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Introduction

Self-assembly of carbon nanodots induced by
liquid—liquid phase separation in a surface
microdroplety

Miaosi Li, 2 Xiaotian Wei and Lei Bao = *

Evaporating a sessile drop of ternary solutions containing one hydrotrope (such as ethanol) and two
immiscible fluids exhibiting fascinating phase separation behaviours, has opened up a new pathway for
controlled nanomaterial assembly. In this work, we studied the influence of liquid—-liquid phase separa-
tion (LLPS) on the assembly of carbon nanodots (C-dots), 2 nm fluorescent carbon-based nanomaterials
with high water solubility. Through self-evaporation of a micro-sized droplet containing ethanol, C-dot-
water solution and different oils on a hydrophobic surface, C-dots rearranged into film, porous and
granular structures by controlling the properties of oil component in the tenary droplet. Vapour
pressure, solubility, surface tension and compositions of the oil components were investigated
systematically for their impacts on the evaporation process of C-dot-laden droplets. By using confocal
microscopy, we clearly revealed that C-dot assembly was triggered by LLPS in these four oil-water—
ethanol ternary systems. The corresponding evaporation and assembly processes were unravelled to be
determined by how the ternary solutions pass through the liquid—-liquid equilibrium curves in the phase
diagrams during evaporation. Our findings deepen the understanding of phase-separation behaviours for
nanomaterial assembly as well as provide a novel, simple, and well-controlled approach for depositing
different C-dot based nanostructures onto surfaces, which will benefit a wide range of practical
applications in the fields of energy, environment and health.

integrating C-dots into devices and the inherent luminescence
quenching behaviour of C-dots in solid-state due to uncon-

Carbon dots (C-dots) are a new class of fluorescent carbon
nanomaterials defined by their characteristic size range of
2-10 nm."* C-dots have sparked enormous research interest
due to their advanced physical and chemical properties, including
ultra-small size, excellent solvent solubility, biocompatibility, con-
tinuous and broad absorption spectra, high luminescent activity,
significantly improved photostability, and environmental
friendliness.’® As the alternative to metal and semiconductor
based luminescent nanomaterials, C-dots with their pro-
nounced and tuneable photophysical properties” " have been
widely used for bioimaging,’*™* drug delivery,"* " sensing,” ™’
catalysis®**? and optoelectronic applications.>**>” The function-
alities of C-dots are connected with their structures. This is
particularly critical when applying C-dots for solid-state appli-
cations, such as fabrication for sensing, electrochemical and
optoelectronic devices. The absence of robust techniques for
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trolled aggregation continue to be significant obstacles.*%??
To overcome this, current research indicates that incorporating
C-dots into polymers,”®*° hard films with organic-inorganic
matrices,’** and inducing C-dot self-assembly with coupling
agents®® are the primary strategies for fabricating C-dots based
devices. All of these methods necessitate precise control of
the induced matrices. Furthermore, the study of controlling
C-dot assembled nanostructures in solid forms remain largely
unexplored.

Evaporating a liquid containing multiple components has
revealed intriguing behaviours and attracted many research
interests.**” Especially evaporation-induced assembly has
gained widespread recognition as a promising technique for
self-assembling 1D to 3D structures with precisely controlled
dimensions and functions.*® This method simply drys a drop of
colloidal and particle-containing solution on a solid surface.
When the drying takes place on a nonporous surface, such as
silicon, edge enrichment (so called “coffee ring” effect) occurs
as a result of the interaction of contact line pinning, solvent
evaporation, and capillary flow, impeding this potentially
beneficial technique.***° One feasible method to overcome
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the coffee ring effect is to use hydrophobic surfaces, where self-
lubrication of the ouzo droplet during evaporation can result in
a reduced contact area.”’™ The recent research advances
indicate that evaporation of a colloidal droplet containing
ternary solution with self-lubricating properties is a simple
and effective method for controlled supraparticle assembly.**
The droplet is composed of a ternary mixture of ethanol, oil,
and water. During evaporation, the fast evaporation rate of
ethanol reduces the solubility of oil in the droplet, causing the
oil phase to separate and contributing to the formation of
porous supraparticles. The oil-to-particle ratio, size and surface
properties of the assembled colloidal particles have been
demonstrated to influence assembly structures.*>"*®

