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Preparation and properties of nano-Al/MoO; thermite
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ABSTRACT

MoOj; nanobelts were prepared by a facile hydrothermal method. The as synthesized
MoOj; nanobelts were used to integrate with nano-Al powder through two different
approaches, mixing nano-Al with MoO; nanobelts ultrasonicly and combining nano-
Al with MoO; self-assembly. The physical-chemical properties of the asprepared
samples were carefully characterized by SEM, TEM, XRD, TGA/DSC and drop
weight impact test. The results show that the morphology of MoOQ; is highly influenced
by the additive 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 powder, nano-Al/hydrothermal MoOj; and
nano-Al/referenced Fe,O; 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 MoO;, nano-Al/hydrothermal

MoO; and nano-Al/referenced Fe,O;.
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1. Introduction

Integration of nano-aluminum and nano-metallic
oxidizer was proved to be an efficient way to iprove
the performance in ignition and energy release rate
due to the shorter diffusion distance and larger contact
area between fuel and oxidizer.

Researchersindicate thatan Al/MoO;nanotherimte
can provide favorable ignition property compared to
pure aluminum in oxidizing atmospheres. Because
any reduced molybdenum metal could likely be
reoxidized at the high temperature. After that, MoO;
still acts as an oxidizer in the oxygen-containing
atmospheres.

If less MoO; content was used in the thermite,
the composite 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 MoO; nanobelts were used to
integrate 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.
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The nano-aluminum can be arranged around
metallic oxidizers in an ordered manner, and these
thermites can provide more active sites and higher
rate of energy release.

2. Experimental Part

Materials and Reagents

All the chemicals were of analytical grade and
used as purchases without any further treatment.

The aluminum powder was obtained from Beijing
Nachen Technology Co., Ltd with an average size of
100nm and a purity of 72%.

Referenced MoO; was purchased from Kaituo
Muye Co., Ltd with an average size of 100 nm and a
purity of 99.5% and was marked as MoO;-0.

Referenced Fe,O; was from Beijing Nachen
Technology Co., Ltd with an average size of 100 nm
and a purity of 99.9%.

Sample Preparation
Synthesis of MoO; nanobelt
The MoOj; nanobelts were synthesized as follows:

The MoO;-1 nanobelt was synthesized through
a hydrothermal method. 0.8 mmol (0.9885 g) of
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(NH4)sMo,0,4 - 4H,O was added into 20 mL of
deionized water. Then, 2 mmol (0.7278 g) of Hexa-
decyl 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 100
mL Teflon-lined autoclave for 20 h at 180 °C. After
the hydrothermal reaction, the light blue product was
washed twice with etha-nol and acetone, respectively,
and dried at 80 °C.

The preparation process of MoO;-2 nanobelt
is similar to that of MoOs-1 by exchanging the or-
der of deionized water and HNO;. Sample MoO;-3
was obtained also by a hydrothermal method. 25 ml
saturated water solution of (NH,)sMo,0,, - 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,){Mo0;0,, - 4H,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.

Synthesis of nanothermites

The Mo-Al-0 composite was prepared by adding
MoO;-0 and 100 nm Al (MoOs/Al molar ratio:
1:3) into 20 mL hexane under the assistance of
ultrasonication for 1 h. This formulation contains
36.0 wt.% aluminum nanoparticles and 64.0 wt.%
MoO;-0 nanoparticles. Mo-Al-1 composite was
obtained by mixing MoOs-1 and 100 nm Al (MoO;/
Al molar ratio: 1:3) in 20 mL hexane by an ultrasonic
method for 1 h. Mo-Al-2 composite was synthesized
by self-assembly method. First, 0.1 g of PVP was
solved in-to 100 mL isopropanol. Then, MoO;-1
was added into the above solution and the mixture
was ultra-sonicated 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. Finally, the
dried PVP-coated MoO;was mixed with Al powders
in hexane by ultrasonic for 1.5 h. Fe-Al-0 composite
was fabricated by typical ultrasonic method. 100 nm
Fe,0; 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,Os.

