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This work addresses the chemical nature of the catalytic activity of X-ray “pure” CoO nanocrystals. All samples
were prepared by a solvothermal reaction route. X-ray diffraction indicates the formation of CoO in a cubic rock-
salt structure, while infrared spectra and magnetic measurements demonstrate the coexistence of CoO and Co3O4.
Therefore, X-ray “pure” CoO nanocrystals are a unique composite structure with a CoO core surrounded by an
extremely thin Co3O4 surface layer, which is likely a consequence of the surface passivation of CoO nanocrystals
from the air oxidation at room temperature. The CoO core shows a particle size of 22 or 280 nm, depending on
the types of the precursors used. This composite nanostructure was initiated as a catalytic additive to promote the
thermal decomposition of ammonium perchlorate (AP). Our preliminary investigations indicate that the maximum
decomposition temperature of AP is significantly reduced in the presence of CoO/Co3O4 composite nanocrystals
and that the maximum decomposition peak shifts toward lower temperatures as the loading amount of the composite
nanocrystals increases. These findings are different from the literature reports when using many nanoscale oxide
additives. Finally, the decomposition heat for the low-temperature decomposition stages of AP was calculated and
correlated to the chemical nature of the CoO/Co3O4 composite nanostructures.

1. Introduction

CoO and Co3O4 are two typical crystalline forms of the
Co-O system1-4 that show many interesting electronic and
magnetic properties for a wide variety of scientific and
technological applications.5-7 Various methodologies1–3,8-12

including sol-gel, microemulsion, thermal decomposition
in inert gas, and hydrogen reduction have been developed
for the preparation of cobalt oxides. Navrotsky et al.,11

prepared CoO nanocrystals by thermal decomposition of
cobalt hydroxide in a H2/Ar atmosphere, while it is not clear
if surface oxidation is entirely avoided. Wang et al.,13

prepared a mixture of nanocrystals that contains Co, Co3O4,
and CoO at 130 °C using Na(AOT) as the surfactant. By
heating an aqueous solution of Co(OH)2 at 273 °C under
vacuum, Co3O4 is still observable in the final products.14

As a result, Co3O4 seems indispensable for the formation of
CoO nanocrystals,15 which may produce uncertain contribu-
tions to the properties of CoO nanocrystals.

To avoid surface oxidation, many kinds of surfactants16-19

have been studied. Nevertheless, most of these methods are
complicated, and the frequent use of surfactants has led to
the deteriorated chemical and physical properties. Generally,
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the chemical and physical properties of the solids are
governed by particle size, phase composition, and surface
chemical states. For instance, with regards to the particle
size effects, bulk CoO crystallizes in a cubic structure and
is antiferromagnetic with a Neel temperature of TN ) 298
K. When the particle size of CoO reduces to the nanoscale
regime, the core will be antiferromagnetically ordered, while
the surface spins become significant to dominate the magnetic
behavior. Moreover, the magnetic transition temperature TN

is reduced to 25 K for 1.5 nm CoO film.20 Recently, CoO
nanocrystals were taken as the positive electrode, which have
shown excellent specific capacity and discharge voltage.21

Even so, the knowledge about the chemical nature of CoO
nanocrystal is very limited comparing with the metallic Co,
Co3O4, or other complex cobalt oxides.

We anticipate that the chemical nature of CoO nanocrystals
could be preliminarily understood by examining the catalytic
roles of CoO nanocrystals in the thermal decomposition of
AP. This is because (1) AP is one of the main oxidizing
agents that have been used in various propellants and the
burning behaviors of propellants are highly relevant to the
thermal decomposition of AP and because (2) extensive
literature work has shown that nanoscale metals (like Co)
can significantly improve the AP decomposition.22,23 These
nanoscale metals will be oxidized into the corresponding
metal oxides such as CoO by the oxidizing gases like O2,
NO, and N2O that are released during AP decomposition.23

(3) The metal oxides like CoO and Co3O4 exhibit high and
stable catalytic activity and selectivity toward the oxidation
of ammonia,24 the intermediate product of AP decomposition,
and thus are promising in promoting the sufficient AP
decomposition. With this in mind, we expect that CoO
nanocrystals coated with Co3O4 layers may exhibit excellent
catalytic activity toward AP decomposition. As a conse-
quence, the nature associated with the catalytic actvity of
CoO nanocrystals becomes the motive of this work.

