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High-efficiency thermoelectric oxide materials are promising for the conversion of waste heat directly into
electricity, and nanostructure engineering is effective in enhancing thermoelectric figure of merit through
phonon scattering at grain boundaries and interfaces. In this work, we report a sol—gel-based electrospinning
technique to synthesize thermoelectric NaCo,04 nanofibers with grain size as small as 10 nm, orders of
magnitude smaller than that of NaCo,0, powders processed by conventional sol—gel techniques. A series of
scanning probe microscopy (SPM) studies are carried out to measure the electric conduction in a single NaCo,0,
nanofiber, and the thermoelectric effect of a single NaCo,0, nanofiber is also characterized using a novel
thermal probing technique that induces a large temperature gradient in the nanofiber. Sintering of nanocrystalline
nanofibers into bulk NaCo,0,4 ceramics for thermoelectric energy harvesting is also discussed.

1. Introduction

Meeting the ever-increasing global energy needs in an
environmentally and geopolitically sustainable manner is one
of the most pressing technological challenges today. Currently,
about 34% of world primary energy needs are supplied by
petroleum, and a large portion of petroleum energy are
consumed for transportation.! For a vehicle powered by a typical
gasoline-fueled internal combustion engine, the vast majority
of the fuel energy is lost as waste heat — only 25% of the fuel
energy is used for vehicle mobility and accessory power.? This
points to an urgent need for alternative energy technology to
harvest the waste heat in an efficient, economical, and environ-
ment friendly manner, and high-efficiency thermoelectric ma-
terials that convert waste heat directly into electricity are
promising to fulfill this need.

Thermoelectric energy conversion efficiency is governed by
thermoelectric figure of merit Z7, which is intimately related
to electric and thermal transport properties of thermoelectric
materials.>* High-efficiency thermoelectric conversion requires
simultaneously high electric conductivity and low thermal
conductivity, and this turns out to be rather challenging, because
in most materials high electric conductivity is usually ac-
companied by high thermal conductivity. In fact, the electron
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contribution of thermal conductivity is proportional to electric
conductivity according to the Wiedemann—Franz Law, and, as
a result, reducing phonon contribution to thermal conductivity
is the remaining option for enhancing thermoelectric conversion
efficiency. This could be realized by exploiting phonon scat-
tering at boundaries and interfaces to reduce thermal conduction
by phonons, for which engineered nanostructures are very
effective due to their substantially increased interfaces. Indeed,
many nanostructured thermoelectrics have been explored,
including low-dimensional materials such as nanowires, nano-
tubes, and superlattices,’ > and bulk thermoelectrics with
nanostructured constituents, such as nanocrystalline materials
and nanocomposites.'!16722

Encouraged by these developments and our recent works on
nanocrystalline multiferroic nanofibers,”* >3 we have developed
a sol—gel-based electrospinning technique to synthesize nanoc-
rystalline thermoelectric oxide nanofibers?® with a grain size as
small as 10 nm. Compared to single crystalline nanowires, the
nanocrystalline nanofibers offer additional advantages in phonon
scattering at grain boundaries, and thus their thermal conductiv-
ity could be substantially reduced even further. For automobile
applications involving waste heat from combustion engine,
thermoelectrics must be composed of nontoxic materials with
good chemical stability in air and at temperature up to 800—
1000 K, and oxide thermoelectrics offer such attractive char-
acteristics. Among potential oxide materials, layered cobalt
oxides, such as NaCo,0,, Ca3;Co409, and Bi,Sr,Co0,0, are
particularly promising for thermoelectric applications.”’ 3! They
are layered materials consisting of complex crystalline structure,
similar to artificially engineered superlattices, in which CoO,
nanosheets possessing a strongly correlated electron system
serve as electronic transport layers, whereas sodium ion nano-
block layers, calcium, or strontium cobalt oxide misfit layers
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serve as phonon scattering regions. As a result, it is possible to
control and optimize electron and phonon transports separately,
and thus enhance their thermoelectric figure of merit. Indeed,
ZT value as high as 1.2 has been observed in NaCo,0, single
crystal,? and for polycrystalline NaC0,0,, a ZT value of 0.8
has been reported.’>33

NaCo,0; is particularly suitable for nanocrystalline engineer-
ing because its thermal transport is dominated by phonons —
the thermal conductivity of NaCo204 crystal is measured to
be 19 W/(m+K), among it 16.5 W/(m+K) is contributed by
phonons, and only 2.5 W/(m+K) is contributed by charge
carriers.*>* This points to a possibility of drastic reduction in
thermal conductivity by phonon scattering at grain boundaries
without reducing its electric conductivity, and for this potential
to be fully realized, it is imperative to reduce its grain size to
10—20 nm, which we seek to achieve using sol—gel-based
electrospinning.

