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A new route for tailoring the behavior of colloidal suspensions
through nanoparticle additions is reviewed. Specifically, the in-
terparticle interactions, phase behavior, 3-D structure, and rheo-
logical properties of microsphere—nanoparticle mixtures that
possess both high charge and size asymmetry are described.
Negligibly charged microspheres, which flocculate when sus-
pended alone, undergo a remarkable stabilizing transition upon
the addition of highly charged nanoparticles. The formation of a
dynamic nanoparticle halo around each colloid induces an ef-
fective repulsion between the microspheres that promotes their
stability. With increasing nanoparticle concentration, the col-
loids again undergo flocculation because of the emergence of an
effective microsphere attraction, whose magnitude exhibits a
quadratic dependence on nanoparticle volume fraction. The
broader impact of these observations on colloidal stabilization
and assembly of advanced ceramics is highlighted.

I. Introduction

COLLOIDAL processing offers the potential to reliably produce
ceramic films and bulk forms through careful control of
initial suspension ‘‘structure” and its evolution during fabrica-
tion.!™ This is achieved by mitigating the ubiquitous van der
Waals forces that lead to particle flocculation via electrostatic,
steric, or other repulsive interactions. A common strategy is to
induce charge on the colloid surface by altering the composition
of the solution in which they are suspended. Both the magnitude
and range of the electrostatic repulsion between colloidal species
can be tuned by adding acid, base, or electrolyte species. An-
other common strategy involves the addition of organic disper-
sants that strongly adsorb onto ceramic particle surfaces. In this
case, the magnitude and range of the steric repulsion can be
controlled by tailoring the adlayer density and thickness as well
as the solvent quality. Recently, a new strategy has been intro-
duced that involves the use of highly charged nanoparticles to
regulate the stability of colloidal suspensions in which they
dwell. This mechanism, referred to as nanoparticle haloing,®’
has been observed in binary mixtures that possess both high size
and charge asymmetry, in which the colloidal microspheres are
negligibly charged and the nanoparticles are highly charged.

It is well known that non-adsorbing and strongly adsorbing
nanoparticle species can alter colloidal stabilit?/ via entropic de-
pletion interactions® ! or heteroflocculation, > !¢ respectively.
The term “depletion” describes the exclusion of these smaller
species from the gap region between colloidal particles that aris-
es when the colloid separation distance becomes less than the
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characteristic nanoparticle size. The resulting concentration gra-
dient between the gap region and bulk solution gives rise to an
attractive force, whose magnitude scales with the volume frac-
tion of smaller sPecies, their charge, and the size ratio of large to
small species.®!""!7 Heteroflocculation ensues when oppositely
charged nanoparticles strongly adsorb onto colloid surfaces. At
low surface coverage, the adsorbed nanoparticles serve as bridg-
ing flocculants, whereas restabilization due to charge reversal
can occur at higher surface coverage. Recent experimen-
tal,>”131 theoretical,'*?? and simulation®* efforts suggest
that charged nanoparticles in solution can affect colloidal sta-
bility through other self-organizing pathways. For example,
charged nanoparticles are predicted to segregate to regions sur-
rounding large uncharged colloids forming a “‘halo” especially
in systems with high size asymmetry in which the ratio of small
to large spheres is also high.?®*?>* This segregation can be driv-
en either by a weak electrostatic attraction between the large and
small particles”** or by an electrostatic repulsion between
smaller species in solution.”>

Here, we review the fundamental behavior of microsphere—
nanoparticle mixtures, whose interactions, phase behavior,
structure, and properties are regulated by the formation of
nanoparticle halos. We begin by describing the interparticle in-
teractions between microsphere—microsphere, nanoparticle—
nanoparticle, and microsphere—nanoparticle species in a system
comprised of negligibly charged, silica microspheres and posi-
tively charged, hydrous zirconia nanoparticles in water. Next,
we describe the phase behavior observed as a function of varying
microsphere and nanoparticle concentration in both aqueous
and index-matched, glycerol-water solutions. Following this, we
present direct images of colloidal phases assembled from these
mixtures in an index-matched solution acquired by confocal mi-
croscopy. We then show how the rheological properties of these
binary suspensions can be varied over a broad range through
nanoparticle additions. Finally, we highlight the potential im-
pact of this new stabilization route on the colloidal assembly of
ceramics and other materials.

