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ABSTRACT

Traditional post-treatment of colloidal nanoparticles (NPs) usually involves
repeated centrifugation—-wash—sonication processes to separate NPs from the
original synthetic environment; however, such separation processes have either
high energy cost or low efficiency and tend to cause aggregation. Here we show
a general and scalable colloid post-processing technique based on density
gradient centrifugation through water/oil interfaces. Such a one-step technique
can switch the solvent in a colloid at almost any concentration without
aggregation, and meanwhile purify colloidal nanoparticles by separating them
from by-products and environmental impurities. Droplet sedimentation was
shown to be the mechanism of this one-step concentration/purification process,
and mathematical modeling was established to quantify the accumulation and
sedimentation velocities of different NPs.

Colloidal nanoparticles (NPs) with tunable size,
shape, and surface functional groups [1-3] have wide
applications in catalysis [4-6], energy conversion
[7-9], and bio-related areas [10-12]. They can also act
as building blocks for complex highly ordered
nanodevices [13-15]. In practice, any of the above
applications requires “pure”, “clean” colloidal NPs
suspended in the “right” medium. Here “pure” refers
to monodisperse, “clean” means no other additives are
used in purification of NPs and the “right” medium
is a key factor for specific applications. Traditional
post-treatment of colloidal NPs usually uses repeated
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centrifugation-wash—sonication processes to separate
NPs from the original synthetic environment [16];
however, such separation processes have either high
energy cost or low efficiency, and tend to cause
significant loss of NPs in the supernatant, especially
for small NPs. Besides, repeated wash—sonication
will lead to irreversible aggregation of colloidal NPs
because of the detachment of coating surfactant or
ligands that are needed to stabilize the NPs [17].
Therefore, developing a simple, versatile, low-cost and
efficient post-processing technique is a big challenge
with urgent priority.
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Herein, we report a universal and scalable colloid
processing technique based on density gradient
[18-24] (W/O)
interfaces. The technique is applicable for colloidal

centrifugation through water/oil
nanoparticles suspended in either aqueous or organic
solvents. Such a one-step post-processing technique
can selectively switch colloids to a desired solvent at
almost any concentration without aggregation, even
when approaching the concentration limit where
particles are closely packed. Meanwhile, when the
nanoparticles were forced to pass through a solvent
in which they are insoluble, only a small fraction
(<10 of the original solvent was brought down
while >99.9% of the particles were purified. Fur-
thermore, the switching process has some selectivity
for nanoparticles with different size or morphologies.
All these features made such a post-processing
technique an efficient tool for practical purification of
NPs.

Figures 1(a) and 1(c) schematically show solvent
switching and concentration control of both aqueous
and organic soluble colloidal NPs through a three
layer density gradient with layers in which the NPs
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were soluble on the top and bottom and a layer in
which they were insoluble in the middle. That is, the
original colloids were laid on a layer in which the
NPs were insoluble while the target solvent was
placed at the bottom. Before centrifugation, large
interfacial tension and media density differences
stabilized the interfaces and made the three layers
stable and separate. When a centrifugal field was
applied, NPs were forced to pass through the layer in
which they were insoluble and then became dissolved
in a new solvent.

The solvent switching concept was demonstrated
using NPs soluble in aqueous and organic solvents as
examples (Figs. 1(b) and 1(d)). Details of the syntheses
of the NPs are given in the Electronic Supplementary
Material (ESM). For example, after centrifugation,
polyvinylpyrrolidone (PVP) coated PtCu alloy nano-
particles could be transferred from ethanol into water,
ethylene glycol (EG), N,N-dimethylmethanamide
(DMF), acetone, acetonitrile, tetrahydrofuran (THF)
and pyridine by passing through an insoluble layer
composed of 5% CCl, solution in cyclohexane (Fig. 1(B)).
However, since acetone and acetonitrile have lower
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Figure 1 Schematic of solvent switching and concentration control of both (a) aqueous and (c) organic soluble colloidal NPs through
water/oil interfaces. (b) Solvent switching of PtCu alloy NPs from ethanol to (I) water, (II) EG, (III) DMEF, (IV) acetone, (V) acetonitrile,
(VI) THF and (VII) pyridine. (d) Solvents switching of CeO, NPs from cyclohexane to (I) methylene chloride, (II) carbon tetrachloride,
(IIT) chlorobenzene, (IV) toluene, (V) benzene, (VI) cyclohexanone and (VII) octane.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1672

