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a b s t r a c t

Thermal decomposition of the bulk and supported ammonium trioxalatometallate complexes
(NH4)3[M(C2O4)3]·xH2O, where M = Cr, Fe, Ru in air has been studied using TG-DTA, TPR, and XRD. The
decomposition temperatures and behavior depend on the metal nature. The decomposition of the sup-
ported Cr complex occurs below 340 ◦C, whereas it lasts up to 380 ◦C for the bulk phase, and results

◦

eywords:
mmonium trioxalatometallate
G-DTA
PR

in the formation of CrO1.92 at 400 C. First synthesized Ru trioxalato complex decomposed to RuO1.8 in
three stages before 315 ◦C, the decomposition being completed around 280 ◦C if the complex is supported
on titania. Both bulk and supported Fe complex decomposed rapidly at the same temperatures to FeOx

with x = 1.37 for the supported system. The supported CrOx and FeOx phases are finely dispersed and
X-ray amorphous. Their reduction with hydrogen below 500 ◦C resulted in Cr(III) and Fe(II) oxide species
respectively. Only partial reduction to Fe0 occurred at as high temperature as 850 ◦C. The RuO1.8/TiO2

hydr
system was reduced with

. Introduction

The transition metal oxalate complexes have found practi-
al application as precursors of the nanocrystalline mono- and
imetallic oxides [1,2], catalysts [3], as well as the molecular mag-
etic materials [4,5]. The conditions of their thermal decomposition
ffect the material fabrication and properties required. Therefore,
he thermal properties of the metal oxalate complexes have been
xtensively studied [6–15]. It has been found that the nature of
he metal ions and gas media influence the decomposition of the
nhydrous complexes. The oxalate complexes decomposed in air
t the lower temperatures and in a different way [6,15] as com-
ared with that in an inert atmosphere [13,14]. Unfortunately, there

s still lack of publications on the thermal analysis of ammonium
xalatochromate complexes. Moreover, different chromium oxides
ere observed as the end products of trioxalatochromate decom-
osition. The Cr3O4 phase was formed during decomposition of
3Cr(C2O4)3 in an inert medium at 465–500 ◦C [13,14]. Thermal
ecomposition of chromium(III) trioxalatochromate [12] continued
p to 670 ◦C in nitrogen, Cr3O4 formed being oxidized to Cr2O3 in

ir only at 860 ◦C. The same compound in air transforms to a mix-
ure of Cr3O4 and Cr2O3 at around 460 ◦C. The decomposition of
NH4)3[Cr(C2O4)3] with variable morphology of crystallites (nee-
les, polyhedra, platelets, spheres) at 350 ◦C in air leads to X-ray

∗ Corresponding author. Tel.: +7 499 137 7073; fax: +7 499 137 2935.
E-mail address: okiriche@hotmail.com (O.A. Kirichenko).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.04.014
ogen completely to Ru0 below 300 ◦C.
© 2009 Elsevier B.V. All rights reserved.

amorphous nonstoichiometric CrOx, where x is close to 1.9 [10].
The crystallization of CrO1.9 into �-Cr2O3 occurred on raising the
temperature above 350 ◦C and was accompanied by the emission
of oxygen in two steps.

The data presented above concern the decomposition of the
bulk phases. Deposition of a precursor compound on a support
matrix is required for the preparation of the supported oxide and
metal nanoparticles. Supporting may effect the decomposition of
the complexes. Preparation of the supported bimetallic phase is of
high interest as well.

In the present paper, we examine the thermal decomposition
of the ammonium trioxalatometallate complexes of trivalent Cr, Fe,
and Ru, deposited on the titanium oxide support, as well as the
reducibility of the decomposition products.

