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Abstract—Uniform single-crystalline Fe3O4 nanowires have been prepared at 150°C via a simple hydro-
thermal route assisted by polyethylene glycol (PEG600). Morphology and molecular structure of the Fe3O4 
nanowires have been studied by means of scanning and transmission electron microscopy, X-ray diffraction, 
and infrared spectroscopy. Fe3O4 nanowires have been studied as an additive promoting thermal decomposition 
of ammonium perchlorate; their catalytic performance has been investigated by thermal gravimetric analysis. 
Temperature of ammonium perchlorate decomposition decreases by about 50°C upon addition of Fe3O4 
nanowires. 
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1 The text was submitted by the authors in English.   

One-dimensional (1D) nanostructures such as 
nanotubes [1], nanofibers [2], nanowires [3], nanorods 
[4], etc have been paid increasing attention over the 
recent decades, owning to the unique properties and 
promising applications in various nanoscale devices 
[5]. Many papers have focused on preparation of 
nanoscale materials based on metals and metal oxides 
(e.g. Ag, Au, Pt, ZnO, SnO2, TiO2, MnO2, Fe2O3, 
Fe3O4, etc.) showing novel electronic, optical, 
catalytic, and magnetic properties [6–9]. Among the 
1D-structured materials, magnetite (Fe3O4) nanowires 
have attracted great interest in the magnetic materials 
field [10] in view of the potential applications as 
magnetic recording media [11], magnetic supports 
[12], catalyst [13], ferrofluids [14], etc. 

Ammonium perchlorate (AP) is a common oxidiz-
ing agent used as component of various propellants 
[15], and features of its thermal decomposition are 
highly relevant to combustion behavior of the solid 
propellants. Extensive studies of AP thermal decom-
position have revealed its efficient catalysis with many 
transition metal oxides [16]. In particular, certain 1D 
nanostructured metal oxides (e.g., ZnO [17], CuO [18], 
Fe2O3 [19], etc.) can promote AP decomposition.  

In this paper, we report on catalytic activity of 
magnetite (Fe3O4) nanowires towards decomposition 
of AP as studied by TGA and DTG techniques.  

Magnetite nanowires were prepared via a facile 
hydrothermal synthesis in the presence of polyethylene 
glycol PEG600. The product X-ray diffraction pattern 
(Fig. 1a) contained the six characteristic reflections at 
30.1° (220), 32.3° (311), 43.2° (400), 54.1° (422), 
57.5° (511), and 62.6° (440), their relative intensity 
matching well the reference data for bulk Fe3O4 
(JCPDS No.190629) [20]. Hence, the crystal structure 
of the prepared Fe3O4 nanowires was confirmed. The 
product FT–IR spectrum contained an absorption band 
at 585 cm–1, characteristic of Fe–O vibration [21]. The 
absence of other characteristic peaks evidenced about 
high purity of the magnetite material. 

Morphology of the prepared samples was charac-
terized by transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM) (Fig. 2). The 
samples contained a large fraction of Fe3O4 nanowires 
and a negligibly low fraction of nanoparticles of other 
shape. The nanowires were 0.19 μm in diameter at the 
average up to 8 μm long. 

The catalytic activity of Fe3O4 nanowires was 
investigated by monitoring thermal decomposition of 
ammonium perchlorate containing various amounts of 
the metal oxide additive (0 to 5 wt %) at heating rate of 
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15 deg/min (Fig. 3). Thermal decomposition of pure 
AP occurred in two stages, the temperatures cor-
responding to the highest mass loss rate being of 345 
and 434°C. The presence of Fe3O4 nanowires 
significantly promoted AP thermal decomposition, the 
corresponding temperatures of the fastest mass loss 
being of 320 and 405°C (1 wt% of the nanowires), 331 
and 393°C (2 wt %), 329 and 391°C (3 wt %), 330 and 
387°C (4 wt %), and 330 and 385°C (5 wt %). 
Noteworthily, temperature of the first stage of AP 
decomposition was the lowest with 1 wt % of the 
nanowire and remained somewhat higher and constant 
at the higher magnetite loadings. At the same time, the 
temperature of second stage of AP decomposition was 
steadily lowered with increasing fraction of the 
nanowires. Hence, the promoting activity of Fe3O4 

nanowires towards thermal decomposition of ammo-
nium perchlorate was obvious. 

