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I
n the past decade, colloidal crystals
with a two-dimensional (2D) or three-
dimensional (3D) ordered arrangement

of monodispersed colloidal spheres have
attracted much attention because of their
potential far-ranging applications in a vari-
ety of fields, such as photonics,1�3 micro-
electronic mechanical systems,4 catalysis,5,6

lithography,7�10 surface-enhanced Raman
scattering (SERS),11�13 sensors,14,15 and
superhydrophobic surfaces.16�18 So far, most
of the research hasmainly focused on fabrica-
tion of colloidal crystals composed of single-
diameter colloidal spheres via diversified
routes.19�21 These colloidal crystals have
some limitations in structural controllability
and hence restrict the tunability of their
performances.22,23 Recent studies have indi-
cated that binary colloidal crystals (bCCs),
consisting of colloidal spheres with two sizes,
could exhibit many more advantages com-
pared to colloidal crystals with single-sized
colloidal spheres in some applications, due to
the structural diversity. For instance, they can
easily realize photonic crystals with a high
degree of photonic band-gap tunability24,25

and can also be used as templates for order-
ed porous films with flexibly controlled
structures.26�28 Additionally, they are suitable
for crystallographic model research,29,30 etc.
Up to now, bCCs have been usually ob-

tained by a self-assembly approach, using a
mixture of colloidal spheres with two sizes.
Their structures are primarily determined by
the size ratio of large (L) to small (S) colloidal
spheres as well as the relative content
of both spheres.31,32 Many different self-
assembly routes have been developed for
2D or 3D bCCs over the past years. For
instance, Ozin et al. have produced hexa-
gonally close-packed 2D bCCs with an area

of several square centimeters via coassem-
bly of binary dispersions of monodispersed
microspheres.33 On the basis of the con-
fined convective assembly method, Park
et al. have fabricated 2D bCCs with various
superlattices, especially newandmore com-
plicated LS4 and LS5 structures.34,35 Here,
LSN denotes the number ratio N of small to
large spheres in a bCC, which characterizes
the pattern of bCCs. Jia et al. have successfully
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ABSTRACT Flexible structural design

and accurate controlled fabrication with

structural tunability according to need for

binary or multicomponent colloidal crystals

have been expected. However, it is still a

challenge. In this work, the phase diagram

of monolayer binary colloidal crystals (bCCs)

is established on the assumption that both

large and small polystyrene (PS) colloidal

spheres can stay at the air/water interface, and the range diagram for the size ratio and

number ratio of small to large colloidal spheres is presented. From this phase diagram,

combining the range diagram, we can design and relatively accurately control fabrication of

the bCCs with specific structures (or patterns) according to need, including single or mixed

patterns with the given relative content. Further, a simple and facile approach is presented to

fabricate large-area (more than 10 cm2) monolayer bCCs without any surfactants, using

differently sized PS spheres, based on ethanol-assisted self-assembly at the air/water

interface. bCCs with different patterns and stoichiometries are thus designed from the

established phase diagram and then successfully fabricated based on the volume ratios (VS/L)

of the small to large PS suspensions using the presented colloidal self-assembling method.

Interestingly, these monolayer bCCs can be transferred to any desired substrates using water

as the medium. This study allows us to design desired patterns of monolayer bCCs and to more

accurately control their structures with the used VS/L.

KEYWORDS: phase diagram . pattern design . monolayer binary colloidal
crystals . ethanol-assisted self-assembly . air/water interface
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synthesized 2D bCCs with different structures via layer-
by-layer colloidal templates and one-step spin-coating,
respectively.26,28 Van Blaaderen et al. have reported a
simple layer-by-layer process to grow well-ordered 3D
bCCs with stoichiometries of LS1, LS2, and LS3.

32 Wang
et al. have employed a stepwise spin-coating process to
fabricate 3D bCCs with LS2 and LS3 structures by manip-
ulating the size ratio and the spin speed.36 Via a direct co-
deposition method, 3D bCCs and inverse opals, with
different patterns and long-range ordering, were also
fabricated.5 Additionally, there are many other methods
for 2Dor3DbCCs, suchas stepwisedip-coating,37 contact
printing,38 electric-field-induced assembly,39 horizontal
deposition,40,41 and area-confinement evaporation-
induced assembly.42 Generally, these approaches are
time-consuming or have difficulty providing uniform
and well-controlled bCCs with large dimensions. In a
mixed suspension with colloidal spheres of two sizes,
sedimentationof large spheres is usually faster than small
ones. So it is difficult to get large-scale bCCs by general
self-assemblymethods, especially for 2DbCCs, which can
be used to fabricate somehigh-quality 3D oneswith con-
trollable layer number via a layer-by-layer process.43,44