In this work, we used a simple solvothermal method to
prepare CoO nanocrystals that were coated by thin Co3O4

layers. By XRD and magnetic susceptibility measurements,
the phase features of products were determined and dis-

cussed. The catalytic roles of CoO-Co3O4 composite nano-
structure toward AP decomposition were also explored.

2. Experimental Section

Cobalt acetate tetrahydrate (Co(CH3COO)2 · 4H2O), sodium
hydroxide (NaOH), hydrazine hydrate (N2H4 ·H2O), and absolute
ethanol (C2H5OH) were used as the starting materials for all sample
syntheses. CoO nanocrystals were prepared using the following
methods.

Method I. A 50 mL NaOH solution with a concentration of 5
mol/L was dropped into a mixed pink solution of 0.01 mol
Co(CH3COO)2 ·4H2O with 100 mL distilled water under continuous
stirring. After the mixture was stirred for 10 min, a brown
suspension appeared, which was then filtered and sufficiently
washed with distilled water to remove the CH3COO- and Na+ ions
that may contaminate the sample surfaces. After sufficient washing,
the precipitate was redispersed into 150 mL ethanol using super-
sonication to get a uniform suspension, which was transferred to
Teflon-lined stainless steel autoclaves with a capacity of 30 mL
and reacted at a selected temperature in the range of 180-220 °C
for 24 h. After the reaction mixture was cooled to room temperature,
a black solid was collected by filtration, washed with distilled water
for several times, and dried in air at ambient condition. The samples
prepared at 200 °C were named as sample I.

Method II. Three milliliters of hydrazine was added dropwise
into a mixed pink solution of 0.01 mol Co(CH3COO)2 ·4H2O with
100 mL distilled water under continuous stirring. This solution was
completely transferred into autoclaves to react at 200 °C for 2 h.
After washing and drying according to the proceedures for sample
I, we obtained sample II.

Phase compositions of the samples were characterized by powder
X-ray diffraction (XRD) at room temperature on a Rigaku
D/MAX25000 diffractometer with a copper target. The morphol-
ogies of the samples were investigated by transmission electron
microscopy (TEM) on a JEM-2010 apparatus with an acceleration
voltage of 200 kV. The infrared spectra of the samples were
measured with a Perkin-Elmer IR spectrophotometer (Spectrum
One) at a resolution of 4 cm-1 using the KBr pellet technique.
Thermal behaviors of the samples were examined using STA449C
coupled with Jupiter-QMS 403C Aeolos in nitrogen atmosphere at
a heating rate of 15 °C/min. The magnetic properties of the samples
were measured using a Quantum Design PPMS-7 magnetometer.

The catalytic roles of CoO nanocrystals in the thermal decom-
position of AP were studied by differential scanning calorimeter
(DSC) using DTA404PC in N2 atmosphere over the temperature
range of 30-500 °C. To investigate the influence of dosage of CoO
nanocrystals on AP decomposition, AP and CoO nanocrystals were
premixed at a mass ratio ranging from 99:1 to 90:10 to prepare the
target samples. The activation energies of AP decomposition with
and without additives of CoO nanocrystals were measured by
varying the heating rates. A total sample mass of 3.0 mg was used
for all runs.

3. Results and Discussion

Figure 1 shows XRD patterns of the samples prepared
using Methods I and II. It is seen that all diffraction peaks
are in good agreement with the standard diffraction data for
CoO, while no diffractions from the impurities Co2O3 or
Co3O4 were observed. These results indicated that the
products prepared by these methods are X-ray pure CoO in
a cubic rock-salt structure. It is noted that when using Method
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I, the half-height widths of the diffraction peaks (200) were
almost the same (Figure 1a-c) when the reaction temperature
varied in the temperature range from 180 to 220 °C. The
crystallite sizes for the samples were calculated to be about
22 nm using Scherrer formula for the main peak (200), which
is confirmed by TEM observations. It is obvious that reaction
temperature has little influence on the crystallite size of CoO
nanocrystals when using Method I. As indicated by TEM
observations, Sample I exhibited a thin nanosheet morphol-
ogy with a particle size of about 25 nm (Figure 2a), which
is apparently different from the hexagonal and cubic CoO
nanocrystals reported by Seo et al.17 using a single precursor
Co(acac)3 (acac ) acetylacetonate). These nanosheets are
small single crystals with high crystallinity as indicated by
the corresponding high resolution TEM photos (Figure 2b).
Here, it is very difficult to distinguish thin Co3O4 layers if
any, from CoO because of the much smaller particle size.
Interestingly, for sample II, 280 nm CoO thus obtained is
also composed of tiny single crystals with the dimension
approximately ten times larger than that of sample I (Figure
2c). The interplanar spacing of the tiny single crystals was
about 0.247 nm (Figure 2d), which corresponds to that for
two adjacent (111) planes of cubic CoO. Further, 2-D lattice
fringes at the edge of single crystals demonstrate the presence
of a thin film of Co3O4 on surfaces of CoO nanocrystals.

