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Abstract: We study the coassembly behavior of graphene oxide (GO) nanosheets and Nag4MnO,
nanowires. With the addition of GO nanosheets to the nanowire aqueous suspension, we observed the
concentration enrichment and orientation alignment of nanowires at the air—water interface. The aligned
nanowires can be transferred to hydrophilic substrates with their orientation parallel to the liquid—substrate
contact line upon evaporation of the solvent. The underlying mechanism was studied carefully. GO
nanosheets can be thought as “soft” two-dimensional macromolecules. Through hydrogen bonding and
ion—dipole interactions, GO nanosheets can adsorb onto the nanowire surface and alter the surface
properties. As a result, the GO-adsorbed nanowires become surface active and are enriched at the air—water
interface. The adsorption of GO also increases the negative surface charge density of the nanowires and
thus further stabilizes the colloidal solution. When a critical concentration is reached, the alignment of
nanowires occurs according to Onsager’s theory. This study brings about a new application of GO in colloidal
chemistry and a novel method to achieve large-area, unidirectional alignment of nanowires.

Introduction

Recent advances in nanotechnology enable us to synthesize
a variety of nanoparticles, nanorods, or nanowires with a narrow
size/shape distribution and good colloidal stability'* and,
therefore, open up the possibility of systematically studying their
assembly behaviors. For example, monodispersed quasi-spheri-
cal CdSe and CoPt; nanoparticles have been shown to self-
organize into three-dimensional close-packed superlattices.**
Anisotropic nanoparticles, such as nanorods, nanowires, and
nanoplatelets, have the additional degree of freedom due to the
orientation, which makes their phase behavior intrinsically richer
than that of spherical nanoparticles. Onsager’s theory considers
rods as noninteracting hard spherocylinders and predicts the
formation of a series of orientationally and/or positionally
ordered liquid crystal phases.”® Self-alignment of nanorods of
Ag,” Au,”"? Co,'° Co0,"" CdSe,'> ' and CdS,'*'* as well as
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short carbon nanotubes,'® has been experimentally observed in
concentrated dispersion upon evaporation of solvent. With the
increase of the aspect ratio, nanorods and nanowires become
more difficult to self-assemble into structures with orientational
and/or positional order due to the extra possible configurations
such as curling and twisting associated with these long and
flexible nanostructures. Therefore, external force is typically
required to facilitate their assembly, such as Langmuir—Blodgett
compression,”‘18 electric/magnetic field induction,'®~?! fluidic
flow in microchannels,® and the stick—slip motion during
solvent evaporation.”® In addition to the assembly of spherical
nanoparticles and nanorods, plate-like nanoparticles have also
been observed to form liquid crystal phases in colloidal
suspensions.>*

The coassembly of mixed nano-objects with different sizes
and/or shapes represents a fundamentally interesting topic: what
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happens if we mix nanoparticles of different sizes together, or
nanorods with different aspect ratios, or mix nanowires with
nanoplatelets? Shevchenko and co-workers mixed two sets of
spherical nanoparticles with different sizes and compositions
and observed the formation of binary superlattices isostructural
with atomic crystal structures such as NaCl.>>2° Ming and co-
workers studied the assembly of binary mixtures of Au nanorods
with different aspect ratios and observed that the nature of the
superstructure is controlled by the nanorod diameters.>” With
the same average diameter, the two nanorod samples mixed to
form nematic superstructures without self-separation. With
different average diameters, self-separation occurred. van der
Kooij and Lekkerkerker studied the rod—plate mixed colloids
and observed an exceptionally rich phase diagram including the
coexistence of up to four liquid crystal phases.”® Despite the
above interesting results, the coassemblies of multicomponent
colloids have remained relatively unexplored experimentally.

