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Abstract The thermal decomposition of cobalt, nickel,

manganese, zinc, and copper nitrates supported on nano-

metric alumina was investigated and compared with

decomposition of corresponding bulk nitrates. TG, DTA,

and MS measurements in air were performed. The sup-

ported nitrates decompose in lower temperatures than the

bulk ones and their decomposition proceeds in fewer stages

which are better separated. Synthesized materials and bulk

nitrates before degradation of nitrates groups undergo

dehydration. For decomposition of manganese and copper

nitrates, the last step of water vapour releasing is combined

with degradation of nitrate groups thus formation of

anhydrous metal nitrate during decomposition is not

achievable. Thermal decomposition of bulk nitrates leads

to oxides—Co3O4, NiO, MnO2, ZnO, and CuO—respec-

tively, as the solid residue. The nickel, zinc, copper, and

manganese nitrates while supported on alumina decompose

to corresponding oxides (NiO, ZnO, CuO, MnO2) as well.

For decomposition of cobalt nitrate while supported on

Al2O3 as the solid residue CoAl2O4 were identified. The

correlation between dehydration and degradation of

nitrates groups temperatures for bulk and supported nitrates

was analysed in terms of atomic properties of d-metals.

Keywords d-Metal nitrates � Thermal decomposition �

Supported nitrates � Impregnation � Mass spectrometry

Introduction

Metal oxide submicrometer particles have received wide-

spread interest recently because of their envisioned appli-

cations in electronics, optics, and magnetic storage devices

as well as materials for catalytic applications [1, 2]. The

properties of metal oxide catalysts, such as specific surface

area, phase composition, particle size, porosity, and activ-

ity are greatly affected by the conditions chosen for their

preparation [3]. The kind of precursor materials, tempera-

ture, and duration of heat treatment as well as the com-

position of surrounding atmosphere are important

parameters.

Metal nitrates hydrates are very often used as the pre-

cursors of metal oxides because they give materials of

well-defined chemical composition and high specific sur-

face area [4–9]. The advantage of nitrates compared to

chlorides or sulphates is that they can be fully converted to

corresponding oxides. However, conditions for the syn-

thesis of metal oxides having appropriate properties usually

have to be found experimentally [10].

The decomposition of d-metal nitrates hydrates proceeds

by stages and rarely leads to anhydrous salt. Usually the

dehydration process is not complete and the beginning of

nitrate(V) groups decomposition occurs simultaneously

with hydration water evolution [11–15]. The mechanism of

d-metal nitrates hydrates decomposition is rather compli-

cated and proceeds in different ways depending on whether

the gas atmosphere is oxidizing, neutral or reducing. The

complete decomposition resulting in metal oxide formation

is usually finished below 300 �C [16]. In moist atmosphere,

the decomposition of d-metal nitrates can occur at lower

temperatures than in dry atmosphere [17].

High specific surface area metal oxides can be synthe-

sized by a route involving impregnation of different types
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of porous materials, like alumina, carbon, clay, zeolite or

silica, with concentrated metal salt solutions and sub-

sequent thermal treatment [18, 19]. This route allows the

synthesis of a wide variety of different metal oxides, either

as defined phases, if suitably chosen amounts of precursor

salts are used, or as amorphous or partially crystalline

multiple mixed-metal oxides. Typically, specific surface

areas in the range between 50 and 200 m2 g-1 are acces-

sible, and in addition to crystalline binary oxides, a number

of spinels and perovskites can also be prepared.

The decomposition of supported nitrates can be strongly

affected by the nature of the support. Results obtained by

Tiernan et al. [20] show that, depending on the properties

of support, the decomposition of the supported cobalt

nitrate can either be delayed or enhanced. Further, the

crystal size of metal nitrates can affect the decomposition.