II. Microsphere-Nanoparticle Interactions

The interparticle interactions for a binary system comprised of
silica microspheres and hydrous zirconia nanoparticles suspend-
ed in water (pH 1.5) are calculated using the well-known DLVO
(Derjaguin-Landau—Verwey—Overbeek) theory.?>

Vlotal(h) = VvdW(h) + Velect (h) (1)

The van der Waals (vdW) potential between identical spheres is
given by

—Ay31(h 2 2 s> —4
Viaw (h) = %U {m tat In (s—z)] @
with
S — 2a+h (3)
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Fig. 1. Interparticle potential energy as a function of separation dis-
tance between microspheres (blue) of radius, dpicro 590 nm, nanoparti-
cles (red) of radius, @nane 3 nm, and a microsphere—nanoparticle pair
(black) in aqueous solution (pH 1.5).

and Aj31(h) as the distance-dependent Hamaker value for
spheres of radius, a (@mjcro = 590 nm, @,,,, = 3 nm) and sepa-
ration distance, & (see Prieve and Russel*’ for details). The elec-
trostatic double-layer interactions are modeled using the Hogg—
Healy-Fuerstenau expression.”®* For two nanoparticles at a
surface separation A, this equation, under constant-potential
conditions, reduces to an exponentially decaying repulsive in-
teraction,?®
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where the approximation is valid for ki > 1. W, is taken to
be the nanoparticle zeta potential ({,ano~ 70 mV), k the inverse
screening length (2 nm in aqueous solution), g, the vacuum
permittivity, and ¢, the dielectric constant of the solvent (80
for water). As the silica microspheres are negligibly charged
(Cmicro~1 mV), we ignore the electrostatic interaction between
them. However, an electrostatic double-layer interaction arises
between the microspheres and nanoparticles, which for large size
asymmetry is described by

icro—nano __ 1 2
gﬁ:lctm e = fsogl‘ncnanoly 111[1 - CXp(—2K/’l)}

nano
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where the approximation is again valid for k4 > 1. The inter-
particle potentials calculated between microsphere, nanoparti-
cle, and microsphere—nanoparticle pairs are shown in Fig. 1. The
microsphere interactions are dominated by a van der Waals at-
traction, whereas the nanoparticles electrostatically repel one
another due to their high charge. Interestingly, an electrostatic
attraction is induced between microsphere—nanoparticle species,
which promotes the formation of a nanoparticle halo around
each colloid.?>*

To quantify the degree of association, or haloing, between the
microsphere—nanoparticle species in this system, the effective
microsphere { potential, { ;.o and nanoparticle adsorption are
measured as a function of nanoparticle volume fraction, ¢pano-
The zeta potential of the microspheres in the absence of nano-
particles is 1 mV. With increasing ¢p., the effective {picro in-
creased to ~65 mV at ¢, of 0.003 (Fig. 2). The extent of
nanoparticle adsorption on the silica microsphere surfaces is
also plotted in Fig. 2 as a function of nanoparticle concentra-
tion in solution. A significant fraction of the nanoparticle species
remain in the bulk solution, even at the lowest nanoparticle
concentrations studied, indicating that strong nanoparticle
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Fig.2. Plot of the effective microsphere zeta potential (Gmicro = 107°)
and nanoparticle adsorption on silica microspheres (Gmicro = 0.10) as a
function of ¢y, in aqueous solution (pH 1.5), as measured experimen-
tally and through simulation.

adsorption is unlikely. These data are in good agreement with

results from simulations recently reported by Liu and Luij-
2324 1. . (R

ten, which are superimposed in Fig. 2.

