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C
olloidal “bottom-up” assembly of
nanoscale building blocks into
well-ordered superlattices offers

tremendous potential for their applica-

tions in electrical, optical, and magnetic

devices.1�12 Recently, a variety of BNSLs

were investigated in metallic�metallic,13,14

semiconductor�magnetic,15

semiconductor�semiconductor,16,17

metallic�semiconductor,18 metallic�

magnetic,19�22 and magnetic�

magnetic23,24 nanocrystal (NC) combina-

tions, exhibiting a diverse array of crystal

structures. Synergistic effects arising from

particle interactions have been reported

in several multicomponent nanocrystal

assemblies.25�27 For example, AB-type

binary PbTe�Ag2Te nanocrystal super-

lattices show strongly enhanced p-type

electronic conductivity.25 Fe3O4 and FePt

nanocrystal composites show enhanced

energy density due to magnetic ex-

change coupling.26 Therefore, engineer-

ing the three-dimensional (3D) structures

of BNSLs by placing different NCs in a

well-defined geometry offers a promis-

ing route for tailoring the collective prop-

erties of the nanostructured

architectures.

TEM has been widely used in the struc-

tural analysis of self-assembled nanocrystal

superlattices.28,29 However, the structural

assignments of BNSLs have been mainly

based on the visual comparison of TEM im-

ages with the projections of known crystal

structures. Only a few examples have taken

advantage of electron-diffraction-based

techniques combined with real-space imag-

ing in the structural characterization of

BNSLs.15,18 Here, we employ a dual-axis to-

mography TEM holder to systematically

study the 3D crystal structure of BNSLs. We

highlight the effectiveness of the 3D crystal-

lography approach in the studies of AB13-

type BNSLs where two polymorphs have

been proposed.18 We are able to obtain 9

different tilt series and identify 14 distinct

crystallographic projections from the AB13-

type BNSLs. The TEM holder’s in-plane 360°

rotation function allows us to align a par-

ticular crystallographic direction parallel to

the holder’s tilt axis before each tilt series is

started. Through careful analysis of TEM im-

ages and corresponding small-angle elec-

tron diffraction (ED) patterns from each tilt

series, we confirm that the Fe3O4�Fe3O4

AB13-type BNSLs in this study can be as-

signed uniquely to the ico-AB13 type.

The ico-AB13 phase (space group Fm3̄c,

No. 226) was initially identified in NaZn13

and several other intermetallic

compounds30,31 and is theoretically pre-

dicted to be stable based on the hard

sphere approximation.32 It was also ob-

served in naturally occurring opals (colloi-

dal crystals),32�35 C60�CCl4 solvate crys-

tals,36 and binary mixtures of block
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ABSTRACT Multicomponent nanocrystal assemblies have received great attention due to their fundamental

role in the study of self-assembly and novel physical properties arising from particle interactions. Here, we report

the formation of the first binary nanocrystal superlattices (BNSLs) consisting of different-sized Fe3O4 nanocrystals.

We establish a framework to systematically study the structure of BNSLs using a dual-axis tomography TEM holder.

The tilt series obtained not only allows us to map the three-dimensional (3D) structure of icosahdedral AB13 (ico-

AB13) and AlB2-type BNSLs but also uncovers the structural differences among the projections of ico-AB13,

cuboctahedral AB13 (cub-AB13), and AlB2. This structural characterization method is general and is important for

further exploration of structural diversity in BNSLs and in the development of rigorous structure�property

relationships in BNSLs. The formation of ico-AB13 and AlB2 BNSLs from electrostatically neutral Fe3O4 nanoparticles

is consistent with the space-filling principles and further supports entropy as the dominant factor during the

growth of these BNSLs.

KEYWORDS: self-assembly · binary nanocrystal superlattices · structural
characterization · icosahedral AB13 · cuboctahedral AB13 · AlB2
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copolymer micelles.37 The unit cell of the ico-AB13 struc-

