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Figure 1.1. Int-ext process (left) and typical PV-isotherm of (water + 

superhydrophobic grafted silica) system (right) 
During this forced intrusion (int) such HLS stores a large amount of energy arising from two sources: i) the 
mechanical energy associated to pressure (𝑊𝑖𝑛𝑡 = 𝑃𝑖𝑛𝑡𝑉𝑝𝑜𝑟𝑒𝑠) and heat extracted from the environment – heat of 
intrusion.1,2,8 Spontaneous extrusion (ext) of the non-wetting liquid (NWL) from the pores can be provoked by 
decreasing the pressure below a certain critical value (extrusion pressure 𝑃𝑒𝑥𝑡) and is accompanied by the release of 
heat – heat of ext. Int-ext process is an endothermic process related with solid-liquid interface development-reduction, 
associated with extraction of heat Δ𝑄 from the environment.1,2,8 This heat can be very large, up to three times the 
mechanical energy spent for triggering intrusion.9 Thus, int-ext is a hysteretic process (𝑊𝑖𝑛𝑡 > 𝑊𝑒𝑥𝑡 and 𝑄𝑖𝑛𝑡 >
𝑄𝑒𝑥𝑡) that allows harvesting thermal energy from the environment – a kind of heat pump. 
Until recently the dissipation mechanism during int-ext was not known. In other words, the energy balance (or the 
first law of thermodynamics) was not known for such systems and it was not clear what was the fate of the “lost” 
energy. However, recently three members of the current consortium (CICe, USK, KPI) have shown that a large 
fraction of this “lost” energy is transformed into electrical energy generated via nanotriboelectrification 
during mutual displacement of a non-wetting liquid and a porous material.1,2 
This discovery enables a unique highly efficient way for harvesting ambient heat and mechanical work recovery, 
transforming them into electricity. This paves the way for the development of a paradigm-shifting device, an 
int-ext nanotriboelectric enabled heat pump exploiting dissipated mechanical work to extract energy from the 
environment producing electric current. This is illustrated in Figure 1.2. At a variance with standard materials, 
compression of HLS is endothermic, i.e. a net heat flux from the environment to HLS takes place during a complete 
int-ext cycle (Figure 1.2b). In practice, HLS can act as a heat pump, using some energy to absorb heat from the 
environment, which nanotriboelectrification allows to transform into electric current.  

 
Figure 1.2. Energies involved in compression of a) ordinary 
material and b) non-wetting liquid + porous material system 

(HLS) 
It is well-known that heat pumps demonstrate “efficiency” (or coefficient of performance) much higher than 100 %, 
reaching values as high as 500 %.10 In other words: one invests one energy unit obtaining five. At first sight this 
seems thermodynamically impossible, however, one must realize that heat pumps do not produce thermal energy 
from electricity, they simply use electricity to harvest heat from environment, such as from ambient air, ground or 
water. Being available in the environment it is not considered an energy cost. Similarly, compressing HLS provokes 
a net incoming heat flow in the range of 𝑄𝑖𝑛𝑡,𝑒𝑥𝑡 ∈ (10 − 25) 𝐽/𝑔 ⋅ 𝑐𝑦𝑐𝑙𝑒.1,8,9 For example, grafted (silica + water) 
HLS, which is experimentally demonstrated to operate at compression-decompression (int-ext) frequency of 20 Hz,11 
can produce an incoming heat flux of (200 - 500) W/g. This suggests that the proposed int-ext activated 
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sibilities may be hypothesized. Consider a possibility
where the liquid-vapor interface, initially at the top of
the groove, starts moving down; that is, it starts wetting
the sides of the pillars (Figure 3b). The transition is in
general a nonequilibrium process where the local contact
angle is not necessarily equal to the equilibrium value.
The surface energy will change during transition. As-
suming that the filling of the grooves happens below the
projected area, Ac, of the Cassie drop, the energy at an
intermediate stage is given by

