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Ionic liquids have remarkable properties and are commonly harnessed for green chem-
istry, lubrication, and energy applications. In this paper, we study a thermoresponsive ionic
liquid (IL) solution which has the property of phase separating above a critical temperature,
an interesting feature for the recovery of the IL-rich phase. For this purpose, we generate
a temperature gradient in a microfluidic cavity where the confinement strengthens wetting
effects and enhances the demixing. We show that the phase separation is performed by
the joint effects of sedimentation and thermocapillary actuation giving rise to a three-
dimensional flow structure, which is quantitatively captured by our model. Altogether those
mechanisms lead to the accumulation of the wetting phase near the heating source. We
believe this work will find applications in the recycling of ionic liquids.
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I. INTRODUCTION

Since the 2010s, temperature-responsive binary systems made of ionic liquids (IL) and water
have shown promising applications such as in metal and rare-earth extraction [1,2], protein stabi-
lization [3,4], catalytic synthesis [5,6], forward osmosis water desalination [7–9], and low-grade
heat valorization [10,11]. Those techniques are built on the reversible phase separation of the
system with temperature loops. As ionic liquids are costly and generally available in limited
volumes, isolating separately the two phases is crucial. This issue has rekindled the interest of
phase separation widely studied since the 1970s, both experimentally and theoretically [12]. Besides
the industrial centrifugation techniques or the sedimentation mechanisms [13,14], microfluidics
appears as an excellent alternative since it enhances capillary mechanisms, especially when wetting
effects, which are marked in binary mixtures [15–17], are known to boost the phase-separation
kinetics of such systems [18–24]. As an example, the use of a confinement gradient is an interesting
method where separation relies on a well-understood capillary effect [25]: The most wetting phase
is dragged toward the wedge, i.e., toward the thinner part of the cavity. Such experiments have
been performed [26] and the separated phases are recovered in two well-defined regions. This
wetting-based strategy is expected to occur up to confinement below the interfacial capillary length
(lc = √

γ /�ρg ≈ 300 μm at 35 ◦C). As the physics at play are understood, the results are not
discussed here.

In this paper, we present a strategy that takes advantage of Marangoni effects at small scales. A
temperature-induced interfacial tension gradient is known to cause an interfacial stress generating
thin film flow [27–30] and droplets or colloids motion [31–36], thereby affecting the phase-
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FIG. 1. (a) Top view of the microfluidic cavity 1 cm in diameter. The gold connectors are in dark gray, and
the chromium resistor is in red (50 × 500 μm2). (b) Phase diagram of the IL-water (blue dots) and lutidine-
water systems (orange circles). The two sketches show the homogeneous and separated states of the mixture.
The IL-rich is denser and colored with a blue dye.

separation kinetics [37]. Note that concerning the phase transition of a pure fluid, the mechanisms
of droplets or bubbles migration in a temperature gradient are not induced by Marangoni stresses
[38,39]. Previous studies on the phase separation of binary mixtures in a temperature gradient
focused on bulk migration: drop migration assisted by thermocapillarity [40,41] or drop sedimen-
tation under gravity [13,14]. We propose an alternative approach that combines sedimentation and
thin film interfacial flow. The coupling of surface and volume convection, generating a complex
three-dimensional flow structure, is crucial in the separation dynamics. Together, they lead to
remarkable phase-separated patterns. The mechanisms are first detailed using an IL-water mixture,
and their universality in term of wetting properties is validated with another well-known binary
system: the lutidine-water mixture.

II. MATERIALS AND METHODS

The microfluidic system is sketched in Fig. 1(a). The polydimethylsiloxane (PDMS) cavity is
replicated from a micromilled brass mold and bonded on a glass coverslip with oxygen plasma
treatment. The cavity is a cylinder of 1 cm in diameter whose height ranges from 20 to 200 μm. Its
bottom surface is layed onto a glass wafer with micropatterned resistance (50 × 500 μm2), electri-
cally isolated by spincoating a 30 μm PDMS layer [42]. The potential applied to the heating resistor
can be tuned up to 10 V. Phase separation dynamics is observed using bright-field transmitted light
video microscopy. The main binary system under investigation is a mixture of MilliQ water with the
ionic liquid tetrabutylphosphonium trifluoroacetate (P4444CF3CO2) [43,44] already used in different
applications [7,8,10], at an IL mass fraction of 25% (separation temperature Tsep = 31 ◦C). This
system is known as a lower critical solution temperature (LCST) binary solution, i.e., it phase
separates above a critical temperature [see Fig. 1(b)]. The interfacial tension of LCST mixtures
increases with temperature and as a consequence the thermocapillary stress is directed toward the
warmer region. Figure 2(a) displays the measurements of the interfacial tension between the two
separated phases versus the temperature of the mixture. They are performed in rising drop config-
uration (PSA30-Kruss), a circulating water-bath (Julabo HL-4) sets the temperature of the sample.
The data of the IL-water mixture are compared to lutidine-water data from the literature [45].

