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Ternary and quaternary transition metal oxides, which offer a wide variety of important physical
properties, are traditionally synthesized using high-temperature reactions that often require several days
of heating. A new nanopatrticle-directed approach for the rapid low-temperature synthesis of nanocrystalline
bulk-scale ternary and quaternary transition metal oxides has been developed. Readily available metal
oxide nanoparticles can serve as a robust toolkit of highly reactive reagents, which can be mixed in
solution in known ratios to form nanomodulated precursors and rapidly transformed, at relatively low
temperatures, into more complex oxides. This approach is initially demonstrated for pyrochlore-type
Y,Ti,O7 and EuyTi,O; using XRD, DSC, and TEM to monitor the reaction. A nanocomposite &;Y
and TiG, nanoparticles transforms into nanocrystallingl ¥O; within 2 h of heating to 700°C, and
EwTi,O; forms within 2 h of heating a nanocomposite of g and TiQ, nanoparticles to 800C.

NiTiO3, CoTiO;, Bi,CuQ,, and BsFeTiO;5 can also be synthesized.

Introduction a particular strength, and often the synthesis of new
functional materials is driven by their use.

Here, we present a new nanopatrticle-directed approach for
the rapid low-temperature synthesis of bulk-scale ternary and
guaternary transition metal oxides. Our strategy is based on
the idea that readily available binary oxide nanoparticles can
is critical for ensuring optimal performance. These oxides serve as a robust toolkit of reactants that can be combined

are traditionally synthesized using high-temperature reactions!”" Known ratios to form nanocomposites and then thermally

that often require several days of heating because solid ransformed rapidly and at low temperatures into a pre-
solid diffusion is the rate-limiting step in their formation. d€signed product phase. Since sefélid diffusion is the

As a result, the phases that form are generally thermo- rate-limiting step in traditional solid-state reactions, this
dynamically, stable. and there is little control over the alternative approach succeeds because it effectively reduces

morphology or the kinetics of phase formation. Alternative diffusion distances to the nanometer scale and allows

methods exist for synthesizing metal oxides at low temper- reactions to oceur much more quickly at relatively Ic_)W
atures, including coprecipitatidrhydrothermal synthesfs, temperatures. This synthetic strategy employs much milder

topochemical reactiorfsand the sofgel procesd? and they conditions than are required for traditional approaches,
are generally successful at yielding simple oxides with some including water-based mixing of the solid-state precursors

control over structure, morphology, and processability. Each 21d heating temperatures that are often-4b00 °C lower

of these alternative low-temperature synthetic methods hasthan necessary for conventional high-temperature routes. This
approach was originally developed for the low-temperature
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this approach has the potential to be general for a wide rangedifferent nanoparticles as precursors: ;EeO; (800 °C, 2 h),
of complex systems. As an alternative to other approachesNiTiOs (700°C, 1 h), CoTiQ (700°C, 2 h), B,CuQ, (500°C, 2
for forming mixed-metal oxides, this strategy may offer ). and BiFeTiOss (700 °C, 2 h). Note that, for the BCUQ,
different types of control over particle size, morphology, and System, the G40 nanoparticles oxidize to CuO upon heating, so

materials processing capabilities, as well as the ability to

access multi-metal oxides at low temperatures without the
need for first generating complex molecular precursors or

utilizing reaction conditions that are highly sensitive to pH,
chemical environment, or elemental composition and stoi-
chiometry.

Experimental Section

Synthesis of Nanoparticle Precursors (¥Os, Eu,O3, TiOo,
NiO, Cu,0, Bi,0O3, F&03). To synthesize nanoparticles 0653,
Ew0s;, NIO, CoO, and CyO, the appropriate metal salts were
dissolved in 15 mL of NANOpure water (18.2®) along with
100 mg of poly(vinyl pyrrolidone) (PVP, MW= 40000). The metal
salts and their amounts were YA@:0,)3-4H,0 (24.0 mg, 0.0710
mmol), Eu(NQ)3;-6H,0 (34.0 mg, 0.0762 mmol), Ni(E1;0,),*
xH;0 (21.5 mg, 0.08166 mmol, accounting for the exact number
of waters of hydration determined by TGA analysis in air), GoCl
6H,0 (18.9 mg, 0.0794 mmol), Cufl30,),°H,0 (19.0 mg, 0.0952
mmol), and FeGt6H,0 (20.3 mg, 0.0751 mmol). NaBH10 mg,
0.2645 mmol) was then added to the metal salt solutions with
stirring to initially form reduced metal nanoparticles, and stirring
was allowed to continue for 3660 min in air to oxidize the particles
(CoO required 3-4 h of stirring). (For ¥+ and E&", which are
not reducible by NaBk] this process facilitated precipitation of

the metal salt ratios were based on the final CuO product that is

stable at the final heating temperature. XRD patterns for the

nanoparticle precursors, both as-synthesized and after heating to
500 °C, are shown in the Supporting Information.