Distinguished from previous reported assembled silica col-
loidal particles in the range of 10 to 1000 nm and graphene-
based materials,”””*® C-dots possess peculiar physical and
structural features, including ultrasmall lateral dimension, a
few layers of graphene sheets in-core structure and abundant
surface functional groups. For example, surface oxides, such
as carbonyl, carboxyl and hydroxyl groups, are the common
species capping the carbon cores, enabling negative surface
charge and high water solubility of C-dots."* The recent report
of positively charged nitrogen doped C-dots can assist graphene
oxides in stabilising toluene-water emulsions even though
C-dots alone showed week surface activity at the interface of
toluene-water because of their high hydrophilicity.*® The inter-
actions between C-dots and solvents in ternary solutions are
anticipated distinctly but yet to explore. Furthermore, although
evaporating ternary droplets has been used in nanomaterial
assembly, it is still unclear how the composition and compo-
nents of ternary solutions affect assembled structures.

Therefore, in this work, we investigated evaporating ternary
droplets for C-dot self-assembly. Ternary solutions with differ-
ent oils were formulated for the systematic studies of C-dot
assemblies in evaporating surface microdroplets. Taking the
advantage of the intrinsic luminescence of C-dots, different
liquid-liquid phase separation (LLPS) processes during the
evaporation were in situ visualised by confocal microscopy
and correlated with the structural arrangement of C-dots for
the first time. Critically, the achieved precise control of C-dot
nanostructures on surfaces underpins the revealed LLPS beha-
viours. The presented cost-effective, robust and controllable
approach could benefit various technologies, such as printing,
device fabrications and surface modifications that require
depositing colloidal nanoparticles onto surfaces.

Experiment section

Materials

The droplet liquids, including 1-octanol (99%), decane (99%),
oleic acid (86%) and toluene (98%) were all purchased from
Sigma-Aldrich. Ethanol (99%) was purchased from ChemSupply,
Pty. Ltd, Australia, and water was obtained from a Milli-Q
purification unit (Millipore Corporation, Boston, MA). The
substrates were silicon wafers (University wafers) and precision
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glass slides hydrophobilized with 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane (PFDTS, 98%, Sigma-Aldrich) by following the
reported protocol in previous work.>® The static contact angle of
water on PFDTS-Si substrate was 118 + 3°.

Synthesis of C-dots

Following the established procedures,’ fluorescent C-dots were
achieved by oxidising carbon fibres (CFs) in nitric acid solution
with subsequent ultrafiltration. Briefly, CFs were added to a
solution of nitric acid that had been heated to 120 °C and
refluxed for 48 hours. At a predetermined time point, the
corresponding solution containing C-dots was collected and
then neutralised with NaOH. The resulting solution was filtered
by first using BIOSHARP membrane filters (0.22 pm) and then
ultrafiltered sequentially using Millipore centrifugal filter
devices equipped with four different molecular-weight cut-off
(MWCO) membranes (i.e., 50, 30, 10, and 3 kDa). As a result,
fractions with weights corresponding to 3 kDa were collected
for the further investigation. After dialysis to remove salts and
lyophilisation, the collected C-dot powders have been redis-
solved in MillQ water at a specific concentration and are now
ready for use.

Determination of liquid-liquid equilibrium diagram

To obtain the phase equilibrium diagram of the ternary system,
different oil component was first mixed with ethanol in a series
of concentration ratios, forming a clear single-phase solution.
Water was then added to each solution until it became cloudy.
These points were recorded and plotted as the binodal curve in
the phase diagram. The critical points on the binodal curve was
determined based on the amount of the added solvent into the
ternary system when stable droplets formed. The location of the
spinodal curve in the two-phase region was estimated based on
the critical points.”

Formulation of the ternary solution system

The ternary solutions studied in this work are composed of
ethanol, water, and one of the following oils: toluene, decane,
octanol and oleic acid. Formulations of the ternary solutions
are listed in Table 1. Basically, for each oil condition, we
formulated two compositions, one with high water content
and the other with high oil content, referredas water-rich
composition and oil-rich composition, respectively. The initial
contact angles of the 0.5 pL droplets with these compositions
on PFDTS-Si substrate are listed in Table S1 in the ESIL.{