Monte Carlo simulations have been carried out to determine
the effective microsphere interaction potential induced as a func-
tion of nanoparticle volume fraction in these binary mix-

18,2324 1o . . :
tures. Figure 3 shows the effective microsphere potential
Ver/kgT calculated from the colloidal pair correlation function
obtained in the simulations. Colloidal many-body effects have
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Fig.3. Effective potential Vy/kgT between microspheres suspended in
an aqueous solution, as a function of the surface-to-surface separation, /1
(in units of nanoparticle diameter G,,,,,). (2) At low nanoparticle volume
fraction, a repulsive barrier arises that increases with ¢pano. (b) At higher
nanoparticle volume fraction, an attractive minimum appears as well,
with a strength that increases with increasing ¢n.no. [Reprinted with
permission from Martinez et al.'® Copyright 2005 American Chemical
Society].
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Fig.4. Log-log plot of the phase behavior of microsphere-nanoparti-
cle mixtures in both aqueous (filled symbols) and index matched (open
symbols) systems. [Reprinted with permission from Martinez et al.'®
Copyright 2005 American Chemical Society.]

been eliminated by performing these simulations in the dilute
colloid limit. At low nanoparticle concentrations in water
(Fig. 3(a)), a repulsive barrier appears that increases with nano-
particle volume fraction. At intermediate nanoparticle concen-
tration (Fig. 3(b)), an attractive minimum appears in the
potential, preceding the repulsive barrier. It was found by Luij-
ten and Liu? that the depth of this minimum grows quadrat-
ically with ¢nan0, indicating a qualitative difference with the
linear concentration dependence exhibited by regular depletion
interactions.®** Examination of microsphere-nanoparticle con-
figurations indicates that, upon approach of two microspheres,
the halos remain largely unperturbed, and at a separation cor-
responding to the attractive minimum of the effective potential
only limited nanoparticle depletion is observed in the region be-
tween the opposing halos. Based on this analysis, one would
expect the phase behavior, structure, and rheological properties
of these binary mixtures to exhibit a strong dependence on
nanoparticle concentration.

III. Phase Behavior of Microsphere-Nanoparticle Mixtures

The phase behavior of microsphere-nanoparticle mixtures of
varying composition in both aqueous and index-matched solu-
tions is shown in Fig. 4. In the absence of nanoparticles, neg-
ligibly-charged silica microspheres flocculate owing to van der
Waals interactions yielding clusters that settle rapidly to form a
dense, amorphous sediment. Below a lower critical nanoparticle
volume fraction ¢pC, the system remains unstable, yielding a
dense, amorphous sediment. This observation suggests that the
microsphere interactions are indeed influenced by van der Waals
forces, even in index-matched systems where they are substan-
tially weakened. However, these forces decay very rapidly with
increasing microsphere separation and the nanoparticle-induced
repulsive barrier, as demonstrated in Fig. 3(a), is sufficient to
prevent aggregation. Indeed, at intermediate nanoparticle vol-
ume fractions (¢UC < Ppano <"C), the system resides in the
stable fluid region from which individual colloidal microspheres
settle under gravity to produce a crystalline sediment. The value
of $™ appears to be relatively insensitive to microsphere vol-
ume fraction or the solution in which they interact. Finally,
above the upper critical volume fraction (¢nano > ¢pU°°), the
system becomes unstable, once again yielding an amorphous
structure upon sedimentation. This is consistent with the attrac-
tive minima observed in the simulations (Fig. 3(b)) at higher
nanoparticle concentrations.
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Fig.5. Confocal images (x—y scans) acquired at the sediment-substrate
interface as a function of sedimentation time for colloidal phases as-
sembled from binary mixtures comprised of G pmicro = 2.5 X 103 and var-
ying dpano i an index-matched solution.