What is the reason for such a big difference in the particle
sizes for these preparation methods? Because the main
difference in the preparation parameters of these samples is
from the use of the base NaOH or hydrazine, it is necessary
to investigate the roles that the basic species plays in the
grain growth of the CoO nanocrystals. The formation reaction
of CoO nanocrystals using Method I is thought to proceed
in two steps as shown in eqs 1 and 2.

Co(CH3COO)2 + 2NaOHfCo(OH)2 + 2CH3COONa

(1)

Co(OH)2fCoO+H2O at 180-220 °C (2)

which are deduced from the intermediate products that
appeared during the reaction states: In the first step,

Co(CH3COO)2 solution mixed with NaOH and yielded a
brown color precursor of �-Co(OH)2, as is confirmed by
XRD (Figure 3a). It is noted from Figure 3a that the
diffraction peaks (h,k,l) with h * 0 including (100) and (110)
are much narrower than those with k ) 0; therefore the
precursor �-Co(OH)2 is highly oriented. The TEM observa-
tion confirms the sheet shape of the precursor �-Co(OH)2

(Supporting Information). These sheet precursors decom-
posed under solvothermal conditions to yield sheet-like CoO
nanocrystals. This inheriting morphology behavior is inter-
esting, most likely because, for hexagonal structure �-Co-
(OH)2, Co ions layers are separated by two adjacent layers
of hydroxyl ions. Under solvothermal conditions, the hy-
drogen bonds associated with the two adjacent layers of
hydroxyl ions might be partially broken to release certain
amounts of water molecules. The oxygen ions left within
these hydroxyl layers would rearrange their positions to one
singular oxygen layer and produce the structural unit of CoO
in a stacking sequence of ABCABC..., like that in the cubic
rock-salt structure.25 During this transformation, the frame-
work constructed mainly by Co2+ ions was kept to show the
inheriting morphology of the sheet shape. Therefore, the
particle size of CoO was predominantly determined by
the sheet precursor, while the impacts from the reaction
temperature (180-220 °C) are relatively weaker. Compara-
tively, when using Method II, the formation mechanism of
CoO nanocrystals is complicated because the Co(CH3COO)2

solution mixed with hydrazine yielded a pink suspension of
an unknown complex (Figure 3b and Supporting Informa-
tion). CoO nanocrystals were then formed after transforma-
tion of this complex under solvothermal reaction. These
intermediates are likely responsible for the difference in
particle sizes in the final CoO nanocrystals, although the
reaction temperatures were kept the same.

The thermal behaviors of the samples were investigated
by TG measurements under N2 atmosphere. As indicated in
Figure 4a, all samples showed a continuous mass loss below
600 °C, which amounts to about 7 wt % for sample I, almost
double the amount of about 4 wt% for sample II. To
determine what is responsible for the difference in mass loss,
we did a mass spectroscopic (MS) analysis of the exhaust
gases that accompanied with the mass loss during the heating
process. As indicated in Figure 4b, with increasing the
temperature, part of water molecules characterized by the
MS signal at m/z ) 18 was first released from the surfaces
of CoO nanocrystals. When the temperature was varied in
the range from 200 to 600 °C, the CO2 signal at m/z ) 44
was detected, in addition to the signals of m/z ) 18 and 17
for water molecules, which indicates a simultaneous removal
of chemisorbed water and decomposition of carbonate
species. This conclusion is also confirmed by our IR spectral
analysis (Figure 5). No signal at m/z ) 28 was observed,
indicating that no CO was formed during the heating of the
as-prepared CoO nanocrystals. One primary reason for this
important observation is that the as-prepared CoO is free of
residual acetate species on surface surfaces. As a result, the

(25) Qiu, X. Q.; Li, G. S.; Li, L. P. J. Mater. Res. 2007, 22, 908.

