
HAL Id: hal-02356893
https://hal.science/hal-02356893

Submitted on 7 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Two recipes for repelling hot water
Timothée Mouterde, Pierre Lecointre, Gaëlle Lehoucq, Antonio Checco,

Christophe Clanet, David Quéré

To cite this version:
Timothée Mouterde, Pierre Lecointre, Gaëlle Lehoucq, Antonio Checco, Christophe Clanet, et al.. Two
recipes for repelling hot water. Nature Communications, 2019, 10 (1), �10.1038/s41467-019-09456-8�.
�hal-02356893�

https://hal.science/hal-02356893
https://hal.archives-ouvertes.fr


ARTICLE

Two recipes for repelling hot water
Timothée Mouterde 1,2, Pierre Lecointre1,2, Gaëlle Lehoucq3, Antonio Checco4, Christophe Clanet1,2 &

David Quéré 1,2

Although a hydrophobic microtexture at a solid surface most often reflects rain owing to the

presence of entrapped air within the texture, it is much more challenging to repel hot water.

As it contacts a colder material, hot water generates condensation within the cavities at the

solid surface, which eventually builds bridges between the substrate and the water, and thus

destroys repellency. Here we show that both “small” (~100 nm) and “large” (~10 µm) model

features do reflect hot drops at any drop temperature and in the whole range of explored

impact velocities. Hence, we can define two structural recipes for repelling hot water: drops

on nanometric features hardly stick owing to the miniaturization of water bridges, whereas

kinetics of condensation in large features is too slow to connect the liquid to the solid at

impact.
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When brought in contact with water, hydrophobic
microfeatures on solids trap air, which lubricates the
solid/liquid contact and renders water much more

mobile than on conventional solids. As a consequence, most
rough, hydrophobic materials repel rain in a dry atmosphere,
resulting in spectacular rebounds after impact1–3: owing to its
inertia, the impinging water first spreads as it would on plastic or
glass, but the subjacent air then allows it to recoil and take off
after a contact time of typically 10 ms. In contrast, humid con-
ditions or dew repellency are much more challenging4,5, as water
nuclei condensing in the texture are then at the scale of the solid
cavities, which fills the lubricating air layer and thus destroys
superhydrophobicity. Many natural hierarchical surfaces, such as
lotus leaves or artificial substrates covered by waxy microposts,
indeed fail at repelling water in such conditions6–8. This limita-
tion was recently circumvented by using nanopillars9–11, whose
scale can minimize the force of adhesion of water with the nuclei
present in the nanocavities. This size effect can be amplified by
making the nanopillars conical, a shape found to favour the
jumping of condensing microdroplets as they coalesce10,12–18.

In this context, it is not surprising that hydrophobic micro-
textures most often lose their superhydrophobicity when impac-
ted by hot drops19,20, except if the solid itself is hot21. The
contact, even short, of hot water with a colder substrate promotes
condensation within the microcavities at the solid surface, so as to
bridge the incoming water to the substrate. How to repel hot
water is an issue that has been poorly addressed despite its
importance in industrial processes22 such as clothing, coating,

painting or windshield design23. This class of questions also
includes the early stages of ice formation and accretion24,25,
potentially leading to serious damage to aircrafts, power lines,
dams or wind turbines, when the typical time for phase change
becomes shorter than the contact time of the impinging water.
Hence, the idea to shorten the contact, which was achieved by
tailoring large surface “defects”26,27.

We wonder here how just the texture size may control the
behaviour of hot water at impact and evidence two classes of
texture able to robustly repel it. A first recipe consists in placing
nanometric features (~100 nm) at the solid surface, which limits
the size of water bridges and thus weakens the drop adhesion.
A second recipe consists in having relatively “large” features
(~10 µm), for which the construction of bridges is too slow to
induce sticking during the brief contact at impact. We also
explore the case of intermediate feature size, allowing us to test
our model and to provide quantitative specifications for designing
materials that can reflect hot water.