Characterization

The phase structures of the as-synthesized samples
were determined on a Bruker D8 Advance X-ray
diffractometer (40 kV, 40 mA) with Cu Ka radiation
(A =0.1542 nm).
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Fig. 1. XRD patterns of Mo00O;-0, MoOs-1, Mo0Os-2 and
MOO3-3.
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Fig. 2. XRD patterns of 100 nm Al, Mo-Al-0 and Mo-Al-2.

Themorphologyandmi-crostructurewereobserved
by field-emission scanning electron microscopy
(FE-SEM, Quanta™250) and transmission electron
microscopy (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
to 1000 °C in nitrogen atmosphere with a heating rate
of 20 °C/min.

3. Results and discussion
Characterization of MoQO;

All the samples show similar XRD patterns in Fig.
1 and all the diffraction peaks from 10 to 80° can
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Fig. 3. TEM images of M00Os-0 (a, b), MoO;-1 (c, d), MoO;-2 (e, f) and MoOs-3 (g, h); The inset images in d, f and h are the

SAED of M0Os-1, M0oO;-2 and MoOs-3.

be attributed to monoclinic MoO; (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 (0 2 0),
(110),(040),(021)and (06 0) planes of MoO;,
respectively. The morphology evolution of MoO,
prepared under different conditions was observed
by TEM. As shown in Fig. 3 (a, b), the commercial
Mo0O;-0 particles are micron-sized belts with a size
of width from 1 to 5 pm and length from 3 to 20 um.
The MoOs-1 nanobelts have a mean width of ca. 60
nm (Fig. 3 (c, d)). And the shapes of Mo0O;-2 and
Mo0Q;-3 are not regular nanobelts with a large length
range (Fig. 3 (e-h)). So the morphology of MoO; is
influenced by the added order of raw ma-terials and
the concentration of the (NH4)sMo0,0,, solution. The
SAED images in the insets of Fig. 3 (d, f, h) show
a single-like pattern, indicating that the MoO;-1,
MoO;-2 and MoO;-3 nanobelts grow along one
special direction.

Characterization of nano-Al/MoQO; thermites

The XRD pattern of 100 nm Al powder was
displayed in Fig. 2. Typically, the diffraction peaks
at 20 = 38.5, 44.7, 65.1, and 78.2° can be indexed
to(l111),(200),(220)and (31 1) diffraction
of Al (JCPDS No. 65-2869). The XRD patterns of
Mo-Al-0 and Mo-Al-2 can be considered 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/MoQO; composite thermites. As pre-sented in Fig.
4 (a, b), most of the Al nano-particles in Mo-Al-0
composite are agglomerated and there is no efficient
contact between Al powder and MoO; nanobelts due

Fig. 4. The SEM images of Mo-Al-0 composite (a), Mo-Al-1 composite (b), and Mo-Al-2 composite (¢); the inset in ¢ is the
formula of PVP. The molar ratios of Al powder to MoO; are kept at 3:1 in different samples.
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Table 1
DSC results of 100nm Al and thermites in N»

101

Samples H365-663 H(,(,3_912 H365»912 Tpl/OC Tp2/°C Tp3/°C Tunset /OC Remark
Jg Jg Jg
n-Al 2173.8 3597.7 6658.4 603.0 830.0 — 540.8 20 K/min ultrasonic,
Mo-Al-0 562.8 903.4 4652.4 572.6 672.3 783.7 474.8 20 K/min ultrasonic method,
Mo-Al-1 497.4 1166.8 4230.2 586.4 678.0 783.8 484.2 20 K/min self assemble,
Mo-Al-2 604.6 1468.1 4623.3 572.3 647.7 783.1 478.5 20 K/min ultrasonic,
Fe-Al-0 958.8 1657.0 2615.8 599.4 818.0 — 514.8 20 K/min
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Fig. 5. TGA/DSC curves of 100 nm Al and composite thermites; (a) 100 nm Al, (b) Mo-Al-0; (c) Mo-Al-1; (d) Mo-Al-2; (e)

Fe-Al-0.

to the big size of M00O;-0 and the weak interaction.
The dispersion of the Al nanoparticles in Mo-Al-1
was highly improved (Fig. 4b). Compared with Mo-
Al-0 and Mo-Al-1, Al nanoparticles in Mo-Al-2 have
better dispersion and uniformity around MoOs-1
nanobelts. This is mainly attributed to the assistance
of PVP, which can provide binding sites for Al
nanoparticles on the surface of MoO; nano-belts.

