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C
lusters, crystals, or extended arrays of
nanoparticles (NPs) display promis-
ing properties which, upon integra-

tion into devices, will promote the develop-
ment of new technologies1 and already
pave the way to new paradigms.2,3 Among
many possible structures, crystals of nano-
crystals (superlattices, SLs) are currently at-
tracting an ever increasing research effort.
SLs can be solution-processed, which is a
key point for industrial up-scaling. They
display crystalline structures which over-
come by far their atomic analogues with,
for instance, lattices that have no equivalent
in nature.4 Their existing or emerging prop-
erties range from magnetism, electronics,
optics, energy conversion, catalysis, sen-
sing, etc.1,5�11 Eventually, they offer an
important extension to the fundamental
knowledge of colloidal science with new
interactions between nano-objects, more

morphologies, tunability, higher versati-
lity, etc.
Themain routes for SL fabrication fall into

two categories: equilibrium and out-of-equi-

librium processes, which are sometimes in-
terwoven. The equilibrium route takes full
advantage of thermodynamics applied to
colloidal physical chemistry to nucleate SLs
from bulk6,12 or at an interface (liquid/solid
or liquid/gas).13,14 The classical interactions
between colloids (electrostatics, steric, de-
pletion, van der Waals) are enriched at
nanoscale by a set of specific interactions
such as facet-selective or reconfigurable li-
gands,15�18morphology-dependentforces,19,20

size-tunable dipolar interactions,21 and sol-
vent-mediated interactions.22 Astonishing
crystalline morphologies have been ob-
tained23�25with new structures and proper-
ties. In this fabrication route, the typical
coherence length of the resultant material
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ABSTRACT We use evaporation within a microfluidic device to extract the solvent of a (possibly very

dilute) dispersion of nanoparticles and concentrate the dispersion until a solid made of densely packed

nanoparticles grows and totally invades the microfluidic geometry. The growth process can be rationalized

as an interplay between evaporation-induced flow and kinetic and thermodynamic coefficients which are

system-dependent; this yields limitations to the growth process illustrated here on two main cases:

evaporation- and transport-limited growth. Importantly, we also quantify how colloidal stability may hinder the growth and show that care must be taken

as to the composition of the initial dispersion, especially regarding traces of ionic species that can destabilize the suspension upon concentration. We define

a stability chart, which, when fulfilled, permits us to grow and shape-up solids, including superlattices and extended and thick arrays of nanoparticles made

of unary and binary dispersions, composites, and heterojunctions between distinct types of nanoparticles. In all cases, the geometry of the final solid is

imparted by that of the microfluidic device.
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is rather modest;on the order of 1�100 μm;and
due to the fabrication process, neither shaping-up nor
integration seems straightforward.
The out-of-equilibrium routes nonexhaustively in-

clude sedimentation,26 dielectrophoresis,27 spin- or
dip-coating,28,29 and drying.30 The latter method is by
far themost often used for the fabrication of SLs6 and is
quite versatile, for example, drop casting, evaporation-
induced self-assembly (EISA), evaporative coating, etc.
Well known, quantified, and exploited at the micro-
scale to engineer deposits or functional materials
(sessile drop,31 jet printing,32 coatings,33,34 EISA35), it
basically relies on a local increase of the concentration
upon solvent extraction to generate colloidal crystals
and often takes advantage of capillary effects to guide
microparticles. Transport phenomena, crucial in this
matter, make the process rather complex: the flow
induced by evaporation (including free-surface effects)
transports the colloids, and both transport coefficients
as well as evaporation itself may be concentration-
dependent. The full process therefore results in an
interplay between kinetics and thermodynamics.
In the field of SLs, the drying-based driven assembly
seems so far based on empirical and educated
guesses36 which nevertheless turn out extremely suc-
cessful in terms of fabrication procedures.
Whatever their fabrication route, the integration of

SLs in functional devices offers a promising prospect:
the merging between microscaled top-down architec-
tures and nanoscaled bottom-up assemblies.37 Recent
examples include the use of microfluidics to char-
acterize38 or optimize39 the structure and growth of
SLs, micromolding for the deposition of large and thick
areas of SLs,40 localization of SLs upon drying into
patterned substrates,41 transfer and nanoengineering
of self-standing nanosheets,42,43 etc.
Here we use microevaporation,44�49 a microfluidic

technique based on evaporation, that permits us to
grow and shape-up extended, three-dimensional thick
lattices of densely packed NPs (typical size of the final
material 10 μm� 50 μm� 1 cm) with a fine control as
to the positioning and composition of the array. The
technique takes advantage of the selective permeabil-
ity of an integratedmembrane to extract the solvent of
a dispersion but not the NPs. The latter get accumu-
lated in a microchannel whose geometry is neatly
defined by lithographic techniques, and upon suffi-
cient accumulation, a dense state grows to eventually
totally fill the channel (Figure 1). Importantly, the
present microfluidic approach is fairly general and
does not rely on a specific type of NPs, as long as they
feature sufficient colloidal stability as we shall see
latter, and actually works for a large set of solutes, from
molecules to large colloids.
Microevaporation shares similarities with other eva-

poration-based techniques but has also its own spec-
trum of specificities. It takes from EISA35 the driving

force of evaporation but suppresses all capillary effects
and works for all solutes (i.e., from molecules to large
colloids). It takes from micromolding (MIMIC50) the
capability of casting a shape thanks to a PDMS mold;
however, unlike MIMIC, it works continuously with the
molding capillary connected to a reservoir and the
evaporation permanently driven across a membrane,
actually one wall of the capillary. Hence, the final
material is not just a concentrated lump of the initial
liquid present in the mold but can be continuously
grown with time. As detailed later in the text, this
continuous aspect of the process permitted us to
fabricate a microscaled heterojunction between dis-
tinct arrays of NPs, which appears relevant in terms of
device engineering.51 More importantly, the tool is
quite suitable to the quantification of the processes
at work during the build-up of a solid at microscale.
First, the evaporation is extremely well-controlled by
design and imparts a definite pace to the concentra-
tion process. Then, in situ techniques such as Raman
microimaging, on-chip small-angle X-ray scattering,
optical microscopy and microspectroscopy, etc. help
unveil the spatiotemporal features of the concentra-
tion dynamics and the coupled roles of concentration-
and system-dependent evaporation and transport
phenomena.
Here, we focus on aqueous dispersions of NPs and

show how it is possible to grow solids owing a set of
conditions regarding the stability of the dispersion;
the latter must be very stable against precipitation
in order to reach a compact state. Indeed, as disper-
sions of engineered NPs can be rather dilute to start

