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Thermal Decomposition of Chromium Oxide Hydroxide

I. Effect of Particle Size and Atmosphere
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The thermal decomposition process of a-HCrQ, and 8-HCrQ, having various crystal habits and sizes
was studied in an atmosphere of H,0, O,, and air by means of thermal gravimetry, high temperature X-
ray diffraction analysis, and electrical conductivity measurement. In H,0O vapor both a-HCrO, and 8-
HCrO, were decomposed directly into crystalline Cr,O; through the reaction 2HCrO, — Cr,0; + H,0.
In the presence of O,, however, the decomposition temperature was lower than that in H,O vapor and
a two-stepped thermal decomposition spectrum (two peaks) was obtained. Two steps were clearly
separated on the 8-HCrO, and assigned, respectively, to the reactions 2HCrQ, + $0, — 2CrO, + H,0O
and 2CrO, — Cr,0; + $0,. On the a-HCrO, samples the first reaction was newly found and followed
by the second reaction at higher temperatures. The atoms in the crystal of «-HCrO, and 8-HCrO, were

found to start internal migration at about 200 and 250°C, respectively.

Introduction

The thermal decomposition of metal hy-
droxides and hydrous metal oxides are im-
portant research subjects in the fields of ca-
talysis and surface chemistry (7, 2). In this
process many such complicated steps as
scission—-recombination of chemical bonds,
atomic diffusion, micropore formation, re-
crystallization, sintering, etc., are in-
volved. Moreover, oxidation or reduction
processes of metal ions may also be con-
cerned depending on the atmosphere.
Among the works on chromium compounds

187

© 1985 Academic Press, Inc.

carried out from such viewpoints, hydrous
Cr;0; is the most widely investigated mate-
rial (/-4) because of the high activity of the
decomposition product, Cr,0Os, as an oxida-
tion or reduction catalyst. With HCrO,-
type hydroxides, however, less work has
been reported. The decomposition of S-
HCrO; has been carefully examined under
various conditions by Alario Franco et al.
(5-8) and it was reported that 8-HCrO,
could be decomposed into Cr,0O; through
ferromagnetic CrO, as a transition product
even in a vacuum. On the other hand, work
on a-HCrO; has not reported the thermal
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decomposition, but only the characteristic
position of H atoms, which are situated be-
tween layers to form H bonds, as deter-
mined by IR spectroscopy, neutron diffrac-
tion, and NMR (9-11).

The present authors have found that the
surfaces of a-HCrO, and its thermal de-
composition product Cr,O; have marked
homogeneity for the adsorption of H,O and
Kr gases, where stepwise adsorption iso-
therms have been found (12). As the de-
composition mechanisms, however, have
not been elucidated, the present paper will
be concerned with the decomposition pro-
cess of a-HCrQ; in the atmosphere of O,,
air, and H,O in comparison with that of 8-
HCFOz.

Experimental

Materials

The a-HCrO, samples (A-1 to A-4) tested
here were formed by hydrolysis of
Cr(NO,); according to the reaction

Cr(NO3)3 + 2H20 il

HCrO, + 3HNO;. (1)

in an autoclave under various conditions

TABLE 1
PREPARATION CONDITIONS OF a-HCrQ, AND
B-HCrO,
Doos® s?
Sample Conditions A @m-gh
a-HCrO,
A-1 0.3 M Cr(NO3)y, 200°C, 2.5 MPa, T hr 190 48.0

A-2 0.3 M Cr(NO3)3, 300°C, 30 MPa, 1 hr 500 15.2
A-3 0.1 M Cr(NO3)3, 300°C, 30 MPa, 1 hr 460 20.1

