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Abstract

MoOQ; nanobelts were prepared by a facile hydrothermal method. The as-synthesized MoO; nanobelts
were used to integrate with nano-Al powder through two different approaches, .mixing nano-Al with
MoQ; nanobelts ultrasonicly and combining nano-Al with MoO; self-assembly. The physical-chemical
properties of the as-prepared samples were carefully characterized by SEM, TEM, XRD, TGA/ DSC and
drop weight impact test. The results show that the morphology of MoOj3; is highly influenced by the addi-
tive sequence and the concentration of ammonium paramolybdate. The onset oxidation temperature of
self-assembled nano-Al/MoQO; is 478.5 °C. Otherwise, the onset oxidation temperatures of nano Al pow-
der, nano-Al/hydrothermal MoO; and nano-Al/referenced Fe,O3 prepared by ultrasonic method are 540.8
°C, 484.2 °C and 514.8 °C respectively. And the total exothermic heats of self-assembled nano-Al/MoO;
in the temperature of TG experiments are about 6696.0 J/g, and 801.6 J/g, 577.4 J/g and 4080.2 J/g higher
than that of nano-Al/commercial MoOjz, nano-Al/hydrothermal MoO; and nano-Al/referenced Fe,Os.

Keywords: MoO; nanobelt, thermite, self-
assembly, high-exothermic

1 Introduction

Integration of nano-aluminum and nano-
metallic oxidizer was proved to be an efficient
way to improve the performance in ignition and
energy release rate due to the shorter diffusion
distance and larger contact area between fuel and
oxidizer. Researchers indicate that an Al/MoO;
nano-therimte can provide favorable ignition
property compared to pure aluminum in oxidizing
atmospheres. Because any reduced molybdenum
metal could likely be reoxidized at the high tem-
perature. After that, MoQj still acts as an oxidizer
in the oxygen-containing atmospheres. If less
MoO; content was used in the thermite, the com-
posite could potentially provide the majority of
high-energy aluminum with superior ignition
characteristics [1,2].

In this work, we used a facile hydrothermal
method to prepare MoO; nanobelts, and then the
as-synthesized MoQ; nanobelts were used to inte-
grate with nano-Al powder through two different
approaches. The first way is to mix nano-Al with
MoO; nanobelts by ultrasonication, and the other
way is to combine the Al-nanoparticles with
MoO; through a self-assembly method using
polyvinylpyrrolidone (PVP) as a stabilizer. The
nano-aluminum can be arranged around metallic
oxidizers in an ordered manner, and these ther-
mites can provide more active sites and higher
rate of energy release.

2 Experimental Sections

2.1 Materials and Reagents

All the chemicals were of analytical grade
and used as purchases without any further treat-
ment. The aluminum powder was obtained from
Beijing Nachen Technology Co., Ltd with an av-
erage size of 100nm and a purity of 72 %. Refer-
enced MoO; was purchased from Kaituo Muye
Co., Ltd with an average size of 100nm and a pu-
rity of 99.5 % and was marked as M0O5-0. Refer-
enced Fe,0; was from Beijing Nachen Technolo-
gy Co., Ltd with an average size of 100nm and a
purity of 99.9%.

2.2 Sample Preparation
2.2.1 Synthesis of MoO; nanobelt

The MoO; nanobelts were synthesized as
follows:

» The MoOs-1 nanobelt was synthesized
through a hydrothermal method. 0.8 mmol
(0.9885 g) of (NH4)sMo0,0,4-4H,0 was added into
20 mL of deionized water. Then, 2 mmol (0.7278
g) of Hexadecyl trimethyl ammonium bromide
(CTAB) was added to the above solution with
constantly magnetic stirring. Next, 20 mL of
HNO; (2.2 M) was added into the solution by
drop-wise and subsequently a white precipitate
formed. Finally, the suspension was transferred to
a 100mL Teflon-lined autoclave for 20 h at
180°C. After the hydrothermal reaction, the light
blue product was washed twice with ethanol and
acetone, respectively, and dried at 80 °C.
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» The preparation process of MoO;-2
nanobelt is similar to that of MoOs-1 by exchang-
ing the order of deionized water and HNO;. Sam-
ple MoO;-3 was obtained also by a hydrothermal
method. 25 ml saturated water solution of
(NH;)6M0,0,4-4H,0 was ultrasonicated for 10
min. Then 2.2 mol/L HNO; was added into the
solution and mixed with stirring. The molar ratio
of CTAB to (NH;)¢M0,0,44H,0 was 1: 2. After
the reaction, the suspension was transferred into a
Teflon-lined autoclave and kept at 180 °C for 40 h
in a hot oven. The precipitate was separated by a
centrifuge, washed with deionized water, ethanol
and acetone for several times and dried at 80 °C.
2.2.2 Synthesis of nanothermites

The Mo-Al-0 composite was prepared by
adding MoO;-0 and 100 nm Al (MoOj/Al molar
ratio: 1:3) into 20 mL hexane under the assistance
of ultrasonication for 1 h. This formulation con-
tains 36.0 wt % aluminum nanoparticles and 64.0
wt % MoO;-0 nanoparticles.