The temperature mapping is performed independently using a temperature-sensitive fluorescent
solution (rhodamine-B, Sigma-Aldrich, 50 mg l−1) [46]. We did not achieve to measure the temper-
ature in the cavity during a phase-separation experiment: The rhodamine fluorescence is affected
by the elevated ionic liquid concentration. The calculated Péclet number, Pe = (Hvr )/αT ≈ 0.1
with H = 100 μm, αT = 1.5.10−7 m s−2, and vr = 150 μm s−1 (see Fig. 6 for typical velocities),
shows that the impact of convection on the temperature profile can be neglected. Moreover IL-water
mixtures at 25wt% and rhodamine solutions have similar heat capacity and thermal diffusivity.
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FIG. 2. (a) Interfacial tension between the IL-rich (lutidine-rich) and the water-rich phases as a function
of the temperature. The solid line gives ∂T γ = 2.5 × 10−5 N m−1 K−1 for the IL-water system, the dashed
line gives ∂T γ = 3.0 × 10−5 N m−1 K−1 for the lutidine-water system (adapted from Ref. [45]). Inset: Picture
of the water-rich rising drop embed in a thermostated IL-rich bath. (b) Temperature profile in the cavity for
six different times. The radial coordinate is the distance to the resistor center. The black dashed horizontal line
indicates Tsep. Inset: Temperature profile with the radial coordinate rescaled by a thermal diffusion length scale.
The applied voltage is 7 V (80 mW).

Thus, we fill the same cavity (among others the same resistance) with a rhodamine solution and
apply the same voltage. Once the voltage is applied to the resistor, the temperature suddenly
increases at the resistor location. At early time, i.e., in the first second (see discussion on rout in
Sec. III A), the temperature diffuses above the resistor displaying a three-dimensional (3D) profile
in the microfluidic cavity. After this transient stage, the temperature profile can be considered
as 2D, i.e., diffuses radially along the cavity, and writes T (r, t ). Figure 2(b) displays the radial
temperature profiles at different times and the inset shows the same curves rescaled by

√
αT t , where

αT = 1.5 × 10−7 m2 s−1 is the thermal diffusivity of water. All profiles collapse on a single curve
proving the 2D diffusion of temperature along the cavity with time.

As for the dynamics of binary mixtures under homogeneous temperature, the initial composition
of the solution imposes the phase separation pattern and kinetics [47,48]. In the following, we focus
on the case where the wetting phase (the IL-rich phase here) is the dispersed phase, i.e., the IL
mass fraction is smaller than 35% (consolute point of the mixture). The other system is a mixture of
MilliQ water with 2,6-lutidine (Sigma Aldrich) at 40 wt% in lutidine (Tsep = 34 ◦C). In this case the
wetting phase (the water-rich phase as the lutidine-rich phase is nonwetting with the plasma treated
chips) is also the dispersed phase. The separation curves of both systems are displayed in Fig. 1(b).

III. RESULTS

A. Description of the separation pattern

The temperature diffusion triggers the phase separation which propagates from the center toward
the edges. The separation temperature (Tsep) isotherm is directly visible at the front of the dark cloud
stemming from the light scattering of the dense two-phase system, whose droplets sizes are much
smaller than the cavity thickness. Qualitatively, the droplets size distribution in this cloud is not
monodisperse as the droplets undergo ageing from the outside to the inside. The temperature steady
state is reached after 6 ± 3 min depending on room temperature.