Hence, controlling the fabrication of 2D bCCs, with
large dimensions and a homogeneous and well-
defined structure, by a simple and flexible route is still
expected.
Recently, self-assembly of colloidal spheres at the

air/water interface has been developed as a promising
high-throughput approach for fabrication of large-area
2D colloidal crystals.43,45,46 In this method, by injecting
the colloidal suspension into water, the colloidal
spheres spread on the water surface in minutes, and
then a monolayer colloidal crystal is formed on the
water surface (or the air/water interface), where the
spheres can stay and freely move. Here, the water
surface functions like a substrate that allows for the
spheres' movement and arrangementmore easily than
other solid substrates. However, both the large and
small colloidal spheres will not remain on the water
surface without using surfactants, such as sodium
dodecyl sulfate.23,45,47,48 In addition, it is still a chal-
lenge to design and fabricate 2D bCCs with control-
lable patterns or structures according to needbased on
the self-assembly at the air/water interface.
Obviously, if large and small colloidal spheres can

stay on the water surface, monolayer (or 2D) bCCs can
be obtained by air/water interfacial self-assembly.
For polystyrene (PS) colloidal spheres, the density is
slightly higher than water. It seems that it is impossible
for PS spheres to stay at the air/water interface when
the PS sphere suspension is injected into the water just
via the resultant force of PS sphere gravity and the
buoyancy of water. However, recently, we have found
that if we dropped the aqueous PS sphere suspensions,
containing some volatile alcohol or methanol, into the
water film, the PS spheres can be kept on the water

surface (see the Results and Discussion section). Here,
on the assumption that both large and small colloidal
spheres can stay on the surface of water, we try to
establish the phase diagram of monolayer bCCs, from
which we can design and fabricate monolayer or 2D
bCCs with controllable and specific structures (or
patterns) according to need, including single or mixed
patterns with the given relative content. Further, a
simple and facile approach is presented to fabricate
large-area (more than 10 cm2) monolayer bCCs with-
out any surfactants, using differently sized monodis-
persed PS spheres, based on ethanol-assisted self-
assembly at the air/water interface. The 2D bCCs with
different patterns and stoichiometries are thus de-
signed from the established phase diagram and suc-
cessfully fabricated just by the volume ratios of the
small to large PS sphere suspensions. Our method
needs neither special equipment, such as spin-coating
and vertical lifting devices, nor any surfactants. Impor-
tantly, these bCCs can be transferred to any needed
substrates, using water as medium. The transferability
of the bCCs could be applied to many fields to obtain
different devices with special performances, such as
photonics, sensors, and solar cells. The details are
reported in this article.

DESIGN AND PHASE DIAGRAM OF MONOLAYER
BCCS

Strategy. On the basis of the assumption that both
large and small colloidal microspheres can stay at the
air/water interface, microspheres can self-assemble
and form monolayer bCCs at the air/water interface.
We thus present a synthesis strategy, as shown in
Scheme 1. First, a cleaned glass slide is placed on a flat
table. Deionized water is dropped onto it to form a
water film with a thickness of 2 mm (Scheme 1a). Then,
a specific amount of well-mixed aqueous suspensions

Scheme 1. Schematic illustration for the fabrication strat-
egy of monolayer binary colloidal crystals.a
a (a) A well-cleaned glass slide with water film is placed hori-
zontally. (b) Large and small PS spheres stay on the water film.
(c) Monolayer binary colloidal crystal is formed on the air/water
interface after self-assembly. (d) Monolayer binary colloidal
crystal is on the slide after evaporation of liquid.
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with large and small PS spheres, containing alcohol
(water vs alcohol, 1:1 in volume), is continuously slowly
injected along the edge of the preformedwater film on
the slide (Scheme 1b). Meanwhile, both small and large
PS spheres quickly emerge on the water film's surface
and self-assemble into a 2D bCC at the air/water inter-
face (Scheme 1c). Finally, the large-area monolayer
bCCs can be formed on the slide after completely
evaporating the liquid (Scheme 1d).

