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Nomenclature

Latin

A (m?) the liquid-vapor interface area

a (m) the length of the semi-major axis

b (m) the length of the semi-minor axis

c (kg/m3) the mass concentration of water vapor

¢s (kg/m3) the mass concentration of vapor at the droplet-vapor
interface

s (kg/m3) the mass concentration of ambient vapor at infinite
distance from the droplet / the entrapped and en-
hanced vapor concentration

D (m?/s) the diffusion coefficient of water vapor in air

F (m?) the implicit function of contact radius r

h (m) the height of squeezed droplet | the gap between two
parallel surfaces

k (m3/s)  the evaporation rate coefficient

n the outward-pointing normal vector on the liquid-va-
por interface

r(m) the contact radius of squeezed droplet

ry (m), r; (m) the contact radii of the squeezed droplet on upper
and lower surfaces, respectively.

1§ (m)  the initial contact radius at the onset of CCA mode

Ryy(m), Ry, (m) the curvature radii of the liquid-vapor interface
in the x-y plane and the x-z plane, respectively.

RH. (%) the enhanced relative humidity in the confined space

t(s) time

te (s) the total time duration for the complete evaporation
of the squeezed droplet

tp (s) the time when the evaporating droplet pinches off
from the upper surface

t§A (s) the onset of CCA mode during evaporation

teer (S), teca (s) the time duration of CCR/CCA mode in the evap-
oration process of the squeezed droplet

t* téeg, teca  the dimensionless time or time duration defined in
the main text

V (m3) the volume of the evaporating squeezed droplet
Vo (m3) the initial volume of droplet

V(m3/s) the volumetric evaporation rate

Bo the dimensionless Bond number

Ca the dimensionless Capillary number

Greek

o (m) the geometry-dependent factor

2 (m?/s)  the vapor concentration field dependent factor
Oca the contact angle of a sessile droplet

L (Pa-s)  the dynamic viscosity of water

0 the contact angle of a squeezed droplet

p (kg/m3) the density of water

&(m?/s)  the evaporation coefficient in the power law of sessile
droplet evaporation

v (N/m) the interfacial tension of droplet-vapor interface

Abbreviations

CCA constant contact angle

CCR constant contact radius

CVD chemical vapor deposition

DI deionized

RIE reactive ion etching

SEM scanning electron microscope

1. Introduction

The evaporation of a sessile liquid droplet on a solid surface has
remained a very important topic of research in the past several
decades because it plays a pivotal role in a variety of applications
such as inkjet printing [1,2], micro- and nano-fabrications [3],
cell/microparticle separation [4,5], spray cooling [6], chip cooling
[7,8] and DNA mapping [9,10], etc. The evaporation of a sessile dro-
plet is actually a challenging problem, and cannot be simply classi-
fied as a regular heat and mass transfer process because of its
intricate involvement with fluid dynamics, fluid-solid interactions
and contact line dynamics, i.e., a wetting phenomenon on surfaces
with various physical (structural roughness) and chemical (wetta-
bility) properties [11,12]. In 1977, Picknett and Bexon first pro-
posed a diffusion-driven evaporation model determining the
evaporation rate of a sessile droplet by virtue of an analogy
between the concentration field and the electric field [13]. In this
seminal study, the researchers pointed out that the evaporation
dynamics of a sessile droplet could be distinguished by three
modes: (1) the constant contact radius (CCR) mode, in which the
contact angle of the droplet decreases while the contact radius is
kept as a constant; (2) the constant contact angle (CCA) mode, in
which the contact line droplet keeps receding whereas the contact
angle remains unchanged; and (3) the mixed mode, during which
both the contact angle and the contact radius of the droplet vanish
dramatically at the same time. And all the three modes have been
experimentally observed on hydrophilic [14-17], hydrophobic
[18-20] and superhydrophobic [21-24] surfaces. Since then, the
evaporation dynamics of sessile droplets have been extensively
studied by considering droplet evaporation from different aspects:
(1) the effect of substrate properties including the thermal conduc-

tivity [25], temperature [23,26] and viscoelasticity [27] of the sub-
strate and the wettability and topography of the solid surface; (2)
the effect of the atmosphere including the room temperature, rel-
ative humidity and convection flow near the droplet [28-31]; and
(3) the components of the droplet, such as the binary mixture dro-
plet [32] or the droplet containing micro/nano-particles [33].
Nevertheless, much less attention has been paid to the evapora-
tion of a droplet squeezed between two parallel surfaces and espe-
cially between two hydrophobic/superhydrophobic surfaces. In
particular, vapor between the two substrates would be strongly
concentrated at the vicinity of three-phase contact line, which
may significantly hinder the evaporation of the squeezed droplet.
In 2004, Leng experimentally observed the drying of organic dro-
plets confined between two parallel hydrophilic plates from the
bottom view [34], in which the slowing down of evaporation in
the confined geometry was reported. In a series of subsequent
studies [35-39] about the evaporation of squeezed colloidal dro-
plets between two parallel glass substrates, the transport and
deposition of colloidal particles due to the evaporation-induced
flow were reported. However, in their experiments and theoretical
analyses of evaporation, the wettability of glass substrates was not
measured and the evolution of contact angle during evaporation
was ignored. Besides, the few studies [40-42] about the evapora-
tion of a pure fluid droplet between two hydrophilic surfaces
mainly focused on the instability of the as-formed liquid bridge
therein. To our knowledge, the only paper about the drying kinetics
of an evaporating droplet between two hydrophobic plates was
published very recently [43], in which the authors provided some
detailed data about the evolution of contact angle and droplet vol-
ume during evaporation. However, the evaporation dynamics of
the squeezed droplet in the confined space and how the
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confinement suppresses the evaporation of the squeezed droplet
are still unclear.

