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ABSTRACT
Patterned materials on substrates are of great importance for a wide variety of applications. In
solution-based approaches to material patterning, fluidic flow is inevitable. Here we demonstrate not only
the importance of fluidic behavior but also the methodology of engineering the flow pattern to guide the
material crystallization and assembly. We show by both experiment and simulation that substrate heating,
which is generally used to accelerate evaporation, produces irregular complex vortexes. Instead, a
top-heating–bottom-cooling (THBC) set-up offers an inverse temperature gradient and results in a single
Marangoni vortex, which is desired for ordered nanomaterial patterning near the contact line. We then
realize the fabrication of large-scale patterns of iodide perovskite crystals on different substrates under
THBC conditions. We further demonstrate that harnessing the flow behavior is a general strategy with great
feasibility to pattern various functional materials ranging from inorganic, organic, hybrid to biological
categories on different substrates, presenting great potential for practical applications.

Keywords:Marangoni flow, temperature gradient, large-scale material patterning, flexible device,
contact line

INTRODUCTION
Patterned functional materials (especially nano-
or micro-structured ones) on substrates have been
widely applied in biological detection [1], chemical
sensing [2], optical imaging [3], optoelectronics
[4,5], integrated electronics [6,7] and so on.
Solution-based approaches such as spin coating, dip
coating, and solution shearing have been intensively
investigated for patterning materials on substrates.
In these solution approaches, the formation of
a thin liquid film is normally necessary [8–14].
Evaporation then happens at the air–liquid interface
and substrate heating is often used to accelerate the
evaporation. It is obvious that the evaporation af-
fects the local saturation of the solution, which then
influences thenucleation and assemblyof the solutes
(materials). Another essential factor in this process
is the mass transfer, which strongly depends on
fluid flows.

Different solution processes offer different flow
patterns basically attributed to themechanical forces

applied, e.g. the solution shearing process features
laminar flow. Therefore, efforts have been made to
manipulate the intrinsic flow pattern accordingly.
For instance, to overcome the mass transfer limita-
tionsof lamellar flow,Bao et al. introduceda shearing
blade with micropillars to generate a fluid recircula-
tion of the solution [12,13].

Evaporation and heating inevitably bring about
temperature differentiation in the solution.Then the
Marangoni flow appears spontaneously due to the
variation in surface tension, which is temperature
dependent [15,16]. This flow offers an additional
pathway to harness the fluid flows and mass transfer
to realize controllable crystallization and assembly
of materials [17].

Here we build a wedge-shaped meniscus with-
out introducing any mechanical forces to study the
manipulation of flow behavior and its effect on the
material assembly. We find by both experiment and
computational fluid dynamics (CFD) simulation
that multiple Marangoni vortexes are created under
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Figure 1. Photo images of the wedge-shaped meniscus with thin liquid films on dif-
ferent substrates: Si/SiO2, PET, and glass substrates from top to bottom (a); schematic
illustration (b). Photo images of fluorescent particle tracers corresponding to the fluid
flow in the liquid wedge under ambient (c) and top-heating–bottom-cooling (THBC)
conditions (d).
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Figure 2. SEM image of aligned CH3NH3PbI3 on Si/SiO2 (a) and PET (b) with corre-
sponding 2D XRD pattern (c) and AFM image (d). (e) Statistics of the length and align-
ment of CH3NH3PbI3 wires grown under different heating conditions.

ambient and substrate heating condition but a top-
heating–bottom-cooling (THBC) set-up creates a
steady Marangoni flow with a single vortex, which
is then used to guide the ordered crystallization and
assembling of different materials. This shows itself
to be a general strategy to obtain ordered patterns
of functional materials ranging from inorganic, or-
ganic, hybrid, to biological categories (Supplemen-
tary Scheme 1). This strategy can be extended to
thepreparationof large-scale organizedmaterial pat-
terns, offering great potential in real applications.

