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A novel, scalable nanomanufacturing technique is reported for batch fabrication of nanoscale-thick
Nag 7Co00, nanosheets. The nanomanufacturing technique is a high-yield, bottom-up process that is
capable of producing tens of thousands of nanosheets stacked into a macro-scale pellet. The nanosheets
are uniform in length and shape with very high crystal anisotropy. The nanosheet thicknesses can be
10-100 nm while their lengths can measure up to 1.8 mm long. The typical dimension ratios are highly
anisotropic, at 107>:1 : 1 (thickness:length:width). X-ray synchrotron studies indicate that the 2D
crystals are stacked in a turbostratic arrangement with rotational misalignment with respect to the
stacking axis. The stacked nanosheets are readily delaminated into very large (350 pm x 150 um x
100 nm) free-standing 2D crystals. The novel nanomanufacturing technique is based on sol-gel and
electric-field induced kinetic-demixing followed by a brief high temperature treatment, thus providing
an efficient means of large scale crystal growth requiring only a simple furnace and power supply.
Evidence shows that the demixing process increases the concentration of Na ions and that demixing is
necessary to produce the millimetre-length nanosheets. Electric field induced kinetic-demixing is
successfully performed at low temperatures (<300 °C), which is more than three times lower than past

kinetic-demixing temperatures.

Introduction

Two-dimensional (2D) oxide crystals present exciting opportu-
nities for new scientific and technological breakthroughs with
their novel electronic, ferromagnetic, magneto-optical, electro-
chemical, catalytic, and photoresponsive properties.’” Although
graphene has been well studied, the synthesis of free-standing 2D
nanosheet materials still constitutes a largely unexplored area of
nanoscience, especially with inorganic compounds such as tran-
sition metal oxides.'”>¢

2D metal oxide nanostructures have great potential for prac-
tical applications. Nanosheets of RuO, indicated high perfor-
mance as electro-chemical supercapacitors.” Reassembled
Tig.910, and MnO, nanosheets showed electrochemical capac-
ities comparable to Li-Ion batteries.>*® N-type photo-semi-
conducting nanosheets of Sr,Nb3;O;q were recently shown to
have diode type characteristics in nanosheet p-n junctions.'®
Tig.910, and Tij g;0, nanosheets were used, respectively, as semi-
conducting channels and gate dielectric layers in FET (field
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emission transistor) devices.! Gigantic magneto—optical effects
were observed in multilayer assemblies of two-dimensional
Tip gCog 0, and Tiy ¢Fey 4O, nanosheets.!!

One of the most exciting new applications for metal oxides is
thermoelectrics. Thermoelectric oxides are chemically and ther-
mally stable. They can be composed of nontoxic, light, cheap,
and naturally abundant elements. They can be produced through
environmentally friendly means, and are expected to play a vital
role in extensive applications for waste heat recovery under
atmospheric conditions.> Most work on thermoelectric oxides
has been devoted to bulk single crystals and polycrystalline
samples. Very little work has been pursued for nanocrystalline
oxide thermoelectrics, except for thin films on substrates.'®
Scaling these materials to nanoscale dimensions (<100 nm) offers
additional control, such as decreasing the phonon thermal
conductivity by phonon confinement,' which is an effective
means of increasing thermoelectric figure of merit (ZT).

Recently, the complex metal oxide Na,CoO, has been vigor-
ously researched due to its potential in thermoelectric energy har-
vesting.’>'® Na,CoO, is composed of two-dimensional triangular
Co0O; layers with Na* intercalated between the layers, occupying
a variety of possible sites.!”!® The x = 0.7 phase (Nay7Co00,) is
a surprisingly good thermoelectric material with metallic conduc-
tivity (200 pQ-cm at 300 K), a large Seebeck Coefficient
(100 pV K" at 300 K), and a thermoelectric power factor as high
as the industry standard Bi,Te;.!>'® Scaling Na,CoO, to
nanometre sizes will allow this important energy material
to be optimized through size-dependent property engineering.
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Chemical exfoliation of bulk materials has been the most
common method to produce oxide nanosheets,™* and is respon-
sible for the majority of exiting advances in this field. Unfortu-
nately, this aggressive top-down chemical process can damage or
alter the starting compound. For instance, chemical exfoliation
of thermoelectric Na,CoO, layers yields CoO nanosheets,*®
which are non-metallic and not useful thermoelectric materials.
Chemical exfoliation techniques, which delaminate layers from
bulk samples, generally produce a low yield of sheets with short
lateral lengths (typically <10 pm).3