For the whole span of cavity heights we observe the following behavior: The opaque cloud of
droplets appearing above the resistor expands isotropically in 2D with the Tsep isotherm diffusion
[Fig. 3(a)]: This front is tracked as rout following a square-root dependence with time (cf. Fig. 4).
The cloud opens up in its center [Fig. 3(b)] to reveal a darker IL-rich drop of radius rc, and between
this drop and the cloud, a few droplets come back toward the central drop from rin [Figs. 3(b)–3(d)].
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FIG. 3. [(a)–(d)] Phase separation timelapse of the IL-water solution at 7 V (80 mW). The mass fraction
in IL is 25% and the cavity height is H = 60 μm. (c) Definition of the four regions within which the flows
are rationalized: (I) IL-water nonseparated mixture, (II) separation of the two phases (the droplets are mostly
pushed outwards), (III) some IL-rich droplets are dragged inward across the water-rich phase, and (IV) IL-rich
sessile drop. Inset: Zoom on the droplets moving from the cloud to the center drop. (d) Definition of rc, rin,
and rout, corresponding to the central drop radius, along with the cloud inner and outer radii.

To clarify our explanation, the cavity is divided into four regions: (I) the region located outside the
isotherm Tsep in which the binary mixture is not separated yet (r > rout), (II) the region within which
the mixture is phase separated and the droplets move outwards following the temperature diffusion
front (rin < r < rout), (III) the region enriched in water in which small droplets are driven inwards
(rc < r < rin), and (IV) the region enriched in IL (r < rc). Surprisingly, the droplets of regions II
and III are driven in opposite sides [49,50].

Figure 4 represents the temporal evolution of the cloud outer radius rout which coincides with
the propagation of the separation temperature isotherm Tsep. As this evolution is due to quasi 2D
temperature diffusion in the cavity, we recover a square root dependence with time (except for
shorter times before 1 s, where we observe the signature of the 3D thermal diffusion). Nevertheless
the direct comparison of rout (t ) with the temperature profile evolution is tricky since a ±1 ◦C
variation gives an uncertainty of ±500 μm on the radial position. The higher the voltage (and
the heat injected in the system), the faster the isotherm propagates. The upper limit rout = 2.5 mm
corresponds to the accessible visual window. At longer times, the temperature profile reaches a
stationary state and rout tends to a constant (this regime is not displayed).

B. Flow profile in the cavity

In order to understand why the droplets of regions II and III are driven in opposite directions,
it is necessary to tackle the 3D structure of the flow. This is possible using confocal microscopy

FIG. 4. Position of the cloud outer radius rout versus the square root of time. Voltages applied are 7, 7.9,
8.6, and 9.2 V (R = 620 �). Cavity height is H = 60 μm. IL mass fraction is 25%.
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(a)

(e)

(b) (c) (d)

FIG. 5. [(a)–(d)] Confocal imaging of the phase separation along the height of the cavity at different times
for 8 V (100 mW). The central drop seen on (d) is bridging top and bottom cavity walls. Scale bar is 40 μm.
Cavity height is H = 120 μm. (e) Cross-section sketch of the phase separation dynamics. The tread-milling
wetting film induces a radial Couette-Poiseuille flow. The regions I, II, III, and IV delimit respectively the
nonseparated solution, the droplet cloud, the Couette-Poiseuille flow induced by the film, and the central IL-rich
drop. The red rectangle respresents the heating resistor. Inset: Within region III, domain 1 indicates the IL-rich
wetting film and domain 2 the water-rich phase above.

(Leica DMi8 with scanning laser head TCS SP8) [51] allowing direct visualization in a cross section
of the cavity [52]. Fluorescein (Sigma-Aldrich) is added at 0.1 g l−1 to the 25wt% IL solution.
The microscope records the fluorescence of excited fluorescein within the IL-rich phase, while the
water-rich phase is dark. Figures 5(a)–5(d) display fluorescent images of the same cross section
in the cavity at different times. The front of the phase separation propagates [Fig. 5(a)], and IL-
rich droplets nucleate, grow in size and sediment (as the denser phase) [Fig. 5(b)]. Their complete
spreading on the bottom gives birth to a micrometer-thick wetting layer which thickness h grows
rapidly to yield a value of 6 ± 2 μm throughout region III [Figs. 5(b) and 5(c)]. Some IL-rich
droplets are conveyed above the film toward the center [Figs. 5(c) and 5(d)] and meet with the
IL-rich central drop expanding [Fig. 5(d)].