Table 1 The volumetric ratio of the components in different ternary
mixtures

Water rich Oil rich

Ethanol Water Oil Ethanol Water Oil
Oil component (%) (%) (%) (%) (%) (%)
Toluene 50 49 1 59 1 40
Decane 84 15 1 79 1 20
Octanol 50 49 1 50 15 35
Oleic acid 76 19 5 76 5 19

This journal is © The Royal Society of Chemistry 2022
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C-dot self-assembly through microdroplet evaporation on
surface

The droplet solutions were prepared by mixing C-dot aqueous
solution with prepared ternary solution, containing ethanol,
water and one of the oils at certain ratios to generate a clear
single-phase solution. The concentration of C-dots in final
solution was fixed at 10 mg L™". 0.5 puL aliquot of the mixed
solution was deposited onto the PFDTS-Si surface and allow to
dry at ambient environment. The evaporation of the solution
component occurs spontaneously. All the droplets were evapo-
rated at ambient environment in a chamber, with the average
temperature at 22.5 + 0.5 °C and the relative humidity at
40 £ 4%. The droplet deposited substrates were placed over-
night before further processing to ensure the completely
evaporation of the volatile components.

Characterization of C-dots and assembled C-dot structures

For the characterization of the original C-dots, the crystalli-
zation information of C-dots was measured by an X-ray dif-
fractometer (XRD, Bruker); the fluorescence and absorption
spectra were obtained by a fluorescent spectrometer (Perkin-
Elmer Fluorimeter) and a UV-vis spectrometer (Shimadzu UV),
respectively. The JEOL 2100F transmission electron microscope
(TEM) was used to collect the morphology and diffraction of
individual C-dot. Fig. S1 in ESI{ contains the C-dots’ character-
istics, including their size, surface, diffraction pattern, crystal-
lization, absorbance, and fluorescence. Briefly, the size of
C-dots is 2.7 + 0.5 nm. The XRD patterns are consistent with
the diffraction patterns of TEM images, indicating the existence
of 100 and 002 facets of graphite crystalline structure. Large
peak of the D-band at 1300 cm ™' in Raman spectrum repre-
sents the high contents of surface oxides in the obtained
C-dots. In terms of optical properties, the as-prepared C-dots
emit green luminescence peaking at 520 nm.

The optical images of the droplets and assembled C-dots
were captured by an upright Nikon fluorescent microscope. The
evaporation process was monitored by Nikon confocal micro-
scopy. Scanning electron microscopy (SEM, FEI Verios 460L)
was used to characterize the morphology of the C-dot-based
nanostructures under extra high resolution. Atomic force
microscopy (AFM, Dimension Icon, Bruker) was used to obtain
the 3D packing profiles of the C-dot assemblies.

Results and discussion
Process of ternary droplet evaporation

The physical properties of the oil components that can critically
affect droplet evaporation behaviours are summarised in
Table 2. More precisely, the vapour pressure dictates the
evaporation sequence of the components in the mixture.
Within these solvents, due to its highest vapour pressure,
ethanol will evaporate first, triggering the phase separation of
the immiscible components, oil and water. Toluene was chosen
as a representative case that oil evaporates faster than water.
The remaining three oils, decane, octanol and oleic acid, which

This journal is © The Royal Society of Chemistry 2022
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Table 2 Physical properties of the ternary solution components?

Vapour Surface tension Water
Substance pressure (kPa) (in water, mN m ™) solubility
Water 3.2 72.0 (in air)
Ethanol 7.9 22.4 (in air) Miscible
Toluene 3.8 36.1 526 mg L™*
Decane 0.17 51.1 0.009 mg L~"
Octanol 0.0087 7.92 540 mg L'
Oleic acid 7.2 x10°® 12.0 Insoluble

% The data are obtained from NICB Pubchem database.

have lower vapour pressure than water, represented the scenario
of oil evaporation after the water evaporation. Of note, decane and
octanol are volatile compounds that will eventually leave the
system after 24 hours while non-volatile oleic acid will remain
in the system for the investigation period.

The evaporation process of each surface microdroplet was
tracked in situ by the robust confocal microscopy, as shown in
Fig. 1. As C-dots of green fluorescence and high hydrophilicity
can only exist in the water phase out of the ternary mixture, the
green section in confocal images indicates the water phase,
while the dark liquid indicates the oil phase. Firstly, the
evaporation processes of droplets containing toluene exhibit
striking similarities for both water-rich and oil-rich cases
(Fig. 1(a)). There was no phase separation observed and the
liquid evaporated within the droplet contact area. As for the
ternay droplets with decane as the oil (Fig. 1(b)), the water-rich
composition also shows a similar process to that of toluene
case. While in the case of oil-rich composition, dispersed
droplets are observed immediately at the commencement
of evaporation, they also coalesce rapidly within 15 seconds,
followed by decane-water phase separation.