In this paper, the evaporation of a squeezed water droplet
between two parallel hydrophobic/superhydrophobic surfaces
was experimentally and theoretically investigated. First, the evap-
oration dynamics of a 2 pL water droplet between two parallel
hydrophobic/superhydrophobic surfaces of 1000 pm apart was
experimentally studied. The evaporation modes of a sessile droplet,
i.e.,, CCA, CCR and the mixed mode, could be observed before the
droplet pinched off the upper surface. Then the deposited droplet
on the lower hydrophobic/superhydrophobic surfaces would
behave as a sessile droplet that evaporated via the CCA, CCR and
mixed modes, or directly evaporated in the mixed mode. Subse-
quently, the gap h between the two parallel surfaces was adjusted
from 1000 pm to 400 pm to study the confined space effect on dro-
plet evaporation. With decreasing gap h, the delayed onset of dro-
plet pinch-off was observed and the whole evaporation time was
found to be greatly prolonged. To elucidate suppressed droplet
evaporation, we propose a diffusion-driven model by assuming
the geometry of a squeezed droplet as an ellipsoidal segment.
According to this model, the significant enrichment of vapor near
the droplet, which is induced by the confined space, is found to
be the dominant reason why a narrower gap h leads to the lower
evaporation rate. Importantly, the evolvement of the contact radius
r and the droplet volume during evaporation could be successfully
predicted by this diffusion-driven model. Furthermore, a linear
scaling law between droplet volume and evaporation time was
realized based on our experimental results, which could be
explained by a simplified cylindrical model compared to the more
general ellipsoid segment model. This experimental and theoreti-
cal study on the evaporation dynamics of a squeezed droplet could
deepen our understanding of this phase-change phenomenon in a
confined geometry, and eventually offer us an effective approach to
controlling droplet evaporation in various applications within a
compact space including microfluidic systems [44], fuel cells [45]
and electrowetting-based actuation systems [44,46].

2. Hydrophobic/Superhydrophobic surfaces preparation and
experimental setup

Two kinds of hydrophobic or superhydrophobic surfaces were
prepared for this study. To prepare a hydrophobic surface, we first
spin coated a thin layer of fluoropolymer (PFC 1101 V, Cytonix Cor-
poration) on a silicon wafer at 3000 rpm for 30 s, followed by wafer
baking at 110 °C for 1 h. A water droplet on the fluoropolymer-
coated surface has a contact angle of 118° as shown in Fig. 1(a),
and its receding contact angle and advancing contact angle are
105° and 128°, respectively. To fabricate a superhydrophobic sur-
face as shown in Fig. 1(b), a smooth silicon wafer was first etched
by reactive ion etching (RIE) process (Oxford Plasmalab 100

(a) Oca =118 £ 1°

500 pm
I

(b) 6Bca=158 +1°

plasma dry etchers) [47] to form the nanofiber forest as shown
in Fig. 1(c). Then the fluorinated silane (Trichloro(1H,1H,2H,2H-per
fluorooctyl)-silane, Sigma-Aldrich) was conformally coated on the
nanofibers through the standard chemical vapor deposition
(CVD) process [48]. After baking at 110 °C for 30 min, as-formed
nanostructured surface exhibits a contact angle of water as high
as 158°, and the receding and advancing contact angles thereon
are 152° and 166°, respectively. Considering the confined geometry
effect, all the samples were cut into 2 ¢cm x 2 cm pieces to preset
the distance between the water droplet and the ambient (sample
edges) for consistent evaporation studies.

Then thus-prepared two substrates with the same wettability
were mounted in parallel onto two vertically adjustable linear-
stages (Metric Z-Axis Stage, Edmund Corporation). A deionized
(DI) water (Type I, >18 MQ-cm resistivity) droplet of 2 4+0.1 pL
was generated by a syringe pump (EW-74905, Cole-Parmer Corpo-
ration) and deposited on the center of the bottom surface. The
upper surface was lowered downward to squeeze the sessile dro-
plet as illustrated in Fig. 2(a), and the gap h between the two sur-
faces was modulated by adjusting the height of the upper surface.
The whole evaporation process of the squeezed droplet was
recorded at 1.14 frame/s by a high-speed camera integrated on
the contact angle measure system (Theta Lite, OneAttension Corpo-
ration). All experiments were conducted in a controlled laboratory
environment with an ambient temperature of 21 + 1 °C and a rel-
ative humidity (RH) of 35-40% and all cases were repeated for
three times to verify the reproducibility of our experiments.

3. Theoretical analysis

Despite the complexity of the droplet evaporation process, we
assume the evaporation of a squeezed droplet to be a quasi-
stationary diffusion-driven process in an isothermal environment,
and we ignore the effects of heat transfer, i.e., radiation, convection
heat transfer with the atmosphere and heat conduction with the
substrates. Therefore, this diffusion-driven model is dependent
on the vapor concentration gradient across the liquid-vapor inter-
face and the governing equation of droplet evaporation could be
derived from Fick’s second law as [13,14,49]:

dv D [oc

a - T p %dA (1)
where V is the volume of the droplet, A is the liquid-vapor interface
area, t is the evaporation time, p is the density of water, D is the dif-
fusion coefficient of water vapor in air, n is the outward-pointing
normal vector on the liquid-vapor interface and c is the mass con-
centration of water vapor surrounding the droplet. To solve the
evaporation rate dV/dt in Eq. (1), we need to choose the appropriate
geometrical model for the squeezed shape of the droplet and to
integrate the concentration gradient dc/dn over the surface area A.

Fig. 1. Snapshots of a sessile water droplet on (a) a hydrophobic surface; (b) a superhydrophobic surface; and (c) SEM image of the black silicon nanofiber forest on the

superhydrophobic surface.
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Fig. 2. (a) Schematic of a squeezed droplet confined between two parallel substrates (not in scale); (b) Diagram of the ellipsoid segment model of a squeezed droplet in the x-

y plane.

3.1. Ellipsoidal segment model

For a sessile droplet sitting on a surface, two-parameter mod-
els, i.e., the classical spherical cap model [15], the ellipsoidal cap
model [16] and the pseudo-spherical cap model [17] have been
developed to study its evaporation dynamics. In these models,
only two of the three parameters, i.e., contact radius r, contact
angle 0 and droplet height h, were used. For a squeezed droplet
confined between two parallel surfaces, the height of the
squeezed droplet is fixed by the gap h between the two surfaces,
which means the traditional two-parameter models become
unsuitable in this parallel-plate configuration. Therefore, in this
work we choose the two-parameter ellipsoidal segment model
by assuming the shape of the confined droplet as an ellipsoidal
segment, which is the volume defined by cutting an ellipsoid
with two parallel planes with gap h.

