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Introduction

Iron oxide and oxyhydroxide have a wide range of poten-
tial applications in the production of pigments, catalysts,
gas sensors, magnetic recording media, and raw materials
of hard and soft magnets [1-3]. «-FeOOH (goethite) par-
ticles were traditionally used as pigments, or starting
material in the production of «-Fe,Os; (hematite) and
y-Fe,0O3 (maghemite). Acicular «-FeOOH particles are
used in the production of maghemite and in various aca-
demic investigations in colloid and surface chemistry. For
example, «-FeOOH nanorods have shown potential in
mineral liquid crystals. Inspired by the unique properties of
the 1-D structure, much work has been concentrated on the
synthesis of its nanorods [4, 5]. Fe;O4 (magnetite), an
important member of spinel-type ferrite, has already been
applied in catalysis, ceramics, energy storage, magnetic
data storage, ferrofluids clinical diagnosis, and medicine
transporters [6-8]. Many methods have been reported for
the synthesis of the Fe;O,4 nanoparticles, such as copre-
cipitation of ferrous (Fe?*) and ferric (Fe**) ions by
base [9], thermal decomposition of iron pentacarbonyl
(Fe(CO)s) in the presence of oleic acid followed by oxi-
dation [10], thermal decomposition of alkaline solution of
Fe* chelate in the presence of hydrazine [11], and direct
decomposition of iron Cupferron complexes FeCup; (Cup:
N-nitrosophenylhydroxylamine, C¢HsN(NO)O™) [12].
Some researchers have reported the phase transitions
between iron oxide and oxyhydroxide. Xiong et al. [13]
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reported the synthesis of thermally stable hematite hollow
nanowires from FeOOH nanowires by the vacuum—pyro-
lysis route. Wang and Xin [14] presented a gamma-
irradiation-induced chemical change from p-FeOOH to
Fe;04. Here, we present a simple coprecipitation way to
prepare Fe;O,4 nanoparticles and o-FeOOH nanorods in
alcohol/water media in the presence of Pluronic triblock
copolymer F127. By adjusting the volume ratio of alcohol
to water, gradual transformation of phase and morphology
from Fe;0, to a-FeOOH was clearly observed.

Experimental

F127 was obtained from Sigma-Aldrich. All other chemi-
cals were of analytical grade and purchased from local
commercial sources. All chemicals were used as received.
Distilled water was used in all the experiments. In a typical
synthesis, 1.296 g FeCl; - 6H,0, 0.6672 g FeSO, - 7H,0,
and 1.0 g F127 were dissolved in 50 mL alcohol/water
solution. N, was bubbled for 30 min to remove dissolved
oxygen. Under N, protection and vigorous stirring, 1 M
NaOH, as the basic agent, was added to the solution drop
by drop to adjust the pH value of the system. The pH value
was set to about 11. The solution was kept stirring for 2 h,
followed by aging for 24 h in air without stirring or
shaking. Then, the precipitates were washed with water and
alcohol repeatedly, and centrifuged several times. The
collected precipitates were dried in vacuum at 50 °C. The
X-ray powder diffraction analysis (XRD; Model D/MAX
2550V, Rigaku Co., Tokyo, Japan) was conducted at a
scanning rate of 4° per minute with 20 ranging from 10 to
70, using CuKo radiation (4 = 1.5418). Transmission
electron microscopy observations (TEM; Model JEM-
1230, JEOL, Tokyo, Japan) were made at an accelerating
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Fig. 1 XRD patterns of the samples prepared in alcohol/water media
with various volume ratios of alcohol to water: (a) 0:1, (b) 1:1, (c) 5:1

voltage of 120 kV. Magnetization measurements were
carried out with a vibrating sample magnetometer at room
temperature.

