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I
t is now possible to fabricate nanoparti-
cles (NPs) with precisely controllable
size and shape using a wet-chemical

synthesis approach.1�7 Using these high-

quality NPs as a set of “building blocks”, suc-

cess has also been demonstrated with the

packing 2- and 3D NP arrays with properties

of both fundamental and practical

interest.8�14 Recently, it was reported that

various low-density spherical binary nano-

particle superlattices (BNSLs) patterns could

be achieved through opposite electrical

charges on the NPs from different capping

ligands.15,16 Although the packing symme-

try as a function of the size ratio between

the small and large NPs was extensively

studied9,10,15,17�19 and the investigation has

even been extended to a ternary system,20

observation of BNSLs containing nonspher-

ical NPs still remains a challenge.

It is known that the shape, size, surface

facet, and structural assemblies of NPs play

significant roles in their potential perfor-

mance, such as electrocatalytic activity,1,3

crystal durability,21 reaction selectivity,22�24

magnetic behavior,25 and photovoltaic con-

version efficiency.26�29 Unlike spherical NPs

which are randomly oriented when being

assembled into a supercrystal, the superlat-

tices assembled by nonspherical NPs may

offer certain enhanced characteristics with

their anisotropic nanostructure, such as un-

usual magnetization and enhanced catalytic

performance due to their aligned geomet-

ric axes of each unit. We previously reported

a success in preparation of self-assembled

superlattices containing octahedral cubic-

phase In2O3 (c-In2O3) nanocrystals, and our

observation of three packing structures.30

As an extension, in this article we report, for

the first time, on an observation of 2D
BNSLs consisting of c-In2O3 nanoctahedra
and Pd nanospheres through opposite elec-
trical charges. Structural analyses of these
2D BNSLs amazingly reveal that most of the
Pd NPs “suspend” on the middle plane of
the c-In2O3 nanoctahedra rather than sitting
on the substrate surface, and the locations
of Pd NPs are dependent on the c-In2O3 ori-
entation structures. On the basis of these
observations, we propose that Coulomb
forces from opposite electrical charges on
c-In2O3 nanoctahedra and Pd NPs rather
than other interactions such as van der
Walls, steric, or dipolar interparticle forces
are the major driving forces to induce the
assembly of packing a specific 2D BNSL pat-
tern. Investigation of such 2D patterns
formed from nonspherical building blocks
is noteworthy in aspects of NP interaction
study as well as potential development of
novel meta-materials.
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ABSTRACT High-quality �16 nm c-In2O3 nanoctahedra and �6 nm Pd spherical nanoparticles were

synthesized via a high-temperature wet-chemical approach, and their electrophoretic mobilities in toluene were

investigated, respectively. Opposite electrical charge-induced 2D binary nanoparticle superlattice patterns

containing two such nanocomponents were prepared, for the first time. Three types of c-In2O3-skeleton-structure-

contained assembly patterns were identified as well. It was further observed that the vertices of c-In2O3

nanoctahedra could have higher electrical charge density than that on edge or plane and the small Pd

nanoparticles were “suspended” on the middle plane of the c-In2O3 nanoctahedra, apparently well above the

substrate surface (support film) rather than sitting on it. The assembly structure study indicates that Coulomb

forces resulted from the opposite electrical charges are the dominative driving forces to induce the formation of

such nanoctahedra-nanospheres 2D binary nanoparticle superlattices.

KEYWORDS: nanoctahedron · binary nanoparticle superlattice · opposite electrical
charge · self-assembly · electrophoretic mobility · indium oxide · electron
microscopy
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RESULTS AND DISCUSSION
Cubic-phase In2O3 (c-In2O3) nanoctahedra30 and

spherical Pd NPs31 were rationally synthesized by
adopting methods reported previously. As shown in
Figure 1, the size of c-In2O3 and Pd NPs from the typi-
cal syntheses were determined as 15.9 � 1.2 nm (diago-
nal length) and 5.8 � 0.4 nm (spherical diameter), re-
spectively, on the basis of transmission electron
microscopic (TEM) images.