Results
Repellency failure. Experiments are performed with model tex-
ture with size ranging from 100 nm to 10 µm. We use silica or
silicon sculpted with cylindrical pillars (radius a, height h) dis-
posed on a square lattice with pitch p (Fig. 1a). All textures having
a comparable geometry (a ~ 0.1 h and p ~ h), our materials are
characterized by their pillar height, of respectively ~100 nm, ~1
µm and ~10 µm. The corresponding samples A, B and C, and
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Fig. 1 Impact of hot drops on textured solids. a Scanning-electron viewgraph of substrate B. It is covered by pillars with height h= 900 nm spaced by p=
840 nm. Scale bar, 1 µm. b Schematic of the experiment: a water drop with radius R and temperature To+ΔT impacts at velocity V a superhydrophobic
substrate kept at To. We measure the height H reached after impact, from which we deduce the restitution coefficient ε of the shock. c, d Snapshots of
water drops (R= 1.4 mm) impacting the substrate B at V= 40 cm s−1. Images are separated by 6.9 ms and the temperature difference ΔT between the
drop and the substrate is either 0°C (c) or 21 °C (d). Water bounces in the first case and gets stuck in the second case
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their fabrication10,28 are described in the Methods section. Pillars
make surfaces rough and we classically define the roughness
factor r= 1+ 2πah/p2 as the ratio of total to apparent surface
areas. Texture is finally rendered hydrophobic by vapour
deposition of 1H,1H,2H,2H-perfluorodecyltrichlorosilane and
such treatment on flat silicon provides an advancing angle θa for
water of 120° ± 2°, which jumps to θa= 167°, 168° and 169° (± 2°)
on the rough materials A, B and C, respectively. The corre-
sponding receding angles are θr= θa− Δθ= 140°, 143° and 152°
(± 3°), providing contact angle hysteresis ΔθA= 27°, ΔθB= 25°
and ΔθC= 17°.

Our goal is to determine how water repellency is affected by
condensation at impact, which we control through the temperature
of impinging drops. Water is brought to a temperature To+ ΔT
and dispensed from a syringe kept at the same temperature, so as
to form drops with a radius R= 1.40 ± 0.05mm (a second radius is
tested in the Supplementary Information). Water does not cool
down during its fall, the dispensing height L ≈ 1 cm being such that
the falling time (2 L/g)1/2 ≈ 40ms is negligible compared with the
thermalizing time ρCpR/HT ≈ 40 s, where ρ= 1000 kgm−3 and
Cp= 4180 J kg−1 K−1 are the density and thermal capacity of
water, respectively, and HT ≈ 100Wm−2 K−1 is the heat transfer
coefficient. Substrates kept at To= 24 ± 1 °C and in a hygrometry
of 32 ± 2% are impacted by drops impacting at a velocity V= 40 ±
5 cm s−1 (Fig. 1b) and we display in Fig. 1c,d high-speed snapshots
of impacts on surface B (h= 900 nm).

Without temperature difference (ΔT= 0 °C, Fig. 1c), water
bounces off the solid, as also observed for all of our samples
(Fig. 2a and Supplementary Movie 1). This regular super-
hydrophobic behaviour1,2,29 can be understood by comparing the

water dynamic pressure ρV2 and the Laplace pressure γ/p
opposing the penetration in pillars, where γ is the water surface
tension. This comparison entails a local Weber number ρV2p/γ, a
quantity always smaller than 0.01 in our experiments. The
impacting liquid remains at the pillar tops, which makes
rebounds possible and limits air compression within the pillars.
The situation is quite different when elevating the temperature of
water. As seen in Fig. 1d, an impinging drop brought to 45 °C
(ΔT= 21 °C) sticks to the sample B after impact, as revealed by
the modest elevation H of its centre of mass (H ≈ R): the surface
fails at repelling hot water.

Texture repelling hot water. However, hot water can be repelled
by other texture. As seen in Fig. 2a–c and in Supplementary
Movies 2 and 3, drops with ΔT= 21 °C and ΔT= 40 °C are
reflected by materials A and C, on which rebounds are similar to
that at ΔT= 0 °C (Fig. 2a). We also report in the Fig. 2a–c the
behaviour of a fourth sample, called A’, where the texture is still
nanometric yet larger than for A (210 nm instead of 88 nm, see
details in the Methods section). Drops still bounce on this sample
for ΔT= 21 °C but cease to be repelled for ΔT= 40 °C, con-
firming that repellency depends in a non-trivial way on the tex-
ture scale and water temperature, which we further explore in this
study.

We quantify the ability of a solid to repel hot water by
introducing the restitution coefficient ε of the impacting drops, a
quantity known for ΔT= 0 °C to be fixed at a value ε0 function of
the impact velocity and contact angle hysteresis30. Before impact,
the kinetic energy of a drop with massM= (4π/3)ρR3 is Eb= (1/2)
MV2. When a drop bounces, its centre of gravity rises to a height
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Fig. 2 Bouncing behaviour of hot drops. a–c Impacting water drops (R= 1.4 mm and V= 40 cm s−1) at their maximum bouncing height H for ΔT= 0°C
(a), ΔT= 21 °C (b) and ΔT= 40 °C (c) on materials A, A’, B and C with respective pillar heights of about 100 nm, 200 nm, 1 µm and 10 µm. d, e Coefficient
of restitution ε of the rebound as a function of the temperature difference ΔT between water and the solid surface (R= 1.4 mm, V= 40 cm s−1). For the
sake of clarity, we separate data on nanometric features (d) from data on micrometric features (e). Water bounces on samples A and C at all drop
temperatures, while it gets trapped (ε= 0) on A’ and B when ΔT exceeds ∼40 °C and ∼15 °C, respectively. Solid lines show equation (5). Error bars
represent uncertainty of the measurement
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H > R and we express the potential energy after take-off as Ea=Mg
(H− R). The bouncing efficiency is then quantified by the
coefficient ε= Ea/Eb, a quantity which is taken null when drops
stick to the substrate (H ≈ R). Our goal is to see how we deviate
from the value ε0 when water is hot, i.e., when condensation can
take place during the impact.