In this work, a scalable nanomanufacturing technique for
batch fabrication of 2D Na,CoO, nanosheets is reported. The
method is based on sol-gel chemistry and kinetic-demixing. This
bottom-up synthesis is capable of producing tens of thousands of
well-defined nanosheets stacked into a macro-sized pellet,
providing an efficient means of large-scale crystal growth as
compared to conventional nanofabrication and crystal growth
techniques. The nanosheets are uniform in length and shape with
high aspect ratios of nanometre thickness and millimetre lateral
lengths (10731 :1). They are readily delaminated into free-
standing nanosheets without changing crystal structure.

Our method of producing millimetre length 2D nanosheets of
Nag ,Co0, will facilitate this important material for the nano-
size property enhancements in potential thermoelectric devices.
Scaling Na,CoO, to nanometre dimensions is expected to
significantly improve its thermoelectric performance due to
phonon scattering-confinement effects." Phonon scattering-
confinement by the nanometre dimensions is expected to reduce
the thermal conductivity of Nag;CoO,, which should result in
enhanced ZT. In addition, due to the millimetre scale lateral
lengths, the Na,CoO, nanosheets can be readily applied to
practical macroscopic thermoelectric devices.

Experimental
Synthesis of Na,7,CoO, nanosheets

An aqueous solution is prepared at room temperature by mixing
appropriate quantities of poly(acrylic acid) (PAA, average
molecular weight: M,, ~1800), cobalt(i) nitrate hexahydrate
(0.230 M) and sodium nitrate (0.165 M) in de-ionized water. The
Na to Co ratio is set to 0.72. The ratio of PAA carboxylate
groups to total metal ions is 1 : 2. The solution is stirred and
evaporated at 150 °C on a hotplate until it reached 20% of the
initial volume. The resulting dark red solution is then auto-
combusted at 500 °C. The resulting black powder is uni-axially
pressed into pellets with a rectangular die set at 400 MPa. A
typical size of the pellet is 10x6x5 mm (LxWxT). The pellet is
kinetically-demixed at <300 °C with a constant-current electrical
field of 500 mA through Cu plates and contacts made of silver
epoxy. Over the course of 48 h the voltage fluctuates between 20
V and 5V, and decreases towards the end of the process. During
the kinetic-demixing process, a red emitting current pathway
appears on the pellet with temporally changing position. After
the kinetic-demixing, the pellet separates into Na-rich and Na-
depleted regions and the boundary between the two regions is
clearly distinguishable. The Na-depleted region is mechanically
weak, porous and grey while the Na-rich region is mechanically
strong, dense and black. The Na-rich region of the pellet is

separated and calcined in a tube furnace to finally obtain Na,_
Co0O, nanosheets. The furnace is rapidly heated to 1030 °C and
held for 15 min. The temperature is then ramped down to 1000
°Cin 1.5 h and down to room temperature in the following 3 h.
After calcination, Na,CoO, phases have high Na content (0.8 <
x < 0.93). To obtain the thermoelectric phase (Nay;C00,) the
sample is subjected to a secondary heat treatment at 850 °C
for ~30 h.

Exfoliation of the nanosheets

Exfoliation of the Nag;CoO, nanosheets is accomplished
through thermal shock and ultrasonication. Pellets of stacked
Na,CoO, nanosheets are repeatedly quenched from 500 °C in
clean (18 MQ), room temperature water, followed by a brief
sonication in water. The nanosheets are then collected from the
water surface.

XRD, SEM, EDS and TEM characterization

All of the intermediate and final products of the synthesis
procedure were examined by a high resolution (~1 nm at 2 keV)
scanning electron microscope (SEM, LEO 1550 FESEM) and by
X-ray diffraction (XRD). At least 100 nanosheets were measured
by SEM for nanosheet thickness statistical analysis. SEM-EDS
(Energy Dispersive X-ray Spectroscopy) was performed for
compositional analysis. Conventional 26— XRD measurements
were conducted using a Scintag (Pad-X) with a Cu-Kal source.
The samples were finely ground before the XRD based phase
analysis measurements in order to minimize possible texturing
and crystal alignment effects. The measured XRD peak locations
were identical to those of un-ground samples. Transmission
Electron Microscopy (TEM), dark field imaging, and electron
diffraction were performed with an FEI T12 Twin TEM.

