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Abstract 

This article first describes a method of obtaining a chromium oxalate complex 
(N~)~~~r(~O~)~~ with extremely variable grain mo~hology (needles, polyhedra, plate- 
lets, spheres). The decomposition of these salts at 350°C in air leads to nonstoichiometric 
chromium oxides amorphous to X-rays, of composition CrO, where x is close to 1.9. 

The various oxides obtained at 350°C had very high specific surface areas of the order 
of several hundreds of m2 gi’ which varied considerably according to the grain morphol- 
ogy. They all possessed a significant mesopore area with pores centred around 5 nm. 

The crystallization of CrO,, into cu-Cr,O, occurred on raising the temperature above 
350°C and was accompanied by an emission of oxygen which took place in two stages. The 
kinetics of the oxygen emission varied with the grain morphology and could be correlated 
with the differences in length of the oxygen diffusion path corresponding to each oxide 
form. 

Like the majority of transition-metal oxides, the oxides of chromium 
possess interesting physicochemical properties not only from a fundamental 
point of view, but also from that of their applications. Thus CrO, is used for 
high density magnetic recording, whilst the oxide Cr,O, enters the 
composition of many catalysts [I, 21. 

Moreover, it has been firmly established that the methods of preparation 
play a very important role in the properties of solids, especially when these 
involve compounds obtained at low temperatures. In such conditions, it is 
possible to prepare the solids with controlled morphology and thus to 
control a certain number of physical and chemical properties (reactivity, 
catalysis, etc.). 

As far as chromium oxides are concerned, the majority of earlier studies 
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have involved preparative methods concerning the decomposition of 
hydroxides or gels [3,4]. Our own interest has been in other precursors, in 
particular oxalate complexes of general formula (NH~)~~Cr(~~O~)~] - 3H20, 
which have until now been much less studied for obtaining chromium 
oxides. 

In this article, we show that it is possible to obtain these precursors with 
different morphologies and that their decomposition can lead to metastable 
and nonstoichiometric oxides whose textural characteristics can vary within 
quite wide limits. 

MEASUREMENTS 

Microscopic observations were carried out with a Cambridge Stereoscan 
250MK3 microscope. 

Measurements of specific surface areas and pore volumes were carried 
out with a Coultronics automatic apparatus Model Accursorb 21OOE, 
controlled by a Hewlett-Packard HP86B computer. Before every analysis 
the samples were degassed under primary vacuum at 200°C. The surface 
area S BET was calculated by applying the conventional BET equation to the 
initial regions of the absorption isotherms (0.05-0.3 P,) where P, is the 
saturation pressure. The pore size distribution was calculated from the 
nitrogen isotherms by the method of Barrett, Joyner and Haleda [5], which 
also permits the calculation of cumulative pore volume. 

The thermogra~metric curves were recorded on a Setaram thermo- 
analyzer, operating under a current of air and argon gas. The gas circulation 
rate was calculated to be 1.5 l/h-‘. The rate of temperature rise corres- 
ponded to 3”Cmin-’ for treatments under air and YCmin-‘, 50 mg 
sampling and references, using a reference made up of corundum, CY A&O,. 

RESULTS AND DISCUSSION 

Preparation and ch~~acte~iz~t~~~ of oxalate precursors 

The conditions for obtaining chromium(II1) oxafate in aqueous media 
have already been described [6,7]. Recently Devaux [8] has shown that by 
precipitation in alcohol it is possible to obtain anhydrous salts with a more 
regular morphology than those obtained by evaporation of solvents. Thus 
the chromium oxalate complex (NH~)~~~r(~O~)~] was prepared by mixing 
ammonium oxalate (3 M) and a chromium(II1) salt (Cr(NO,), - 9H,O (1 M) 
in aqueous media with heating (60°C). The clear solution was cooled, then 
added rapidly to a mixture of two solvents where precipitation occurred 
immediately. 
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TABLE 1 

Preparative conditions for oxalate complexes 

Sample 
number 

% and nature 
of 1st solvent 

% and nature 
of 2nd solvent 

Grain shape Average grain 
size from 
SEM 

1 50 ACET 50 MET Needles 100+30 
2 13 ACET 87 ETG Platelets 80+20 
3 60 ACET 40 ETG Spheres 40+10 
4 50 ETH 50 ETG Polyhedra 20&_5 

Key: ACET, acetone; ETG, ethylene glycol; ETH, ethanol; MET, methanol. 

In an attempt to control the grain morphology, we used different 
precipitation parameters, chiefly the nature of the solvents. The conditions 
used and the results obtained by scanning microscopy are listed in Table 1 
and Fig. 1. 

I 4 

20 pm 

Fig. 1. Micrographs of chromium oxalate with different morphologies. 
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The oxalates corresponding to samples 1, 2 and 4 were made up of 
monolithic grains; in contrast sample 3 was made up of aggregates of 
platelets of small dimensions (4-5 pm). 