IV. 3-D Structure of Colloidal Phases Assembled from
Microsphere—Nanoparticle Mixtures

The structural evolution observed during gravity-driven assem-
bly of colloidal microspheres from index-matched binary mix-
tures can be monitored in situ using confocal microscopy. The
use of an index-matched, glycerol-water solution is needed to
facilitate 3-D imaging of the colloidal structures formed. We
present the time evolution sequence for binary mixtures at a low
initial microsphere volume fraction (¢micro = 2.5 % 1073), be-
cause the dynamics at higher concentrations are too fast to cap-
ture. The x—y scans, shown in Fig. 5, reveal the dramatic
differences in structure observed for binary mixtures assembled
from four different regions within the phase diagram (see Fig. 4),
where Gpano =0 (microspheres only), 107> (lower unstable re-
gion), 5 x 10~ (stable fluid region), and 5 x 10~ (upper unsta-
ble region). In these images, the colloidal microspheres appear as
dark circular features against a lighter background that corre-
sponds to the index-matched, fluorescent dyed solution. In the
absence of nanoparticle additions, the microspheres aggregate
into string-like clusters that are elongated in shape. This type of
cluster formation leads to an initially open sediment structure,
as shown in the x—z scan depicted in Fig. 6. However, this
amorphous sediment will ultimately densify over time under its
own weight, as microspheres continue to settle from solution. In
sharp contrast, there is little evidence of cluster formation in bi-
nary mixtures that reside in the lower unstable region
(Pnano = 107°). Despite being unable to visualize microsphere
clusters in this sample, we observe that they exhibit a faster sed-
imentation rate than individual microspheres settling from the
stable fluid phase (Ppano = 5 x 10™%). This is perhaps most ob-
vious in the x—y scans acquired at 180 min, in which there is a
greater accumulation of colloidal microspheres at the substrate—
sediment interface for the unstable mixture. A finite number of
small clusters must form in mixtures that reside in the lower
unstable region—otherwise, there would be no difference in the
rate of microsphere accumulation relative to the settling rate
observed for individual microspheres in the stable region. This is
confirmed by bulk sedimentation results (see Fig. 7(a)) that re-
veal significantly higher settling velocities and lower sediment
volume fractions for microspheres in mixtures that reside in
the lower (and upper) unstable regions than for those in the
stable fluid phase. Finally, in the upper unstable region
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Fig.6. Confocal images (x—z scans) acquired from colloidal phases
assembled from binary mixtures comprised of Gmicro = 2.5 x 10~ and
varying ¢nano at different sedimentation times along with 3-D recon-
structions of these structures with the microspheres color-coded to dis-
tinguish colloidal particles in disordered (blue) and crystalline regions
(red) (>3 weeks of settling).'®

(Pnano = 5 x 107%), there is again visual evidence in both the x—y
and x—z scans that the microspheres form clusters, albeit far
more compact in nature than those formed in the absence of
nanoparticle additions. In this region, the microsphere clusters
settle from suspension to form an amorphous sediment that is
initially more open than that formed from either of the other
mixtures, but denser than that produced in the absence of added
nanoparticles.

At the longest times probed (>3 weeks), only colloids as-
sembled from the stable fluid phase are observed to crystallize.
In all other cases, the final sediments consist of a dense, amor-
phous structure. This is illustrated nicely by the 3-D reconstruc-
tions shown in Fig. 6. The microspheres are color-coded to
distinguish colloidal particles in disordered (blue) and crystalline
regions (red). Crystalline structures are observed only for sam-
ples that settle from binary mixture that reside in the stable fluid
region. The 3-D reconstructions reveal the polycrystalline nature
of sediments formed from within this region, with blue particles
highlighting domain boundaries that exist at the interface be-
tween single crystal domains. Outside this region, the sediments
are comprised of dense, amorphous structures (or gels).