In this contribution, we study the coassembly of nanowires
and graphene oxide nanosheets. Graphene oxide (GO) is an
ultrathin two-dimensional structure consisting of intact aromatic
domains interspersed with hydroxyl and epoxyl functional
groups on the top and bottom sides of each sheet, surrounded
by carboxyl groups in the periphery.?® The GO nanosheets,
synthesized by oxidizing and exfoliating graphite crystals,**'
can be easily dispersed in water and processed into papers,**
films, and composites.*-** Moreover, GO can be reduced into
graphene, which is attractive for applications in electronics,*”*
sensing,”’*% and transparent conducting electrodes.**

An interesting phenomenon observed in our study is the
formation of large-area, unidirectional self-alignment of nanow-
ires at the air—water interface with the addition of GO
nanosheets to the nanowire dispersion. The aligned nanowires
can be transferred to hydrophilic substrates with their orientation
parallel to the liquid—substrate contact line upon the evaporation
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of water. We believe that the interactions between GO and
nanowires, mainly hydrogen bonding and ion—dipole interac-
tions, modify the surface properties of nanowires and lead to
their enrichment at the solution surface. When a critical surface
concentration is reached, the nanowire self-alignment occurs.

Materials and Methods

Preparation of Naj4,MnQO, Nanowires. Naj 4sMnO, nanowires
were synthesized by the hydrothermal method as reported else-
where.*! Briefly, 0.5 mmol of Mn,0O; powder was mixed with 10
mL of 5 M NaOH solution and magnetically stirred for 10 min.
The suspension was transferred to a 23 mL Teflon-lined autoclave
and reacted at 210 °C for 4 days. Nanowire products were washed
thoroughly with water first and then ethanol to remove residual
NaOH until the final solution pH was <11. They were dried in air.

Preparation of GO Sheets. GO sheets were synthesized by a
modified Hummers’ method.®' It started with graphite pretreatment.
To accomplish this, 12 g of graphite powder were added to an 80
°C solution of 50 mL of concentrated H,SO,, 10 g of K;,S,0s, and
10 g of P,Os. The mixture was reacted for 6 h, after which it was
diluted with 2 L of water, filtered, and washed using a 0.2 um
Nylon Millipore filter and dried in air overnight. For the following
oxidation step, 460 mL of H,SO4 were chilled to 0 °C using an ice
bath. The oxidized graphite was added to the acid and stirred. Then,
60 g of KMnO,4 were added slowly with temperature controlled
below 10 °C. This mixture was allowed to react at 35 °C for 2 h,
after which 920 mL of distilled water were added slowly so as to
keep the temperature below 50 °C. After further reaction for 2 h,
2.8 L of water and 50 mL of 30% H,0O, were added, resulting in
a brilliant yellow color along with bubbling. The mixture was
allowed to settle for at least a day before the supernatant was
decanted. The remaining mixture was then centrifuged and washed
with a total of 5 L of 10% HCI solution followed by 5 L of water
to remove the acid. The resulting solid was subjected to dialysis
for a week to remove remaining metal ions and acids. Finally, the
product was vacuum-dried.

Nanowire Self-Alignment. In a typical experiment, 5 mg of GO
were first dispersed in 10 mL of water contained in a glass vial of
1 in. diameter with magnetic stirring and sonication. Then 25 mg
of Nay44sMnO, nanowires were added and continuously stirred for
2 h. Solution pH was carefully adjusted to 9.0—9.5 with diluted
HCI or ammonia. Afterwards, the solution was subjected to cup-
horn sonication for a total time of 5 min to achieve a homogeneous
nanowire/GO dispersion. This was indicated by a uniform brown
color of the solution and evident birefringence when shaked or
sonicated. Piranha-cleaned Si wafer slices were used as the
substrates and immersed in solution standing vertically against the
vial wall. The whole vial was then placed in an oven with a heating
temperature set at 60 °C and left overnight for evaporation.

Characterizations. Scanning electron microscope (SEM) images
and energy dispersive X-ray (EDX) elemental mapping of nanowire
self-alignment patterns were recorded on Sirion SEM. We carried
out the droplet test by loading one droplet of solution on a
transparent glass slide, closely monitoring its drying process under
a Nikon Eclipse LV100 optical microscope connected to a digital
camera (Digital Sight DS-2Mv). Zeta-potentials were measured on
a Zetasizer Nano ZS90. Sessile drop contact angle measurements
were done under ambient temperature on a Kriiss Easy Drop
Standard System DSA100 by adding water to the sample surface
with a motor-driven syringe. Raman spectra were measured on a
Renishaw Smith Raman IR microprobe spectrometer with an
excitation wavelength of 514 nm.