ture (Figure 1a) contains 104 small spheres and 8 large

spheres. The structure can be viewed in the following

way: an icosahedron consisting of 13 small spheres in-

side a simple cubic lattice of large spheres. The orienta-

tion of adjacent icosahedra is rotated by 90°. An alter-

Figure 2. Tilt series 1�4 of ico-AB13 BNSLs composed of 5.6 and 10.5 nm Fe3O4 NCs. Below each TEM image (inset of each is
the corresponding small-angle ED pattern) are the corresponding structural model (left) and simulated ED pattern (right). The
blue spots of the simulated ED patterns are kinematically forbidden reflections but could appear experimentally due to sec-
ondary diffraction. (a) Tilt series 1 starts from [001] zone axis and tilts around [100] direction. Tilting sequence: [001] ¡
[015] ¡ [013] ¡ [012] ¡ [035] ¡ [011] zone axes. (b) Tilt series 2 starts from [001] zone axis and tilts around [1̄10] direc-
tion. Tilting sequence: [001] ¡ [114] ¡ [112] zone axes. (c) Tilt series 3 starts from [011] zone axis and tilts around [100] di-
rection. Tilting sequence: [011] ¡ [035] ¡ [012] zone axes. (d) Tilt series 4 starts from [011] zone axis and tilts around [01̄1] di-
rection. Tilting sequence: [011] ¡ [255] ¡ [122] ¡ [111] zone axes. All scale bars are 20 nm.

Figure 1. Structural models and stereographic projection of AB13 BNSLs. Unit cells of (a) ico-AB13 and (b) cub-AB13 struc-
tures. Structural models of [001] projections of (c) ico-AB13 and (d) cub-AB13 structures. (e) TEM image of [001] projection of
ico-AB13 BNSLs composed of 5.6 and 10.5 nm Fe3O4 NCs. The inset shows detailed nanocrystal arrangement of the [001] pro-
jection. The scale bar is 20 nm. (f) Stereographic projection of the cubic crystal system. The projection plane is normal to
the [001] direction.
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native cub-AB13 phase (space group Pm3̄m, No. 221)
was proposed as a polymorph, although it is structur-
ally unfavorable based on hard sphere packing density
calculations.32 It differs from the ico-AB13 in the follow-
ing manner: 8 large spheres are located at the corners
of a simple cubic lattice inside which 12 small spheres
occupy the vertices of a virtual cuboctahedron, sur-
rounding a central small sphere (Figure 1b). Therefore,
the two AB13 polymorphs differ in the arrangement of
small spheres and, thus, in their packing density and
symmetry (face-centered cubic vs simple cubic). The
first ico-AB13 BNSLs were reported in 2003.15 Interest-
ingly, there have been several subsequent reports of
the formation of both ico-AB13

16,18,20,21,38 and cub-AB13

BNSLs.16�18,20,21,27 Factors such as van der Waals (VDW)
interactions, dipolar forces, etc. have been taken into ac-
count to explain the growth mechanism of cub-AB13

BNSLs; however, a consensus on the predominant inter-
action has not been reached.

The [001] projection, which is commonly ob-
served in AB13-type BNSLs, is shown in Figure 1e.
Seventeen small NCs (marked by colored circles: one

red, eight blue, and four yellow circles
belong to a subcell, while the other four
pink circles are from an adjacent sub-
cell) can be clearly resolved inside a
simple cubic lattice formed by eight
large NCs, as shown in the inset of Fig-
ure 1e. Importantly, the partial overlap
between each pair of the blue circles
uniquely matches the [001] projection
of the ico-AB13 structural model (Figure
1c). In contrast, the [001] projection of
cub-AB13 structural model (Figure 1d)
shows that only nine small NCs inside
a simple cubic unit cell can be seen. We
caution that, at low magnification, it is
difficult to distinguish between ico-AB13

and cub-AB13 structure from the [001]
projection due to their subtle structural
differences.

In BNSLs, usually domains with differ-
ent orientations coexist in the same
sample. To ascertain whether they be-
long to different crystal structures or dif-
ferent zone axes of the same crystal struc-
ture, it is necessary to acquire series tilt
from different domains of the sample. Ac-
cording to the stereographic projection
of cubic crystal system shown in Figure 1f,
we design a set of series tilt paths which
include as many low index zone axes as
possible.39

Starting from a [001]-oriented domain,
two different tilt paths are chosen: the first
one (Figure 2a) tilts around the [100] di-
rection, heading toward the [011] zone
axis. After 45° in-plane rotation of the

same [001] domain, the second tilt series (Figure 2b)
starts by tilting around the [1̄10] direction and proceeds
toward the [111] zone axis. Starting from a [011]-
oriented domain, we also have two choices: one is tar-
geted at the [001] zone axis as shown in the third tilt se-
ries (Figure 2c). The [035] and [012] zone axes appear
again, which confirms that the first and third tilt series
are along the same path but in opposite direction (Fig-
ure 1f). Moreover, after 90° in-plane rotation of the same
[011] domain, the fourth tilt series (Figure 2d) pro-
ceeds toward the [111] projection, during which the
TEM images taken along the [255] and the [122] zone
axes are identified according to the small-angle
ED patterns. The [111] projection may be confused
with either the [111] projection of cub-AB13 or the [001]
projection of the AlB2 type (space group P6/mmm, No.
191) BNSLs since all of the corresponding small-angle
ED patterns have six-fold symmetry. Therefore, we find
several untilted domains analogous to the [111] projec-
tion of ico-AB13 and do both positive-angle and
negative-angle series tilt around the [1̄10] direction.