In comparison, the octanol composed ternary droplet exhi-
bits a significantly different evaporation pattern (Fig. 1(c)). For
the water-rich composition, when ethanol was rapidly evapo-
rated from the ternary solution, we observed stable emulsifica-
tion (as highlighted by the yellow circulated area), followed by
separation of the oil and water phases during the droplet
evaporation (0-8 min). Water was then evaporated along the
pinning edge of the oil, followed by final oil evaporation in the
same location after 4 hours. For the oil-rich composition, there
is no continuous phase of water observed; rather, water is
generated as small droplets lightened by green fluorescence
from the start to the end of evaporation and dissipated rapidly
after 80 seconds.

The same emulsification and oil-water phase separation
occurred in the oleic acid case with water-rich droplet composi-
tion (Fig. 1(d)). As oleic acid does not evaporate, the final
pattern retains liquid. For its oil-rich composition, similarly
no continuous phase of water has been observed, and the
fluorescence of the water component is obscured by the huge
amount of oil, making it difficult to monitor the evaporation
process.

The evaporation of droplets over time was examined in
detail. The plots in Fig. 2 illustrate the change in the droplet
lateral diameter as a function of evaporation time in various
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a) Toluene i [ 35 min 40 min

Water-rich

6 min 35 min 40 min

Oil-rich

b) Decane

Water-rich

S 3 min 8 min

Oil-rich

d) Oleic acid B S 2 min 4 min 5 min

Water-rich ' | ® &

1"min S'min 30 "min

Oil-rich

Fig. 1 Confocal time-lapse images of the evaporation process of a C-dot ternary droplet containing toluene (a), decane (b), octanol (c) and oleic acid (d).
Scale bar: 100 pm.

systems. Due to the fact that different components and com- toluene, the droplet diameters remained nearly constant dur-
positions result in varied droplet evaporation time, the evapora- ing evaporation for both water-rich (1% toluene) and oil-rich
tion time in each case was normalised by the maximum (40% toluene) compositions (Fig. 2(a)). This phenomenon was
duration in this study. In the case of ternary droplets with also observed in the decane contained ternary droplets with
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Fig. 2 Plots of the evaporting droplet lateral diameter as a function of normalized evaporation time for ternary droplets of toluene (a), decane (b),
octanol (c), and oleic acid (d). The plot labels correspond to the oil content of the ternary droplets.

water-rich composition (1% decane, Fig. 2(b)). However, when the
decane content was increased to 20%, the contacting diameter
decreased significantly during the first half of the evaporation
duration but remained constant during the second half. Interest-
ingly, during the evaporation of ternary droplet with octanol, the
diameters of the droplets decreased monotonically in both the
water- and oil-rich compositions (Fig. 2(c)). For the oleic acid
composed ternary droplets (Fig. 2(d)), the droplet (5% oleic acid)
showed steady retraction with time, the unchanged diameter of
the droplets at very late stage represents the un-evaporated oleic
acid component in the droplets. However, the ternary droplet with
20% oleic acid had a quick shrank in the beginning and for the
rest of the time, its diamter remained constant.

Water evaporation rate of ternary droplet

As C-dots are only soluble in water, the water evaporation in
ternary systems controls the rate of C-dots assembly. The droplet
evaporation rate has been reported dependent on temperature,
relative humidity, surface wettability, droplet composition,
nanoparticle properties, etc.”> In our case, to verify the role of
ternary composition on the evaporation rate, the temperature,
relative humidity, droplet volume and are fixed for all the cases.
Also, as listed in Table S1 (ESIt), the intial contact angles of all
the ternary droplets didn’t show significance difference. The
impact of surface wettability is considered equivalent for all
the cases.