RESULTS AND DISCUSSION
We created an asymmetric liquid film by using a
standing slide on the substrate to generate het-
erogeneous evaporation [18–21], which may offer
additional factors to manipulate the assembly of
materials. As shown in Fig. 1a and b, a wedge-
shaped meniscus near the standing glass slide
with an extended thin liquid film was formed by
putting N,N-dimethylformamide (DMF) solution
of iodide perovskite [22,23] precursor (CH3NH3I
and PbI2) on different substrates of silicon wafer,
polyethylene terephthalate (PET), and glass. By
selecting proper combinations of solvents, sub-
strates and standing slides, we also succeeded in
building such liquid meniscuses of solutions or
dispersions of C60 [24], 2,4,5-triphenylimidazole
(TPI), 9,10-bis(phenylethynyl)anthracene (BPEA)
[25], and Ag nanowires. The liquid meniscuses
of different solvents including DMF, isopropanol,
water, and m-xylene are shown in Supplementary
Figs 1–4, respectively.

Then, taking a DMF solution of iodide per-
ovskite as an example, we investigated the fluid
flows in the liquid wedges under different condi-
tions. We recorded the flow patterns at different
heating conditions by using fluorescent polystyrene
microspheres in the DMF solution of perovskites
as tracers. The videos were taken from the bottom
view at the center part of the wedge-shaped menis-
cus, shown with a dotted rectangle in Fig. 1b. Un-
der ambient conditions, multiple vortexes with un-
stable fluidflows in thewedgewereobserved (Fig. 1c
andSupplementaryVideoS1).Whena top-heating–
bottom-cooling (THBC) action was applied to the
system(Fig. 1d andSupplementaryVideoS3), a uni-
form and stable single vortex appeared in the liq-
uidwedge.We also recorded the flowpatterns under
THBC at the tip (Supplementary Video S2) and the
end (Supplementary Video S4) of the liquid wedge.
The results clearly show that there is only one vor-
tex within the liquid wedge.This regular flow should
be preferable for the preparation of orderedmaterial
patterns.
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Figure 3. The preparation of large-scale patterns. (a, b) Schematic illustrations of
the slipping-substrate set-up under top-heating–bottom-cooling with zoomed solution
meniscus area where the aligned crystal arrays grew. Photographs of centimeter-scale
CH3NH3PbI3 crystal arrays grown on glass with different thicknesses of the liquid films
and concentrations of the precursors: the concentration (wt) of precursor in the sam-
ples is 30% (c), 30% (d), and 45% (e) and the thickness of the liquid films is 50 μm
(c), 150 μm (d), and 150 μm (e), respectively. (f–i) SEM images of CH3NH3PbI3 crystal
arrays corresponding to the regions numbered in (c–e).

Well-aligned CH3NH3PbI3 arrays were indeed
fabricated under suitable THBC conditions (Sup-
plementary Fig. 5a) on Si/SiO2, PET, and glass
substrates as shown in Fig. 2a, b, and Supplementary
Fig. 6a. The X-ray diffraction patterns shown in
Supplementary Fig. 6b indicate that the products
were tetragonal CH3NH3PbI3. An atomic force mi-
croscopy (AFM) image shows that each feature has
a smooth surface, revealing a single crystal structure
(Fig. 2d).The high-resolution transmission electron
microscopy (HRTEM) image in Supplementary
Fig. 6c exhibits fringes perpendicular to the longitu-
dinal direction of the crystal with the inter-distance
of ∼3.2 Å, which are in good accordance with the
reported data of (0 0 4) planes. The corresponding
selected area electron diffraction (SAED) pattern is

also in good agreement. In the 2D wide angle X-ray
diffraction (WAXD) image, four groups of diffrac-
tion spots appear in pairs; these were assigned to the
(0 0 4) and (2 2 0) planes of CH3NH3PbI3 crystals,
respectively (Fig. 2c).TheWAXD image also reveals
that the perovskite crystals are aligned and grow
along the (0 0 1) direction or c-axis.These character-
izations all indicate that our method can be used to
grow oriented crystal arrays with high crystallinity.
In contrast, if the solution is left under ambient
conditions at all, the resultant crystals are in poor
alignment with dendritic structures. Traditional
bottom heating resulted in discontinuous crystals
with poor alignment (Supplementary Fig. 7).