Of course, the above-discussed experiment can only 
demonstrate the catalytic effect qualitatively; however, 
elucidation of the kinetic parameters is not possible. 
One of the major reasons complicating the analysis is 
the additional effect of the heating rate. In particular, 
the experiment similar to that reported in Fig. 3 run at 
the variable heating rate (5–25 deg/min). The revealed 
decomposition temperatures of ammonium perchlorate 
are tabulated in the table. 

It is to be seen that increasing of the heating 
temperature not only shifted the decomposition to 
higher temperatures but also improved the apparent 
catalytic effect of the nanowires addition. Hence, the 
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Fig. 1. (a) XRD pattern  and (b) IR spectrum of the prepared Fe3O4 nanowires. 

1 μm 
0.5 μm 

 (a)                                                                                (b) 

Fig. 2. (a) SEM and (b) TEM images of the Fe3O4 nanowires. 
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heating rate should be taken into account for accurate 
interpretation of the mass loss curves. 

It has been earlier demonstrated that decomposition 
of AP includes three major processes: the crystal 
material transformation from orthorhombic into cubic 
phase (240–250°C), the first decomposition step of AP 
into NH3 and HClO4 accompanied with partial 
sublimation (300–330°C), and the second decom-
position step to form N2O, O2, Cl2, H2O, and other 
products (450–480°C) [22]. Hence, we concluded that 
addition of Fe3O4 nanowires catalyses the second step 
of AP decomposition reducing its temperature. In view 
of the previously reported discussions [23] we 
proposed the probable mechanism of catalysis of AP 
thermal decomposition with the Fe3O4 nanowires. In 
detail, Fe3O4 provides a bridge for transfer of electrons 
from perchlorate ions to ammonium ions via the 
partially filled 3d orbital of iron atoms, thus decreasing 
of activation energy of thermal decomposition of AP. 

EXPERIMENTAL 

Magnetite nanowires were prepared via a hydro-
thermal route as described elsewhere [24]. In detail, 
iron(II) sulfate (FeSO4·7H2O, 3.6 g, 12.8 mmol) and 
sodium thiosulfate (Na2S2O3·5H2O, 1.6 g, 6.4 mmol) 
were mixed, and added to 30 mL of PEG600–water 
(1 : 3 v/v) mixture. The so prepared solution was 
transferred into a 50 mL Teflon-lined stainless steel 
autoclave. Lastly, NaOH (6.4 g, 160 mmol) was added 
into the autoclave. The autoclave was sealed, maintained 

at 150°C during 24 h, and then allowed to cool down 
to ambient. The product was separated via magnetic 
decantation, washed with deionized water and ethanol 
several times, and dried in vacuum at 40°C during 4 h. 

Thermal decomposition of ammonium perchlorate 
(analytical grade) was studied by monitoring the mass 
and the differential mass loss over heating at 40–550°C 
under nitrogen atmosphere using a Pyris1 thermal 
analyzer (Perkin Elmer). 

Morphology of the nanowires was observed via 
scanning electron microscopy (HITACHI S4800) and 
transmission electron microscopy (JEOL 1200EX). X-
ray diffraction analysis was performed using a Bruker 
AXS D8 powder diffractometer (CuKα radiation, 2θ of 
10°–90°, continuous scanning mode). Infrared spectra 
of KBr pellets were recorded using a Perkin-Elmer IR 
spectrophotometer. 

Fig. 3. (a) Loss of mass and (b) differential loss of mass of ammonium perchlorate containing various amounts of Fe3O4 nanowires 
(the mass fractions are shown above the corresponding curves). The curves are vertically shifted for better representation. 
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Heating 
rate,  

deg/min 

Temperature of the fastest mass loss during 
the second stage of AP decomposition, °C 

pure AP AP + 4 wt % of 
the nanowires ΔT 

5 410 368 42 

10 428 382 46 

15 434 387 47 

20 452 402 50 

25 458 406 52 

Decomposition temperatures of ammonium perchlorate  



ACKNOWLEDGMENTS 

This work was partly supported by the fund of 
Discipline Construction Project of Wenzhou 
University (no. 316406125020301) and Zhejiang 
Provincial Top Key Discipline of New Materials and 
Process Engineering (20110949). 

