong titania
absorptions below 800 cm ™!, between 3500 and 2900 cm ™!
and around 1600 cm ™' (OH and H,O vibrations). One
pronounced band (also observed in pure CrO, KBr pellets)
is always observed, however, in the oxygen-calcined sample
at 943 cm™'. It disappears reversibly upon reduction under
H, and also by decomposition under argon at higher tem-
perature. It is interpreted as an IR indication of CrO; in
the calcined sample.

Cr(VI) Surface Species

Although no evidence for Cr(VI) could be found from
UV-visible diffuse reflectance spectra (strong absorption
and bad reflectivity of black CrQ,), there is indication that
after calcination a nonnegligible amount of chromium(VI)
is present in the calcined sample (CrO,-ST). This is indi-
cated by the immediate dissolution of only slightly bound
Cr(VI) species from the surface in aqueous suspensions of
this catalyst as already described in the literature (5, 12).
The Cr(VI) content of about 4 wt% of total chromium
derived from UV-visible spectroscopic and AAS measure-
ments of the supernatant solution after centrifugation
(standard calibration curves) is in good agreement with
the quantitative determination of CrO, by thermoanalyti-
cal and mass spectrometric methods (95 wt% CrQ,). CrO,
should not be influenced by this procedure; it is trans-
formed to CrOOH only after days in hot water (16).

DISCUSSION

The thermal decomposition of chromium(III) nitrate,
which is a widely used precursor for supported chromium
oxide catalysts, is known to occur via complex denitration
and dehydration processes (15), and literature cited
therein). For chromia deposited on an oxidic support using
comparatively high temperatures and chromium contents,
mainly chromates(VI) and Cr,O; were reported in the
literature. In the present paper it has been shown unambig-
uously that the thermal decomposition (T = 573 K) of
chromium(1I1) nitrate impregnated onto titania with ca. 7
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Cr(NO3)3-9H20/TiO2
impregnation, 363 K

drying, N2, 573 K
calcination, 02, 573 K

CrO2/TiO2 Hz or NHz, 523 K CrOOHITIOZ
{CrO2-8T) 02, air or SCR feed, 523 K (CrOOH-ST)
Ar, 773 K Ar, J73 K
Crp03/TiO2 I
(Cr02-22) / (CrOOH-15)
SCHEME 1. Interconversions of titania supported chromium oxide

phases occurring under specified conditions.

wt% Cr loading followed by calcination under oxygen at
573 K leads to the information of mainly CrO, (95%; minor
amounts of chromium(VTI) only).

The presence of the X-ray amorphous CrO; on TiO,
has been experimentally proven by several methods. Chro-
mium dioxide, CrO,, is the only known transition metal
oxide which is strongly ferromagnetic at room tempera-
ture. There is no doubt that the ferromagnetic behavior
of the CrO,/TiO; sample observed by magnetic resonance
(Figs. 6 and 7) is due to CrO,. The poor crystallinity of
the supported chromium dioxide phase is confirmed by
XRD and by particle sizes of a few nm diameter estimated
from the thermomagnetic curves (Fig. 7). Characteristic
features of CrO, were also obtained from UV-visible dif-
fuse reflectance (black color) and FT-IR spectroscopy. Fur-
ther confirmation of the presence of CrO, on titania is
obtained from thermoanalytical measurements (oxygen
evolution during thermal decomposition, Figs. 1 and 2) as
well as from the specific reversible interconversion
CrO, = CrOOH. The former allowed the quantitative
determination of the CrO, content, and the latter indicated
the way to prepare defined supported CrOOH on titania.

The chemical reactions performed starting from the
CrO,/TiO, system (CrO,-ST) are summarized in Scheme
1. By analogy with bulk chromium dioxide, CrO, sup-
ported on titania is reducible to CrOOH under hydrogen
at T = 523 K. The facile interconversion of the tetragonal
chromium dioxide to an orthorhombic CrOOH is ex-
plained on the basis of the close similarity of their struc-
tures (20, 21). The problem of the thermal stability of both
compounds (irreversible decomposition to Cr,O;) restricts
the temperature that can be applied, but under carefully
chosen experimental conditions yields of ca. 90% (Fig. 2,
Table 1) could be achieved as in the case of the unsup-
ported phase. XRD data (not presented) and magnetic
measurements (Fig. 9) indicate that under hydrogen (7 =
773 K) the crystallite size of Cr,Oj; increases. The reduction
can be performed even with 0.09 vol% NH; under argon
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at 573 K. Practically complete reoxidation to CrO; is possi-
ble at temperatures above 523 K under oxygen, in air (Fig.
3), and even under SCR conditions, i.e., in the presence
of the reducing ammonia and in spite of the low oxygen
concentration. The reduction of CrO, by NH; and the
oxidation of CrOOH under SCR conditions is clearly
proven by XRD for the bulk CrO, and CrOOH (Figs. 4
and 5) and by the magnetic and spectroscopic features for
the supported oxide phases. Due to the specific magnetic
properties of the chromium oxides considered, i.e., the
antiferromagnetism of Cr,O3 and CrOOH and the ferro-
magnetism of CrO,, and due also to the high sensitivity
of the technique, magnetic resonance is found to be a very
suitable method for the identification of the supported
crystalline and amorphous chromium oxide phases.

