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We report a size-manipulable synthesis of single-crystalline nanorods/nanowires of barium manganitegfBaMnO
and barium titanium manganite (BajiMny,,05) by using the composite-hydroxide-mediated approach. The
synthesis cleanly yields nanorods with a hexagonal perovskite structure. Typical nanorods have widths ranging
between 50 and 100 nm, and the lengths can be easily controlled by time and temperature or by adding a
small amount of water during the synthesis process. Resistance measurement shows that a phase transition
happened at 58 K on BaMnOThe photoluminescence spectrum of BaMn;,,0; presents two emission

peaks at wavelengths of 465 and 593 nm, corresponding to blue and green fluorescence. The ability to synthesize
nanorod manganites of a desired length should enable detailed investigations of the size-dependent evolution
of magnetism, magnetoresistance, hanoscale phase separation, and realization of a hanodevice of magnetic
Sensors.

1. Introduction ceramic method of solid-state chemistry, involving the grinding
and firing of oxide precursors. Besides the difficulties in
achieving sample homogeneity for multinary oxides, control of
Xygen content in mixed-valent systems requires some synthetic
kill when the ceramic method is used, and often several steps,
nvolving a controlled gas atmosphere to optimize the oxidation
state of manganese, are neces$a@ther synthesis methods
that have been adopted for the manganites include the sol
geP223 and coprecipitatiotf2> methods, but these typically
involve a final firing or annealing step at high temperature and

. . . ~_thus cannot be considered to be true low-temperature synthesis
been ”?ade In the prep‘%ra“?;g of nano- and. mlqrocrygtall|ne methods. The size of a single manganite is usually in microme-
oxides including manganités, *® detailed physical investiga- ters, and the shape is often ill-shaped by the methods mentioned

tions of nanocrystalline manganites have not been possible dueabove. Recently, a hydrothermal route to the manganites has

to the lack of reliable methods 1o prepare well-isolated man- 00, reported?-26-29 put the size of the manganities, commonly
ganite nanoprystals W'Fh varlable shape and Size, especially Nparticles, are not uniform and range from tens to hundreds
onle _dlrrrl]ensmlrj. Qne-dflnr;l_ersﬁlonal nano-manganites play a I(eynanometers and the size and shape can hardly be controlled by
role in the realization of highly sensitive magnetic nanosensors, hydrothermal method. Here, we report a shape- and size-
because they can be easily fabricated into field-effect tranS'Storsmanipulable approach for the synthesis of barium manganite

(FETs) used in currentvoltage or resistance measurements (BaMnOy) and barium titanium manganite (BaMni;05)

under a magqetlc field. . nanostructures. The method is based on a reaction between a
This paper is focused on synthesis methods for the manga-metallic salt and a metallic oxide in a solution of molten mixed

nites, particularly with the aim of developing low-temperature potassium hydroxide and sodium hydroxide~a200 °C and

routes that might prowde_ access to ve_tnable shape and size. Likeygrmal atmosphere without using organic dispersant or capping
most complex metal oxides, the solids have most commonly 44eng0 This methodology provides a one-step, convenient, low-
been prepared using the high-temperature (more than®P0  ¢ost, nontoxic, mass-production route for the synthesis of

manganite nanostructures in a variety of sizes.

Nanocrystalline materials typically exhibit physical and chem-
ical properties that are distinct from their bulk counterpérés.
The properties of manganites are expected to depend on materi
size due to both the nanoscale phase in homogeneity inheren;
to bulk materials and additional surface effetts: Previous
investigations on thin-film manganite samples have shown that
their properties depend sensitively on the film thickness, leading
to surface-induced phase separatiénand strain-dependent
metal-insulator transitions (MITsJ.Although advances have

* Corresponding author. E-mail: zhong.wang@mse.gatech.edu.
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Technology. 2. Experimental Section
*Chongging University. _ _
E Shgﬂgg;”ggUn’}'vve‘iﬁ{yY The synthesis of the Bal\/!rg(bollows the following steps?
'School of Physics, Georgia Institute of Technology. (1) An amount of 20 g of mixed hydroxides (MHDs) (NaOH/
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Figure 1. Perovskite (a and b) BaMn(and (c and d) BabisMngs03; nanorods synthesized by the composite-hydroxide-mediated approach: (a)
SEM image and (b) XRD pattern of the BaMa@anorods at 170C for 72 h; (c) SEM image and (d) XRD pattern of the BggMng sO; nanorods
at 200°C for 48 h.