A4 1.0 M Cr(NO3)3, 300°C, 30 MPa, 1 hr 1600 9.19

A-S Cry0; - nH,0, 400°C, 150 MPa, 24 hr 2500 4.14
B-HCrO,

B-1 Cr0O3, O2 17.0 MPa, 350°C, 4 hr — 6.99

CrO2, H; 10 kPa, 330°C, 30 hr

¢ Thickness of the particles along the ¢ axis determined by the line
broadening of the 003 X-ray diffraction peak.
# Specific surface area.
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shown in Table 1. NO, gas was detected
after preparation but the oxidation of Cr’*
to a higher oxidation state was not ob-
served. Sample A-5 was prepared by hy-
drothermal treatment of hydrous Cr,0; pre-
cipitated from Cr(NOj); solution with NH;
solution. B-HCrO, (B-1) was formed
through stepwise reductions (8, 13): (1) de-
composition of CrQO; into CrO, under high
O, pressure in an autoclave; (2) hydrogena-
tion of CrO, in H; to 8-HCrO,. All the sam-
ples prepared were purified by electro-
dialysis and dried at 110°C in an electric
oven. The crystal structure was confirmed
by powder X-ray diffraction using CuKa
and the particle shapes by electron micros-
copy (SEM and TEM). Figure 1 shows that
the a-HCrO, samples formed at lower tem-
peratures and lower concentrations of
Cr(NOs); have the shape of a hexagonal sin-
gle crystal platelet as expected from the
crystal structure R3m. With an increase in
reaction temperature and/or concentration
larger and thicker particles were obtained.
According to more detailed examinations,
growth along the ¢ axis was more marked
than that along the a and b directions. The
B-HCrO, obtained were polyhedral parti-
cles.

Thermal Decomposition Spectra and
Electrical Conductivity

The thermal decomposition spectra were
measured with the Sartorius vacuum micro-
balance attached to gas-controlling and
temperature-controlling systems made by
Chino Company (1/4). Decomposition was
carried out under the gaseous condition:
H,O vapor of 610 Pa was controlled by
keeping the temperature of the trap at 0°C,
0, was supplied at the rate of 50 ml - min~!
from an O, cylinder, and air was leaked by
opening the gas-controlling system to air.
The standard heating rate was §C - min~!.

The electric conductivity of the sample
was measured by using a DC method, in
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Fi1G. 1. Scanning electron micrographs of a-HCrQ, A-1 (a) and A-5 (b) and 8-HCrO, B-1 (c).

which the sample slurry was spread be-
tween a couple of 400°C-evacuated Ag elec-
trodes separated by 5 mm on the silica glass
plate. The electric potential applied to the
electrodes was 1.5 V from six dry cells con-
nected in parallel.

Thermal Decomposition Rate

The thermal decomposition rate was mea-
sured by use of the TGD-5000 (ULVAC

SINKU-RIKO) equipped with an infrared
image furnace by which the temperature of
the sample could be raised from 50 to 430°C
within 20 sec. This rapid heating caused a
little vibration of the sample which stopped
a few seconds after attainment of the ex-
pected temperature of 430°C. The re-
producibility of the experiments was not
satisfactory for the analysis of the
decompasition Kinetics probably due to the
difference of sampling conditions.
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Results and Discussion

Thermal Decomposition in H,O

Figures 2a—c show the thermal decompo-
sition spectra for a-HCrO; (A-3 and A-5)
and 8-HCrO, (B-1) determined in O, air,
and H,0. When the samples were heated in
H,0 vapor, a single peak was observed in
the narrow range of 480-490°C, as can be
seen in Fig. 2. According to the high tem-
perature X-ray analysis these samples were
decomposed directly into crystalline Cr,Os
without going through the amorphous
Cr,0s5, observed in the decomposition of
hydrous Cr,0s (2):
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2HCrO, — Cr,05; + H,0. 2)
Figure 2b shows that the increase in vapor
pressure of H,O gives rise to the increase in
the decomposition temperature and ration-
ally the decomposition in vacuo occurs at a
temperature lower than that in H,O vapor.
This kind of phenomenon can be expected
from reaction (2) and has been reported on
Mg(OH), by Freund (15). The decomposi-
tion temperature was found to increase by
about 20°C from A-1 through A-5 at 610 Pa
of H20
Figure 3 shows the effect of preheating
on the decomposition rates of a-HCrO,
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FiG. 2. (a) Thermal decomposition spectra of a-HCrO, A-3. Atmosphere: (1) O,; (2) air; (3) H,0.
Heating rate: §°C - min~!; (b) Thermal decomposition spectra of a-HCrO, A-5. Atmosphere: (1) Oz; (2)
air; (3) H,O vapor at 0°C; (3’) H,O vapor at 28.0°C; (4) vacuum. Heating rate: §°C - min~'; (c¢) Thermal
decomposition spectra of 8-HCrO, (B-1). Atmosphere: (1) O,; (2) air; (3) H,O. Heating rate: #°C -