This journal is © The Royal Society of Chemistry 2022

Table 3 The evaporation rate of water in different ternary droplets

Medium Content® (%) Rate (nL s )
Water 100 0.831 £ 0.191
Ethanol 50 0.550 £+ 0.147
Toluene 1 0.074 £ 0.029

40 0.0018 £ 0.0009
Decane 1 0.106 £ 0.064

20 0.023 £ 0.007
Octanol 1 0.454 £+ 0.11

35 0.357 £ 0.155

¢ In ternary system, the content is the volumetric ratio of the oil.

The evaporation rate of water component in the different
volatile ternary solutions was calculated based on the real-time
confocal images. The results are summarised in Table 3. For
comparison, the evaporation rate of C-dots in pure water
solution and in 50% ethanol-water binary solution were also
studied under the same conditions including temperature,
humidity, substrate and droplet volume. Overall, the results
indicate that the evaporate rate of water Ty, is reduced in the
binary and ternary system, when volatile components are
introduced. Specifically, in the same oil system, T,a¢r decreases
as the increase of o0il content. Moreover, when the content of oil
is fixed in different systems, Tyaeer increases with the decrease
of vapour pressure of the oil. For example, in 1% oil content
system of toluene, decane and octanol, tyater is 0.454, 0.106 and
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0.074 nL s~ ', respectively. In a multicomponent evaporation
system, the relation between liquid composition and vapor
composition is expressed by Raoults law:*

D = DoXoy t DpXpt. .. (1)

where p is the total equilibrium vapour pressure of the solution
at the liquid-air interface, p, is the equilibrium vapour pres-
sure of pure component o and x, is the molar fraction of a in
the solution mixture. When the components have higher
vapour pressure than water, such as ethanol, the equilibrium
p is majorly contributed by ethanol and fraction of water is low.
As a result, the vapor concentration and evaporation rate of
water are reduced. Additionally in the ternary system, since
toluene has a higher vapour pressure than water, Tyater Was
significantly reduced as the increase of toluene fraction. For
volatile components, decane and octanol, although they have
lower vapour pressure than water, they still contribute to the
equilibrium vapour pressure. Therefore the evaporation rate
of water is reduced comparing to the binary system. However,
when octanol is only at 1% in the ternary system, Twater
(0.454 nL s ") is close to the one in binary system (0.550 nL s~ ).
Consequently, tuning the vapour pressure and composition will
influence the water evaporation rate. The work provides a simple
method to control the evaporation rate of water from formulating
different ternary systems, which would be significant in studying
the time-dependence of C-dots assembly by liquid drying on
surface.
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1
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C-dots assembly pattern based on droplet evaporation mode

After all volatile components in the droplets have evaporated
completely, the typical drying patterns and solid-state fluores-
cence of C-dot assemblies from various ternary systems are
shown in Fig. 3. For toluene and decane cases, their dry
patterns retain a circular shape with the original droplet con-
tacting area with the presence of C-dot assemly strcutrues
(Fig. 3(a) and (b)). In remarkable contrast, the drying patterns
of the droplet in the octanol water-rich case exhibits an asym-
metric ‘“‘crescent moon” shape while dotty pattern was
observed in the octanol oil-rich case (Fig. 3(c)). It is anticipated
that the C-dot assemblies were confined within these spots.
Notably, when compared to other patterns showing green
luminescence under the observation through a reflective fluo-
rescent microscope, the light emission of C-dots assembled
from the octanol oil-rich case was found to be very dim in green
but strong in red, indicating a redshift of the corresponding
fluorecent spectrum.

It is noticed that the internal flows of the evaporating
droplets can have an effect on their dry patterns. In the case
of toluene and decane-composed droplets, the coffee-ring effect
is more pronounced in their watch-rich compositions. Due to
the fast evaporation of ethanol and oil, the flow directs the
C-dots to the pinning edge. Meanwhile, the surface tension
gradient is enhanced due to the increase of oil content (i.e., in
oil-rich compositions), which facilitates Marangoni flow.
The Marangoni flow assists in re-circulating the C-dots and
suppressing the coffee-ring effect, resulting in a more uniform

¢) Octanol
Water-rich

Qil-rich

Frequency

6 8 10 12 °14 16

30 um

Diameter pm

Fig. 3 Fluorescent and bright-field optical images of the dry patterns derived from evaporting ternay droplets containing toluene (a), decane (b) and
octanol (c, inlet: size distribution of the assembled C-dots from dispersed water droplets generated in evaporation process). Scale bar: 100 um.
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pattern. In the case of octanol-composed droplets, however,
phase separation plays a more dominant role in affecting the
pattern due to the low surface tension of octanol, leading to
very different dry patterns based on the content.