Synchrotron X-ray analysis

To effectively characterize the obtained stacked nanosheet
structures a 6-axis diffractometer at Cornell High Energy
Synchrotron Source (CHESS) was used. The independent 6-axis
allows for 2D scans in reciprocal space which can be arranged to
obtain reciprocal lattice mapping, rocking curve, and combina-
tions of these two.?' The nanosheets were oriented with their
[001] axis aligned vertically, and the incident beam skimmed the
horizontal plane (~0.05°). A linear detector (represented by A
axis in angular space) was fixed to a position defined with respect
to the Bragg Condition of {101} planes of Nay;CoO, and
aligned parallel to [001]. During the measurements, the sample
was rotated about [001] (¢ rotational axis). This measurement
method simultaneously provided a rocking curve type scan for
(100) planes due to the ¢ rotation and a 6-26 type of scan for
(001) planes due to the linear range of the detector. Additional
details of this process are provided in Fig. S5 and S6 in the
Electronic Supplementary Informationt.

Results and discussion

SEM images of the metal oxide nanosheets are shown in Fig. 1.
The nanosheets lengths are millimetres (Fig. le and Fig. S1,
ESIf, show two different ~1.8 mm-long stacks of nanosheets),
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Fig. 1 SEM and optical microscope images of metal oxide nanosheets: (a) SEM image of metal oxide nanosheets displaying extreme ductility after
mechanical bending is applied. (b) SEM image of two individual nanosheets of Nay 7CoO, showing thicknesses of ~50-100 nm. (c) SEM image of the
nanosheets showing the typical nanosheet thickness profile (18.2 nm in average, see Fig. S2, ESI). (d)(top) Optical image of the bulk pellet product
consisting of thousands of stacked nanosheets and (bottom) a single nanosheet stack obtained by mechanical extraction. The inset drawing shows the
alignment of the nanosheets in the nanosheet stack. (¢) SEM images of nanosheet stacks from low magnification (top) to high magnification (bottom).
Total nanosheet length is 1.8 millimetres, and stack thickness is nominally 100 microns.

can be easily bent (Fig. 1a), and have a smooth surface (Fig. 1b).
According to the statistical analysis performed by SEM, the
nanosheet thickness is 18.2 nm in average (Fig. 1c and Fig. S2,
ESIt). The nanosheets are produced as stacks of sheets (Fig. le)
that can number in the tens to hundreds of thousands of nano-
sheets, per stack. Optical images of the bulk product are shown in
Fig. 1d, along with the extraction of a stack of nanosheets.

The synthetic procedure for our Na,CoO, nanosheets consists
of a) the Pechini-method coordination of metal ions, b) pyrolysis

into oxide flakes, ¢) pressurized pellet formation, d) electric-field
(E-field) induced kinetic-demixing, and e) calcination (Fig. 2).
Our sol-gel synthesis employs the Pechini method where metal
precursors are dissolved in an appropriate solvent by an organic
complexing agent, and the resulting homogenous liquid solution
is evaporated into a viscous resin intermediate.?? The resin is then
heated to autocombustion. The organic components are pyro-
lyzed in this process, and the resulting product is a uniform metal
oxide mixture. The molar ratio between the different metal
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Fig.2 Schematic diagram for the synthesis procedure for millimetre-length 2D Na,CoO, nanosheets: Metal precursors and PAA are dissolved in water.
The solution is evaporated to eighty-percent of its initial volume, leading to metal complex formation. The viscous liquid is autocombusted into
a pyrolyzed phase, which form as flakes. The pyrolyzed flakes are uniaxially pressed into a rectangular pellet. Electric field is applied to the pellet, and
kinetic-demixing occurs due to the different mobility of Na and Co atoms. The Na-rich region is calcined at 1030 °C leading to the formation of the

nano-layered structure due to anisotropic grain growth.