Figure 1. (a) Images of several resist-on-silicon patterns
used for the fabrication of microfluidic devices. (b) Evapora-
tion-based cell used for guided assembly of nanoparticles
(NPs); evaporation proceeds across the thin PDMS mem-
brane and induces a concentration mechanism that fills the
channelswith a solidmade of densely packedNPs (orders of
magnitude: hi≈ 5�20 μm,w≈ 20�100 μm, L0≈ 1�10mm;
PDMS membrane thickness e ≈ 10�30 μm).
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with (volume fraction ∼10�6 to 10�4, or about 1015

particles/L), any trace of pollutantmay act as a precipitant
upon concentration. On the basis of our specific pro-
cess, we work out some general conditions that ensure
the growth of a solid out of the dilute dispersion. In this
framework, we evidence that the growth dynamics of
the solid is chiefly governed by the physical chemistry
of the dispersion (e.g., the type of ligand on theNPs). All
these results are assessed with simple theoretical
arguments which yield a robust roadmap for growing
micromaterials made of NPs. We illustrate the procedure
with a series of solids;including SLs and composites;
grown out of a variety of NPs with different shapes,
chemistry, and functionality. Eventually, we take full
advantage of the open-access reservoir of the micro-
fluidic device to illustrate how to engineer heterojunc-
tions and how to grow solids out of dispersions which
are otherwise prone to precipitation.

RESULTS: CONTROL OF THE SOLID GROWTH

The device illustrated in Figure 1b works by extrac-
tion of the solvent from a channel in contact with a thin
PDMS membrane (≈10�30 μm). We focus here on the
linear and planar geometry of Figure 1b, but the very
same principle applies for all possible shapes of the
channel. The latter can be nonplanar (i.e., real 3D
geometries) due to multilevel photolithography
(Figure 1a). Due to the assumption of local thermo-

dynamic equilibrium,52 any concentration process can
be rationalized on the basis of two coefficients, one of
thermodynamic nature, the chemical activity a that
expresses how the evaporation is altered by the pre-
sence of a solute, and one of kinetic nature, the
collective diffusion coefficient D that describes the
transport properties of the dispersion/solution. Using
a basic scaling analysis of the concentration process
given below, we design microevaporators which are
capable of concentrating extremely dilute suspensions
and grow and shape-up a solid of NPs in a controlled
manner in a matter of hours.

Concentration Mechanism. Conservation Laws. For lin-
ear geometries, the evaporation flow rate Qe is a key
parameter and it is measured using an ad hoc calibra-
tion (Qe ¼ O (1�100 nL/h)48); for convenience, we
introduce the lineic evaporation rate qe = Qe/L0. The
extracted solvent is replaced by a compensation flux
coming from the reservoir, and this is the very basic
mechanism which drives the solute from the reservoir
toward the tip of the evaporation channel (as in suction
pumps in plants53,54), where it accumulates. Such an
evaporation-driven flux is induced by the difference of
water chemical activity (or potential) across the mem-
brane a(φ) � he, where a(φ) is the concentration-
dependent activity of water in the dispersion at solute
volume fraction φ and he the humidity of the gas blown
on the other side of the membrane (Figure 1b). This
driving force induces permeation which translates into

a local velocity v(x) as expressed directly through the
following local conservation equation:

hwDxv ¼ �(a(φ) � he)qe (1)

where h and w are the transverse dimensions of the
channel (Figure 1) and L0 is the evaporation length of
the channel exposed to the membrane. In the rest, we
make sure that he = 0 in all cases. In eq 1, v(x) is the
width- and height-averaged volume velocity in the
channel,52 x the long axis of the channel. Global mass
conservation ensures that all the solvent that evapo-
rates is replenished by a flux that comes in from the
reservoir at a flow rateQ0 = V0wh = qeL0. Therefore, the
natural scale for the velocity follows V0 = qeL0/wh,
where the evaporation time τe = wh/qe emerges. It is
the natural time scale of the process and corresponds
to the time needed to empty one volume of channel.
We notice here a benefit of miniaturization with the
factor L0/wh which amplifies the surface effect of
evaporation and makes V0 significant essentially be-
cause surface-to-volume effects are majored in these
micrometer-sized devices. When pure water evapo-
rates (a = 1), the evaporation-induced velocity pro-
file simply reads v(x) = �x/τe. Note that the above-
mentioned conservation arguments simplify consider-
ably in the geometrical limit of very flat channels
(h, w) in contact with an ultrathin membrane (e , w)
for which evaporation proceeds across the membrane

only; therefore, qe = wve, with ve the evaporation
velocity of water solubilized in the membrane well-
described using a Fickean approach.

The induced flow drives solutes toward the tip of
the microchannel and traps them only if the induced
velocity dominates diffusion over the length of the
channel L0, as expressed by the Péclet number: Pe =
L0V0/D. The solute;which does not evaporate;is
conserved in the channel, and the kinetics of the
concentration process φ(x,t) results from a convec-
tion�diffusion competition:

Dtφ ¼ �Dx [φv � D(φ)Dxφ] (2)

where D(φ) is the collective diffusion coefficient, a tran-
sport coefficient that describes how the solution/
dispersion relaxes concentration gradients. In colloidal
science, D(φ) is generally expressed as an interplay
between osmotic compressibility and viscous drag in a
dispersion.55 Refs 48 and 49 give a detailed and pra-
ctical use of these quantities in the present case of
microfluidic evaporation.

Orders ofMagnitude and Scaling Analysis. It is worth
stressing again the benefits of the microfluidic format
in the context of dispersions of NPs. Due to the neat
control of the geometrical design and operation para-
meters, all physical scales of the process are precisely
known: the thickness of the PDMS membrane and the
dimensions of the channel altogether define the eva-
poration time τe (=10

2�103 s typically); the length L0 of
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the channel and the evaporation time τe define the
evaporation-induced velocity everywhere and, in par-
ticular, the entrance velocity V0 = L0/τe.

Additionally, the knowledge of two coefficients a(φ)
and D(φ) permits us to predict the exact spatiotempo-
ral kinetics of the concentration process. In the case of
ideal solutions [a � 1 and D � D0 = kT/6πηR from
Stokes�Einstein relation, D0 ¼ O (10�12�10�11 m2/s)
for NPs], the competition between convection and
diffusion defines a length p = (D0τe)

1/2, which delin-
eates the convection-dominated zone (x > p) and the
diffusion-dominated zone (x < p). The concentration
process is efficient only if p < L0, that is, for a Péclet
number Pe= L0V0/D0 = (L0/p)

2 > 1. For suspendednano-
objects, p ∼ 100 μm, which sets the minimal size of
evaporators to be efficient.

