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V,0; with the structure of microsphere has been successfully synthesized by a facile
supercritical solvothermal method. The as-obtained V.03 microspheres had excellent catalytic

activity on the thermal decomposition of AP.
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Abstract: V,0; with the structure of microspheres has been safidbs synthesized by a
facile supercritical solvothermal method. The sasagiave a rhombohedral structure and the
morphology of microspheres. The formation mechanisnproposed on the basis of the
discussion on the self-assembly process of unifimiorosphere structure. Furthermore, the
catalytic activity of as-obtained X2; microspheres was investigated through the thermal
decomposition of ammonium perchlorate (AP). Thertte¢ decomposition temperature was
reduced by 46 °C in the presence of 2 wt% gby¥microspheres, indicating that®; with
microspheres structure has excellent catalytic gntgp In addition, the possible catalytic
mechanism of the microspheres for the thermal deosition of AP is simply discussed. This
study provides a simple way to control the morpgwlof V,O; nanostructure, which also
exhibits the potential application in modern sceeaad technology.

Key words: V,0; microspheres, Supercritical solvothermal synthesis; Ammonium perchlorate;

Catalytic activity



10

11

12

13

14

15

16

17

18

19

20

21

22

1 Introduction

In the past decades, vanadium oxides with verssiilectures, outstanding physical and
chemical properties have drawn tremendous attemiscience and were applied in the field
of catalysts, electrical and optical devices, smthrmochromic coatings, lithium-ion
batteries and so on [1-10]. In general, due toetttensive oxidation states of vanadium from
0 to + 5, a large number of oxides are usually @onfto the common formula VQ (- 0.5<
X < 0.5), such as ¥D;, VO,, V30, V.05 [11]. Among these oxides, vanadium sesquioxide
(V205) has acquired great investigation as a multifemeti material owing to its high melting
point, low thermal expansion, open tunnel structunggh theoretical capacity and
metal-to-insulator phase transitiogtc [12-14]. Furthermore, ¥D; has received various
applications especially in catalysts.

Various strategies have been employed to contelnbrphologies of Y05, including
hydro/solvothermal method, pyrolysis, sol-gel, metgon sputter and chemical vapor
deposition [15-20]. Supercritical solvothermal pss, as an easy method with many merits
including moderate condition, reductive atmosphdrigh reactant diffusivity and high
supersaturation degree, can generate uniform [@strath good crystallinity [21]. However,
the synthesis and design of® with novel and special morphology using supeailti
solvothermal process have been correspondinglyyreeported. Liuet al. [22] synthesized
V,0; nanoparticles with diameters of 30-60 nm by sujtezal ethanol fluid reduction of
VOC,0,. Balakhonowt al. [23] reported that vanadium oxide aerogels cairgiV,0; were
prepared by means of a supercritical drying tealijoutting mixtures of acetone and ethanol

as supercritical solvents. ki al. [24] found that sphere-like )03 with average patrticle sizes
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of 20-50 nm was synthesized successfully in sujiearmethanol using the inorganic metal
salt as precursor directly. From the above liteegpalthough it is noted that nanosizefDy
or the material containing ;@3 has been synthesized under supercritical condition
macro-scale Y0s, especially microsphere which can be applied widel energy storage
fields, devices, catalysts and sensors due toagsirfating electrical and optical properties
[25], low toxicity [26], increased surface area][4d¥as not been reported.

Herein, this work has investigated the fabricat@nV,0; microspheres via a facile
supercritical solvothermal process by the reductbwvOC,O, precursor in ethanol. In the
process of the reaction, supercritical ethanol gilagt role of a reducing agent. The presence
of CO, served as surface stabilizer to establish morgyoémd the YO; microspheres were
assembled with nanoparticles as the primary bugldblocks. Besides, the formation
mechanism of the microsphere was proposed. Finidy,as-obtained XD; microspheres
were introduced to catalyze the thermal decommusdf ammonium perchlorate (AP), which
Is the most common oxidizer used in solid propédlan
2 Experimental
2.1 Synthesis of V,03 microspheres