cations in the starting solution is maintained in the oxide
mixture.>* By proper choice of the solvent, organic complexing
agent and metal precursors in the liquid solution, the atomic
homogeneity can be maintained in the metal oxide auto-
combusted product.®® In this work, the Pechini method
is modified to entrap the metal ions in solutions by using
poly(acrylic acid) as the chelating agent. The metal cations are
expected to be stabilized by the chelating groups on the ligand,
through dipole forces between water molecules and metal ions,
and by the crosslinking and physical tangling of polymer chains
which can trap both the cations and solvents in a drying polymer-
metal ion complex sheet, termed “polymeric entrapment” or
“steric entrapment”.?*?* This polymer-metal ion complex sheet is
not to be confused by either atomic layering of Na,CoO, or the
2D Na,CoO, crystals reported in this work. The crosslinking is
likely to occur bi-axially which causes parallel alignment of
PAA-metal complexes, similar to that reported for alginates.?®
The structure of these polymeric entrapped layers is evident after
the solution is pyrolyzed. SEM images show <200 nm thick and
<400 um long autocombusted flakes which include Cos04 crys-
tals with a relatively minor amount of CoO according to the
X-ray diffraction analysis (XRD) (Fig. 3a and Fig. S3, ESIt).
Additionally, edge-to-edge-connected plate-like particles form
after the calcination of the autocombusted powder (650 °C, 1 h)
(Fig. 3b). Similar behavior was observed by Zhang et al* for
alginate gel based synthesis of tiled Na,Co,04 crystals. The
entrapment and crosslinking by PAA is crucial for forming the
autocombusted flakes: if citric acid is used in place of PAA and
the ratio of carboxylic moieties to the number of metal cations is
fixed (2:1), flake-like formations do not occur after auto-
combustion and the volume of the autocombusted form is much

smaller compared to the case with PAA (ie., less than 1/3).
Similarly, flake-like formations do not form when the ratio of
PAA coordination sites to metal cations is varied from the crit-
ical value of 2. When the ratio is 1 (one carboxylic site to one
metal cation) an explosive combustion occurs, and the process
does not produce flake-like formations. When the number of
carboxylic sites exceed the number of metal cations (i.e., ratio of
3 or 4), the autocombustion is slower, the volume expansion
during the autocombustion is significantly reduced and flake-like
formations are not produced.

After the autocombusted flakes are pressurized by a rectan-
gular die, XRD results show that (1) the cobalt oxide phases
formed during the autocombustion are still present, and (2) the
emergence of a Na,CoO, phase (Fig. S3, ESIf). Similar to the
autocombusted product, the pressurized pellet includes Co30;,
crystals with relatively minor amount of CoO. However, after the
pressurization process a distinct and relatively low intensity peak
appears which matches with Nag¢CoO; phase (Fig. S3, ESI¥).
All of the peak intensities for both the autocombusted flakes and
the pressurized pellet XRD were low which can be an indication
of partially amorphous structure.

The next step, kinetic-demixing, is the critical component to
forming millimetre-length nanosheets. After application of a 500
mA current and a 1030 °C calcination, the nanosheet lateral
lengths can reach ~1.8 millimetres. Samples with identical pro-
cessing conditions, but without Kinetic-demixing, reach only up
to ~200 pm, i.e., nine-times shorter. The alignment of the pres-
surized flakes has an influence on the kinetic-demixing: E-field
induced kinetic-demixing is only possible perpendicular to the
pressure axis. When an E-field is applied parallel to the pressure
axis no current is observed (under identical voltage conditions as

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 5936-5944 | 5939



Fig. 3 (a) SEM images of the flakes that appear after the autocombustion of the PAA-Metal Complex aqueous solution. The thickness of the flakes is
<200 nm and the length measures up to 400 um. (b) SEM images of the edge-to-edge-connected Na,CoO; crystals that appear after the low temperature
calcination (650 °C) of the autocombusted form. SEM images are sorted from high magnification to low magnification (left to right). The magnified

regions are circled in the low magnification images.

the perpendicular arrangement). This directional limitation on
the E-field induced kinetic-demixing is likely a result of the lateral
alignment of the autocombusted flakes after the uni-axial pres-
sure process; the flakes provide a more contiguous pathway for
the current than a cross-plane pathway provides.

After the application of the E-field to the homogenous pellet,
an abrupt transition in Na concentration is observed along the E-
field application axis and, according to XRD results, new phases
form in the Na-rich part of the pellet. Elemental analysis from an
SEM-EDS (Energy Dispersive X-ray Spectroscopy) line scan
shows the abrupt transition in Na content and morphology
between the sample regions adjacent to the cathode and that to
the anode (Fig. 4). The region near the anode is Na-depleted and
extremely porous while the material near the cathode is Na-rich
and has a smooth unbroken surface (Fig. 4a inset images).
According to the XRD results, the Na-deficient region is
composed of only Co3zO, crystals while the Na-rich region
includes Na-Co-O based stoichiometric phases such as
Nag ¢Co0,, NaysCoO; and NayCoO, in addition to Coz;04
(Fig.S3, ESIf).