2. Experimental

The ammonium trioxalatometallate complex solutions were
prepared as follows. The 0.48 M ammonium trioxalatochromate
solution has been obtained according to the method proposed pre-
viously [16], which is based on the reaction

(NH4)2Cr2O7 + 7H2C2O4 + 2(NH4)2C2O4
→ 2(NH4)3[Cr(C2O4)3] + 6CO2 + 7H2O

The 0.73 M solution of ammonium trioxalatoferrate has been pre-
pared by the procedure similar to that given in ref. [17] by mixing the
ferric nitrate and ammonium oxalate solutions (C2O4

2−:Fe = 3:1) at

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:okiriche@hotmail.com
dx.doi.org/10.1016/j.tca.2009.04.014


3 ochimica Acta 494 (2009) 35–39

6
P
W
c
l
e
c
(
(
w
a
t
T
d

c
b
d
t
s
t
m
w
a
u
o
t
s
t
a
r
w
f
4
t

t
(
w
o
e
r
w

p
g
v
a
d
G
w
t
s
f
a
r

3

3

m
c
p
T

Fig. 1. TG, DTG and DTA curves of the supported and bulk (dashed lines)
(NH4)3Cr(C2O4)3·xH2O phases.

Fig. 2. TG, DTG, and DTA curves of the supported and bulk (dashed lines)
(NH4)3Ru(C2O4)3·xH2O phases.
6 O.A. Kirichenko et al. / Therm

0 ◦C. Therefore, this solution contained ammonium nitrate as well.
reparation of (NH4)3[Ru(C2O4)3] was not described previously.
e developed the novel procedure to synthesize this complex

onsidering that the C2O4
2− ion can easy substitute a CH3COO−

igand in [Ru2(�-O2CCH3)4(H2O)2]− species by mixing it with an
quivalent amount of an aqueous solution of oxalic acid [18]. The
hemical grade purity “Ru acetate trimer (Ru content 42.4 wt%)”
Strem Chemicals) was suspended into the oxalic acid solution
H2C2O4:Ru = 3:1). The mixture was evaporated at 60 ◦C and treated
ith water several times until complete dissolution of the solid and

bsence of the acetic acid vapor. The ammonia solution was added
o the final homogeneous solution in the molar ratio NH3:Ru = 3:1.
he dark green solution which is transparent in a thin layer or when
iluted was obtained with the Ru content 0.063 mol l−1.

The solid bulk phases of the ammonium trioxalatometallate
omplexes (designated as ATOFe, ATOCr, ATORu) were prepared
y evaporation of the solutions at 60 ◦C. At higher temperatures
ehydration of the crystallohydrates is possible [16]. Deposition of
he complexes on the support was performed by immersing the
upport powder in an excess of the solution followed by evapora-
ion under vigorous stirring and drying at 60 ◦C in air. The initial

olar ratio of the support material and the material in solution
as 14. The commercial TiO2 aeroxide powder Degussa P 25 (70%

natase, 30% rutile, S = 50 m2 g−1, mean particle size 1.8 �m) was
sed as a support. As pHs of the solutions (3.0–3.5) are below point
f zero charge of TiO2 support (6.0) [19], the adsorption of anionic
rioxalatometallate complexes occurs on the support surface in the
uspension before precipitation. The adsorbed species are the cen-
ers for nucleation and particle growth of a dissolved compound,
nd precipitation proceeds predominantly on the support surface
ather than in the bulk of solution [20]. The supported samples
ere designated as FeT, CrT, FeCrT, RuT. These samples were used

or thermal analysis and for direct reduction in hydrogen flow at
00 ◦C. The samples for TPR studies were calcined preliminarily at
emperatures, which were chosen based on the thermal analysis.

Thermal analysis was performed by the TG-DTA method using
he Derivatograph-C instrument (MOM Company). The sample
about 0.02 g of the bulk phase or 0.05 g of the supported sample)
as placed in a platinum crucible and heated in air from 20 to 400

r 600 ◦C at a heating rate 10 ◦C min−1. Alumina was used as a ref-
rence in the DTA measurements. X-ray diffraction patterns were
ecorded in the range 2� = 10–60◦ using a DRON-2 diffractometer
ith Cu K� radiation.