All of the reagents with analytical grade were pased from Sinopharm Chemical
Reagent Co., Ltd. and used directly without anyhier purification. In a modified procedure
refer to previous paper [22], 0.8 g 0of®¥ and 1.5 g of KHC,0,4- 2H,0 were dispersed into 50
mL of ethanol and the mixture was added to a 100 tmb-necked flask, followed by
refluxing at 80 °Gor about 3 h to obtain an emerald solution. Itidtide known that if some

precipitation was observed in the green solutiba,grocess of filtration must be carried out.
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Subsequently, 40 mL of the above solution was fesred into a 60 mL stainless steel
autoclave with a needle-like valve to release tivernal fluid, which was sealed and heated to
get supercritical ethanol conditions (250 °C arklMPa). After the autoclave was maintained
for 4 h under supercritical conditions, the ethawak released from the needle-like valve
under different time (2 h, 4 h, 6 h and 8 h). Thee autoclave was cooled to room
temperature naturally to obtain the black powdée &s-obtained products were washed with
distilled water and absolute ethanol several titoeemove any possible residue and dried at
70 °C in a vacuum oven.
2.2 Characterization

The structure of the powder was investigated byaygowder diffraction (XRD, Bruker
D8-Advance X-ray diffractometer, G€o. radiation A = 1.54056 A) between 10° and 80° with
a scan speed of 6°/min. The morphology of the prbeas observed by scanning electron
microscopy (SEM, Quanta 200, 30 kV) and transmrssaébectron microscopy (TEM,
JEM-2100). Fourier transform infrared spectrosc@py-IR) pattern of the sample was
measured using KBr pellet technique and recorded bicolet 60-SXB spectrometer from
4000 to 400 cr with a resolution of 4 cth The chemical composition of the as-obtained
sample was analyzed by using the energy dispe¥siay spectrometer (EDS, Quanta 200).
The phase transition temperature (Tc) of the sampds tested by DSC (DSC822e,
METTLER TOLEDO) with the heating rate of 5 K/minh& catalytic property of the )03
product was performed by thermo-gravimetric analy3iG 209 F1 Librd NETZSCH) at a
heating rate of 10 K/min in Natmosphere in the range of 25-500 °C and the mass

percentages were 1, 2, 4 and 8 %, respectively.
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3 Resultsand discussion
3.1 Characterization of structure and mor phology

The crystallization and structural information ofiet as-abtained samples after
solvothermal treatment under supercritical condgiovere studied by using the X-ray
diffraction. The XRD patterns are shown in Fig.1. & diffraction peaks can be indexed to a
rhombohedral structure of ,@; (JCPDS, No. 84-0317) with space group R-3c anitéat
parameters of a = 4.9322 A, b = 4.9323 A, and 89910 A [28]. No characteristic peaks of
any other phases or impurities are observed, wdudgests the synthesis of purgdy phase.
The peaks belonging to the (Llserials indicate that the ,8; nanoparticles have a

preferential growth direction.
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Fig. 1 XRD patterns of the as-obtained® microspheres
The average crystallite sizes of thgOdsamples were calculated on the basis of the

broadening of the (110) diffraction peak by Deby#&er formula [29]:

KL
fcosd

where D is the average crystallite siKedenotes the Scherer constant (the shape factbe of

6
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average crystallite and is equal to 0.8R)is the X-ray wave length of CK, radiation
(1.54056 A)p is the full width at half maximum (FWHM) of thelseted peak and is the
Braggs diffraction angle in degrees. The calculatgdes of average crystallite size for the
samples are summarized in Table 1. It is reveatmu the results that there is a variation in
the crystallite size of the as-obtainegOy microspheres from 35.0 nm to 16.8 nm when the
time of the ethanol released from the needle-l&gesvaries from 2 h to 8 h.