KOH = 51.5:48.5) was placed in a 25 mL covered Teflon of the BaMnQ sample at 170C for 72 h is shown in Figure
vessel. (2) A mixture of anhydrous BaCind MnQ at 0.5 1a, exhibiting nanorods with a thickness of-280 nm, width
mmol each was used as the raw material for reaction. (3) Theof 50—-100 nm, and length of 6661000 nm. The X-ray
raw material was placed on the top of the hydroxide in the diffraction (XRD) pattern in Figure 1b shows that the product
vessel. The vessel was put in a furnace, which was preheateds hexagonal BaMn@with lattice constants o& = 5.699 A

to 170-200 °C. (4) After the hydroxides were totally molten, andc = 4.817 A (JCPDS-26016®6s/mmc(194)). When 50%
the molten hydroxide solution was stirred by a platinum bar or of atoms at the Mn sites in barium manganite are substi-
by shaking the covered vessel to ensure uniformly mixed tuted by Ti, BaT$sMng sOs is received. A SEM image of the
reactants. (5) After reacting for 24.20 h, the vessel was taken  BaTipsMnosO3 at 200 °C for 48 h is shown in Figure 1c,
out and cooled to room temperature. The solid product was displaying the products are elliptical nhanorods-30 nm in
dissolved by deionized water. The product was filtered and width, 20 nm in thickness, and 1600 nm in length. XRD
washed by first deionized water and then hot water to remove measurement shows that the crystalline structure of the material
hydroxide on the surface of the particles. The synthesized is the same as BaMn@n Figure 1d, but the counterpart peaks
product was received. For the synthesis of the BgWlin120s3, are negatively shifted due to the fact that the effective ionic
all of the synthesis procedures are the same as those stated abovadius of Ti (60.5 pm) is bigger than that of Mn (53 pf)lhe
except replacing the raw materials in step 2. A mixture of BaCl crystal planes become bigger when Ti with a bigger effective
MnO,, and TiG at 0.422, 0.221, and 0.221 mmol, respectively, ionic radii is substituted for Mn.

was used as the raw material for the synthesis of the The TEM images in Figure 2 further investigate the
BaTiyzMn120s. details of BaMn@ at 200°C for 120 h. The morphology of
Scanning electron microscopy (FE-SEM) (field emission BaMnO; is clearly shown in Figure 2a. EDS proved that
LEO1530) and transmission electron microscopy (TEM) were there are only three types of elements, Ba, Mn, and O, in the
used to characterize the morphology and the size of the as-sample, as shown in Figure 2b. The Si signal came from the
synthesized samples. A Philips X-ray diffractometer and energy- TEM grid. The electronic diffraction pattern of a single nano-
dispersive X-ray spectroscopy (EDS) were used to investigaterod and high-resolution transmission electron microscopy
the chemical composition. The structure detail of the manganites(HRTEM) (Figure 2e-€) show that the nanorods are single
was characterized using a Hitachi HF-2000 high-resolution crystals with the flat plane of (100) and the growth direction of
transmission electron microscope (FEG). We used an Axiovert [001].
S100 (Zeiss) fluorescent microscope, equipped with a 100 W Figure 3a shows that the morphology of BgdWing=Os

mercury lamp. The photoluminescence is measured by a SI:)Exsynthesized at 20TC for 48 h is different from that of BaMn©

Fluorolog-2 spectrofluorometer. and BaTiQ (ref 30). EDS shows the atomic ratio of Mn to Ti

is close to 1.0 in Figure 3b. The electronic diffraction pattern

of a single nanorod and HRTEM show that each nanorod is a
The morphology and the chemical composition of the as- single crystal (Figure 2ee) with the flat plane of (010) and

synthesized samples are characterized in Figure 1. A SEM imagethe growth direction of [101].

3. Results and Discussion
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- - - - Figure 4. TEM images of BaMn@® grown at different times and
011 001 011 temperatures: (a) at 200@ for 24 h; (b) at 200°C for 120 h; (c) at
& 170°C for 72 h; (d) at 200°C for 120 h, adding 1 mL of water.

Figure 2. TEM images of BaMn@at 200°C for 120 h. (a) TEM water at a temperature of 20Q for 120 h of growth, displaying
image and (b) EDS spectrum showing the presence of Ba, Mn, and O.the particle shape with a diameter of 50 nm. It demonstrates
The Si signal came from the TEM grid. (c) An elected nanorod and its that the composite-hydroxide-mediated route is more suitable
ﬁif;ﬁ?%tﬁgcv&agﬁgt?g: c()?[(')'(')FﬂEM image showing a single crystal to one-dimensional nanostructure than hydrothermal synthe_sis.
From the above experimental results, a possible reaction

mechanism for the synthesis of BaMn@nd BaTpsMng 503
in hydroxide solution is suggested as the following. Although
the molting points of both pure sodium hydroxide and potassium
hydroxide are over 30€C, T, = 323°C for NaOH andT, =
360 °C for KOH, the eutectic point at NaOH/KOH: 51.5:
48.5 is only about 165C (see ref 30). This is likely the key
for synthesizing the manganites-a200 °C or lower. During
the reaction process, hydroxides play a role not only as a solvent
but also as a reactant for decreasing the reaction temperature.
In the molten hydroxide, Mn@reacts with NaOH/KOH and
forms hydroxide-soluble N&nO3/K,;MnO3. To simplify the
expression for chemical reactions here, we only include NaOH
in the formula for simplicity.