Temperature programmed reduction (TPR) measurements were
erformed in a laboratory constructed flow system built up from the
as purification and supply units, a quartz U-tube reactor, a water
apor trap and a thermal conductivity detector connected to a data
cquisition unit. A water vapor trap was cooled to −100 ◦C. The
etector was calibrated by the reduction of CuO (Aldrich-Chemie
mbH, 99%) pretreated in Ar flow at 300 ◦C. The sample (100 mg)
as loaded in a reactor, and a thermocouple was mounted close

o the sample. In order to minimize the contribution of adsorbed
pecies to the TPR profiles, a sample was pretreated in argon at 80 ◦C
or 1 h prior to the TPR experiment. The TPR run was carried out in

flow (30 ml min−1) of the mixture of 4.6% H2 in Ar at a heating
ate of 10 ◦C min−1 in a temperature range of 30–850 ◦C.

. Results

.1. Thermal analysis
The thermogravimetric (TG) and corresponding derivative ther-
ogravimetric (DTG) and differential thermoanalytical (DTA)

urves of the samples prepared are shown in Figs. 1–4. The tem-
erature ranges and the percentage mass losses are given in
ables 1 and 2.

Fig. 3. TG and DTA curves of the supported and bulk (dashed lines)
(NH4)3Fe(C2O4)3·xH2O phases.
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Table 1
Temperature ranges and mass loss for the bulk ammonium oxalatometallates.

Sample ID Temperature range on DTG; tmax (◦C) �m (%) Major heat effects; temperature ranges; tmax on DTA (◦C) Possible process �mcalc (%)

ATOCr Up to 170 −5.9 �H > 0 −3H2O −12.7
170–245; 190 −17.4 �H < 0, 200–245; 240 −3NH3 −12.7
245–330; 315 −26.3 �H > 0; 290 H3Cr(C2O4)3 → Cr2O3

330–380; 364 −30.1 �H < 0, 305–385; 368 −56.8
Total −79.7 Total −82.2

ATORu Up to 170 −7 �H > 0, 40–170 −5H2O −17.7
174–283; 233 −35.7 �H > 0, 175–240; 185 (NH4)3Ru(C2O4)3 → Ru2(C2O4)3 −36.5
275–315; 296 −31.8 �H < 0, 255–400, 305 Ru2(C2O4)3 → RuO2 −19.7
Total −74.5 Total −73.9

Table 2
Temperature ranges and mass loss for the supported oxalatometallate phases.

Sample ID Temperature range
on DTG; tmax (◦C)

�m (%) Major heat effects; temperature ranges; tmax on DTA (◦C) Possible process �mcalc (%)

FeT 35–120; 68 −2.8 �H > 0, 40–95; 60 −3H2O −3.26

150–250; 198 −21.4 �H < 0, 150–245; 202 NH4NO3 decomposition;
(NH4)3Fe(C2O4)3 → Fe3O4

−4.8; −17.8

n/d �H < 0; 310 Fe3O4 + O2 → Fe2O3 or crystallization +0.7
n/d �H < 0; 344

CrT Up to 150 −2.6 �H > 0 −3H2O −3.3
150–225; 193 −3.4 – −3NH3 −3.3

240–340; 314 −17.2 �H > 0; 270 H3Cr(C2O4)3 → Cr2O3 −15.8
�H < 0, 280–350; 320

FeCrT 40–120; 95 −3.6 �H > 0, 40–120; 85 −3H2O −4.0
120–170; 158 −5.8 �H < 0, 90–175; 155 NH4NO3 decomposition