We report the variation of ε with ΔT in Fig. 2d,e for the
surfaces A, A’, B and C. We split the data in two graphs, to
distinguish the behaviour on nano and microfeatures, which
highlights the different nature of repellency in these two cases.
Much information can be extracted from these plots: (1) At ΔT=
0 °C (where condensation effects are marginal), the coefficient of
restitution slightly varies with the texture (of slightly different
contact angle hysteresis), with a typical value ε0 ≈ 0.2 character-
istic of superhydrophobic rebounds at such impact velocity30. (2)
On the smallest features (green data, h ≈ 100 nm), drops system-
atically bounce. However, we observe that ε slowly decreases with
ΔT, showing a small, continuous loss of kinetic energy at take-off
as water gets warmer. This effect is amplified when using larger
features (orange data, h ≈ 200 nm), for which the decrease of ε
with ΔT becomes strong enough to intercept the abscissa axis in
the range of explored temperature: drops hotter than 60 °C do not
bounce on the substrate A’. (3) Observations are quite different
with a micrometric texture. On the largest one (blue data, h ≈
10 µm), ε is quasi-independent of ΔT (ε= 0.27 ± 0.04) in the
whole range of explored temperatures, 0 < ΔT < 65 °C. This is a
surprising result, as we expect condensation to stick water all the
more efficiently as ΔT increases. At smaller scale (red data, h ≈ 1
µm), the behaviour is markedly different: after a small plateau, ε
tumbles around ΔTc ≈ 15 °C and water sticks to the surface above
this value, as already seen in Fig. 1c,d.

Discussion
Contrasting with static situations where the smaller the texture,
the better the water repellency in humid conditions10, the fact
that hot water bounces on 10 µm features reveals an original
dynamical mechanism. When hot water contacts a colder
superhydrophobic material, water nuclei form and grow within
the texture (Fig. 3a). If they fill the elementary cells enclosed by
neighbouring pillars, the resulting water bridges connect and stick
the drop to its substrate (Fig. 3b). The formation of a bridge
requires a time τ that can be evaluated. We assume that con-
densation is driven by a diffusive flux of water from the

evaporating interface to the growing nucleus, whose respective
vapour mass concentrations are csat(To+ ΔT) and csat(To).
Denoting Δcsat(ΔT)= csat(To+ ΔT)− csat(To), the diffusive flow
rate scales as DΔcsat/h, where D ≈ 20 mm2 s−1 is the diffusion
coefficient of vapour in air. Integrating this rate over the cell
surface area p2 and time τ gives the mass ρhp2 of the filled cell,
which yields:

τ � ρh2=DΔcsat ð1Þ
As it hits the solid and spreads along it at a velocity V, the

impinging water draws vapour within and along the texture,
which adds a convective term to the diffusive growth of the
nucleus. The typical velocity U of this vapour flow is deduced from
the balance of viscous stresses at the liquid/vapour interface below
the drop. Denoting η and ηv as the water and vapour viscosities,
we simply write this balance as: ηV/R ~ ηvU/h, where we neglect
the friction of vapour around the pillars and thus slightly over-
estimate the convective flux. A vapour speed U scaling as (ηh/ηvR)
V is maximum for the tallest features (h= 10 µm), where it
typically reaches 10 cm s−1. Hence, the Péclet number Pe=Uh/D
comparing convective and diffusive flux is found to be at most 0.1
for h= 10 µm and much smaller for shorter features, which jus-
tifies our assumption of diffusive growth for the nucleus.

In usual conditions (To ≈ 24 °C) and for ΔT ≈ 10 °C, we have
Δcsat ≈ 10 g m−3, which leads to τ ~ 1ms for h ≈ 1 µm. τ increases
by four orders of magnitude as h rises from 100 nm to 10 µm, and
it can be compared with the contact time τr of bouncing drops. τr
being the response time of a spring with mass ρR3 and stiffness γ,
we have31: τr ~ (ρR3/γ)1/2, whose weak dependency on ρ and γ
allows us to neglect its variation with temperature. The time τr is
on the order of 10 ms for millimetric drops and thus possibly
comparable to τ: There is a texture height, in the range of a few
micrometres, for which we expect the two times to be equal,
which eventually allows us to model the different impacts.