The as-synthesized c-In2O3 nanoctahedra capped
with oleic acid (OA) and oleylamine (OAm) were washed
using anhydrous ethanol and then redispersed in tolu-
ene, whereas a ligand-exchange process was applied to
Pd NP suspension as the following description. The as-
synthesized spherical Pd NPs originally capped with tri-
octylphosphine (TOP) and OAm underwent a capping-
agent-exchange post-treatment with 1-dodecanethiol
in toluene.31 During this process (the details of prepara-
tion and post-treatment procedure can be referred to
the section of “experimental details”), TOP and OAm on

the surface of the Pd NPs are assumed to be replaced

by 1-dodecanethiol. As reported earlier, it is believed

that electrical charges might exist on sterically stabi-

lized NPs even in a nonpolar solvent.32�34 According to

the literature,15 it is anticipated that the OA-capped

c-In2O3 nanoctahedral and thiol-capped Pd NP colloids

in toluene carry positive and negative charges, respec-

tively. Usually, the electrical charge (Z, in unit of e) on a

NP in a low dielectric solvent without electrolyte is pro-

portional to the electrophoretic mobility (�e) through a

relationship

where � is the viscosity of the solvent and a is the hy-

drodynamic diameter of a spherical or sphere-like NP.35

To verify this conjecture of opposite electrical charges

presented in both types of suspensions, distributions of

electrophoretic mobility of both colloidal suspensions

were measured using a Malvern Zetasizer Nano ZS in-

strument (Malvern Instruments) in which a laser dop-

pler working mechanism was adopted. Figure 2a,b pre-

sents the peaks of electrophoretic mobility distribution

of c-In2O3 nanoctahedral colloids and Pd NP colloids in

toluene, respectively. Figure 2a shows a peak with a

positive mobility value (�0.035 �m cm V�1 s�1) for 16

nm c-In2O3 nanoctahedra in toluene, indicating the

presence of positive charges on these nanoctahedra in

such a colloidal suspension. In contrast, an observation

of a peak with a negative mobility value (ca. �0.075 �m

cm V�1 s�1) for 6 nm spherical Pd NPs in toluene im-

plies that these NPs possess negative charges (see Fig-

ure 2b).15 This experimental survey confirms the exist-

ence of different electrical charges on both “precursor”

suspensions used for the preparation of 2D BNSLs in

this work.

The c-In2O3�Pd colloidal suspensions were pre-

pared by mixing the preprepared c-In2O3 stock toluene-

suspension and Pd stock toluene-suspension, while

the molar ratio between c-In2O3 and Pd in toluene was

maintained around 4.8:1. Prior to an assembly of this

mixture on a TEM grid, one drop of oleic acid was intro-

duced in order to increase the population of positively

charged oxide NPs and to oppositely affect the electri-

cal charge on metallic NPs, as pointed out previously.15

It is believed that interactions from opposite electrical

charges on NPs, rather than other relatively weaker in-

teractions such as van der Waals forces, steric or dipo-

lar interparticle interactions, are the major driving

forces to form 2D BNSLs.15 BNSLs of c-In2O3 and Pd

were then achieved by simply dropping the suspen-

sions on copper TEM grids coated with Formvar/car-

bon and analyzed using a Hitachi H-7000 TEM and FEI

Tecnai G2 F20 FE-TEM with scanning TEM (STEM), en-

ergy dispersive X-ray spectroscopy (EDS), and electron

tomography capabilities.