Oxygen is a necessary component of the kinetic-demixing to
form nanosheets. When the kinetic-demixing is performed under
nitrogen gas, the abrupt Na concentration change and the
formation of the porous region were diminished to a negligible
level compared to when kinetic-demixing is performed under
atmospheric conditions. As a comparison, when the kinetic-
demixing is performed under nitrogen gas the volume of the
Na-deficient region is ~5% of the initial pellet volume, whereas,
for the same demixing time and applied current, if the

kinetic-demixing is performed under atmospheric conditions the
volume of the Na-deficient region is ~45% (Fig. 5).

During the E-field induced kinetic-demixing process Co ions
are expected to have significantly lower mobility compared to Na
ions due to the low temperatures in our process (<300 °C).
Extrapolating from previous work on the Co—O system results in
extremely low Co tracer diffusion coefficients at temperatures
below 300 °C (ie., Dg, = Deo-el“Ee/RT) with D, = 1.52 x
102 em?s ™' and E¢, = 172400 J mol'; D¢, = 3 x 107 cm?s™!
at 300 °C).?® Additionally, Ohta et al. reported that Co ions were
stationary even at higher temperatures (600-700 °C) during
reactive solid-phase epitaxial growth of Na,CoO, via lateral
diffusion of Na into a cobalt oxide film from NaHCOQO; powder.?®

The movement of Na and Co ions and the pore formation
near the cathode can be best explained by E-field induced
kinetic-demixing of multicomponent oxide mixtures. According
to Martin’s description of E-field induced kinetic-demixing of
an initially homogenous multicomponent metal oxide
mixture,’® the cations move towards the cathode due to the
electrochemical driving force exerted by the E-field. The cations
in such multicomponent oxides, however, don’t move as free
ions since this usually requires an extremely high amount of
energy to liberate the cation from O*  (e.g., formation
enthalpies of CoO and Co0304: AfH%oo = —237.735 kJ mol™!
and AH’c,.0, = —910.020 kJ mol™').*' They instead move by
forming new metal oxides at the cathode and by decomposing
existing metal oxides at anode. At the cathode, the cations are
involved in the chemical reaction described in eqn (1) (for a
cation of o+ oxidation state):*
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Fig. 4 The effect of kinetic-demixing. (a) Na concentration from EDS
line scan of the pellet after kinetic-demixing with respective SEM images
of the Na depleted and Na-rich regions. A stark contrast is seen between
these regions: the Na depleted regions are more porous and contain nano-
grains while the surface of the Na-rich region is smooth. (b) SEM image
showing cracking between the two regions. The separation line corre-
sponds to the abrupt jump shown in the EDS of (a). Red dashed arrow
shows direction of EDS scan.

x m o .
n(Mei.. ) +302(g)—>MenOmwf+n(VMea+) +nah” (1)

In this equation Me represents a metal, V represents vacancy,
h represents hole, the surf subscript refers to the surface at the
electrode and the superscripts o/, and x represent —a, +1 and
0 charges respectively according to the Kroger-Vink notation.
This expression conveys the following process: n metal ion(s) in
the metal oxide compound (i.e. Me,O,,) reacts with atmospheric
oxygen and forms a new metal oxide at the electrode surface (i.e.
Me,,O, sury) leaving behind n metal ion vacancy(ies), and n- o free
hole(s) are generated to compensate the charge. Here the metal
ion can be either one of the metal cations (Na or Co in our case)
in the multicomponent oxide mixture. The same chemical reac-
tion described by eqn (1) is reversed at the anode side.’® As
a result of the reaction described by eqn (1), the oxygen sublattice
(formed at the cathode as the new metal oxide such as Na-O,
Co-O and/or Na—-Co-O stoichiometric compounds) moves
towards the anode. The movement of cations, then, is relative to
the movement of the oxygen sublattice (analogous to a boat
advancing against the flow of a river). The same reaction also
generates vacancies at the cathode and terminates them at the
anode, which results in a vacancy flow towards anode (see eqn
(1)). If the mobilities of the two cations are sufficiently different,
the high and low mobility cations will separate from this reaction