densities than 5% CCly/cyclohexane solution, mixed
solvents containing 30% of water in volume were used.
The range of possible soluble layers demonstrates the
versatility of this post-processing technique. However,
the as purified colloids showed different colour depth
because of solubility differences. Similarly, oleic acid
coated CeO, NPs suspended in cyclohexane were trans-
ferred into methylene chloride, carbon tetrachloride,
chlorobenzene, cyclohexanone, octane, toluene and
benzene through a water layer (Fig. 1(d)). Since some
of the organic solvents have lower densities than
water, a low density solvent, ethanol, was used as the
insoluble layer when making the density gradients.
Because these organic solvents are miscible with
ethanol in a certain ratio, the interfaces were unclear,
as shown in Fig. 1(dIV)-(dVII).

Nano Res. 2014, 7(11): 1670-1679

Besides solvent diversity, such a one-step post-
processing method is also independent of the mor-
phologies of the nanoparticles. Figure 2 shows solvent
switching of Au nanoparticles (Fig.2(a)), nanorods
(Fig. 2(b)) and layered double hydroxide nanosheets
(Fig. 2(c)) from water to 50% ethylene glycol solution
by passing through a 30% CCl,/cyclohexane layer. It
should be noted that 50% ethylene glycol solution
causes great aggregation of hexadecyltrimethylam-
monium chloride (CTAC) coated Au nanoparticles
because CTAC has a much higher solubility in
ethylene glycol than in water, and thus 1 mM of
CTAC was added into the aqueous layer to avoid
aggregation of Au nanostructures. TEM images and
UV-Vis spectra clearly showed that the as purified
Au nanoparticles and nanorods did not aggregate.
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Figure 2 (a) Digital camera images, UV—Vis spectra and TEM images of Au nanoparticles. (b) Digital camera images and UV—Vis
spectra of Au nanorods. (c) Digital camera and TEM images of layered double hydroxides before and after solvent switch. Scale bars are

100 nm in (a), (b) and 200 nm in (c).
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Tyndall effects (using a red laser) and TEM images
also confirmed that layered double hydroxide
nanosheets were in a colloidal state. However, as this
method is based on density gradient and interfacial
blocking, some nanosheets with very low density—
such as graphene oxide nanosheets—could not pass
through the interface (Fig. S1 in the ESM).

By altering the volume ratio between upper and
bottom layers, different concentrations could be
obtained. As shown in Fig. 3, Au nanoparticle solutions
with different volumes were suspended on top of a
three layer gradient. After centrifugation, NPs were
totally switched from the upper solution to the bottom
solvent. When the volume ratio between the upper
layer and bottom layer increased, the concentration
increased, as demonstrated by the increasing intensities
of absorbance (Figs. 3(b) and 3(c)). A linear relationship
between concentration and volume ratio was also
observed (Fig. 3(d)), leading us to find the concentration
limit.

To verify how much solvent was carried into the
bottom layer, the volume of the bottom layer was
minimized to zero. Then a two-layer gradient was
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made with aqueous Au nanoparticle solution on
the top and 30% CCl,/C¢Hi, solution at the bottom
(Fig. 4(a)).

After centrifugation, nearly all of the Au NPs
passed the interface and sedimented at the bottom of
the tube. Since the volume is too small to measure
directly, we used an indirect linear curve fitting
method to calculate it. We used spectroscopy to detect
the concentration of the Au nanoparticle solution. We
assume that the concentration and volume of the
nanoparticle solution brought down by centrifugation
was C, and V|, respectively. After adding a volume
of water V, to the ultraconcentrated solution, the
concentration of nanoparticle solution became C,. In
contrast to the C, value (too high) and the V| value
(too small), V,, can be directly measured by pipet and
C, could be calculated using UV-Vis spectroscopy
based on the Beer-Lambert law (see Fig. 4(c) for details
of the dilution procedure). Since the total amount of
Au nanoparticles was kept the same, Eq. (1) could be
established, as shown below
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Figure 3 (a) Digital camera images and (b) UV—Vis spectra of aqueous Au solutions before and after solvent switching. (c¢) UV-Vis
spectra of Au nanoparticles switched from cyclohexane to 30% CCly/cyclohexane with different volume ratios. (d) Linear fitting of

concentration increase vs. volume ratio.
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Figure 4 (a) Digital camera images of aqueous Au solutions before and after concentration. (b) Linear fitting of 7}, vs. Ciginal/Cn to

calculate the concentration increase and total volume brought down. (c) Schematic illustration of dilution and liquid seal of the as

concentrated nanoparticle solution after centrifugation.