Cseri et al. [21] have reported that the decomposition of

metal nitrates supported on a clay was started and was

completed at temperatures of 0–40 and 5–105 �C lower,

respectively, compared with the bulk metal nitrates. Since

the decomposition was shifted to lower temperatures pro-

nouncedly for the most amorphous nitrates, it was con-

cluded that this shift was due to the small crystal size of the

nitrates. They also noted that some decomposition steps

that were observed during the decomposition of bulk

nitrates were not observed for the supported samples. In

[22] the authors showed that NiO particles prepared by

decomposition of nickel nitrate supported on SBA-15

under the stream of He containing 1 % of NO resulted in

the exclusive formation of small particles with a diameter

of about 4 nm. Results obtained in [23] revealed that the

routes of decomposition of nickel nitrate bulk and sup-

ported on alumina are different, especially concerning

formation of intermediate phases in the later case.

The literature concerning the decomposition of sup-

ported metal nitrates is mainly focused on the properties

and possible applications of the final residue—support

covered by metal oxides. In this paper, decomposition of

chosen d-metal nitrates supported on the nanometric alu-

mina was investigated and compared with decomposition

of correspondent bulk nitrates. However, the goal of the

study was not the final product. The study was focused on

the mechanism of the thermal decomposition of bulk and

supported nitrates as well as the differences in the

decomposition path and they possible reasons.

Materials and methods

Sample preparation

The samples of supported nitrates were prepared by

impregnation the Al2O3 (\500 nm, analytical grade,

Aldrich) with an aqueous solution of respective nitrate

using the necessary amount of solution for the filling of

the support pores. The concentration of the solutions of

metal nitrate hydrates: Ni(NO3)2�6H2O, Co(NO3)2�6H2O,

Zn(NO3)2�6H2O, Cu(NO3)2�3H2O, and Mn(NO3)2�6H2O

(analytical grade, Aldrich) usedwas 3 mol dm-3. 200 mg of

Al2O3was dispersed in 0.5 mL of eachmetal nitrate solution

and mixture has been blended for several minutes. Next

impregnated alumina supports were dried for twenty-four

hours at 30 �C on air.

The samples of bulk nitrates were prepared by drying

respective nitrate hydrate for twenty-four hours at 30 �C on

air. After drying the hydration water content in compounds

studied could not be exactly determined, specially for

supported samples, that is why we denote water content as

xH2O per mole of nitrate.

Methods

Thermal decomposition was performed on an apparatus

that enabled simultaneous recording of TG and DTA sig-

nals (SDT 2960, TA INSTRUMENTS). This apparatus was

connected on-line with a quadrupole mass spectrometer

(QMD 300 THERMOSTAR, BALZERS) so that parallel

analysis of gaseous products of the reaction was carried

out. The energy of the ion source was 70 eV and a Faraday

detector was used.

Ion currents for M/q values equal to 18, 30, 44, and 46

were monitored (where M is molecular mass of particle,

and q the particle charge). Selected M/q values correspond

to the following molecular and fragmentation ions which

can be formed during decomposition of nitrates: H2O
?,

NO?, N2O
?, NO2

?. All intensities of ion peaks were first

corrected for the background. Measurements were per-

formed in the synthetic air atmosphere (99,999 %, H2O

content less than 3 ppm) with flow rate of 9 dm3 h-1. The

samples of mass about 15 mg of bulk Me(NO3)2�xH2O and

30 mg of supported Me(NO3)2�xH2O/Al2O3 were heated in

the platinum crucible with the rate 1 deg min-1. The gas

sampling capillary was placed directly above the vessel.

All the data were gathered by an on-line computer system

with the commercial software (TA INSTRUMENTS,

BALZERS).