The above equation gives the information aboutramee crystallite size of the crystal
only, however, the another fact of XRD signaturethe broadening of peaks. And the
broadening of X-ray peaks is related not only tgstallite size or change in lattice structure
but also to the role of lattice straig) (hat arises from imperfect and distorted crysthisng
the synthesis process. The lattice strain can bmaied according to the Stokes-Wilson

equation [30]:

&= A
4tan@

wheree is lattice straing is the FWHM of the peak amdlis Braggs angle. The results are
shown in Table 1 and it is obvious to be seenttatBverage crystallite size decreases while
lattice strain increases with the time of the ethhamleased from the needle-like valve.
Besides, it can be seen that all of the peak widtbsroaden, which is attributed to the small

particle size.
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Table 1 Important parameters of the as-obtaine®)microspheres from XRD and SEM

XRD SEM
Samples Crystallite size Lattice strain Microsphere size
FWHM (°) 2 (°)

Dxrp (NM) & (10°) Dsem (M)
2h 0.2364 36.4508 35.0 3.1 1352
4h 0.3941 36.6084 21.0 5.2 863
6h 0.4730 36.6281 17.5 6.2 750
8h 0.4926 36.6478 16.8 6.5 646

The morphology and microstructure of the typicaDysamples were observed by using
SEM and TEM. The sample under the release time loff@ the ethanol is composed of a
large number of microspheres with the diameteritdision ranging from 1.2um to 1.5pum
and an average diameter of around i which can be clearly seen from an overall viaw i
Fig. 2a. The magnified images of single microsplgesented in Fig. 2b, c reveal that the
surface is rough and composed of humerous nancleartivith the size distribution ranging
from 137 nm to 220 nm and an average size of ar@i@bdnmas resulting in full of sags and
crests. The rough surface of the microspheregesylito indicate that the microspheres were
aggregated and self-assembled by nanoparticlesr uhdesupercritical conditions and the
process of the ethanol released from the needievigtve. The microsphere morphology of
the V,O; could further be demonstrated by its TEM imagesshin Fig. 2d-f. As seen in Fig.
2d, the synthesized sample exhibits relatively hgeneous size. The roughness gOy
microspheres surface is more evident and the iimnpacked loosely, which could be seen
clearly in Fig.2e. And in the high magnificationage (Fig. 2f), the nanoparticles could be

obviously observed that the size distribution rahffem 127 nm to 210 nm and the average
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particle size was 174 nm, corresponding to thelreSSEM image.

Fig. 2 SEM images (a-c) and TEM images (d-f) of the asdoled \LO; microspheres under
the release time of 2 h for the ethanol
Further investigations were carried out by SEM didM to provide detailed insights
into the microstructure change of the samples utigerelease time of 4 h, 6 h and 8 h for the
ethanol. The all synthesized samples diplay homeges microsphere morphology, whereas
some differences in size and inner part could tseded from these images. Fig. 3a shows
microspheres with an average size of about 863 henvthe ethanol was released from the
needle-like valve under the time of 4 h. The losaxrcture, rough surface and pale inner part
are exhibited from the individual microsphere thgiouthe high-magnitude SEM and TEM
images in Fig. 3b and c. Upon increasing the rel¢iase for the ethonal, it can be seen that
the size of YO; samples has an appreciable variation from 750646 nm under the time
of 6 h and 8 h. And it also could be obviously alied that the single microsphere surface
becomes more and more tight and the inner part simare solid, especially under the time
of 8 h, which probably results from the influendetlie pressure and the time to the grain

growth under the process that the ethanol was seteérom the needle-like valve. The all
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values of microspheres size calculated from SEMgesaare summarized in Table 1. It is
noteworthy to mention that the variation trend leé tmicrosphere size calculated from SEM
images is consistent with the crystallite size reated via XRD. The truth is that the
microsphere was formed on account of the aggragatial growth of small crystals in the
solvothermal synthesisnder the supercritical conditions. The detailemi@tion mechanism

would be proposed in the following section.