Characterization Details. Powder X-ray diffraction (XRD) data
were collected using a Bruker GADDS three-circle X-ray diffrac-
tometer (Cu Kx radiation, 40 mV, 40 mA) using microdiffraction
powder technique®. The large background at low angles is due to
air scattering because the beam size is larger than the sample for
the microdiffraction experiment8.Transmission electron micros-
copy (TEM) images, energy-dispersive X-ray spectroscopy (EDS),
and selected area diffraction (SAED) patterns were collected on a
JEOL 2010 TEM operating at 200 kV. Samples were prepared by
re-suspending the isolated and cleaned nanopatrticles in ethanol and
dropping the solution on a carbon-coated Cu or Ni grid (chosen to
avoid EDS interference with constituent elements in the samples).
Differential scanning calorimetry (DSC) data were collected on a
TA Instruments Q600 SDT under flowing air at a heating rate of
10 °C/min. Elemental analysis for C, H, and N (CHN analysis)
was performed by Atlantic Microlabs (Norcross, GA).

Results and Discussion

As an initial demonstration of the applicability of the
nanoparticle precursor route to multi-metal oxides, we

the oxide without reduction.) The solutions were centrifuged at focused on pyrochlore-typeYi-O;. Titanate pyrochlores
13000 rpm, and the precipitated oxides were washed several times2€ important oxides with properties that include geometric
with ethanol and dried under ambient conditions. To synthesize magnetic frustratiolt and highT. ferroelectricity? and Y-
TiO, nanoparticles, titanium isopropoxide (2.0 mL, 0.0351 M in Ti,O7 in particular shows ionic conductivity when ap-

2-propanol) was added dropwise to 20 mL gfHand 100 mg of
PVP to initiate the hydrolysis reaction, forming TiO he solution
was stirred for 1530 min and then centrifuged at 13000 rpm. To
synthesize BiO; nanoparticles (based on ref 14), Bi(R)e5H,0
(1.66 g) was dissolved in 50 mL of diethylene glycol with
sonication. NaOH (1 mL, 0.1 M) was then added, and the solution
was heated to 140C for 1 h prior to raising the temperature to
180°C for 2 h. The solution was then cooled to room temperature,
and the BiO; hanopatrticles were isolated by centrifugation at 13000

propriately doped’ Y,Ti,O; is traditionally synthesized by
heating mechanically mixed powders 0fQ% and TiG, to
temperatures above 120@ for 1-3 days*® Alternative
methods for synthesizing,Yi,07*° 2! have yielded products
that either contain significant amounts of organic residue,
are limited to thin films, or require long reaction times to
yield a phase-pure product. With use of our nanoparticle-
directed strategy, bulk-scale,¥i,O; can be formed within

rpm. The precipitated oxides were washed several times with 2 h of heating at 700C.

ethanol and dried under ambient conditions.

Formation of Nanocomposites and Conversion into Oxide
Products. Y,Ti,O; was formed using two procedures. First,
approximately 5.6 mg of ¥O3; and approximately 8.0 mg of TiO

Figure 1la shows powder XRD data forQ5 and TiQ
nanopatrticles stabilized by poly(vinyl pyrrolidone) (PVP) that
were synthesized using standard solution techniques. The
Y.03 and TiQ, nanoparticles appear to be amorphous as

nanoparticle powders (as-synthesized in solution) were re-dispersedsynthesized at room tempertaure, but upon annealing them

in 40 mL of H,O and stirred for 30 min, and the precipitateQé:
TiO, nanocomposite) was isolated by centrifugation. In a slight
modification of this procedure, YX03:TiO, nanocomposites could

to 500 °C, they crystallize to form phase-pure cubigO§

also be accessed by adding titanium isopropoxide (2.0 mL, 0.0351(15) (&) Bhuvanesh, N. S. P.; Reibenspies, J.tAppl. Crystallogr2003