If the initial static contact angle 0 of a water droplet on the two
parallel surfaces is larger than 90° and the shape asymmetry
induced by gravity is negligible, the profile of the ellipsoidal seg-
ment shape in x-y plane is analogues to an ellipse as illustrated
in Fig. 2(b) and can be described by the following equation:

2 2
%;# —1 (2)
where a and b are the lengths of the semi-major axis and the
semi-minor axis, respectively. And based on the geometry relation-
ship, the expression of a and b in terms of r, 0 and h could be
derived as:

B r(2rtan07h)% B h(hertane)%
a‘(W)”‘(f ®)

The volume V and the surface area A4, i.e., the liquid-vapor inter-
face area, of the ellipsoidal segment could be calculated by rotating
the elliptical segment (—h/2 <y < h/2) around the y axis:

h/2 na [h2 h
_ 240, 2.2 _ _
V= n[ x°dy = /7’1/2 (b” —y*)dy = mhr(r 3tan 0) (4)

h/2 b?
h/2
dx\*
A=2x /x 1+(d—y> dy
—h/2
5 h/2 :

_2ma [ e (o )yl

= /{(b+(a b)y?|'dy (5)
—h/2

Therefore, dA could be expressed as:

dA = % [(b4 + (a2 - b2) yz]%dy (6)

To solve the evaporation rate dV/dt in Eq. (1), we also need to
know the vapor concentration gradient dc/dn over the droplet sur-
face, which has been proven to be dependent on the contact angle 0
[50-52]. In this work, to simplify the integration, we took the same
assumption as previous studies [16,17] that the concentration gra-
dient over the surface area of a droplet is radially outward:

JC G —Cx 1 1
- 2 (R—Xy'*‘@ (7)

where ¢, is the mass concentration of vapor at the droplet-vapor
interface, and c,, is conventionally taken to be the mass concentra-
tion of ambient vapor at an infinite distance from the droplet. How-
ever, in our system confined between two parallel plates, c,, would
be more accurately represented by the entrapped (or enhanced)
vapor concentration at the diffusion distance from the droplet, which
is assumed to be a time-independent constant as discussed in Sec-
tion 4.3. Ry, and Ry, are the two radii of curvature of the liquid-vapor
interface in the x-y plane and the x-z plane, respectively, which could
be calculated based on the ellipsoidal segment geometry:

1 ab* 1 b

Ry (e o Re 1o ol ®)

[(b +(a27b )yz] a[(b +<a27b )yz]

By substituting Eqs. (6)-(8) into Eq. (1), the evaporation rate
could be expressed as:

dv 7D(Cs — C) ) 2/"/2 1
e A E— 9
de p l -h2 bt 4 (az - bz)y2 ! ®

Here, to simplify the above formula, we define a vapor-concen
tration-field-dependent factor /:

_ 27D(¢s — Cx)
p
The integration of Eq. (9) could be performed according to the
following three different cases, where the shape of a squeezed dro-
plet would be assumed as a segment of (1) oblate spheroid if
a > b; (2) prolate spheroid if a < b; and (3) sphere if a=b,
respectively:

A (10)

. 2 _ 12 .
2 {h * \/(jgz,’:ﬂ)b“ tan ](% % azb“b )} fa>b

dV, . 2a2h? 1/h b%—a2 . 11
@] e g B gach (D

-l
To derive a simple diffusion-driven model, we assume the

inverse tangent functions could be estimated by their small-
value arguments:

ifa=>b



X. He et al./Journal of Colloid and Interface Science 576 (2020) 127-138 131

_ K2 K2
ta[l 1(’2] \/ a2b4 ) ~ 7 1/ aZbA 3
(12)

~1¢h [P*-a?\ ~ b*—a?
tan™ (3 Tf)~ b—f

NI

Then Eq. (11) for the three different cases could be reduced to
one simple equation:

a2 1] =2 [ ]

dt 2 2 | htano

b’

In Eq. (13), 4 is a factor depending on the vapor concentration
field between the droplet surface and the far field. The other com-
ponent of Eq. (13) could be defined as a geometry-dependent factor
o, whose effect could be regarded as the lumped effect of geometry
changes, including the liquid-vapor surface area change and the
surface curvature change during droplet evaporation:

a:h{l 2r ] (14)

(13)

2|  htané

Based on the chain rule, the evaporation rate dV(0,r)/dt in the
CCA mode could be expressed as:

dv(e,r) ovde ovdr dvdr

dt oodtarde drde (15)
By differentiating Eq. (4), we obtain:

dv

T = Th(2r — Itan 9) (16)

Combining Egs. (13), (15)-(16) together and separating the
variables r and t to the two sides of the equation, we have:
M + Nr
L+r

- %dt - dr (17)
where M = 7th®/6, N = —mhtan0, L = —htan6/2 are the factors
depending on the fixed surface gap h and the constant contact
angle 0 in the CCA mode.

By integrating Eq. (17) from tS® to t at the left-hand side and
from r§™ to r at the right-hand side, we have

F(r) = N(r — r$) + (M — NL) In <LL++ r

__ 4 CCA
) =56 a8
where t§? is the onset of the CCA mode during evaporation, r§® is
the corresponding contact radius at t{ and F(r) is an implicit func-
tion of contact radius r. As indicated by Eq. (18), once h and 0 are
fixed,F(r) in the CCA mode should follow a linear relationship with
time ¢.

3.2. Cylindrical model

Obviously, the implicit function F(r) of Eq. (18) is not mathe-
matically “friendly”. However, based on the following two approx-
imations, i.e., a relatively lower contact angle (0 — 90°) and a
larger extent of squeeze (h < r), the ellipsoidal segment model
could be simplified as a cylindrical model by approximating the
significantly squeezed droplet as cylindrical shape:

lim Y= lim mh (1 - L) ~ 7th
h<r, T h<r, 3rtand (19)
0 — 90° 0 — 90°
V =~ nrth (20)

Here, the cylindrical approximation is assumed to be valid if
|h/3rtand| < 0.1, which means the ratio h/r of the surface gap over
the contact radius needs to be lower than a critical value for certain
contact angle, e.g., 1.70 for 0 = 100° and 0.25 for 0 = 140°.