2. Experimental Methods

2.1. Materials Synthesis. The synthesis method is similar
to the work of Maensiri and Nuansing.?® The precursor solution
of NaCo,0O, was prepared by dissolving cobalt(Il) acetate
tetrahydrate (Aldrich, reagent grade) and sodium acetate trihy-
drate (Baker, reagent grade) into methanol or distilled water,
with the mole ratio of Na:Co controlled at 1.1:2. The concentra-
tion of NaCo,0, in methanol and water was set to be 0.15 mol/L
and 0.4 mol/L respectively, and the solution was stirred at room
temperature for 30 min after mixing the solvent and salts.
Polyvinylpyrrolidone (PVP) with molecular weight of 1 300 000
and concentration of 0.1 g/mL was then added into the precursor
solution and stirred until a homogeneous polymer solution was
formed. The polymer solution was loaded into a plastic syringe,
and driven by a syringe pump (NE-500, New Era Pump
Systems, Inc.) at a rate of 0.1 mL/h through a 23 gauge stainless
steel needle. The needle was connected to a high-voltage power
supply (ES40P-5W, Gamma High Voltage, Inc.), with voltage
set to be approximately 10 kV and 15 kV for methanol- and
water-based solutions. The nanofibers spun were collected on
a substrate placed between two parallel grounded stainless steel
bars, with the distance between the collector and the tip of the
needle set to be approximately 10 cm. The collected nanofibers
were dried at 60 °C for methanol-based system and 120 °C for
water-based system for at least 1 h to evaporate the solvent,
and then transferred into an oven that was preheated to 750 °C
and were annealed there for 2 h before being cooled down in
the oven. NaCo,0, powders were also prepared for comparison
using conventional sol—gel method. The precursor sol was dried
at 80 °C for 2 days to form a gel, and then annealed using the
same method described above to obtain NaCo,0, powders.

2.2. Structure Characterization. The morphology of nanofi-
bers was examined by scanning electron microscopy (SEM, FEI
Sirion). The SEM sample was collected during a 2 min
electrospinning process as described in materials synthesis, and
all the samples were sputtered for 60 s to coat a good conductive
gold layer of approximately 7 nm thick to enhance the contrast.
The crystalline structure of nanofibers was examined by X-ray
diffraction (XRD, Bruker D8 Focus) and transmission electron
microscopy (TEM, FEI Tecnai). The XRD samples were
collected under electrospinning for extended period of time, and
were grounded into fine powder after annealing for XRD. For
TEM observation, a few nanofibers were transferred onto a TEM
grid and then annealed before TEM.

2.3. SPM Characterization. The electric and thermoelectric
characterizations were carried out using Asylum Research MFP-
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Figure 1. SEM image of NaCo,0O, nanofibers before and after
annealing, synthesized with two different solvents; (a) and (b) methanol-
based nanofibers before (a) and after (b) annealing; (c) and (d) water-
based nanofibers before (c) and after (d) annealing; scale bars in (a)
and (c) represent 1 um, and in (b) and (d) represent 100 nm.

3D atomic force microscopy (AFM). The electrical conductivity
study was carried by conductive atomic force microscopy
(Asylum ORCA module) with a Pt-coated tip (OMCL-
AC240TM). Contact scanning mode was used for current
mapping, with a biased voltage applied between the tip and
substrate. To derive the [—V curve, the tip was fixed at a certain
position, and a triangle wave of voltage was applied as bias.
The thermoelectric studies were carried out using a “U”-shaped
probe with a resistive heater at the end of the cantilever
(ThermaLever Probes, AN2—200, Anasys Instruments Corp).
The resistor was made of selectively doped silicon, which can
locally heat the sample surface at the point of contact with a
rapid heating rate. The thermoelectric response was examined
using noncontact electrostatic force microscopy (EFM) mode.
During the scanning at each point, the surface topography of
the sample was measured first without applying any voltages.
The sample was then heated locally by applying a heating
voltage through the resistor in the tip to create a large
temperature gradient, and a bias voltage was simultaneously
applied for EFM measurement. All of the voltages were then
turned off, and after a short time to allow the sample to cool
down, the tip moved to next point, and the process was repeated.