Figure 5(e) summarizes this 3D flow sketching the role of the film in region III: As the surface
tension increases with temperature, a thermocapillary stress drives the interface of the bottom IL
film toward the center of the cavity. Thanks to momentum diffusion, this interfacial transport drags
the water-rich phase as well as the IL-rich droplets located just above. The intake of IL-rich phase
from the film accumulates at the center where a single IL-rich drop grows in size (region IV). The
central drop profile can be sessile [Figs. 3(b)–3(d)] or wetting-disk type [Fig. 5(d)]. We believe that
the sessile profile is out of equilibrium and is sustained by thermal interfacial stresses since the IL is
completely wetting. Moreover a sessile drop could not exist in the cavity since the capillary length
lc exceeds the confinement. When the apex of the sessile drop makes contact with the upper wall,
the drop rearranges in a wetting disk configuration bridging cavity lower and upper walls. By mass
conservation, the water-rich phase converging to the center is sent back outwards and pushes aside
the cloud of droplets.

We now show that it is possible to rationalize this scenario and find quantitative agreement
between our measures and the model. Experimentally the velocity field is radial and, as the vertical
length scales h and H are much smaller than rc, only the variation along z is considered. The
dependence on r is contained in the interfacial stress ∂rγ . Then the flow is assumed to follow the 2D
Stokes equation in the lubrication approximation in a plan (r, z) as h � H , see Appendix C. Region
III is split in two domains to solve the equation: Domain 1 refers to the IL-rich wetting film at the
bottom, domain 2 refers to the upper phase enriched in water [Fig. 5(e) insets]. The Stokes equation
in domain 1, ηIL∂2

z v1 = 0, is solved using v1(0) = 0 and the interfacial stress continuity at z = h:
ηIL(∂zv1)z=h − ηw(∂zv2)z=h = ∂rγ . In this domain, we neglect the radial pressure term in the above
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FIG. 6. Velocity vr of the droplets coming back to the center versus the radial coordinate, at five successive
times: 5, 10, 15, 20, and 25 s. The mass fraction in IL is 25%, the cavity height is H = 60 μm, and the voltage
is 7 V. Inset: Rescaled velocity versus the reduced spatial coordinate. All profiles collapse on a line with a slope
of 1.

Stokes equation: As h � H the velocity profile is well approximated by a linear Couette flow. Since
the viscosity of the IL-rich phase is 5 times the viscosity of the water-rich phase: ηIL ≈ 5ηw, and the
film thickness is 10 times smaller than the cavity thickness, we have ηIL(∂zv1)z=h � ηw(∂zv2)z=h.
As such, the flow field in domain 1 yields:

v1(∂rγ , z) = ∂rγ

ηIL
z. (1)

It is not possible to measure this velocity profile directly; nevertheless, the droplets located just
above the film are conveyed at a velocity with same order of magnitude thanks to viscous diffusion
of momentum. These droplets can serve as tracers, noting that they move slower than the interface,
until they eventually merge with the film. The temperature gradient range is ∂rT ∈ [0.5 2] × 104

K m−1, which gives the expected interfacial velocities v1(h) ∈ [150 600] μm s−1, with ∂T γ =
2.5 × 10−5 N m−1 K−1, ηIL = 5 × 10−3 Pa s, and h = 6 μm. We plot on Fig. 6 the droplets
velocities measured by Particle Image Velocimetry technics (PIV) for five successive times [53].
The maximum speed reaches 300 μm s−1 at shorter times, showing good agreement with the order
of magnitude of the calculated interfacial velocity. Flows stemming from buoyancy contribution are
of typical velocity 0.008H3g∂rρ/ηw ≈ 5 μm s−1 and are thus found negligible [54,55].

The linear distribution of the droplets velocities at each time is difficult to rationalize since (1) the
droplets sediment throughout time and shall not keep the same distance from the film dragging them,
(2) they are also submitted to thermocapillary action opposite to their direction of propagation, and
(3) they shrink in size while going up the temperature gradient because of composition equilibration
(water is expelled from the IL-rich droplet). The sedimentation brings droplets closer to the film and
should accelerate them even more. The contributions of thermocapillary action and droplet’s size
diminution should decrease the droplets speed. These contributions may balance each other since
the thermocapillary force is proportionnal to R∂rT (with R the droplet radius): ∂rT increases as the
droplet comes closer to the center but simultaneously R decreases. We do not model these effects
analytically in this work. Inspired by the work of Roché et al. on interfacial Marangoni flows [56],
the inset on Fig. 6 shows the rescaled velocity profiles vr/vmax as a function of the reduced radial
coordinate (rin − r)/(rin − rc). The collapse of the five profiles testifies that the droplets migration
obeys the same mechanism and the above cited effects keep the same balance throughout time.
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FIG. 7. (a) Measured velocity of the cloud inner radius ∂t rin versus time, at 7 V (black crosses). The blue
dashed line represents the average velocity of the Poiseuille contribution Eq. (2). The blue solid line is the sum
of the Poiseuille and thermocapillary contributions Eq. (3). The blue shaded areas give a confidence interval
related to a 30% variation in h and in R. Inset: Temperature gradient evolution in the cavity at 5, 10, 15, 20,
and 25 s after switch-on, derived from the temperature profiles. The black dashed line is a 1/r fit. (b) Growth
dynamics of the central drop radius rc = (ξ t )1/2 at four voltages. Inset: Comparison between calculated ξ (red
circles) and experimental one (black crosses), see Eq. (4).