Then we tried to quantitatively compare the
effects of heating conditions on the length and
alignment of CH3NH3PbI3 crystals. We defined the
axis perpendicular to the contact line of the liquid
wedge as the standard direction and measured the
angle between the CH3NH3PbI3 wires and this
axis to depict the alignment. We measured 1855
CH3NH3PbI3 wires in the SEM mages and show
the statistical results in Fig. 2e and Supplementary
Fig. 8.TheCH3NH3PbI3 wires grown under THBC
conditions present the largest lengths and the
narrowest distribution of angles, exhibiting the
best alignment and continuities (Table S1 in the
supplementary data online).

The scale of the pattered materials is limited
by the size of the wedge-shaped meniscus. In
order to prepare large-area patterns of functional
materials, we designed a slipping-substrate set-
up as illustrated in Fig. 3a and b. Under THBC
conditions, CH3NH3PbI3 wires formed at the
margin of the wedge area of the solution. By slip-
ping the substrate, CH3NH3PbI3 crystals grew
continuously. As shown in Fig. 3c–e, CH3NH3PbI3
were patterned uniformly over centimeters of the
substrates with good continuity and alignment
(Fig. 3f–i). The patterned materials were well
crystalized with a regular morphology and smooth
surface (Fig. 3f, inset). The morphology, crys-
tallinity, and density of the crystals can be easily
adjusted by changing the thickness of the liquid
film, the concentrations of the solution, and the
THBC conditions. When increasing the thickness
of the liquid film, the size of the CH3NH3PbI3
crystals increased correspondingly (Fig. 3f–h). A
higher concentration of precursors produced denser
crystal arrays (Fig. 3h and i).The above results show
that with steady control of the movement of the
slipping substrate, the solution supply and, more
importantly, the THBC conditions, large-scale
well-aligned crystalline CH3NH3PbI3 arrays can be
produced. Such kinds of large-scale material arrays
should be of great potential in real applications.
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Figure 4. The computational fluid dynamics simulation of a liquid wedge under am-
bient conditions and the top-heating–bottom-cooling (THBC) set-up. The temperature
field of the modeling system under ambient conditions (a) with corresponding liquid
flow field (b) and solute concentration (c) of the liquid wedge. The temperature field
of the modeling system under THBC set-up and zoomed meniscus area (inset) (d) with
corresponding liquid flow field (e) and solute concentration (f) of the liquid wedge.

The above results show the importance of flow
behavior in patterning materials. Understanding the
mechanism of the formation of ordered fluid flow is
essential for the rational design of the material pat-
terning process. As shown in Supplementary Video
S5, the unstable flow in ambient conditions spon-
taneously changes to a stable single vortex when a
heat flux is applied from top, indicating the essential
influence of temperature gradient on the fluid flow.
Under THBC conditions, the surface of the solu-
tion presents a higher temperature than the bottom,
while the situation is reversed under ambient condi-
tions due to the surface evaporation of the solvent.
Thus, it is reasonable to assume thatMarangoni flow
is generated in this system from the variation in sur-
face tension due to the temperature gradient, similar
to the situation near the bubble surface in a boiling
system [15].

Then, we simulated the flow behavior in such a
system with sophisticated computational fluid dy-
namics (CFD) modeling, which has been validated
in a series of liquid-wedge evaporation experiments
on various substrates [26]. A 2D description of the

fluid wedge was adopted. Sophisticated numerical
treatments [27] were imposed on the liquid–gas in-
terface to fully take into account the cooling effect as
well as the concentration increase of the solute due
to the solvent evaporation (Supplementary Fig. 9).
Note that, due to the very fine meshing in the thin
film region near the contact line, a double-precision
calculation and strict convergence criteria are nec-
essary to avoid a fake low-rate diffusion in the fine
mesh area. The surface tension along the meniscus
varied with local temperature and local solute con-
centration. Marangoni flow was therefore induced.