Figure 1. TEM images of the starting materials: (a) c-In2O3 nanoctahedra with
two enlargements inserted; (b) spherical Pd nanoparticles.
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The structure of
c-In2O3�Pd 2D BNSLs
strongly depends on the as-
sembly configuration of
the c-In2O3 nanoctahedron
component as a “skeleton
pattern”. As shown in TEM
projection images (Figure
3a,b, also refer to Figure S1
in Supporting Information),
two types of individual
c-In2O3�Pd structures were
observed. In Figure 3a, the
c-In2O3 nanoctahedra are
�001�-projected and orien-
tated by sitting on their ver-
tices. The Pd NPs are “in-
serted” at positions that

close to four vertices from

the four nearest-neighbor c-In2O3 nanoctahedra. In this

pattern, the c-In2O3 nanoctahedra are oriented along

�001�, which is similar to the Type-I packing structure

in assembly of pure c-In2O3 nanoctahedra.30 Figure 3c
is a large-area TEM projection image, demonstrating a
Type-I-dominated 2D BNSL structure. We observed that
different 2D BNSL structures could exist simultaneously

on the same substrate. Interest-
ingly, Figure 3b reveals the sec-
ond type of packing arrays. The
c-In2O3 nanoctahedra, projected
in �110� orientation, sit on their
edges, that is, slightly truncated
(110) facets. This kind of assem-
bly structure was previously ob-
served in the case of pure c-In2O3

nanoctahedron patterns30 and
was attributed to a Type-II pat-
tern.30 The rows of c-In2O3 nanoc-
tahedra in this Type-II structure
are half-side-length shifted from
each other (i.e., the next row is
placed by shifting a half-NP dis-
tance along the direction of the
row axis) in order to maximize
the surface contact. Since the
amount of electrical charges in
each unit of c-In2O3 in such a pat-
tern is relatively weak (vide infra),
in most cases the Pd NPs are only
introduced in the positions be-
tween the vertices of any two
neighboring c-In2O3 nanoctahe-
dra in a row rather than vacancies
between the rows. In both Type-I
and Type-II structures, the dis-
tances of c-In2O3 interparticles in-
crease in comparison with the
case of the single c-In2O3 nanoc-
tahedron pattern30 possibly due
to the inclusion of Pd NPs into
the c-In2O3 lattice. It is also worth

Figure 2. Electrophoretic mobilities of (a) c-In2O3 nanoctahedra and (b) Pd nanoparticles in toluene.

Figure 3. TEM images of binary assembly structures formed between c-In2O3 nanoc-
tahedra and Pd nanoparticles: (a) Type-I assembly, the nanoctahedra oriented along
�001�, as indicated by the inserted model; (b) Type-II assembly, the nanoctahedra ori-
ented along �110�, as indicated by the model; (c) large-area Type-I assembly; (d)
bright-field image of an example of mixed Type-I and Type-II assemblies; (e) dark-
field image of the area in panel d; (f) enlarged one (high-resolution TEM) from circled
area in panel d, Type-I; (g) enlarged one from circled area in panel d, Type-II.
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mentioning that, in many cases as shown in Figure
3d�g, a mixed structure containing both Type-I and
Type-II could be determined.

In our previous study in a single c-In2O3 nanoctahe-
dron assembly system,30 we have determined a third
type of assembly structure, oriented along �111� and
designated as “Type III”. That is, all of the c-In2O3 nanoc-
tahedra sit on the substrate by their (111) facets and
the projection direction is [111]. In this c-In2O3

nanoctahedron-Pd NP binary 2D assembly system, we
attempted to identify the similar c-In2O3 pattern as a
skeleton structure in the binary system. As illustrated
in Figure 4a, instead of a single Type-III skeleton c-In2O3

nanoctahedron pattern, a structure-mixed pattern con-

taining Type-III and Type I c-In2O3 was observed. From

high-resolution TEM images in Figure 4b,c, it was con-

firmed that Pd NPs only exist around Type I-oriented

c-In2O3 nanoctahedra, and no Pd NP was detected

around the Type III-oriented c-In2O3 nanoctahedra.