In domain 2 of region III, the water-rich phase swept to the center by the shear flow has no option
but to turn back when it reaches the central drop, due to axial symmetry and mass flux conservation.
This counter Poiseuille flow adds up with the thermocapillary effect to push the cloud of region
II outward [Fig. 5(e)]. Considering the same assumptions as in domain 1, the flow in domain 2 is
described by the Stokes equation: ηw∂2

z v2 = ∂r p, which is solved using v2(H ) = 0, v1(h) = v2(h)

and the flux conservation
∫ h

0 v1(z)dz + ∫ H
h v2(z)dz = 0, leading to:

v2(∂rγ , z) = ∂rγ

ηIL

h(H − z)

(H − h)

[
1 − 3H (z − h)

(H − h)2

]
. (2)

Then the average velocity of the Poiseuille flow vav
2 can be safely calculated.

C. Pattern dynamics: rin(t ) and rc(t )

Consequently, the cloud inner radius rin is expected to move at a velocity which results from
the addition of this Poiseuille flow to the thermocapillary migration, given by vTcap = R∂T γ ∂r T

3ηw (1+3ηIL/2ηw )
[57]:

∂t rin(t ) = vav
2 (t ) + vTcap(t ). (3)

Thereby the temporal dependence of ∂t rin is mainly carried by ∂rγ (r = rin(t )). The confocal
imaging allows us to estimate h � 3 μm at r = rin and R � 10 μm for the cloud droplets radii,
which we set as constants over time (see Appendix C). Given these values, Fig. 7(a) displays
the calculated Poiseuille contribution as a dashed line, and the sum of the Poiseuille and the
thermocapillary migration as a solid line. Remarkably, this model reproduces the experimental data
plotted as dark crosses showing the relevance of our model. In order to evaluate the sensitivity of
the velocities on h and R, a variation of 30% is represented as lighter blue zones in the plots.

Finally, we explain the dynamics of the central drop radius rc plotted on Fig. 7(b). This drop
is assumed to be a flat cylinder of volume Vc = πr2

c H which is filled by the flux coming from
the IL-rich wetting film. The mass conservation leads to ∂tVc = 2πrc

∫ h
0

∂rγ

ηIL
zdz. Assuming that the

temperature gradient is inversely proportional to r, ∂rT = �T/r [cf. Fig. 7(a) (inset), this feature is
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FIG. 8. Destabilization of the wetting film into periodic digitations as rin catches up rout. The central IL-rich
drop is wetting both cavity floor and ceiling. The applied voltage is 8 V (100 mW) and the cavity height is
H = 80 μm.

discussed in Appendix A], we get:

rc(t ) =
(

∂T γ�T h2

HηIL

)1/2

t1/2 = (ξ t )1/2. (4)

The inset of Fig. 7(b) compares the experimental and calculated values of the prefactor ξ for which
we find good agreement without fitting parameter. Given the uncertainties yielded by �T and h, the
confidence interval for ξ is within 20% of its value. As a whole, our model supports the scenario
described previously. The data shown here correspond to a voltage of 7 V. The measurements
obtained for other voltages are gathered in Appendix B.

D. Late stage of the dynamics

With rin being propelled by both the Poiseuille flow and the thermocapillary migration, ∂t rin

is driven by a different mechanism than ∂t rout. Hence the inner radius of the toroidal cloud can
propagate faster than the Tsep isotherm, and rin may overtake rout. It occurs after 10 to 100 s
depending on the room temperature: The colder it is, the sooner rout starts to reach steady-state
and the sooner rin catches up. When it happens the cloud vanishes gradually, the number of
phase-separated IL-rich droplets diminishes drastically and the wetting layer suffers from a supply
shortage in IL. The continuous drainage to the center thins the wetting film and triggers a periodic
destabilization: The film configuration switches into several fingers (see Fig. 8). Along a finger the
interfacial shear flow keeps dragging material from region I toward the central region. By doing
so, the material starts to phase separate as the temperature rises, producing a visible darker plume
composed of IL-rich droplets superimposed to the wetting film finger [58].