The analysis of recorded mass spectrum of gaseous

products of decomposition was performed consider the

possible products of decomposition along with the frag-

mentation processes—mainly the origin of M/q = 30 line

not only from the NO but also from the fragmentation of

NO2 and N2O. Thus, the M/q = 18 and M/q = 46 ion

current lines describe liberation of H2O and NO2, respec-

tively. However, small amounts of NO (M/q = 30) and

tracers of N2O (M/q = 44) were also observed in the

gaseous products of decomposition. Moreover, the shape of

1054 B. Małecka et al.

123



M/q = 30, 44, and 46 ion current lines suggest that NO,

N2O, and NO2 are liberated during the same stages of

decomposition therefore they all are the results of nitrate

groups decomposition. To minimize the numbers of ion

current lines presented in the figures, the M/q = 46 line

was chosen to present not only the emission of NO2 but

also the products of nitrate groups decomposition in

general.

The composition of initial sample, intermediates, and

residue was analysed by X’Pert Pro X-ray diffractometer

(PHILIPS Panalytical) using CuKa radiation.

The morphological characteristics of samples was

investigated using JEOL JSM 5400 scanning electron

microscope.

Results

Co(NO3)2�xH2O

Thermal decomposition of bulk cobalt nitrate hydrate

proceeds in several not well-separated stages (Fig. 1). The

dehydration starts at room temperature (25 �C) and occurs

in five steps that is clearly seen on DTA curve (Fig. 1b) and

on mass spectral signals (Fig. 1c). Dehydration associated

with several DTA peaks indicates the complexity of

dehydration process and proves the formation of series of

lower hydrates. The composition of these lower hydrates

cannot be calculated based on mass loss because none of

them forms the stable phase at the conditions of

experiment. At about 175 �C dehydration finishes (MS

signal for H2O in Fig. 1c disappears) and decomposition of

nitrates begins (MS signal for NO2 appears). However,

small amount of nitrogen oxides are evolved below 175 �C

what suggests that during dehydration decomposition of

nitrate groups proceeds probably on the material surface,

which is highly probable for nitrates. At about 250 �C bulk

cobalt nitrate is fully decomposed. The steps on TG curve

as well as endothermic effects on DTA curve in the tem-

perature range of 20–250 �C are connected with corre-

sponding effects on mass spectra.

In the case of cobalt nitrate supported on Al2O3 dehy-

dration proceeds in three stages. It starts at about 40 �C and

is completed at 140 �C, that is temperature 35 �C lower

than the end of dehydration of bulk cobalt nitrate. The

nitrogen oxides start to release just after dehydration

completes at 140 �C which is temperature about thirty-five

degrees lower than that for the bulk cobalt nitrate. Though

traces of nitrogen oxides are evolved during the dehydra-

tion, similar as it was observed for bulk cobalt nitrate. The

decomposition of supported cobalt nitrate is finished at

about 210 �C. The SEM microphotograph of the residue is

shown in Fig. 2a.

The final product of bulk cobalt nitrate decomposition is

Co3O4, which was confirmed by XRD analysis (not shown

here) and stays in agreement with results presented in the

literature [22, 24]. Decomposition of cobalt nitrate sup-

ported on Al2O3 leads to CoAl2O4 spinel as the final product

at the temperature 210 �C (Fig. 2b). As it is in detail

described in the literature, the decomposition of cobalt
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nitrate on alumina leads to oxide mixture (Al2O3 and Co3O4)

or CoAl2O4 spinel, depending on the support synthesis

method [25]. However, highly dispersed support can imply

the spinel formation even in the relatively low temperature.

Ni(NO3)2�xH2O

The decomposition of nickel nitrate hydrate (Fig. 3) pro-

ceeds in several stages like in the case of cobalt nitrate. The

dehydration of bulk nickel nitrate hydrate as well as sup-

ported one begins at room temperature, but the course of

dehydration in both cases is different. Dehydration of bulk

nickel nitrate goes through several not well-separated

stages and finishes at about 210 �C. For the supported

nickel nitrate four well-separated stages of dehydration are

observed and the release of hydration water is completed at

175 �C, which is reflected on MS signal of H2O (Fig. 3c).