For Pe. 1, the scaling analysis of the transport eq 2
shows that the diffusion-dominated region is perma-
nently fed with NPs with an incoming flux φ0V0 with φ0

the volume fraction of NPs in the reservoir, leading to a
local (x < p) increase of the concentration: Δφ/Δt ∼
φ0L0/pτe. Working with extremely dilute suspensions
therefore imposes strong constraints as to the design
of our microevaporator; we indeed require the timeΔt
to concentrate a dilute suspension (φ0 = 10�6�10�4)
into a dense state (φd≈ 0.5) to be reasonable, that is, as
most of order of hours. AsΔt∼ (τe/φ0)(p/L0), we design
the device in order to maximize the length L0 (up to
centimeters) while scaling down the product τep∼ τe

3/2,
whichweachievebymakingvery thindevices (τe∼h/νe),
which evaporate very efficiently (high ve) due to very
thin membranes (νe∼ 1/e). Evaporation is further sped
up for small channel widthw and well-separated chan-
nels.53 Typical values are e ≈ 10 μm and h ≈ 5 μm
(these are the values we use for the rest of this work),
leading to τe≈ 50 s. The latter value is actually obtained
within % with a dedicated calibration method de-
scribed previously.48 It is worth mentioning that the
scaling analysis strictly holds for dilute suspensions
only, but in all cases we studied so far, it works well up
to fairly concentrated regimes and thus remains a
valuable tool for designing the evaporation devices.

Having designed, fabricated, and calibrated such
evaporators, we can concentrate in a reasonable amount
of time (order of hour) the initially dilute suspension
until the nucleation and growth of a dense state occurs.

Transport- or Evaporation-Limited Growth. For Pe. 1, the
NPs are trapped in the thin linear channel and get
accumulated at its tip over time while permanently fed
by a steady flux of solutes from the reservoir. Even-
tually, upon sufficient accumulation, nucleation of a
dense state at t = tN may occur, followed by a growth
kinetics. Figure 2a shows such a kinetics observed
under a microscope and characterized using the
(image-processed) position xd(t) of the front.

Wedisplay in Figure 2b,c twomain limiting cases for
the growth kinetics, which are actually fully tuned by

the physical chemistry of the suspensions: transport-
and evaporation-limited growth. Figure 2b shows the
case of sterically stabilized NPs (Au@PEG, after the
[core material]@[shell or corona material] nomencla-
ture) for which the trajectory of the dense front slows
down over time (whatever L0, Figure 2b left); scaling
the front with the respective lengths L0 of the
channels in which the fronts grow (Figure 2b right)
and the time from nucleation with the natural evap-
oration time τe shows a good collapse which is well-
described by a single exponential (solid black
line). Inversely, the case of charge-stabilized NPs
(Ag@SiO2) shows a linear growth kinetics which also
rescales well with the same dimensionless variables
(Figure 2c right).

We rationalize these results on the basis of a simple
conservation law which balances the volume growth
rate of the dense with the flux of incoming particles:
φd _xd ≈ φ0~V0, with ~V0 specifying that the incoming flux
is possibly altered by the presence of a dense state
within the channel. Note also that we neglect here the
concentration just before the front as it is very small in
our present studies but may be significant in other
cases.48 Making dimensionless all the variables [with
Xd = xd/L0, T = (t� tN)/τe, andΦ = φ/φ0], callingΦ* the
packing fraction of the growing solid, and introducing

Figure 2. (a) Typical series of images acquired during the
growth of a dense state made of NPs (here Ag@SiO2). The
temporal analysis of the growth kinetics leads to two limit-
ing cases: (b) limited by the chemical activity yielding
an exponential slowing down (Au@PEG in water with φ0 =
(3.3( 0.1)� 10�4 and τe = 56( 2 s, NPswith a core diameter
≈15 nm; one concentration φ0 only and different L0); (c)
limited by the transport coefficient yielding a linear growth
(Ag@SiO2 in water with φ0 = (2.3 ( 0.3) � 10�2 and τe =
480 ( 20 s; NPs with a silver core diameter of 20 nm and a
silica shell 35 nm thick; one length L0 only and different
concentration φ0).

A
RTIC

LE



ANGLY ET AL. VOL. 7 ’ NO. 8 ’ 6465–6477 ’ 2013

www.acsnano.org

6469

some specificity as to the physical chemistry of the
system under study, we obtain two limiting cases for
the growth rate:

•Transport-limited growth when the water evapo-
rates as pure water independently of the colloid con-
centration: Φ* _Xd ≈ 1; it holds whenever the water
activity is barely altered by the presence of colloids
such as, for instance, not-too-small silica-based colloids
(with no grafted polymer), requiring actually a modest
modification of the chemical potential of water with
colloids. This modification scales like Δμw ∼ kBTvs/vc,
with kBT the thermal energy, vs the volume of the
solvent molecules, and vc that of colloids;

48Δμw, kBT

even for small NPs. As a consequence, water evapo-
rates as if it were pure, colloids get concentrated and
pile-up into the dense state at a constant rate = 1/Φ*;
the growth actually stems from the diverging part of
the osmotic compressibility of the diffusion coefficient
D(φ) which prevents concentration gradients to be
sustained: a dense state grows simply because it
cannot be concentrated anymore. In such a case, there
is always evaporation below the packed bed, a flow
inside it, and a flux of water into the solid at the level
of the front. In turn, the constant growth rate 1/Φ* =
φ0/φd justifies our choice to also include the initial con-
centration for rescaling the front position (t f φ0t/τe):
in this choice of units (Figure 2c right), the growth rate
∼1/φd directly leads to the packing fraction of the
dense state. Here, we find φd = 0.6( 0.1, which gives a
first insight as to the structure of the dense state.

•Evaporation-limited growth, when, on the contrary,
concentrated colloids modify significantly the water
activity. It is the case of polymer-coated NPs where the
polymer, here a PEG (Figure 2b left), dominates at very
high concentration in lowering thewater activity down
to 0. In this case, we simply assume that water does not
evaporate at all anymore above the dense state [a = 0
for x < xd and a = 1 otherwise], and the evaporation-
induced velocity drops with the ever increasing dense
state ~V0(xd) = (L0 � xd)/τe as a consequence of a di-
minished effective length of evaporation L0 f L0 � xd.
This is the exponentially slowing-down mechanism of
growth. Indeed, the growth kinetics reads Φ* _Xd ≈
1 � Xd, which admits an exponential solution Xd =
1� exp(�T/φ*), fitting well our data, Figure 1b right. In
this figure, φ0 stands for the volume fraction of gold
only (i.e., the cores of the NPs), and we find φd ≈ 0.10.
At this stage, the final composite is made of 10% gold
NPs, the rest being (probably hydrated) polymer.