It should be noted that the liquid seal afforded by the
insoluble solvent is important to ensure accurate
measurement of the amount of water in the nano-
particle solutions at the bottom of the tubes after
centrifugation. By introducing Coriginal to make calc-
ulation based on all measurable parameters, Eq. (1) can
be transformed into

Vn = COVO/Cn_ VO = (CO/Coriginal) VO/(Cn/COriginal) - VO (2)

where Coyigina €quals the concentration of the original
Au nanoparticle solution before centrifugation. By
plotting V,, versus Coiginai/Cn, @ linear plot with
intercept equal to -V} and slope equal (Co/Ciigina) Vo
can be drawn, and then as the total volume V,and
concentration increase, Co/Coriginal Of the as concentrated
nanoparticle solution could be obtained. In this case,

TSINGHUA
UNIVERSITY PRESS

3 mL of original Au nanoparticle solution was con-
centrated to no more than 0.1 uL (average results of
three tests: 0.028 uL) after centrifugation and the
concentration increased at least 10* times (see the
inset of Fig. 4(b)). The as concentrated nanoparticle
solutions even exhibited a solid state at the bottom of
the tubes. At such extremely high concentration, the
density of the nanoparticle solution was estimated to
be 5.28 g/mL and the packing density of nanoparticles
was 64.2%, which is close to the concentration limit
where particles are closely packed (5.93 g/mL, packing
density 74%), demonstrating the wide concentration
tuning range afforded by this solvent switching
technique.

In addition, the solvent switching technique is an
efficient purification tool to remove environmental

@ Springer | www.editorialmanager.com/nare/default.asp
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impurities. As mentioned above, 3 mL of Au nano-
particle solution was concentrated to less than 0.03 pL.
When the as concentrated nanoparticle solution was
diluted to the original volume with a pure solvent,
only a small proportion (10 of impurities remained.
At the same time, the switching efficiency was quite
high for nanoparticles, with more than 99.9% of
nanoparticles transferred to the bottom solvent after
the switching procedure (Fig. S2, in the ESM).
Removal of environmental impurities could reach
very low ligand content in the solution, which some-
times leads to partial aggregation of nanoparticles
when a weakly adsorbed ligand was used to stabilize
the nanoparticles. For example, Au nanoparticles
stabilized by the weak ligand trisodium citrate (TSC)
aggregated seriously after solvent switching because
of dissociation of their surface ligands in the clean
solvent. However, nanoparticles coated with the
strongly adsorbed surface ligand PVP did not
aggregate due to the well stabilized surface. When
the moderately well adsorbed ligand CTAC was used

1675

to stabilize Au nanoparticles, the extent of aggregation
depends on particle size—only nanoparticles larger
than 50 nm became aggregated. This might because
there was insufficient CTAC brought down to stabilize
the nanoparticle surfaces. Therefore, when we only
want to remove by-products rather than ligands, a
small amount of surface ligands should be added to
the bottom solution to avoid aggregation in the case
of weakly bound ligands.

The solvent switching method is also an efficient
separation tool. Figure5 shows the separation of
different sized Au nanoparticles in a three layer
density gradient. TEM images (Figs. 5(c) and 5(d))
show that 20 and 50 nm sized AuNPs are separated,
as confirmed by their UV-Vis spectra, with the surface
plasmon resonance peak of 20 and 50 nm sized Au
NPs located at 521 and 528 nm, respectively. However,
compared with pure 20 and 50 nm nanoparticle
solutions, the as separated solutions showed a slight
red shift, possibly because some small by-products
existed in the original 50 nm NP solution and stayed
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Figure 5 (a) Digital camera images of mixed Au nanoparticle solution (20 and 50 nm NPs) before and after solvent switching.

