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Abstract Orthorhombic structural perovskite NdCrO3

nanocrystals with size of 60 nm were prepared by micro-

emulsion method, and characterized by XRD, TEM,

HRTEM, SEM, EDS and BET. The catalytic effect of the

NdCrO3 for thermal decomposition of ammonium per-

chlorate (AP) was investigated by DSC and TG-MS. The

results revealed that the NdCrO3 nanoparticles had effective

catalysis on the thermal decomposition of AP. Adding 2%

of NdCrO3 nanoparticles to AP decreased the temperature

of thermal decomposition by 87� and increased the heat of

decomposition from 590 to 1073 J g-1. Gaseous products

of thermal decomposition of AP were NH3, H2O, O2, HCl,

N2O, NO, NO2 and Cl2. The mechanism of catalytic action

was based on the presence of superoxide ion O2
- on the

surface of NdCrO3, and the difference of thermal decom-

position of AP with 2% of NdCrO3 and pure AP was mainly

caused by the different extent of oxidation of ammonium.

Keywords NdCrO3 nanoparticles � Ammonium

perchlorate � Catalytic activity � Thermal decomposition �
Thermogravimetry-mass spectrometry

Introduction

The vast majority of catalysts used in modern chemical

industry is based on mixed metal oxides. Among the mixed

metal oxides, ABO3 perovskite-type oxides with A as La, B

as transition metal were considered strategic materials due

to their prominent electronic, magnetic, optic, catalytic

activities and application in many fields [1–4]. In ACrO3

(A = La, Y, Nd and Sm) perovskite system, many inves-

tigations have been focused on pure and doped materials of

the former two. ACrO3 has been prepared by various

techniques: a solid-state reaction [5, 6], a coprecipitation

method [7], a simultaneous crystallization method [7], a

citric gel processing [8], and a combustion synthesis [9, 10].

Ammonium perchlorate (AP) is the most common oxi-

dizer in composite solid propellants. The thermal decompo-

sition characteristics influence the combustion behavior of

the propellant [11]. The catalytic activities of some transition

metal oxides and metal powders in the thermal decomposi-

tion of AP have been reported [12–17] and improved catalytic

performance can be obtained from nanometer-scale catalysts

[18–20]. We previously reported the catalytic activities of the

perovskite-type oxides nanoparticles for the thermal decom-

position of AP [21]. The aim of this work was to investigate

the catalytic activities of NdCrO3 nanocrystals prepared by

the microemulsion method on the thermal decomposition of

AP. The emphasis of the work is on the mechanism of the

process studied by DSC and TG-MS technique.

Experimental

Materials

All the reagents were analytical grade chemicals.

Cr(NO3)3 � 9H2O, Nd2O3 and sodium dodecylbenzenesul-

fonate were obtained from the Shanghai Chemical Factory;

HNO3, ethanol and toluene were produced by the Nanjing

chemical factory.
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Preparation of NdCrO3 nanoparticles

NdCrO3 nanoparticles were synthesized through the for-

mation of water-in-toluene reverse micelles with sodium

dodecylbenzenesulfonate [CH3(CH2)11(C6H4)SO3]Na (NaDBS)

as surfactant. The synthesis starts with 0.005 mol of Nd2O3

(dissolved in 1:1 HNO3) and 0.01 mol of Cr(NO3)3 dis-

solved in 25 mL of water to form a clear solution. A 0.4 M

NaDBS aqueous solution (25 mL) was added into the metal

salt solution and followed by the addition of a large volume
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Fig. 1 XRD pattern of the NdCrO3 calcined at different temperature

for 4 h (a) 700 �C; (b)800 �C; (c) 900 �C

Fig. 2 TEM and HRTEM

images of the NdCrO3

nanocrystals

Fig. 3 SEM images and EDS spectrum of the NdCrO3 nanocrystals
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Fig. 4 TG and DTG curves for (a) pure AP ? NdCrO3, (b) Pure AP
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of toluene. After stirring overnight, the mixture became a

clear single-phase solution containing reverse micelles. To

form colloids in reverse micelles, 40 mL of 1.5 M NaOH

aqueous solution was added drop by drop accompanied by

vigorous stirring. The solution was stirred for more than 2 h

to complete the formation of colloids. Then, the volume of

the solution was reduced by distilling out water and most of

the toluene solvent. The concentrated solution with sus-

pended colloids was washed with water and ethanol to

remove excess surfactant. The products were collected

through centrifugation. Then, the precursor was calcined at

a series of increasing temperatures ranging from 700 to

900 �C for 2 h in air.

NdCrO3 and AP were mixed in 2:98 (wt%), respec-

tively, to prepare the samples for the thermal analysis.