When leaving the system under ambient con-
ditions, a disordered distribution of temperature
(Fig. 4a) and solute (Fig. 4c) in the liquid wedge
was observed. This was caused by the complicated
vortexes in the solution wedge (Fig. 4b). These
vortexes increased the instabilities of themass trans-
fer process and dispersed the solution with high
concentration back into the wedge zone. When
conventional bottom heating was applied, the fluid
flow in the meniscus showed similar patterns with
faster fluid flows (Supplementary Fig. 10). How-
ever, under THBC conditions, the temperature was
monotonously dropping from bulk to the thin film
corner (Fig. 4d). The temperature difference along
themeniscus is around 2K and theMarangoni num-
ber was calculated to be ∼18 380, which is greater
than some reported data [28,29]. The temperature
gradient resulted in a surface tension gradient [30]
and consequently the Marangoni flow was formed
with a single vortex occupying the liquid wedge
(Fig. 4e). This single Marangoni vortex carried the
solutes to the tip of the liquid wedge and the highest
concentration of solutes was therefore located there.
Therefore, the single vortex with uniform and stable
fluid flows in the liquid wedge under THBC condi-
tions is important for the crystal growth in twoways.
Firstly, the flowprovides guidance to thedirectional-
ity of the crystal growth since the flow is always per-
pendicular to the crystallization front. Secondly, be-
cause of the co-effect of the steady Marangoni flow
and solvent evaporation, the highest concentration
of solutes is always located at the tip of the thin film
corner. All these simulated results are in good agree-
ment with our experimental results.

Our strategy shows great tolerance and feasibility
and exhibits its validity in a series ofmaterial-solvent
systems. The top heating and bottom cooling
synergistically modulate the evaporating rate of the
solvent. Every material has an applicable growth
window for aligned patterns depending on the prop-
erties of both the material and the solvent, as shown
in Supplementary Figs 5, 11a and b.DMFhas higher
latent heat and boiling point than m-xylene; as a
result, ordered patterns formed in the zones with
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Figure 5. Formation of TPI, BPEA and organized Ag nanowires arrays. SEM images of
aligned TPI grown from DMF (a) and BPEA grown from m-xylene (b). (c) SEM images of
aligned Ag nanowires on Si/SiO2 with aligned single-walled carbon nanotubes.
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Figure 6. Formation and performance of perovskite-array-based photodetectors.
Schematic illustration with corresponding photo images of a perovskite-based pho-
todetector tested under different deformations (flat, bent and folded) (a) and corre-
sponding I–V (b, c), I–T (d) curves. The light intensity is ∼15 mW/cm2.

higher bottom temperature and higher densities of
top heating flux for the DMF solution (Supplemen-
tary Fig. 11a and b). Besides CH3NH3PbI3 arrays,
TPI (Fig. 5a), BPEA (Fig. 5b and Supplementary
Fig. 11c) and C60 crystal arrays (Supplementary
Fig. 11d) were also fabricated by our strategy.

The THBC set-up offers a reversed Marangoni
flow and the liquid velocity can be adjusted over
quite a broad range. Therefore, besides the molecu-
lar solutes, the nanometer- to micrometer-sized dis-
persants may also be manipulated. We chose a dis-
persion of Ag nanowires in DMF as an example to
explore the transfer and deposition of such meso-
scaled dispersants under the THBC set-up (Sup-
plementary Fig. 12). When the reversed Marangoni
flow is strong enough, the Ag nanowires may be
combed by the fluid flow to form aligned struc-
tures perpendicular to the contact line of the liq-
uid with the substrate. We thus obtained aligned Ag
nanowires on both Si/SiO2 and PET substrates. But
weak fluid flow resulted in random Ag nanowires.
When we performed this procedure on a silicon
wafer with pre-grown horizontally aligned ultra-
long single-walled carbon nanotubes (SWNTs) and
made the contact line of the liquid parallel to the
orientation of SWNTs, the Ag nanowires were de-
posited on the substrate and formed cross structures
with the tubes, as shown in Fig. 5c. When the evap-
orating rate was too high, the Ag nanowires were
pinned at the contact line,which is very similar to the
‘coffee ring’ formed in the normal evaporation pro-
cess of a droplet [20,21,31–33].

