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Abstract: The syntheses of inorganic materials by biological systems is characterized by processes that
occur close to ambient temperatures, pressures, and neutral pH, as is exemplified by biosilicification and
biomineralization processes in nature. Conversely, laboratory-based syntheses of oxide materials often
require extremes of temperature and pressure. We have shown here the extracellular, room-temperature
biosynthesis of 4—5 nm ternary oxide nanoparticles such as barium titanate (BT) using a fungus-mediated
approach. The tetragonality as well as a lowered Curie transition temperature in sub-10 nm particles was
established, and the ferroelectricity in these particles was shown using Kelvin probe microscopy.

Introduction Recently, BT particles of 612 nm dimensions have been
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at room temperature. Most of the syntheses studies on BT thusof crude enzymes secreted by the plant pathogenic fungus
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F. oxysporunresulted in the RT synthesis of nanocrystalline (angle between electron emission direction and surface plane)
BT of 4—5 nm average size. These BT nanoparticles are of 60°. The core-level spectra were background corrected using
ferroelectric and exhibit well-defined ferroelectriparaelectric the Shirley algorithn?/ and the chemically distinct species were
transition at room temperature. The ferroelectric behavior of resolved using a nonlinear least-squares fitting procedure. The
the BT nanoparticles of such small dimensions has also beencore-level binding energies (BEs) were aligned with the adventi-
demonstrated using surface potential (Kelvin-probe) microscopy. tious carbon binding energy of 285 eV.

Differential scanning calorimentry (DSC) measurements of
powders of as-synthesized and calcined BT nanopatrticles were
The plant pathogenic funguBusarium oxysporumwas carried out on DSC-Q10 V9.0-275 instrument under nitrogen

cultured as described elsewhéfeThe fungal mycelia was  environment from 25 to 256C. For dielectric measurements,
inoculated in a 500-mL Erlenmeyer flask containing 100 mL various percentages (0%, 2%, 10%, and 33% w/w) of calcined
of MGYP medium and incubated for 72 h under shaking BT nanoparticles were dispersed in PMMA/chlorobenzene
conditions (200 rpm) at 27C. After incubation, the fungal  mixture and drop-casted onto glass substrates in the form of
mycelia were harvested and washed thoroughly under sterilefilms. The solvent (chlorobenzene) was evaporated under
conditions. Twenty grams (wet weight) of the fungal biomass vacuum, and the dried films were peeled off the glass substrate
was then resuspended in 100 mL of aqueous solution containingwhich were later cut into dimensions of 1 cm 1 cm. The

a mixture of 108 M (CH3COO)Ba and 102 M K ;TiFg (Sigma- frequency and temperature-dependent dielectric response of
Aldrich Co., U.S.A)) in 500-mL Erlenmeyer flasks that were these films were measured using a computer-controlled Solartron
kept on a shaker (200 rpm) at 2. Barium acetate was chosen 1260 impedance analyzer.

as a source for Ba ions since the acetate ions will act as energy ~ Tapping mode surface potential microscopy (SPM) imaging
source for the fungus and will be utilized during the fungal of BT particles was performed using a NanoScope IV Multi-
metabolism. Potassium hexafluorotitanate was chosen as amode scanning probe microscope by VEECO Inc. For sample
source for Tik?~ ions, which has been previously demonstrated preparation, calcined BT nanoparticles dispersed in water were
by some of us to synthesize Ti@anoparticles in the presence drop-coated directly onto AFM metallic packs mounted on a
of fungi?? The reaction between the fungal biomass and the 6399e-piezoscanner (106n). For SPM imaging, 12&m long

Ba2t and TiR?2~ ions was carried out for a period of 24 h. The metal-coated etched silicon probes were used. Topography,
biotransformed product was collected at the end of the reaction phase, and potential images were collected in the tapping mode
by separating the fungal mycelia from the agueous extract at a scanning frequency of 1 Hz.

through filtration. The barium titanate particles were precipitated . .