Results and discussion

Figure 1 shows XRD patterns of the samples prepared in
pure water and in alcohol/water media. XRD pattern of
Fig. 1a matches cubic Fe;O0, (JCPDS card no. 75-0033)
well, indicating that the sample prepared in water (sample a)
is pure Fe;04. When alcohol is added to water with a volume
ratio of 5:1, XRD pattern of the production (sample c,
Fig. 1c) confirms «-FeOOH (JCPDS card no. 44-1415) is
the only phase. When the volume ratio of alcohol to water
is set to 1:1 (sample b), peaks of both Fe;0, and a-FeOOH
appear in XRD pattern, as shown in Fig. 1b. It reveals the
coexistence of two phases in the product. From the above
results, a gradual phase transformation from Fe;O, to
o-FeOOH can be seen with increasing volume ratios of
alcohol/water.

Fig. 2 TEM images of the
samples prepared in alcohol/
water media with various
volume ratios of alcohol to
water: (a) 0:1, (b) 1:1, (¢) 5:1

Figure 2 shows the TEM micrographs of samples pre-
pared in pure water and in alcohol/water media. The
production prepared in pure water (sample a) is Fe;Oy4
nanoparticles around 15 nm (Fig. 2a). Figure 2b displays
the TEM image of sample b, the coexistence of Fe;0,4 and
o-FeOOH. As shown in Fig. 3c, pure «-FeOOH prepared in
5:1 alcohol/water media consisted of uniform nanorods
with diameters around 20 nm and lengths up to 200-
300 nm. The results of TEM show the nanoparticles are
Fe;04 and nanorods are «-FeOOH. The gradual phase
transformation from Fe;O, to ¢-FeOOH with increasing
volume ratios of alcohol/water is consistent with XRD
results well.

The magnetism of the samples prepared in pure water
and in alcohol/water media is also investigated, as shown
in Fig. 3. The value of saturation magnetization of samples
a, b, and c is 75.4 emu/g (Fig. 3a), 39.2 emu/g (Fig. 3b),
and O (Fig. 3c), respectively. The magnetism results also
match XRD and TEM results well. Based on the values
of saturation magnetization of Fe;O4 (75.4 emu/g) and
o-FeOOH (0), we can easily deduce that sample b is con-
stituted with 52% of Fe;0,4 in mass and 48% of «-FeOOH
in mass.
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Fig. 3 Hysteresis loops of the samples prepared in alcohol/water
media with various volume ratios of alcohol to water: (a) 0:1, (b) 1:1,
(c) 5:1
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Fig. 4 TEM image and XRD
pattern of the sample prepared
in alcohol/water (5:1) media
without F127: (a) TEM image,
(b) XRD pattern

From the phase transformation from Fe;O,4 to a-FeOOH,
a possible mechanism could be deduced as follows:

2Fe*t 4+ Fe?* 4+ 80H™ 5 Fe;04 + 4H,0, (1)
Fe¥* + Fe2t + OH | /M pe 1) Fe (11T
22, 4-FeOOH. (2)

As known, Fe** and Fe?* were easily coprecipitated to
form Fe;O, in water when pH value exceeded 9, as shown
by Eq. 1. But in alcohol/water media and in the presence of
surfactant F127, Fe** and Fe* were coprecipitated to form
a Fe(IDFe(IIl) intermediate [15] as pH of the solution
rose to 11. The Fe(IDFe(Ill) intermediate was a black
precipitate suspended steadily in solution. When the
solution was aged in air, a color change from black to
yellow was observed, starting from the interface between
solution and air. This could be attributed to the oxidation of
Fe(IDFe(Ill) intermediate to o-FeOOH. The whole
chemical reaction route was shown by Eq. 2.