Lead halide perovskites have long-range
electron–hole diffusion lengths [34,35] as well as
high balanced hole and electron mobility and are
therefore excellent materials for photovoltaic de-
vices [36]. The THBC set-up enables us to directly
fabricate alignedmillimeter-scale crystals on flexible
substrates. These arrays of crystals present fewer
grain boundaries and hence lower trap density,
longer lifetime of photo-generated carriers and
smaller recombination rate in devices. We applied
CH3NH3PbI3 arrays prepared on PET substrates
immediately to fabricate long-channel photodetec-
tors by evaporating Au electrodes with Cr buffer
layers. The device showed excellent flexibility and
sensitivity to incident light with different intensities
(Fig. 6a and b). Bending did not cause any signif-
icant change in the photo response performances
(Fig. 6c and d), indicating that our devices are
tolerant to large bending deformations. Moreover,
when the channel length of the photodetector was
extended to 1.5 mm, no obvious deterioration of
photo response performance was observed (Sup-
plementary Fig. 13c) owing to the good crystallinity
of the perovskite arrays. Photodetectors based on
perovskite arrays obtained without THBC showed
poorer performance, but still better than the spin-
coated perovskite film (Supplementary Fig. 13d and
e). The performance of the devices is comparable
with reported ones though no annealing was applied
to the aligned crystals.



RESEARCH ARTICLE Li et al. 763

CONCLUSIONS
Fluidic behavior plays a key role in solution-based
material assembling processes relying on its contri-
bution to the mass transfer. Manipulating the tem-
perature gradient is a feasible approach to harness
fluid flows. Applying a proper flux of heat from
the evaporating side of the liquid film can build a
temperature gradient inverse to the conventional
substrate-heating mode. Thus a single Marangoni
vortex is created within the liquid film, bringing the
solutes to the contact-line region of the solution
meniscus and facilitating the ordered assembly and
patterning of nanomaterials.Thismethod is efficient
and feasible with validity for a variety of materials,
solvents, and substrates. It is also applicable for pat-
terning materials over large areas. We believe that it
is a general strategy to prepare patterns of different
functionalmaterials on various substrates for further
applications.

METHODS
Materials
Solutions of materials or precursors
The 0.3077 g CH3NH3I (99.9%, Dyesol, Aus-
tralia) and 0.8923 g PbI2 (99.9%) (molar ratio 1:1)
were dissolved into 2.8 g N,N-dimethylformamide
(DMF) to get a precursor solution of 30 wt% for
CH3NH3PbI3. A precursor solution of 45 wt% was
prepared similarly. 2,4,5-triphenylimidazole (TPI)
was dissolved into DMF with a concentration
of 5 mg/mL. 9,10-Bis(phenylethynyl)anthracene
(BPEA) was dissolved into DMF and m-xylene, re-
spectively, with a concentration of 1 mg/mL. C60
was dissolved intom-xylene with a concentration of
1 mg/mL. Ag nanowires were synthesized following
the method reported previously [37] and dispersed
in DMF with a concentration of 2 mg/mL.

Substrates
All substrates were ultrasonicated with ethanol and
water for 5 min respectively and rinsed with water.
Then Si/SiO2 and glass substrates were treated in
piranha solution (H2SO4:H2O2 7:3, v/v) at 80◦C
for 40 min and PET films were treated with air
plasma for 5min.The ultralong single-walled carbon
nanotubeswere grownbychemical vapordeposition
(CVD) on Si/SiO2 substrate following the condi-
tions in our previous paper [38].

Preparation of material patterns
The precursor solution was dropped on the pre-
treated substrate and a standing slide was placed
vertically on the substrate.The top-heating–bottom-
cooling set-upwas realized via the followingmethod.