Structural Design. In this strategy, monolayer bCCs
with different structures or patterns can be designed
depending on stoichiometries and the size ratio of PS
colloidal spheres. For the monodispersed PS sphere
suspensions, the PS spheres' number (n) in unit volume
of suspension is given by

n ¼ 6w=(πQD3) (1)

where w is the PS sphere content (in weight) in unit
volume of suspensions (bought from Alfa Aesar
Company), and Q and D are the density (1.05 g/cm3)
and the diameter of the PS spheres, respectively. For a
bCC with NS and NL, which are the numbers of small
and large PS spheres, respectively, if using two PS
sphere suspensionswith different PS sphere sizes, from
eq 1, we have

NS

NL
¼ VSnS

VLnL
¼ VSwSDL

3

VLwLDS
3 (2)

where V is the used suspension volume and the sub-
scripts S and L denote the small and large PS spheres,
respectively. If letting NS/L = (NS/NL), VS/L = (VS/VL), and
ΦS/L = (DS/DL), eq 2 can also be written as

NS=L ¼ VS=L

(ΦS=L)
3

wS

wL
(3)

If the different colloidal suspensions contain the same
PS sphere content as in this work, or wS = wL, eq 3 can
be simplified to

NS=L ¼ VS=L

(ΦS=L)
3 (3’)

Under the assumption that both large and small PS
spheres can uniformly disperse and stay at the air/
water interface, some special values of NS/L (or the
number ratio of small to large spheres) in a monolayer
bCC should correspond to not only stoichiometry but
also the specific structures or patterns of the bCC. For
the polydispersed PS sphere system, Ohara et al.'s
investigation has indicated that the interparticle inter-
action between large spheres is stronger than that
between small particles.49 Owing to the strong inter-
action, the large spheres will be assembled into a
hexagonally ordered monolayer and the overall po-
tential energy of the system is minimized when the
small spheres are at the periphery of each large
sphere.50 Hence, the surface of the monolayer with

the close-packed large spheres provides two kinds of
interstices suitable for the arrangement of small
spheres, including the 3-fold voids among three ad-
joining large spheres and the bridges connecting these
3-fold voids. Further, inspired by crystallography, the
stacking of small spheres might in fact be the closest
and most energetically favored. Chart 1 schematically
shows the monolayer bCCs with the patterns LS6, LS9,
LS12, and LS17, corresponding to theNS/L values 6, 9, 12,
and 17, respectively. The bCCs with simple patterns in
Chart 1, such as LS2, LS6, and LS12, are based on
previous reports.34 Compared with the bCC pattern
LS6, the pattern LS9 is formed by onemore small sphere
located at each bridge on the base of the LS6 bCC, of
which we can see a similar miniature in the literature.51

Here we design the bCC pattern LS17 based on a
geometrical configuration at a specific size ratio
(ΦS/L = 0.175, see the following sections). The small
spheres in the bCC patterns LS6, LS12, and LS17 are all in
equilateral triangle forms, which indicate lower poten-
tial energies.

Different specific NS/L values correspond to differ-
ent structures or patterns of 2D bCCs. From eq 3 or 30,
we know that such structures can be quantitatively
controlled just by the size ratio (ΦS/L) of the colloidal
spheres and the volume ratio (VS/L) of the used colloidal
suspensions, which is more clearly demonstrated in
Figure S1, corresponding to NS/L as a linear function

Chart 1. Geometrical structures for the monolayer binary
colloidal crystals with the patterns (a) LS6, (b) LS9, (c) LS12,
and (d) LS17.

Figure 1. Phase diagram of monolayer bCCs, or (ΦS/L)
3, as a

function of VS/L for different monolayer LSN bCCs. Each plot
corresponds to the denoted single-phase line. The areas
between two adjacent straight lines correspond to the
denoted two-phase regions. Shadow area corresponds to
aΦS/L smaller than the lower limit (or 0.077). The points a, b,
and c indicate the LS9, LS9�LS12 hybrid, and LS12 bCCs,
respectively.
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of VS/L under different ΦS/L values based on eq 30.
Under a givenΦS/L value, only some special VS/L values
correspond to the bCCs with special patterns, such as
LS6, LS9, LS12, and LS17 (or NS/L = 6, 9, 12, and 17,
respectively), as seen in the plot of ΦS/L= 0.175 in
Figure S1. This means that the other VS/L values can not
induce a monostructured pattern. Furthermore, the
bCC's structure is highly sensitive to the ΦS/L value. A
smallΦS/L value will lead to high slope of the plot NS/L

vs VS/L, indicating difficulty in controlling fabrication
by VS/L, as seen in Figure S1.