Therefore, the expression of evaporation rate dV/dt could be
greatly simplified as:

dv /h

bl POt 21

dt 2 1
Based on the integration of Eq. (21), a scaling law between dro-

plet volume V and time t could be expressed as:

V o~ Vo—kt (22)

where V, is the initial volume of droplet, k is the evaporation rate
coefficient scaled as k~ 2h/2. Because this cylindrical model
ignores a portion of convex (or protruding) volume originated from
the larger contact angle, it is not able to accurately predict the evap-
oration rate of a squeezed droplet for the cases with a larger surface
gap h and a larger contact angle (i.e., between superhydrophobic
surfaces). Moreover, this cylindrical approximation with a fixed sur-
face gap h would gradually become invalid with the decreasing con-
tact radius r during evaporation. Therefore, we use the scaling law
of Eq. (22) to roughly represent the relationship between droplet
volume V and time t during evaporation. Nevertheless, the linear
scaling relationship resulting from the cylindrical model should still
provide us some useful information for estimating the evolution of
droplet volume with time.

4. Results and discussion
4.1. Evaporation dynamics of squeezed droplets

The representative snapshots of an evaporating droplet
between two hydrophobic surfaces and two superhydrophobic
surfaces with different surface gaps (h=400 um or
h =1000 pm) are shown in Fig. 3 respectively. All the snapshots
were selected based on the nondimensional time t* = t/t;, where
t; is the total time for the complete evaporation of the squeezed
droplet. As shown in Fig. 3, the evaporating droplets in the four
cases followed a similar behavior: due to the constraint of the
two surfaces, the volume reduction of the evaporating droplet gave
rise to a continuous shrinkage of the contact line and finally evap-
orated as a sessile droplet after it pinched off from the upper sur-
face. To quantitatively study the evaporation dynamics, the
corresponding temporal evolution of contact angle 6 and contact
radius r of the evaporating droplets for the four cases are plotted
in Fig. 4. The three traditional modes (CCR, CCA and the mixed
mode) of sessile droplet evaporation could also be observed during
the squeezed droplet evaporation. Here the three regimes of evap-
oration modes for the four cases were separately labelled in
Figs. 4(a)-(d), in which the black dashed lines denote the transition
time between different evaporation modes and the orange dashed
lines indicate the onset moment t, of the evaporating droplet
pinching off from the upper surface.

As shown in Fig. 4, before and after the pinch-off time ¢,, the
evaporating droplets between two surfaces with different wetta-
bility and surface gaps followed essentially similar modes of evap-
oration dynamics. At the beginning of evaporation, the contact line
of the droplet remained pinned while the contact angle continu-
ously decreased, demonstrating the existence of the CCR mode
during the evaporation dynamics of the squeezed droplet. Once
the contact angle 0 reduced to a certain value (~111° for hydropho-
bic cases and ~ 135° for superhydrophobic cases), the contact
radius r began to shrink so that the CCA mode became dominant
in evaporation. During the majority of the period, the evaporation
dynamics of the droplet followed the CCA mode. And the contact
angle 0 and contact radius r on the upper surface were almost iden-
tical to those on the lower surface, indicating the up-down sym-
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Fig. 3. Snapshots of droplet evaporation between two parallel (a) hydrophobic surfaces (h = 1000 pum); (b) superhydrophobic surfaces (h = 1000 pm); (c) hydrophobic
surfaces (h =400 pm); and (d) superhydrophobic surfaces (h = 400 pum). DI water droplet volume is 2 +£0.1 pL in these experiments.
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Fig. 4. (a) Temporal evolution of the contact angle 6 of an evaporating droplet between two parallel surfaces with h = 1000 pm; (b) Temporal evolution of the contact radius
r of an evaporating droplet between two parallel surfaces with h = 1000 pm; (c) Temporal evolution of the contact angle 0 of an evaporating droplet between two parallel
surfaces with h = 400 pm; and (d) Temporal evolution of the contact radius r of an evaporating droplet between two parallel surfaces with h = 400 pm. (The three regimes
of evaporation dynamics for the four different cases are labeled in the four figures, respectively, as the following: superhydrophobic h = 1000 um in Fig. 4(a), hydrophobic
h =1000 pm in Fig. 4(b), superhydrophobic h = 400 pm in Fig. 4(c), and hydrophobic h = 400 pum in Fig. 4(d).)

metric shape of the squeezed droplet due to the negligible effect of
gravity.

Nevertheless, as the evaporation time t approached t,, the shape
symmetry was gradually broken with the increasing difference
between the contact radius r, on the upper surface and r, on the
lower surface until the evaporating droplet detached from the

upper surface. It is noteworthy that only the CCR and CCA modes
existed before t, for the cases of the larger surface gap
(h =1000 pm). However, the mixed mode of evaporation, during
which the contact line keeps retreating inward while the contact
angle 0 keeps decreasing, was observed near t, in the two cases
of narrower surface gap (h =400 pm), which could be explained
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by the significantly extended evaporation lifetime that will be dis-
cussed in Section 4.3.