The nature of the growth kinetics, that is, linear or
exponential, thus tells about the interplay between the
way water evaporates in the dense state and how
concentration gradients are sustained. We just saw
two limiting cases where the growth is driven by (i) a
diverging diffusion coefficient or (ii) stopped evapora-
tion, but there are of course intermediate regimes
between these two limiting cases. It is, for instance,

the case of NPs strongly interacting via electrostatics47

for which the basic conservation lawmust bemodified
to account for interaction-dependent transport coeffi-
cient or surfactant molecules49 for which both the
evaporation and the transport phenomena are meso-
phase-dependent. It remains that the knowledge of
basic kinetic and thermodynamic data (a and D)
permits us to predict the growth kinetics, and that its
image-processed inspection (Figure 2) yields an esti-
mate of the packing fraction in the dense phase.

Stability Issue. The previous scenarios hold only if no
“accident” such as precipitation or aggregation occurs
en route toward high concentration. The depiction of a
binary system with NPs in water only is actually some-
what utopistic; we cannot elude the presence of
pollutants solubilized in water which may play the role
of destabilizing agent. Indeed, our evaporation-based
device leads to an increase of the concentration of all
species;although at different rates;and the localized
increase of pollutant may well induce the aggregation
of the dispersion. As we are working with extremely
dilute dispersions of NPs, what matters is how much
pollutant is present in the initial dispersion because
even traces might play a significant role upon
concentration.

For the sake of illustration, we consider here a
specific case of traces of salt present in the dispersion
of silica NPs in water. It could also be the case of
solubilized PEG oligomers acting as depleting agents.
We model the stability of the dispersion at the lowest
level using a binary stability ratio W (the ratio of the
aggregation rate at a given salt concentration to the
one of an unstable dispersion55):Wf¥below a critical
salt concentration cs leading to a stable dispersion, and
W = 1 above with near immediate aggregation. Then,
assuming that in the dilute regime a� 1 andD� const.
(Dc for colloids and Ds for salt) in eqs 1 and 2, we solve
the dynamics of the concentration process for both the
colloids and the salt assuming they are independent,
which is reasonable in the dilute regime only. In
dimensionless variables, the control parameters are
the salt concentration C = c/c0 (c0 is the salt concentra-
tion in the reservoir), the volume fraction of colloids
Φ = φ/φ0 (φ0 is the volume fraction of NPs in the
reservoir), the Péclet number of salt Pe and that of
colloids Pec. We gave elsewhere analytical solutions46

for the full concentration process C(X,T) and Φ(X,T) in
the dilute regime, which we recall in the Supporting
Information, and we examine here the issue of the
coupled dynamics regarding the stability of the dis-
persion. We do not discriminate between heteroge-
neous (on the wall) or homogeneous aggregation
(betweenparticles) and just assume that the dispersion
may become unstable above Cs. We identify two limit-
ing cases for which there is either precipitation only or
growth only. In brief (all details in the Supporting
Information), if the concentration of salt in the reservoir
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is too high, the salt concentration at the tip of the
evaporator will overcome Cs before the NPs get suffi-
cient time to nucleate a dense state (precipitation
regime); conversely, when the concentration of salt is
low enough in the reservoir, nucleation may occur and
the growth will be fast enough to escape the region
where the salt gets accumulated (growth regime).

We summarize these calculations on a stability
chart (Figure 3) which delineates these two limiting
cases as a function of the volume fraction φ0 of the
dispersion and the concentration of salt c0 both taken
in the reservoir, that is, in the native dispersion. We also
evidence an intermediate regime (kinetic regime) in
which the two kinetics are so close that interwoven
events may occur such as precipitation followed by
growth or even re-entrant transition as growth/
precipitation/growth. All these states have been ob-
served experimentally and are illustrated in Figure 3
where we concentrated a dispersion of Ag@SiO2 NPs
with a controlled amount of added salt.

Importantly, we find that the growth-only upper
boundary does not depend on the Péclet number of
colloids and reads Φ* , Cs in dimensionless units, or
with dimensions simply

c0
cs

,
φ0

φd
(3)

where we recall that φd is the volume fraction of the
dense state (O (1)), φ0 and c0 the concentrations of NPs
and salt in the reservoir, respectively, and cs the

concentration at which the dispersion becomes un-
stable (cs ≈ 10�100 mM for typical charge-stabilized
systems). It thus permits us to rapidly estimate whether
a dispersion can be grown into a dense state or will
precipitate.

As a rule of thumb, we notice that charge-stabilized
NPs are prone to aggregation especially when working
at low concentration. For a typical sol�gel-processed
silica coating on the NPs (e.g., with a zeta-potential on
the order of �40 mV at pH 5�7), traces of salt on the
order of 1�10 μM are sufficient to prevent growth of a
suspension with φ0 ≈ 10�6�10�5. Increasing φ0 by a
factor of 10 to 100, by centrifugation for instance, is
sufficient to escape the stability trap, and silica then
becomes a very good stabilizer against aggregation for
moderately diluted dispersions. We will discuss in the
last section of this article another way of escaping the
stability trap by the use of a microfilter.

Alternatively, sterically stabilized NPs with a grafted
polymer are especially stable assuming there is no
depleting agent in the dispersion (such as nongrafted
polymers) that would be deleterious to the growth
process. Here, we used several polymers but present
mostly results concerning PEG-grafted NPs for which a
thorough wash of the dispersion is required to elim-
inate unattached polymers and prevent depletion
between NPs or between the particles and the wall
of the microfluidic cell.

DISCUSSION: SHAPING BULK MATERIALS MADE
OF NPS

Growing a material out of a dispersion of nano-
objects thus requires colloidal stability. Assuming this
or designing the NPs for this purpose, we demonstrate
below that all sorts of dispersions can be assembled
into dense, real 3D materials. A quantitative analysis of
the structure on a specific case (15 nm diameter
spherical Au@PEG NPs) using X-ray scattering shows
that the particles crystallize into SLs, yet with small-size
crystallites (≈μm). Experimentally, we also evidence
that the order of these superlattices could be drasti-
cally improved with more calibrated dispersions. Ani-
sotropic particles and mixtures of NPs can also readily
be assembled thanks to microevaporation. Eventually,
we show that heterostructures can be engineered by
growing side-by-sidematerials made of different types
of particles.

