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a b s t r a c t

V3O7·H2O@C core-shell materials have been synthesized using V3O7·H2O nanobelts as the cores and glu-
cose as the source of carbon via an environmental hydrothermal method. The as-obtained V3O7·H2O@C
core-shell materials were characterized by X-ray powder diffraction (XRD), transmission electron
microscopy (TEM), elemental analysis (EA), Fourier transform infrared spectroscopy (FT-IR) and Raman
spectrum. The influences of the reaction temperature, concentration of glucose and reaction time on the
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morphologies of the samples were respectively discussed in detail. The possible formation mechanism of
V3O7·H2O@C was proposed according to our experimental results. Furthermore, the effect of V3O7·H2O
and V3O7·H2O@C on the thermal decomposition of ammonium perchlorate (AP) were investigated by
thermal gravimetric analyzer (TG) and differential thermal analysis (DTA). The thermal decomposition
temperatures of AP in the presence of V3O7·H2O and V3O7·H2O@C were reduced by 70 and 89 ◦C, respec-
tively, which indicates that V3O7·H2O@C core-shell composites have higher activity than V3O7·H2O.
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. Introduction

As is well known, ammonium perchlorate (AP) is the most
ommon oxidizing agents which have been used in various solid
ropellants. The thermal decomposition properties influence the
ombustion behavior of the solid propellants. In the past few
ecades, thermal decomposition of AP has been extensively inves-
igated by taking advantages of the catalytic activities of many
ransition metal oxides and their related composites (e.g. CuO,
e2O3, Mn2O3, Cr2O3, Ni@CNTs, Co/MFe2O4 (M = Fe, Mn)) [1–4].
owever, to find new catalysts which applied in the thermal
ecomposition of AP is still a great challenge for material scientists
ho are engaging in the field of catalyst. To our best knowledge,

anadium oxides and their derivatives used as the catalysts on the
hermal decomposition of AP have not been reported.

Vanadium oxides and their related compounds have been exten-

ively studied in recent years, because of their layered structure,
ovel chemical and physical properties, which make them possess
lot of broad applications, such as, cathode materials for reversible

ithium batteries, catalysts, gas sensors, intelligent thermochromic
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windows, optical switching devices, optical or electrical modula-
tors and so on [5–11]. As a new class of vanadium oxides, vanadium
oxide hydrate (V3O7·H2O) has attracted more and more attention
and a lot of work has been devoted to study its magnetic, electro-
chemical and catalytic properties recently [12–15]. However, few
reports have been done to study the effect of V3O7·H2O in thermal
decomposition of AP.

Recently, amorphous carbon is one of the most important
materials in many applications owing to its chemical inertness, bio-
compatibility, high wear resistance, and high thermal conductivity
[16,17]. Thus, the ideal coating carbon on the surface of V3O7·H2O
nanobelts can be used to explore a novel research field based on sur-
face modification to improve the inherent properties of V3O7·H2O
nanobelts. Although some reports have been studied the metal
oxides coated with amorphous carbon [18,19], the V3O7·H2O@C
core-shell structure has not been investigated. So, in this study,
we will introduce the amorphous carbon to coat on the surface of
V3O7·H2O nanobelts to improve their catalytic activity. Fortunately,
this novel core-shell material has good performance in decompo-

sition of AP.

In this communication, we have successfully fabricated the
V3O7·H2O@C core-shell materials using V3O7·H2O nanobelts as the
cores and glucose as the source of carbon via an environmen-
tal hydrothermal method. And then, the effect of V3O7·H2O and
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3O7·H2O@C on the thermal decomposition of AP was investi-
ated by DTA and the results indicated that V3O7·H2O@C core-shell
omposites have higher catalytic activity than that of V3O7·H2O,
chieving the aim of improving the catalytic activity of V3O7·H2O.

. Experimental

.1. Materials

Vanadium pentoxide (V2O5), ethanol,d-(+)-glucose and ammonium perchlorate
AP) were purchased from Sinopharm Chemical Reagent Co., Ltd. and used without
ny further purification.