Results and Discussion

Nanowire Colloidal Stability. We selected Naj 44MnO, nano-
wires for our study due to their ease of synthesis, high reaction
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Figure 1. As-prepared Naj44sMnO, nanowires. (A) XRD pattern of the as-prepared nanowire powders corresponding to the standard Naj4MnO, (PDF #
27-0750). (B) SEM image showing nanowire high aspect ratio and (C) photo of nanowire solution being magnetically stirred.
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Figure 2. Nanowire self-alignment at the solution surface. In the droplet test, a droplet of GO-nanowire mixed suspension was loaded onto a piece of glass
slide and observed through an optical microscope (top schematic diagram). Accompanying its slow drying process, nanowires are gradually transported to
surface and self-aligned (bottom 6 pictures, nanowires shown as white shiny lines). GO concentration is 0.5 mg/mL in this test.

yield, and large aspect ratio (Figure 1).*' Most are more than
10 um in length and ~50 nm in width. These nanowires are
easily dispersed in aqueous medium assisted by sonication and
form stable colloidal solutions (Figure 1C).

Nanowire colloidal stability is important to ensure the high-
quality alignment. It is sensitive to the solution pH. At pH =
9.0—9.5, the nanowire solution is stable for months with
negligible sedimentation observed. This great stability stems
from the mutual columbic repulsion between negatively charged
nanowire surfaces as confirmed by the measured negative zeta-
potential. However, the colloid is destabilized by acidifying the
solution with diluted HCI below a critical pH of 8.0—9.0, and
nanowire aggregation occurs. Destabilized nanowire aggregates
can be reversibly redispersed by tuning the solution pH back
up with diluted ammonia along with mild sonication. No
difference in the solution was identified when the pH was raised
above 9.5. However, Si wafer or glass substrates start to be
etched beyond this point. Based on the above considerations,
the solution pH was strictly controlled in the narrow window
9.0—9.5 for this study.

Nanowire Enrichment and Alignment at Air—Liquid Inter-
face. We first prepared a mixed colloidal solution containing
both GO and nanowires. The typical concentration is that 1 mL
of solution contains 2.5 mg of nanowires and 0.5 mg of GO

nanosheets. We then dropped a droplet of the mixed suspension
onto a piece of glass slide and followed its drying process using
an optical microscope at room temperature (Figure 2). We
focused on the top surface of the droplet, where nanowires
appeared as shiny white wires when viewed in the reflection
mode due to their light scattering. During evaporation, the
surface concentration of nanowires gradually increased with
time, and later they formed nematic ordering with the wires
pointing in one direction. Eventually, these individual nanowires
grew to “islands” and further merged to form a compact film
across the entire solution surface (Figure 2, see also Supporting
Information, Figure S1, images taken in the transmission mode).
This droplet experiment clearly shows that nanowires are
enriched at the surface as the solution evaporates. After a certain
surface accumulation is reached, orientational ordering occurs,
resulting in a continuous film of self-aligned nanowires.

Nanowire Alignment on Substrates. The aligned nanowires
can be transferred to a substrate by solvent evaporation. For
this purpose, the GO—nanowire mixed suspension was contained
in a vial with a piece of Si wafer standing vertically inside.
The solution was heated at 60 °C. After the water completely
evaporated, we observed unidirectional nanowire alignment over
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Figure 3. Nanowire alignment with GO on a Si substrate. (A) The scheme showing experimental setup: a piece of cleaned Si wafer is immersed into the
well-dispersed nanowire/GO solution. Upon solution evaporation, aligned nanowire pattern is deposited on the substrate with the orientation parallel to the
horizontal liquid—substrate contact line. (B and C) typical SEM images of nanowire alignment pattern. (D—F) Cross-polarized optical microscope pictures
of self-aligned nanowires with the nanowire director (D) parallel to, (E) vertical to, and (F) 45° to the polarizer. A, P, and D represent analyzer, polarizer,

and nanowire director (orientation) respectively.

the entire Si wafer substrate with nanowires oriented horizon-
tally, i.e., parallel to the liquid—substrate contact line (Figure
3).