Structure. We start with Au@PEG and Au@SiO2 NPs
dispersed in water (same core, 15 nm diameter, sphe-
rical, and liganded with a 5 kDa PEG or capped with a
20 nm thick silica shell) which we concentrated until a
dense state grew over several millimeters (Figure 2 and
Figure 4a using an optimized chip with a thickness of 5
μm and a volume fraction of NPs larger than φ0 = 10�4

in order to prevent precipitation in the case of Au@SiO2

NPs). The growth kinetics of such a micromaterial is
best quantified in the linear geometry of Figure 2;

Figure 3. Top: stability chart giving the outcome of the
concentration process (growth of a solid, precipitation of
NPs, and mixed kinetic regime; see text) depending on the
volume fraction φ0 of NPs and the concentration c0 of an
electrolyte in the reservoir (or, equivalently, in the stock
dispersion). The present chart is calculated for charge-
stabilized NPs, which become unstable above a critical salt
concentration; Pe in the figure stands for the Péclet number
of the salt, the one of the NPs being considered nearly
infinite (all details of the calculation are given in the
Supporting Information). Bottom: examples of the three
states described in the stability chart (P: precipitation, K:
kinetic, G: growth), induced here with the amount of added
salt (NaCl) indicated on the figure (and φ0 = 2.3%); the width
of the channel is 40 μm and pictures taken about 3 h after
the beginning of the concentration process.
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however, other geometries can be designed using
soft lithography, including “device-oriented” shapes
in which the growth takes place in the very same
fashion (Figure 1 and Figure 4a).

We demonstrate that the micromaterial is made of
densely packedNPs bymonitoring its structure under a
high-resolution scanning electron microscope (SEM).
First, we peel off the membrane of the evaporation
microfluidic chip and stamp the micromaterials onto a
conductive tape previously stuck on a SEM substrate (a
metallic pin). This transfer process is very efficient but
somewhat brutal, and the structure sometimes breaks
at places (Figure 4b); in this figure, we recognize the
linear aspect of the micromaterial and we take advan-
tage of the alveolar structure of the conductive tape to
have some parts of micromaterial exposed to the
electron beam with a slanted view. Zooming in such
a zone (Figure 4c) evidences a brick-like edifice with
neat facets and edges that actually reflect how the
microfluidic channel promotes the shaping process. An
even higher magnification (Figure 4d) now shows that
thematerial is indeedmade of tightly packed NPs, with
here no obvious long-range order, and that the upper
facet of thematerial is extremely smooth with a rough-
ness basically set by the size of the NPs. The flatness of
the material thus lies well within optical quality (here
≈λ/20), thanks to the PDMS molding; it is a crucial
point for the optical characterization.

The volume fraction occupied by NPs in this com-
posite is on order of 25%, the rest consisting of
polymer, as consistently demonstrated using SEM im-
age analysis and in situ X-ray scattering. From a SEM
image acquired on the upper face of the material with
its normal parallel to the electron beam, we construct
the pair correlation function g(r). It is achieved by first
registering the position of all particles (about 3000 on a

typical image) and by then calculating the number
of particles at a distance r þ dr from a given one
(Figure 4e; the red circles and green crosses illustrate
the counting procedure). The calculation is repeated
for all distances and ensemble-averaged over all par-
ticles. The pair correlation function g(r) is normalized to
1 at high distances leading to the surface density of
particles σ = (1.37 ( 0.06) � 1015 particles/m2. The
correlation function exhibits an oscillating behavior
with amodest peak at rm≈ 28nm (red arrow, Figure 4f),
the mean distance between first neighbors. The shape
of g(r) along with the height of the peak suggests that
the planar organization of NPs is amorphous, with no
long-range order.56 The surface fraction occupied by
the gold cores is φ = 4πσrp

2 = 0.25 ( 0.06.
Alternatively, we used small-angle X-ray scattering

(SAXS) with a microfocused high brilliance beamline
(spot diameter ≈1.5 μm, ID13, ESRF, Grenoble, France)
to probe the structure of themicromaterial.47 The latter
was scanned pointwise directly into the chip, and
diffraction patterns (Figure 4g) vary significantly from
point to point but always exhibit Bragg spots super-
imposed to diffuse rings. From the measured form
factor of the Au@PEG particles, we calculate the angu-
lar-averaged structure factor S(q) of the assembly as
shown on Figure 4h for three different locations within
the material. A basic analysis suggests that the struc-
tures we observe are compatible with face-centered
cubic (fcc, indexing in Figure 4h) grains of a typical
coherence length ξ ∼ μm, seen under different orien-
tations, with a NP packing fraction ≈0.27 and a lattice
parameter of 28 nm, which compares well with the
SEM image analysis. A refined analysis is made quite
complex by the fact that the powder-averaging is
actually poor due to the small coherence of the crystal-
line lattice (ξ/rm≈ 30 where rm is the distance between

Figure 4. Images and structure of solids densely packedwithNPs: (a�d) Au@SiO2with a 15 nmdiameter core and a silica shell
20 nm thick, (e�h) Au@PEGwith a 15 nm diameter core and a coronamade of 5 kDa PEG grafted with thiols. (a) Tip of a tailor
evaporation-based cell seen under a microscope and where the NP suspension undergoes a nucleation/growth kinetics
(width of smallest channels 20 μm, height≈ 5 μm). (b�d) Dense state resulting from (a) after drying and stamping onto a SEM
substrate observedwith SEM at several degrees of magnification (scale bar is 50 μm in b, 5 μm in c, and 150 nm in d). (e,f) SEM
high magnification of the surface of the dense material (scale bar 100 nm) and pair correlation function g(r) calculated after
particle centers registration. (g,h) In situ microfocused small-angle X-ray pattern and angular averaging of various patterns
such as (g) yielding the structure factor S(q) vswave vector q indexed in (h) for a fcc structure with lattice parameter of 28 nm,
gold volume fraction of 0.27. The presence of Braggpeaks in the pattern of (g), also related to themarkedpeaks in the angular
averagings presented in (h), demonstrates the local crystalline order of the NPs.
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first neighbors) and few grains only in the thickness of
the cell (h/ξ ≈ 5).57,58 The presence of Bragg spots
(Figure 4g) is however a definite proof of SLs, but with a
limited spatial extent; it may be due either to the non-
negligible size dispersity of the native gold NPs or to
the rate at which the solid is built.59 We leave open this
question but nevertheless evidence below that, with
very monodisperse NPs, long-range crystallization is
obvious even from a SEM image.