Decomposition of the oxalic precursor 
characterization of oxides obtained 

(NH4)3(Cr(C,04)3] in air and 

The decomposition in air of the preceding oxalic precursors followed by 
thermogravimetric analysis gave identical results whatever the grain 
morphology. No loss in mass was apparent between 100 and 150”C, thus 
confirming the anydrous character of the salts. 

As shown by the thermogravimetric curve represented in Fig. 2, the 
trioxalate chromium complex decomposes between 250 and 350°C. How- 
ever, although the majority of the mass loss occurs at the latter temperature 
(97.5%), there also appears to be a small loss of around 2.5% between 350 
and 400°C. 

Below 400°C no mass loss was apparent, and radiocrystallographic 
analysis indicated the presence of cuCr,O, with the temperature of 
crystallization, determined by calorimetry, at around 380°C. 

The phases obtained at 350°C were, however, completely devoid of all 
crystalline organization (X-ray diagram devoid of lines or diffraction halos) 
and their chemical analysis showed the presence of small quantities of 
nitrogen (0.1 mass%) and carbon (0.2 mass%). These badly organized 
solids contain high proportions of chromium(W) as shown by chemical 
analysis (determination by ferrous salt) and by ESCA. Taking account of 

Temperature in *C 

Fig. 2. Thermogravimetric curve of chromium oxalate with polyhedral grain shape. 
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TABLE 2 

Textural characteristics of GO_, oxides 

Parameter a Needles Polyhedra Platelets Spheres 

SW in m2 g-’ 350 254 241 206 
VP in cm’ g-’ 0.193 0.102 0.078 0.131 
V, in cm3 g-’ 0.097 0.094 0.066 0.116 

’ SW = specific surface area, VP = total pore volume, V, = mesopore volume; Q < 20 nm. 

the mass loss recorder between 350 and 4OO”C, and allowing that this loss is 
essentially due to oxygen, it could also be due to nonstoichiometric oxides 
of chromium of the type G-0, where x is between 1.5 and 2. 

Texture of 00, (1.5 <x (2) 
All the oxides obtained at 350°C had very high specific surface areas 

(Table 2) which varied considerably according to the particle morphology. 
The nitrogen adsorption isotherms recorded for each oxide correspond 

to the classical curves for which the penetration by nitrogen molecules 
occurs progressively as a function of partial pressure. During desorption, 
the hysteresis cycles found are identical to the type B curve of De Boer’s 
classification [9], characteristic of a capillary adsorption of slit shape type. 

Curves of cumulative volumes (Fig. 3) and of pore size distribution 
according to pore diameter, were drawn for oxides with different 
morphologies and showed all the samples to be made up of a major 
proportion of mesopores centred around 5 nm, surrounded by a low 
proportion of macropores. However the quantity of mesopores varied 
significantly according to the oxide morphology (Table 2). Thus the oxides 

1 100 
Pore diameter in nm 

Fig. 3. Pore volume as function of pore diameter for different oxides with variable grain 
shape. 
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with spherical grains had a significant mesopore volume compared with the 
other oxides. 

We noted in addition the appearance of a large-diameter porosity 
(>20 nm) for those oxides with needle-shaped grains. The pore distribution 
was thus very spread out. In contrast, the other oxides showed a much 
narrower pore distribution. 

Electron microscopy confirmed and completed the foregoing observa- 
tions. Figure 4 shows that the oxide with polyhedral grains is made up of 
very tiny crystallites (Cc, = 4 nm) separated by intervals of small dimension, 
the area of mesoporosity. The pores occupying the spaces between the 
grains are slit-shaped, which is in agreement with the results obtained from 
the adsorption-desorption isotherms. 

The theoretical specific surface area 
crystallite size is close to that obtained by 

(270 m2 g-l) determined from 
the BET method (254 m2 g-l). 

The study of the mass loss occurring between 350 and 400°C was made 
with great precision by thermogravimetric analyses of the relatively major 
amounts of CrO, oxide obtained at 350°C in air. 

The curves obtained for each grain morphology are shown in Fig. 5. They 
reveal that at low temperature there is a major mass loss related to the 
strong water adsorption, as usually occurs with very divided solids. This 
mass loss is followed by another more rapid loss, which represents the 
change of CrO, into Cr,Q, with much greather sensitivity. This loss, of the 
order of 7% compared with the initial oxide mass, should correspond 
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Fig. 5. Thermogravimetric curves of oxide CrO,, obtained at 350°C under air with (a) 
polyhedral shape, (b) needle shape, (c) spherical shape, (d) platelet shape. 

essentially to a loss of oxygen, according to the previously proposed 
hypothesis. 