Figure 3. Tilt series 5 of ico-AB13 BNSLs composed of 5.6 and 10.5 nm Fe3O4 NCs and
structural comparison between ico-AB13 and AlB2 type BNSLs. (a) Tilt series 5 starts from
[111] zone axis and tilts around [1̄10] direction. Tilting sequence: [111] ¡ [554] ¡ [221] ¡
[552] ¡ [110] and [111] ¡ [334] ¡ [223] ¡ [112] zone axes. The blue spots are kinemati-
cally forbidden reflections but could appear experimentally due to secondary diffraction.
Below each TEM image (inset of each is the corresponding small-angle ED pattern) are the
corresponding structural model (left) and simulated ED pattern (right). The blue spots of
the simulated ED patterns are kinematically forbidden reflections but could appear experi-
mentally due to secondary diffraction. (b) TEM image of [111] projection of ico-AB13 Fe3O4

BNSLs. The inset is the structural model of the [111] projection of ico-AB13. (c) TEM image
of the [001] projection of AlB2 BNSLs assembled from 5.6 and 10.5 nm Fe3O4 NCs. The in-
set is the structural model of the [001] projection of AlB2. All scale bars are 20 nm.

A
RT

IC
LE

VOL. 4 ▪ NO. 4 ▪ CHEN ET AL. www.acsnano.org2376



Typical results are shown in Figure 3a: [221] and [552]

projections, equivalent to the [122] and [255] projec-

tions, respectively, “re-appear” as we tilt the BNSLs and

finally the [110] projection is reached. Interestingly, in

Figure 4. Six tilt series of AlB2 BNSLs composed of 5.6 and 10.5 nm Fe3O4 NCs. Below each TEM image (inset of each is the corre-
sponding small-angle ED pattern) are the corresponding structural model (left) and simulated ED pattern (right). Tilt series 1
(a,b) starts from [001] zone axis, tilts around [110] direction, and ends up at [22̄3] zone axis. After 90° in-plane rotation of (a), tilt se-
ries 2 (c,d) starts from [001] zone axis, tilts around [1̄10] direction, and ends up at [111] zone axis. Tilt series 3 (e,f) starts from
[11̄0] zone axis, tilts around [110] direction, and ends up at [11̄1] zone axis. After 90° in-plane rotation of (e), tilt series 4 (g,h) starts
from [11̄0] zone axis, tilts around [001] direction, and ends up at [100] zone axis. Tilt series 5 (i,j) starts from [100] zone axis, tilts
around [010] direction, and ends up at [301] zone axis. After 90° in-plane rotation of (i), tilt series 6 (k,l) starts from [100] zone axis,
tilts around [001] direction, and ends up at [11̄0] zone axis. All scale bars are 20 nm.

Figure 5. Crystal structural modeling and electron diffraction simulation of AB13 structures. (a) Structural models of differ-
ent projections of ico-AB13 and cub-AB13 structures. (b) Simulated ED patterns of different zone axes of ico-AB13 and cub-
AB13 structures using EMS software. The ED patterns of ico-AB13 and cub-AB13 are different in the following seven zone axes
(green): [013], [015], [035], [112], [334], [552], and [554]. The blue spots are kinematically forbidden reflections but could ap-
pear experimentally due to secondary diffraction.
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the reverse tilting direction, we end up with the [112]
projection with its characteristic wave-like contrast. The
small-angle ED matches with the simulated [112] pat-
tern. A structural model built from Accelrys Materials
Studio 4.4 software displays the same wavy modula-
tion, which is absent in the simulated [112] projection
based on cub-AB13 (Figure 5a). This is strong evidence
that the starting point of the fifth tilt series is the [111]
projection of the ico-AB13 structure. The movies for tilt
series 1�5 using 7.3 and 14.5 nm Fe3O4�Fe3O4 ico-AB13

BNSLs are shown in Supporting Information (movies
S1�S5).