Phase Diagram of Monolayer bCCs. Further, if monolayer
bCC with the pattern LSN is considered as a structural
phase, we can establish its phase diagram from eq 30. In
eq 3, there are three variables, ΦS/L, VS/L, and NS/L.
Under constant temperature and pressure, the degrees
of freedom (f) can be determined to be 2 based on the
Gibbs phase rule. The phase diagram can be plotted as
(ΦS/L)

3 vs VS/L from eq 30 under the given LSN or some
specific NS/L values, as shown in Figure 1. Obviously,
when LSN is fixed (see each straight line in Figure 1),
f = 1, and thus the phase number must be 1 according
to the phase rule. Therefore, the straight lines (ΦS/L)

3 vs

VS/L should correspond to single patterns (or single-
phase lines) in this phase diagram. Similarly, the areas
between two adjacent straight lines are the two-phase
regions, which should consist of the adjacent two
patterns (phases). Only when the point [(ΦS/L)

3, VS/L]
is on the straight line can the single pattern (or single
phase) be obtained. Otherwise, we can obtain only the
mixed phases consisting of the adjacent two patterns.
The relative content of the two patterns can be deter-
mined by the lever rule, depending on VS/L under a
givenΦS/L value. For a given point b in the two-phase
region (LSN1 þLSN2), as marked in two phase region
(LS9 þ LS12) in Figure 1, the relative contents of the
adjacent patterns LSN1 (point a) and LSN2 (point c) can
be determined by the ratio of line segments |ab| to |bc|
(see Figure 1). This method can also offer an alternative
way to design and fabricate some hybrid structures.

This phase diagram gives us an effective way to
design the desired patterns of monolayer bCCs and to
accurately determine their structures from the used
ΦS/L and VS/L. We can also quantitatively control the
fabrication of bCCswith a specific pattern, according to
the design, just by ΦS/L and/or VS/L, which has been
confirmed by our experiments (see the following
sections).

Applicability. The establishment of the phase dia-
gram in Figure 1 is based on the assumption that both
large and small PS spheres can stay and be well-
dispersed at the air/water interface. Otherwise, that
mentioned above is not tenable.

Also, the ΦS/L and NS/L values should be in reason-
able ranges for monolayer bCCs. For the size ratio (ΦS/L)
of the colloidal spheres, obviously, the small spheres
should, at least, be bigger than the size of the interstices

among the three close-packed large spheres, especially
for LS2 bCC, but cannot be too large. Otherwise, they
would influence the self-assembly of large spheres and
the structural stability of themonolayer bCCs.ΦS/L should
fall in a range of (2

√
3�3)/6eΦS/Le

√
3/3), or 0.077e

ΦS/L e 0.577, as illustrated in Chart S1a. The details are
seen in “Determination of the range for ΦS/L” in the
Supporting Information. For instance, for the large sphere
with a 2000 nm diameter, the corresponding small
spheres' size should be in the range from 154 to
1154 nm for a monolayer bCC with high quality.

For the upper limit of NS/L, or NS/L(max), under the
assumption of monolayer close-packed arrangement
of the small spheres, as geometrically analyzed in Chart
S1b, we have

NS=L(max) ¼ 1
ΦS=L

�
ffiffiffi
3

p
þ 1

 !
1

ΦS=L
�

ffiffiffi
3

p
þ 2

 !

(4)

orNS/L(max) depends on the size ratioΦS/L, as illustrated
in curve a in Figure 2. In fact, the realNS/L(max) should be
a step-like function ofΦS/L due to the integer's require-
ment of the sphere number, or

NS=L(max) ¼ Int
1

ΦS=L
�

ffiffiffi
3

p
þ 1

 !
Int

1
ΦS=L

�
ffiffiffi
3

p
þ 2

 !

(4’)

where Int(x) is defined as the largest integer less than
or equal to x. The corresponding results are shown in
curve b (fold-line) in Figure 2 (the details are seen in
“Determination of the ranges for NS/L” in the Support-
ing Information) and should be smaller than the values
of curve a in Figure 2. However, the small spheres
should be arranged in a special way due to the
structural stability, instead of the normal monolayer
close-packed arrangement (Chart S1b), as clearly
shown in Chart S2. The details of Chart S2 are seen in
the Supporting Information. Briefly, for the binary