where y is the location of the interface from the bottom
of the groove (Figure 3b) and Gy is the drop energy at that
state. As the liquid fills the grooves, Sc and Ac should
changebecause somevolume ismovingoutof the spherical
liquid capabove the substrate. This in turn should change
the energy, Gc, but we will assume these changes to be
negligible compared to the surface energy changes (the
second expression on the right-hand side of eq 6) due to
the wetting of the grooves. This assumption is justified
because the surface area per unit volume is much larger
in the grooves compared to the spherical liquid cap. Gc

and Ac are therefore assumed constants in eq 6.
Equation 6 implies that the energy of the drop at

intermediate states is larger than Gc for θe > 90°. The
maximum value is reached at y ) 0 when the liquid has
filled thegroovesbut the liquid-solid contact at thebottom
of the valley is yet to be formed (Figure 3c). When the
liquid wets the bottom of the valley, the corresponding
change in energy is given by -(1 + cos θe)σlv(1 - φs)Ac;
that is, the energy of the system decreases. The liquid
would then proceed towet a greater area of the substrate
(Aw > Ac) to eventually reach the equilibrium shape of a
Wenzel drop at the energy Gw. Since we are assuming θr

c

> θr
w, we have Gc > Gw, as argued above.

The maximum energy state (Gy at y) 0) among all the
intermediate states can be used to obtain an estimate of
the barrier energy for the transition of a Cassie drop to
a Wenzel drop, GB1.

Even if the Cassie drop, on a surface roughness made of
pillars, is transitioning to aWenzel state at lower energy,
it has to go through a higher intermediate energy state.
Hence, energy must be provided to the drop to enable
transition. The transition can be enabled, for example, by
depositing the drop from some height,5 by pushing the
drop,4 or simply due to its own weight.6

A different estimate for the energy barrier can be
obtained by considering the Wenzel drop but with the
liquid-solid contact yet to be formed at the bottom of the
valleys. The barrier energy of this state, GB2, is given by

The actual wetting of the grooves may not occur as
hypothesized here. It is quite possible that the liquid does
not wet the grooves all at once, as supposed above, but
does so in parts. If that is the case, then the energy barrier
will be less than that estimated in eqs 7 and 8. Another
way of looking at this is the following. At the end of the
transition, there is a net decrease in the energy of the
drop equal to Gc - Gw (since we are considering a lower
energy Wenzel state). We could then assume that part of
this energy is available to overcome the energy barrier
estimated above.

Wehaveassumedthatgravitydoesnotplayasignificant
role in determining the shape of the drop either in the
Cassie state or in the Wenzel state. This assumption is
reasonable if the drop radius, R, is ,acap, where acap )
(σlv/Fg)1/2 is the capillary length of a liquid of density F and
g is the gravitational acceleration. For water, acap ) 2.7
mm; a spherical water drop of radius acap weighs 82 mg.
Thus, the water drop should be smaller than 82 mg for
thegravity effects tobeof little significance indetermining
the shapes of theCassie andWenzel states.We canrestate
the above condition in terms of a nondimensional pa-
rameter. We define the Bond number as Bo ) (V/Vcap)2/3
) (m/mcap)2/3, where m is the mass of the drop and mcap is
the mass of a drop of radius acap. V’s denote the corre-
sponding volumes. Bo denotes the square of the ratio of
the length scale of the drop to the capillary length scale.
The drop shape is almost spherical if Bo , 1. Even if
gravity plays an insignificant role indetermining thedrop
shape, it can play an important role in the transition from
a Cassie to a Wenzel drop. This will be discussed next.

At small Bo values, the effect of gravity is to make the
drop shape only slightly nonspherical. This lowers the
center of mass of the drop by some height, δ, compared
to a perfectly spherical drop. The corresponding decrease
in the potential energy of a drop, that has a superhydro-
phobic contact with the surface, can be estimated as13

where g is the gravitational acceleration.
Next, we estimate the potential energy change when a

drop transitions fromaCassie to aWenzel state. Sincewe
are considering a lower energy Wenzel state, which has
a lower apparent contact angle, the center of mass of the
Wenzel drop is lower. The change in the gravitational
potential energy during transition is given by

(13) Mahadevan, L.; Pomeau, Y. Phys. Fluids 1999, 11, 2449.