When the condensation time τ is larger than the bouncing time
τr, water nuclei are smaller than the roughness height h (Fig. 3c)
and thus do not connect the impacting drop to the substrate: ε is
constant and equal to ε0, its value at ΔT= 0 °C:

ε ¼ ε0 ð2Þ
This mechanism explains the observations for the material C in

Fig. 2d, a case where the large height of the pillars implies τ > τr.
Hence, a material with a tall texture can dynamically repel hot
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Fig. 3 Dynamics of adhesion. a Elementary cell containing a growing condensation nucleus fed by the hot water above. b Sketch of the spreading drop. x is
the radial distance from the impact point and condensation nuclei are larger at small x, due to a higher local contact time τL. c–e Pinning mechanism as a
function of τ and τr, the condensation and bouncing times. In the first case (c, τ > τr), there is no bridge between the substrate and the drop; in the second
case (d, τ ≪ τr), bridges form with a probability N below the drop; in the third case (e, τ≈ τr), bridges (with the same probability N) only connect the drop
on a radius R* < Rm, the maximum contact radius at impact. f Local contact time τL as a function of the distance x for a drop bouncing on surface B (R= 1.4
mm and V= 40 cm s−1). The solid line shows equation (4), with τr= 17.4 ms and Rm= 1.55 mm. For τL > τ, the drop is bridged to the surface on a disk with
radius x= R*(τ). Insert: contact radius Rc as a function of time for the same experiment. The solid fit Rc(t)≈ 2(RVt)1/2− (3γ/2ρR)1/2We1/4t is discussed in
the text
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water, whereas it would lose its superhydrophobic character if
exposed longer to humidity.

The opposite limit (τ < τr) concerns short pillars, when cavities
enclosing a condensation droplet instantaneously fill at impact
(Fig. 3d). As for hot water sitting on a cold texture10, the adhesion
force is F ≈ 4πRmγN, where Rm is the maximum contact radius
(sketched in Fig. 3d) and N is the probability of having a water
nucleus in a cell. If we denote n as the number of nuclei per unit
area, N is just min(nrp2, 1), where the increase of n with ΔT (n ≈
0.06 ΔT µm−2) can be determined by static measurements10. The
energy Eadh induced by condensation and dissipated during
bouncing is given by the work of F on the radius Rm, which yields
Eadh= 2πγRm2 min(nrp2, 1). Hence, we deduce the coefficient ε
= ε0− Eadh/Eb:

ε ¼ ε0 � 4πγR2
m min nrp2; 1

� �
=MV2 ð3Þ

At small nucleus density (n(ΔT) < 1/rp2), n linearly varies with
ΔT and equation (3) predicts a linear decrease of ε with tem-
perature, as seen with sample A. For a small texture, we have
nrp2 < 1, which yields: ε= ε0− 4πγRm2rp2n/MV2. Drawn with a
green line in Fig. 2d for the experimental value Rm= 1.55 mm,
this law is found to quantitatively fit the data, explaining the
persistence of bouncing at any water temperature and the slight
decay of ε with ΔT. Three parameters in the model, namely γ, ρ
and n, depend on temperature but the weak variations of γ and ρ
with T make negligible their influence on the fit. The model also
explains the behaviour observed with the sample A’ (orange data),
whose texture is twice larger than A. Then, we expect a stronger
decrease of the function ε(ΔT) (sensitive to the quantity rp2) and
even strong enough to intercept the axis ε= 0. Hence, we
quantitatively understand the transition to sticking for the orange
data in Fig. 2d and more generally what is the feature size limit
for repelling hot water with a nanotexture (see Supplementary
Information for details).

The final case concerns the transition regime where both
timescales have comparable magnitude (τ ≈ τr). As sketched in
Fig. 3e, condensation is favoured close to the impact point: water
spends there more time than at the drop periphery, where it
comes later and recedes earlier. We can introduce a local contact
time τL(x), denoting x as the distance from the drop centre
(Fig. 3b). By definition, τL is the contact time τr at the impact
point (τL(0)= τr) and it vanishes at the drop periphery
(τL(Rm)= 0). If we denote R* as the distance where the local
contact time τL and the condensation time τ are equal, τL(R*)= τ,
we can distinguish two zones (Fig. 3e): for x > R*, condensation is
too slow to connect the drop to the solid and this area does not
contribute to adhesion; for x < R*, condensation bridges the
material to the drop on a disk with radius R* and the adhesion
energy Eadh is determined by replacing in equation (3) Rm by R*,
the radius of the adhesive area.