(NH4)3Fe(C2O4)3 → Fe3O4

−4.8
170–220; 198 −17.7 �H < 0; 215 −17.8

220–300; 230 −5.8 �H < 0, 220–250; 230
�H < 0, 250–300; 275

R

t
a
o

F
(

uT Up to 120 −2.2 �H > 0
120–285; 208 −19.1 �H < 0, 105–275; 227
The mass loss at temperatures 40–150 ◦C is in agreement with
he data for the dehydration of the bulk (NH4)3Fe(C2O4)3·3H2O
nd (NH4)3Cr(C2O4)3·3H2O samples [13–16]. The obtained values
f the mass loss due to dehydration are lower than the calculated

ig. 4. TG, DTG and DTA curves of the FeCrT sample as compared with supported
NH4)3Fe(C2O4)3·xH2O (dashed lines).
−H2O –
(NH4)3 [Ru(C2O4)3] → RuO2 −18.7

values (Table 2) indicating partial dehydration of the supported
compounds that were dried at 60 ◦C in an oven. Decomposition of
the dehydrated complexes proceeds in several steps, as may be seen
from the DTG and especially DTA curves, which contain several dis-
tinct maxima. The position of the most intensive DTG maximum
varies with the central metal ion as follows:

Bulk phases:

Fe(204 ◦C) < Ru(296 ◦C) < Cr(364 ◦C)

Supported phases:

Fe(198 ◦C) < Ru(208 ◦C) < Cr(314 ◦C)

The ammonia trioxalatochromate decomposition is complex
and proceeds in several steps (Fig. 1). The total mass loss is fairly
close to the calculated one. The NH3 elimination seems to occur
before 245 ◦C, and then endothermic decomposition of trioxala-
tochromate ion starts. XRD patterns of the initial samples and
after the TG-DTA run exhibited the reflections of the support
only.

The sample ATORu, which was supposed to be ammonium tri-

oxalatoruthenate crystallohydrate, is poorly crystalline. There are
several weak reflections on its XRD pattern, the most intensive
lines are at 2� = 28.70◦; 29.62◦; 25.33◦. The total mass loss for this
sample is in agreement with the mass loss value calculated for the
compound (NH4)3[Ru(C2O4)3]·xH2O with x = 5. The TG, DTG, and
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Fig. 5. TPR profiles of the samples calcined in air at 400 ◦C for 2 h.

Table 3
Hydrogen uptake on the MOx/TiO2 samples.

Sample IDa Metal ω (M) (wt%) t (◦C) H2 uptake
(mmol g−1)

H2:M

RuT-400A Ru 8.6 65–350 1530 1.80

CrT-400A Cr 4.4 150–550 355 0.418
150–360 313 0.368
360–550 42 0.050

FeT-400A Fe 4.8 150–580 314 0.365
580–850

FeT-400H Fe 4.8 150–395 130 0.151
395–580 186 0.216
580–850

FeCrT-400A Fe (Cr) 4.8 (1.1) 100–325 314 (1.49)
325–480 366 0.425
480–680 150 0.175
680–830 157 0.183

FeCrT -400H Fe (Cr) 4.8 (1.1) 100–500 193 0.224

4 3
Fe(C2O4)3 phase in hydrogen at 400 ◦C was easily reoxidized with
air pulses at room temperature. TPR study of the reoxidized sample
revealed broadness and shift to higher temperatures of the dou-
ble peak (Fig. 6) with the same hydrogen consumption value below
8 O.A. Kirichenko et al. / Therm

TA curves (Fig. 2) clearly indicate three stages of decomposition.
he first one is a smooth release of water. The second one can be
ttributed to endothermic decomposition of an anhydrous complex
o Ru(III) or Ru(II) oxalate. Comparison of TG data with calculated

ass loss values (Table 1) gives a better fit for Ru2(C2O4)3. The third
xothermic process may be the decomposition of oxalate with CO
elease and simultaneous exothermic oxidation of CO to CO2 and
u(III) to Ru(IV).

The decomposition curve of the sample with supported Ru com-
lex (RuT) is smooth with no inflection up to 600 ◦C (Fig. 2). The
ain exothermic peak on the DTA curve is wide and looks like dou-

let with close intensities of the peaks at 210 and 225 ◦C. The XRD
attern of the initial sample exhibited the reflections of the TiO2
upport only. The changes in the shape and relative intensities of
he reflections at d/n = 3.25, 2.49, 1.70, which appeared on the XRD
attern of the sample calcined at 400 ◦C for 2 h, can be attributed
o the highly dispersed RuO2 phase.