M in 2-propanol) to the as-synthesized®; nanoparticle solution,
essentially forming Ti@ nanoparticles in situ in the presence of
Y03 nanoparticles. TEM analysis confirmed the presence of a
Y,03:TiO, nanoparticle composite identical to the one formed by
physically mixing Y05 and TiG; nanoparticles. In both cases, the

nanocomposite was heated in air to temperatures between 500 and

1000°C for time intervals of 30 min to 6 h. Optimal heating time
for accessing pyrochlore-type,Yi,O; was 700°C for 2 h. Both
synthetic approaches yielded,M,O;. The other phases were
synthesized in an identical manner teT¥,O; (both methods), using

(14) Feldmann, CJ. Mater. Res200Q 15, 2244-2248.
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Nucl. Instrum. Methods B00Q 169, 135-140. (b) Hayward, M. A.
Chem. Mater2005 17, 670-675.
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Figure 1. (a) Powder XRD patterns for 205 and TiQ nanoparticles, a

1:2 Y,03:TiO2 nanocomposite, and the nanocomposite heated to°C00

for 2 h toform pyrochlore-type ¥Ti,O7 (top XRD pattern). The simulated
XRD pattern for Y%:TiO7, based on PDF card #42-0413, is shown for
comparison. (b) For comparison, analogous XRD data for bulk-scale
(micrometer-size) samples of,®s;, TiOz, a mechanically mixed YO3—

TiO2 sample, and the 1:203:TiO, mixture heated to 700C for 4 h. No
appreciable reaction is observed under similar heating conditions to those
used in (1).

20 nn
and anatase Tifas expected (see Supporting Information). Figure 2. TEM micrographs of (a) ¥Os nanoparticles, (b) Ti@nano-
When re-dispersed in water in a 1:1 molar ratio ¥ particles, and (c) the X0s:TiO, nanocomposite showing components

Tio ite f d initat t of soluti consistent with both ¥O3 and TiQ,. An enlargement of the region marked
102, & NnanoComMpOosIte T1orms and precipitates out of solution. by a box in (c) is shown in (d), and it matches the spongelike structure

The initial mass is not all recovered, indicating that the observed for Ti@ nanoparticles. SAED patterns for the®% and TiQ,
nanocomposite formation is not quantitative, although, in nanoparticles are shown as insets in (a) and (b), and the SAED pattern for

. . . . the nanocomposite is shown in (e).
most cases, the nominal ratio of nanoparticles mixed together P ©

agrees well with the actual composition of the precipitated view of the TiQ region is shown in Figure 2d). EDS

nanocomposite (quantitative data for each system are givenCorncirms the presence of both Ti and Y in a 1.0:1.1 ratio
in the text that follows). In most cases, the individual ’

and the SAED pattern (Figure 2e) shows primarily the

nanoparticles will precipitate out of solution over time, diffraction pattern expected for ;0s, with extra diffuse
regardless of whether they have been mixed with other types