Fig. 3 SEM and TEM images of the as-obtaine®Dymicrospheres under the release time of
4 h (a-c), 6 h (d-f) and 8 h (g-i) for the ethanol
To further confirm the composition of the obtainedhterials, the corresponding
characterizations, that FT-IR and EDS, were alsoieth out. The FT-IR spectra in the
wavelength region of 4000-400 &nfor the \LO; samples are shown in Fig. 4a, from which
the structure information and chemical bonding leetwvanadium and oxygen ions can be

more acquired. The analysis of the spectra showsettistence of bands relating to the

10
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vanadium-oxygen stretching vibrations between 400 #000 crit. The peak at 987 ch
corresponds to the symmetric stretching vibratibthe v(V>*=0) bond [31-33]. Meanwhile,
the weak peak at 847 and the strong peak at 562azm be attributed to the asymmertic and
symmetric stretching vibrations of th@/-O-V) bridging bonds [34, 35]. There is not chang
for the position of characteristic bonds but theemsity with the increase of the time, which
can be ascribed to the detectable presence ofiorgalnstances observed from other peaks in
the spectra. The result from sample annealed naf@9.999 %) atmosphere at 600 °C for 3
h confirrms the truth further. Besides, the pediet tan be negligible are seen at 3404'cm
and 1637 cnit respectively, originating from the O-H stretchinipration and bending
vibration of water adsorbed on the surface of tiystallites or KBr [36]. Some characteristic
groups including C-H, C=0 that could also be nagl@@re obviously observed in the FT-IR
spectra. The peaks at around 2926'@nd 1407 cm are the characteristic C-H stretch and
bend, suggesting the existence of residual C-Hpgrolihe peak at 2364 €nis attributed to
0O=C=0 vibrations from C® The C-H groups and GGre assigned to molecules absorbed
on the microspheres or in atmosphere so that wkithremains in the spectrum after
annealing treatment. The EDS spectrum gdymicrospheres for 2 h is displayed in Fig. 4b,
which reveals that the surface of the sample ig oomposed of V and O elements and no
other contaminants are detected. The conformedtstaiof \LO; phase is consistent with the
data obtained from XRD. Based on the above angly€3% micrpspheres were successfully

synthesized.

11
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Fig. 4 FT-IR (a) and EDS (b) spectra of the as-obtaingds;Vhicrospheres
Lots of intense researches were carried out e@®;\due to a temperature-induced
reversible metal-to-insulator transition (MIT) be@mn rhombohedral phase (R-3c) and
monoclinic phase (12/a) [15, 37-40]. The phaseditaon behavior of the microspheres with
the release time of 2 h was investigated using D&tGch can record a noticeable
endothermal and exothermal profile in its heatind eooling curves. In this work, the typical
DSC curves of YO; microspheres in the heating and cooling cycleshosvn in Fig5. The

phase transition temperature ) Bf VO3 is about -110.3 °C according to an endothermic

12
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peak upon the heating curve (Fig. 5a) and abb@t.2 °C according to an exothermic peak

upon the cooling curve (Fig. 5b)

, with a tempemtunysteresis width of 20.9 °C,

accompanying the crystal structure change from mlamo to rhombohedral and from

rhombohedral to monoclinic respectively. The resdtresponds to the first-order phase

transition of \AOs; and is consistent with our previous reports [31]. Meanwhile, it is

observed that the phase transition @Oy has good reversibility during the cooling-heating

circle.

-131.2 °C

Low Temperature
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<~ N\
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W ol

Heating

Ambient Temperature
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I
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Fig. 5 DSC curves of the as-obtainedd4 microspheres

3.2 Possible for mation mechanism of V,O3 microspheres

Based on the above analysis, a possible formateechamism of the M0; microspheres

is illustrated in Fig. 6 in depth. And the basiaaton employed for this synthesis can be

formulated by the following eq. (1) and eq. (2)]f22

V205 + 3"'20204 — 2V00204 + ZCQ + 3H20

2V0C,0, + CH;CH,OH — V,05 + CH;CHO + 2CO + 2CQ+ H,0

(1)

(2)

Firstly, vanadyl oxalate (VO0,) solution should be prepared by the reduction betw

