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TOPICAL REVIEW — Water at molecular level
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The evaporation of water is essential in the macroscopic world. Recent researches show that, on solid surfaces, the
evaporation of nanoscale water is quite different from that on bulk water surfaces. In this review, we show the theoretical
progress in the study of nanoscale water evaporation on various solid surfaces: the evaporation rate of nanoscale water
does not show a monotonic decrease when the solid surface changes from hydrophobic to hydrophilic; the evaporation of
nanoscale water on hydrophobic—hydrophilic patterned surfaces is unexpectedly faster than that on uniform surface; the
evaporation of nanoscale water on patterned graphene oxide is faster than that on homogeneous one; how temperature
affects the evaporation of nanoscale water on solid surface; how ions affect the evaporation of nanoscale water on graphene

oxide.
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1. Introduction

The evaporation of water plays a key role in the
global water circulation,!! affecting many processes in nature
and industry, e.g., transpiration,[2’3] thermoregulation, 41 goil
salinization,! chip manufacturing,®”! printing,!® and spray
cooling.[”19 The evaporation of water from bulk water sur-
faces such as lakes or rives is a classical topic and has al-

IL121 However, the nanoscale

14]

ready been extensively studied.!
water on solid surfaces, such as those of leaves, 13! skin,!
soil,’! or a surface for printing,®! are ubiquitous in nature.
The evaporation rate of nanoscale water from those surfaces
may cause obvious effects, e.g., plant withering, dehydration,
desertification of soil, or improved efficiency for printing. In
2015, Chen et al. demonstrated an electricity generator that
rests on nanoscale water while harvesting its evaporation to
power a light source,[!! they proposed that natural evapora-
tion of water could be a reliable renewable energy resource. [16]
Thus, understanding the evaporation of such nanoscale water
on solid surfaces is essential for many phenomena. Recent
studies show that, the evaporation of such nanoscale water is
quite different from the evaporation on bulk water surfaces.!!”!
Shin et al. experimentally investigated the evaporation of wa-
ter droplets on hydrophobic and hydrophilic surfaces, and con-
cluded that the evaporation rate is highly affected by the sur-
face characteristics.!'®! In 2011, Lee and his co-workers stud-
ied the evaporation of water droplets from nanoporous mi-
crocantilevers and stated that the dynamics of water evapo-
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ration under hydrophobic and hydrophilic conditions are very
different.'°! In 2012, Sobac et al. found that the evaporation
rate appears to be clearly influenced by the thermal effectiv-
ity of the substrate.*’] These all indicate that the characteris-
tics of solid surface play an important role in the evaporation
of nanoscale water. In this paper, we give a brief review of
our recent theoretical progress in the study of nanoscale water
evaporation on various solid surfaces.

2. Evaporation of nanoscale water on surfaces
with different wetting properties

The substrate we used is assigned by positive and negative
charges (each has a same magnitude g).!?!! The total numbers
of positive and negative charges are the same, which keeps
the substrate neutral. The substrate changes from hydropho-
bic to hydrophilic as ¢ increases from O to 0.8e. By molec-
ular dynamics (MD) simulations, we found that, the evapora-
tion rate of nanoscale water increased first, and then decreased
after it reached a maximum value as the substrate changed
from hydrophobic to hydrophilic (Fig. 1). Here, the evapo-
ration rate R represents the number of water molecules evap-
orating from the substrate per nanosecond. Such effect of the
surface wettability on the evaporation rate of nanoscale wa-
ter is the competition of two different mechanisms: on one
hand, the surface wettability affects the shape of the liquid—
gas surface; on the other hand, the attraction from the sub-
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strate of different wettability changes the escape probability
of surface water molecules. When the substrate is not enough
hydrophilic, the water molecules on the substrate accumulate
into the form of a sessile spherical cap. The liquid—gas surface
area of the droplet is the main factor that influences the evap-
oration rate of nanoscale water. Since the liquid—gas surface
area of a droplet increases as the contact angle decreases, the
evaporation rate of nanoscale water increases as the substrate
becomes more hydrophilic. Meanwhile, when the substrate
is enough hydrophilic, the water molecules spread to form a
monolayer on the substrate, and the shape of the water aggre-
gation almost remains the same. In this situation, the attrac-
tion from the substrate that prevents the water molecules from
running off becomes stronger as the substrate becomes further
hydrophilic, which results in the decreasing of the evapora-
tion. Thus, the maximum evaporation rate of nanoscale wa-
ter corresponds to the hydrophilic surface, on which the water