REFERENCES 

 1. Siria, A., Poncharal, P., Biance, A.-L., Fulcrand; R., 
 Blase, X., Purcell, S.T., and Bocquet, L., Nature, 2013, 
 vol. 494, p. 455.  
 2. Wu, Z.Y., Li, C., Liang, H.W., Chen, J.F., and Yu, S.H., 
 Angew. Chem. Int. Ed., 2013, vol. 52 , p. 2925. 
 3. Huang, M.H., Wu, Y., Feick, H., Tran, N., Weber, E., 
 and Yang, P., Adv. Mater., 2001, vol. 13, p. 113. 
 4.  Yuan, L., Lu, X.-H., Xiao, X., Zhai, T., Dai, J., Zhang, F., 
 Hu, B., Wang, X., Gong, L., and Chen, J., ACS Nano, 
 2011, vol. 6, p. 656. 
 5.  Maiti, U.N., Lee, W.J., Lee, J.M., Oh, Y., Kim, J.Y., 
 Kim, J.E., Shim, J., Han, T.H., and Kim, S.O., Adv. 
 Mater., 2014, vol. 26, p.2. 
 6.  Yang, L., Zhang, Y., Chu, M., Deng, W., Tan, Y., Ma, M., 
 Su, X., Xie, Q., and Yao, S., Biosens. Bioelectron., 
 2014, vol. 52, p. 105. 
 7.  Zhi, M., Xiang, C., Li, J., Li, M., and Wu, N., 
 Nanoscale, 2013, vol. 5, p. 72. 
 8.  Zilberberg, K., Gasse, F., Pagui, R., Polywka, A., 
 Behrendt, A., Trost, S., Heiderhoff, R., Görrn, P., and 
 Riedl, T., Adv. Funct. Mater., 2014, vol. 24, p. 1650. 
 9.  Li, Y., Yang, X.Y., Feng, Y., Yuan, Z.Y., and Su, B.-L., 
 Crit. Rev. Solid State Mater. Sci., 2012, vol. 37, p. 1. 
10.  Jiang, Y., Li, G., Li, X., Lu, S., Wang, L., and Zhang, X., 

 J. Mater. Chem. A, 2014, vol. 2, p. 4722. 
11.  Mohamed, H.D.A., Watson, S.M., Horrocks, B.R., and 
 Houlton, A., Nanoscale, 2012, vol. 4, p. 5936. 
12.  Liu, Y., Zhou, L., Hu, Y., Guo, C., Qian, H., Zhang, F., 
 and Lou, X.W.D., J. Mater. Chem., 2011, vol. 21,         
 p. 18359. 
13.  Li, W., Zhou, M.G., Zhu, M.G., Zhou, D., and Hou, Y.L., 
 Adv. Mater. Res., 2012, vol. 510, p. 623. 
14.  Zhang, Z., Duan, H., Li, S., and Lin,. Y., Langmuir, 
 2010, vol. 26, p. 6676. 
15.  Kohga, M., Propellants, Explosives, Pyrotechnics, 
 2011, vol. 36, p. 57. 
16.  Chandru, R.A., Patra, S., Oommen, C., Munichandraiah, N., 
 and Raghunandan, B., J. Mater. Chem., 2012, vol. 22,   
 p. 6536. 
17.  Tang, G., Wen, Y., Pang, A., Zeng, D., Zhang, Y., Tian, S., 
 Shan, B., and Xie, C., Cryst. Eng. Comm., 2014, vol. 16, 
 p. 570. 
18.  Yang, Y., Yu, X., Wang, J., and Wang, Y., J. Nano-
 mater., 2011, vol. 4, p. 125. 
19.  Wang, Y., Xia, X., Zhu, J., Li, Y., Wang, X., and Hu, X., 
 Combust. Sci. Technol., 2010, vol. 183, p. 154. 
20.  Shen, S., Ren, J., Zhu, X., Pang, Z., Lu, X., Deng, C., 
 Zhang, R., and Jiang, X., J. Mater. Chem. B, 2013,      
 vol. 1, p. 1939. 
21.  Ma, C., Li, C., He, N., Wang, F., Ma, N., Zhang, L., Lu, Z., 
 Ali, Z., Xi, Z., and Li, X., J. Biomed. Nanotechnol., 
 2012, vol. 8, p. 1000. 
22.  Zhang, Y., Liu, X., Nie, J., Yu, L., Zhong, Y., and 
 Huang, C., J. Solid State Chem., 2011, vol. 184, p. 387. 
23.  Liu, T., Wang, L., Yang, P., and Hu, B., Mater. Lett., 
 2008, vol. 62, p. 4056.  
24.  He, K., Xu, C.-Y., Zhen, L., and Shao, W.-Z., Mater. 
 Lett., 2007, vol. 61, p. 3159. 

SYNTHESIS OF Fe3O4 NANOWIRES AND THEIR CATALYTIC ACTIVITY 

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  85   No.  4   2015 

929 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /RUS (Pfeps)
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