The mechanism about the formation of BaMyi®described
as the following:

BaCl, + NaOH— Ba(OH), + 2NaCl ©)

MnO, + 2NaOH— Na,MnO; + H,0O (8

and

Figure 3. TEM images of the BaBisMno sO; nanorods at 200C for
48 h: (a) TEM image of the BagiMno 503 nanorods; (b) EDS showing Ba(OH), + Na,MnO, — BaMnQ, + 2NaOH 9)
the presence of Ba, Ti, Mn, and O; (c) a single nanostructure and (d)
its electron diffraction pattern as well as its (¢) HRTEM image showing
a single crystal with the growth direction of [101].

For Ba(TikMn1—4)Og,

The shape and length of BaMp®@anorods can be easily XTIO, + (1 =>)Mn0, + 2NaOH—'>
adjusted by varying the reaction conditions, such as heating Nay(Ti,Mn,_,)O; + H,O (10)
temperature and/or heating time, during the synthesis process,
as is shown in Figure 4. The nanorods have a width of 30 nm and
and a length of less than 100 nm when we synthesize them at .
200°C for 24 h (Figure 4a). However, the length can be greatly Ba(OH), + Na,(Ti,Mn,_,)0; —~
increased when we prolong the growth time under the same Ba(TiMn,_)O; + 2NaOH (11)
temperature, as is shown in Figure 4b, exhibiting a length of
200—-400 nm for 120 h of growth. However, both the length Because the viscosity of hydroxide is large, the formation of
and width can be enlarged when the growth temperature is BaMnO; and BaTpsMng sO3 nanostructures is slow and it is
lowered, and the width and length can reach-%00 and 606 not easy for the nanostructures to agglomerate. This is likely
1000 nm, respectively, at 170 for 72 h (Figure 4c). More  the key for receiving dispersive single-crystalline nanostructures
interesting, the shape can be changed when we add 1 mL ofduring the reaction without using a surface capping material.
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Figure 6. (a) Magnified bright and (b) fluorescence images as well
as (c) the photoluminescence spectrum under an excitation wav
length of 350 nm for the Ba§§Mng 503 hanorods grown at 20TC for

48 h.

The hydroxides mediate the reaction, but they are not part of

the final nanostructures.

To investigate the electrical properties of BaMyr@norods,
we built the film by dispersing BaMn©nanorods in ethanol
and casting it onto the Si wafel—V and relative resistance

resistance versus temperature plot (c) for the sample of BatMn@rods

relative resistance versus temperature plot from 4 to 250 K for
the BaMnQ sample is given in Figure 5c. The big peak can be

seen at 58 K from the plot, which indicates the phase transition
happened at this temperatdfe.

It is known that BaTg sMno sOs is a high dielectric materiéd
and BaMnQ is not a luminescent material. However, our
photoluminescent experiment demonstrates that when half
of the atoms at the Mn sites in BaMg@re substituted by
the transition metal Ti, Ba§sMng 503 nanorods can possess
a very good photoluminescent property. Figure 6 shows 40
magnified bright (a) and fluorescence (b) images of
BaTip sMng 503 hanorods, exhibiting clearly green fluorescence
from BaTipsMnesO3 nanorods. To further understand the
fluorescence property, we measured the photoluminescence
spectrum in Figure 6¢c under an excitation wavelength of 350
nm. There are two emission wavelengths from the photolumi-
nescence spectrum: one is around 465 nm, and the other is
around 593 nm. The green fluorescence in Figure 5b comes
from an emission wavelength of 593 nm in the photolumines-
. cence spectrum.
4. Conclusions

Single-crystalline nanorods of barium manganite (BaMnO
and barium titanium manganite (BakMn1,03) have been
successfully synthesized by using the composite-hydroxide-
mediated approach. The size and shape can be easily manipu-
lated by adjusting the growth time and temperature or adding a

versus temperature measurement has been carried out for thémall amount of water in the process of synthesis. This is very

sample grown at 200C for 120 h. Figure 5 showis-V curves

of the BaMnQ sample at room temperature (a) and 4 K
(b).There are small differences for the BaMy®ample at room
temperature and 4 K, indicating the phases of BaMaO4 K
(P6scm; a = 9.8467,c = 4.8075) are different from those at
room temperatureRGs/mmg a = 5.6991,c = 4.1848)%2 A

important for detailed investigations of size effects on nano-
manganites and realization of nanodevices. Resistance measure-
ment shows that a phase transition happened at 58 K on
BaMnGs. The photoluminescence spectrum of BaMn,03
presents two emission peaks at wavelengths of 465 and 593
nm, corresponding to blue and green fluorescence.
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