13
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V,0s5 and oxalic acid in ethanol solution with refluxinghen, VQ" dissociating from
VOC,0O,was reduced to @D; crystal nucleus by the ethanol acting as the liedueagent
and supercritical ingredient under the solvotherooaldition. The V,O; primary nucleus was
an initial ordered structure which was lucky enotglovercome the critical size and quickly
grown to macroscopic dimensions on a time scalehnsumgaller than the long time required
for that fortunate fluctuation to come about. Mehil®y the as-formed COplayed an
important role to prevent XD; particles from aggregating together fastly andrmdrthe \V,0s
morphology by surrounding the,®; crystal nucleus. It cannot be denied that larggd;V
nanoparticles would be more or less formed at ts af those crystal nucleus, according to
the classic Ostwald ripening as the common crygtaivth mechanism in solvothermal
synthesis [42]. When the supercritical ethanol welseased from needle-like valve of the
autoclave during different times, the inner pressofrthe autoclave would decrease and the
CO, bubbles around the )5 crystal nucleus would also be eliminated simultarsty. In
consequence, the dispersedOy nanoparticles under high temperature condition levou
possess quite high surface energy owing to the ealoperation and tend to self-assembly
process to decrease the surface energy by redubegexposed areas. Lastly,,(%
microspheres were eventually formed by the furtiggregation of YO; nanoparticles with
the continual depression of pressure in the autedlesulting from the release of the internal
fluid. However, there are some differences in th@phology of microspheres obtained by
varying the release time of the ethanol, which been proved by the SEM and TEM results.
Many pores were yielded associating with the sedeanbly of nanoparticles for the time of 2

h and 4 h due to fast aggregation of nanopartioisced by the change of reaction condition.

14
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And these pores were highly desirable for catalgipplications because they could provide
larger surface area to contact with substance. Withlonged release time, the change of
reaction condition was relatively slow so that devadize microspheres were formed under a
longer growth process which promotedOd nanoparticles and fresh formed crystal nucleus
to achieve sufficient self-assembly mechanism. Thithe reason why XD; microspheres
without pores but solid interior were obtained untiee release time of 6 h and 8 h. In
addition, the oriented attachment was also a soggmif formation mechanism of ,@;
microspheres by crystallographically controlled-sslsembly of tinier crystals, which can be

in accordance with XRD results that some diffracfi@aks are pronounced [43].

*(E. [N |

- =
Solvothermal process Releasing the ethanol O]:;t:cl;l(l)lgl;)ghzr,g;
—— |
£
; < R & s b
. V205 crystal = Self-assembly '& % Self-assembly and
: nucleus V.0 v Q L Aggregation
. Y3
-~ %

Fig. 6 Possible formation mechanism of(¥% microspheres
3.3 Catalytic activity and mechanism of V,O3 microspheres
As a widely used oxidizer in solid propellantss thermal decomposition process of AP
will strongly affect on the combustion behaviortieé solid propellant directly and further on
the performance of the aerospace vehicles [444#6E one of significant researches for
improving the thermal decomposition performancéBfby using the catalyst to promote the
decomposition and reduce the decomposition temyreradf AP. Therefore, the catalytic

effect of the as-obtained,®; microspheres with the release time of 2 h on tiexmal

15
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decomposition of AP was explored by the TG/DTG expent. TG and DTG curves of pure
AP and AP in the presence 0f® microspheres (1, 2, 4 and 8 wt%) are shown in/Figis
obvious according to the figures thaiO4 microspheres accelerate the thermal decomposition
of AP. The starting decomposition temperature ofif\@ecreased by the addition of04, but
the amount has little effect on it. With the adulitiof VO, it can be distinctly observed from
Fig.7a and c that the ending decomposition tempersit(EDT) have a significant reduction
from 448 °C of pure AP to 422, 401, 391 and 37&A@ decrease by 26, 47, 57 and 72 °C.
The corresponding DTG curves of AP and the midwé&h V,O; are shown in Fig.7b
and two peaks can be seen in each curve, whicliexthat the thermal decomposition of AP
can be generally divided into two steps. The folstomposition step, namely the low
temperature decomposition (LTD), is a solid-gastiploése reaction including decomposition

and sublimation procedures. During LTD step, a@rdtansfers from the cation NHo the

anion CIG to form NH;(g) and HCIQ(g), which may be described as follows [47]:

NH.ClO4(s) — NH + ClIO, — NHy(s) + HCIQ(s) — NHs(g) + HCIO(g)