Generally, amphiphilic block copolymer F127 is used as
a structure-directing agent to control the mesoscale struc-
ture of metal oxides [16-20]. The cooperative assembly
route was originally developed for the synthesis of meso-
structured silica where the simple and effective control
over silicate condensation kinetics has allowed for the
creation of an enormous variety of mesostructures [21-23].
In our experiment, the uniform «-FeOOH nanorods were
obtained in alcohol/water media in the presence of F127.
For comparison, we performed the same coprecipitation
processes in alcohol/water media (5:1) without F127. TEM
image and XRD pattern of the precipitate are shown in
Fig. 4. TEM image (Fig. 4a) represents that the nanopar-
ticles quite differ from samples prepared with F127. Two
broad peaks are observed in XRD pattern (Fig. 4b), indi-
cating the amorphous structure of the sample [24-26].
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These results show amorphous precipitate was obtained
instead of «-FeOOH nanorods in alcohol/water media (5:1)
without F127. Obviously, F127 plays an important role
in the formation of «-FeOOH nanorods as a structure-
directing agent.

Conclusion

Fe;04 nanoparticles and «-FeOOH nanorods were prepared
in alcohol/water media in the presence of Pluronic triblock
copolymers F127 with a simple coprecipitation way. Fe;0,
nanoparticles prepared in water in the presence of F127
were about 15 nm. By adjusting the volume ratio of alcohol
to water from 0:1 to 5:1, Fe30,4 nanoparticles were com-
pletely transformed to «-FeOOH nanorods, which
confirmed by TEM images and XRD patterns. o-FeOOH
consisted of uniform nanorods with diameters around
20 nm and lengths up to 200-300 nm. Meanwhile, we
found F127 played an important role in the formation of
o-FeOOH nanorods as a structure-directing agent.

Acknowledgement This research project is supported by Shanghai
Nanotechnology Promotion Center (0652nm009, 0352nm113).

References

1. Serp P, Kalck P, Feurer R (2002) Chem Rev 102:3085. doi:
10.1021/cr9903508

2. Gong C, Chen D, Jiao X, Wang Q (2002) J Mater Chem 12:1844.
doi:10.1039/b201243;

3. Neri G, Bonavita A, Galvagno S, Siciliano P, Capone S (2002)
Sensor Actuat B: Chem 82:40

4. Yang J, Mei S, Quaresma S, Norby P, Ferreira JMF (2005) Acta
Mater 53:1479. doi:10.1016/j.actamat.2004.12.001

5. Geng F, Zhao Z, Geng J, Cong H, Cheng HM (2007) Mater Lett
61:4794. doi:10.1016/j.matlet.2007.03.036


http://dx.doi.org/10.1021/cr9903508
http://dx.doi.org/10.1039/b201243j
http://dx.doi.org/10.1016/j.actamat.2004.12.001
http://dx.doi.org/10.1016/j.matlet.2007.03.036

J Mater Sci (2008) 43:4340-4343

4343

11.

12.

13.

14.

15.

16.

17.

. Xu H, Cui L, Tong N, Gu H (2006) ] Am Chem Soc 128:15582.

doi:10.1021/ja066165a

. Zhang DE, Zhang XJ, Ni XM, Song JM, Zheng HG (2007) Cryst

Growth Des 7:2117. doi:10.1021/cg060395;j

. Kuhara M, Takeyama H, Tanaka T, Matsunaga T (2004) Anal

Chem 76:6207. doi:10.1021/ac0493727

. Cheng FY, Su CH, Yang YS, Yeh CS, Tsai CY, Wu CL, Wu MT,

Shieh DB (2005) Biomaterials 26:729. doi:10.1016/j.biomaterials.
2004.03.016

. Hyeon T, Lee SS, Park J, Chung Y, Na HB (2001) J Am Chem

Soc 123:12798. doi:10.1021/ja016812s

Sapieszko RS, Matijevic E (1980) J Colloid Interface Sci 74:405.
doi:10.1016/0021-9797(80)90210-6

Rockenberger J, Scher EC, Alivisatos AP (1999) J Am Chem Soc
121:11595. doi:10.1021/ja993280v

Xiong Y, Li Z, Li X, Hu B, Xie Y (2004) Inorg Chem 43:6540.
doi:10.1021/ic049018r

Wang S, Xin H (1999) Radiat Phys Chem 56:567. doi:10.1016/
S0969-806X(99)00319-9

Cornell RM, Schneider W, Giovanoli R (1991) J Chem Soc
Faraday Trans 87:869. doi:10.1039/ft9918700869

Yang PD, Zhao DY, Margolese DI, Chmelka BF, Stucky GD
(1998) Nature 396:152. doi:10.1038/24132

Tian BZ, Liu XY, Tu B, Yu CZ, Fan J, Wang LM, Xie SH,
Stucky GD, Zhao DY (2003) Nat Mater 2:159. doi:10.1038/
nmat838

18.