The TG curve of the supported (NH4)3Fe(C2O4)3 sample is
mooth with no inflection up to 250 ◦C (Fig. 3). Nevertheless, the
TA curve exhibits several exothermic peaks. The main exother-
ic peak is doublet with two close maxima at 190 and 202 ◦C. The

imilar double exothermic peak was observed earlier [6] during the
ecomposition of a bulk (NH4)3Fe(C2O4)3 phase in air, but at higher
emperatures of 250 and 255 ◦C. This difference in temperatures

ay be explained by the simultaneous exothermic decomposition
f NH4NO3.

The XRD patterns of the initial samples and after the DTA-TG
un exhibited the reflections of the TiO2 support only. The residue
btained by evaporation of the solution at 60 ◦C was amorphous
nd its decomposition occurred in the same region as in the sup-
orted sample. The decrease in the temperature of decomposition

or the supported sample may be explained by a smaller particle
ize of the (NH4)3Fe(C2O4)3 crystallites on the support surface. Two
eak exothermic peaks at 310 and 344 ◦C may be explained by

xidation of a residual amount of the Fe0, FeO and Fe3O4 species
he formation of which is possible in the lack of oxygen [13,15].
nother possible explanation is crystallization of the amorphous
ecomposition product. For comparison, XRD analysis of the prod-
ct of the (NH4)3Fe(C2O4)3 decomposition in air at 350 ◦C revealed
oth Fe3O4 and �-Fe2O3 phases [21]. Another research group [11]
bserved the formation of �-Fe2O3 only after calcination at 400 ◦C,
hereas the samples calcined at 300 ◦C showed no XRD lines of any

e oxide phase.
Introduction of (NH4)3Cr(C2O4)3 into the ammonia trioxalato-

errate solution in the molar ratio 1:4 changed the decomposition
ehavior that can be clearly seen from the comparison of the
G, DTA and DTG curves (Fig. 4). There are no features of
NH4)3Cr(C2O4)3 decomposition above 270 ◦C, but below this tem-
erature at least three additional processes occurred indicating
eposition of some mixed phases.

.2. TPR

The TPR curve (Fig. 5) of the sample FeT-400A in the region
00–450 ◦C exhibited a double maximum of hydrogen consump-
ion, the value of which (Table 3) is intermediate between that
f Fe2O3 → FeO and Fe3O4 → FeO reduction. Therefore, the amor-
hous FeOx phase includes both Fe3+ and Fe2+ ions. Smooth
ydrogen consumption continued up to 850 ◦C, and reduction to
e0 was still uncompleted. One of the reasons of this reduction
ehavior may be the interaction of the FeOx phase with the support.

lso, the uncompleted two-step reduction Fe2O3 → Fe3O4 → FeO at
30–700 ◦C was confirmed previously by TPR and XRD even for bulk
ighly dispersed phases [22]. In the same temperature region the
igher hydrogen consumption in two steps was observed as well
23], and it was considered as a result of more complete reduction
500–850 353 0.410

a A—the samples calcined in air at 400 ◦C for 2 h; H—the samples after decom-
position in hydrogen at 400 ◦C for 3 h and passivation with an air pulses at room
temperature.

to Fe0, also no data on the Fe content in the initial sample and its
phase composition were presented.

The product of decomposition of the supported (NH )
Fig. 6. TPR profiles of the samples after decomposition in hydrogen at 400 ◦C and
passivation with air pulses at room temperature.
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00 ◦C as for the calcined sample. It is known [24] that reduction of
he bulk Fe-oxalate compounds in hydrogen results in the forma-
ion of Fe0 species and complete reduction at temperatures above
60–380 ◦C. Reduction of the supported (NH4)3Fe(C2O4)3 complex
o Fe0 may occur in our experiments as well, but metal particle size
s too small to be stable in air at room temperature [25].