As to the droplet evaporation modes, it has been reported
that the evaporation of a multicomponent sessile droplet on a
hydrophobic surface proceeds in two main stages: a pinning
stage during which the droplet contact angle decreases while
the contact area remains constant, and a shrinking stage
during which both the droplet diameter and contact angle
decrease.”® The pinning stage is typically observed during the
evaporation of ethanol and water binary droplets and has been
identified as a result of the ethanol being concentrated on
the liquid-vapour interface.>® Moreover, continuous droplet
shrinkage is frequently observed during the evaporation of
ethanol-water-oil ternary ouzo droplets,"*™*° referred to as
self-lubrication. In this work, although all of the droplets are
formulated by ternary ethanol-water-oil systems, we can
observe several distinct droplet evaporation patterns (Fig. 2).
Accordingly, three evaporation modes were identified from all
the cases (Fig. 4).

In the toluene case, the pinning process is favoured due to
the faster evaporation rate of toluenethan that of water, leading
to concentrated toluene at the liquid-vapour interface.
Therefore plateau plots are obtained for the time-dependence
of ternary droplet lateral diameter in the toluene system
(Fig. 2(a)). When the oil component is replaced by octanol or

Pinning

SN

Hybrid %

Semi-shrinking

Fig. 4 Representative optical images illustrating three typical droplet
evaporation modes observed in this work.

This journal is © The Royal Society of Chemistry 2022
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oleic acid, which evaporates at a much slower rate than water,
the shrinking or lubricating stage takes precedence. Following
ethanol evaporation, the oil phase separates and forms a
lubricating ring at the periphery of the evaporating drop,
subsequently wets the hydrophobic substrate and prevents
the contact line from being pinched.*? This is evidenced by
the continuously reduction of droplet diameter plotted in
Fig. 2(d). Besides these two cases, a hybrid evaporation mode
is noticed for the ternary droplets containing decane. Once
ethanol evaporated, the stick-slip mode, in which decane con-
tained ternary droplet shrinkage, followed by the pinning was
observed. When the decane concentration in the droplet
increased (20% decane), the pinning effect was suppressed
and the droplet shrinking became more pronounced
(Fig. 2(b)). These different evaporation modes, ascribed to the
variation of component evaporation sequence and content in
the ternary droplet solutions, have resulted in varied drying
patterns of C-dots showing in Fig. 3. Therefore, it is feasible to
control the confined assembly of C-dots for designated applica-
tions via modulation of component evaporation sequence and
content in the evaporating droplets.

Liquid-liquid equilibrium of the ternary droplet solution

The component and composition of ternary solution not only
play significantly role in influencing their evaporation mode,
but also lead to a variety of LLPS behaviours during the
evaporation. The LLPS associated with droplet composition
change during evaporation can be traced out through the
understanding of the phase equilibrium between ethanol,
water and oil. The ternary phase diagrams of ethanol-water-
oil for toluene, decane, octanol, and oleic acid are shown in
Fig. 5. The binodal curve (miscibility-limit curve) denotes the
areas of continuous phase (one-phase) and separated phase
(two-phase), whereas the coloured region between the binodal
and spinodal curve (stability-limit curve) denotes the two-phase
dispersion area where micro/nanodroplets spontaneously form
due to the “ouzo effect”.>* The “ouzo region” is composed of
dispersed oil droplets formed in a water-rich continuous phase
(blue coloured area). For certain oils, there is another region in the
phase diagram where dispersed water droplets form in an oil-rich
continuous phase (yellow coloured area), dubbed the ‘“reverse
ouzo region”. The ouzo effect, also known as spontaneous
emulsification, occurs as a result of thermodynamic minima in
the Gibbs free energy of a system.>* Therefore, dispersed droplets
can stay very stable for a long time in this “metastable region”.
All the listed physical parameters in Table 2 show great influence
of the LLPS in droplet evaporation, which will eventually affect
the C-dots assembly.