With the rapid reduction of the liquid-solid contact area on the
upper surface as shown in Figs. 4(b) and 4(d), the capillary force
between the upper surface and the evaporating droplet was
decreased. Once the force became too weak to overcome droplet
gravity and the capillary force from the lower surface, the evapo-
rating droplet would pinch off from the upper surface and deposit
on the lower surface. The snapshots of the evaporating droplet
before and after the pinch-off time ¢, for the four cases are illus-
trated in Fig. 5. Two distinguished pinch-off behaviors of the evap-
orating droplet could be observed: (1) between the two
hydrophobic surfaces, a small droplet remained on the upper sur-
face after the breakup of the liquid bridge; and (2) between the two
superhydrophobic surfaces, the evaporating droplet fully detached
from the upper surface without leaving a small droplet on it. Sim-
ilar stretching-induced breakup of a liquid bridge has been
observed in some prior studies of droplet deposition on hydropho-
bic surfaces, in which the size of the resulting droplets was found
to be strongly dependent on the retraction speed of needle or the
upper surface during the contact-drop dispensing process [53-
55]. In our work, the surface gap h was fixed during droplet evap-
oration, and hence the stretching of the evaporation droplet should
be attributed to other reasons rather than the moving up of the
upper surface. Indeed, whether an evaporating droplet between
two surfaces is squeezed or stretched depends on whether the
equivalent height hs of the sessile droplet with identical volume
is smaller than the surface gap h or not. In our experiments, the
droplet was initially squeezed between two parallel plates and
gradually became stretched once hs got smaller than h due to the
volume reduction of the evaporating droplet. Therefore, as the
equivalent height hs continued decreasing with time t approaching
tp, the evaporating droplet would behave like a prolate droplet
stretched by the two substrates. On the other hand, the adhesion
force on the superhydrophobic surface was so weak that the liquid
bridge would eventually detach from the upper surface without
leaving a smaller droplet.

Another non-negligible phenomenon during droplet evapora-
tion is related to the contact angle hysteresis [56]. The evaporation
of a droplet could be regarded as a dewetting process and the
receding contact line in the CCA mode of evaporation indicates
the measured contact angle during evaporation should be regarded
as the receding contact angle rather than the static contact angle
[57]. However, this statement deserves further reconsideration or
revisiting on the structured superhydrophobic surfaces. In our

@) 400 pm

experiments of squeezed droplet evaporation between two super-
hydrophobic surfaces, the evaporation-triggered wetting transi-
tion, e.g., the Cassie-to-Wenzel transition, might change the
wetting state of the evaporating droplet and lead to an apparent
reduction of contact angle [58-60], implying the measured contact
angle during droplet evaporation could not be simply regarded as
the receding contact angle on the superhydrophobic surfaces. Fur-
thermore, the self-stretching phenomenon discussed above would
also affect the measured contact angle, which could be demon-
strated by the contact angle jumps before and after t, as shown
in Figs. 4(a) and 4(c).

After the evaporating droplet pinches off the upper surface and
dwells on the lower surface, its evaporation dynamics should be
similar with that of a sessile droplet. However, according to our
experimental observations, the evaporation mode after pinch-off
was jointly dependent upon the size of the deposited sessile dro-
plet, surface wettability and the surface gap h. For the case of
superhydrophobic surfaces with gap h = 1000 pm, we did observe
that the evaporating droplet re-experienced the CCR, CCA and the
mixed mode before the complete evaporation as shown in
Figs. 4(a) and 4(b). For the other three cases, the droplet straight-
forwardly evaporated in the mixed mode to the end, which may
be due to the narrower gap h or the relatively lower contact angle
on the hydrophobic surfaces. On one hand, for the cases of
h =400 pm, the onset of pinch-off was significantly delayed and
the volume of the deposited droplet on the lower surface was so
small that it evaporated solely via the mixed mode, skipping the
CCR and CCA modes. On the other hand, between hydrophobic sur-
faces, the contact angle of the small deposited droplet after t, was
about 100°, which may lead to the periods of both the CCR and CCA
modes too short to be observed, as shown in Fig. 4(b).

4.2. Reconsideration of the effect of gravity on the evaporation
dynamics of the squeezed droplet

The effects of gravity and viscous force on evaporation dynam-
ics of microdroplets were usually ignored in most previous works
[15-17,19]. In our work, the Capillary number (Ca = pU/7y, where
1 is the dynamic viscosity of water, ) is the interfacial tension of
droplet-vapor interface, U is the characteristic velocity) is used to
evaluate the relative significance of viscous force and surface ten-
sion force. Although the characteristic velocity U inside the droplet
could not be directly obtained in our experiments, it was believed

to be very small (< 10~> m/s) in the diffusion-driven evaporation
process according to several previous studies [61,62]. Therefore, Ca

(b) 400 ym

Fig. 5. Snapshots of an evaporating droplet before and after pinching off from the upper (a) hydrophobic surface (h=1000 pm); (b) superhydrophobic surface
(h=1000 pm); (c) hydrophobic surface (h = 400 um); and (d) superhydrophobic surface (h = 400 pm).
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should be smaller than 1.4 x 1077 in this work, which means the
effect of viscous force could be ignored in comparison with the
effect of surface tension force. And the Bond number

(Bo = ,ogh2 /7, where g is the gravitational acceleration) could be
used to represent the relative importance of gravity and surface
tension force, whose value is reduced from 0.134 to 0.022 due to
the decreasing surface gap h from 1000 pm to 400 pm, also con-
firming the negligibility of gravity on the squeezed droplet evapo-
ration. Moreover, the close overlap of both the contact radius
curves and the contact angle curves of the upper and lower sur-
faces for each case as shown in Fig. 4 is also a strong validation
of this assumption that the evaporation of a squeezed droplet
could be regarded as up-down symmetric.

However, the evaporating droplet always tends to pinch off
from the upper surface and deposits on the lower surface, implying
that gravity does play a certain role in the pinch-off process. In fact,
our experimental results do not contradict with our Bond number
analyses. The whole experimental setup can be taken as a bistable
system, in which depositing the droplet onto the upper surface or
the lower surface are the two potential stable states. And the grav-
ity, as the only source of asymmetric force acting on the evaporat-
ing droplet, could be regarded as an excessive load on the bistable
system. During the whole evaporation process, the mismatch of
contact radius (|r; — ry|) incurred by gravity would eventually lead
to a remarkable asymmetry of the capillary forces with the two
surfaces, resulting in the final deposition of the evaporating droplet
on the lower surface. Therefore, the effect of gravity should be con-
sidered especially around the pinch-off time t,. However, this
pinch-off period with asymmetric contact radius and contact angle
is very short compared with the whole evaporation period, which
justifies the neglect of gravity in our theoretical analyses of
squeezed droplet evaporation.