3. Results and Discussion

Two different solvents were used to prepare the precursor
solution of NaCo,O4, and the morphology of the resulted
nanofibers before and after calcination was examined by
scanning electron microscopy (SEM), as shown in Figure 1.
The nanofibers are straight with smooth surface before calcina-
tion, and the diameter of the nanofiber is uniform throughout
its length, though there are some variations from fiber to fiber.
After calcination, the polyvinylpyrrolidone (PVP) polymers in
the nanofibers are burned out, the surfaces of nanofibers become
rough, and the diameter of the nanofibers shrinks to about 200
nm. Nevertheless, most nanofibers are able to keep their
continuous fibrous morphology. The difference between calci-
nated nanofibers synthesized using different solvents is also
evident — methanol-based nanofibers appear to be porous, and
are easy to break, whereas water-based nanofibers appear to be
rather dense and robust.

The crystalline structures of both types of calcinated nanofi-
bers are examined by XRD, and are compared with that of
sol—gel powders, as shown in Figure 2. All samples show
predominantly y-phase NaCo,0O,4 with good crystallinity, with
XRD peaks for nanofibers much sharper than those of sol—gel



22040 J. Phys. Chem. C, Vol. 114, No. 50, 2010

* NaCo,O0, #Co30,

TON ® ©ON

[slcleNoNo]

82222 ST  nanofibers
*«k * ¥ % * * kK x

LN 4 (methanol)

nanofibers
(water)

.
“ex v e au,  sokgel
it POWEET

10 20 30 40 50 60 70 80 90
20-CuK (deg.)

Intensity (a.u.)

Figure 2. X-ray diffraction patterns of NaCo,O, nanofibers and sol—gel
powders prepared with methanol and water as the solvent.

Figure 3. Grain size of NaCo,0,4 nanofiber and sol—gel powders; (a)
TEM image of a single nanofiber (scale bar represents 500 nm), with
the inserts showing the fine grain size (scale bar represents 20 nm)
and SAED ring pattern (scale bar represents 2 nm™'); (b) TEM image
of sol—gel powders showing much larger grain size (scale bar represents
200 nm); (c) SEM image of sol—gel powders (scale bar represents 5
um), with the insert showing large lamellar structure (scale bar
represents 200 nm).

powders, especially for methanol-based nanofibers. A small
portion of Co;0, phase appears in nanofibers, probably due to
sodium evaporation during calcination. The crystalline structure
of the nanofiber synthesized using water solvent is further
examined by TEM as presented in part a of Figure 3, which
shows a nanofiber with large aspect ratio, straight over a large
period of length, and having rather uniform cross section and
crystallinity throughout the length. The grain size of the
nanofiber is in the range of 10—15 nm, as clearly seen in the
top-left insert, and selected area electron diffraction (SAED)
ring pattern indicates the random orientation distribution of
grains in the nanofiber. In contrast, the sol—gel processed
powders have much larger grain size well over 200 nm, as
shown in part b of Figure 3, and the corresponding SEM image
in part ¢ of Figure 3 reveals the lamellar crystalline morphology
of NaCo,04 powders expected from the layered lattice structure,
with the typical lamellar size over 500 nm and can be as large
as several micrometers. This suggests that the electrospinning
is indeed a very effective method to synthesize nanocrystalline
thermoelectric oxides, capable of producing extremely fine grain
size that is orders of magnitude smaller than conventional
sol—gel process, and thus could result in substantially reduced
thermal conductivity.

We believe such fine grain size is caused by the geometry
confinement of nanofiber, which has rather small diameter itself
in the range of 200 nm that may constrain the grain growth. To
verify this hypothesis, we also electrospun NaCo,0O,4 nanofibrous
mats consisting of massive nanofibers using mixed water and
methanol as solvent, as shown in Figure 4. The as-spun mat
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Figure 4. Microscopic images of electrospun nanofibrous mat; (a) SEM
image of as-spun nanofiberous mat before annealing (scale bar
represents 10 um); and SEM images of nanofiberous mat annealed at
750 °C for two hours (b) and 10 min (c); and (d) TEM image of
nanofiberous mat annealed at 750 °C for 10 min; scale bar in (b)
represents 50 um, and 5 um in the insert of (b); scale bar in (c)
represents 100 nm; scale bar in (d) represents 50 nm, and 5 nm in the
insert of (d).