Two infrared lamps (275 W and 100 W) were ap-
plied on top. The distance between the 275 W in-
frared lamp and the substrate was adjusted from
20 cm to 50 cm, corresponding to the top heat flux
from∼275 to 100W/m2.The distance between the
100W infrared lamp and substrate was adjusted be-
tween 20 cm and 30 cm, corresponding to the heat
flux from∼77W/m2 to 44W/m2.The heat flux ap-
plied by the infrared lamps was calibrated. A semi-
conductor cooling plate was placed under the sub-
strate with a temperature ranging from −10◦C to
30◦C. For the bottom-heating process, the substrate
was placed on a hot plate with the temperature rang-
ing from 30◦C to 70◦C.

For the growth of large-scaled aligned
CH3NH3PbI3 crystal arrays, a glass brick (2.5 cm×
7.5 cm × 2.5 mm) was used instead of the standing
slide on the substrate to sandwich the precursor
solution of CH3NH3PbI3. A stepper motor was
applied to move the substrates horizontally at a
speed of 20 μm/s, releasing the precursor solution
to grow aligned crystal arrays of CH3NH3PbI3
under the top-heating–bottom-cooling set-up.

Characterizations
The CH3NH3PbI3 microribbons grown on sub-
strates were directly characterized with a cold field
emission scanning electron microscope (Hitachi
S4800, operated at 2.0 kV, 10 μA) and an X-ray
diffractometer (D/MAX-PC 2500, Rigaku, with Cu
Ka radiation at λ = 0.154 nm). A Bruker D8 Dis-
cover diffractometer with a general area detector
diffraction system (GADDS) as a 2D detector was
applied for 2Dwide angleX-raydiffraction (WAXD)
measurements. The calibration was done with sil-
icon powder and silver benzoate. The TEM spec-
imen was prepared by rubbing the grid with the
microribbon arrays.The high-resolution TEM char-
acterizationwas carried out on a FEI Tecnai G2T20
microscope. A Dimension Icon SPM (Bruker, Santa
Barbara, CA, USA) was used to perform the AFM
topographic measurements of the CH3NH3PbI3 ar-
rays.Thephoto response performance of the devices
was studied under ambient conditions using a tung-
sten lamp with a power density ranging from 0 to
15 mW/cm2.

Numerical modeling
The modeling is partially based on Wang et al.’s
previous numerical work on an evaporating liquid
wedge in a groove [27]. A 2D description of the
wedge system is adopted. The simulation domains,
i.e. liquid, solid, and gas, are discretized as shown
in Supplementary Fig. 9. The meniscus is sustained
between the horizontal substrate and the vertical
symmetric surface. Its geometry is set up based on



764 Natl Sci Rev, 2019, Vol. 6, No. 4 RESEARCH ARTICLE

the optical observation. The ambient temperature
and vapor fraction are fixed at the outer boundary
of the gas domain. The gas domain size is, as shown
in Supplementary Fig. 9a, 3.3 times the meniscus
length and 10 times the meniscus height. The do-
main is discretized. The thin film near the contact
line with thickness less than10 μm has been trun-
cated as shown in Supplementary Fig. 9c.The coeffi-
cients of the surface tension to the temperature and
concentration are listed in Table S2.

Problem description
Solute mass diffusion and advection in the liquid
have been included in the model. At the liquid–gas
interface the evaporative cooling is accounted for.
Vapor transport in the gas domain is coupled to the
evaporation since the vapor is produced at the in-
terface and then transferred into the gas domain.
The change of solution concentration due to the sol-
vent evaporation on the interface is also accounted
for. The volume change by evaporation is signifi-
cantly slower than the transport processes; therefore
a quasi-steady assumption for the meniscus shape
and wedge volume during the evaporation process
was appropriate; this has been proved in the litera-
ture [39–41]. Under this assumption, the heat and
mass transport behavior depends only on the in-
stantaneous liquid geometry and environment con-
ditions. Governing equations and numerical treat-
ments are described below.