This digitation pattern is maintained as long as the isotherm of phase separation Tsep (i.e., rout)
keeps on propagating, it can last a few minutes. When Tsep becomes static the fingers gradually
disappear and we end up with the final state of the dynamics: The IL-rich wetting phase has
accumulated at the center above the heating resistor while the water-rich nonwetting phase is
distributed all around. The radius rout of the whole pattern is given by the position of Tsep. The
complete study of this instability is out of the scope of the paper. When rout exceeds the radius
of the cavity, all the liquid in the cavity is phase separated. Increasing even more the temperature
induces further concentration of both phases in their respective majority constituents [according to
the phase diagram in Fig. 1(b)].

E. Lutidine-water system

In order to tackle the reproducibility of the demixing pattern regarding the role of the wetting
phase, we performed the same experiments using another LCST binary mixture widely employed in
the literature: the lutidine-water system. To do so, a binary solution with a weight fraction of 40%
in lutidine (Tsep = 34 ◦C) is injected in the oxygen plasma treated cavity, such that water becomes
the dispersed phase expected to develop a wetting film on the hydrophilic walls [59].

Figure 9 compares the demixing patterns of our two systems: IL-water on the left and lutidine-
water on the right. In both cases the picture is taken when the wetting film has destabilized to
form fingers. Qualitatively, the higher separation temperature of our lutidine-water mixture implies
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FIG. 9. Phase separation patterns of (a) IL-water and (b) lutidine-water mixtures in a hydrophilic cavity.
Mass fraction in IL and lutidine are respectively 25% and 40%: In both cases the wetting phase is the dispersed
component. Images are taken respectively 55 and 10 s after switch-on. The applied voltage is 8 V (100 mW) and
the cavity height is H = 80 μm. In both cases the cloud has vanished and the wetting film already destabilized
to form digitations. On the left the central drop is the IL-rich phase (ILW ), while it is the water-rich phase (WLut)
on the right. Scale bars are 300 μm.

a slower propagation of rout compared to the IL-water experiments (the higher the separation
temperature, the slower its isotherm propagates) and the destabilization of the wetting film happens
at shorter times (the propagation pace of rin is tuned by the temperature gradient: A greater
difference between room and resistor temperature implies a steeper gradient). Nevertheless, the
two patterns on Fig. 9 look very similar. As expected the water-rich phase behaves like the IL-rich
phase discussed previously: The digitations cross the surrounding lutidine-rich phase and water is
accumulated above the heating resistor. These results comfort the universality, in term of the wetting
properties, of the demixing scenario.

IV. CONCLUSION

To conclude, we investigated the influence of a temperature gradient on the phase separation
of LCST binary mixtures under confinement. Same as the experiments carried with homogeneous
heating, the volume fraction and wetting behavior of both constituents drive the dynamics. The
emergence of a micrometric wetting film submitted to thermal interfacial tension gradients is re-
sponsible for strong flows directed toward the warmer region. We rationalized the 3D complex flow
generated by the separation and found good quantitative agreement with experimental measures.
More importantly, the wetting phase carried in the film is entirely accumulated at the warmer side.
Thus, tuning the wall surface energy allows to select which component shall be concentrated and
eventually recovered. This behavior should be universal to all LCST binary mixtures. The present
paper paves a way in binary mixture recycling. The impact of UCST behavior and spatial patterning
in the cavity will be the object of future works [60–63].
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FIG. 10. (a) Velocity vr of the droplets coming back to the center versus the radial coordinate, at five
successive times 5, 10, 15, 20, and 25 s, for three voltages: 7.9, 8.6, and 9.2 V. The mass fraction in IL is 25%,
the cavity height is H = 60 μm. Inset: Rescaled velocity versus the reduced spatial coordinate. All profiles
collapse on a line with a slope of 1. (b) Measured velocity of the cloud inner radius ∂t rin versus time at 7.9, 8.6,
and 9.2 V (black crosses). The blue dashed line represents the average velocity of the Poiseuille contribution
Eq. (2). The blue solid line is the sum of the Poiseuille and thermocapillary contributions Eq. (3). The blue
shaded areas give a confidence interval related to a 30% variation in h and in R. The gray shaded zone on the
right is out of the observation window (r > 2500 μm). The mass fraction in IL is 25%, the cavity height is
H = 60 μm.