Figure 3. (a) Side view of the liquid on top of the pillars. The
liquid interface hangs from edge to edge of the pillars. (b) An
intermediate state in which the liquid is entering the valley as
a drop transition from a Cassie to a Wenzel state. (c) An
intermediate state during transition where the liquid has not
yet wetted the bottom of the valleys.

Gy ) Gc - (1 - y
H)(r - 1)cos θeσlvAc (6)

GB1 ) Gy)0 ) Gc - (r - 1) cos θeσlvAc (7)

GB2 ) Gw + (1 - φs)(1 + cos θe)σlvAw (8)

mgδ ∼
(mg)2

σlv
(9)
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Fig. 1

Alberto Giacomello, Mauro Chinappi, Simone Meloni, and Carlo Massimo Casciola, PRL 109, 226102 (2012) 

\ref{fig:Cavity}
Since the total volume V ¼ Vl þ Vv is constant, we also
have !Vv ¼ #!Vl. Analogously, the variations in the areas
of the solid-vapor and solid-liquid interfaces are not inde-
pendent, !Asv ¼ #!Asl. It is then sufficient to express the
variation of one of the two areas: !Asl ¼

H
@!sl

!xtldl,

where !xtl denotes the displacement of the triple line along
the solid-liquid interface. From Fig. 1, !xn ¼ cos"!xtl,
where " is the contact angle. Putting together all the varia-
tions, we have

!I#;T;V ¼
Z
!lv

½ðpl # pvÞ þ $# J%lv'!xN dS

þ
I
@!sl

ð%sl # %sv þ %lv cos"Þ!xtl dl ¼ 0; (2)

that must hold for arbitrary !xN and !xtl. Thus, the con-
ditions for mechanical equilibrium of the liquid-vapor
interface in contact with the solid wall with prescribed
liquid volume consist of the system (i) the constraint
Vl ¼ Z, (ii) the Young equation cos" ¼ ð%sv # %slÞ=%lv (
cos"Y , and (iii) a modified version of Laplace equation
pl # pv þ $ ¼ J%lv. We remark that out of metastable
states Young and Laplace equations are independent; i.e.,
the curvature of the interface is not determined by the
contact angle. This fact has, as explained below, important
consequences on the wetting mechanism. The pressure
difference across the liquid-vapor interface pl # pv is a
function of the thermodynamic conditions#, V, and T. It is
seen that the constraining force $ acts as an additional
pressure term enforcing the constancy of the liquid volume.
By denoting IeqðZÞ the value of I#;V;T evaluated on solutions
of (i)–(iii), it is easily shown that $ ¼ @Ieq=@Z. Since
" ¼ I when Vl ¼ Z, one could construct by (thermody-
namic) integration the profile "eqðZÞ. Clearly, the equilib-
ria of the system at given thermodynamic conditions are
those where $ ¼ 0 and the classical Laplace equation is
recovered. Elsewhere, the modified equation (iii) allows us
to reconstruct the intermediate states between CB and W,
i.e., the transition mechanism [10].

As an illustration of the general theory, we apply
the conditions of (constrained) mechanical equilibrium

(i)–(iii) to a geometry corresponding to a surface present-
ing one rectangular groove as in Fig. 1, by referring to
different thermodynamic conditions at changing # for
given V, T, and system geometry. This is tantamount to
changing pl # pv [11]. Although for more complicated
geometries numerical schemes need to be developed start-
ing from the general theory, in this 2D geometry it is
possible to derive an analytical expression for the grand
potential as a function of the liquid volume filling the
groove Z [10]. We note that at given Z a plethora of
solutions to (i)–(iii) exists, each formed by a collection
of vapor cavities with liquid-vapor interfaces having con-
stant curvature—that is, arcs of a circle, in the plane–and
satisfying the Young equation at the wall. The relevant
one is that of minimal "eqðZÞ plotted in Fig. 2 [10].