V. Rheological Properties of Microsphere-Nanoparticle
Mixtures

The flow behavior of microsphere-nanoparticle mixtures reflects
the profound structural variations in the phases described
above. The apparent viscosity as a function of shear rate for
microsphere—nanoparticle mixtures are shown in Fig 8(a). In the
absence of nanoparticles, the colloidal microsphere suspension
exhibits a low shear viscosity of roughly 400 Pa-s and strong
shear thinning behavior characteristic of a flocculated system.
Both the viscosity and degree of shear thinning decrease dra-
matically with increasing nanoparticle volume fraction. Suspen-
sions prepared within the homogeneous fluid phase, where
OLC < Prano < dU'C, exhibit an apparent viscosity of ~0.004
Pa-s—which is several orders of magnitude below the floccu-
lated mixtures. As expected, these fully stabilized suspensions
also exhibit Newtonian flow behavior. At ¢pano > d)U’C, the
mixtures reflocculate as evidenced by an increase in their ap-
parent viscosity and degree of shear thinning. For example,
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Fig.7. (a) Normalized initial settling velocity (V/Vpmicro) and (b)
sediment volume fraction ({geqiment) @s @ function of nanoparticle
volume fraction (¢nan0) for structures assembled from binary mixtures
(Gmicro = 0.1) in an aqueous solution (filled symbols) and index-matched
solution (open symbols).'®

when ¢nano Was nearly double the value of ¢, the low shear
suspension viscosity was two orders of magnitude higher than
that observed for the fully stabilized suspensions.

Oscillatory measurements were carried out on microsphere—
nanoparticle mixtures residing in the lower gel (ppano<d=),
fluid (6" <Pano <), and upper gel (Pnano > ¢) phase
regions. The elastic modulus (G’) of mixtures of fixed micro-
sphere volume fraction (Qpicro = 0.45) display a strong depend-
ence on nanoparticle volume fraction (¢pan), as shown in
Fig. 8(b). The dashed lines denote the observed boundaries be-
tween the three phases based on bulk sedimentation rates for
Omicro = 0.45. In the absence of nanoparticles, concentrated mi-
crosphere gels exhibit a G’ of 50 000-60 000 Pa. Within the lower
aggregated phase, the value of G’ decreases téy more than three
orders of magnitude as ¢p,n, approaches ™. In contrast, mix-
tures residing in the upper gel phase exhibit the opposite de-
pendence of G' on dpano. In this region, G’ is observed to
gradually increase as Qpano increases beyond ¢pVC. As expect-
ed, microsphere—nanoparticle mixtures residing in the homoge-
neous fluid phase exhibit the lowest values of G’, on the order of
a few Pa.

VI. Current Perspective

Recent experimental work by Chan and Lewis'? and others®”!8

has demonstrated the generality of nanoparticle haloing as a
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novel collmd stabilization mechanism. For example, Chan and
Lewis'? studied the behavior of binary mixtures comprised of
silica microspheres and polystyrene nanoparticles, whose mutu-
al electrostatic interactions could be tuned by varying the solu-
tion pH and nanoparticle surface functionalization. Specifically,
three binary mixtures were investigated, strongly attractive,
weak (haloing), and strongly repulsive, as classified by their mi-
crosphere—nanoparticle interactions. Important differences in
system behavior emerged, which depended on both the initial
microsphere stability and whether the added nanoparticles
served as bridging, haloing, or depletant species, respectively.

They found that negligibly charged silica microspheres could be
stabilized by highly negatively charged polystyrene nanoparti-
cles, as shown in both sedimentation studies and direct imaging

FIB Milling

Substrate

of the assembled colloidal phases. The similarity in behavior
observed for this model system and that of the silica micro-
sphere—hydrous zirconia nanoparticle mixtures described above
was considered to be strong evidence of a common stabilization
mechanism, namely nanoparticle haloing.