By adjusting the concentration ratio of 5.6 to 10.5
nm Fe3O4 NCs, AlB2 structure can also be obtained. Se-
ries tilt starting from the [001]-oriented domain of the
AlB2 structure is shown in Figure 4. It should be pointed
out that the difference between the [111] projection of
ico-AB13 and the [001] projection of the AlB2 structure
can be seen in the following way: In Figure 3b, there is
one small nanocrystal sitting on top of each large nano-
crystal in the [111] projection of the ico-AB13 structure,

in contrast to the [001] projection of the
AlB2 structure (Figure 3c). However, a series
tilt from this projection is more definitive for
the structural identification.

During the five tilt series of AB13-type
BNSLs (Figures 2 and 3), several intermedi-
ate zone axes appear such as [012], [013],
[221], [554], etc. The fact that they are along
the pathway connecting those low-index
poles ([001], [011], and [111]) on the stereo-
graphic projection motivates us to start tilt-
ing from these projections to see whether
we could end up with one of the low-index
zone axes. Starting from [012]-, [013]-, [221]-
,and [554]-oriented domains, we are able to
reach the [001], [011], and [111] poles, as
shown in tilt series 6�9 (Figures S1�S4 in
Supporting Information). The correspon-
dence between TEM images and structural
models and between small-angle ED and
the simulated patterns confirms that the
AB13 Fe3O4�Fe3O4 BNSLs are exclusively ico-
AB13. We also simulate ED patterns (Figure
5b) of cub-AB13 structure and find that ico-
AB13 and cub-AB13 cannot be differentiated
based solely on the ED patterns of the fol-
lowing seven zone axes: [001], [011], [012],
[111], [114], [122], and [223], while discrep-
ancies do occur in the other seven zone
axes: [013], [015], [035], [112], [334], [552],
and [554]. This further supports our struc-
tural assignment of ico-AB13 rather than
cub-AB13.

After analyzing many (�200)
Fe3O4�Fe3O4 ico-AB13 BNSLs formed under
similar deposition conditions, we find that
eight projections are commonly seen in ico-

AB13 samples (Figure 6). Several projections show char-
acteristic contrast under TEM; besides the above-
mentioned wave-like [112] projection, the [011] and
[013] projections show an “eye-like” feature. The differ-
ence between [122] and [012], as seen in Figure 6, can
be visualized by the number of small nanocrystal chains
around each large nanocrystal chain (four vs two). Sta-
tistically, [001]- and [011]-oriented domains are more
likely to be observed, which indicates preferential orien-
tation in the BNSL growth. Typical large-area views of
the [001] and [011] projections are shown in Figures S5
and S6 (Supporting Information). The ico-AB13 BNSLs
typically exhibit a mosaic texture with sharp grain
boundaries separating oriented domains, islands that
nucleate and coalesce during the BNSLs growth process
(Figure S7).

The formation of large-area (up to 100 �m2) ico-
AB13 Fe3O4�Fe3O4 BNSLs is due to the monodispersity
(size and shape) of the individual building blocks (Fig-
ures S8�S10). Both 12.7�7.4 and 16.3�9.3 nm (here

Figure 6. Large-area TEM images of different projections in ico-AB13 BNSLs composed of
5.6 and 10.5 nm Fe3O4 NCs. TEM images and small-angle ED patterns (inset) of Fe3O4�Fe3O4

ico-AB13 BNSLs from different domains. All scale bars are 100 nm.
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we refer to the effective sizes of nanocrystals which in-
cludes the thickness of surface ligands)21 combinations
give rise to a size ratio (�) close to 0.58. Previous theo-
retical work demonstrated that binary mixtures of col-
loidal particles with � � 0.58 entropically (space-filling)
favor the formation of either AB13 or AB2 superlattice
structures, depending on the relative concentration of
the two species35,40 (Figure 7a). Recently, it was pro-
posed that not only entropy but also other factors such
as VDW, dipolar, and Coulombic interactions should
also be taken into account. For example, the recent re-
port on CaCu5-type BNSLs shows that even certain
structures unfavorable based on the space-filling prin-
ciple can form, suggesting that the contribution from
VDW interaction of interdigitating ligands is impor-
tant.16 On the other hand, 3D binary superlattices of op-
positely charged colloids have been successfully dem-
onstrated and explained in terms of balance between
entropic and Coulombic interactions.41�43 In our case,
the Fe3O4 NCs stabilized with oleic acid molecules are
confirmed to be electrostatically neutral by � potential
measurements (Figure 7b), similar to the reported
CdTe�CdSe system.16 Therefore, we believe that the
formation of our ico-AB13 and AlB2 BNSLs is mainly
entropy-driven.