Figure 2. Range diagram of NS/L vsΦS/L. Curves a and b: NS/

L(max) as a function ofΦS/L from eq 4 and eq 40, respectively.
Curve c: NS/L(max) as a function ofΦS/L after consideration of
structural stability.
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colloidal crystals, the packing of spheres is entropically
driven and energetically favored. When the size of the
large sphere is set, the overall potential energy is
mainly determined by the free energy (E) of the small
spheres. The E can be divided into two parts: (i) gravity
potential energy (Eg); (ii) size-dependent inter-
particle interaction energy (Ei). According to previous
research,49 for the small spheres, the interaction with
the large spheres ismuch stronger than that with other
small spheres. So their interactions with large spheres
play an essential role in the Ei of small spheres. A lower
free energy of small spheres will result in a more stable
arrangement (see “Determination of the ranges for NS/L”

in the Supporting Information). In this case, NS/L(max)

could be lower for better structural stability, as illu-
strated in curve c in Figure 2. There are three regions in
Figure 2.When (NS/L,ΦS/L) is in region A, the structure is
stable. Meanwhile, the patterns in region B are possible
but unstable. In region C, the bCCs are impossible or
nonexistent. This means that we can fabricate only the
stable monolayer bCCs with the structures or patterns
in region A. The diagram shown in Figure 2 provides us
clear guidance to design and fabricatemonolayer bCCs
with stable patterns (structures), combined with the
phase diagram in Figure 1.

RESULTS AND DISCUSSIONS

Structure and Morphology. On the basis of the ethanol-
assisted self-assembly route shown in Scheme 1, we
have synthesized a series of PS spheremonolayer bCCs
with different patterns using ΦS/L = 0.175 (small and
large sphere sizes are 350 and 2000 nm, respectively).
Typically, Figure 3a presents a photo of the as-prepared
sample with a large area (ca. 18 cm2), corresponding to
VS/L = 0.048. It displays iridescent color, which origi-
nates from diffraction of the sample, indicating forma-
tion of a periodic array. Figure 3b gives the typical
corresponding FESEM image (a top view). We can see
that large spheres (2000 nm) are in a hexagonal close-
packed arrangement and small spheres (350 nm) are
confined exclusively within the surface grooves in-
duced by the large spheres. Such film is of bCC
structure with the pattern LS9 (see the inset in
Figure 3b), close to that shown in Chart 1b. This is in
good agreement with the result estimated from eq 30

or point a in Figure 1. The surface of the monolayer
with the close-packed large spheres provides two
kinds of interstices suitable for the arrangement of
small spheres, including the 3-fold voids (or site 1)
among three adjoining large spheres and the bridges
(or site 2) connecting these 3-fold voids, as marked in
the inset of Figure 3b. Further, the side-view examina-
tion has shown that there is no small PS sphere situated
on the substrate (slide), as shown in Figure 3c. In
addition, the large and small PS spheres are all in
monolayer forms, respectively. This indicates that both
the large and small PS spheres indeed stay and

uniformly disperse at the air/water interface during
self-assembly.

Further, we have also checked the structural uni-
formity of the colloidal crystals in the whole sample,
showing good uniformity, as typically shown in Figure
S2, corresponding to nine different regions in the
sample. The whole sample is uniform in structure. Here
it shouldmentioned that there exists a small amount (ca.
5%) of LS12 or LS6 phase as well as the voids, in addition
to the dominant (∼95%) bCC phase LS9 due to the
experimental precision. This small amount of mixed
phases is mainly attributed to local fluctuation of VS/L
induced by imprecise component ratio and/or a local
insufficient dispersion of large and small spheres at the
air/water interface (see the following subsection).

Tunability and Controllability of the bCC Patterns. On basis
of the phase diagram in Figure 1, we can obtain

Figure 3. Morphology for the binary colloidal crystal pre-
pared by the ethanol-assisted self-assembly route shown in
Scheme1 (ΦS/L = 0.175,VS/L = 0.048). (a) Photo of the sample
on a glass slide, showing iridescent color. (b and c) Corre-
sponding top view and side view of FESEM images, respec-
tively. Inset: Local magnified image of (b), showing LS9
pattern.
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monolayer bCCs with specific patterns just by control-
ling the volume ratio (VS/L) of the used suspensions
with small and large PS spheres. For the patterns or the
phases such as LS6, LS12, and LS17, under a givenΦS/L =
0.175 or (ΦS/L)