4.3. The effect of surface gap h on droplet evaporation in the confined
space

With the decrease of surface gap h from 1000 pm to 400 pm,
the total evaporation time t; was increased by about 2.2 times
between the hydrophobic surfaces (2481 s to 5456 s), and about
1.9 times between the superhydrophobic surfaces (2640 s to
4909 s), indicating that the total evaporation time could be signif-
icantly increased by decreasing gap h whereas the effect of
hydrophobicity on the evaporation time could not be easily distin-
guished. Moreover, the delayed onset of pinch-off due to the nar-
rower surface gap h contributed to the increased duration of the
CCA mode, which is demonstrated by the increased dimensionless
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duration of the CCA mode ti = tcca/tr = 0.53 —0.67 for the
superhydrophobic cases and t;, = 0.72 — 0.83 for the hydrophobic
cases. On the contrary, the very short duration of the CCR mode
decreases slightly (ti = tcer/t: =0.18 —0.14 for the superhy-
drophobic cases and t{ = 0.04 — 0.02 for the hydrophobic cases),
implying the dominant role of the CCA mode in the evaporation
dynamics of the squeezed droplet. This is also the reason why we
mainly apply our model to the CCA mode in the following section.

To quantitatively investigate the effect of surface gap h on the
squeezed droplet evaporation, we applied our ellipsoidal segment
model in Section 3.1 to our experimental data. First, we calculated
the value of the implicit function F(r), which is defined in Eq. (18),
based on our measured contact radius r and contact angle 0. Here,
the contact radius is the average value of contact radii on both the
upper and the lower surfaces, and the constant contact angle is the
average contact angle in the whole period of the CCA mode. In
Fig. 6, we plot the implicit function F(r) against evaporation time
t during the CCA mode of the hydrophobic cases (Fig. 6a) and the
superhydrophobic cases (Fig. 6b), respectively, with the surface
gap h ranging from 400 pm to 1000 pm. Then a linear relationship
is used to fit the data of F(r) in the CCA mode for each case. As
expected, the calculated F(r) could be successfully regressed to a
linear fitting curve as shown in Fig. 6, demonstrating the validity
of our ellipsoidal segment model.

As indicated by Eq. (13), the evaporation rate dV/dt of the
squeezed droplet is jointly determined by the vapor-concentra
tion-field-dependent factor 4 and the geometry-dependent factor
o. Here, the temporal factor oo could be calculated based on the
real-time contact angle 0 and contact radius r measured in the
experiments. As shown in Fig. 7(a), the geometrical factor «
increases with both the decreasing surface gap h and the enhanced
surface hydrophobicity (from hydrophobic to superhydrophobic).
However, this trend seemingly contradicts with our experimental
observations, in which the completion of the evaporation process
is significantly delayed between the two surfaces with a narrower
gap h whereas the evaporation lifetime of the droplet between two
superhydrophobic surfaces is only slightly different from that of
the hydrophobic cases of same gap h. This fact indicates that the
only possible reason for the suppressed droplet evaporation in
the narrower space is due to the reduction of the vapor-
dependent factor /. According to Eq. (18), the value of / could be
easily obtained from the slope —/4/2 of the straight lines as shown
in Fig. 6, and the calculated /. between both the superhydrophobic
surfaces and the hydrophobic surfaces are plotted in Fig. 7(b)
against the surface gap h. As expected, the factor 4 increases with
the increasing surface gap h but decreases with the enhancement
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.
*e\% o h=1000 um
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Fig. 6. Evolutions of the implicit function F(r) calculated from Eq. (18) over time ¢ for (a) the hydrophobic cases and (b) the superhydrophobic cases. (Only the calculated

values of F(r) in the CCA mode are shown.)
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Fig. 7. (a) Temporal evolution of geometry-dependent factor « of an evaporating droplet between two parallel hydrophobic/superhydrophobic surfaces with various surface
gap h; (b) Surface gap dependence of the vapor-concentration-field-dependent factor 4; (c) The temporal evolution of relative humidity RH,, between two parallel
hydrophobic surfaces during evaporation; and (d) The temporal evolution of relative humidity RH., between two parallel superhydrophobic surfaces during evaporation.

of hydrophobicity. Recall that 4 as defined in Eq. (10) is a factor
depending on liquid density p, vapor diffusion coefficient D, vapor
concentration on the droplet surface c;, and vapor concentration in
the far field c,, in a combined manner. In our experiments with
steady temperature and pressure, p, D and ¢, could be regarded
as constants, implying the increase of c,, due to the confined space
is the only reason why 1 decreases with decreasing h as shown in
Fig. 7(b).

Regarding the evaporation of a sessile droplet in an open envi-
ronment, the value of c,, can be always assumed as the ambient
vapor concentration. However, the confined space in the parallel-
plate configuration would induce the accumulation of vapor sur-
rounding the evaporating droplet, thus the increased confinement
in the narrower gap h finally gives rise to the higher value of c.,.
Moreover, the relatively larger contact angle on the superhy-
drophobic surfaces indicates a narrower wedge region formed
between the solid surface and the droplet periphery near the
three-phase contact line, which could entrap evaporated vapor in
the vicinity of the contact line, leading to a lower /. between the
superhydrophobic surfaces as well. And this is the reason why
we define c,, as the entrapped (or enhanced) vapor concentration
at the diffusion distance from the droplet surface in Section 3.1.

In order to verify the enhanced vapor concentration in the con-
fined space between parallel plates, the relative humidity RH.,
therein can be estimated by combining Eq. (10) and Egs. (13)-
(14) as:

_ pav
2mDc;