of nanoparticles. We speculate that the solution mixing,
combined with known interactions of polymers in solution,
homogenizes the nanoparticles, effectively mixing them at
the 10-100 nm scale and allowing them to coprecipitate in
a reasonably homogeneous fashion. The precipitated nano
composite was found by EDS analysis to have an average
Y:Ti stoichiometry of 1.1:1.0, which is close to that of the
relative ratios of the ¥O3; and TiG, nanoparticles in solution.
In addition, TGA analysis in air indicates that the nano-
composite contains 250 wt % PVP. The XRD pattern In contrast to the nanoparticle-directed synthesis gf Y
(Figure 1a) for the ¥YOsTiO, nanocomposite has broad Ti207 which yields a crystalline pyrochlore phase at tem-
peaks that generally match those expected for a mixture ofPeratures as low as 70C, the traditional high-temperature
amorphous YO; and TiO. ceramic method is virtually unreactive at these temperatures.
Figure 2 shows transmission electron microscopy (TEM) Figure 1b shows powder XRD data for micrometer-scale
images of the nanoparticles and nanocomposite. Ti@ Y  Y20sand TiQ, powders, as well as the 1:1 physical mixture
system (Figure 2a) appears as a network of irregularly shaped®f Y20z and TiG.. When the mixture of micrometer-scale
nanoparticles with diameters that range from 5 to 15 nm. Y20s and TiQ, powders are heated to 70C for several
The selected-area electron diffraction (SAED) pattern (Figure hours, no reaction is detected (Figure 1b). This clearly shows
2a, inset) is very diffuse, which is consistent with the broad the enhanced reactivity afforded by the nanoparticle precur-
XRD pattern and indicates an amorphous structure. The TiO SOrS, which decrease diffusion distances by several orders
nanopartideS, shown in Figure 2D, genera”y form |argef 20 of magnitude and Virtually eliminate soficsolid diffusion
50 nm blocks which, upon closer inspection, are comprised as the rate-limiting step.
of 1-3 nm particles. The SAED pattern is almost featureless, Similarly, phase-pure pyrochlore-type HivO; can be
also indicating an amorphous structure. TheO¥TiO, prepared by heating a composite of .,y and TiQ
nanocomposite (Figure 2c) formed in solution from the nanoparticles (1.0:1.1 average Eu:Ti stiochiometry according
aggregation of the PVP-stabilized,®; and TiGQ, nano- to EDS analysis) to 808C for 2 h (Figure 4a). Interestingly,
particles shows a mixture of the interconnectedOy the differential scanning calorimetry (DSC) trace for the
nanoparticles and the spongelike Ti@noparticles (enlarged EwO3:TiO, nanocomposite (Figure 4b) shows an exotherm

intensity like that observed for TiO

When the nanocomposite is heated to 7@0for 2 h in

air, the resulting XRD pattern (Figure 1a) matches that
expected for pyrochlore-type,Yi,O; (PDF card #42-0413).
The resulting powder (Figure 3) is nanocrystalline, with-50
100 nm grains. Importantly, elemental analysis for carbon,
hydrogen, and nitrogen indicates that 100% of the polymer
residue is removed (via oxidation) during the heating process,
leaving a product that is free of organic impurities.
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Figure 5. Powder XRD patterns and simulated XRD data for ColiO
(CoO:TiG; nanoparticle composite, 700C, 2 h), NiTiO; (NiO:TiO;
nanoparticle composite, 70C, 1 h), and BiCuO, (Bi»O3:CuO nanoparticle
composite, 500C, 2 h).

this exotherm in our samples is further evidence of solution-
mediated nanocomposite formation and its role in supporting
rapid thermal interdiffusion of the reagents to nucleatg Eu
Ti207 and YzTi207.

In addition to Y;Ti,O7 and EuTi,O;, other ternary oxides
can be accessed using this method. For example, Figure 5
shows the XRD pattern for ilmenite-type NiTi@hat was
synthesized from a composite containing nanopatrticles of
NiO and TiG,. NiTiOs is typically synthesized at 1060
1400°C 2 and while a few lower temperature methods have
been reporteé they generally contain significant amounts

: : of impurities. Here, we accessed phase-pure NiTH®

- - ot <, 2, & 2. 4 4 heating a NiO:TiQ nanocomposite to 700C for 1 h.
Figure 3. (a) SEM micrographs (three magnifications of the same sample) lImenite-type CoTiQ can also be synthesized by heating a
for nanocrystalline pyrochlore-type,Yi,O; powder prepared by heatinga  CoO:TiO, nanocomposite (1.0:1.1 ratio of Co:Ti according

1:2 Y,03:TiO, nanocomposite to 700C for 2 h and (b) SEM micrographs : : - :
of nanocrystalline BICuO, powder synthesized from nanoparticles of@j to EDS analySIS) to 708C for 2 h. Likewise, BiCuQ: can

and CyO (oxidized in situ to CuO). be formed as low as 50 (2 h) from a composite of GO
_ and BpO; nanoparticles. (Recall that the £unanopatrticles
(a) g (b) oxidize to CuO when heated to 50C.) The powders also
0 5 0 remain nanocrystalline (Figure 3b), as observed foiriXO;
< § 5] using the same synthetic strategy. It appears that this
g E approach is general for a variety of ternary oxide systems.
< z 107 Furthermore, by forming a nanocomposite of@j, FeOs,
2 o ] . . . . s
@ = 45 and TiG, nanoparticles mediated by solution-phase mixing,
g §_2&5 the guaternary oxide BfreTiO;s24 can be formed. Aurivil-
= ] lius-type BiFeTO1s5 Which is both ferroelectric and anti-
-2.2’ ferromagnetié* forms upon heating the three-component