.2. Synthesis of V3O7·H2O nanobelts

The synthesis of V3O7·H2O nanobelts was based on our previous report [20]. In
typical synthesis, 9.00 g of V2O5 powder was dispersed into 100 mL of ethanol, and

hen 300 mL of deionized water was added into the above solution with magnetic
tirring. The mixed solution was transferred into a 600 mL stainless steel autoclave
fter the solution became suspension. The autoclave was sealed and maintained
t 180 ◦C for 24 h and then cooled to room temperature naturally. The products
ere filtered off, washed with distilled water and absolute ethanol several times to

emove any possible residue, and dried in vacuum at 75 ◦C for future application.
he morphologies of the starting materials were represented in Fig. S1 (Supplemen-
ary data).

.3. Synthesis of V3O7·H2O@C core-shell composites

In a typical procedure, 0.4 g of the as-obtained V3O7·H2O nanobelts were dis-
ersed into the glucose solution (a certain amount of glucose (1.0, 2.0, 3.0 or 4.0 g)
nd 45 mL of distilled water) in a 100 mL beaker under ultrasonic for 20 min, and
hen the mixture was stirred vigorously for 1 h by magnetic stirrer. After the solu-
ion became suspension, they were transferred into a 60 mL stainless steel autoclave,
hich was sealed and maintained at different temperatures (140, 160, 180 or 200 ◦C)

or the designated time (1, 1.5, 3, 4 or 6 h). After cooling to room temperature nat-
rally, the products were filtered off, washed with distilled water and absolute
thanol several times, and dried in vacuum at 75 ◦C for further characterization
nd application.

.4. Characterization

The morphologies of the products were observed by transmission electron
icroscopy (TEM, JEM-100CXII). X-ray powder diffraction (XRD) was carried out on
8 X-ray diffractometer equipment with Cu K˛ radiation, � = 1.54060 Å. Data was
ollected between 8◦ and 80◦ with a scan speed of 4◦/min. The Raman spectrum
as taken on a RM-1000 spectrometer (Confocal Raman Microspectroscopy) from

00 to 2000 cm−1 with an argon-ion laser at an excitation wavelength of 514.5 nm.
he elemental analysis of the samples was carried out using a Vario EL III equipment
Germany) with a TCD detector to analyze the element of C, H, N and S. Fourier trans-
orm infrared spectroscopy (FT-IR) pattern of the solid samples was measured using
Br pellet technique (About 1 wt% of the samples and 99 wt% of KBr were mixed
omogeneously, and then the mixture was pressed to a pellet) and recorded on a

icolet 60-SXB spectrometer from 4000 to 400 cm−1 with a resolution of 4 cm−1.
hermo-gravimetric analysis and differential thermal analysis (TG/DTA) measure-
ents were performed on Diamond TG-DTA 6300. Measurements were performed

n ∼10 mg of precursor powder, in an Al2O3 crucible, over the range 50–500 ◦C, at
heating rate of 10 ◦C/min, and under nitrogen flux (∼80 mL/min). Before the mea-

urements, AP and the as-obtained samples were mixed at a mass ratio of 98:2 and

Fig. 2. TEM images of the
Fig. 1. XRD patterns of the as-obtained products.

ground to make them dispersed homogeneously to prepare the target samples for
thermal decomposition analyses.