3 = 0.00536 (say, 350/2000 nm), from
eq 30 or the phase diagram in Figure 1, the correspond-
ing VS/L should be 0.032, 0.064, and 0.091, respectively.
These are all in good agreement with the experimental
results, as illustrated in Figure 4a�c. Obviously, with an
increase of VS/L, the small PS spheres locate in turn
according to the patterns shown in Chart 1. In other
words, the small spheres preferentially situate at 3-fold
voids (site 1) among three close-packed large spheres
and then the bridges (site 2) spanning these 3-fold voids
rather than flow freely, which is easy to be understood
due to the different energies at different sites.52 Accord-
ing to eq 40, for the PS sphere size ratio 350/2000 or
ΦS/L = 0.175, NS/L(max) is 20 (see curve b in Figure 2),
which is not stable in structure. The corresponding
NS/L(max) value with stable structure should be 17, as
seen in curve c in Figure 2. Hence, under ΦS/L = 0.175,
the pattern LS17 shown in Figure 4c is the most compli-
cated pattern with stable structure for monolayer bCCs.

Similarly, for the other ΦS/L values, we can also
control fabrication of themonolayer bCCs with specific

patterns, according to the phase diagram in Figure 1.
Figure 4d and e show themonolayer bCCs correspond-
ing to VS/L values of 0.020 and 0.026, respectively,
under ΦS/L = 0.1 (or 200/2000 nm in this work), which
is close to its lower limit. The single phase with the
structures LS20 and LS26 is obtained. This is also in
agreement with the predictions by eq 30. Further, if we
use a large size ratio of PS spheres, say, ΦS/L = 0.25,
according to eq 40, the upper limit of NS/L is 12 (see
curve b in Figure 2). But the NS/L(max) value with stable
structure should be 6 (see curve c in Figure 2), corre-
sponding to the LS6 pattern. From eq 30, we can
determine the VS/L to be 0.094 for the LS6 pattern. This
is also well consistent with the experimental result, as
shown in Figure 4f. In addition, we can see that the
spacing between the three close-packed small spheres
(see the double-headed arrows in Figure 4f) is smaller
than the small sphere's size. So, LS6 is the most
complicated pattern with stable structure for ΦS/L =
0.25, in accordance with that shown in curve c in
Figure 2.

If the VS/L values are between two adjoining specific
values, a monolayer bCC with mixed patterns (phases)
tends to form. Figure 5a shows the typical result
corresponding to VS/L = 0.056, which is between

Figure 4. FESEM images of bCCs with different ΦS/L and VS/L values. (a�c) ΦS/L = 0.175, VS/L = 0.032, 0.064, and 0.09,
respectively. (d and e) ΦS/L = 0.1, VS/L = 0.02 and 0.027, respectively. (f) ΦS/L= 0.25, VS/L = 0.094. All scale bars are 1 μm.
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0.048 and 0.064 under ΦS/L = 0.175 (see point b in
Figure 1), exhibiting the mixed structure consisting of
two phases, LS9 and LS12, with phase interfacial lines
between them (see the dashed lines in Figure 5b), as
predicted in the phase diagram in Figure 1. No other
pattern is observed. It is also reasonable from the
viewpoint of the energy during the self-assembly. At
this VS/L value, the energy should be minimal for the
mixed structure with LS9 and LS12 patterns induced by
local stoichiometric fluctuation during self-assembly.
Also, the relative contents of the phase LS9 or LS12 can
be determined to be 50% by the lever rule, which
exhibits a good coincidence with our observation (see
Figure 5). This method can also offer an alternative way
to design and fabricate some hybrid structures.

In summary, based on the phase diagram in Figure 1,
combining the applicable range diagram of NS/L vs

ΦS/L in Figure 2, we can design and accurately
control the fabrication of large-sized monolayer
bCCs with specific structural patterns according to
our needs. In addition to some previously reported
bCC phases, here, we have, for the first time, ob-
tained the bCC phases LS17, LS20, and LS26 and the
LS9�LS12 hybrid phases.

Transferability and Defects of bCCs. Importantly, if we
slantwise immerse the monolayer bCCs on the slide
into the distilled water in a beaker, suchmonolayer can
be integrally lifted off from its substrate (slide) and stay
on surface of the water and can thus be transferred to
any other desired substrates (e.g., silicon substrates,
ITO substrates) just by picking it up with the new
substrates we need, as demonstrated in Figure 6. This

transferability is very useful since it can provide the
possibility to fabricate bCC-based devices on any sub-
strates we need. Also, 3D bCCs can be fabricated by a
layer-by-layer strategy based on the transferable route
shown in Figure 6.