by centrifugation at 10,000 rpm for 30 min after repeated Results and Discussion

washings with distilled water in order to remove the fungal A representative TEM image of the BT nanoparticles obtained
extracellular proteins, unbound to BT particles. The BT particles from the fungusF. oxysporumis shown in Figure 1A. The
were dried in air to form powder, and the powder was calcined particles are of irregular quasi-spherical morphology with an
at 400°C for 2 h in order to degrade the proteins occluded average size of 4 1 nm. The SAED analysis of the particle
within the particles aggregates during their synthesis. assemblies (inset, Figure 1A) clearly indicates that they are
The samples for transmission electron microscopy (TEM) and crystalline and the pattern could be indexed based on the
selected area electron diffraction (SAED) were prepared by drop tetragonal phase of barium titandfeFigure 1B shows a
coating onto a carbon-coated copper grid. SAED and TEM were representative TEM image of the BT nanoparticles after
performed on a JEOL 1200 EX instrument operated at an calcination at 400C for 2 h. Calcination of as-synthesized BT
accelerating voltage of 120 kV while high-resolution TEM (HR-  powder results in about 50% weight loss (up to 40) due to
TEM) was performed on a JEOL JEM-2010 UHR instrument decomposition of particle-bound biomacromolecules, as is
operated at a lattice image resolution of 0.14 nm. X-ray evident from thermogravimetric analysis (TGA, curve 1, Sup-
diffraction (XRD) measurements of films of the BT solutions porting Information S1). After calcination, the BT nanoparticles
drop-coated on glass substrates, were carried out on a Phillipshbecome fairly regular in shape, with a slight increase in size
PW 1830 instrument operated at a voltage of 40 kV and a currentranging from 4-8 nm (Figure 1B). The SAED pattern of these
of 30 mA with Cu Ko radiation. The high-temperature wide- particles indicates that they are also of the tetragonal phase
angle XRD (WAXD) measurements of BT powders were (inset, Figure 1B¥® Panels C and D of Figure 1 show HR-
performed at 156C using RigakiDmax 2500 wide-angle powder  TEM images of calcined BT nanoparticles; the lattice planes
diffractometer with a diffracted beam graphite monochromator exhibit a spacing 0f2.88 A (Figure 1C, (110) lattice planes)
on a rotating anode generator with a Cu target. and~2.35 A (Figure 1D, (111) lattice planes) of tetragonal BT.
A chemical analysis of BT nanoparticles was performed by The previously reported lattice spacings for (110) and (111)
X-ray photoemission spectroscopy (XPS). XPS measurementslattice planes of bulk tetragonal BT correspond to 2.83 A and
were carried out on the BT films cast on the Cu strips using a 2.31 A, respectively. The slight reduction in d-spacings in the
VG MicroTech ESCA 3000 instrument at a pressgiex 107° biologically synthesized nanoparticles may be due to the lattice
Torr and overall resolution of 1 eV. The general scan and Ba expansior?® We note that the particle shown in Figure 1C
3d, Ti 2p, and N 1s core-level spectra were recorded with consists of a narrow twin boundary region. The fact that the
nonmonochromatized Mg & radiation (photon energy=
1253.6 eV) at a pass energy of 50 eV and electron takeoff angle(27) Shirley, D. A.Phys. Re. B 1972 5, 4709.
(28) Takeuchi, T.; Tabuchi, M.; Ado, K.; Honjo, K.; Nakamura, O.; Kageyama,
H.; Suyama, Y.; Ohtori, N.; Nagasawa, Nl. Mater. Sci.1997, 32, 4053.