before annealing has nice fibrous morphology, clearly seen in
SEM image in part a of Figure 4. However, because the
nanofibers are intimately in contact with their neighbors, and
geometry confinement of a individual nanofiber is lost. As a
result, the fibrous morphology is completely lost after annealing
at 750 °C for 2 h, as shown in SEM image in part b of Figure
4. The higher magnification image in the insert further shows a
clear lamellar polycrystalline structure, with grain size in the
range of micro meters, indicating substantial grain growth in
the absence of geometric confinement. To understand such grain
growth, we also examine nanofiberous mat annealed at 750 °C
for just 10 min, and the SEM image in part c of Figure 4 shows
a particulate instead of fibrous morphology, with particle size
close to 10 nm. The TEM image in part d of Figure 4 further
confirms that each of the particles is a single crystalline grain.
This suggests that, while the grains grow in 3D initially, such
growth is quickly dominated by lateral growth that results in
lamellar grain morphology. Clearly, it is important to control
the annealing time while maintaining geometric confinement
to obtain nanocrystalline NaCo,0, nanofibers with fine grain
size.

The electrical conduction of a single NaCo,0O, nanofiber
synthesized using water solvent is examined by conductive
atomic force microscopy (cAFM) using the conductive canti-
lever tip as the top electrode, making it possible to map the
current distribution over the nanofiber surface. The nanofiber
was deposited on a Si/SiO, substrate that was partially coated
with Pt as the bottom electrode, and the fiber spanning over
both Pt and SiO, areas, as schematically shown in part a of
Figure 5. Under such a configuration, the conductive path is
shortest when the tip scans nanofiber right above Pt bottom
electrode, and gradual increases when the tip moves away from
the Pt electrode. This should results in higher currents closer to
the Pt bottom electrode, which is indeed reflected in the current
mapping shown in part b of Figure 5. The current is highest for
nanofiber segment on top of Pt electrode, and gradually
decreases for the nanofiber segment away from the Pt, because
of the increased current path and thus larger resistance. Detailed
current mappings for fiber segments over Pt and SiO, areas are
shown in parts ¢ and d of Figure 5, along with respective cross-
section line scan of current distribution and nanofiber topog-
raphy. It is observed that the current is in the range of nA for
nanofiber segment above Pt electrode but drops to 10 pA range
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Figure 5. Mapping of electric current on NaCo,0, nanofiber; (a) schmatic of conductive AFM; (b) current mapping of nanofiber segment on the
edge between Pt and SiO, area, imposed on its 3D topography; (c) and (d) detailed current mapping of nanofiber segment on Pt bottom electrode
(c), and on a SiO, area (d), with corresponding line scan of current distribution and topography.

(b)

Current (pA)

Figure 6. Electric conduction of NaCo,0, nanofiber; (a) three points on the nanofiber where the [—V curve were measured; (b) the corresponding
1=V curves from which the resistivity can be estimated; (c) finite element simulation of electric conduction in nanofiber with conductive AFM tip
as top electrode (left), showing much smaller current density (A/m?) and highly localized current distribution near AFM tip (middle), and with
uniform electrodes at both ends of nanofiber (right), showing orders of magnitude higher current density.

for nanofiber segment above SiO, away from Pt. Nonuniform
current distribution is clearly seen in part ¢ of Figure 5, with
some local high and low spots, suggesting that there are defects
in the nanofiber, which may limit the overall electric conduction
of nanofibers.

In order to estimate the nominal conductivity of NaCo,0,
nanofiber, we also measure local =V curve on three spots of
the nanofiber that are approximately 3 ym apart, as shown in
part a of Figure 6, with Al being closest to Pt electrode, and
A3 furthest. These I—V curves are shown in part b of Figure 6,
and the corresponding resistance R; can be estimated from the
slope of the curve, from which we can calculate ARy, the
difference in resistances at points A; and A;. Becaise ARy =
p(Li))/(A), where L;; is the distance between A; and A;j and A is
the cross-section area, the nominal resistivity p of NaCo,04
nanofiber can be estimated. For example, choosing Al and A3,
wehave ARj; = 1.7 x 10°Q, Li3 = 5.7um,and A ~ 1 x