Eventually, we notice that the volume fraction
obtained from structural analysis (≈0.3) is higher than
the one estimated directly by monitoring the growth
rate of the solid (≈0.1) (while for other cases, such as
large colloids, both analyses coincide48). We believe it
comes from the fact that samples were dehydrated or
left in a dry atmosphere before structural analysis.

From Simple Materials to Tailor Composites. We now turn
to a description of a few structures we could build
(Figure 5) and emphasize some of their features. First,
we notice that themicromaterials we fabricate are very
planar, basically self-standing thick films; depending
on their type, they can be brittle and fragile but it is
possible to extract millimeters of them out of the chip.
Au@PEG materials are especially easy to grow (we
achieved materials with 15 and 60 nm core diameter,
Figure 5a,b) and mixtures thereof (Figure 5e) but
exhibit little surface order, although we know from
above that the surface inspection may hide the bulk
organization. For comparison, commercial silica NPs
(80 ( 5 nm diameter, polydispersity assessed from
SAXS analysis) grow under obvious, hexagonal-like
crystalline habits (Figure 5c).

Anisotropic particles assemble as well into close-
packed assemblies, and we could grow dense materi-
als of nanorods (Figure 5d), nanocubes, and nanodisks

(not shown), all stabilized by polymers. In the present
case of Au@PEG nanorods (long axis 37 ( 7 nm, small
axis 11( 2 nm), it was somewhat expected12 that these
particles did not get oriented at all; it is indeed known
that aligning suchmodest aspect ratio rods (≈2�3) rather
requires a thermodynamic approachwith a fine-tuning of
the interaction parameters between the rods.60�62

Mixtures of small and large NPs readily assemble
(Figure 5e,f), but some care must be taken as to the
mutual interactions between small and large colloids.
For instance, mixtures of Au@PEG small particles with
larger SiO2 NPs are unstable at high concentration for
most of the mixture ratios we examined, probably due
to hydrogen bonding between the PEG and the silica
surfaces likely to generate aggregates en route toward
high concentrations. We illustrate in Figure 6 a robust
formulation for the fabrication of composite binary
solids made of large SiO2 NPs and small Au@SiO2 NPs,
here characterized by a ratio in number R (large-to-
small). The final materials are quite homogeneous at
the macroscopic level (Figure 6, top right) and absorb
light in relation to the amount of gold inclusions (up to
opaque samples for Rf¥, i.e., only small gold NPs) but
appear somewhat heterogeneous at the nanoscale.
Interestingly, for R = 1. the large silica NPs crystallize
at places but not everywhere (Figure 6, bottom left)
and the disorganized zones seem correlated to a larger
local amount of small inclusions. For higher ratios, it
becomes possible to decorate the large NPs with a
large number of small satellites (Figure 6, bottom right)
and to reach structures with a connected network of
plasmonic inclusions embedded in a dielectric sub-
strate. These structures resemble much the ones man-
ufactured with preassembled nanoclusters, such as in
Figure 7, bottom right. The “binary” route hence turns

Figure 5. Catalog of dense structures generated with microevaporation and observed with a SEM: (a) Au@PEG 15 nm
diameter (bar is 1 μm, inset is a TEMpicture of native particles); (b) Au@PEG60 nmdiameter (bar is 1 μm, inset is a SEMpicture
of the surface of thematerial); (c) 80 nmdiameter silicaNPs (bar is 500 nm); (d) Au@PEGnanorods (bar is 100 nm, inset is a TEM
picture of nanorods); (e) mixture of Au@PEG 15 and 60 nm (bar is 200 nm); (f) mixture of 15 nm Au@PEG and 80 nm silica NPs
(bar is 1 μm); (g) Ag@SiO2NPs in 3D channels (bar is 50μm); (h) same sample seen at highermagnification (bar is 10μm, inset is
a TEM view of native core�shell NPs).
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out useful to simplify the fabrication process of ad-
vanced assemblies.

Eventually, we grew dense materials of core�shell
Ag@SiO2 NPs into 3D cavities (Figure 5g,h, silver core
diameter 20 nm, silica shell thickness 35 nm) and the
bottom-up-assembled final material nicely replicates
the top-down-designed microfluidic chambers, with
details fixed by the soft lithography technique used
here (i.e., order of μm). Here again, the structure of the
colloidal assembly (detailed elsewhere63) is not or-
dered at long-range as probably limited by the size
dispersity of core�shell Ag@SiO2 NPs, and some facet-
ing of the NPs is observed in the final solid.63

Active Control of Growth: Heterostructures. Heterostruc-
tures based on NPs can be built by taking advantage of
a sequential-filling approach. Microevaporation chips
can be engineered with a 50 μL open-access reservoir
(Figure 7a) which permits us to tune in time the
solution to be concentrated. By sequentially filling
the reservoir with different dispersions, we accumulate
different NPs and grow dense states in a sequential
manner, which results in a layered material.

Figure 7a (right) also illustrates the corresponding
protocol during which the reservoir is initially filled
with pure water (W); at a given time, the water in the
reservoir is replaced with dispersion or solution S1 at
concentration φ0

1 which is left to concentrate for a lapse
of time Δt1; the dispersion is then replaced with pure
water again. In linear geometries, solute conservation
ensures that the particles driven inside the chip by
evaporation contribute to build a linear dense state
with a growth rate _L1 (system-dependent, Figure 2).
The total length of material L1 ≈ _L1Δt1 is thus con-
trollable by simply playing with the lapse of time Δt1

and the concentration in the reservoir φ0
1. Then, the

reservoir is flushed with pure water, and after a delay
time that permits the dense state to equilibrate, water
is replaced by the second solution S2 during Δt2 and
flushed again with water to build a second material of
length L2 next to the first one. The pipetting operation
can be iterated as often as required and even auto-
mated with a liquid-handling robot to build tailor
heterostructures.48

Figure 7b shows such a heterostructure obtained by
sequential filling with Ag@SiO2 followed by Au@PEG
nanorods and then CNT@PVA (surfactant-stabilized
carbon nanotubes mixed with a polymer, polyvinyl
alcohol, in water). The respective lengths of different
segments are on the order of millimeters, and we
observe that the junction between the successive
dense states extends on a length on the order of a
few micrometers (1�10 μm) and depends on the
nature of the materials that grew before. Beside the
SEM images of Figure 7b, we also used a higher-energy
electron beam to probe at the level of the junction the
depth of the material (not shown) and the spatial
extent of the composition gradient. It is quite obvious
in Figure 7b that the Ag@SiO2/Au@PEG nanorod junc-
tion is much neater (extent ∼1 μm) than the Au@PEG/
CNT@PVA one (∼10 μm). It stems from the nature of
the first material of the junction: for Ag@SiO2, evapora-
tion still proceeds above the packed bed (i.e., the
activity is not reduced by the presence of colloids)
which drains water but not colloids into the packed

Figure 6. Top left: TEM picture of a binary mixture of large
silica NPs (80 nm diameter) and small Au@SiO2 NPs (15 nm
core diameter, 10 nm thick silica shell). Top right: micro-
materials obtained from binary dispersions with different
ratio in number R of large-to-small particles. Bottom left:
SEMpictures in backscatteringmode for R=1. Bottom right:
SEM picture for R = 10, with the inset showing the same
structure in backscattering mode.