(26) Mukherjee, P.; Senapati, S.; Mandal, D.; Ahmad, A.; Khan, M. |.; Kumar (29) Tsunekawa, S.; Ito, S.; Mori, T.; Ishikawa, K.; Li, Z. Q.; Kawazoe, Y.
R.; Sastry, M.ChemBioChen2002 3, 461. Phys. Re. B 200Q 62, 3065.
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S| M Tun 1|l.m Figure 2. XPS data showing the Ba 3d (A and B), Ti 2p (C and D), and
> n l A 2| 2 200 N 1s (E and F) core-level spectra recorded from as-synthesized (upper row)
D oA I~ 5 2 and calcined BT nanoparticles (lower row). The chemically resolved
c h l A 3| € 002 components are shown as solid lines in the figure and are discussed in the
2 A A 2 text.
c oo 1| i, 0 o] g[1
5 5 5 75 436 444 452 .
® * 2‘6 (Degrsee} ® s 20 (Degree) (002)/(200) Bragg reflections was performed at a slower scan

) . ) ) rate of 0.25 deg/min. The XRD peak profiles in two cases were
Figure 1. (A and B) TEM micrographs of BT nanoparticles synthesized fitted with L . . d he (002 d
usingF. oxysporunbefore (A) and after (B) calcination at 40C for 2 h. itted with Lorentzian curves in order to se.parate the ( )an
The insets in A and B are SAED patterns recorded from representative BT (200) components. The XRD pattern obtained at room temper-
particles. (C and D) HR-TEM images of BT nanoparticles after calcination. ature (curve 1, Figure 1F) showed the presence of an asymmetric
(E) XRD patterns of as-synthesized BT nanoparticles (curve 1), after peak (002)/(200) around€ = 45° which confirms tetragonal
calcination at 400C for 2 h (curve 2) and simulated diffraction pattern . o .
from calcined sample (curve 3). The intensity of curve 1 in E has been distortion in BT particles at room temperature. However, at 150
multiplied by a factor of 4 for reasons of clarity. (F) XRD patterns of °C (above the Curie point of bulk BT), the XRD spectrum
calcined BT nanoparticles in the region of (002)/(200) diffraction planes at ghtained (curve 2, Figure 1F) could only be fitted to a single
room temperature (curve 1) and at %D (curve 2) The raw data are shown L tzi ' t th indicati th f cubi
as dotted lines, while the Lorentzian fits of the curves are shown as solid ~0r€ntzlan Componen' » thus ndicating the presence ot cubic
lines. phase above the Curie temperatufe)( Hence, temperature-

dependent XRD measurements provide clear evidence for

capacitance of such a structure can be large has been put to ustetragonal/cubic transformation in sub-10 nm BT particles.
in boundary-layer capacitors made of polycrystalline 8T. Chemical analyses of as-synthesized and calcined BT nano-

To further verify the deviation in lattice parameters for BT particles were performed by XPS (Figure 2). The Ba 3d (Figure
nanoparticles, XRD analysis of as-synthesized (curve 1, Figure2, A and B) and Ti 2p (Figure 2, C and D) core-level spectra
1E) as well as calcined BT nanoparticles (curve 2, Figure 1E) from as-synthesized (Figure 2, A and C) as well as calcined
was done. The diffraction pattern obtained from the calcined (Figure 2, B and D) BT were recorded, which could be fitted
BT nanoparticles (curve 2, Figure 1E) was subjected to Pauley’sinto single spir-orbit pairs (spir-orbit splitting 15.4 eV for
refinement (MS Modeling 3.0 software) assuming/a ratio Ba and 5.7 eV for T with Ba 3d; binding energies (BEs)
of 1 (curve 3, Figure 1E). The lattice constants obtained were of 779.7 eV (Figure 2, A and B) and Ti 2p BE of 458.5 eV
a=b=4.0810(7) A anadt =4.0992(6) A and could be assigned (Figure 2, C and D). These values match closely with that of
to the PAmm crystal structure of tetragonal symmetry with an the previously reported nanocrystalline BT sys&rm order
Rfactor of 7.09%. The lattice spacings obtained from the simu- to trace the proteins bound to BT nanoparticles, N 1s core-
lated diffraction pattern for the (110) and (111) lattice planes level spectra were also recorded from as-synthesized (Figure
are 2.88 A and 2.35 A, respectively (curve 3, Figure 1E) and 2E) as well as calcined BT (Figure 2F), both of which could be
match the lattice spacings observed in the HR-TEM images fitted into single BE components of 400.3 eV, which matches
(Figure 1, C and D). In general, line broadening in X-ray powder closely with N 1s BE in amide bond$ The presence of a low-
diffraction measurements occurs in very small crystallites, which intensity N 1s signature after calcination (Figure 2F) indicates
is generally a result of combined effects of the crystallite size, the presence of capping proteins even in calcined BT particles
nonuniform strain, and instrumental broadening. Such a phe-that restrict the aggregation of calcined BT nanopatrticles, as is
nomenon acts as an obstacle for the structural characterizationglear from the TEM image of calcined BT (Figure 1B) and from
particularly for BaTiQ, with small tetragonalityda = 1.004). weight loss observed in TGA of calcined BT (curve 2,
Hence, in order to provide a definite evidence for tetragonal/ Supporting Information S1). It is noteworthy that signatures of
cubic transformation of BT particles, room-temperature as well BaCQ; were not observed in the XPS spectra, which is
as high-temperature XRD measurements in the region of the