3. Results and discussion

3.1. Characterization of the resulting products

The phase and composition of the as-obtained products were
investigated by XRD test, as depicted in Fig. 1. All the peaks from
Fig. 1a can be readily indexed to the orthorhombic crystalline phase
(space group: Pnam) of V3O7·H2O in agreement with the litera-
ture values (JCPDS No. 85-2401) [21]. After the coating process, all
the peaks from Fig. 1b can be assigned to the phase of V3O7·H2O
(JCPDS No. 85-2401). No characteristic peaks due to the impurities
of other vanadium oxides were detected, which indicates that the
products obtained by the present synthetic route consist of a pure
orthorhombic phase. Naturally, some peaks of V3O7·H2O are not
detected compared Fig. 1a with Fig. 1b, which indicates that some
materials are probably coated on the surface of V3O7·H2O. In addi-
tion, we can also see a broadened peak ranging from 15◦ to 30◦

compared with base line, which is attributed to amorphous carbon

[18,22]. These results reveal that V3O7·H2O are encapsulated into
the carbon and V3O7·H2O@C core-shell composites are successfully
fabricated.

In order to get a clear insight into the core-shell structure of
the resulting products, the corresponding TEM measurement was

resulting products.
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group) will facilitate the coating process [18]. As is well known,
ig. 3. (a) FT-IR spectrum of V3O7·H2O@C and (b) Raman spectrum of V3O7·H2O@C.

arried out, as shown in Fig. 2. After coating process, the samples
onsist of well-defined nanoblets with length up to several microm-
ters, and the contrast grade between core and shell could even be
bserved, indicating that each V3O7·H2O core is encapsulated into
arbon. The average thickness of the shells is 25.8 nm collected from
ll TEM images. The higher magnification TEM image (Fig. 2c) fur-
her shows that the as-obtained samples have core-shell structures
ith V3O7·H2O cores and carbon shells.

Further information about the composition of the as-obtained
ore-shell composites was collected from the EA, FT-IR and Raman
easurements. The result of EA shows that the V3O7·H2O@C com-

osite at least contains 28.15 wt% of C and 4.22 wt% of H, implying
hat it probably contains some organic functional groups, which is
urther confirmed by FT-IR (Fig. 3a). According to the FT-IR spec-
rum, we can find that C O (1707 cm−1) and C C (1618 cm−1)
roups exist in V3O7·H2O@C core-shell composite, which also sup-
orts the concept of aromatization of glucose during hydrothermal
reatment [17]. The peaks at 3450 cm−1 and 2950–2850 cm−1 are
he characteristic O–H and C–H stretches, respectively, implying
he existence of large numbers of residual O–H and C–H groups
fter the carbonized process. The peaks at 1020 cm−1, 1000 cm−1,
80 cm−1 and 534 cm−1 are attributed to the characteristic of V–O
ibration band. The bands at 1020 cm−1 and 1000 cm−1 correspond
o the symmetric stretching of the �s(V5+ O) and �s(V4+ O) bonds

23], respectively. The signals at 780 cm−1 and 534 cm−1 can be
ttributed to the vibrational band characteristic of V–O–V [12,24].
n addition, the absorptions at 2336 cm−1 and 1388 cm−1 are due
o carbon dioxide and nitrate, respectively, adsorbed on the KBr
ompounds 509 (2011) L69–L73 L71

and can be disregarded [25]. Fig. 3b represents a typical Raman
spectrum of the V3O7·H2O@C core-shell composite, which exhibits
two main peaks. The peaks centered at 1388 cm−1 and 1596 cm−1

are corresponding to the in-plane vibration of disordered amor-
phous carbon (D band) and crystalline graphic carbon (G band),
respectively, which are the same as those of amorphous carbon
[19,26]. The intensity ratio of the G- and D-bands was IG/ID = 1.50
for the resulting product. The relatively high intensity of the D-
peak further proves that the coating comprises disordered carbon.
Therefore, the Raman spectrum further confirms that the carbon
coating on the surface of V3O7·H2O is disordered, in agreement with
XRD pattern observation. All above analyses (XRD, TEM, EA, FT-IR
and Raman) reveal that the as-obtained samples are V3O7·H2O@C
core-shell composites and the shells consist of amorphous carbon
with aromatic structure containing lots of active function groups
such as C C and C O, which will facilitate the linkage of catalytic
species or biomolecules to the surface in potential applications.