Figure 7. Protocol for building heterojunctions at the nano-
liter scale. (a) The chipweuse possesses a 50 μL open-access
reservoir in which we can pipet sequentially several disper-
sions or solutionsduring a known lapse of time (top right for
the pipetting workflow). It enables us to build a sequential
solid, here illustrated with (b) a double junction made of
Ag@SiO2 next to Au@PEG nanorods next to carbon nano-
tubes CTN@PVA or (c) a simple junction between large
latexes and engineered nanoraspberries SiO2@Ag@SiO2,
the bed of latexes acting as a filter for salt; see text.
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bed and forces a condition of nonvanishing flux of

water at the level of the edge of the firstmaterial; newly
coming particles of the second type will be dragged by
the flow toward the interstices of the first material,64,65

which blocks them and the second material builds
up; as such, it represents an interesting option for
studying the controlled hepitaxial growth of colloi-
dal heterostructures. On the contrary, when eva-
poration stops in the first material (as for Au@PEG
nanorods due to the presence of the polymer), the
interface of the junction is smooth and the boundary
condition is of no flux. Therefore, a composition
gradient may occur on a spatial extend of order of
p ∼ (Dτe)

1/2, with D the diffusion coefficient of the
colloids, which gives here p ∼ 10 μm for 50 nm
colloids and τe = 50 s.

Eventually, we also evidence here a way to grow
dispersion for which the stability chart suggests it
would not be possible directly in the microevaporator,
for instance, because the ratio of colloids over traces of
destabilizing agent is not favorable (Figure 3). This is
the case of engineered raspberry-like nanoclusters
(SiO2@Ag@SiO2, Figure 7c) which consist of a 86 nm
silica core with 30 nm cubes grafted on the periphery
and coated with a thin silica shell (≈5 nm). These
clusters are meant to exhibit a specific plasmonic
behavior66 and their assemblies to possess exciting
optical features. However, due to the high constraints
required for their synthesis, their volume fraction is
small, O (10�6), and they do not fulfill the growth
condition of stability chart (Figure 3). To bypass this
limitation, we construct a heterostructure based first
on a millimeter-long colloidal crystal of 200 nm dia-
meter polystyrene beads (tagged with fluorescein; see
Figure 7c, top left) which acts as a packed bed; upon
injection of the nanoraspberries, a dense state of the
latter can be grown because the packed bed (pore size
≈10 nm) is permeable to water but not to NPs. Water
along with traces of salt can flow inside the colloidal
filter which retains the NPs, forcing them to pack and
grow at a constant salinity, unlike the case of simple
microevaporation which leads here to precipitation as
both salt and NPs get concentrated. The resulting
heterostructure can be extracted and observed with
SEM, which effectively reveals that after the junction
(size∼μm)with the colloidal filter, the nanoraspberries
form a tightly packed state with extended dimensions
and an overall shape that reflects that of the micro-
fluidic channel. In particular, the relatively flat faces
of the material are quite appealing for the optical

characterization (such as microellipsometry) we intend
to carry on these 3D samples.

CONCLUSION

Evaporation has become a standard route for the
guided assembly of nano- to microparticles. Here, we
demonstrated that evaporation within dedicated mi-
crofluidic devices permits us to grow and shape-up
solids made of NPs. As the microfluidic tool gives both
a fine control over the kinetics of concentration and an
easy observation in a model geometry, we could
rationalize in which conditions the suspensions of
NPs are likely to be turned into a solid by solvent
extraction. The first criterion holds on the colloidal
stability of the dilute suspension: we need to prevent
precipitation before growth by carefully checking the
amount of precipitant present in the initial stock solu-
tion. There is then virtually no limit to the growth and
shape-up of all sorts of micromaterials made of NPs, as
illustrated here for unary and binary spherical NPs,
nanorods, etc.While we evidenced the presence of SLs,
the coherence length of the latter remains small (∼μm)
probably due either to a too-high polydispersity of the
NPs or to the rate at which the solid is grown (which
may overcome the natural rate of crystal growth). This
issue is quite promising in terms of crystallinity, espe-
cially because we can redesign the microevaporator in
order to slow the growth rate of the solid. Indeed, by
tuning the humidity outside the device and the thick-
ness of the channel, we can slow by a factor 102�103

the concentration kinetics and, hopefully, tune theway
the material grows.
We also evidenced that the growth rate has intrinsic

limits and illustrated two main limiting cases;evapo-
ration- or transport-limited growth;which ultimately
couple the physical chemistry of the dispersion to the
concentration process. In all cases, it is possible to tune in
time the dispersion to be concentrated in order to build
tailor solids: we constructed heterojunctions between
different types of NPs and colloidal filters that can
retain dispersions that would precipitate otherwise.
We believe that the good control and rationalization

of the growth process, along with the top-down/
bottom-up combination offered by microfluidic evap-
oration, is promising; it could be useful in terms of
fundamental understanding of the growth condition
of a solid made of NPs and could also be device-
oriented by controlling the placement of lumps or
arrays of NPs in order to create new and functional
microscale materials.

MATERIALS AND METHODS

Dispersions of NPs. Gold Spherical NPs. Tetrachloroauric
acid (HAuCl4 3 3H2O), tetraethylorthosilicate (TEOS), and NH4OH
(29%) were purchased from Aldrich, and sodium citrate

(C6H5O7Na3 3 2H2O) was from Sigma. Cetyltrimethylammonium
bromide (CTAB) and O-[2-(3-mercaptopropionylamino)ethyl]-
O0-methylpoly(ethylene glycol) (mPEG-SH, Mw 5000) were pro-
vided by Fluka. Pure-grade ethanol and Milli-Q-grade water
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were used in all preparations. Unless otherwise stated, all of the
chemicals were used without further purification.