This observation further supports the inference that

the opposite electrical charges are the major driving

forces for the 2D BNSL formation. In Type I-oriented

c-In2O3 pattern, each c-In2O3 nanoctahedron contacts

the substrate surface (the TEM support film) through

only one vertex. The minimum contacting area ensures

that most of the positive electrical charge is “isolated”

on the surface of the c-In2O3 nanoctahedron, attracting

Figure 4. TEM images of (a) Type-III assembly, the c-In2O3

nanoctahedra oriented along �111�, as indicated by the in-
serted model; (b) high-resolution image from panel a show-
ing �111� oriented c-In2O3 nanoctahedra; (c) high-resolution
image from panel a showing �111� and �001� oriented c-In2O3

nanoctahedra. An FFT pattern of a �111� nanoctahedron is
inserted. Note the absence of Pd particles around the �111�
oriented c-In2O3 nanoctahedra.

Figure 5. STEM image (a), where two single Pd and In2O3

particles, labeled as “b” and “c”, are selected for EDS analy-
sis in panels b and c, respectively. The horizontal axis of the
EDS spectra is energy in keV, and the vertical axis, counts.
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a maximum number of oppo-
site charge carriers, that is, four
Pd NPs, around it (Figure 3a). In
Type II-oriented c-In2O3 pat-
tern, each c-In2O3 nanoctahe-
dron contacts the substrate
surface through a nanoctahe-
dral edge. In comparison with
the vertex, the increased con-
tacting area on edge allows a
partial loss of the positive elec-
trical charge from the c-In2O3

nanoctahedron, resulting in a
less number of opposite charge
carriers, that is, two Pd NPs,
around it (Figure 3b). In Type III-
oriented c-In2O3 pattern, the
contact through a triangular
face for each c-In2O3 nanocta-
hedron maximizes the transfer
of the positive electrical charge
from c-In2O3 to the substrate
surface with minimum positive
charge remaining. This explains
why no Pd NP could be “at-
tracted” around the Type III-

oriented c-In2O3 nanoctahedra (Figure
4b,c).

To identify the compositions of the
2D BNSL pattern, a STEM image, taken
using a spot size of 1 nm, is shown in
Figure 5a. Two types of NPs, labeled as
“b” and “c” respectively, are selected
for the EDS analysis in the STEM mode.
Despite of the elements induced by the
chemicals during the sample prepara-
tion as well as Cu signals from the grid,
the EDS spectrum from the large par-
ticle presents In and O signals without
Pd (Figure 5b), whereas that from the
small particle shows the evidence of Pd
(Figure 5c), although spurious In signals
from the surrounding large particles
that are hard to avoid are also present.36

The EDS analysis is consistent with the
assumption that the large NPs are In2O3

and small NPs are Pd. However, it is
still ambiguous about the position of
Pd NPs in the projection direction (the
direction perpendicular to plane of the
substrate) based on these 2D images.
The Pd NPs may be just “inserted”
among the c-In2O3 nanoctahedra and
sterically assembled on the substrate
plane, or separated from the substrate
surface and “suspended” in the projec-
tion direction among the c-In2O3 nanoc-

Figure 6. 3D reconstruction: (a) TEM image; (b) reconstructed volume rendering; (c)
close to edge-on side view of the volume; (d) edge-on side view of the volume. Data
bars represent a scale of 50 nm.

Figure 7. Structure models of (a) Type I ([100] oriented), (b) Type II ([110] ori-
ented), and (c) Type III ([111] oriented) 2D BNSL assemblies along plane and
side views, respectively.
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tahedra due to the interaction of opposite electrical
charges. To explore this, 3D reconstruction using to-
mography was carried out.