The decomposition of anhydrous nitrate obtained from

bulk nickel nitrate hydrate is one-stage process occurring

between 225 and 310 �C. The MS signals for H2O and NO2

obtained during decomposition of supported nickel nitrate

reveal evolution of traces of nitrogen oxides at about

125 �C that is before completion of dehydration. The main

decomposition of nitrate groups of supported nickel nitrate

begins at 190 �C and is two-stage process, which is con-

firmed by DTA peaks and MS signals (Fig. 3d). At 280 �C,

the MS signal for nitrogen oxide disappears that indicates

the completion of nitrate groups decomposition; however,

on the TG curve (Fig. 3a) the slight decrease of sample

mass to 375 �C can be seen, resulting probably from the
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slow desorption of gaseous product from the support

surface.

The final product of nickel nitrate hydrate decomposi-

tion of both samples is nickel oxide NiO. Figure 4 shows

SEM microphotograph and the results of XRD analysis of

the decomposition residue of nickel nitrate supported on

Al2O3.

Mn(NO3)2�xH2O

Decomposition of bulk manganese nitrate hydrate is a

multistage process with overlapping steps (Fig. 5). As can

be seen on DTA curve (Fig. 5b) bulk compound melts at

about 35 �C and next undergoes dehydration. Before

completing dehydration around 135 �C degradation of

nitrate groups begins. This statement is based on MS

spectra (Fig. 5c–d)—it is seen that between 135 and

175 �C the rest of H2O evolves together with NO2. The

conclusion is that anhydrous manganese nitrate is not

formed during decomposition. The residue of decomposi-

tion at 300 �C is MnO2.

As can be seen on DTA/TG curves (Fig. 5), decomposi-

tion of nitrate supported on Al2O3 starts at about 110 �C

which is the temperature lower than that for bulk substance.

Decomposing occurs through overlapping stages not sepa-

rated on TG curves, which are preceded by melting of

sample. Mass spectrum analysis showed that below 110 �C

water is the only volatile product of decomposition. Above

110 �C, several steps of decomposition occur which is spe-

cially clearly seen onDTA curve (Fig. 5b). Between 110 and

210 �C, evolution of NO2 together with H2O is observed

similarly as for bulk manganese nitrate hydrate; however,
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the range of temperature is broadened. The final product of

thermal decomposition of manganese nitrate is MnO2.

However, as it is seen on Fig. 5a manganese(IV) oxide can

be decomposed toMn2O3 at 600 �C. Furthermore, the results

of XRD analysis (Fig. 6b) of solid residue of decomposition

of manganese(II) nitrate supported on Al2O3 taken from the

temperature 600 �C confirm decomposition to mixture of

manganese(III) and aluminium oxides. SEM microphoto-

graph and XRD results (Fig. 6) suggest that both Al2O3 and

Mn2O3 exhibit a low degree of crystallinity.

Zn(NO3)2�xH2O

Bulk zinc nitrate hydrate (Fig. 7) starts to dehydrate at

about 30 �C. Dehydration is accompanied by melting of a

compound at 35 �C (sharp, endothermic DTA peak on

Fig. 7). According to MS analysis, signal from water dis-

appears at 120 �C which means that dehydration finishes at

this temperature. Decomposition of nitrate groups starts at

75 �C and is finished at 265 �C when ZnO as final product

is formed. However, when we analyse the shape of TG

curve, the stage of dehydration is not separated from the

stage of nitrate groups decomposition. Decomposition of

zinc nitrate hydrate supported on Al2O3 proceeds at the

beginning similarly to the decomposition of bulk material.

Dehydration and melting of hydrate in a comparable tem-

perature (around 40 �C) can be noticed. The differences

show when decomposition of nitrate groups starts. NO2

was detected in gaseous products starting from 60 �C

together with H2O. The second stage of nitrogen oxides

evolution appeared at 175 �C. The decomposition of sup-

ported Zn(NO3)2 finished about 320 �C.
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The final product of decomposition, ZnO, forms on the

surface of Al2O3 flower-shaped grains which actually

consist of wurtzite-type crystals (Fig. 8).