Thermal properties of Mo-Al thermites

TGA/DSC was applied to measure the thermal
properties of Mo-Al composite ther-mites, and Fig. 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 dif-ference between Al powder and thermites, on-
set temperature and heat released are listed in Table 1.

As seen in Fig. 5 a, the absorbed O,, H,0 and CO,
in Al powder desorbed from 41 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 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 (Fig. 5 b, ¢, d) shows an initial
exothermic reaction at 365.2-663.2 °C, which is
associated with the reaction between solid Al and N,,
and the subsequent two exo-thermic peaks correspond
to the reactions between melted Al and N,, and melted
Al and MoO;, respectively. TGA curves show a 20%
weight gain from 400 to 800 °C. The thermites show
a sharp mass loss at 825 °C, with a residual mass of
50%, implying the sublimation of MoO;.
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The Tonset of 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 Fig. 5 (e) and Table 1, the Tonset 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.

Conclusion

The additive sequence of HNO; and DI water, and
concentration of (NH,)sMo,0,, solution have great
influ-ences on the structure and morphology of MoO;
nanobelts. High dispersive thermite is obtained by
using self-assembly method. The onset temperature
of nano aluminum decreased 56.6-66 °C in the
presence of MoO; nanobelt. MoO; nanobelt can be
used as catalyst for the ignition and combustion of
nano aluminum.
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IoaroroBka u cBoiicrea HaHO-AL/MoQO; TepMuTOB

Boii-JIsn Koy, Croii-JIu Xy, Jle-Ilunp sy, Cso-Ca
[[3s1Hb

Hanmxunckuit Yuusepcurer Hayku u Texnosorwuii,
Hanmxun, [3sucy, Kurai

AHHOTAUSA

Hanomonocku MoO; OBITH ITOTYYEHBI ¢ ITOMOITHIO
MOBEPXHOCTHOTO THAPOTEPMUIECcKOro Metona. CuH-
Te3UpPOBaHHbIE HAHOMOIOCKH M0O; OBLITH HCIIOIB30-
BaHBI JIJIS MHTETPAIUU C MTOPOIIKOM HaHO-Al nByMs
Pa3HBIMU CIIOCO0aMHM, TyTeM CMEIIMBaHUS HaHO-Al ¢
HaHomnonockaMu MoQO; ¢ TpUMEHEHHEM YIbTPa3BYy-
Ka ¥ CMelIMBaHUe HaHO-Al mopoinka B arperaTHOM
cocrossHuu ¢ MoO; camocOopoyHo. DUBNKO-XHUMHU-
YECKHUEe CBOWMCTBA MOJTOTOBJICHHBIX 00pa3iloB ObLIH
TIatenbHo oxapakrepu3oBanbl SEM, TEM, XRD,
TGA/DSC MeTomaMu ¥ UCTIBITHIBATIUCEH HA yaap MO
COOCTBEHHBIM BECOM TaJeHUSA. Pe3yabTaThl MOKa3hl-