Figure 6a presents a Type-I/Type-II-mixed 2D BNSL
area selected for the tomography. A series of images
at different angles were taken (refer to Figure S2 in Sup-
porting Information), and they were then reconstructed
by the backprojection method using the FEI Xplore3D
program. Figure 6b shows a reconstructed volume that
was rendered using Isosurface, indicating NPs that are
consistent with those observed in the real TEM image in
Figure 6a. Using this reconstructed volume, it is pos-
sible to visualize the pattern at any angles. To deter-
mine the relative positions of Pd NPs to c-In2O3 nanoc-
tahedra, it is necessary to tilt this volume to the edge-on
angle (perpendicular to the electron beam). Figure 6c
and 6d are two representative side views, near and at
the edge-on positions, respectively. It is clear that most
of the Pd NPs locate on the middle plane of the c-In2O3

nanoctahedra, apparently well above the substrate sur-
face (support film) rather than sitting on it. A movie
demonstrating the continuous turning near this
edge-on side view angle is provided in the Supporting
Information. Note that in this area, a few Pd NPs are
found on another side of the support film, and thus two
planes are shown in Figure 6c and 6d, depicting the
top and bottom surfaces of the support film. Suppos-
ing the bottom few Pd NPs attach the support film due
to the absence of charge on this side, the support film
thickness is estimated as 17 nm, consistent with the
support film thickness given by the vendor Ted Pella.

In the cases of BNSLs containing all-spherical NPs
studied previously,15,16 electrical charges should distrib-
ute on the surfaces of spherical NPs homogeneously.
However, the electrical charge density on surface of a
nanoctahedron would not be even. In physics, it is well-
known that a charged asymmetric object has the stron-
gest electric field near its part that has the smallest ra-
dius of curvature.37 According to this principle, the
vertices are expected to have higher charge density
than that on edge or plane of a nanoctahedron. Explo-

ration of Pd positions in our experiments apparently

verifies this assumption. On the other hand, the suc-

cess of 2D BNSL assembly is dependent on the amount

of electrical charges remaining on the c-In2O3 nanocta-

hedra, which is up to the contact area between a nanoc-

tahedron and the substrate surface. As summarized in

the three structural models based on the experimental

observations in Figure 7, the coordination number of Pd

NPs around a c-In2O3 nanoctahedron is ultimately de-

pendent on the packing orientation of the c-In2O3

nanoctahedron.

CONCLUSIONS
We have identified opposite electrophoretic mobili-

ties of �16 nm c-In2O3 nanoctahedra and �6 nm Pd

NPs in toluene, and for the first time, demonstrated

nonspherical 2D BNSL assembly patterns containing

the mentioned building blocks. Three types of c-In2O3

skeleton structures were observed in the 2D octahedral

c-In2O3-spherical Pd NP BNSL assembly patterns. It was

further determined that (1) the vertices of c-In2O3 na-

noctahedra could have higher electrical charge density

than that on edge or plane; (2) most of the Pd NPs lo-

cate on the middle plane of the c-In2O3 nanoctahedra

well above the substrate surface (support film) rather

than sitting on it in the 2D BNSL assembly patterns; (3)

the orientation of c-In2O3 nanoctahedra dominates the

structure of a nonspherical 2D BNSL pattern. On the ba-

sis of these investigations, we propose that Coulomb

forces resulted from the opposite electrical charges on

c-In2O3 and Pd NPs are the major driving forces to in-

duce the assembly, and the c-In2O3 skeleton orientation

structures are crucial to the formation of a 2D BNSL pat-

tern. The preparation and study of such nonspherical

BNSL systems can provide a general and inexpensive

path to meta-materials with precisely tuned chemical

composition, controlled structure of building block as-

sembly, and combined properties. It is noteworthy in

aspects of NP interaction investigation as well as poten-

tial novel meta-materials engineering.