LLPS influenced by the solution composition. The oil solu-
bility in water defines the level of the binodal curve, which
guided us to correctly formulate the ternary solution. Using the
phase equilibrium diagrams to trace out the composition of a
ternary solution change during evaporation, we identified the
location of two initial solution compositions for each oil
component in the phase diagrams. The water-rich composition
is located in the left side (blue dots, Fig. 5) and the oil-rich is in
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the right (orange dots). Both of these two compositions for each
case begin in the one-phase region (above the binodal curve).
A route of evaporation (blue dashed lines) connecting these
initial compositions with the final composition indicates the
specific LLPS status that the ternary solution will go through
during evaporation.

LLPS influenced by the surface tension of oil. LLPS occurs
below the binodal curve and will show different behaviours
effected by the spinodal curve. The surface tension of oils in
water has been shown to have great impact on the spinodal
curve.’™** In this work, components with high surface tension
in water, i.e., toluene and decane, have their spinodal curve very
close to binodal curve, leading to a thin or negligible ouzo
region Fig. 5(a) and (b). This results in unstable emulsification.
In contrast, octanol and oleic acid which are of low surface
tension in water due to their amphiphilic nature, exist broad
regions of ouzo and reverse ouzo in their phase diagrams.””

LLPS influenced by the vapour pressure of oil. As discussed
in previous sections, the vapour pressure of each component in
the ternary droplet determines the sequence of evaporation.
In the phase diagram, the sequence of evaporation specifies the

6524 | Soft Matter, 2022, 18, 6517-6528

direction of the evaporation route, as illustrated by the dashed
lines in Fig. 5. Since toluene evaporates faster than water, the
evaporation direction for toluene droplet solution is towards to
the left corner of the phase diagram (Fig. 5(a)), where the
toluene and ethanol amount decrease dramatically. While, for
the other three oil solutions, the oils are the least evaporated
component in the ternary solution. The evaporation direction
moves to the right corner of the phase diagram (Fig. 5 (b-d)).
Based on the evaporation route, we can pinpoint detailed
information of how the ouzo, reverse ouzo, and non-ouzo
regions influence different ternary droplet evaporation.

LLPS triggered C-dot assembly

The phase equilibrium diagrams above clearly demonstrate
how the LLPS behaviours alter during the evaporation of each
ternary solution. As mentioned, the phase separation, in parti-
cular, can be classified into three primary scenarios, as illu-
strated in Fig. 6. The first is that only massive phase separation
occurs during the evaporation of ternary solutions, which in
this study is represented by the toluene and decane systems
(Fig. 6(a)). Due to the high surface tension of these two oils in

This journal is © The Royal Society of Chemistry 2022
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water, an unstable or non-emulsification effect (non-ouzo effect)
takes place. Throughout the evaporation process, C-dots remain
in a continuous water phase and are eventually assembled as a
circular film due to the strong pinning effect in this senario.
In the second scenario, when the phase separation occurs for
octanol and oleic acid based ternary solution with water-rich
composition (Fig. 6(b)), the ouzo effect takes place during
the evaporation, resulting in dispersed oil droplets in water.
These tiny oil droplets then collide to big oil droplet followed
by the oil-water phase separation. The evaporation of this type
of droplet is under continuous shrinkage because of self-
lubrication effect.*® Specifically, due to the low surface tension
and amphiphilic property of octanol, the oil-water phase
boundary is not significant, leading to retraction of droplet
contact line and forming a crescent moon shape. The last
scenario involves the evaporation of octanol/oleic acid based
droplet solutions with oil-rich componsition, which passes
through reverse ouzo region. It means that dispersed water
droplets will genearated in the oil phase, as illustrated in
Fig. 6(c). C-dots will therefore be confined in these tiny water
droplets rather than in continuous water phase as other cases.
As such, the dry pattern of C-dot assemblies will follow the
footprints of these water droplets after evaporation completes.
Based on these phenomena, the structures of assembled C-dots
have been defined as n-Cdots (non-ouzo), o-Cdots (ouzo) and
r-Cdots (reverse ouzo). The understanding of the LLPS associated
with the evaporation routes provide a rational guideline to control
the assembly of C-dots during ternary droplet evaporation.