molecules just spread to form a monolayer. [>!
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Fig. 1. The evaporation rate of nanoscale water versus assigned charge q.
(a) Snapshot of water molecules forming a droplet on the substrate that is
quite hydrophobic. (b) Snapshot of water molecules spreading to form a
monolayer when the evaporation rate reaches a maximum value (red and
blue spheres represent the atoms with positive and negative charges, respec-
tively).

3. Faster water evaporation on hydrophobic—
hydrophilic patterned surface

Most surfaces are not uniformly hydrophobic or hy-
drophilic in nature. For example, soil surfaces with a mix-
ture of components, the back of a desert beetle,>*?* and the

surface of a leaf(2526

I all have patterns with different wetta-
bilities. The patterned structure usually brings new properties,
e.g., superhydrophobicity,?’=3! or wetting state change of a

31321 How do these patterns influence the evaporation

droplet.!
of nanoscale water?

We used a nanoscale triangular hydrophobic—hydrophilic
pattern as a model to study the evaporation of nanoscale wa-
ter. By MD simulation, we found that the evaporation of
nanoscale water from certain hydrophobic—hydrophilic pat-
terns was faster than that from any surface with uniform wetta-
bility, even though the water film only covered half of the sub-

strate. Most water molecules were confined to the hydrophilic

region of the substrate, and were separated into several films
surrounded by the hydrophobic region. On the hydrophilic
region, compared with the uniform surface, the thickness of
the water film increased obviously due to the reduction of the

2 increased

hydrophilic area, and the evaporation rate per nm
sharply with the water thickness, which partly compensated
for the effect of the decreased hydrophilic area. Meanwhile,
water molecules also diffused out of the hydrophilic region
across the contact lines that coincide with the pattern bound-
aries and evaporated from the hydrophobic region. This part of
evaporation rate from the hydrophobic region was almost pro-
portional to the total length of the contact lines (Fig. 2). The
considerable evaporation rate from the hydrophobic region to-
gether with the slight decrease in evaporation rate from the
hydrophilic region resulted in the enhancement of nanoscale

water evaporation. [33]
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Fig. 2. The evaporation rate R of nanoscale water on patterned sur-
faces with different Ly, (the base line of the regular triangle), together
with the evaporation rate of the same amount of water on the maximal-
evaporation uniform surface (dashed line).

Evaporation rate (ns'1 )
=Y
(=2}

=Y
=Y

Graphene is a star in materials science, which has

excellent mechanical, electrical, thermal, and optical
properties.[**361 Graphene oxide (GO) has also received
extensive interest!3*374 for the good dispersibility of GO
(3344451 and the tenability of its physic-

in many solvents
ochemical properties.3##34%1 The polar oxygen functional
groups of GO render it strongly hydrophilic.?*%! Both
experiments[*’=*%! and theoretical calculations**>% showed
the coexistence of both large unoxidized and oxidized regions
on GO. The unoxidized region has the same wetting proper-
ties of graphene, which is hydrophobic. In our simulations,
we used nanoscale model graphene with rectangular patterns
of oxidized and unoxidized regions. By MD simulations, we
found that most of water molecules were confined on the ox-
idized regions, and the evaporation of nanoscale water from
certain patterned GO was faster than that from homogeneous
one (Fig. 3). The evaporation rate of nanoscale water was
quite stable until the oxidation degree of the oxidized regions
became too weak to confine the water. The water film spread
to the unoxidized regions and the evaporation rate dropped.
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C/(OH)=8

" C/(OH)=10.7

Fig. 3. Total evaporation rate on patterned GO with different degrees of oxidation, the dash line shows the evaporation rate of the same
amount of water on homogeneous GO. The snapshots on the right show the distribution of water on the patterned GO with C/(OH) =8
and 10.7. The yellow dashed rectangle outlines the unoxidized region which is covered by water film when C/(OH) = 10.7. C/(OH)
is the ratio of carbon atoms and hydroxyl on the oxidized regions of GO.