(b) UV—Vis spectra of the mixture, the upper and bottom solutions after separation, and pure 20 and 50 nm nanoparticle solutions. TEM

images of (c) upper solution and (d) bottom solution after separation. Scale bars are 200 nm.
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in the upper layer after separation.

Interestingly, the interface separation method is also
applicable to nanoparticles with the same composition,
volume and mass, but different morphologies. As a
typical example, Fig. 6 shows the separation of Au
nanoparticles (20 nm in diameter, 4,185 nm® in volume)
and nanorods (NRs) (9.8 nm in diameter, 58 nm in
length, 4,372 nm® in volume). UV-Vis spectra clearly
reveal that the nanoparticles and nanorods were
separated—which is quite hard to achieve using other
separation means—although the separation was not
complete.

In order to reveal why nanoparticles with different
size and norphologies could be separated and why
they have different sedimentation behaviour, the time
dependent sedimentation process was monitored.
Figure 7 plots sedimentation percentages of 20, 50 nm
nanoparticles and nanorods at different time points.
The curves show totally different sedimentation
behaviors for the three types of NPs: 50 nm nano-
particles passed through the interface much faster
than 20 nm nanoparticles, especially under low cen-
trifugal force (<5k rpm, about 4,286g), while the
sedimentation behavior of 20 nm nanoparticles and
nanorods showed a definite difference only under a
suitable centrifugal force range (4k-7k rpm, about
2,743¢-8,402g). Lower centrifugal force could not
make the NPs efficiently accumulate while higher
centrifugal force led to fast sedimentation of all kinds
of NPs. Both effects decreased the separation efficiency.
Such differences in sedimentation behavior allowed
the 20 nm nanoparticles to be well separated from
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Figure 6 (a) Digital camera images of mixed Au nanoparticles
(20 nm) and nanorods (average diameter: 9.8 nm, average length:
58 nm, see Fig. 2(b)) solution before and after solvent switching.
(b) UV-Vis spectra of the mixture, and the upper and bottom
solutions after separation.
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the 50 nm nanoparticles at 3k rpm (Fig. 5) but only
particially separated from nanorods at 7 k rpm (Fig. 6).

Based on the analysis of the sedimentation curves,
we propose that the solvent switching process involves
two stages: Accumulation of NPs at the interface
and droplet sedimentation through the interface [25]
(Fig. 8), both of which are driven by centrifugal force.

Under low centrifugal force, the sedimentation
curves show an obvious platform at the initial stage,
which evidenced the accumulation process before
sedimentation through the interface. Following the
accumulation platform was a quick drop in NP per-
centage, demonstrating the passing of the NPs through
the interface. Because NPs have large curvatures,
they suffer large interfacial tension at the interface
and get blocked. Therefore, NPs must group together
to form larger droplets to break the interface and then
pass through the insoluble layer. We call this process
“droplet sedimentation” [25].

A mathematical model was established to demon-
strate the droplet sedimentation mechanism. At the
water/oil interface, nanoparticles/droplets suffer three
forces (Fig. 8(a)): The centrifugal force F,, the buoyancy
F, and the interfacial tension F;, whose expressions are
listed below

’ 4 ’
E=mg=§nf&g €))
E =mg' =2ynrsin’ 0 (4)
’ r ' 4 3 ’
k=p8V.+p8V,xp 8V, =31 p8" ()

where m denotes the mass of the nanoparticles, g’
denotes centrifugal acceleration, » denotes the diameter
of the nanoparticle, p, denotes the density of the
nanoparticle, y denotes the interfacial tension
coefficient, 6 denotes the contact angle between the
nanoparticles and the interface, V,, denotes the volume
of nanoparticles, and p,, and p, denote the densities
of the water layer and organic layer, respectively.
Here p,, and p, can be considered approximately equal
since 30% CCly/CsH;, has a density of 1.02 g/mL.

The critical condition for particles/droplets to pass

through the interface is

F>F+F ©6)
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Figure 7 (a) Monitoring of time dependent sedimentation percentage based on the Beer—Lambert law and sedimentation curves of (b)
50 nm Au nanoparticles, (c) 20 nm Au nanoparticles and (d) Au nanorods. Points: Real data. Lines: Fitted curve based on the Logistic model.
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Figure 8 (a) Schematic illustration of droplet sedimentation;
(b) capture of nanoparticle aggregated droplets through a four-layer
density gradient; (c) microscopy images of the captured droplets.