Fig. 5 Na-deficient and Na-rich regions after E-field induced kinetic-
demixing performed under nitrogen gas (a) and atmospheric conditions
(b). (a) An SEM image with secondary-electron EDS mapping for Na —
shown in red — for a sample pellet demixed under nitrogen gas. The black
outer lines mark the approximate boundaries of the full pellet. The SEM
rectangle shows the false-color mapping for Na in red, and the SEM
image position relative to the full pellet. The Na-deficient region is only
~5% of the total volume, indicating that very little kinetic-demixing
occurred. (b) Optical image of the pellet which is demixed under atmo-
spheric conditions. Under these conditions 45% of the pellet is now Na-
deficient.

process: the higher mobility cations will fill the newly generated
vacancies — due to their high jump frequency — and the lower
mobility cations will fill the vacancies emptied by higher mobility
cations. As a result, the cation with a higher diffusion coefficient
concentrates near the cathode whereas the lower diffusion coef-
ficient cation concentrates near the anode.*”

In Martin’s description of kinetic-demixing, atmospheric
oxygen is necessary for the movement of cations, as is evident in
the reaction described by eqn (1).3° Our results showing a lack of
demixing when performed under nitrogen gas confirm a similar
mechanism: Na ions require oxygen to move (demix) through
our samples. In this work, the mobility of the Co ions is expected
to be much lower than the mobility of Na ions. Therefore newly
forming vacancies are filled mostly by Na ions, and different
from Martin’s observations,* in the limited demixing time, the
lower mobility Co ions can’t fill all of the vacancies created by the
movement of Na ions toward the cathode. After the Na ions
move from the anode region a porous material develops because
Co ions are unable to fill these vacancies.

The kinetic-demixing creates an Na saturated compound,
which increases the Co diffusion coefficient during the high
temperature (1030 °C) calcination, leading to the millimetre-
length nanosheets. Correlating the EDS data with the sample
volume suggests that the Na:Co ratio can be as high as 1.3 in the
Na-rich side which is ~2x higher than the most thermodynami-
cally stable phase of Na,Co00,.*? During the high temperature
(1030 °C) calcination, this Na rich part of the pellet shows molten
fluidity that is evident from the pellet shape deformation (i.e.

This journal is © The Royal Society of Chemistry 2012
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rectangular form to semi-spherical form) after the calcination.
However, such shape deformation is not observed for the
samples calcined directly after pressure application without the
kinetic-demixing process (i.e., when the Na:Co ratio is main-
tained at 0.71). The fluidity in the Na saturated compound at
high temperatures is associated with a significant increase in the
Co diffusion coefficient. The increased Co mobility is in contrast
to its very low mobility in the kinetic-demixing process, which is
performed at low temperatures (<300 °C). Assuming the domi-
nant diffusion mechanism is cation vacancy diffusion, this increase
in the Co diffusion coefficient can be explained by the temperature
dependence of Co diffusion coefficient and also the “physical
correlation effect”®® between the Co and Na atomic motions. A
previous study from Schnehage et al on the CoMg; O
system (0 = x = 1) found the Co tracer diffusion coefficient
increases ~10° times in pure CoO when the temperature
increased from 300 °C (D*C(, = 3 x 107'® cm? s7') to 1030 °C
(Dgo = 2 x 1072 cm? s71).2 According to the same work, the
diffusion coefficient of the low mobility Mg atoms can be
increased up to ~500 times by mixing with the highly mobile Co
atoms due to the “physical correlation” between the movements
of the two atomic species (DLg increases with increasing x). Here
“physical correlation” refers to a deviation from the directional
randomness in atom/vacancy jumps due to the difference in the
intrinsic jump frequencies of different atomic species.*® In the
current work the Co ions are the low mobility species and the Na
ions are the high mobility species, as is evidenced in the kinetic-
demixing process. The diffusion coefficient of the Co cations will
therefore be amplified by two factors: 1) the temperature increase
and 2) from the “physical correlation” of their mixing with the
highly mobile Na ions. Our observation that high temperature
molten fluidity exists only kinetically-demixed samples (i.e., if the
samples were not kinetically-demixed then there was no molten
fluidity) points to increased diffusion from the physical correla-
tion of a larger Na:Co ratio. The Co diffusion amplification
significantly reduces kinetic limitations, and leads to long
nanosheet formation through cooperative effects including:
facile grain growth, fluidity in the pellet during calcination, and
enhancement of the anisotropic growth along the (001) plane.
The growth along the (001) plane is naturally favored due to the
high difference in surface energies between the (001) plane and
the planes perpendicular to (001), which originates from the
highly different bond energies along corresponding directions.**