Instrumentation

X-ray diffraction (XRD) was carried out on a Bruker D8

Advance X-ray diffraction instrument (Cuka), the diffrac-

tion angle (2h) from 25 to 70� was scanned. Transmission

electron microscopy (TEM) images were taken with a

JEM-200CX electron microscope, the sample was dis-

persed in aqueous ethanol by ultrasonic stirring. The BET
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Fig. 5 DSC curves for (a) pure AP ? NdCrO3, (b) pure AP
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Fig. 6 Ion current versus temperature curves of ion fragments of NH3, H2O and O2 (m/z 16, 17, 18, 32) during the thermal decomposition

of NH4ClO4 evolved from (a) pure AP ? 2% NdCrO3 (1.5600 mg), (b) pure AP (1.5700 mg)
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surface areas were measured on an ASAP 2020 instrument

using N2 adsorption at -196 �C.

Thermal decomposition characteristics of the sample

were determined by a simultaneous thermal analyzer

(Mettler Toledo, model TGA/SDTA 851e) coupled on line

with a quadrupole mass spectrometry (Pfeiffer Vacuum,

model Thermostar GSD301T3), under the condition of

flowing argon gas (purity, 99.999%; flowing rate,

50 mL min-1; atmospheric pressure) at the heating rate of

10 �C min-1 when the sample quantum was about 1.00 mg

with Al2O3 as reference. The connection between the ther-

mobalance and the mass spectrometer was done by means of

a stainless steel capillary, maintained at 150 �C. The mass

spectrometer was operated with an electron impact ionizer

with energy 70 eV and the intensities of the m/z ranging

from 12 to 100 were monitored. DSC823E (Mettler Toledo)

was used at a heating rate of 20 �C/min in N2 atmosphere

over the range 20–500 �C, and all samples were placed in

aluminum pans with lids.

Results and discussion

NdCrO3 samples characterization

The NdCrO3 product was characterized by XRD, TEM,

SEM and EDS. The XRD measurement (Fig. 1c) shows

the product is pure perovskite oxide NdCrO3 (900 �C)with

an orthorhombic structure, and the diffraction data are in

good agreement with JCPDS card of NdCrO3 (JCPDS no.:

71-1274). No impure peaks are observed in the XRD

pattern. The average particle size is 56 nm determined

from the XRD pattern parameters of the NdCrO3 powder

according to the Scherrer equation.

The TEM image in Fig. 2a shows practically monodis-

perse particles with an average size of about 60 nm, which is

consistent with the average size obtained from the peak

broadening in X-ray diffraction studied. A typical HRTEM

image is presented in Fig. 2b, showing that the nanoparticles

exhibit clearly resolved lattice fringes with the interplanar
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Fig. 7 Ion current versus temperature curves of ion fragments of NO, N2O and NO2 (m/z 30, 44, 46) during the thermal decomposition of

NH4ClO4 evolved from (a) pure AP ? 2% NdCrO3 (1.5600 mg), (b) pure AP (1.5700 mg)
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spacing of 0.277 nm assigned to the (121) plane of the

orthorhombic NdCrO3 structure.

Scanning electron micrographs shown in Fig. 3 reveal

the product is a low density, loose and porous material that

is favorable to the catalytic application. EDS was per-

formed to further confirm the composition of as-prepared

products. Figure 3b shows that the products are composed

of Nd, Cr and O with a mol ratio of 1:1:3, giving a stoi-

chiometric formula of NdCrO3. The C peak in the spectrum

is attributed to the electric latex of the SEM sample holder.

Based on the XRD, TEM, EDS analysis, the structure of

NdCrO3 nanoparticles was obtained. The BET surface area

of NdCrO3 nanocrystals calculated from N2 isotherms at

-196� are 10.07 m2/g.

Catalytic effect

The results of the DSC and TG experiments are shown in

Figs. 4 and 5, respectively.

The first endothermic DSC peak with a peak tempera-

ture of 242 �C is accompanied with zero weight loss. The

additives have no effects on the crystallographic transition

temperature which represents the transition from ortho-

rhombic to cubic AP [12]. Figures 4b and 5b are the TG,

DTG and DSC curves of pure AP. The first exothermic

peak with a peak temperature of 331 �C corresponding

15% weight loss is attributed to the partial decomposition

of AP and the formation of some intermediate NH3 and

HClO4 by dissociation and sublimation [12, 22–24]. The

second exothermic DSC peak with a peak temperature of

421 �C associated with 85% weight loss is caused by the

complete decomposition of the intermediate to volatile

products [12].