[

RH,,

Cs

(23)

where V is the volumetric evaporation rate of the droplet and could
be estimated based on the temporal evolution of the droplet vol-

ume. The diffusion coefficient D of water molecules in air is taken
as a constant value of 0.244 c¢cm?/s [63] and the saturated vapor
concentration ¢; at the room temperature is taken as 18.3 g/m3
[64]. Here the temporal evolutions of the enhanced relative humid-
ity RH,. between two parallel hydrophobic/superhydrophobic sur-
faces during evaporation are shown in Fig. 7(c) and (d),
respectively. It is evident that the values of RH,. for all the eights
cases are larger than the ambient relative humidity (35-40%) in
our experiments. And the increasing RH,, with narrowing surface
gap h also confirms our prediction of the enhanced vapor concentra-
tion in the confined space. For the cases with the same surface gap h
but with different surface wettability, the vapor concentration
between the superhydrophobic surfaces is larger than that between
the hydrophobic surfaces, which is consistent with the decreasing
trend of RH,, when the droplet evaporation changes from the CCR
mode to the CCA mode. And the decreasing RH,, associated with a
smaller contact angle could be explained by the lower extent of
vapor enrichment in the wider wedge region, which is formed at
the three-phase (solid-liquid-vapor) contact zone as mentioned
above. In addition, although RH,, gradually decreases during dro-
plet evaporation, the decreased level of RH,, is not very large, espe-
cially in the CCA mode (e.g., RH,. = 67% — 58% for the hydrophobic
case of h = 1000 wm; RH,, = 93% — 85% for the superhydrophobic
case of h =400 pum). Therefore, it is reasonable to assume the cor-
responding entrapped vapor concentration c, as a time-
independent constant especially in our analysis of the CCA mode.
In fact, the effect of vapor enrichment has been experimentally
observed by Basu’s group when they studied the sessile droplet
evaporation dynamics in a confined channel [29-31]. The evapora-
tion process of a confined sessile droplet therein was also found to
be mitigated by the relative higher concentration c,, (i.e., larger
than the ambient vapor concentration) induced by the confined
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space. Furthermore, the researchers found that the value of ¢, (¢,
in [29]) remains temporally constant during the droplet evapora-
tion in the longer channels [29], which also confirms the validity
of our assumption that c. is a time-independent constant in Sec-
tion 3.1 since the dimension of our substrate (~2 cm) is greatly lar-
ger than the squeezed droplet radius (~1 mm).

In summary, when a squeezed droplet evaporates in a confined
space, the increase of the geometrical factor o would speed up the
evaporation process whereas the decreasing vapor-dependent fac-
tor 4 would slow down the evaporation, implying the enhanced
vapor confinement due to the narrower surface gap h is the origin
of the suppression of droplet evaporation within two parallel sur-
faces. Regarding these two factors, o could not be tuned if the dro-
plet volume, surface wettability and surface gap h are fixed.
However, the vapor-dependent factor / is adjustable during evap-
oration if the vapor concentration can be modulated within the
confined space. Therefore, the evaporation process of a squeezed
droplet in a compact space could be greatly facilitated if the vapor
surrounding the droplet is evacuated in a fast fashion. Besides, the
competition between the vapor-dependent factor /. and the
geometry-dependent factor « for cases with different hydrophobic-
ity, i.e., the larger value of « and the smaller value of A in the super-
hydrophobic cases versus the smaller value of « and the larger
value of 1 in the hydrophobic cases as shown in Fig. 7, could be
used to explain why it is hard to differentiate the effects of differ-
ent surface hydrophobicity on the evaporation process of a
squeezed droplet.

4.4. Evaporation rate

By substituting the derived value of / into Eq. (17), the theoret-
ical value of contact radius in the CCA mode could be obtained by
solving this implicit equation numerically. Fig. 8 displays the evo-
lutions of both the theoretically predicted and the experimental
values of contact radius r of the evaporating squeezed droplets
between the two parallel hydrophobic/superhydrophobic surfaces
with four different surface gaps h ranging from 400 um to
1000 pm, respectively. Note that the experimental contact radius
herein is also the averaged value of the contact radii on the lower
and upper surfaces and we only plot the data before the pinch-off
time t, to verify our ellipsoidal segment model. Based on the the-
oretical values of contact radius, the theoretical volume changes of
evaporating squeezed droplets between two parallel hydropho-
bic/superhydrophobic surfaces with four different surface gaps h
could be predicted according to Eq. (4), which are plotted along
with the experimental volume changes in Fig. 9, respectively. As
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indicated in Figs. 8 and 9, the excellent agreement between the
experimental data and the theoretical models validates the ellip-
soidal segment model as a useful predictor for the evolutions of
contact radius and droplet volume. For the superhydrophobic cases
with narrower surface gaps (h =400 pm, 600 pm), our ellip-
soidal segment model would underestimate the reductions of both
the contact radius r and volume V when approaching t, as shown
in Figs. 8(b) and 9(b). And this underestimation could be ascribed
to the reduced contact angle in the mixed mode and the increased
asymmetry of contact radius near t, as we discussed in previous
sections.

Another important aspect of droplet evaporation is the scaling
relationship between the droplet volume V and the evaporation
time t. Regarding the evaporation of a sessile droplet, the power
law of V¥? ~ V@ —¢t has been reported in previous studies
[23,65], in which the value of the evaporation coefficient ¢ was
found to be increased after the droplet evaporation transited from
the CCR mode to the CCA mode. Similarly, the slope change of
each V-t curve in Fig. 9 implies that the evaporation rate dV/dt
of the squeezed droplet between two parallel surfaces is also
influenced by the evaporation modes of the droplet. However,
there are two distinguishing features for the squeezed droplet
evaporation. First, the volume evolution of the squeezed droplet
follows a nearly linear relationship with time, i.e.,, V ~ t, rather

than the conventional power law of V?/* ~ t. This linear scaling
relationship is consistent with our cylindrical model (Eq. (22))
in that the squeezed droplet could be approximated as a cylindri-
cal droplet once the extent of squeeze is significant enough
(h<r), or the contact angle of the evaporating droplet
approaches 90° on the surfaces. As indicated by the scaling of
coefficient k ~ 1h/2, the decreasing slope of the V-t curves with
narrowing gap h as shown in Fig. 9 could be accounted for by
both the lower h and the confinement-induced lower 4. Second,
the evaporation rate in the CCA mode is larger than that in the
CCR mode, which is contrary to the findings for the sessile droplet
evaporation. This improvement of evaporation rate during the
transition from the CCR mode to the CCA mode could be ascribed
to the decreasing RH,, inside the confined space as shown in
Fig. 7(c) and (d). Moreover, the receding contact line in the CCR
mode might consecutively refresh the local concentration field
of vapor near the contact line, which may moderate the effect
of vapor enrichment between the substrates. With time ¢t
approaching the pitch-off time t,, the remarkably shrunk contact
radius r indicates that the assumption of h < r does not hold any-
more, which also accounts for the increasing deviation between
the experimental data and the linear fitting curve near ¢,.
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Fig. 8. Evolutions of the contact radiusr of an evaporating droplet over time t in the (a) hydrophobic parallel-plate cases and (b) superhydrophobic parallel-plate cases before
the pinch-off time t, (scatter circle: the experimental data; the dashed curve: theoretical value predicted by the ellipsoidal segment model).
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Fig. 9. Temporal evolutions of the volume of an evaporating droplet for (a) hydrophobic parallel-plate cases and (b) superhydrophobic parallel-plate cases before the pinch-
off time t, (scatter: experimental data; the black dashed curve: the values predicted by the ellipsoidal segment model; the purple dashed curve: linear fitting curve based on
the cylindrical model.) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Conclusion