This journal is © The Royal Society of Chemistry 2022

Morphology and mechanism of C-dots assembly structures

SEM and AFM were used to characterise the fine morphology of
different assembled C-dots following droplet evaporation.
Fig. 7(a) summarises the SEM and AFM images of n-Cdots,
o-Cdots, and r-Cdots at different resolutions. In comparison to
C-dots evaporated from pure water droplet (see Fig. S2 in ESIf),
all three types of C-dots from ternary droplets exhibit signifi-
cantly different self-assembly structures. In particular, the
n-Cdots are embedded as a flat carbon film confined in the
droplet contacting area. The thickness of the film is about
70-300 nm. The o-Cdots have been assembled into a meso-
porous structure, with nanoscale pores of 0.2 to 2 pm. The
r-Cdots have been observed as nanoparticles, with the average
size ranging from 60-100 nm. These structures are also uni-
form within the assembled area (see more images in Fig. S3,
ESIt). The influence of C-dot concentration has also been
studied. With 5-fold increase of the C-dot concentration, the
morphology in each case remains the same (Fig. S4, ESIY).
The different fine morphology of C-dot assembled structures
is also attributed to the interactions of C-dots with oil mole-
cules during LLPS. The chemical structures of C-dots and the
four types of oils studied in this work are illustrated in Fig. 7(b).
C-dots contain a variety of functional groups at the surface,
including the -COOH, -OH, and C—0 groups. When they come
into contact with oil molecules, hydrogen bonding, n-n stack-
ing, and intermolecular van de vales force can all contribute to
the interactions between C-dots and the oil component at the
oil-water interface. LLPS during ternary droplet evaporation,
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therefore, may significantly strengthen such interactions by The absence of ouzo or reverse ouzo effect results in n-Cdots
generating the distinct oil-water interface. with morphology similar to those formed by pure water evaporation.
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The more uniform carbon thin film on the other hand, indicate
that the interaction of C-dots with the oil (toluene or decane) is
in effect (Fig. 7(b), n-Cdots). For the C-dots assembled from
amphiphilic oil systems (e.g., octanol), their surface can be
more strongly bonded by the oil molecules, influencing their
property significantly. When the ouzo effect is dominated
during LLPS, oil droplets disperse in the continuous phase of
water. C-dots absorb at the surface of oil micro/nanodroplets
and stabilizes them,® leading to the formation of nanopores in
the final carbon film (Fig. 7(b), o-Cdots). In contrast, when
reverse ouzo is in-effect, water droplets are formed and sur-
rounded by oil. The enhanced oil-water interface results in a
greater number of oil molecules attaching to the C-dots surface,
creating larger size of C-dot particles and a shift in the
fluorescence emission (Fig. 7(b), r-Cdots). The results of this
work are very comparable to the reported work that demon-
strates how the surface properties of colloidal particles influ-
ence their self-assembly patterns during ternary droplet
evaporation.® That is, hydration and surface modification of
silica particles altered their interactions with oil droplets,
adjusting the structures from flat film to supraparticles. In our
work, the unique properties of C-dots, such as their exceptional
water solubility, surface activity, and fluorescence, when com-
bined with a variety of LLPS behaviours, significantly comple-
ment and extend the study and knowledge in this research area.

Conclusion

In conclusion, we investigated the LLPS induced self-assembly
of C-dots confined on solid surface as a result of evaporating a
ternary droplet. The confocal microscopy was employed to
observe the evaporation process in real time while the liquid-
liquid equilibrium phase diagram was utilised to trace out
phase separation behaviours. For the first time, our studies
provided an in-depth knowledge of the C-dots assembly driven
by LLPS from multicomponent droplet evaporation. We dis-
covered that the vapour pressure, solubility, surface tension,
and composition of the ternary liquid all had substantial effects
on the self-assembly of C-dots. In particular, the evaporation
sequence controlled by component vapour pressure alters the
droplet evaporation mode, which affects the assembly rate and
pattern of C-dots. Additionally, our work underpins that the
combination of oil evaporation sequence, surface tension, and
composition results in three critical LLPS behaviours that affect
C-dots assembly: the non-ouzo, the ouzo, and the reverse ouzo
effects. The altered oil-water interface caused by these LLPS
effects tunes the surface properties of C-dots, resulting in a
variety of nanostructures for the assembled C-dots. Conse-
quently, the pattern, property and structure of solid-state
C-dots can be fine controlled as a result of the synergistic effect
of the parameters discussed above. The findings and knowl-
edge presented in this work open a new door for nanomaterial
assembly, and provide a novel, easy, and robust method for
generating and manipulating C-dot thin films on the surface,
which will benefit a wide range of practical applications.

This journal is © The Royal Society of Chemistry 2022
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