Citrate-stabilized Au nanospheres (15 nm) were synthesized
as described elsewhere.67 mPEG-SH functionalization was car-
ried out bydropwise addition of 1mLof an aqueous solution 1.4�
10�4MmPEG-SH to10mLof as-synthesized15nmspheres ([Au] =
5� 10�4 M). Themixture was allowed to react for 30min andwas
cleaned by two centrifugation�redispersion cycles with ethanol.

Gold Nanorods. PEG-coated Au nanorods (NRs) were syn-
thesized in two steps by modifying reported procedures. Initi-
ally, CTAB-coated Au nanorods were synthesized by adapt-
ing the protocol reported by Jana.68 Subsequently, CTAB sur-
factants bound to the surface of Au nanorods were completely
replaced by 5 kg/mol PEG-SH units following the procedure
reported by Thierry et al.69 The PEG-functionalized nanorods
were characterized using TEM and UV�visible spectroscopy
before use in our experiments; for more details, see Supporting
Information.

Raspberry-like NPs. L-Arginine (99%), cyclohexane (=99.7%),
TEOS (99%), sodiumhydrosulfide (NaHS), poly(vinylpyrrolidone)
(PVP; Mw = 55 000 g/mol), N-[3-(trimethoxysilyl)propyl]ethyl-
enediamine (EDPS; 97%), and silver nitrate (AgNO3; 99.9%) were
purchased from Sigma-Aldrich. Ethylene glycol (EG) and am-
monium hydroxide solution (27�30 wt %) were obtained from
J.T. Baker. Absolute ethanol was purchased from Scharlau. All
reagents and solvents are used without further purification.

The silicaNPswere prepared using a seed-mediatedmethod.70

Initially, silica “preseeds”were obtained as follows: 345mL of an
aqueous solution containing 7.5 mM of L-arginine was intro-
duced in a 500mL rounded beaker; 22.5 mL of cyclohexane was
added, and the mixture was heated at 60 �C. When the mixture
reached 60 �C, 37.5mL of TEOSwas introduced. The stirring was
maintained for 24 h. Then, the mixture was passed to a
rotavapor at 50 �C under vacuum to eliminate the cyclohexane.
The concentration in silica seeds was determined by dry extract.
These seeds were then grown in hydroalcoholic medium con-
taining ammonia and wherein the TEOS was slowly and con-
tinuously introduced. Typically, 50 mL of ethanol, 5 mL of
ammonium hydroxide corresponding to [NH3] = 1 M, then
5 mL of silica seed aqueous suspension were mixed in a
150 mL round beaker. The concentration in silica beads was
determined by dry extract. A volume of 765 μL of EDPS aqueous
solution corresponding to an excess of 20 compared with the
grafting density of EDPS was quickly added into the previous
silica suspension under magnetic stirring. The reaction mixture
was stirred overnight. Then the mixture was washed by cen-
trifugation at 15 000g for 20 min. The supernatant containing
ethanol and oligomers of silanes was removed, and the bottom
containing the modified particles was redispersed in absolute
ethanol by sonication. This washing step was repeated five
times. After removal of the last supernatant, the bottom was
redispersed in 100 mL of deionized water and the pH of the
solution was adjusted to 5.

The AgNPswere synthesized by using a previously reported
method.63 First, a solution of NaHS (30 mM) and a solution of
PVP (30 mg/L) in EG were prepared separately. The two solu-
tionswere left to age for 4 h under stirring. A 60mL sample of EG
was then introduced in a rounded flask mounted with a reflux
condenser and heated at 150 �C for 2.5 h under stirring. Two
hours later, argon flow was introduced. After 30 min, 35 μL of
the aged NaHS solution and 15 mL of the PVP solution were
injected in the reactionmedium. Then, 5mL of a AgNO3 solution
(0.16 M) in EG was quickly introduced. The solution turned
yellow immediately. After 7 min, the reaction was quenched by
quickly cooling the reaction flask in an ice bath. Finally, the Ag
NPs were washed by centrifugation at 40 000g for 2 h and
redispersed in ethanol. This centrifugation cyclewas repeated twice.
The mass concentration of silver NPs was determined by ICP-OES.

Typically, 0.2 mL of a diluted suspension of silica beads was
dropwise introduced into 1 mL of the Ag nanoparticle solution.
The silica bead solution was diluted such that the ratio con-
centration [SiO2 beads]/[Ag] was about 1/100. The mixture was
stirred overnight. Then the solution was diluted in 30 mL of an
aqueous PVP solution (0.5 g/L). After 2 h, the mixture was
washed three times by centrifugation at 3000g for 20 min and

redispersed in water. The resulting SiO2@Ag nanostructures
were once again centrifuged at 3000g for 20 min and redis-
persed in ethanol. Typically, 60 μL of ammonia was added to
5 mL of the SiO2@Ag suspension. Under stirring, 100 μL of a
TEOS solution diluted in ethanol (1 vol%)was slowly addedwith
an automatic syringe pump. The addition rate was fixed at
0.5 mL/h. The reaction mixture was stirred for 12 h at ≈20 �C.
Upon completion of the growth of the silica shell, the particles
were washed twice by centrifugation with ethanol.

Ag@SiO2 Core�Shell NPs. The previously synthesized Ag
nanoparticles were coated with silica by using a previously
reported method.63 Typically 3.75 mL of the Ag nanoparticle
dispersion was mixed under continuous magnetic stirring with
a solution of deionized water and ammonia, at a volume ratio of
93.8/5/1.2 for absolute ethanol, water, and ammonia, respec-
tively. Then, 70 μL of TEOS was added, and the reaction mixture
was stirred for 12 h at 20 �C. Upon completion of the growth of
silica shell, the particles were washed by centrifugation with
ethanol and finally redispersed in water.

Microfluidic Evaporation Cell. All structures were created using
standard soft photolithography techniques. A master template
was made with a photocurable resist which was thenmolded in
PDMS and cured at high temperature. This elastomeric core was
peeled off the template and punched to create an opening for
the reservoir, either a polyethylene tubing or simply a large
opening of 4 mm diameter; the body of the chip was then
sealed with a thin PDMS membrane of thickness e≈ 1020 mm,
and either the gradient technique or plasma activation was
used to firmly bind the two elements. We used microscope
slides to cover specific areas of the membrane where we
wanted to suppress permeation and thus define the length L0.
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