EXPERIMENTAL DETAILS
Preparation of Cubic Phase c-In2O3 Nanoctahedra. A 0.42 mmol por-

tion of indium acetate (99.99%, Alfa Aesar), 0.60 mL of oleic
acid (90%, Sigma-Aldrich), and 0.55 mL of oleylamine (70%,
Sigma-Aldrich) were mixed with 7.0 mL of hexadecane (99�%,
Sigma-Aldrich) in a three-neck round-bottom flask equipped
with a condenser. Standard air-free techniques were used, and
the mildly stirred mixture was vacuumed at room temperature
for 15 min. After being purged twice with argon gas, the mixture
was heated to 110 °C and kept at that temperature for 70 min
within the vacuum. Then 1.5 mmol of trimethylamine N-oxide
(TMNO, 98%, Sigma-Aldrich) was added into the vigorously
stirred mixture under an argon stream after the mixture temper-
ature was reduced to 100 °C. The system was then heated to
290 °C and refluxed for 2 h while a dynamic multiple-injection
operation was also applied. The resulting turbid mixture was
cooled down to room temperature. The c-In2O3 nanocrystals,

which are a gray precipitate and can be completely dispersed
in hexane, were separated from the reaction mixture by adding
sufficient amounts of anhydrous ethanol and collected by a sub-
sequent centrifugation. Highly monodisperse c-In2O3 nanoctahe-
dron suspensions could be obtained after a standard size-
selection post-treatment using a pair-solvent of anhydrous hex-
ane (98.5%, BDH) and anhydrous ethanol (200 proof, AAPER).

Preparation of Spherical Pd Nanoparticles. A 0.1 g portion of palla-
dium(II) acetylacetonate [Pd(acac)2] (34.8�35.0% Pd, Gelest)
was added into 1.0 mL of trioctylphosphine (TOP, 90%, Aldrich)
to form orange Pd�metal complexes. The metal complex solu-
tion was then added to 10 mL of oleylamine (70%, Sigma-
Aldrich). Subsequently, the resultant solution was slowly heated
to 250 °C and kept at this temperature for 30 min under vigorous
agitation and argon protection. During this process, the initial or-
ange color of the solution gradually turned dark brown. These
colloids were cooled to room temperature and anhydrous etha-
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nol (200 proof, AAPER) was added to yield a black precipitate,
which was subsequently isolated by centrifugation. Homoge-
neous spherical Pd nanoparticles suspended in hexane can be
further obtained after a size-selection post-treatment mentioned
above.

Molar Concentration Estimate in Toluene Stock Suspensions. (1) The
monodisperse c-In2O3 nanoctahedra in hexane capped with
oleic acid and oleylamine were isolated by precipitating the sus-
pensions using a sufficient amount of anhydrous ethanol fol-
lowed by centrifugation. The precipitates were then transferred
in toluene. A 1.0 mL portion of c-In2O3 toluene suspension was
added into a small clean vial which was preweighed exactly be-
fore drying. After the solvent of the sample was gradually evapo-
rated in a vacuum oven, the vial was transferred into a tube-
furnace and heated to 600 °C under an air stream to completely
remove the capped organic residues. The difference between
the final total weight and the weight of the vial is correlative to
the mass of c-In2O3 nanoctahedra in 1.0 mL of stock suspension.
(2) The as-prepared Pd nanoparticles were further washed twice
using a pair of anhydrous ethanol�hexane (polar�nonpolar)
solvents followed by centrifugation, and finally redispersed in
toluene containing 1-dodecanethiol (�98%, Singma-Aldrich).
The volume ratio between 1-dodecanethiol and toluene was
0.0125:1. The concentration of this toluene stock suspension was
estimated using the same procedure as mentioned above.

Preparation of BNSLs on TEM Grids. A 50 �L portion of c-In2O3 na-
noctahedron stock suspension in toluene (7.2 	 10�3 M) was
completely mixed with 20 �L of Pd stock suspension in toluene
(3.8 	 10�3 M) and 3 �L of oleic acid in a vial. Assembly of such
a mixture was conducted on copper TEM grids coated with
Formvar/carbon under ambient conditions (200 Mesh, Ted Pella
Inc.).
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NPs to c-In2O3 nanoctahedra in the BNSLs in a round turn. These
materials are available free of charge via the Internet at http://
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