"eqðZÞ is defined on three contiguous intervals:

½Zmin; Z
)' (continuous line), ½Z); Z))' (dashed line), and

½Z)); Zmax' (dotted-dashed line) each corresponding to a
family of !lv interfaces of different shape (see the right
panel of Fig. 1). When the groove is almost empty, the
contact line is pinned to its sharp edges. Here, !lv is the
family of arcs having curvature 1=R ¼ #2 cos&=l, as
sketched in Fig. 1 with a continuous line. For this particular
family, condition (ii) is substituted by Gibbs’ criterion [13],
which is the equivalent of Young equation on a sharp edge,
prescribing "Y þ'# ( * & * "Y , where ' is the angle
formed by the edge and & is defined as in Fig. 1."eq joins

smoothly from the first to the second domain at Vl ¼ Z),
where & ¼ "Y (dashed line in Fig. 1). Once the triple line
is depinned, the meniscus advances with constant curva-
ture along the groove, and "eq scales linearly with Z.

FIG. 1 (color online). Left: definition of the contact angle ", of
the free surface !lv, and of the free surface displacement. Right:
minimal solutions of equations (i)–(iii) in a 2D groove having
depth h and width l: pinned (solid line), symmetric (dashed)
asymmetric (dotted-dashed) solutions. The extremal values for
the pinned configuration are indicated by a dotted line.

FIG. 2 (color online). The dimensionless grand potential !
as a function of the normalized volume of liquid inside the
groove z ¼ Z=V, at different values of the (over)pressure: #~p ¼
ðpl # pvÞ=#pmax ¼ 0:05, 0.5, and 1.0. The contact angle is
taken to be "Y ’ 110+ and the aspect ratio of the groove ) ¼
l=h ¼ 1. The grand potential is shifted so that the W state always
corresponds to ! ¼ 0.
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Activated wetting of nanostructured surfaces: reaction coordinates, finite size effects, and simulation pitfalls
Amabili, SM, Giacomello, Casciola, The Journal of Physical Chemistry B 122, 200-212
Collapse of superhydrophobicity on nanopillared surfaces Amabili, Giacomello, Meloni, Casciola, Physical 
Review Fluids 2, 034202
Liquid intrusion in and extrusion from non-wettable nanopores for technological applications 
Giacomello, Casciola, Grosu, SM, to appear in Europhys. J. B
Metastable wetting on superhydrophobic surfaces: Continuum and atomistic views of the Cassie-Baxter–Wenzel transition
Giacomello, Chinappi, SM, Casciola, Physical review letters 109 (22), 226102

⌦ = �PVv + �Alv + �svAsv + �slAsl

Confined Classical Nucleation Theory
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Exceptional
Negative
Compressibility

Giant Negative Compressibility by Liquid Intrusion into Superhydrophobic Flexible Nanoporous
Framework Tortora et al, Nano Letters 21, 2848-2853
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Negative
Compressibility

Material 𝜿𝒍, 𝐓𝐏𝐚"𝟏

BiB3O6 (0 - 5 GPa) -6.7

BiB3O6 (P → 0) -12.5

MIL-53 MOF -28

[Ag(en)]NO3 -28.4

Zn[Au(CN)2]2 -42

MCF-34 MOF -47.3

InH(BDC)2 -62.4

[Zn(L)2(OH)2]n -72

Ag3[Co(CN)6] -76.9

ZIF-8 MOF (intrusion) -1020

ZIF-8 MOF (extrusion 1) -770

ZIF-8 MOF (extrusion 2) -610
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Water molecules inside each cavity (config #: 0)
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Water molecules inside each cavity (config #: 150)
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Water molecules inside each cavity (config #: 220)
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Conclusions

• Intruision of liquids in textured and porous materials is non trivial

• Crystalline porous materials increase the level of complexity
• Flexibility
• Ordering of liquid inside cavities (breakdown of the sharp interface model?)
• Multiple levels of metastabilities: liquid state, configuration of the porous 

medium



Acknowledgements

H2020-FET Electro-Intrusion

Alberto Giacomello

Carlo Massimo Casciola

Yaroslav Grosu

Marco Tortora