Cu(NO3)2�xH2O

Cu(NO3)2 hydrate decomposes by overlapping stages. As

can be seen in (Fig. 9) bulk Cu(NO3)2 hydrate starts to lose

mass at about 75 �C in several not separated stages. Almost

at the temperature of the beginning of dehydration, nitro-

gen oxides starts to evolve (Fig. 9d). The dehydration and

decomposition of nitrate groups proceed simultaneously to

225 �C when dehydration finishes. Releasing the water

vapour at temperatures about 200 �C suggests evolving

constitution water rather that hydration one. Especially as

Cu(NO3)2�3Cu(OH)2 or Cu2(OH)3(NO3) according to the

literature can be identified as solid intermediate during

copper nitrate decomposition [26, 27]. Complete decom-

position of bulk cooper nitrate hydrate finishes at 250 �C. It

should be noticed that the last stage of decomposition

(225–250 �C) is combined only with degradation of

nitrates groups.

It should be noticed that the mechanism of decomposition

of copper nitrate supported on Al2O3 is significantly differ-

ent as the decomposition of bulk material. In case of sup-

ported Cu(NO3)2 hydrate two stages of dehydration can be

observed. Dehydration starts at 60 �C and is associated with

one endothermic peak on DTA (Fig. 9b) and adequate signal

on MS spectrum (Fig. 9c). The second stage of dehydration

occurs between 175 and 225 �C. Decomposition of nitrate
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groups proceeds at the same temperature ranges as dehy-

dration does. Thus, elimination of water from the structure is

always accompanied with degradation of nitrate groups even

in the relatively low temperature (about 70 �C). At the

temperature of 225 �C copper nitrate supported on Al2O3 is

fully decomposed.

The final product of Cu(NO3)2 hydrate decomposition in

both cases is monoclinic CuO (Fig. 10b). CuO crystals

which were formed on the Al2O3 support have a needle-

shaped form (Fig. 10a).

Discussion and conclusions

Analysis of the temperatures of the beginning of dehy-

dration (Tdeh) and temperatures of the end of decomposi-

tion (Tfin) of adequate bulk and supported nitrates (Table 1)

leads to conclusion that there are no significant differences

and correlations between those temperatures.

In case of temperatures of the beginning of decomposition

(Tdecomp), the differences are not significant as well but we

observe the general dependence that temperature of

decomposition of supported nitrate is lower than tempera-

ture of decomposition of adequate bulk nitrate (Fig. 11). The

lowest temperature of decomposition occurs for Cu(NO3)2,

and the highest for Ni(NO3)2.

No significant correlation between the atomic properties of

d-metals, listed in Table 2, and temperature of decomposition

were found, may be with one exception concerning some

slight correlation between covalent radius of cation and the

Tdecomp. The lack of significant correlations seems to indicate

that the main role in decomposition of studied nitrates plays

processes which occur in the nitrate ion; however, the modi-

fications in the electron and geometric structure of NO3
- ion

resulted from its different surroundings can be responsible for

changes in the picture of decomposition of individual nitrates.
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Table 1 Comparison of dehydration and decomposition temperatures

of d-metal nitrates

Element Bulk Supported

Tdeh Tdecomp Tfin Tdeh Tdecomp Tfin

Zn 30 75 265 40 60 320

Cu 75 90 250 60 60 225

Mn 35 135 220 35 110 225

Co 25 175 250 40 140 210

Ni 25 225 310 25 190 280
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Fig. 11 Comparison of decomposition temperatures of d-metal
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Table 2 Atomic properties of d-metals [28]

Metal Ionic

radius/

pm

Covalent

radius/

pm

Electronegativity/

Pauling scale

Electroconfig. of

Me2? d electron

number

Zn 83 125 1.65 10

Cu 73 117 1.9 9

Mn 91 117 1.55 5

Co 78 116 1.88 7

Ni 74 115 1.91 8
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