The quality of alignment was also evaluated qualitatively with
cross-polarized optical microscopy. Figure 3D—F presents
typical pictures of a self-aligned nanowire film observed for
various angles between the nanowire alignment director and the
polarizer direction. As expected for a homogeneous alignment
of one-dimensional materials, dark pictures were observed when
the nanowire director was parallel or vertical to the polarizer,
while the brightest picture was observed when it was 45° to
the polarizer.

Crucial Role of GO for Nanowire Alignment. We have done
control experiments to confirm that GO plays a crucial role in
the nanowire alignment. In its absence or with its amount <0.13
mg/mL, random nanowire deposition was observed (Figure 4A).
No nanowire surface enrichment was observed in the droplet
evaporation experiment either (Supporting Information, Figure
S2). The quality of nanowire alignment improves with the
increasing amount of GO up to 1.3 mg/mL (Figure 4B—D),
while adding too much (e.g., 2.5 mg/ml) gives rise to gelatinous
composite films (Figure 4E). We have also done compositional
mapping by using EDX and Raman spectroscopy to prove that
GO nanosheets have been codeposited on the substrate with
the nanowires (Figure 5). The typical EDX spectrum (Figure
5A) shows a strong carbon peak, and the distribution of carbon
is consistent with the contour of nanowires (comparing Figure
5B and 5C). The Raman spectrum also shows the coexistence
of GO and nanowires in the aligned nanowire film (Figure 5D).

Interaction Between GO and Nanowires. The essential role
of GO in nanowire alignment indicates a strong interaction
between GO nanosheets and Nay 44MnO, nanowires that modi-
fies the behavior of nanowires. It is well-known that polymeric

5854 J. AM. CHEM. SOC. = VOL. 131, NO. 16, 2009

macromolecules can adsorb on the surface of oxides.*> For
example, poly(acrylic acid) and polyacrylamide have been
reported to adsorb on MnO, (which has a very similar surface
nature to Nag44MnQO,) through hydrogen-bond interactions in a
wide pH range in aqueous solution.*> GO nanosheets can be
treated as two-dimensional macromolecules. The basal plane
is electrically neutral with rich hydroxyl and epoxyl groups.*
Therefore, it is reasonable to suggest that the basal plane of a
GO nanosheet can adsorb on nanowires through hydrogen
bonding and ion—dipole interactions. For example, the epoxyl
groups on GO can bond preferentially to Mn—OH surface sites
exposed on nanowire surfaces, and the hydroxyl groups on GO
can form attractive ion—dipole interactions with Mn—O™ active
sites (Scheme 1A). Moreover, each GO sheet is ultrathin and
flexible. It can easily deform itself to facilitate the multisite
contacts with the same nanowire to increase the affinity of GO
for the nanowire (Scheme 1B). Although GO nanosheets carry
negative charges, the charges are located only at the edges of
the nanosheets due to the ionization of carbonyl groups.*
Therefore, the electrostatic repulsion between the nanosheet
edges and the nanowire surface can be minimized by orienting
the edges away from the nanowire surface. We have measured
the zeta-potential of the nanowire solution and found it became
more negative from —54 to —58 mV after the addition of GO
(Supporting Information, Figure S3). The increase in the surface
negative charge is consistent with our model of GO adsorption
onto nanowires.*> We have also observed the presence of GO
nanosheets around nanowires in TEM characterizations (Sup-
porting Information, Figure S4).