It should be pointed out that the quality of the as-
synthesized monolayer bCCs is associated with the
operation conditions. There sometimes exist some
defects, such as vacancies, splits, and structural non-
uniformity in the as-synthesized monolayer bCCs, de-
pending on the carefulness of one's operation and
experimental precision. There always exist a few va-
cancies (about 10�4 in proportion) of the large PS
spheres in the hexagonally close-packed layer even
with careful operating, as representatively shown in
Figure 7a, corresponding to one vacancy in the local
area of the monolayer bCC with LS9 pattern [or Figure
S2(e), (g)]. It is worth mentioning that there is no small
PS sphere within this pit. It is different from the
structure fabricated by Ozin et al.33 using the dip-
coating method, where there are several small spheres
within the vacancy sites. If the glass slide is not well
cleaned or insufficiently hydrophilic, line-like defects or
splits will be formed in the monolayer bCCs, as illu-
strated in Figure 7b. Formation of such a split could be
attributed to the water evaporation-induced shrinkage
of the bCC film and adhesion of large PS spheres on the
insufficiently hydrophilic slide.

In addition, sufficient mix of the small and large PS
sphere suspensions before injection into water is also
crucial for the formation of high-quality monolayer
bCCs. Otherwise, the small and large PS spheres will

Figure 5. FESEM images of themonolayer bCC prepared fromΦS/L = 0.175 and VS/L = 0.056. (a) Imagewith lowmagnification.
(b) Enlarged view corresponding to the areamarked in (a), showing coexistence of the patterns LS9 and LS12 with boundaries
(the dashed lines).

Figure 6. Photographs of monolayer bCC transferring from one substrate to the others. (a) The monolayer bCC on a slide is
slantwise immersed into the distilled water in a beaker. (b) The bCC film is integrally lifted off from its substrate (slide) and
floats on the surface of the water. (c) The bCC is picked up by a Si substrate. (d) The bCC is transferred onto the Si substrate.
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segregate during self-assembly, leading to structural
nonuniformity, as shown in Figure 7c,d. Normally, the
number of such defects is largely decreased as long as
we sufficiently disperse or mix the PS sphere suspen-
sions and use well-cleaned or sufficiently hydrophilic
slides. In this case, from the phase diagram in Figure 1,
combining the rangediagramofNS/L vsΦS/L in Figure 2,
we can obtain monolayer bCCs with the desired
patterns.

Formation of Monolayer bCCs. In the system of colloid
suspensions, due to the slight density difference be-
tween the PS colloidal spheres and the water, the
moving behavior of the colloidal spheres is not domi-
nated by their gravity, although they are slightly denser
than water. They mainly exhibit Brownian motion.
However, they can be affected by other factors, such
as evaporation and convection of solvents. For in-
stance, the convection of solvent is strongly enhanced
by rapid evaporation of the volatile ethanol or metha-
nol mixed in the colloidal suspension, and the colloidal
spheres can thus be easily transferred to the solvent

surface along the direction of convection. Once these
colloidal spheres reach the solvent surface, they will be
trapped or stay on the air/solvent interface, according to
the self-assembling rule, as previously reported.53�55

In our work, when the mixture of the PS sphere
suspension and ethanol (1:1 in volume) is injected into
the water film, the PS spheres will first be immersed
into the solvent (water), as schematically illustrated in
Figure 8a. Subsequently, the injected ethanol can
diffuse due to its concentration gradient and quickly
evaporate from thewater surface, leading to enhanced
convective flow in the solvent. The PS spheres with
large or small size can thus be transported onto the
water surface under such convective flow of solvents.
Once the PS spheres reach the water surface, they will
be trapped at the water/air interface due to the PS
sphere surface's dewetting effect caused by the
hydrophobicity,7 and they will not sink again due to
their density being very close to that of water and the
high surface tension (Figure 8b). The PS spheres, staying
on the water surface, will assemble into colloidal crystals

Figure 7. FESEM images of some typical defects inmonolayer bCCs. (a) Vacancy site in a LS9 bCC. (b) Linear split in a LS12 bCC.
(c and d) Structural nonuniformity due to segregation of the small and large PS spheres during self-assembly. All scale bars
are 2 μm.