Figure 1. XRD patterns of the samples prepared using Method I at
temperatures of (a) 180, (b) 200 °C, and (c) 220 °C or using Method II at
(d) 200 °C. Red vertical bars represent the standard diffraction data for
cubic CoO from JCPDS file (No. 43-1004).
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uncertainties in mass losses that may generate from CoO
reduction to metallic Co can be completely excluded, because
of the absence of the reducing gases, such as CO, or the
active hydrogen that may be produced when CO reacts with
the available water via the water-gas shift reaction. Conse-
quently, the difference in mass loss should be associated with
the activated sites for the absorbed water molecules and

carbonates, which is apparently consistent with their particle
sizes (or specific surface areas). It is interesting that above
600 °C, all samples showed almost constant mass, which
differs from the CoO nanocrystals that were prepared by
precipitation and thermal decomposition methods,11 because

Figure 2. (a) TEM photos and (b) HRTEM image of samples I. (c) TEM photos and (d) HRTEM image of samples II. The insets of b and d are the enlarged
HRTEM images. The inset of c is the selected-area electron diffraction pattern. The particle sizes of sample II are much larger than those of sample I.

Figure 3. XRD patterns of the precursors that were produced when
Co(CH3COO)2 solution mixed with (a) NaOH and (b) hydrazine. The
diffraction peaks denoted by the asterisk (/) are from internal standard Ni.
Vertical bars represent the standard data of �-Co(OH)2 (JCPDS, No. 30-
0443).

Figure 4. (a) TG curves of the samples I and II, as well as (b) mass spectra
of the exhaust gases that were released during the heating process of sample
I in N2.
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for the later cases, an evident mass loss associated with the
decomposition of the secondary phase Co3O4 was detected
at 800 °C.11 Obviously, the present solvothermal reaction
can be an oxygen-poor condition, which gives rise to the
majority phase of CoO nanocrystals.

It is well-known that CoO nanocrystals are kinetically
unstable and would be readily oxidized to Co3O4. If traces
of Co3O4 (<1 wt %) coexisted with the CoO nanocrystals,
it could be very difficult to detect by XRD or TG technique
because their detection limits are approximately 5 and 1 wt
%, respectively. Here, we performed infrared spectra and
magnetization analyses to determine whether the as-prepared
CoO nanocrystals were terminated with other forms of cobalt
oxides, such as Co3O4 or Co2O3. As indicated by the infrared
spectra (Figure 5), all samples exhibited broad absorption
bands at about 3440 and 1630 cm-1, which correspond to
the O-H stretching vibration and the bending mode of the
absorbed water. A set of bands were observed in the range
from 1570 to 1250 cm-1, which are associated with the
carbonate species. A band located at 425 cm-1 is assigned
to the stretching vibration of Co-O bond in CoO with a
rock-salt structure, while the two bands observed at 655 and
560 cm-1 are characteristic vibrations of Co2+-O and Co3+-O
bond in Co3O4.26 Both Sample (I) and Sample (II) gave a
weaker absorption at 655 cm-1 and a shoulder at 560 cm-1.
Combined with our TG data analysis, it can be concluded
that both physi- and chemisorbed water molecules are the
principal surface species present in the as-prepared nanoc-
rystals and that, in case of trace Co3O4, some carbonate
species present on the surface of CoO nanocrystals as is
reported in CoOx-Al2O3 nanopowders.27

Figure 6 shows the temperature (T) dependence of the
magnetization (M) and the magnetization versus magnetic
field (H) behavior at 300 K of the as-prepared samples. For
sample I, a maximum M was observed at low temperature
of about 5 K. With increasing the temperature beyond 45
K, M slightly decreased, which does not follow the
Curie-Weiss law. Therefore, a nonparamagnetic behavior
is clearly indicated at low temperatures. The zero-field
cooling (ZFC) and field cooling (FC) data (inset of Figure