Mechanism of Nanowire Surface Enrichment and Align-
ment. The GO adsorption on nanowires discussed in the last
section can result in the modification of the surface properties
of nanowires. Bare nanowires are superhydrophilic. They have

(42) Napper, D. H. Polymeric Stabilization of Colloidal Dispersions;
Academic Press: London, 1983.
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Figure 4. Effect of different GO concentrations on the quality of nanowire alignment: (A) 0, (B) 0.13, (C) 0.25, (D) 1.3, and (E) 2.5 mg/mL. Ordered
self-alignment pattern could be achieved by adding 0.25—1.3 mg/mL GO. Lower concentrations yield random nanowire patterns, while increasing its
concentration beyond this range gives rise to the gelatinous composite film.
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Figure 5. EDX and Raman characterization as evidence of GO—nanowire codeposition in aligned nanowire film. (A—C) Elemental mapping of the carbon
distribution in the aligned nanowires prepared with 1.3 mg/mL GO solution. (A) A typical EDX spectrum, (B) an SEM image, and (C) the corresponding
carbon mapping image using carbon-k line. No apparent carbon peak could be detected in the EDX when GO concentration is below 0.13 mg/mL. (D)
Raman spectra of (blue) pure nanowires (NW), (red) pure GO, and (magenta) the aligned nanowire/GO composite (NW/GO). The aligned nanowire film
shows characteristic peaks of both nanowires and GO nanosheets.

no measurable water contact angle: once a water droplet is contrary, the GO film is less hydrophilic due to the prevailing
loaded onto a nanowire film, it spreads out entirely. On the C—C or C=C bonds in the sheet. Its water contact angle was
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Scheme 1. Interactions between GO and Nanowires?®

GO Nanowire
A B
----- HO-Mn
C-OH-O-Mn

“(A) Examples of hydrogen bonding and ion—dipole interactions
between GO and nanowire. (B) Schematic conformation of a GO nanosheet
adsorbed on a nanowire surface. For clarity, the GO is represented by a
linear polymer, and the nanowire represented by its circular cross section.
The red color on GO indicates intact aromatic regions.

Figure 6. Water contact angle measurement of the GO film gives a value
of 50°. This is in contrast to the superhydrophilic nanowire film which shows
no measurable contact angle.

measured to be 50° (Figure 6). One recent study confirmed that
GO was surface-active and its Langmuir—Blodgett film was
prepared.** Consequently, it is reasonable to expect that the
adsorption of GO on nanowires will render the latter surface
“active” and thus induce their surface enrichment.

We built a quantitative model to analyze nanowire surface
energy in solution in an effort to spot the origin of the observed
nanowire surface enrichment (Supporting Information, Modeling
and Calculations).* Under the long nanowire approximation (1
> d), calculations show that the surface energy change (Au)
for a nanowire going from bulk solution to the solution—air
interface equals Au = d [y (0. cos 0, — sin 6.), where d and
[ are the nanowire diameter and length, respectively, y is the
water surface tension, and 6. is the water contact angle of
nanowires. For bare nanowires, Au is zero since 6. ~ 0°. In
the case of GO-adsorbed nanowires, Ay is on the order of
—107'* J, assuming d = 100 nm, / = 10 um, and 6, = 50°.
The decrease of surface energy will, therefore, drive GO-
adsorbed nanowires to the solution surface.*’

On the other hand, the random Brownian motion of nanowires
can move the surface nanowires back into the bulk solution.
This will interplay with the trapping of nanowires at the surface
and thus lead to an average surface residence time (7). If we
treat the surface nanowires as in a harmonic potential well with
a depth of |Aul, their average residence time would have an
exponential dependence on the potential depth, T ~ exp(IAul/
kgT), where kg is the Boltzmann constant and 7 is the

(43) Chibowski, S.; Wisniewska, M.; Paszkiewicz, M. Adsorpt. Sci. Technol.
2002, 20, 511-522.
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(45) Sun, B.; Sirringhaus, H. J. Am. Chem. Soc. 2006, 128, 16231-16237.
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temperature.*® At room temperature, kg7 (~1072! J) is much
smaller than our calculated |Aul; therefore, once the GO-
adsorbed nanowires move to the solution surface, they will
be confined there, which explains the observed nanowire surface
enrichment. The transfer of nanowires to the solution surface
should be facilitated by the upward convective flow in the
solution, developed to replenish the surface liquid lost due to
evaporation.*’