19.

20.

21.

22.

23.

24.

25.

26.

Grosso D, Boissiere C, Smarsly B, Brezesinski T, Pinna N,
Albouy PA, Amenitsch H, Antonietti M, Sanchez C (2004) Nat
Mater 3:787. doi:10.1038/nmat1206

Goltner CG, Antonietti M (1997) Adv Mater 9:431. doi:10.1002/
adma.19970090516

Brezesinski T, Antonietti M, Groenewolt M, Pinna N, Smarsly B
(2005) New J Chem 29:237. doi:10.1039/b412306a

Kresge CT, Leonowicz ME, Roth WJ, Vartuli JC, Beck JS (1992)
Nature 359:710. doi:10.1038/359710a0

Zhao DY, Feng JL, Huo QS, Melosh N, Fredrickson GH, Chm-
elka BF, Stucky GD (1998) Science 279:548. doi:10.1126/
science.279.5350.548

Che S, Garcia-Bennett AE, Yokoi T, Sakamoto K, Kunieda H,
Terasaki O, Tatsumi T (2003) Nat Mater 2:801. doi:10.1038/
nmat1022

Machala L, Zboril R, Gedanken A (2007) J Phys Chem B
111:4003. doi:10.1021/jp064992s

Srivastava DN, Perkas N, Gedanken A, Felner 1 (2002) J Phys
Chem B 106:1878. doi:10.1021/jp015532w

Hashimotoa H, Yokoyamab S, Asaokaa H, Kusanoc Y, Ikedad Y,
Senoe M, Takadaa J, Fujiia T, Nakanishia M, Murakami R (2007)
J Magn Magn Mater 310:2405. doi:10.1016/j.jmmm.2006.10.793

@ Springer


http://dx.doi.org/10.1021/ja066165a
http://dx.doi.org/10.1021/cg060395j
http://dx.doi.org/10.1021/ac0493727
http://dx.doi.org/10.1016/j.biomaterials.2004.03.016
http://dx.doi.org/10.1016/j.biomaterials.2004.03.016
http://dx.doi.org/10.1021/ja016812s
http://dx.doi.org/10.1016/0021-9797(80)90210-6
http://dx.doi.org/10.1021/ja993280v
http://dx.doi.org/10.1021/ic049018r
http://dx.doi.org/10.1016/S0969-806X(99)00319-9
http://dx.doi.org/10.1016/S0969-806X(99)00319-9
http://dx.doi.org/10.1039/ft9918700869
http://dx.doi.org/10.1038/24132
http://dx.doi.org/10.1038/nmat838
http://dx.doi.org/10.1038/nmat838
http://dx.doi.org/10.1038/nmat1206
http://dx.doi.org/10.1002/adma.19970090516
http://dx.doi.org/10.1002/adma.19970090516
http://dx.doi.org/10.1039/b412306a
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1126/science.279.5350.548
http://dx.doi.org/10.1126/science.279.5350.548
http://dx.doi.org/10.1038/nmat1022
http://dx.doi.org/10.1038/nmat1022
http://dx.doi.org/10.1021/jp064992s
http://dx.doi.org/10.1021/jp015532w
http://dx.doi.org/10.1016/j.jmmm.2006.10.793

	Gradual phase and morphology transformation of Fe3O4 nanoparticles to &agr;-FeOOH nanorods in alcohol/water media �in the presence of surfactant F127
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