6a) became bifurcating at temperature of about 260 K, below
which the magnetization in the FC process was enhanced
over that in the ZFC process. It is noted that the bifurcating
temperature is slightly lower than the Neel temperature of
290 K for bulk CoO but much higher than that of 40 K for
bulk Co3O4.28 At room temperature, no hysteresis loop was
observed (Figure 6b), and M varied linearly with H, which
demonstrates that sample I is paramagnetic at room temper-
ature. These observations indicate a decrease of the ordering
temperature and the possible presence of a superparamagnetic
behavior below 260 K, consistent with the general observa-
tion that the ordering temperature for antiferromagnetic
materials usually decreases as the particle size or dimension
reduces.29

For sample II, a maximum M was also observed at about
5 K. Different from the slight decrease in M for sample I,
the magnetization continuously increased as the temperature
increased above 50 K, which is characteristic of antiferro-
magnetism as that for bulk CoO. The M-H curves measured
at room temperature demonstrate an obvious hysteresis loop
with a coercivity of 76 Oe. No saturation magnetization was
reached even under an external magnetic field of 8 T. These
observations indicate the presence of ferromagnetic compo-
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Figure 5. IR spectra of samples I and II.

Figure 6. (a) Temperature dependence of zero-field cooled (ZFC)
magnetization and (b) magnetization versus applied magnetic field at room
temperature for samples I and II. Inset a shows the ZFC and FC
magnetization versus temperature for sample I, and inset b shows the
enlarged magnetization curves.
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nent superimposed with a paramagnetic one. When these
observations are compared with the observations for sample
I, it can be deduced that the paramagnetic component is
primarily originated from CoO with a small particle size.
With regard to the common feature of a maximum M
observed at about 5 K for both samples, it has to be stressed
that similar behavior has also been reported for CoO
nanorods.16 But still, this maximum cannot be intrinsic for
CoO phase, because (1) bulk CoO is an antiferromagnetic
semiconductor with an ordering temperature of 290 K.
Particle size reduction can only decrease the ordering
temperature, as is observed for other antiferromagnetic
materials such as CuO and NiO.29 (2) In addition to CoO
nanorods,16 20 nm Co3O4 was also reported to show a sharp
peak in the ZFC data near 25 K,30 and (3) similar peak
structures have been observed in the magnetization data of
MnO nanocrystals caused by the existence of a small amount
of Mn3O4.31 Therefore, it is most likely that traces of Co3O4

exist on the surface of CoO nanocrystals.
The as-prepared CoO nanocrystals were initially studied

as an additive in promotion of the thermal decomposition
of AP with an attempt to understand the chemical nature of
the CoO nanocrystals. Figure 7 shows the raw TG data and
their first derivative curves for AP with and without involving
the as-prepared CoO nanocrystals. For pure AP, the thermal
decomposition proceeded in two steps as clearly indicated
in its first derivative curve. The first step started at about
290 °C and showed a peak at 328 °C in derivative curve of
raw TG data, which is named as the low-temperature
decomposition (LTD). The second step started at about 350

°C, showing a peak at 420 °C in the first derivative curve,
which is assigned to the high-temperature decomposition
(HTD). It is well established32,33 that LTD involves a
heterogeneous process which includes proton transfer in the
AP subsurface to yield NH3 and HClO4, the capture of HClO4

by proton trap ClO3
- in the defect-bearing site of the lattice,

and the decomposition of HClO4. Alternatively, HTD is
associated with the simultaneous dissociation and sublimation
of AP to HClO4(g) and NH4(g).34 For the present work, it is
surprising that, when AP was mixed with our as-prepared
CoO nanocrystals, the HTD process disappeared completely.
In the case of the additives of sample II, the sole LTD process
showed a peak temperature much closer to that observed for
pure AP, which was however significantly reduced when
involving additives of sample I. As a consequence, CoO
nanocrystals could be used as an additive to accelerate the
AP decomposition. Similar effects have been found for
metallic Co nanocrystals and other transition metal nanoox-
ides like CuO, NiO, and MnO.35,23

Heat released during AP decomposition with and without
involving CoO nanocrystal additives is measured by DSC
in a flowing atmosphere of nitrogen gas. Figure 8 shows the
DSC curves of the mixture of AP with different amounts of
sample I. DSC curves of pure AP are also given in
Supporting Information for comparison. For pure AP, three
DSC peaks were observed with or without lids. The first
endothermic peak appeared at about 245 °C, which is
associated with a phase transition of AP from orthorhombic
to cubic because no mass changes appeared in the corre-
sponding temperature range. The second peak is exothermic,
which exactly corresponds to the LTD process. The third
peak is referred as HTD process, which can be either
exothermic or endothermic, depending on the use of lids.34