The second decomposition step is high temperaegerdposition (HTD), which is attributed

to the reaction of the gas-phase products of ARINQUHTD step, the HCIQcould timely

decompose to form Oand further generate the superoxide radical agi@3) with the

electron transfer process. Then, #® with power oxidation can reacted with Btd form

final products. The specific thermal decomposipoocess of AP is illustrated in Fig.8.
From the experimental resuits Fig. 7b and d, the HTD step is greatly influesh@nd
the decomposition temperature for AP with the adidiof 1, 2, 4 and 8 wt% XD; as catalyst

are 414, 393, 386 and 368 °C whereas pure AP at@3%he results demonstrate a decrease

16



1 of 25, 46, 53 and 71°C for the thermal decompasitd AP, which indicates the excellent

2  catalytic activity of \V\O; microspheres.
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1 The catalytic performance of,8; microspheres in this work was also compared with
2 that of \,O3; nanoparticles and other oxides microspheres ivigue reports to display the
3 relevance. As shown in Table 2, theOd4 microspheres in this study could catalyze AP
4  decomposition at lower temperature, compared wit®D;Vnanoparticles and Ni-P alloy
5 microspheres. To be noted, it was not lowest im$eof the decrease of EDT and HTD of AP.
6 However, such factors as the synthesis methodsiabspheres and catalytic mechanism,
7  were considered appropriately, the catalytic priypefrVV,O; nanoparticles was excellent.
8 Table2 The comparison of catalytic activity for ammoniuerghlorate of different type of
9 V,0;and various oxides microspheres
) Mass EDT (°C) Decrease of HTD (°C) Decrease of
Materials ) 3 Ref.
% Pure AP AP + Sample EDT (°C) Pure AP AP+ SampIeHTD( C)
V203
. 2 460 415 45 - - - [48]
nanoparticles
FeO,
_ 2 463 383 80 455 397 58 [44]
microspheres
Co30,
_ 2 463 389 74 455 382 73 [44]
microspheres
CuO
_ 2 413 348 65 - - - [49]
microspheres
Ni-P alloy
. 2.17 443 397 46 - - - [50]
microspheres
V.03 This
2 448 401 47 439 393 46
microspheres work
10 Based on the above results, the thermal decompositi AP is mainly accelerated
11  during the high temperature decomposition procgsthé V,O; microspheres, because the
12 corresponding decomposition temperature is draihatieduced. In terms of the results, the
13  possible catalytic mechanism of the as-obtaing@s;\microspheres may be ascribed to the
14  novel structure, which could produce more activessio promote the decomposition. Above
15 all, it is beneficial to absorb the gas moleculanegrated in the primary thermal

18



decomposition process of AP on their surface. feuntiore, the partially filled 3d orbit in V
atom provides help in the electro-transfer proeesording to the traditional electron-transfer
theory [51, 52]. Meanwhile, the positive hole")(in V atom can accept electrons from
intermediate products of AP, by which the thernedamposition of AP is further accelerated.
4 Conclusions

In summary, O3 with the structure of microspheres has been ssfuidgssynthesized
by a facile supercritical solvothermal method us\f@C,0O, as precursor directly prepared
via commercial YOs and HC,0O,-2H,0O as the starting materials. The samples have a

rhombohedral structure and the morphology of migheses. The formation mechanism is

10

11

12

13

14

15

16

17

18

19

20

proposed on the basis of the discussion on theaseéfmbly process of uniform microsphere
structure. To explore the potential applicationtloé product, the catalytic effect of,®;
microspheres on the thermal decomposition perfocemah AP was investigated. The thermal
decomposition temperature was reduced by 46 °Chm gresence of 2 wt% ,@;
microspheres, indicating that the as-obtainef;Vmicrospheres have excellent catalytic

property. The possible catalytic mechanism of thgsVmicrospheres for the thermal

decomposition of AP is simply discussed.
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V>03 microspheres are synthesized by the supercritical solvothermal method.

The formation mechanism is proposed based on the self-assembly process.

The thermal decomposition temperature of AP with 2 wt% of V»03 is reduced by
46 °C.

V>03 microspheres show excellent catalytic activity for the decomposition of AP.