Kong et al.*! investigated the stabilization of aqueous alumi-
na suspensions by silica sols under solution conditions where the
alumina colloids are negligibly charged and the silica nanopar-
ticle are highly negatively charged. By probing the sedimenta-
tion and rheological properties, they observed a remarkable
stabilizing transition above a critical nanoparticle concentration.
They attributed this to nanoparticle haloing based on direct and
indirect measurements that revealed a limited extent of associ-
ation between the alumina colloids and silica nanoparticles in
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Fig.9. Fabrication of patterned glass substrates for colloidal epitaxy: (a) bitmap pattern of a 40 x 40 square array, (b) schematic view of focused ion
beam (FIB) milling to create patterned features, (c) SEM image of as-patterned glass substrate, (d) AFM image of representative region of as-patterned
substrate, (e) AFM image of representative patterned region after etching for 30 s. in a hydrofluoric acid solution (5 volume %), and (f) SEM image of
patterned and etched glass substrate comprised of dimpled features that are 400 nm in depth with a 1.21 um pitch.?
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a

Fig.10. Confocal images of epitaxial patterning of colloidal micro-
spheres assembled from binary mixtures (Pmicro= 1073 Gnano~3
x 107%): (a) x—y scan of the initial patterned substrate, (b) x—y scan
of the patterned substrate after 18 min of microsphere sedimentation,
(¢) x—z scan of sediment in aqueous solution,*® and (d) x—z scan of sed-
iment after gelling, drying, and infiltration with an index-matched solu-
tion containing fluorescent dye, where dark circular features correspond
to individual microspheres and bright features correspond to the dyed
solution.*

solution. Zhu et al.>* have recently demonstrated that the sta-
bility of single-wall carbon nanotubes (SWNT) in aqueous so-
lution can be regulated by the addition of highly positively
charged, hydrous zirconia nanoparticles. Interestingly, these
negligibly charged SWNTs species are highly anisotropic with
one dimension on the order of the nanoparticle species size.
Hence, they differ fundamentally from the equiaxed micro-
spheres studied previously. Taken as a whole, these recent ob-
servations suggest that nanoparticle haloing offers a broadly
applicable, new route for controlling the stability, structure, and
properties of colloidal suspensions.

Several efforts are underway to eX}y)loit the nanoparticle-me-
diated assembly of colloidal crystals,”'®3* granules, and films,
and the future outlook is bright. As one example, Lee et al.>
have created colloidal crystals with defined orientation by a
nanoparticle-mediated, epitaxial assembly route. Specifically,
focused ion beam (FIB) milling was used to produce a square
array of patterned features on a glass substrate, as shown in
Fig. 9. A bitmap pattern directs the rastered ion beam motion to
create a series of dimpled features on a glass substrate. Subse-
quent milling of the substrate surface removes milling debris,
and enlarges and smoothes the patterned features. In the exam-
ple shown in Fig. 9, the final pattern consists of a 40 x 40 square
array of dimples with a hole depth of 400 nm and pitch of 1.21
pum. Individual microspheres are then settled from a dilute mi-
crosphere—nanoparticle mixture (Gmicro = 107> and Gnano~3 X
10™") comprised of silica microspheres of average radius
0.5940.01 um and hydrous zirconia nanoparticles of average
radius 3 nm onto these patterned features and imaged in situ
using confocal microscopy, as shown in Fig. 10. Individual col-
loidal microspheres settle into the dimpled features after several
minutes. After complete sedimentation (>several hours), the
sample is imaged in the x—z plane. It is difficult to resolve indi-
vidual microspheres because of the refractive index mismatch
between the colloids and the aqueous solution in which they re-
side. After gelling the surrounding nanoparticle solution by rais-
ing pH, the sample can then be dried and infiltrated with an
index-matched glycerol-water solution that contains fluorescent
dye. Confocal microscopy reveals the existence of an epitaxially
templated (100 fcc) colloidal crystal above the patterned region,
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which is robust enough to withstand both drying and subse-
quent infiltration.

In summary, the ability to tailor the phase behavior, struc-
ture, rheology, and assembly of colloidal suspensions through
the addition of highly charged nanoparticles has been demon-
strated. The concept of “nanoparticle engineering” opens up
new avenues for the processing of advanced ceramic materials
from colloidal building blocks. We are now developing new ap-
proaches that exploit this novel system behavior, including both
patterning of colloid—nanoparticle films via evaporative lithog-
raphy and colloidal granules via microfluidic-based assembly.
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