Combining Eq. (3), (4), (5), (6) and considering that
the nanoparticles have a t nm thick solvent layer
coated on their surface and the droplet has a packing
density of k, the critical condition for droplet

sedimentation is calculated to be

2
kR > 3y
A+t/ry 28'(p.—py)

where R denotes the diameter of the droplets and p,
denotes the density of the nanoparticle core.

We can conclude from Eq. (7): (1) Under certain
centrifugal force, large nanoparticles have a low t/r
value and thus accumulate into a small droplet
which undergoes efficient sedimentation, while small
nanoparticles (large t/r value) must accumulate into a
large droplet before sedimentation. (2) For nano-
particles with given size, high centrifugal force leads
to small droplets and faster sedimentation through
the interface, which resulted in a faster percentage
drop, while low centrifugal force causes large droplets
and requires accumulation for a long time, which
corresponds to the platforms in the sedimentation
curves. We have also calculated the size of the droplets
according to Eq. (7). For 20nm CTAC coated Au
nanoparticles, the size of the droplets was estimated
to be at least 9.56 um under 10,000g centrifugal force

?)
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(see the ESM for details of the calculations).

In order to experimentally verify the droplet
sedimentation mechanism, we designed a four layer
density gradient containing a buffer layer and two
organic layers. A sharp CCl, concentration gradient
was set (Fig. 8(b)) to capture the droplets. The buffer
layer could exclude the influence of CTAC and self-
aggregation of NPs at the interface. When a centrifugal
field was applied, nanoparticles first sedimented into
the buffer layer and then accumulated to form droplets
at the W/O interface. When the droplets grew big
enough, they passed through the insoluble layer.
However, when the droplets fell on the interface
between 30% and 100% CCl, layers, they could not
move on because of the higher buoyancy arising from
the higher density of the medium, and were thus
blocked at this point. Since the droplets were very big,
they could be observed under optical microscopy. As
shown in Fig. 8(b), the captured droplets were 5-10 pm
in size, which coincide with the calculation results,
further confirming droplet sedimentation mechanism.
When the centrifugal force was large enough, the
platform before droplet sedimentation dispersed,
resulting in faster accumulation and droplet sedim-
entation. However, new platforms formed after the
rapid drop in concentration, and the platforms are
correlated to the centrifugal force for colloids with a
given nanoparticle size. This platform represents the
critical concentration of NPs that can trigger droplet
sedimentation. At this stage, a large concentration
gradient between the upper solution and the interface
led to fast diffusion of NPs from the accumulation to
the solution and therefore resulted in an accumulation/
diffusion equilibrium.

Based on this, a mathmatical model was established,
which fitted very well with the Logistic model (Fig. 7,
data points are real data and lines are fitted curves)

100- P,

RO “

where P denotes the percentage of nanoparticles
staying in the original solution (i.e. the upper part of
the tube) after t+ minutes’ centrifugation; P, denotes
the final percentage of nanoparticles left in the original
solution after centrifugation for an infinite time; t,
denotes the time in which half of the nanoparticles

Nano Res. 2014, 7(11): 1670-1679

((100—Pg)%/2) were transferred to the bottom solvent
and a represents the sedimentation velocity. Increasing
the centrifugation force led to an increase in the value
of @ but a decrease in P, and t, demonstrating the
faster transpotation of nanoparticles from the original
solvent to the new solvent through a water/oil interface.
The mathmatical model and fitting curve were
suitable for all the kinds of NPs mentioned above,
proving its versatility.

In conclusion, we have shown that density
gradient centrifugation through water/oil interfaces
can purify and switch colloidal nanoparticles to a
well-defined solvent at almost any concentration
without aggregation. Such a one-step purification
technique is independent of solvent and particle
morphologies. Meanwhile, more than 99.9% of nano-
particles and only a small fraction (less than 10™) of
the original impurities were transferred to the new
solvent, demonstrating the high efficiency of the
purification process. Furthermore, the switching
process was also selective for nanoparticles with
different sizes and morphologies. This purification
and solvent switching method has been shown to
be an efficient tool for post-treatment of colloidal
nanoparticles synthesized in both aqueous and organic
systems and thus should contribute to the mass
production and applications of colloidal NPs.
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