min~!,
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2
TIME/MIN.

F16. 3. Weight loss of a-HCrO, A-3 and A-5 in H,O
at 430°C as a function of time. Original sample—solid
line; pretreated at 300°C in H,O vapor for 90 min—
broken line. x—the ratio of the removed H,O to the
component H,0 of the sample.

(A-3 and A-5)in H,O vapor. When untreated
samples are heated in a short time from 50
to 430°C, which is lower than the tempera-
ture of decomposition in Figs. 2a and b, and
kept at constant temperature, they are de-
composed quite rapidly. If these samples
are preheated in H,O vapor for 90 min at
300°C, the decomposition rate is markedly
depressed. Moreover, the 300°C-preheated
sample gave a decomposition temperature
slightly lower but very similar to that of the
untreated sample, which suggests that the
slow heating rate of §°C - min~' should
work as the aging effect before the decom-
position starts. The electron microscopic
observation and X-ray diffraction analysis
did not show any changes in the crystalline
size before and after the heat treatment at
300°C. So it can be suggested that some lat-
tice defects of the crystalline samples
which might be produced during prepara-
tion were relieved by preheating to give
more perfect crystals.

Thermal Decomposition in O,

The presence of O, decreased the starting
temperature of decomposition significantly
from that in the presence of H,O: the higher
the O, pressure the lower the decomposi-
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tion temperature (Figs. 2a—c). At the same
time a shoulder or another peak appeared,
which had never been observed with «-
HCrO,. Especially with g-HCrO, two
peaks appeared at 290 and 505°C in O,, and
at 320 and 500°C in air. The ratio of the low-
temperature peak area to the high-tempera-
ture peak area was 1:8, which indicates
that each peak originates, respectively,
from the reactions

2HCrO, + 40, — 2Cr0; + H0  (3)
ZCI'OZ - Cr203 + %02 (4)

High-temperature X-ray diffraction analy-
sis substantiated the formation of the reac-
tion products CrO, and Cr,0O; at each tem-
perature range correspondingly to reactions
(3) and (4). In the case of a-HCrO,, how-
ever, it is suggested that the high-tempera-
ture peak can be assigned to reaction (4),
but the low-temperature peak is composed
of reactions (2) and (3), which are con-
firmed by the simuitaneous presence of
HCrO,, CrO,, and Cr,0,, as shown in the
X-ray analysis of Fig. 4a. Of course the ra-
tios between them vary with samples: in the
largest particles of A-5 the main compo-
nents were HCrO, and CrQ, (Fig. 4b).
Figure 5 shows the thermal decomposi-
tion spectra of a-HCrO, (A-1-A-5) in O,.
The samples of thin plates (A-1 and A-3)
gave a large low-temperature peak and a
small high-temperature peak, while the in-
crease in the thickness (A-4 and A-5) leads
to enhancement of the latter. According to
the electron diffraction analysis the sample
of A-3 heated at 600°C gave a hexagonally
symmetrical diffraction pattern for the sin-
gle crystal particle of Cr,03, which suggests
the occurrence of the topotactic decompo-
sition of hexagonal a-HCrO, to Cr,0; of the
same crystal type. Particles of thick sam-
ples, A-4 and A-5, were collapsed. This
would be due to the stepwise changes of
different crystal structure in O, from hexag-
onal (a-HCrO,) via tetragonal (CrO,) to
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F1G. 4. Peak heights of X-ray diffraction of a-HCrO,
heated in O, at increasing temperatures: (a) A-3; (b) A-
5. Diffraction indices: (1) 003 a-HCrQ,; (2) 110 CrO;;
(3) 104 Cr,0,. Heating rate: 3°C - min—!.