BarOT, 9T0 Mopdoisoruss MoO; CHIBHO 3aBUCUT OT
aJTATUBHON TTOCIIEIOBATENHPHOCTH U KOHIICHTPAIIUN
rmapamonnbaara aMMoHus. HauanpHas Temmneparypa
oKHucIeHus camocOopouroro HaHo-Al/MoO; coctas-
nset 478,5 °C. B npoTUBHOM Clly4dae Ha4aJIbHBIE TEM-
repaTypbl OKHCIEHUST HAHOQTFOMHUHUEBOTO TIOPOIIIKA,
HaHO-Al/runporepmansHoro MoO; u Al/Fe,0;, mo-
JYYEHHOTO YIbTPa-3ByKOBBIM METOJIOM, COCTABIISIOT
540,8 °C, 484,2 °C u 514,8 °C coorBeTcTBeHHO. U
o011ue IK30TepMUYECKHE TEIIOThl CaMOCOOPOUYHOTO
HaHO-Al/MoO; B temneparype TG-skcriepuMeHTOB
COCTaBIISAIOT 0K0JI0 6696,0 JIx/r, a 801,6 Ix/r, 577,4
Jx/T m 4080,2 JIx/T 9ro BBINIE, YeM y HaHO-Al/
kommepueckuii MoQOs;, HaHO-Al/THApOTEpMAaTBEHBIN
MoO; u Hano-Al/Fe,0;.

Krrouegwie cnosa: MoO; HAHONIOJIOCKU, TEPMUUECKUH,
camMocOOpKa, BBICOKHI 9K30TEPMHUYECKUI

Hano-AL/MoQO; TepMuTepiH ajy ’k9He OJIAPABIH
KacueTTepi

Boit-JIsn KOV, Croit-JIu XV, Jle-Luns sy, Cao-Cs
13aub

Hanmxwua Feumeiv sxoHe TexHOMOTHS YHHUBEPCHUTETI,
Hanxun, 13sHcy, KbiTait

Angarna

MoO; HaHOXONAKTapbl OETTIK THIPOTEPUMHUSIBIK
omicneH maibiaaanasl. Cunresnenred MoO; HaHOXKO-
JaKTapbl €Ki Tocll apKpUIbl HaHO-Al yHTakTapbIMeH
apanacTelpy YWIiH KougaHeuiabl: MoOs; HaHOXO-
JaKTapbIMeH HaHO-Al YHTarblH apanacTblpy Ke3iH-
Jie YIBTPaAbIOBICTEl KOJAAHY KOHE €Ki YHTAaKThI Ja
arperarThl KYWiHAE ©3AiriHeH apanacTeipy. JlaibrH-
JaTFaH YATUIEPOiH (U3NKA-XUMUSIIBIK KacHeTTepl
SEM, TEM, XRD, TGA/DSC omicTrepimMeH cunarTai-
IIbI JKOHE COKKBIFa ChIHAY ©31HIIK CaJIMaKIeH KyJiay
TocumiMeH Kyprizimmi. HoTmwkenep KepceTkeHneH,
MoO; mopdostorusicel aMMOHHUH NapaMoINOAATHI-
HBIH XHUBIHTBIKTBI PETTUIINT MEH KOHLEHTpalUUsChIHA
Tikenel OarbiHBIUTHL. Hano-Al/MoOs e3airinen apa-
JacKaH KOCHAChIHbIH 0aCTanKbl TOTBIFY TeMIlepaTypa-
cbl 478,5 °C 6onapl. A KepiciHIe, yIbTPaablObICTHIK
OJICIICH apajacThIpyJaH KeHiHr HaHOATFOMUHUN
YHTaFrbIHBIH, HaHO-Al/ruaporepmanbasl MoO; xoHe
Al/Fe,O; Gactankel TOTBIFY TeMIIepaTypaiapbl, coi-
keciamre, 540,8 °C, 484,2 °C xone 514,8 °C Kypassl.
JKone e3mik apamackan HaHO-Al/Mo0QO; KOCITachIHBIH
TT-Toxipubenepi TemMreparyiapbIHIaFbl JKaJITbI 9K30-
TEPMHUSITBIK KBUTYbI 6696,0 JIx/T, a 801,6 Jx/r, 577.,4
Jx/r xxone 4080,2 [/ Kypassl, )koHe HaHO-Al/KOM-
Mepuusuiblk MoOs, HaHo-Al/ruaporepmansisik MoOs;
n HaHO-Al/Fe,0; KaparaHaa ®orapbl OOJIbI.
Tyuinoi co30ep: HAaHOOONIIEKTEDP, TSPUMHSIIBIK, ©31H-
031 JKUHAY, )KOFapbl SK30TCPMHSLIIBIK