As seen in Fig. 3f, the function τL(x) can be deduced from the
time evolution of the contact radius Rc (insert in the figure). It can
be also modelled by assuming that the contact dynamics can be
divided in two phases: (1) at small time, the drop “sinks” at
velocity V in the solid with the shape of a truncated sphere32–34,
which provides a Hertzian scaling: Rc(t) ~ (RVt)1/2. This rela-
tionship was found to hold all along the spreading32, with a
numerical factor of ~2. (2) The recoiling drop35 is a pancake with
thickness z (Fig. 3a) that dewets at the Taylor–Culick velocity
(2γ/ρz)1/2. Considering that the average height z of this pancake is
given by a balance between inertia and surface tension36, i.e., z ≈
(4R/3)We−1/2 (with We= ρV2R/γ), we eventually get in this
regime Rc(t) ~− (3γ/2ρR)1/2We1/4t. We finally assume that both
contributions are additive, which yields: Rc(t) ≈ 2(RVt)1/2− (3γ/
2ρR)1/2We1/4t, a function drawn with a solid line in the insert of
Fig. 3f where it nicely fits the data at all times. This description is

valid at modest Weber number We, when no rim forms37, similar
to here where we have We ≈ 3. The non-monotonic character of
Rc(t) implies that the equation Rc= x has two solutions in time
for 0 < x < Rm, which we denote as t1 and t2 (t1 < t2). By definition,
we have τL(x)= t2− t1, a quantity that can be extracted analyti-
cally from the expression of Rc(t). We find:

τL xð Þ � að1� x=bÞ1=2 ð4Þ
where a= (8/3) (ρR3/γ)1/2 ≈ τr and b= RWe1/4 ≈ Rm (see the
Supplementary Information for details). Equation (4) is drawn in
Fig. 3f and observed to fit the data for a ≈ 17.4 ms and b ≈ 1.6
mm, i.e., the experimental values of τr and Rm that themselves
nicely compare with the expected ones, a ≈ 15.9 ms and b ≈ 1.8
mm. From the explicit expression τL(x) ≈ τr (1− x/Rm)1/2, we
deduce the adhesion radius and find R*= Rm [1− (τ/τr)2] for
τ ≤ τr, and R*= 0 for τ > τr. Combining these equations with
equation (3) in the transition regime, ε= ε0− 4πγR*2

min(nrp2, 1)/MV2, we get a general expression for the coefficient
of restitution ε:

ε ¼ ε0 � 4πγR2
mmax2ð½1� ðτ=τrÞ2�; 0Þmin nrp2; 1

� �
=MV2 ð5Þ

In order to compare this prediction with our data, we estimate
Δcsat using Rankine formula (see details in the Methods section).
The only adjustable parameter is the numerical factor α in
equation (1), τ= αρh2/DΔcsat. Drawn with solid lines in Fig. 2d,e
with α= 8, equation (5) is found to describe the whole ensemble
of data. We recover the two limit cases, τ > τr, where condensa-
tion does not affect bouncing (equation (2), sample C and sample
B at small ΔT), and τ < τr, where condensation is instantaneous
(equation (3), samples A and A’), a regime sensitive to tem-
perature. Moreover, equation (5) predicts the failure of repellency
at intermediate pillar height (sample B). The transition is indeed
found to be abrupt and to occur at the temperature given by the
equality τ(ΔTc)= τr. Drops then cease to bounce, which we
indicate by the line ε= 0. It is noteworthy that our test of
equation (5) for another drop radius confirms its ability to
describe all the regimes (Supplementary Fig. 1). We also studied
the influence of the impact velocity (up to 1 m s−1) and ambient
hygrometry, and found again that the model is robust enough to
capture the ensemble of data (Supplementary Figs 2, 3 and 4).