Mo-Al-1 composite was obtained by mix-
ing MoO3-1 and 100nm Al (MoO3/Al molar ratio:
1:3) in 20 mL hexane by an ultrasonic method for
1h.

Mo-Al-2 composite was synthesized by
self-assembly method. First, 0.1 g of PVP was
solved into 100 mL isopropanol. Then, MoOs-1
was added into the above solution and the mixture
was ultrasonicated for 4 h. Next, the mixture was
washed by isopropanol for three times to remove
the ultra PVP and dried at 120 °C for 1.5 h. Final-
ly, the dried PVVP-coated MoO3zwas mixed with Al
powders in hexane by ultrasonic for 1.5 h.

Fe-Al-0 composite was fabricated by typi-
cal ultrasonic method. 100 nm Fe,O3 and 100 nm
Al particles were added into 20 ml hexane in a
sonic bath for 1 h. And the composite is composed
of 33.6 wt % aluminum nanoparticles and 66.4 wt
% Fe,0s.

2. 3 Characterization

The phase structures of the as-synthesized
samples were determined on a Bruker D8 Ad-
vance X-ray diffractometer (40kV, 40mA) with
Cu K, radiation (A= 0.1542 nm). The morphology
and microstructure were observed by field-
emission scanning electron microscopy (FE-SEM,
Quanta™250) and transmission electron micros-
copy (TEM, JEOL JEM-2100). A SDT Q600
V8.1 Build 99 thermal analyser was applied to
measure the thermal property of the thermite. The
measurement was conducted from 40 °C to 1000
°C in nitrogen atmosphere with a heating rate of
20 °C/ min.

3 Results and Discussion

3.1 Characterization of MoO4

All the samples show similar XRD patterns
in figure land all the diffraction peaks from 10 to
80° can be attributed to monoclinic MoOs3 (JCPDS
NO. 05-0508). The main peaks at 26 =12.9, 23.1,
25.8, 27.4 and 39.0° correspond to the diffractions
of (020),(110),(040),((021)and (06 0)
planes of MoOs, respectively.
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Fig. 1 XRD patterns of MoOs-0, M0oOs-1, M0O3-2 and M0Os-3
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Fig. 3. XRD patterns of 100 nm Al, Mo-Al-0 and Mo-Al-2

The morphology evolution of MoO; pre-
pared under different conditions was observed by
TEM. As shown in Figure 2 (a, b), the commercial
Mo0O;-0 particles are micron-sized belts with a
size of width from 1 to 5 um and length from 3 to
20 um. The MoOs-1 nanobelts have a mean width
of ca. 60 nm (Figure 2 (c, d)). And the shapes of
Mo00O3z-2 and Mo00O3-3 are not regular nanobelts

with a large length range (Figure 2 (e-h)). So the
morphology of MoO; is influenced by the added
order of raw materials and the concentration of the
(NH;)¢M070,4-4H,0 solution. The SAED images
in the insets of Figure 2 (d, f, h) show a single-like
pattern, indicating that the MoOs-1, M00Os-2 and
Mo0Os-3 nanobelts grow along one special direc-
tion.

Fig. 2. TEM images of M0oOs-0(a, b), M0oOs-1(c, d), MoO;-2(e, f) and M0oO;-3 (g, h) ;
The inset images in d, f and h are the SAED of M00O3-1, M0Os-2 and M0oO;-3
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3.2 Characterization of nano-Al/MoQO; thermites

The XRD pattern of 100 nm Al powder was
displayed in Figure 3. Typically, the diffraction
peaks at 26 = 38.5, 44.7, 65.1, and 78.2° can be
indexed to (111),(200),(220)and (311) dif-
fraction of Al (JCPDS No. 65-2869). The XRD
patterns of Mo-Al-0 and Mo-Al-2 can be consid-
ered as the superimposition of that of MoO; and
Al, which indicates the coexistence of MoO; and
Al in the composite thermites. No diffraction
peaks of any other impurity were detected in all
the XRD patterns, suggesting that Al powder was
stable during the preparation process of composite
thermites.