APPENDIX A: TEMPERATURE PROFILE IN THE CAVITY

We legitimize here the use of ∂rγ = �T/r in the paper. A simple model to estimate the
dependence of T is to consider the heat diffusion equation between two concentric cylinders of
radii rc and rin > rc, held at two temperatures Tc and Tin. Since rc and rin both follow a square-root
dependence with time, we argue that Tc and Tin are rather constants and their value is determined by
the y-axis values: Tc = T [rc(t )/(αT t )1/2] and Tin = T [rin(t )/(αT t )1/2] on Fig. 2(b) (inset). Then the
heat diffusion equation between moving boundaries rc(t ) and rin(t ) is stationary and we have:

1

r

∂

∂r

(
r
∂T

∂r

)
= 0, (A1)

which gives after integration:

T (r, t ) = Tc − Tc − Tin

ln[rin(t )/rc(t )]
ln[r/rc(t )]. (A2)

So that the temperature gradient writes:

∂T

∂r
= − Tc − Tin

ln(rin/rc)

1

r
= −�T

r
. (A3)

The uncertainty on Tc and Tin being related to the measure of rc and rin, we get a ±1.5 ◦C confidence
interval on their values.

APPENDIX B: VELOCITIES MEASURED FOR OTHER VOLTAGES

We show here the droplets velocities vr measured by PIV [Fig. 10(a)] and the inner cloud radius
propagating speed ∂t rin [Fig. 10(b)] for three other voltages: 7.9, 8.6, and 9.2 V.
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FIG. 11. Phase separation at three consecutive times (12, 18, and 26 s) under monochromatic illumination
(λ = 546 nm). The four concentric fringes due to the film are pointed out by the black hatched arcs. The blue
and red hatched arcs indicate rc and rin, respectively. The cavity height is H = 80 μm.

At a constant room temperature, the higher the voltage applied, the higher the temperature
gradient, and the higher the droplets velocities. Same as in Fig. 6, for each voltage the velocity
profile is attenuated as the distance to the center increases and the rescaled profiles collapse on a
single line.

The propagation of rin increases also with the voltage: Both the counter-Poiseuille flow and the
thermocapillary actuation see their contributions rise with the temperature gradient intensity. Our
model follows well the data for the three voltages, respectively.

APPENDIX C: INTERFEROMETRIC DETECTION OF THE WETTING FILM

The thickness variation of the wetting film is difficult to quantify with confocal experiments,
but interferometric methods allow us to obtain at least one relative variation in height between two
points [64]. We repeated the separation experiment with quasimonochromatic illumination (mercury
lamp filtered at λ = 546 nm) and a magnification ×10 (against ×5 usually). By playing with the
contrast of the recorded movies, the interference fringes present at the liquid-liquid interface of the
film become visible. Figure 11 shows three successive stages of separation under monochromatic
illumination.

Four dark fringes are visible and propagate radially following the same dynamics as the separa-
tion pattern. The interfringe distance decreases by 20% between the first and the third images. The
difference in film thickness between two dark fringes is given by the formula:

�hinterfringe = λ

2nfilm
, (D1)

with nfilm the optical index of the liquid forming the wetting film. We measured independently and
at room temperature the optical index of our ionic liquid solutions using a pocket refractometer
(ATAGO 3850 PAL-RI). The measurements are shown in Fig. 12. Assuming the composition of the
IL-rich wetting film is about 60wt%, we use nfilm ≈ 1.40 to calculate the thickness variation:

�hinterfringe ≈ 546

2 × 1.40
≈ 200 nm. (D2)

Thus the film sees its thickness vary by ±800 nm along the radial coordinate. The wetting film is not
completely flat but this micrometric variation of the thickness over 1 mm in length shows the very
small curvature of the interface and allows us to assume a 2D Stokes equation in the lubrication
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FIG. 12. Optical index of the water-ionic liquid mixture at 22 ◦C as a function of its composition.

approximation. This small time-dependent curvature of the film is reminiscent of previous works
about the Marangoni-driven spreading of water-ethanol mixtures on a clean glass [65].
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