The predictive character of equation (5) eventually allows us to
construct a phase diagram based on the temperature difference
ΔT and pillar height h, fixing the other parameters (homothetic
samples with p= h, a= h/6, r ≈ 2, ε0= 0.2, R= 1.4 mm and V=
40 cm s−1, all values comparable to that in our experiments). In
the resulting phase diagram (Fig. 4), green and red colours dis-
tinguish bouncing from sticking. As found experimentally, the
sticking region is indeed observed at intermediate pillar height
and for ΔT > ΔTc, where ΔTc is given by ε(ΔTc)= 0 in equation
(5) (solid line in the figure). Comparison with experiments can be
refined by marking whether drops bounce or stick using green or
red symbols. Experiments are performed with the samples A, A’,
B and C, to which we add data obtained with a fifth surface B’
where pillar characteristics are a= 100 nm, h= 600 nm and p=
560 nm (r ≈ 2.2). For samples A and C only (extreme values of h,
h= 88 nm and h= 10 µm), we remain in the bouncing regime
whatever the water temperature, whereas bouncing/sticking
transitions are observed at intermediate texture size (samples A’,
B’ and B). The location of the transition is in good agreement
with the prediction for ΔTc, confirming for instance the non-
monotonic character of ΔTc with the pillar height. The two
extreme values h1 and h2 below and above which rebounds are
observed at all ΔT (dashes in the figure) can be expressed expli-
citly from equation (5), as shown in the Supplementary
Discussion.
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Our study shows the existence of two structural recipes for
repelling hot water on a hydrophobic, textured material. (1) Tall
features dynamically prevent the texture filling and the formation
of water bridges between impacting drops and the solid material.
(2) Small features miniaturize the bridges and thus their sticking
abilities. In both cases, repellency is robust, as it is observed in the
whole range of explored impact velocity and water temperature.
The existence of two scenarii of repellency is reflected by differ-
ences in the repellency itself: although rebounds are found to be
nearly unsensitive to water temperature in case 1, warmer drops
are repelled slightly slower in case 2, due to the multiplication of
water bridges when the impacting water is hotter. It would be
interesting to mix the two kinds of texture to see what is the
dominant scenario in such a case. On a more fundamental note,
playing with the texture size gives access to the dynamics of
condensation at submicrometric scales, a measure known to be
particularly challenging. Our findings imply to consider the fea-
ture scale when developing new design able to reduce the
bouncing time26–28 for anti-icing or anti-fogging properties.
However, the scale is not the only geometrical parameter: for
instance, modifying (at constant height) the distance between the
features or their order (square, hexagonal, etc.) should be alter-
native ways to design materials that repel hot water. It would
finally be worth exploring what happens when water impacts
repellent materials at room temperature in a rarefied atmosphere.
Both the evaporation rate38 and impact characteristics39 are
dramatically affected in a low-pressure environment, which might
modify water repellency40. Non-condensable gases in air act as a
neutral medium in our experiment. Replacing them by pure
vapour should favour water condensation, whereas an increased
rate of evaporation can conversely induce self-taking off (tram-
polining) of water, i.e., an increase of repellency38. On the whole,
the interplay of impact at low pressure with the texture geometry
and scale should be a subject of interest for the future.

Methods
Surface A. This surface is fabricated by combining block-copolymer self-assembly
with anisotropic plasma etching in silicon, which provides large-area (cm2) textures

with ~10 nm feature size and long-range order. Posts have a radius a= 15 nm
and a height h= 88 nm, and they are disposed on a rhombus network with side
p= 52 nm. The roughness factor r is rA ≈ 4.5, and the water advancing and
receding angles are θa= 167 ± 2° and θr= 140 ± 2°, respectively.

Surface A’. The texture is a square lattice of pillars fabricated by electron-beam
lithography and anisotropic plasma etching in silica. The pillar radius, height and
spacing are respectively a= 35 nm, h= 210 nm and p= 140 nm. The pillar density
and aspect ratio are ~20% and h/2a= 3, respectively, and the roughness factor is
rA’ ≈ 3.4. The water advancing and receding angles are θa= 155 ± 3° and θr= 132
± 3°, respectively.

Surface B. The texture is a square lattice of pillars fabricated by electron-beam
lithography and anisotropic plasma etching in silica. The pillar size, height and
spacing are respectively a= 150 nm, h= 900 nm and p= 840 nm. The pillar
density and aspect ratio are ~10% and h/2a= 3, respectively, and the roughness
factor is rB ≈ 2.2. The water advancing and receding angles are θa= 168 ± 2° and θr
= 143 ± 2°, respectively. Surface B’ (used in Fig. 4) is made the same way, with a=
100 nm, h= 600 nm and p= 560 nm.

Surface C. This surface fabricated by photolithography and deep reactive ion
etching is a square lattice of pillars. The pillar size, height and spacing are
respectively a= 1.25 µm, h= 10 µm and p= 10 µm. The pillar density and aspect
ratio are ~5% and h/2a= 4, respectively, and the roughness factor is rB ≈ 1.8. The
water advancing and receding angles are θa= 169 ± 2° and θr= 152 ± 2°,
respectively.

Thermodynamic quantities. The water vapour concentration csat(T) at tempera-
ture T is given by Dalton’s law: csat (T)= ρsat (Mw/Mair)(P sat(T)/P0), where Mw and
Mair are the respective molar masses of water and air, Psat (T) is the saturated
vapour pressure of water at temperature T and P0 is the atmospheric pressure.
Psat(T) is given by the empirical Rankine formula: Psat(T)= P0 exp (13.7− 5120/T).
With this relation, we can estimate csat at temperatures To and To+ ΔT, a useful
information in equation (1).

Data availability
The data that support the plots within this paper and other findings of this study are
available in the main text and in the Supplementary Information. Additional information
is available from the authors upon reasonable request.

Received: 24 October 2018 Accepted: 21 February 2019

References
1. Papadopoulos, P., Mammen, L., Deng, X., Vollmer, D. & Butt, H. J. How

superhydrophobicity breaks down. Proc. Natl Acad. Sci. USA 110, 3254–3258
(2013).