Evaporation and vapor transport at the
meniscus
Ahigher interfacial temperature,Tlv, bringsmore en-
ergetic liquid molecules to cross the interface into
vapor. A higher vapor pressure,Pv lv, bringsmore va-
pormolecules to condense.Using the kinetics-based
Hertz-Knudsen-Schrage equation we can evaluate
the net evaporated mass flux, m′′

net, at the interface
[42–44]:

m ′′
net = 2σ̄

2 − σ̄

(
M

2π R

)1/2
(
pv equTlv
T1/2
r mlv

− pv lv

T1/2
v lv

)

(1)

where Pv equ(Tlv) is the equilibrium vapor pressure
that could be approximated as the saturation pres-
sure, Psat(Tlv), if the effects of the disjoining and the
capillary pressure are neglected. By the Clausius–
Clapeyron equation,

pv equ(Tlv) ≈ psat(Tlv)

= psat ref exp
(
Mh fg
R

(
1

Tsat ref
− 1

Tlv

))
. (2)

Assuming that the vapor and liquid have about
the same temperature at the interface, which could
be all right for low heat flux cases, then

m ′′
net = 2σ̄

2 − σ̄

(
M̄

2π R̄

)1/2

1

T1/2
lv

(pv equ(Tlv) − pv lv). (3)

Pv lv is related to the vapor transport in the gas do-
main, which is described by

∂Cv

∂t
+ �v · ∇Cv = ∇ · (D · ∇Cv). (4)

Then from the gas domain point of view, themass
flux on the gas side of the interface due to vapor
transport is

m ′′
v = M · J = M ·

(
−D

∂Cv

∂n
+ vnCv

)∣∣∣∣
lv
.

(5)

The first term on the right represents the diffu-
sion. The second represents the advection compo-
nent. vn ensures that the net mass transport of air is
zero since air does not cross the interface as vapor.
At the interface, the evaporating mass flux must be
equal to the vapor transportmass flux such thatm′′

net
= m′′

v, which provides the link between the evap-
oration and the vapor transport. For details refer to
[27]. Besides the evaporation calculation, the solute
transport in the liquid due to diffusion as well as ad-
vection is included.

Numerical treatment
The pressure-based finite-volume scheme [45] im-
plemented in FLUENT was employed for the nu-
merical calculation. The fluid properties are shown
in Table S2 [46–48]. All the nomenclature is listed
in Table S3.

The surface tension along the meniscus varies
with local temperature and local solute concentra-
tion. Marangoni flow is therefore induced.The coef-
ficients of surface tension to the temperature as well
as concentrationhavebeen listed inTableS3.The lo-
cal surface tension at temperature T and solute con-
centration Csol is determined by

γ = γ0 + dγ

dC sol
(C sol − C sol,0) + dγ

dT
(T − T0).

(6)

The reference γ 0 is 37.12 mN/m at T0 being
room temperature and Csol,0 being 20%.
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The evaporative cooling effect due to latent heat
is achieved by employing energy sources at themesh
cells at the interface. Mass sources due to phase
change are also added. Adjustments are also made
on the sensible and other scalars related to the mass
change. The solute concentration keeps increasing
when the solvent keeps evaporating. In the simula-
tion we first obtain the temperature and flow field
and then investigate the solute concentration. The
results of the solute concentration distribution in
this paper and this material are all 12 s after the sol-
vent evaporation starts. The initial concentration is
set to be 0.3.

For the simulated top-heating–bottom-cooling
(THBC) set-up, a heat flux of 275 W/m2 is im-
posed on the liquid surface and the solid upper
surface, while the bottom surface of the solid is
cooled with a fluid temperature of 273.15 K and
the convection heat transfer coefficient is approxi-
mated as 100W/m2 K. For the simulated traditional
bottom-heating set-up, the bottom temperature
was 313.15 K while the ambient temperature was
298.15 K. Due to the very finemeshing near the thin
film region, a double-precision calculation and strict
convergence criteria are necessary; otherwise a fake
low-rate diffusion will occur in the fine mesh area.
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Supplementary data are available atNSR online.
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