Figure 4 shows the typical SEM images of
nano-Al/MoO; composite thermites. As presented
in Figure 4(a, b), most of the Al nanoparticles in
Mo-Al-0 composite are agglomerated and there is
no efficient contact between Al powder and MoO3
nanobelts due to the big size of M00O3-0 and the
weak interaction. The dispersion of the Al nano-
particles in Mo-Al-1 was highly improved (Figure
4b). Compared with Mo-Al-0 and Mo-Al-1, Al
nanoparticles in Mo-Al-2 have better dispersion
and uniformity around MoO3-1 nanobelts. This is
mainly attributed to the assistance of PVP, which
can provide binding sites for Al nanoparticles on
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the surface of MoO; nanobelts.

Fig. 4. The SEM images of Mo-Al-0 composite (a), Mo-Al-1 composite (b), and Mo-Al-2 composite (c);

the inset in c is the formula of PVP. The molar ratios of Al powder to MoO3 are kept at 3:1 in different samples.

3.2.3 Thermal properties of Mo-Al thermites
TGA/DSC was applied to measure the

thermal properties of Mo-Al composite thermites,

and Figure 5 depicts the TGA/DSC curves of Al

powder, Mo-Al-0, Mo-Al-1, Mo-Al-2 and Fe-Al-
0. In order to compare the difference between Al
powder and thermites, onset temperature and heat

released are listed in Table 1.
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Fig. 5 TGA/DSC curves of 100nm Al and composite thermites;
(@) 100 nm Al, (b) Mo-Al-0; (c) Mo-Al-1; (d) Mo-Al-2; (e) Fe-Al-0
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Table 1. DSC results of 100nm Al and thermites

H365-663 H663-912 H365-912 Tpl Tp2 Tp3 Tonset

Samples a0y g 3l r°C rc | rc | rc Remark

n-Al 2173.8 3597.7 | 66584 | 6030 | 8300 | — 540.8 | Ny, 20K/min
ultrasonic, N,

Mo-Al-0 562.8 903.4 46524 | 5726 | 6723 | 7837 | 4748 :
20K/min

Mo-Al-l | 4974 | 11668 | 42302 | 5864 | 6780 | 7838 | 4sa2 | “itasonic method, N,
20K/min

Mo-Al-2 604.6 14681 | 46233 | 5723 | 6477 | 7831 | 47gs | SeIf assemble, N,
20K/min

Fe-Al-0 958.8 16570 | 26158 | 599.4 | 818.0 — 514 | ultrasonic, N,
20K/min

As seen in Figure 5(a), the absorbed O,,
H,O and CO, in Al powder desorbed from 41°C to
365.2 °C with a 3.6% mass loss. Nano Al melts at
663.2 °C, with an endothermic step. And then the
melted nano Al reacts with N, from 663.2 °C to
912.7 °C. The released heat during this step is
about 3597.7 J/g. The onset temperature (540.8
°C) was obtained by using the tangent lines of
TGA curves.

DSC analysis (Figure 5, b, ¢, d) shows an
initial exothermic reaction at 365.2-663.2 °C,
which is associated with the reaction between sol-
id Al and N,, and the subsequent two exothermic
peaks correspond to the reactions between melted
Al and N,, and melted Al and MoOQs, respectively.
TGA curves show a 20% weight gain from 400 °C
to 800 °C. The thermites show a sharp mass loss
at 825 °C, with a residual mass of 50 %, implying
the sublimation of MoOj;. The Tyt 0f Mo-Al-0,
Mo-Al-1 and Mo-Al-2 are 474.8 °C, 484.2 °C, and
478.5 °C, which are lower than that of pure nano
Al (540.8 °C) and much lower than that of the
thermites reported. As we can see from Figure 5
(e) and Table 1, the T,nse Of Fe-Al-0 is 514.8 °C,
which is 26 °C lower than that of pure nano Al,
while 40 °C, 30.6 °C and 36.3 °C higher than that
of Mo-Al-0, Mo-Al-1 and Mo-Al-2, respectively.

As displayed in Figure 5 (b, c, d), there are
three main peaks in the DSC curves of thermites.
The first peak corresponds to the reaction between
solid Al powder and N,. At about 660 °C, weight
gain accompanied by a second exothermic peak.
This second stage of mass gain and related exo-
thermic stage may be due to the reaction between
melted Al and MoO; nanobelts. The third exo-
thermic peak may be caused by the second oxida-
tion of melted Al. The peak temperature decreases
from 830 °C to 783.7 °C, 783.8 °C and 783.1 °C
for Al powder, Mo-Al-0, Mo-Al-1 and Mo-Al-2.
Another phenomenon is found that there is an ad-

ditional exothermic peak at roughly 830 °C in the
DSC curves of Mo-Al-0 and Mo-Al-1 composites.
This may result from the reaction between new
formed MoO; (Reduced Mo during the thermite
reaction) and left melted Al. It is worth noting
that, there is no exothermic peak in the DSC curve
of Mo-Al-0, which may be attributed to the large
particle size of MoOs. As described in Table 1,
The reaction of Mo-Al-2 releases much higher
heat than Mo-Al-0 and Mo-Al-1. The total heat
released of Mo-Al-2 is 6696.0 J/g and 577.4 J/g,
801.6 J/g and 4080.2 J/g higher than that of Mo-
Al-0, Mo-Al-1 and Fe-Al-0, respectively.