2. Blossey, R. Self-cleaning surfaces - virtual realities. Nat. Mater. 2, 301–306
(2003).

3. Xia, F. & Jiang, L. Bio-inspired, smart, multiscale interfacial materials. Adv.
Mater. 20, 2842–2858 (2008).

4. Cheng, Y. T. & Rodak, D. E. Is the lotus leaf superhydrophobic? Appl. Phys.
Lett. 86, 1–3 (2005).

5. Wier, K. A. & McCarthy, T. J. Condensation on ultrahydrophobic surfaces and
its effect on droplet mobility: ultrahydrophobic surfaces are not always water
repellant. Langmuir 22, 2433–2436 (2006).

6. Cheng, Y. T., Rodak, D. E., Angelopoulos, A. & Gacek, T. Microscopic
observations of condensation of water on lotus leaves. Appl. Phys. Lett. 87, 1–3
(2005).

7. Dorrer, C. & Rühe, J. Condensation and wetting transitions on
microstructured ultrahydrophobic surfaces. Langmuir 23, 3820–3824
(2007).

8. Narhe, R. D. & Beysens, D. Growth dynamics of water drops on a square-
pattern rough hydrophobic surface. Langmuir 23, 6486–6489 (2007).

9. Enright, R., Miljkovic, N., Al-Obeidi, A., Thompson, C. V. & Wang, E. N.
Superhydrophobic condensation: the role of length scale and energy barriers.
Langmuir 40, 14424–14432 (2012).

10. Mouterde, T. et al. Antifogging abilities of model nanotextures. Nat. Mater.
16, 658–663 (2017).

11. Lau, K. K. S. et al. Superhydrophobic carbon nanotube forests. Nano. Lett. 3,
1701–1705 (2003).

12. Boreyko, J. B. & Chen, C. H. Self-propelled dropwise condensate on
superhydrophobic surfaces. Phys. Rev. Lett. 103, 2–5 (2009).

h (nm)

Rebound70

60

50

40

ΔT
 (

°C
)

30

20

10

0
10 100 1000 10,000

Sticking Rebound

h2h1

Fig. 4 Phase diagram for hot water impacting hydrophobic texture. The two
control parameters are the water/substrate temperature difference ΔT and
the pillar height h. The critical temperature ΔTc defining the frontier
between bouncing (green region) and sticking (red region) is calculated by
solving ε= 0 in equation (5), with p= h, a= h/6, r≈ 2, ε0= 0.2, R= 1.4
mm and V= 40 cm s−1, all values comparable to that in our experiments.
The lower and upper bounds h1 and h2 for which bouncing is observed
whatever the drop temperature are stressed with vertical dashes.
Observations (green and red symbols for bouncing and sticking,
respectively) are made for the five tested samples (A, h= 88 nm; A’, h=
210 nm; B’, h= 600 nm; B, h= 900 nm; C, h= 10 µm) and found to be in
good agreement with the model

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09456-8

6 NATURE COMMUNICATIONS |         (2019) 10:1410 | https://doi.org/10.1038/s41467-019-09456-8 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


13. Cha, H. et al. Coalescence-induced nanodroplet jumping. Phys. Rev. Fluids 1,
064102 (2016).

14. Miljkovic, N., Preston, D. J., Enright, R. & Wang, E. N. Electrostatic charging
of jumping droplets. Nat. Commun. 4, 1–9 (2013).

15. Mulroe, M. D., Srijanto, B. R., Ahmadi, S. F., Collier, C. P. & Boreyko, J. B.
Tuning superhydrophobic nanostructures to enhance jumping-droplet
condensation. ACS Nano 11, 8499–8510 (2017).

16. Wang, Q., Yao, X., Liu, H., Quéré, D. & Jiang, L. Self-removal of condensed
water on the legs of water striders. Proc. Natl Acad. Sci. USA 112, 47–52
(2015).

17. Tian, J. et al. Efficient self-propelling of small-scale condensed microdrops by
closely packed ZnO nanoneedles. J. Phys. Chem. Lett. 5, 2084–2088 (2014).

18. Lv, C. et al. Condensation and jumping relay of droplets on lotus leaf. Appl.
Phys. Lett. 103, 1–5 (2013).

19. Liu, Y., Chen, X. & Xin, J. H. Can superhydrophobic surfaces repel hot water?
J. Mater. Chem. 19, 5602–5611 (2009).

20. Shiri, S., Murrizi, A. & Bird, J. C. Trapping a hot drop on a superhydrophobic
surface with rapid condensation or microtexture melting. Micromachines 9,
566–576 (2018).