(31) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder J. F.; Muilenberg, G.
(30) Bauer, C. L.; Seager, C. H. Bolid State Physics Source Bodkh ed.; E. Handbook of X-ray Photoelectron Spectroscopgrkin Elmer Corp.
Parker, S. P., Ed.; McGraw-Hill Book Co.: New York, 1988. Publishers: Eden Prairie, MN, 1979.
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Figure 3. (A) DSC spectra recorded from BT nanoparticles synthesized #singysporunbefore (curve 1) and after (curve 2) calcination at 4a0for

2 h. (B) Frequency-dependent dielectric spectra recorded from PMMA (curve 1) and from PMMA embedded with 2% (curve 2), 10% (curve 3), and 33%
(curve 4) of calcined BT nanoparticles. (C) Temperature-dependent dielectric spectra recorded from PMMA (curves 1 and 2) anc-RB8d/ABT
nanocomposite (curves 3 and 4) at 10 kHz (curves 1 and 3) and 1 kHz (curves 2 and 4) respectively.

Frequency (Hz)

particularly significant considering the fact that Ba£® the
commonest impurity in BT synthesis system.
DSC measurements in the temperature range289°C were

The dielectric values calculated for BT using MG mixing
formula at 1 MHz frequency were found to be 35@00.
Although the dielectric values obtained on BT nanoparticles are

performed on as-synthesized and calcined BT powders (curvesmuch lower when compared to that of bulk BTthis is

1 and 2, respectively, Figure 3A). The as-synthesized BT

consistent with the fact that one will expect a reduction of

nanoparticles show a broad exothermic/endothermic transition dielectric values on size reductiéfiThese results correlate well

at 114°C (curve 1, Figure 3A), whereas the calcined sample
shows a similar broad transition at 98, which is a signature

of tetragonal to cubic transition. To our knowledge, such a
transition has been observed for the first time for sub-10 nm

with the HR-TEM and XRD studies (Figure 1,+E) that also
exhibit the tetragonality in BT nanoparticles responsible for this
ferroelectric behavior.

Temperature-dependent dielectric measurements were also

sized particles. The marginally lower phase-transition temper- performed on pure PMMA films (curves—2, Figure 3C) as

ature in comparison with bulk BT~128°C) is due to reduction
in BT particle size; this is known to reduce the transition

well as on PMMA films containing 33% BT (curves—3,
Figure 2C) betweer-35°C and 100°C at fixed frequencies of

temperature which is associated with ferroelectric to paraelectric 10 kHz (curves 1 and 3, Figure 3C) and 1 kHz (curves 2 and 4,
phase transitio® This motivated us to study the frequency- Figure 3C). Higher dielectric values were observed at 1 kHz as
and temperature-dependent dielectric properties of BT nano-compared to those at 10 kHz (compare curves 2 and 4 with
particles. For this purpose, various percentages (w/w) of BT curves 1 and 3, respectively). In BT samples (curves 3 and 4,

nanoparticles (calcined at 40C for 2 h) were embedded in
PMMA polymer and were casted in the form of free-standing

Figure 3C), we also observed a broad diversion in the dielectric
constant with a maximum around 7& at 10 kHz (curve 3,

films. These polymer composites as well as BT powders were Figure 3C) and a maximum around 66 at 1 kHz (curve 4,

also analyzed by Fourier transform infrared spectroscopy (FTIR,

Supporting Information S2; Figure S2A) and tapping mode AFM
(Supporting information S2, Figure S2, B and C).