The intensive single maximum of hydrogen consumption fol-
owed by weak one was observed on the TPR curve (Fig. 5) of
he sample CrT-400A. The possibility and extent of the reduction
r3+ → Cr2+ are low. Only 1.6 × 10−7 mol Cr2+ per 1 mol of �-Cr2O3
ere found in the sample reduced in hydrogen at 550 ◦C [26]. The
2 amount required for this reduction is two orders of magnitude

ower than the hydrogen consumption obtained in our TPR run.
wo similar TPR peaks were observed earlier for the samples pre-
ared by calcination of the chromium nitrate supported on titania
27,28], and they were attributed to reduction of Crn+ (n > 3) to Cr3+

n polymeric chromate species (first peak) and in isolated chromate
pecies (second peak). If we supposed similar reduction in the sam-
le CrT-400A, the calculated oxide composition would be CrO1.92
hat is in good agreement with the results presented previously
10] for the products obtained from the crystalline trioxalatochro-

ate phases after calcination in air at 350 ◦C. As the measured TG
ass loss is even higher than that calculated for decomposition to

r2O3, one can conclude that oxidation to CrO1.92, which decreases
he mass loss, proceeds under cooling of the sample in air after the
G-DTA run.

Reduction of the sample RuT-400A started above 100 ◦C and
asted up to 270 ◦C. The major hydrogen consumption occurred

ithin the temperature range 140–200 ◦C. The hydrogen consump-
ion value (Table 2) suggests the oxide composition of RuO2–x,
here x = 0.2.

The TPR curve of the calcined FeCrT-400A sample looks like
uperposition of the reduction curves of separate supported oxide
roducts (Fig. 5), but the overall hydrogen uptake below 500 ◦C is
lmost twice as high as that calculated based on the data for FeT-
00A and CrT-400A. Both the lower Cr loading as compared with
rT-400A and disordering of a mixed phase may be the reasons
f the increased hydrogen consumption for FeCrT-400A. Previously
27] it was pointed out that the H2:Cr ratio increased three times
s CrOx loading decreased from 5 to 1 wt%. Only one peak was
bserved below 500 ◦C on the reduction curve of the sample FeCrT-
00H, exposed to air at room temperature (Fig. 6). The hydrogen
onsumption below 500 ◦C for this sample was only 28% of the value
ound for the calcined sample and 60% of the figure for FeT-400H.
omparison of TG-DTA and TPR results allows concluding that dur-

ng preparation the ammonium trioxalatometallates formed some
ixed phase whose decomposition in air or in hydrogen resulted in

he species that included both Fe and Cr. There is some probability
f Fe3−xCrxO4 formation in hydrogen at 400 ◦C.

. Conclusions

Considering all information presented in this paper the follow-
ng should be pointed out.
1. Thermal decomposition of the supported ammonium tri-
oxalatometallate complexes (NH4)3[M(C2O4)3]·xH2O, where
M = Cr, Fe, Ru in air results in the formation of finely dispersed or
X-ray amorphous nonstoichiometric oxide phases.

[

[
[

ica Acta 494 (2009) 35–39 39

2. The temperature of decomposition of the supported complexes
is lower than that of the bulk phases for Cr and Ru complexes.

3. The presence of ammonium nitrate decreases the decomposition
temperature of the Fe complex phase. Both bulk and supported
phases decomposed rapidly at the same temperature region
which is below the decomposition temperature reported pre-
viously for the crystalline ammonium trioxalatoferrate.

4. The reduction of the supported CrOx and FeOx with hydrogen
below 500 ◦C proceeds to Cr3+ or Fe2+. Only partial reduction to
Fe0 occurred at temperatures as high as 850 ◦C.

5. The TPR and TG-DTA data allow one to suggest that the composi-
tion of the first synthesized water soluble complex compound of
Ru with the oxalate ion may be close to (NH4)3[Ru(C2O4)3]·5H2O.

6. The RuOx/TiO2 system was reduced by hydrogen completely to
Ru0 below 300 ◦C.
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