Surface enrichment paves the way for the subsequent nano-
wire self-alignment observed in our droplet test after a certain
critical surface concentration is reached. According to the two-
dimensional Onsager’s model, the isotropic-to-nematic phase
transition occurs at a nanowire surface concentration of C, =
o/l 2, where a is a constant calculated to be 4.7 and [ is the
length of the nanowire.*® The critical nanowire surface density
C, is thereby on the order of 10° cm™? considering a nanowire
length of 10 um. This only requires a small fraction (~0.1%)
of total nanowires to be raised to the solution surface and trapped
there. The Onsager model assumes that the only important force
between nanowires is the steric force. If we take into account
the electrostatic repulsion between our nanowires, the critical
surface concentration C, will be even lower.

Through the above analysis, we can identify several key
structural features of GO nanosheets for nanowire alignment.
First, GO sheets have interspersed hydrophilic and hydrophobic
regions: the rich hydrophilic functional groups facilitate the
attachment of GO onto nanowires through hydrogen bonding,
while hydrophobic regions render the GO-adsorbed nanowires
surface-active properties. The flexibility of the 2D macromol-
ecules also facilitates multisite contact to increase the GO
affinity for nanowires. Second, GO nanosheets carry negative
charges at our experimental conditions. Therefore, GO attach-
ment increases the colloidal stability of nanowires as confirmed
by the zeta-potential measurement. This will prevent the quick
and random agglomeration of nanowires and thus allow the time
and freedom for nanowire alignment. To demonstrate the
uniqueness of GO in our experiment, different surfactants were
tested as alternatives under identical experimental conditions.
This includes cationic hexadecyltrimethyammonium bromide
(CTAB), anionic sodium dodecylbenzenesulfate (SDS), sodium
dioctylsulfosuccinate (AOT), and nonionic polyvinylpyrrolidone
(PVP, M, = 10 ,000). Although we have observed the surface
enrichment of nanowires during the droplet tests using these
naowires, the nanowires tend to aggregate, showing no sign of
alignment (Supporting Information, Figures S5 and S6). This
can be explained by the attractive hydrophobic interactions
between the surfactant tails. These control experiments show
that the dual roles of GO as both the surface “activator” and
the colloidal “stabilizer” are essential for nanowire alignment.

Finally we would like to point out the basic difference
between our nanowire alignment and the “coffee stain” effect*’
reported earlier for nanowire alignment. In the “coffee stain”
effect, nanowires were carried by capillary flows and, therefore,
were observed to orient perpendicularly to the liquid—substrate
contact line.” In our experiment, the nanowires are aligned due

(46) Bigioni, T. P.; Lin, X.-M.; Nguyen, T. T.; Corwin, E. I.; Witten, T. A.;
Jaeger, H. M. Nat. Mater. 2006, 5, 265-270.

(47) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.;
Witten, T. A. Nature (London) 1997, 389, 827-829.

(48) Frenkel, D.; Eppenga, R. Phys. Rev. A 1985, 31, 1776-87.
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to the surface enrichment and are parallel to the liquid—substrate
contact line due to its templating effect.

Conclusion

In this work, we have studied the coassembly behavior of
GO nanosheets and nanowires. We observed the concentration
enrichment and alignment of nanowires at the air—water
interface with the addition of GO nanosheets to the nanowire
dispersion. The aligned nanowires can be transferred to hydro-
philic substrates with their orientation parallel to the liquid—
substrate contact line upon evaporation of the solvent. GO
nanosheets can be thought of as soft 2D macromolecules.
Through hydrogen bonding and ion—dipole interactions, GO
nanosheets can adsorb onto the nanowire surface and thereby
change the surface properties. As a result, the GO-adsorbed
nanowires can be surface active and become enriched at the
air—water interface. When a critical concentration is reached,
the alignment of nanowires occurs according to Onsager’s
theory. This study brings about a new application of GO in
colloidal chemistry and a novel method to achieve large-area,

unidirectional alignment of nanowires. This method has been
extended to align other oxide nanowires such as sodium titanate
and TiO, nanowires (Supporting Information, Figure S7).
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