Such cases were apparently altered when as-prepared CoO
nanocrystals or pure Co3O4 nanocrystals were added to AP.
As shown in Figure 8 and Supporting Information, with the
addition of the cobalt oxide nanocrystals, HTD process of
AP disappeared to show a sole exothermic process in the
temperature range from 260-380 °C with or without lids,
though no change was observed for the phase transition
temperature of AP. From the integral area of the exothermic
process, the decomposition heat of AP is determined. In the
presence of the additives of 18 nm Co3O4, AP showed a
decomposition heat of 937 J/g and a maximum decomposi-
tion temperature of 325 °C with lids. Strikingly, in the case
of CoO nanocrystals terminated with very thin layers of
Co3O4 (sample I), the decomposition heat of AP increased
up to 1427 J/g, which is accompanied by a apparent decrease
of the maximum decomposition temperature to 308 °C. AP
decomposition is also highly dependent on the amounts of
CoO nanocrystals loaded and the use of the lids. With
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Figure 7. TG curves measured using aluminum pans without lids for pure
AP and mixtures of AP with 2 wt % CoO nanocrystals that were prepared
using different methods. Red lines are the first derivative curves of the raw
TG data.
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increasing the amounts of CoO in AP, the decomposition
heat reduced, which was accompanied by a decrease in the
maximum decomposition temperature (Figure 8). Specifi-
cally, upon addition of 10 wt % CoO nanocrystals (sample
I), the decomposition heat was 1162 J/g with lids, which
reduced to 809 J/g without lids, while the maximum AP
decomposition temperature decreased to 285 °C.

Intrinsically, the thermal decomposition of AP is closely
associated with the chemical nature of the nanocrystal
additives,36 although there still remain some unsolved issues.
Duan et al.35c studied the impacts of nanosized MgO
additives on the AP decomposition and found that the AP
decomposition temperature gradually increases with MgO
additives, while the decomposition heat decreases. By
contrast, when AP is mixed with Y2O3 additives, thermal
decomposition of AP shows an opposite trend37 as character-
ized by a lowered decomposition temperature of AP and an
increased decomposition heat. Several assumptions30 have
been proposed to explain the mechanism of the AP decom-
position with oxide additives, which include the formation
of easily melting eutectics between oxide additives and
ammonium perchlorate or intermediate amine compounds,
and the release of O2- ions. As analyzed above, AP
decomposition involves two crucial steps: (1) ammonia
oxidation and (2) dissociation of ClO4

- species into ClO3
-

and O2.38 In the first step, both CoO and Co3O4 exhibit high
and stable catalytic activity and selectivity toward ammonia
oxidation,24 thus promoting the AP decomposition. In the
second step, the ClO4

- species in the presence of the oxide
additives would decompose as follows:39

ClO4
-+ 2e(oxide)fClO3

-+O(oxide)
2- f

ClO3
-+ 1

2
O2 + 2e(oxide)

′ (3)

where e(oxide) is an electron donated by the oxide additives,
O(oxide)

2- is an oxygen attracted by the oxide additives, and
e(oxide)′ denotes the electrons accepted by oxide additives. As
stated above, the surfaces of our X-ray “pure” CoO nanoc-

rystals were terminated by an extremely thin Co3O4 surface
layer. From the left-hand side of eq 3, CoO could donate
electrons to initiate the decomposition of ClO4

-, while Co3O4

accepted the produced electrons, pushing the decomposition
reaction to proceed toward the right-hand side of eq 3.
Consequently, AP decomposition rate is significantly en-
hanced by the unique composite nanostructure of the present
samples. Although the catalytic roles that oxide additives
play in the AP decomposition are still not fully understood,
the variations of decomposition temperature and heat with
the mass percent of CoO nanocrystals seem to be caused
by the formation of the intermediate product and the release
of O2- ions. It is reasonable that the reduction of decomposi-
tion heat is related to the increase of intermediate eutectics,
while the decreased decomposition temperature of AP with
additive mass might be related to the oxidized ammonium
radicals by oxygen as is released from highly reactive Co3O4

thin layers on surfaces of CoO nanocrystals or from the
decomposition of cobalt perchlorate.40