Figures 4a and 5a are the TG, DTG and DSC curves of

AP in presence of NdCrO3 catalysts. The experiment

results indicate that NdCrO3 has strong catalytic activity on

the thermal decomposition of AP. The first exothermic

peak at 334 �C becomes a sharp one which is associated
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Fig. 8 Ion current versus temperature curves of ion fragments of H35Cl and H37Cl (m/z 36, 36, 37, 38) during the thermal decomposition

of NH4ClO4 evolved from (a) pure AP ? 2% NdCrO3 (1.5600 mg), (b) pure AP (1.5700 mg)
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with only one step weight loss on the TG curve. The second

exothermic peak is absent. The addition of NdCrO3

decreases the decomposition temperature of AP and

increases the weight loss rate as well as heat of decom-

position reaction. It can be found that adding 2% of

NdCrO3 nanoparticles to AP decreases the temperature of

thermal decomposition by 87 �C and increases the heat of

decomposition from 590 to 1073 J g-1.

The results of the TG-MS experiments are shown in

Figs. 6, 7, 8, and 9. The TG curve has clear association to

the MS curve. The detection of HCl, H2O, N2O, NH3, Cl2,

NO, O2, NO2, NH2
? and O? ion are observed. The dif-

ference between decomposition of pure AP and AP with

2% NdCrO3 is shown in Figs. 6, 7, 8, and 9.

Figures 6, 7, 8, and 9b shows the TG-MS of pure AP.

The gaseous products of thermal decomposition are formed

in two steps. At low-temperature, products of thermal

decomposition of pure AP are NH3, H2O and a small

amount of N2O, O2. At the high-temperature stage, HCl,

H2O, N2O, NH3, Cl2, NO, O2, NO2 and a small amount of

ClO2 are formed.

Figures 6, 7, 8, and 9a show the intensity curves of ion

currents evolved during the thermal decomposition of AP in

presence of NdCrO3. AP is completely decomposed in

lower temperature and shorter time. Compared with the

decomposition of pure AP, the gaseous products are

instantly formed in one step with the catalysis of NdCrO3.

The products of thermal decomposition detected are HCl,

H2O, N2O, NH3, Cl2, NO, O2 and NO2. ClO2 is not detected.

Analysis on the mechanism of thermal decomposition

of AP

Figure 5 shows the change of the decomposition heat for

pure and catalyzed AP. The sharp exothermic peak shown

in the DSC curves in Fig. 5a, which is indicative of rapid

chemical reaction, are confirmed by TG and MS analysis.

The catalytic activity is dependent on the specific surface

area of NdCrO3. It is known the nanocrystalline can pro-

duce large numbers of the reaction active center. Due to the

specific surface and more reaction active centers of

NdCrO3 nanoparticles, it is beneficial for the adsorption of

O2 on the surface of NdCrO3 [25]. Therefore, nanosized

NdCrO3 should be considered to be the catalyst acceler-

ating both the decomposition of perchloric acid and oxi-

dation of ammonia.
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Fig. 9 Ion current versus temperature curves of ion fragments of 35Cl2, 36,37Cl2 and 37Cl2 (m/z 70, 72, 74) during the thermal decomposition of

NH4ClO4 evolved from (a) pure AP ? 2% NdCrO3 (1.5600 mg), (b) pure AP (1.5700 mg)
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The mechanism of catalytic action is based on the pres-

ence of superoxide ion (O2
-) on the surface of NdCrO3 [25,

26]. During the thermal decomposition of AP, the O2
- ions,

which are formed from the oxygen adsorbed on the surface

of the oxide, are proton traps, and they can simplify thermal

decomposition of AP. The oxidation reaction of ammonia is

happened by the collision between ammonia and the oxygen

absorbed on the surface of NdCrO3. Increasing the partial

pressure of oxygen, the formation of O2
- covered sites on

NdCrO3 are increased, and then the presence of oxygen can

accelerate the thermal decomposition process of AP as well

as the oxidation of NH3 which increases the exothermic heat

of the thermal decomposition process. Figure 7 (m/z = 30,

44, 46) show that the mass spectrometric ion intensities of

nitrogen oxides (NO, N2O, NO2) are bigger than those

during the thermal decomposition of pure AP.

Conclusions

NdCrO3 nanocrystals synthesized by microemulsion has an

orthorhombic structure with an average size of 60 nm.

Adding 2% of NdCrO3 to AP can decrease the decompo-

sition temperature by 87 �C and increase the heat of

decomposition by 0.4 kJ g-1. AP was completely decom-

posed in lower temperature and shorter time.

The mechanism of catalytic action is based on the

presence of superoxide ion O2
- on the surface of NdCrO3.

The oxidation of adsorbed ammonia by NdCrO3 via the

superoxide active centers takes place on the surface of

NdCrO3. Therefore, the difference of thermal decomposi-

tion of AP with 2% of NdCrO3 and pure AP is mainly

caused by the different extent of oxidation of ammonium,

which results in the increase of the heat of decomposition

with the catalysis of NdCrO3.
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