3.2. Some parameters controlled the fabrication of V3O7·H2O@C
core-shell structures

The thicknesses of the carbon coating on the surface of V3O7·H2O
nanoblets were greatly influenced by the reaction temperature,
concentration of glucose and reaction time. When the reaction tem-
perature was below 140 ◦C keeping other parameters unchanged,
the carbon shells could not be formed, as shown in Fig. S2a (Sup-
plementary data). We can see that V3O7·H2O@C could be obtained
at 160 ◦C (Fig. S2b). When the temperature was raised to 200 ◦C,
the carbon shells ranging from 40 to 140 nm were coated on the
surface of V3O7·H2O, as shown in Fig. S2c and d. The composites
were aggregative and the thickness of the carbon was not well-
distributed (a large distribution). The thickness of the shell was
obviously changed with the glucose as the changeable parameter.
With 1.0 g of glucose used in the experiment, the samples with
the mixed phases (VO2 is the main phase) were obtained, which
was determined by XRD (Fig. S3). The reason for these can be that
the glucose acts as the reducing reagent when the concentration
of glucose is low. The TEM image (Fig. S4a) revealed that the short
and broken belts were obtained. However, with the concentration
of glucose increased, the thickness of the carbon shell was rapidly
thickened. For example, the thicknesses were respectively about
60 and 80 nm on average when 3 g and 4 g of glucose were used in
our experiments (Fig. S4b and c), which is much thicker than the
products obtained using 2 g of glucose (26 nm). The reaction time
has also influenced the thickness of the samples. When the reaction
time was less than 1.5 h, only V3O7·H2O was obtained. For example,
Fig. 4a represents the sample obtained at 1 h and we cannot see the
core-shell structure. However, with the time increased to 1.5 h or
more, the resulting products with core-shell structure were pre-
pared, as shown in Fig. 4b–d. The thickness of carbon shell became
thick with the reaction time prolonged. As the time increased from
1.5 to 3, 4 and 6 h, the average thickness grew from 19.6 (Fig. 4b) to
25.8 (Fig. 2), 31.4 (Fig. 4c), and 31.9 nm (Fig. 4d). However, the thick-
ness of the carbon shell had little changes after 4 h, which might be
due to that the carbonization of the glucose was finished.

3.3. Formation mechanism

According to our synthetic route, this process can be regarded
as the post-synthesis technology. It has been reported that the sur-
face of cores containing some active function groups (e.g. hydroxyl
V3O7·H2O nanobelts have been prepared using V2O5 as the source
of vanadium in the mixed solution (water and ethanol), whose sur-
face is probably accompanied with some hydroxyl groups, which
is proved by FT-IR, as shown in Fig. S5 and in agreement with
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ig. 4. TEM images of the resulting products obtained with different time: (a) 1 h, (

ur previous report [20], too. The colloid carbon spheres were
ynthesized using only glucose solution under the hydrothermal
ondition reported by Sun [17]. First, the glucose is dehydrated
o form oligosaccharides. Then, when the solution reached a
ritical supersaturation, the oligosaccharides are involved in inter-
olecular dehydration, cross-linking and carbonization. Finally,

he colloid carbon spheres are formed. Based on all the results
iscussed above, in this communication, we have proposed a “car-
onization adsorption growth” (CAG) mechanism to explain the
ormation of V3O7·H2O@C, which mainly contain three steps. Fig. 5
epresents the schematic illustration of the formation mecha-
ism of V3O7·H2O@C core-shell structure. First, because of their
ydrophilic nature, V3O7·H2O can be dispersed into aqueous solu-

ion of glucose to form a stable suspension, which was supported
y Fig. S6. So the glucose molecules can be fully in touch with
3O7·H2O. Second, the glucose is proceeded intermolecular dehy-
ration, polymerization and carbonization to form small carbon

ig. 5. Schematic illustration of the formation mechanism of V3O7·H2O@C core-shell
tructure.
h, (c) 4 h, (d) 6 h. An enlarged image was respectively inserted in (b), (c) and (d).