In this work, the evaporation dynamics of a squeezed water
droplet between two parallel hydrophobic/superhydrophobic sur-
faces have been experimentally and theoretically investigated. In
comparison to most previous studies of confined droplet evapora-
tion, which mainly focused on either colloid particle transport
inside the evaporating droplet while ignoring the contact angle
change of droplet [34-36,38,39] or the liquid bridge instability
between two hydrophilic surfaces during the evaporation [40-
42], here we conducted the first systematic study on the evapora-
tion dynamics of a squeezed water droplet between two hydropho-
bic/superhydrophobic surfaces by taking the effects of the confined
space and the morphological (contact angle/contact radius of an
evaporating droplet) change in to account.

A series of droplet evaporation experiments with a variety of
surface gaps and surface wettability, i.e., hydrophobic and super-
hydrophobic, were performed to observe the evolutions of contact
angle, contact radius and volume of the evaporating droplet. The
evaporation dynamics of the squeezed droplet can be demarcated
into two phases by a critical time t, when the droplet pinches off
from the upper surface. The CCR, CCA and the mixed evaporation
mode of the squeezed droplet are observed before the pinch-off
time t,. However, the evaporation mode after ¢, is highly depen-
dent on the surface wettability and surface gap. Furthermore, the
increased total evaporation time for the squeezed droplet in the
narrower surface gap indicates that the squeezed droplet in a more
confined space could significantly suppress its evaporation. To
explain the inhibited evaporation of a squeezed droplet between
two parallel surfaces, an ellipsoidal segment model is derived
based on the isothermal diffusion-driven assumption, which could
successfully predict the evolution of the droplet volume and con-
tact radius during the CCA mode with high precision. Based on this
model, the decrease of the evaporation coefficient 2 for a narrower
surface gap h suggests that the enrichment of vapor concentration
near the droplet in the confined space is the origin of the mitigated
evaporation of the squeezed droplet. Moreover, the unveiled linear
scaling law between droplet volume and time, which is also
reported in the studies of Portuguez [43], is explained by the cylin-
drical model simplified from the ellipsoidal segment model.

The evaporation of a liquid droplet with deformed morphology
in a confined space is a common phenomenon in our daily life. For
example, the drying of trapped or condensed liquid inside compact
electronic products can be employed to mitigate or avoid water
damage [66]. This type of droplet evaporation process also needs
to be considered in various applications with a confined geometry

including the microfluidic systems [44], fuel cells [45] and
electrowetting-based actuation systems [44,46]. Our study about
evaporation of squeezed water droplets between two parallel
hydrophobic/superhydrophobic surfaces could deepen our under-
standing of droplet behaviors in these compact and complicated
environments. The ellipsoidal segment model and the ideally sim-
plified cylindrical model provide us with a versatile tool to predict
and delineate the evaporation kinetics of squeezed droplets in a
confined space. Furthermore, the insights presented in this work
indicates that the enriched vapor concentration in the confined
space is the primary reason inhibiting droplet evaporation, which
offers us a guideline for manipulating droplets in a more complex
environment.
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Verification of Reproducibility of Experimental Measurements

In order to verify the reproducibility of our experimental measurements, we conducted at least
three times measurements for each case of evaporation of squeezed water droplets between two
parallel plates with different wettability (hydrophobic or superhydrophobic) and gap h. For
consistence, the DI water droplets are 2 + 0.1 #L as in the main text.

Here the evolution of contact angle and contact radius of three times measurements of squeezed
droplet evaporation between hydrophobic parallel surfaces with different gaps are illustrated in
Fig. S1.
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Figure S1. DI water droplet evaporation between two parallel hydrophobic surfaces.
(a) Temporal evolution of the contact angle 8 of an evaporating droplet between two parallel
hydrophobic surfaces with h = 1000 um; (b) Temporal evolution of the contact radius r of an
evaporating droplet between two parallel hydrophobic surfaces with h = 1000 um; (¢) Temporal
evolution of the contact angle 6 of an evaporating droplet between two parallel hydrophobic
surfaces with h = 400 um; (d) Temporal evolution of the contact radius r of an evaporating
droplet between two parallel hydrophobic surfaces with h = 400 um.



Here the evolution of contact angle and contact radius of three times measurements of droplet
evaporation between superhydrophobic parallel surfaces with different gaps are illustrated in Fig.
S2. The fabrication of black silicon-based nanoforrests and their surface treatment are given in the
main text.
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Figure S2. DI water droplet evaporation between two parallel superhydrophobic surfaces.
(a) Temporal evolution of the contact angle 8 of an evaporating droplet between two parallel
superhydrophobic surfaces with h = 1000 um; (b) Temporal evolution of the contact radius r of
an evaporating droplet between two parallel superhydrophobic surfaces with h = 1000 um;
(c) Temporal evolution of the contact angle 8 of an evaporating droplet between two parallel
superhydrophobic surfaces with h = 400 um; (d) Temporal evolution of the contact radius r of an
evaporating droplet between two parallel superhydrophobic surfaces with h = 400 um.

As can be seen in Fig. S1 and Fig. S2, the evaporation dynamics of the squeezed droplets in
the repeated measurements exhibit the same modes of evaporation (CCA, CCR and mixed mode)
and the corresponding evaporation periods have only slight variations due to the tiny difference of
+ 0.1 4L in droplet volume, which confirms the reproducibility of our experimental measurements
as detailed in the main text.