Again in accordance with the bulk oxides, supported
CrOOH and CrO, decompose under an inert atmosphere
into Cr,0; in a wide temperature range. The courses of
the thermoanalytical curves presented in Figs. 1 and 2
indicate that temperatures higher than 1000 K are neces-
sary for total conversion of CrO,. This is important for
the selective preparation of supported chromium oxide
phases starting from CrO,, because temperatures that are
too high can cause undesired changes in the surface area,
porosity, and microstructure of the catalyst as well as of
the particle size of the supported chromium oxide. On the
other hand, the presence of a CrO,-like phase must be
taken into account even after a treatment at rather high
temperatures once CrO, had been formed during the cata-
lyst preparation procedure. The formation of Cr,O5 from
CrO, is irreversible and is not complete under mild condi-
tions (7 < 770 K) even after several hours. Much higher
temperatures are required to complete this decomposition,
which in turn increases the crystallite size of Cr,O; on the
surface of titania (Fig. 1B, inset).

The similarity of solid state reactions for bulk and sup-
ported samples such as the interconversion CrO, =
CrOOH and the decomposition of these compounds to
Cr,0; showed for the first time a way to prepare rather
pure CrO, and CrOOH phases supported on an oxide
surface. It demonstrates that the synthesis method and
conditions of calcination especially for moderate tempera-
tures can be very important for the structure and composi-
tion of supported metal oxide catalysts. It is interesting to
compare the reactivity of bulk (15) and supported chro-
mium oxides at this point. It is evident that the properties
and conversion conditions of the chromium oxide phases
supported to ca. 7 wt% Cr on titania are practically the
same as for bulk materials. All solid state reactions and
decomposition processes occur in a very similar tempera-
ture range under the chosen atmospheres. Differences be-
tween the bulk and the surface systems are observed, how-
ever, when violent crystallization effects of CrO, combined
with its rapid decomposition to Cr,0O; are involved. This
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is manifested by different decomposition products of chro-
mium(III) nitrate, which consist of Cr,O; and CrO; in the
bulk system, whereas only CrQ, (besides Cr(VI)) is found
on the surface of titania. Probably, the heat evolved by
crystallization cannot be removed fast enough in the bulk
system {much larger heat generation per volume of solid),
and the resulting increase in the sample temperature in-
creases the rate of decomposition of CrO,. Also, the lim-
ited mobility of CrO,, preventing rapid crystallization in
the supported system, seems to play a role.

For the selective reduction of NO by ammonia over
chromium oxide catalysts, the observation is important
that unsupported and supported CrOOH are easily oxi-
dized even under “‘reductive” conditions by small amounts
of oxygen at temperatures above 523 K. This means that
at least for high chromium contents at temperatures above
523 K chromium dioxide must be regarded as a possibly
existing phase in addition to Cr,Oj3, which is neither oxi-
dized by oxygen nor reduced by NH; or H, at temperatures
below 1000 K.

CONCLUSIONS

Supported chromium dioxide (ca. 7 wt% of Cr) has been
prepared by impregnation of titania with chromium(III)
nitrate and subsequent thermal decomposition (573 K, ni-
trogen) followed by calcination under oxygen at 573 K. Of
the supported Cr containing phases, 95% were present as
CrO,. The reduction of this phase under hydrogen and
ammonia leads to CrOOH, which can be reversibly oxi-
dized to CrO- under oxygen, in air, and under SCR condi-
tions (NO + NH; + O;). Both, CrOOH and CrQO;, sup-
ported on titania, decompose to Cr,0O,; at higher
temperatures. Under the conditions used in the thermal
analytical investigations (heating rate of 10 K/min), the
decomposition is complete only above ca. 1000 K. Under
isothermal conditions (773 K), as generally used in catalyst
preparation, ca. 20% CrO, remains undecomposed even
after 5 h. All solid state reactions of the supported chro-
mium oxides occur with high yields (80-90%). The reactiv-
ity of the supported and bulk oxide phases is found to be
comparable for the chromium loading used. Knowledge
about these solid state reactions gained from investigations
of the bulk samples (15), together with a careful selection
of the experimental conditions, allowed for the first time
the preparation of rather pure CrO, and CrOOH phases
supported on an oxide surface.
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