spheres, which can be adsorbed on the surface of V3O7·H2O
nanoblets due to their surface containing some hydroxyl groups
or their large surface area or their high surface energy. Last, the
glucose is continuing carbonization to form the amorphous carbon
which is loaded on the surface of V3O7·H2O nanoblets, resulting in
that the carbon shells of V3O7·H2O@C core-shell materials become
thicker and thicker with the reaction time prolonged. This can be
explained by that the average thickness of the shell is from 19.6
(Fig. 4b) to 25.8 (Fig. 2), 31.4 (Fig. 4c), and 31.9 nm (Fig. 4d) as
the time increased from 1.5 to 3, 4 and 6 h. Furthermore, the sim-
ilar mechanism has been successfully explained the formation of
Fe3O4@C [22] and Ag@C [27].

3.4. The influence on the thermal decomposition of AP

The TG and DTA curves of pure AP, AP in the presence of
V3O7·H2O and AP in the presence of V3O7·H2O@C core-shell mate-
rials were shown in Fig. 6A and B. It could be observed from Fig. 6A
that the addition of V3O7·H2O or V3O7·H2O@C in AP led to a sig-
nificant reduction of the ending decomposition temperature of AP.
There is no weight loss at the endothermic peak (246 ◦C), which
is due to the transition from orthorhombic to cubic AP [28] and is
not influenced by the additive. The exothermic peaks at 317 ◦C and

453 ◦C in Fig. 6Ba are assigned to the partial decomposition of AP to
form some intermediate products such as NH3 and HClO4 and then
complete decomposition to volatile products [29], respectively.
This progress can be also verified by TG (Fig. 6A) and TG-FTIR (this
detail information is represented in Fig. S7, supplementary data).
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Fig. 6. TG and DTA curves for: (a) pure AP

bvious changes can be observed in Fig. 6Bb and c. With 2 wt%
f V3O7·H2O or V3O7·H2O@C added, the thermal decomposition
emperature of AP was lowered by 70 and 89 ◦C, respectively. So
e can conclude that both V3O7·H2O and V3O7·H2O@C have high

atalytic activity towards the thermal decomposition of AP, which
ay be used as the promising catalysts in the future. However,

t is obvious that V3O7·H2O@C core-shell composites have higher
atalytic activity than V3O7·H2O, which is corresponding with the
uggested results discussed above. According to the traditional
lectron-transfer theory [28], we presume that the possible mech-
nism of the effect of V3O7·H2O@C on the thermal decomposition
f AP are as follows. On one hand, the presence of partially filled 3d
rbit in vanadium atom provides help in electro-transfer process.
ositive hole in vanadium atom can accept electrons from AP ion
nd its intermediate products, by which the thermal decomposi-
ion of AP is accelerated. On the other hand, the amorphous carbon
ontaining aromatic structure with lots of active groups (such as

C, C O) verified by FT-IR are helpful to electron transfer and heat
onduction, which also can promote the thermal decomposition of
P.

. Conclusion

In conclusion, V3O7·H2O@C core-shell structured materials have
een synthesized using V3O7·H2O nanobelts as the cores and glu-
ose as the source of carbon via an environmental hydrothermal
ethod. The thickness of amorphous carbon with aromatic struc-

ure containing lots of organic function groups (such as C C, C O)
s 25.8 nm on average. It was found that the reaction temperature,
oncentration of glucose and reaction time had significant influ-
nces on the phases and morphologies of the resulting products.
e proposed the “carbonization adsorption growth” (CAG) mecha-

ism to explain the formation of V3O7·H2O@C core-shell structured
aterials. Furthermore, the results of DTA curves illustrate that the

ecomposition temperature of AP in the presence of V3O7·H2O and
3O7·H2O@C was reduced by 70 and 89 ◦C, respectively, which indi-
ated that V3O7·H2O@C core-shell composites have higher catalytic
ctivity than V3O7·H2O.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2010.10.154.
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