In summary, ico-AB13 and AlB2 BNSLs consisting
of 5.6 nm Fe3O4 and 10.5 nm Fe3O4, as well as 7.3

nm Fe3O4 and 14.5 nm Fe3O4 nanocrystals were as-
sembled. We have developed a systematic method
to characterize the 3D structure of BNSLs; we
use stereographic projection as a standard
crystallographic tool to design series tilt paths
and to index crystal zone axes. Series tilt using a
dual-axis tomography holder allows acquisition of
TEM images and small-angle ED patterns while es-
tablishing structural correlations among different
domains of the BNSLs. This systematic crystallogra-
phy study confirms the unique assignment of ico-
AB13 rather than cub-AB13 in these Fe3O4�Fe3O4

BNSLs. A library of TEM images and small-angle
ED patterns of ico-AB13 and AlB2 BNSLs as well as
the structural models and simulated ED diffraction
patterns is provided as resources for future phase
identification of ico-AB13, cub-AB13, and AlB2 struc-
tures assembled from any combination of nano-
crystal building blocks. Nanocrystal superlattices
not only provide opportunities to study funda-
mental particle interactions but also offer the
possibility to capture and harness emergent
properties. Systematic 3D structural character-
ization is essential for further exploration of
structural diversity and structure�property
relationships in multicomponent nanoscale
assemblies.

METHODS
Synthesis and Characterization of Fe3O4 Nanocrystals. The Fe3O4

nanocrystals were synthesized using the method developed
by Hyeon et al.44 Briefly, iron oleate precursor was prepared
by the reaction of 10.8 g of iron(III) chloride and 36.5 g of so-
dium oleate at 60 °C for 4 h. The 10.5 nm Fe3O4 nanocryst-
als were synthesized by dissolving 3.6 g of iron oleate and
1.28 mL of oleic acid in 20 mL of 1-octadecene, which was
then heated to 320 °C at a rate of 3 °C/min and kept at 320
°C for 30 min. After cooling to room temperature, ethanol
was added to the crude solution to precipitate Fe3O4 nano-
crystals and remove reaction byproducts. Fe3O4 nanocrystals
of other sizes are obtained by adjusting the ratio of oleic acid

to iron oleate. All Fe3O4 nanocrystals were redispersed in
trichloroethylene (TCE) with a nanocrystal concentration
about 1.5 mg/mL. Electrophoretic mobility measurements
were performed on a Delsa Nano C system (Beckman
Coulter).

Preparation of Binary Nanocrystal Superlattices. A TEM grid (300
mesh, Electron Microscopy Sciences) was placed at the bot-
tom of a glass vial containing TCE solution of two different-
sized Fe3O4 nanocrystals. For AB13 BNSLs, the binary nano-
crystal solution was made by adding 20 �L of 5.6 nm (7.3 nm)
Fe3O4 nanocrystals and 10 �L of 10.5 nm (14.5 nm) Fe3O4

nanocrystals into 100 �L of TCE. For AB2 BNSLs, the binary
nanocrystal solution was made by adding 10 �L of 5.6 nm

Figure 7. (a) Space-filling curves of ico-AB13, cub-AB13, and AlB2 structures. The black dashed line represents the packing
density � � 0.7405 of the single-component close-packed structures. The filled-in section in the AlB2 curve corresponds to
different arrangements of densely packed spheres. (b) Electrophoretic mobility of two different-sized Fe3O4 nanocrystals dis-
persed in trichloroethylene.
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(7.3 nm) Fe3O4 nanocrystals and 30 �L of 10.5 nm (14.5 nm)
Fe3O4 nanocrystals into 100 �L of TCE. The vial was tilted by
45° inside a vacuum oven under reduced pressure (�30 kPa)
at 50 °C. The grid was taken out after 12 h for further struc-
tural analysis.

Structural Characterization of Binary Nanocrystal Superlattices. TEM
images and electron diffraction patterns were taken on a JEM-
1400 transmission electron microscope equipped with a SC 1000
ORIUS CCD camera operating at 120 kV. Tilting of the BNSL
samples was carried out using a model 2040 dual-axis TEM to-
mography holder with the function of in-plane 360° rotation
(Fischione Instruments). The tilting range of the holder is �70°
with respect to the high contrast pole piece of JEM1400. Scan-
ning electron microscopy (SEM) was performed on a JEOL 7500F
HRSEM. Three-dimensional structural models were built using
Materials Studio 4.4 (Accelrys Software Inc.) and compared with
the TEM images. Different projections were obtained by direct
tilting of the built crystal structures. Electron diffraction simula-
tion was performed with EMS software (Pierre Stadelmann). We
also performed the two-dimensional Fourier transformation of
the real-space TEM images to ensure consistency with the experi-
mental small-angle electron diffraction patterns.
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