For the outmost water molecules on the oxidized region, al-
though the decrease of oxidation degree observably weakened
the attraction between these water molecules and the solid
surface, the correspondingly regulated water—water interaction
compensated such loss and resulted in a very limited variation
on the total interaction. When the oxidation degree became
too low, the water film spread over some unoxidized region,
the thickness of the water film decreased. The decrease in wa-
ter thickness enhanced the attraction between the solid surface
and the outmost water molecules. The life time of hydrogen
bonds for these water molecules was extended, which made
the outmost water molecules more difficult to evaporate.>!]

4. Evaporation of nanoscale water with ions on
GO

Ions have been proved to affect the evaporation on bulk
water and macro scale droplets.5>33] Former studies showed
that the presence of impurities in atmospheric or industrial
conditions actually slows down the evaporation of macro-
scopic water.>*-361 By MD simulations, we studied the evap-
oration of nanoscale water with ions on GO surfaces. In simu-
lation, both water molecules and ions were distributed only on
the oxidized regions. The total evaporation rates on patterned
and homogenous GO surfaces both decreased as the concen-
tration of ions increased. The evaporation rate of nanoscale
water on patterned GO decreased more than that on homoge-
nous GO. We found that Na™ was closer to the contact line
than Cl. The propensity of Na™ had greatly lengthened the H-
bonds lifetime of each water molecule near the contact line,
and reduced the number of water molecules diffusing from
the oxidized regions to the unoxidized regions. Moreover,
the effect of ions on the water evaporation does not change
much when the variations of oxidation degree are in a certain
range.’’! This indicates that the effect of ions on the evapo-
ration of nanoscale water can be greatly affected by the mor-

phology of the substrate.

5. Evaporation of nanoscale water at different
temperature

Among many factors that can affect the evaporation of
water on substrate, [!3-20-38:591 temperature is an important pa-
rameter which controls a variety of macroscopic properties at
interfaces. 09921 Previous studies showed that, the evaporation
rate of bulk water has an exponent relation to the temperature
because of the Maxwell model.[®3] By MD simulations, we
studied the evaporation of nanoscale water film on a uniformly
complete wetting surface at different temperatures (Fig. 4(a)).
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Fig. 4. (a) Model system and detailed geometry of the solid substrate. The
blue and red spheres represent the atoms of solid with positive and negative
charges. (b) The evaporation rate R versus temperature 7. The red squares
with error bars represent the evaporation rates R of water film with thick-
ness of 0.41 nm. The dark cyan circle and the orange triangle with error
bars represent the evaporation rates R of water film with thickness 0.64 nm
and 2.12 nm, respectively. The red, dark cyan, and orange dash lines are the
exponential fits.
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We found that, water evaporation rates increased almost ex-
ponentially with the temperature when the temperature was
roughly below 340 K. This is conformed to the previous stud-
ies. But when the temperature was roughly over 340 K, the
evaporation rate of water was obviously below the value of
the exponential curve. The evaporation rate of monolayer wa-
ter film was much slower than that of the thicker water film
(Fig. 4(b)). Further analysis showed that, although the total
interaction energy for each outmost water molecule decreased
slowly with temperature, the H-bond lifetime and orientational
autocorrelation time of each outermost water molecule de-
creased more slowly with temperature. The H-bond lifetime
and orientational autocorrelation time for water molecules in
the thinner film were much longer than those in the thicker
one. This suggested that the lower evaporation rate of mono-

layer water film mainly came from the obvious limit to the ro-

tation of water by the uniformly complete wetting surface. 4]
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