Kinetic parameters for AP decomposition with CoO
additives were calculated from the exothermic peak temper-
ature dependence as a function of heating rate. Figure 9
shows the DSC curves of the mixtures of AP with the
samples at different heating rates in crucibles with lids. First,
at the same heating rate, the peak temperatures of AP
decomposition varied slightly from each other for the CoO
additives (samples I and II). In the presence of sample I,
AP decomposition released a smaller heat than that with
sample II. These observations imply that particle size of CoO
additives plays a crucial role in the kinetic parameters for
AP decomposition, similar to those reported using many other
transition metal oxide additives.35a,b Second, it is seen from
Figure 9 and Supporting Information that the decomposition
temperature of AP is dependent on the heating rate with or
without CoO additives. The relationship between decomposi-
tion temperature and heating rate can be described by
Kissinger correlation

ln
�

Tp
2
) ln

AR

Ea
2
-

Ea

RTp
(4)

where � is the heating rate in degrees Celcius per minute,
Tp is the peak temperature, R is the ideal gas constant, Ea is

(36) Brill, T. B.; Brush, P. J.; Patil, D. G. Combust. Flame 1993, 94, 70.
(37) Chen, W. F.; Li, F. S.; Liu, L. L.; Li, Y. X. J. Rare Earth 2006, 24,

543.
(38) El-Awad, A. M.; Said, A. A.; Abd El-Salaam, K. M. Thermochim.

Acta 1988, 126, 17.
(39) Shimokawabe, M.; Furuichi, R.; Ishii, T. Thermochim. Acta 1977, 20,

347. (40) Solymosi, F.; Gera, L. J. Phys. Chem. 1971, 75, 491.

Figure 8. DSC curves for the decomposition of AP with different mass percent of sample I under the measurement conditions (a) with and (b)
without lids.
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the activation energy, and A is the pre-exponential factor.
According to the eq 4, the term ln �/Tp varies linearly with
1/Tp, yielding the kinetic parameters of activation energy
from the slope of the straight line and of pre-exponential
factor from the intercept. Figure 10 shows the experimentally
measured ln �/Tp versus 1/Tp with and without CoO additives.
For pure AP, the activation energy of HTD was calculated
to be 108 ( 11 kJ/mol, which is close to the value previously
reported in literature.41 In the presence of CoO additives,
the activation energy of AP decomposition became as large
as Ea ) 137 ( 4 kJ/mol with sample I or 152 ( 5 kJ/mol
with sample II. The increased activation energy for AP
decomposition has been studied by several researchers.34,42

Ninan et al. concluded that the increased activation energy
is caused by the kinetic compensation effect.43 The activation
energy of AP decomposition is not a parameter that describes
the decomposition process by itself. The value of pre-
exponential factor A should also be considered. For the
reaction system in which compensation effect affects the
decomposition behavior significantly, the ratio of Ea/ln(A)

could be used to describe the reactivity.44 Usually, a larger
ratio means greater stability of the reactant. For our samples,
the ratios of Ea/ln(A) are 3.7, 3.6, and 3.4 for pure AP, AP
with sample II, and AP with sample I, respectively. Obvi-
ously, sample I shows a better catalytic activity toward AP
decomposition than that shown by sample II.

4. Conclusions

CoO nanocrystals were prepared by a solvothermal reac-
tion. The average particle sizes of CoO nanocrystals were
about 22 nm prepared in pure ethanol solution or 44 nm in
the presence of a small amount of hydrazine. Several
combined characterization techniques demonstrate that all
as-prepared samples were CoO nanocrystals which were
terminated by thin layers of Co3O4. The as-prepared samples
were explored as the additives to promote the AP decom-
position. It is found that the decomposition heat of AP was
significantly improved as followed by an apparent decrease
in the maximum decomposition temperature in comparison
with those of the additives of 18 nm Co3O4 of pure phase.
The decomposition temperature and heat of AP systemati-
cally varied with the content of CoO additives and the use
of lids, which are ascribed to the dual effects of intermediate
product and the release of O2- ions from the surface Co3O4

thin layers.
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Figure 9. DSC curves of AP with additives of samples I and II at given heating rates in crucibles with lids.

Figure 10. Dependence of ln �/Tp on 1/Tp for AP decomposition. Scatter
points are experimental data and lines denotes the liner fitting results.
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