This hypothesis has been effectively confirmed by coupling the thermo- 
gravimetric analysis to a mass spectrometer under argon. The spectrum 
obtained (Fig. 6) demonstrates an oxygen loss between 350 and 450°C 
which occurs in two stages, as had predicted by the DTG curves of Fig. 5. 
This phenomenon is accompanied by a loss of adsorption water which is 

200 300 400 500 600 

Temperature in°C 

Fig. 6. Curve obtained by mass spectrometer of chromium oxide with spherical shape under 
argon. 
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TABLE 3 

Temperatures corresponding to the two oxygen losses 

Peak 
temperature/‘C 

Spheres Needles Platelets Polyhedra 

Lowest 
Highest 
Difference between 

two temperatures 

337 357 359 386 
391 389 389 404 

54 32 30 18 

effectively removed between 100 and 300°C. However it is only above 
700°C that the CrO,., stoichiometry is finally established, as shown by the 
DTG curves. 

Thus those oxides produced immediately at the end of the decomposition 
in air of the ~NH~)~~Cr(~~ 4 3 complex are amorphous, nonstoichiometric, ) ] 
and correspond to the general formula CrO, where x is around 1.9. Raising 
the temperature above 350°C causes the oxides to lose their excess of 
oxygen to approach progressively the composition corresponding to 
CrO,.,(Cr,O,) and simultaneously crystallize in a corundum network 
(aCr,O,). The oxygen loss generally takes place in two stages with a 
similarity in the behaviour for needle-shaped or platelet-shaped grains 
(DTG curves, Fig. 5(b), (c)). However, the temperature at which oxygen 
loss begins is the lowest for spherical grains and highest for those which are 
polyhedral-shaped, with much more rapid kinetics in the latter case (Table 
3, Fig. 5(a), cd)). 

Study of the transformation of CrO, into Cr,O., 
The study of the kinetics of crystallization is based on Kissinger’s theory 

[lo]. Analysis was carried out in non-isothermic mode and utilized the 
displacement of the crystallization peak as a function of the rate of heating. 
The activation energy of crystallization (E) can be deduced from the slope 
on the straight line 

In(a/T2,) =f (l/G) (1) 

where a is the rate of temperature rise and T, is the temperature 
corresponding to the peak signal. 

In all cases, the CrO, oxides (x = 1.9) obtained at 350°C in air are shown 
in calorimetric analysis to produce an acute exothermic phenomenon 
around 380°C. This phenomenon occurs simultaneously with the oxygen 
loss and corresponds to the crystallization of the amorphous oxide to 
ry Cr,O,. 
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iOOOO/l, in K-’ 

Fig. 7. Lnfa/T~) as function of l~~/~~ for oxides with different morphologies. 

Figure 7 represents the straight lines corresponding to eqn. (1) described 
above for the CrO,, oxides of different morphologies. The straight lines are 
all displaced one from another, which would indicate that the crystallization 
temperature is a function of the grain geometry. The grain size, however, 
cannot be directly correlated with the crystallization temperature. We can 
thus classify crystallization temperatures according to the grain form, as 
follows: 

~~(polyhedra) > ~~{platelets) > T,(needles) > T&spheres) 

The activation energies of crystallization determined by the slopes of the 
straight lines of Fig. 7 are very close whatever the form, size, surface area 
and pore volume of the oxide studied (Table 4). It thus seems that these 
parameters, and in particular the form of the elementary grains, favourably 
inlluence the transformation kinetics (crystallization + oxygen elimination) 
more than the energies involved. 

It is necessary to remember that the spherical particles are made up of 
very small (a few microns) elementary gain agglomerates with the 
dimensions of the other particles. Under these conditions it would therefore 
seem logical that the transformation of amorphous CrO, -+ IY Cr,O, should 
be the most rapid considering the reiatively short distances-of the oxygen 
diffusion paths. Conversely, in the much more voluminous polyhedral 

TABLE 4 

Activation energy of Cry~talIizatio~ of CrO, oxides 

Spheres Needles Platelets Polyhedra 

E in kcal mol-’ 42 rt 2 44+2 45 rt 2 44 f 2 



particles, the lengths of the oxygen d~~us~ou paths are much greater and the 
CrystaIlizat~un temperatures s~g~~~cantly higher, 

As far as the particles in the shape of needles and platelets are concerned 
they show related behaviour (ATG and DTG curves), which could be 
explained by the fact that their thickness is relatively small and is closer to 
the dimensions of the elementary grains made up of spherical particles than 
those of the approximately isotropic polyhedral particles (20 m). 

CONCLUSIONS 

The decomposition of the oxalate complexe salts (NHJ3[Cr(CZ04)3f at 
350°C leads to amorphous nonstoichiometric metastabie oxides corres- 
ponding to a general formula close to and strongly dependent on the 
mo~hology uf the precursor particles. These oxides carr be transformed 
into Cr,O, by raising the temperature, and e~~m~natiou of the excess oxygen 
(CrU,.,+ CrO,.,) generally takes place in two stages, The activation energy 
of this transformation is not de~e~de~t on the particie form. The 
transformation temperature is highest for the large diameter isotropic 
particles, and lowest for the needles or platelets of small thickness. Under 
these conditions, it then seemed logical to correlate the length of the 
oxygen diffusion path and thus the reactivity of these solids with the shape 
of their component particles. 
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