107> m?, from which it is estimated that p ~ 2.98 Q-m. If
A2 and A3 are used instead, we have p ~ 1.41 Q-m. Other
points have also been examined, resulting in similar estimate
on nominal resistivity in the order of 1 €+m, which is much
larger than that of bulk polycrystalline NaCo,0,. This result
appears to be rather discouraging, but careful examination
reveals that the AFM-based measurement substantially under-
estimates the conductivity of the nanofiber. To see this, we
carried out finite element simulation on electric conduction in
nanofiber under two different configurations, one with conduc-
tive tip as the top electrode on one end and Pt-coated substrate
as the bottom electrode at the other end, and the other using
uniform electrodes covering both ends of the cross-section. The
resulted distributions of current density are shown in part ¢ of
Figure 6, and it is observed that due to the extremely small
size of the AFM tip electrode, the overall current in the nanofiber
is about two to 3 orders of magnitude smaller than that in a
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Figure 7. Thermoelectric characterization of NaCo,O,4 nanofiber using scanning probe microscopy; (a) schematics of characterization; (b) EFM
contrast mapping under different heating and bias voltages; (c) EFM contrast variation in NaCo,04 nanofiber as a function of bias voltage at

different heating voltages.

fiber with uniform electrodes, even though their electric
conductivities are identical. Thus, if we use the cross-section
area of nanofiber in calculating the nominal resistivity from the
I=V curves, the electric conductivity will be substantially
underestimated. In addition, substantial contact resistance exists
between nanofiber and the conductive AFM tip, which will
reduce the nominal conductivity even further. Thus it is not
surprising or unexpected that the nominal conductivity estimated
using conductive AFM tip is orders of magnitude smaller than
the bulk value, and the actual conductivity of nanofiber should
be much higher. Another issue that may limit the effective
conductivity is defects in the nanofiber. Because of the small
radius of the nanofiber, a defect would substantially lower the
electric current across its cross-section. When nanofibers are
consolidated into bulk ceramics, we expect that the influence
of contact resistance and defects will be substantially minimized.
Indeed, our recent work confirms that the nanofiber-sintered
Ca3;Co040y ceramic has electric conductivity and power density
comparable to other Ca;Co40y ceramics reported in literature,
yet has much reduced thermal conductivity because of its much
smaller grain size, resulting in substantially enhanced thermo-
electric figure of merit.3*

To characterize the thermoelectric effect of NaCo,0,4 nanofi-
ber, a heated cantilever (Thermalever) probe is used to heat
the nanofiber locally,~37 as schematically shown in part a of
Figure 7, by passing a heating voltage through the resistor in
the probe tip. This nanoscale resistive heater increases the local
temperature over several micrometers range, creating a large
temperature gradient A7 in the nanofiber, which in turn induces
a large change in surface potential if the sample is thermoelec-
tric. Such surface potential can be measured by a subsequent

electrostatic force microscopy (EFM) mapping using an applied
bias voltage through the conductive SPM tip. Indeed, large
contrast changes in EFM phase images are observed between
nanofiber and the surrounding substrate when a series of heating
voltages are passed through the probe, as shown in part b of
Figure 7, and such an EFM phase contrast correlates with the
potential difference between the tip and sample, confirming the
thermoelectric effect of the nanofiber. Furthermore, the EFM
phase contrast is expected to be quadratic to the bias voltage,
which is also what we observe in part ¢ of Figure 7 under four
different heating voltages, where the EFM phase contrast plotted
is averaged over the scanned nanofiber segment shown in part
b of Figure 7. This technique is particularly convenient to study
the thermoelectric response of nanostructures wherein the scaling
law works favorably, since gigantic local temperature gradient
can be induced by the tiny SPM probe, similar to the large
current concentration near conductive SPM tip shown in part ¢
of Figure 6. Notice that at continuum level, the governing
equations for current and thermal transports are identical in
mathematical structure, and thus the finite element simulation
in part ¢ of Figure 5 can also be used to illustrate the temperature
gradient near the heated SPM tip.

4. Conclusions

In summary, we have developed a sol—gel-based electro-
spinning technique to synthesize thermoelectric NaCo,0O, nanofi-
ber with grain size as small as 10 nm, orders of magnitude
smaller than that of sol—gel powders processed by conventional
techniques. A series of scanning probe microscopy (SPM)
studies have been carried out to characterize the electric
conduction in a single NaCo,0, nanofiber, and its seemly high
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nominal electric resistivity is attributed to the SPM-based
measurement configuration instead of intrinsically low electric
conductivity. The thermoelectric effect of a single NaC0,04
nanofiber has also been characterized by electrostatic force
microscopy (EFM) in combination with a novel thermal probe.
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