UL U IR SARBS SRR SRS SN
20 30 40 50 60 70 80 90 00 500 600 700 800 900 : .
2-Theta (degrees) Temperature ( C) nanocomposite to 700C for 2h (Figure 6). The thr_ee-_
Figure 4. (a) XRD pattern for the pyrochlore-type Hii,O7 product formed component nanocomposne was found _tO hav_e Bi:Fe:Tiratios
by heating a E403:TiO, nanocomposite to 808C for 1 h. The simulated of 3.3:1.0:1.8 according to EDS analysis, which corresponds

XRI% pat(t)ern is shown for con;]parison. (b) DSE trace (in a;r‘)go;] a 12 to an average composition ofg3Fe 7Tis 015 when normal-
EwOs:TiO, nanocomposite, showing an exotherm near that . - P P - .
corresponds to the crystallization of pyrochlore-type B0, |2(_ad to Ti. Considering the mhgrent error in the ED_S a_naIyS|s,
this agrees reasonably well with the expected stoichiometry,
although it may suggest that some exces®©Band FgOs;

at 765°C. (The Y,05TiO, nanocomposite shows similar remains amorphous and unreacted or incorporates as inter-

features.) Previous calorimetry studies of ball-milled,RE
T|207_(RE = rare earth) attribute this <_axotherm t_o_ atomic (22) Lerch, M.: Boysen, H.. Neder, R.. Frey, F. Laqua,J\Phys. Chem.
ordering that forms the pyrochlore latti€eFor traditional Solids1992 53, 1153-1156.

bulk powders, this feature is not observed because diffusion(23) Taylor, D. J.; Fleig. P. F.; Page, R. Ahin Solid Films2002 408

is not complete on the time scale of the calorimetry (24) (q) Singh, R. S.; Bhimasankaram, T.; Kumar, G. S.; Suryanarayana,
experiment. However, RBs:TiO, powders that are broken g V. Solid StateS %omeum%é gl, K567—56“3. J(JIbF))hSrlng/aséj A,

. . . . ) uryanarayana, S. V.; Kumar, G. S.; Kumar, M. ys. Condens
into smaller pieces and homogenized by extensive mechan Maiter 1999 11, 3335-3340. (c) Srinivas, A.; Kim, D.W.: Hong.

ical milling show similar exotherm¥. Thus, observation of K. S.; Suryanarayana, S. Wlater. Res. Bull2004 39, 55-61.
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processing applications, control of nanocrystalline morphol-
ogy, and careful studies of diffusion and nucleation events
in nanoscale oxide materials. Accordingly, in analogy to our
previous work with alloys and intermetallic compourié?
it may prove possible to study reaction pathways, separate
diffusion and nucleation events, template nanostructured
materials using solution infiltration routes, and synthesize
A Y Rl a( el sesthuhdnrmsiorst new and metastable phases in bulk-scale oxide systems using
A S U LU this approach. Modifications to this approach may also

20 30 40 50 60 70 80 90 SRR . >
2-Theta (degrees) provide insight into the size dependence of crystallization

Figure 6. Powder XRD pattern and simulated XRD data for Aurivillius- tempera_tures for complex oxides, Careﬂ_j”y tunlng _the
type BsFeTO;s synthesized by heating aflsFe,05:TiO, nanocomposite ~ COMposite homogeneity from nearly atomic-level mixing
to 700°C for 2 h. (e.g., coprecipitation) to the micrometer-scale mixing of

) __traditional ceramic samples since many of the nanoparticle
growths in the layered structure, or that some of the,TiO recursors can be made as size-controlled nanocrystals with
remains in solution and does not precipitate. Regardless, thejimensjons that span several orders of magnita@ally,
low-temperature formation of Aurivillius-type BteTkO1s this work demonstrates that the same synthetic concept can
is in contrast to the traditional synthesis of this phase, which pe applied to both oxides and reduced multi-metallic
requires heating to 1(_)50:.24 Thus, in addition to ternary  compounds and suggests that this strategy may be general
oxides, quaternary oxides can be formed using this method.for many other classes of solid-state materials.
This suggests that a variety of compositionally and structur-

ally CompIeX oxides could be formed as nanocrysta"ine Ad(now]edgment_ This work was Supported by start-up

Intensity (arb. units)
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