21. Yu, Z. J. et al. How to repel hot water from a superhydrophobic surface? J.
Mater. Chem. A 2, 10639 (2014).

22. Shiri, S. & Bird, J. C. Heat exchange between a bouncing drop and a
superhydrophobic substrate. Proc. Natl Acad. Sci. USA 114, 6930–6935
(2017).

23. Dorrer, C. & Rühe, J. Some thoughts on superhydrophobic wetting. Soft
Matter 5, 51–61 (2009).

24. Kulinich, S. A., Farhadi, S., Nose, K. & Du, X. W. Superhydrophobic surfaces:
are they really ice-repellent? Langmuir 27, 25–29 (2011).

25. Nath, S., Ahmadi, S. F. & Boreyko, J. B. A review of condensation frosting.
Nanoscale Microsc. Thermophys. Eng. 21, 81–101 (2017).

26. Bird, J. C., Dhiman, R., Kwon, H.-M. & Varanasi, K. K. Reducing the contact
time of a bouncing drop. Nature 503, 385–388 (2013).

27. Liu, Y. et al. Pancake bouncing on superhydrophobic surfaces. Nat. Phys. 10,
515–519 (2014).

28. Checco, A., Rahman, A. & Black, C. T. Robust superhydrophobicity in large-
area nanostructured surfaces defined by block-copolymer self assembly. Adv.
Mater. 26, 886–891 (2014).

29. Bartolo, D. et al. Bouncing or sticky droplets: impalement transitions on
superhydrophobic micropatterned surfaces. Europhys. Lett. 74, 299–305
(2006).

30. Biance, A. L., Chevy, F., Clanet, C., Lagubeau, G. & Quéré, D. On the elasticity
of an inertial liquid shock. J. Fluid. Mech. 554, 47–66 (2006).

31. Rayleigh, L. On the capillary phenomena of jets. Proc. R. Soc. Lond. 29, 71–97
(1879).

32. Roisman, I. V., Rioboo, R. & Tropea, C. Normal impact of a liquid drop on a
dry surface: Model for spreading and receding. Proc. R. Soc. A Math. Phys.
Eng. Sci. 458, 1411–1430 (2002).

33. Rioboo, R., Marengo, M. & Tropea, C. Time evolution of liquid drop impact
onto solid, dry surfaces. Exp. Fluids 33, 112–124 (2002).

34. Vadillo, D. C., Soucemarianadin, A., Delattre, C. & Roux, D. C. D. Dynamic
contact angle effects onto the maximum drop impact spreading on solid
surfaces. Phys. Fluids 21, 1–8 (2009).

35. Bartolo, D., Josserand, C. & Bonn, D. Retraction dynamics of aqueous drops
upon impact on non-wetting surfaces. J. Fluid. Mech. 545, 329–338 (2005).

36. Clanet, C., Béguin, C., Richard, D. & Quéré, D. Maximal deformation of an
impacting drop. J. Fluid. Mech. 517, 199–208 (2004).

37. Eggers, J., Fontelos, M. A., Josserand, C. & Zaleski, S. Drop dynamics after
impact on a solid wall: theory and simulations. Phys. Fluids 22, 1–13 (2010).

38. Schutzius, T. M. et al. Spontaneous droplet trampolining on rigid
superhydrophobic surfaces. Nature 527, 82–85 (2015).

39. Xu, L., Zhang, W. W. & Nagel, S. R. Drop splashing on a dry smooth surface.
Phys. Rev. Lett. 94, 184505 (2005).

40. Herminghaus, S. Roughness-induced non-wetting. Europhys. Lett. 52,
165–170 (2000).

Acknowledgements
We thank Direction Générale de l’Armement (DGA) for contributing to the financial
support, Rose-Marie Sauvage for her constant interest, Mathilde Reyssat, Stéphane
Xavier, Atikur Rahman and Charles Black for their help in microfabrication, and Thales
for cofunding this project. P.L. thanks the Ecole polytechnique for the financial support
(Monge Fellowship).

Author contributions
T.M. conceived the project. T.M., P.L., C.C. and D.Q. designed the project. G.L. and A.C.
provided samples and discussed the project. T.M. and P.L. performed experiments and
analyses. T.M., P.L., C.C. and D.Q. built the model. T.M., P.L. and D.Q. wrote the
manuscript with inputs from all other authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09456-8.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Sanjeev Chandra and
the other anonymous reviewers for their contribution to the peer review of this work.
Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09456-8 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1410 | https://doi.org/10.1038/s41467-019-09456-8 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-019-09456-8
https://doi.org/10.1038/s41467-019-09456-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Two recipes for repelling hot water
	Results
	Repellency failure
	Texture repelling hot water

	Discussion
	Methods
	Surface A
	Surface A’
	Surface B
	Surface C
	Thermodynamic quantities

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