hexagonal (Cr,0O;) form and density
changes.

Several works have reported that
orthorhombic B-HCrO, can easily be oxi-
dized into tetragonal CrO, which has been
tested for ferromagnetic material (8, 16,
17). The ease of this reaction has been at-
tributed to the very similar relative posi-
tions of Cr and O in 8-HCrO, and CrO;
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(18, 19). Thus, it may be possible that the
temperature for liberating H* ions from the
structure is the same temperature for the
reaction releasing H* from the solid (3).
Here, the liberation of H* was examined
through electrical conductivity measure-
ments under H,O and O, vapor as had
been applied on Al(OH);, Ca(OH),, and
Mg(OH), under an H,/N, atmosphere by
Freund et al. (20). In the O, atmosphere an
oxidation reaction occurs on the surface to
form higher valent chromium oxides having
high electrical conductivity, so that the
electrical conductivity increases at a tem-
perature lower than that at which the bulk
conductivity increase would start (Fig. 6).
Rationally this effect should be marked on
the sample with larger specific surface area
(S-3) compared to those with smaller areas
(S-5 and B-1).

The electrical conductivity of 8-HCrO; in
H,O0 vapor gave a small peak around 300°C
which coincided very well with the low-
temperature peak of thermal decomposition
curve 1 in Fig. 2¢, where the CrO, was
formed from a-HCrO; by the reaction of H
with O, in the atmosphere. Accordingly,
this result tells us that the change of electri-
cal conductivity in H,O is due to the ionic
conduction from liberated H*, which can
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F1G. 5. Thermal decomposition spectra of a-HCrO,
in Oz: (1) A-1; (2) A-2; (3) A-3; (4) A-4; (5) A-S. Heat-
ing rate: #°C - min~!.
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FiG. 6. Electric conductivity (k) of a-HCrQ, A-3 and
A-5 and B-HCrO; B-1 in H;O (1) and O, (2). Heating
rate: °C - min~'.
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trigger the oxidation reaction (3). In con-
trast to the result of Alario Franco et al.
(6), weight change by reaction (5) was not
observed around 300°C (Fig. 2c, curve 1):

2HCrO, — 2Cr0O, + H,. 5

In the case of a-HCrO,, the maximum
electrical conductivity for samples A-3 and
A-5 in H,O vapor is situated at a tempera-
ture around 260°C, 40°C lower than that for
B-HCrO,. The oxidation reaction of these
samples in O,, however, starts around
320°C, which is fairly higher than the start-
ing temperature of decomposition for 8-
HCrO, (Figs. 2a—c). This difficulty in the
oxidation reaction of a-HCrO, (3) may be
explained by the presence of the recon-
struction process of the crystal skeleton of
Cr’* and O?* from a hexagonal to a tetrago-
nal arrangement, accompanying the libera-
tion of H from the solid. The size effect in
Fig. 5 would also be correlated to the pro-
cess shown above. Once H atoms are re-
moved from the solid in O,, 0%~ ions liber-
ated from the a-HCrO, skeleton may have
some energy to migrate into the particle and
to be emitted as O, through the surface: the
smaller particles having larger specific sur-
face area would lose O atoms more effi-
ciently, and immediately after removal of H
atoms, would give the product Cr;0;, while
the thicker particles would leave as CrQ,.
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