Anisotropic grain growth behavior of kinetically-demixed
samples was analyzed comparing them with non-kinetically-
demixed samples at several calcination temperatures (650 to
1030 °C, Fig. S4, ESI¥). For both kinetically-demixed and non-
kinetically-demixed samples the nanosheet thickness does not
change with calcination temperature, but the nanosheet length
increases with increasing calcination temperature. The nanosheet
lengths are similar for the kinetically demixed and non-kineti-
cally-demixed samples at 650 °C, 750 °C and 850 °C (i.e., ~1 pm,
~5 um and ~13 um respectively). However, at temperatures
higher than 950 °C the nanosheets for the kinetically-demixed
samples become significantly longer compared to non-kineti-
cally-demixed samples. Nanosheets resulting from kinetic-dem-
ixed samples with calcination at 950 °C (the fluidity of the pellet
is not observed at this temperature) are ~4 times longer than the
non-kinetically-demixed samples. At 1030 °C, the nanosheets

resulting from the kinetically-demixed samples are ~9 times
longer than the nanosheets resulting from the non-kinetically-
demixed samples. The nanosheet length can be as long as 1.8 mm
for the kinetically-demixed samples calcined at 1030 °C.

The 620 XRD study of the crushed powders after calcination
indicates trigonal NayoCo00O,'"® as the dominant phase. This
phase can be transformed to the hexagonal Na,;Co0O,'” phase
after a secondary heat treatment (875 °C-30 h) (Fig. S3, ESI¥).3®
The transition from x = 0.9 to 0.7 has no effect on nanosheet
thickness and length. 6-26 XRD scans show only the 00L and
104 peaks for the millimetre-long nanosheets aligned parallel to
the sample stage, while other diffraction peaks are absent
(Fig. 6a). This result indicates that the nanosheets are large
crystals which are strongly oriented.

Conventional 6-20 XRD scans of the 2D crystals show no
finite size broadening of the 00L peaks (Fig. 6a). The 6-angle
diffractometer based XRD analysis conducted at the Cornell
High Energy Synchrotron Source (CHESS) provides a more
accurate description of the 2D crystals and finite-size effects (see
Fig. S5, ESIY). Results from this XRD analysis show that the
crystal symmetry is consistent with Nay;Co0QO,. Peaks at ~7.5°
from the horizontal (A) and separated by 60° along the in-plane
¢ axis correspond to the six-fold symmetry of the (101) planes of
Nag 7Co0, (Fig. 6b). Higher resolution scans of these peaks from
several samples show ~4-12 diffraction spots within ~1° along
the ¢ axis. Fig. 6¢c shows the case with ~12 diffraction spots.
Because the ¢ scan represents a rocking curve for (100) planes,
these spots are the result of rotational misalignment (~0.1° with
respect to each other) of the ~12 distinct crystals around [001].

The CHESS diffraction results also show peak broadening
associated with the 2D crystal thickness (Fig. 6b and 6¢). Finite-
size broadening effects can be analyzed by examining the (101)
diffraction. Since the A and ¢ axes are orthogonal in both real
and reciprocal space, and A axis projects onto the vertical linear
detector which is parallel to [001], vertical broadening of the 101
peak corresponds to finite size effects along the [001] direction
(see Fig. S6c, ESIt). According to Scherrer analysis (Fig. 6d), the
broadening along the A axis gives an average nanosheet thickness
of 19.1 nm, which is in good agreement with statistical analysis
performed by SEM (18.2 nm, Fig. S2, ESI¥). It is surprising that
finite size broadening is only observed in the high-resolution 2D
scan, but not in conventional 6-26 XRD of (001) planes. The
likely explanation why broadening is not observed for the
conventional 6-26 XRD is because the nanosheets are stacked in
registry along [001]. Broadening is observed in the in-plane 2D
scans of the (101) peak because these planes are not contiguous
between nanosheets, and thus we are able to tease out the finite
size of the nanosheets along [001]. Such stacking of nanosheets is
referred to as “turbostratic” arrangement of the 2D crystals
(planes rotated around the c-axis, see Fig. S6b, ESIT).%¢ Presence
of this arrangement is substantiated by the rotational misalign-
ment of the ~12 grains (Fig. 6¢).