4 Conclusion

The additive sequence of HNO; and DI wa-
ter, and concentration of (NH,)sM0,0,,-4H,0 so-
lution have great influences on the structure and
morphology of MoO; nanobelts. High dispersive
thermite is obtained by using self-assembly meth-
od. The onset temperature of nano aluminum de-
creased 56.6-66 °C in the presence of MoO;
nanobelt. MoO; nanobelt can be used as catalyst
for the ignition and combustion of nano alumi-
num.
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TEPMAJIbHOE IIOJIYYEHUE U CBOMCTBA HAHO AL/MOO;

Wei-Liang ZHOU*, Xiu-Li HU, Le-Qin XIAQO, Xiao-Xia JIAN
Nanjing YHuBepcHUTET HAYKH U TEXHOJIOT Uit
Nanjing, Jiangsu, Kuraii 210094
wizhou331@163.com

AHHOTAIUSA

Hano monocku M0Oj; GpuIH OATOTOBIEHB! MATKUM THAPOTEPMHYECKAM MeToIoM. CHHTE3MpOBAaHHBIE HAHO
mostockd MoO3 OBITH MCTIONB30BaHbI ISl TOTO 9TOOBI CMENaTh ¢ HaHO MopomkoM Al aByms crocobamu:
cMelmBas HaHo nopomok Al ¢ HaHo nonockamu MoOj; ¢ IPUMEHEHUEM YJIBTPa3ByKa M CMEIINBAsi HAHO I10-
pomok Al B arperatHoM coctossHuu ¢ MO0O;. ®u3NKO-XMMHUYECKHE CBOWCTBA ITOJATOTOBIECHHBIX 00pa3IoB
oxapakrepuzoBaabsl SEM, TEM, XRD, TGA/DSC MeTomamu v NCIBITBIBAIUCH HA yJap ITOX COOCTBEHHBIM
BecoM mazienust. Temmeparypa Havana okucieHus Hano cMecu Al/MoO; 6ymet 478.5°C, ¢ ynbTpa3ByKOBBIM
nepemenuBanueM - 514.8°C.

Ki1roueBble €j10Ba: HAHO MOJOCKH, TEPMUYHBIH, arperaTHOE, 3K30TEPMUYHBIN

HAHO AL/MOO; TEPMAJIJABI AJ1Y )KOHE KACUETTEPI

Wei-Liang ZHOU*, Xiu-Li HU, Le-Qin XIAQO, Xiao-Xia JIAN
HaHL[)KI/IH TCXHOJIOTUS KOHC FBIJIBIM yHI/IBepCI/ITeTi
Nanjing, Jiangsu, Keitait 210094

AHHOTALMA

MoQO;3; HaHO XOJaKTaphl XYMCaK THUAPOTEPUMSUIBIK oficrieH maibiHmannbl. CuHTe3genreH MoOj; HaHO
KOJAKTapbl €Ki Tocia apkKeUibl Al HaHO YHTaKTapbIMEH apaiacThlpy YIIiH KodaaHeuiabl: MoO3 Hano
XKOJaKTapbIMeH Al HaHO YHTaFbIH apajacThlpy Ke3iHAE YIbTPaIblOBICTHI KOJIAHY >KOHE €Ki YHTaKThI Ja
arperarTsl KyHinae apaiacteipy. Jaiibiananran ynrinepaiy ¢usuka-xumminslk kacuerrepi SEM, TEM, XRD,
TGA/DSC auicTepiMeH CHUNIATTAJIBI )KOHE COKKBbIFa ChIHAY ©31HJIIK CaJIMAKIICH KyJlay TOCUTIMEH >KYpri3isiil.
Al/M0O; HaHO KOCHACBIHBIH OacTanmKpl TOTBHIFY Temmeparypacsl 478.5°C, am  yabTpaablObICTBIK
apanacteipynaH keiin 514.8°C 6omnmpl.

Ty#inai ce3nep: HaHO JKOJIAKTAP, TEPUMSIIBIK, KHUBIHTHIK, IK30TEPMHUSIIBIK
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