Figure 3C). It appears as if there is a reduction in Curie
temperature with a reduction in the applied frequency. Moreover,
a disparity in theTc values obtained from temperature-dependent

Frequency-dependent dielectric measurements were per-dielectric measurements at various frequencies (75 amC65

formed at room temperature for a frequency sweep from 1 MHz
to 1 Hz for various BF-PMMA composite films containing
0% (curve 1), 2% (curve 2), 10% (curve 3), and 33% (curve 4,
percentages by weight) of BT (Figure 3B). A gradual increase
in permittivity of BT—PMMA composite corresponding to an
increase in BT content in PMMA from 0% to 33% is observed
(curves -4, Figure 3B). The dielectric value obtained from
pure PMMA, without any BT doping (curve 1, Figure 3B)
matches closely with literature reports~2.6 at 1 MHz
frequency)® The dielectric values of BT in BFPMMA
composite was calculated using Inverse Maxwell Garnett (MG)
equatiors* which is the most commonly used mixing formula
explaining dielectric permittivities of composites, wherein

is the permittivity of BF-PMMA composite; is the permit-
tivity of BT particles, € is the permittivity of PMMA matrix
andf is the fraction of BT in PMMA particles.

— €

€e i
€.t 2¢,— (L—T)e.— €)

Eeff = Gi + 3(1 - f)GI

(32) Ma, Y.; Vileno, E.; Suib, S. L.; Dutta, P. KChem. Mater1997, 9, 3023.
(33) Neal, T. D.; Okamoto, K.; Scherer, Rpt. Expres2005 13, 5522.

at 10 and 1 kHz, respectively) and those from DSC measure-
ments (98'C) (curve 2, Figure 3A) was also observed. Although
broadening of peaks in DSC and dielectric measurements can
be explained on the basis of size reduction of BT nanocrystallite,
as observed previoust,the difference inTc values under
varying conditions cannot be explained solely on the basis of
size effect. We believe that biologically synthesized BT patrticles
are behaving as “ferroelectric relaxor” materials, since a
broadening in the maxima of the temperature-dependent dielec-
tric response as well as DSC maximum at ferroelectric transition
is typical of “relaxor” materials, which are known to exhibit a
diffused phase transition (DP¥.In addition, DPT is also
characterized by frequency-dependent dispersion of dielectric
constant, implying a frequency dependence of appdreand

a difference in the value dfic obtained from different physical
measurement®. Although pure BT, without any cationic

(34) Sihvola, A.Subsurf. Sens. Technol. AppDOQ 1, 393.

(35) Frey, M. H.; Payne, D. AChem. Mater1995 7, 123.

(36) Yashima, M.; Hoshina, T.; Ishimura, D.; Kobayashi, S.; Nakamura, W.;
Tsurumi, T.; Wada, SJ. Appl. Phys2005 98, 014313.

(37) Begg, B. D.; Vance, E. R.; Nowotny, J. Am. Ceram. Socl994 77,
3186.

(38) Chattopadhyay, S.; Ayyub, P.; Palkar, V. R.; Multani, Rhys. Re. B
1995 52, 13177.
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Figure 4. (A—D) Low magnification (A and B) and higher magnification (C and D) SPM images from BT particles obtained in potential mode after
application of+4 V (A and C) and—4 V (B and D) external DC bias voltages respectively. (E and F) Potential image of BT particles obtained after
sequential application of4, 0, and—4 V external DC bias voltages to the conductive AFM tip (E) and height image of BT particles without any external
bias voltage (F).