The two distinct diffraction spots observed along A axis indi-
cate two different (100) lattice spacings. A hypothetical 3D
sketch of the possible 2D crystal stacking configuration is
provided in Fig. 6e. It is important to note that no broadening
was observed for either of the two (100) d-spacings. This obser-
vation confirms that the finite size along [001] solely originates
from the nanosheet thickness.
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Fig. 6 X-ray characterization of nanosheets. (a) Conventional 8-20 XRD of Naj;Co0O, nanosheets aligned parallel to sample stage (stick lines
correspond to JCPDS PDF card file #00-030-1182). (b) Grazing incidence diffraction from hexagonal {1010} planes of Nay,CoO, nanosheets (¢ scan
with linear detector around 101 peak) indicates 6-fold symmetry with peaks around 7.5° (A ) located 60° (¢) away from each other. (c) Higher resolution
of the region in (b) with the seven most distinct diffraction spots numbered. (d) Finite sizes calculated using Scherrer’s equation for the seven spots in (c).

(e) 3D Sketch of a hypothetical ordering of nanosheets according to available diffraction data.

Extremely large Nagy ;CoO, nanosheets are exfoliated from the
bulk, stacked nanosheet samples and their crystal properties are
characterized. Free-standing exfoliated 2D crystals are typically
10-350 microns wide, as characterized using optical and trans-
mission electron microscopy (Fig. 7 and Fig. S7, ESIt). This
length (350 microns) yields an order of magnitude improvement
in the maximum lateral lengths of typical metal oxide 2D crystals

(nanosheets).* The exfoliated pieces are estimated to be between
20-100 nm thick based on layer counting at the sample edges
(Fig. S8, ESI¥). Selected area electron diffraction (SAED) from
multiple regions of each 2D crystal confirm the hexagonal crystal
symmetry and lattice spacing of Na,;CoO, with [001] being the
zone axis. The well-defined points in SAED (Fig. 7a) confirm
that the stacked nanosheets are in registry with one another

Fig. 7 TEM images of nanosheets of Naj;C00,. (a) 350 pum x 150 um x 100 nm thick sheet composed of ~5 individual nanosheets. Image was
compiled from 3 electron micrographs. Inset: ED pattern confirming nanosheets are aligned, single crystal and the orientation of cross-plane thickness is
[001]. Dark-field imaging confirms that this ED pattern is representative of the entire sheet and that the sheet is a single crystal. (b) 120 pm x 25 pm X
100 nm thick nanosheet as another example of large scale exfoliation (c) Image of folded sheet and (d) corresponding ED pattern. (e) Micron sized sheet
with hexagonal growth morphology matching unit cell.
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along the c-direction. TEM dark-field analysis from a hexagonal-
lattice {100} diffraction spot shows the entire sheet illuminated
for the exfoliated nanosheets, proving that the entire sheet is
a single crystal (Fig. 7a inset). In reflected white light (Fig. S7a,
ESIt) the nanosheets appear opaque and black, consistent with
bulk samples of Najy;CoO,. However, under transmitted light
they range from a translucent yellow to red (Fig. S7b, ESIt). This
finding yields a facile method to distinguish between thin, elec-
tron transparent layers and bulk pieces of Nag;Co0O;. Cross-
polarized transmitted light shows the sheets to be optically
isotropic. This observation is expected when viewing a hexagonal
crystal along [001].

Conclusions

A novel synthesis has been developed for production of milli-
metre-length nanosheets of Na,CoO,. Our nanomanufacturing
method is scalable and low-cost, capable of producing tens of
thousands of nanosheets for device integration. The nanosheets
have thicknesses in the tens of nanometres while their lateral
lengths are millimetres, resulting in a very high anisotropic aspect
ratio (1073:1 : 1). Synchrotron X-ray studies indicated that the
nanosheets are turbostratically stacked within the pellets. The
nanosheets are readily exfoliated into free-standing sheets
reaching 350 microns in length with thicknesses ranging ~20-100
nm. Selected area electron diffraction studies indicated that the
crystal properties are maintained after the exfoliation process.
This new nanomanufacturing method can be applicable to other
atomically layered oxides.
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