Figure 8. Schematic illustration of monolayer bCC formation (the details are given in the text). (a) The PS spheres are
immersed into the solvent (water) driven by gravity. (b) The PS spheres ascend and stay on the water surface. (c) The PS
spheres are self-organized into a bCC on the air/water interface.
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by the water capillary force caused by the meniscus
among the PS spheres.54,56 If large and small PS spheres,
with enough size difference, are sufficiently mixed with
each other and uniformly dispersed on thewater surface,
large PS spheres can self-organize into ahexagonal close-
packedarrangement and the small sphereswill uniformly
fill the upper interstices among the close-packed large
spheres (Figure 8c). Obviously, the small PS spheres tend
to a regular geometric arrangement in the interstices
among the close-packed large PS spheres due to energy
minimization. Finally, the monolayer bCCs can be ob-
tained in the interface of air/water or on the substrate
after complete evaporation of the water (see Figure 6).
Also, if the large and small PS spheres are insufficiently
mixedor theglass substratewasnot cleaned,wecanonly
produce bCCs with defects (Figure 7).

Additionally, according to Shimmin et al.'s previous
research,53 if neither diffusion nor convection of the
solvent can disperse the PS microspheres' accumulation,
a colloidal crystal with amultilayer is expected to form. In
our work, the convection is strongly enhanced by
ethanol evaporation and the diffusion of PS particles
along the convection direction is improved owing to
the very low particle volume fraction (0.025%) in
solvent; so a colloidal monolayer is preferably formed
rather than a multilayer at the air/liquid interface.

CONCLUSION

In summary, both large and small PS spheres can stay
on the surface of water by dropping a mixture of PS
sphere suspensions with alcohol into the water. On this
basis, we have established a phase diagram of the
monolayer bCCs and presented a range diagram of NS/L

vsΦS/L. From such a phase diagram, combined with the
range diagram, we have designed monolayer bCCs with
controllable and specific structures (or patterns), includ-
ing single ormixedpatternswith a given relative content.
Further, a simple and facile approachhas beenpresented
to fabricate large-area (more than 10 cm2) monolayer
bCCs without any surfactants, using differently sized
monodispersed PS spheres, based on ethanol-assisted
self-assembly at the air/water interface. bCCs with differ-
ent patterns and stoichiometries are thus successfully
fabricated according to the design, based on the volume
ratios (VS/L) of the small to large PS sphere suspensions
and the PS spheres' size ratios, ΦS/L. Interestingly, these
monolayer bCCs can be transferred to any substrate we
need, using water as the medium. This study gives an
effective guide to design desired patterns of monolayer
bCCs and to accurately determine their structures. We
can thus quantitatively control the fabrication of bCCs
with specificpatterns, according to thedesign, just byVS/L
and/orΦS/L values from the phase diagram in Figure 1.

EXPERIMENTAL SECTION
Materials and Methods. Glass slides (7.5 � 2.5 cm2) with a

thickness of 2 mm were washed with acetone, ethanol, and
deionized water in an ultrasonic bath and then in turn cleaned
in 98% H2SO4/H2O2 (3:1 in volume), H2O/NH3 3H2O/H2O2 (5:1:1
in volume), and deionized water, followed by drying with N2

gas. After this thorough cleaning, the surface of the slides is
sufficiently hydrophilic. Monodispersed PS sphere suspensions
(200, 350, 500, and 2000 nm in PS sphere diameters) [2.5 wt % in
water (or wS = wL), surfactant-free] were obtained from Alfa
Aesar Corporation. The small (350, 200, or 500 nm) and large
(2000 nm) PS sphere suspensions weremixedwith each other in
different suspension volume ratios (VS/L) according to eq 3 or
eq 30 . The mixed suspensions were subsequently diluted in the
same volume of ethanol and ultrasonicated for absolute uni-
formity. Large-area monolayer bCCs were fabricated according
to the strategy shown in Scheme 1. First, we placed a cleaned
glass slide on a flat table and dropped deionized water on it to
form a water film covering the entire surface of the slide (about
2 mm in thickness). Second, the ethanol-diluted mixed suspen-
sion (ca. 200 μL in volume) with a specific VS/L value was taken
with amicropipet and continuously, slowly injected into the water
at the edge of the preformed water film for about 5 min. After
injection, we kept it for 5min for PS sphere self-assembly at the air/
water interface. Finally, a large-areamonolayer bCCwas formedon
the slide after liquid evaporation by using a gentle airflow at 30 �C.
It should be mentioned that when we directly inject the mixed PS
sphere suspensions without dilution by ethanol, the PS spheres
cannot self-assemble at the air/water interface.

Themorphologies of the samples were examined on a field-
emission scanning electronmicroscope (FESEM, Sirion 200). The
optical photographs of the large-area 2D bCCs on the glass
slides and the air/water interface were obtained using a digital
camera (Samsung L110).
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