impurity, is not an excellent ferroelectric relaxor, a few reports DC bias voltages\write) of +4 , 0, and—4 V were sequentially
exist wherein the piezoelectric response of single-crystal tet- applied between the conductive AFM tip and BT particles in a
ragonal BT has been demonstrated either due to the formationsingle scan. This results in polarization of electric domains in
of engineered domain wafsor due to TO bond oscilla- various directions in different regions of the substrate in response
tions#° Since we observe the occurrence of all the characteristic to diverse applied voltages. While reading the electric informa-
relaxor phenomena from DSC and dielectric measurements, ittion (Viead Using SPM, it is evident that application 64 V
supports the ferroelectric relaxor behavior of BT nanoparticles. bias results in brighter contrast signals from BT particles, 0 V
To further demonstrate the ability to polarize the BT bias does not show any potential signals, a#t/ bias results
nanoparticles in the ferroelectric phase (ability to electrically in darker contrast signals from BT particles (Figure 4E), which
write and read), Kelvin-probe/surface potential microscopy suggest that the BT particles can be selectively written and read
(SPM) was used (Figure &)initially, a DC bias voltage of+-4 on a single substrate. A topography image of BT particles was
V (Mwrite) Was applied between the conductive AFM tip and the also recorded for the same region as is evident from Figure 4F.
BT particles that results in orientation of local electric dipoles Thus, SPM imaging clearly demonstrates that the room-
of BT particles, following which spontaneous polarization of temperature synthesized BT nanoparticles possess ferroelectric
BT particles was recorde/ a9 in the form of potential/voltage  property in response to the applied external electric field and
signals using SPM. This electrical information is evident in the the various particles can be selectively written and read using
form of brighter-contrasting elevations in Figure 4, A and C. SPM.
Similarly, when a DC bias voltag€i. = —4 V was applied The presence of a room-temperature tetragonal phase in sub-
between the tip and the particles, it results in orientation of local 10 nm BT nanoparticles, responsible for their ferroelectric
electric dipoles of BT particles in direction opposite to that of behavior, is quite interesting and, at least to our knowledge,
+4V bias, following which recorded spontaneous polarization has not been reported previously. However, there are consider-
(Viead Of BT particles is evident in the form of darker-contrasting  able discrepancies in the reported boundary sizes between the
depressions observed in Figure 4, B and D. This change in imagecubic and tetragonal phases, which vary from336 about
contrast due to reversal of electrical polarization of BT particles 30 nm4! According to a surface effect model proposed by Yen
on reversal of external DC bias voltage suggests the ferroelectricand co-workers in terms of crystallite size effect, excess surface
nature of BT nanoparticles synthesized using fungus-mediatedenergy associated with ultrafine particles has been found to be
biological route. It was noted that when a DC bias voltage of responsible for the stabilization of the high-temperature cubic
<4 V was applied, significant contrast could not be observed phase at room temperature for particles about 30 nm in size.
in voltage images; however, administration64 V DC bias Conversely, in our study, we do not observe stabilization of
voltage results in increasing contrast in voltage images, hence,high-temperature cubic phase even in sub-10 nm particles, and
resulting in fusion of electrical signals arising from individual these particles exhibit tetragonality at room temperature. We
BT particles (data not shown). believe that the charged biomolecules associated with sub-10
In another experiment, to demonstrate the selective polariz- nm BT particles might be playing an important role in avoiding
ability of BT patrticles in various regions of a single substrate,
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Park, S. E.; Cross, L. E.; Shrout, T. Bon. J. Appl. Phys1999 38, 5505. 14, 5006.
(40) Simon, A.; Ravez, J.; Maglione, M. Phys.: Condens. Matt&004 16, (43) Gass, J.; Poddar, P.; Almand, J.; Srinath, S.; SrikantAdh.Funct. Mater.
963. 2006 16, 71.
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the stabilization of the cubic phase by balancing for excess microorganisms for the room-temperature synthesis of ternary
surface energy in ultrafine particles and hence resulting in a oxide nanomaterials such as BagiS an exciting possibility
room-temperature tetragonal phase. It is worth mentioning that and could lead to ecofriendly and economically viable methods
cationic proteins have been found to be associated with for the synthesis of complex oxide nanomaterials of techno-
previously synthesized oxide nanoparticles using biological logical interest.
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