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Triboelectric nanogenerators - TENGs

induction. It features unparalleled advantages over other
developed existing technologies, including high power den-
sity, light weight, small size, low cost, flexibility and even
transparency [18,19]. Since its first report in 2012, it has
evolved very rapidly and attracted extensive research inter-
ests on a global scale. Basic principles and modes have been
proposed; various device structures for harvesting a broad
range of mechanical energy have been reported; output
power has been dramatically promoted through advanced
device designing; and attractive applications of this technol-
ogy in energy and sensing have been demonstrated.

In this review, we will first have a concise discussion on
fundamentals of the physical model of the TENG, which will
be followed by an introduction of the basic operating
modes. Then we will have detailed elaboration on how to
develop high-performance devices. Our recent works will be
shown to illustrate each designing strategy. Challenges and
prospects will be presented in the end.

Fundamentals

Triboelectric effect is a type of charge transfer by which any
two materials, after contact with each other, become
electrically charged in opposite signs. The origin of this
effect is still shrouded in unsettled questions; and the type
of the charge species is still under debate [20–24]. However,
it is known that the triboelectric charges are only confined on
the surface of materials. They neither recombine nor get
annihilated. Instead, they stay in a quasi-permanent way for
an extended period of time although minor charge migration
occurs [25,26]. The effect has been utilized in applications
including electrostatic separations, self-assembly, photocopy
and laser printing [27–29]. It is because triboelectric charges

are immobile and difficult to be conducted away that tribo-
electric effect has not been applied in power generation,
though it was used to produce high voltage.

The key innovation of the TENG is to incorporate electro-
static induction into an electricity-generating process. Con-
ductive electrodes that can provide mobile charges are
fabricated on the back side of the triboelectric charges. In
a TENG, it is induced charges on the back electrodes instead
of triboelectric charges that actually form the output current.
When two pieces of materials carrying opposite triboelectric
charges make relative motion, electric potential difference
created between the two electrodes causes transient flow of
induced charges. As a result, electric current is produced,
delivering effective output power to a load if connected
between the electrodes. In this process, mechanical energy is
thus converted into electrical energy. The form of the relative
motion can be diverse, making the TENG capable of harvest-
ing various types of mechanical energy.

Device structures

Contact mode

Basic energy-generation process
The contact mode features a motion direction that is perpen-
dicular to the charged surfaces in a TENG. Our work in 2012 was
the first to propose an accurate and clear description of the
energy-generation process [15]. Polymethyl methacrylate
(PMMA) and polyimide (Kapton) were used as a pair of contact
materials.

In an open-circuit condition, exchange of induced charges
cannot occur between the two electrodes. Shown in Fig. 1, no
triboelectric charges are generated in the original state

Fig. 1 Sketch that illustrates the operating principle of the contact mode. (a) Open-circuit condition. (b) Short-circuit condition.
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patterned PDMS pyramid array was controlled by a linear
motor to periodically make contact with the water and then
separate. The depth of water layer is 2 cm. During the contact
electrification process, the PDMS film only made contact with
the water surface and did not touch the Cu thin-film-
deposited PMMA substrate on the bottom of the tank.
Figure 1c displays scanning electron microscopy (SEM)
images of the patterned PDMS pyramid array, showing
uniform microstructures distributed across the whole area.
The thickness of PDMS film is nearly 140 mm (Figure S1 in the
Supporting Information). These microstructures not only act
as steady gaps between two contact materials in a strain-free
condition, but also enable the contact area of two materials to
be enlarged, which will increase the electrical output of the
water–TENG. High-magnification SEM image (inset of Fig-
ure 1c) further reveals that the size of single pyramid is
10 mm, and each pyramid has a perfect geometric structure
and a sharp tip.

Figure 2 illustrates the contact electrification between
water and PDMS and the working mechanism of the water–
TENG, which can be explained as a result of contact
electrification and electrostatic induction. Before PDMS
contacting with water (Figure 2a), no charge transfer oc-
curred. When PDMS is forced into contact with water
(Figure 2b), the ionization of the surface groups on the
PDMS will cause the PDMS to be negatively charged[21, 24] and
create a positively charged electrical double layer (EDL) on
the surface of the water to maintain electrical neutrality.[25] As
the PDMS moves off the water, the positive charges in the
EDL can be carried away with the water and the negative
charges can remain on the surface of PDMS, then an electric
potential difference will be established between PDMS and
water. In the ideal situation, the PDMS can be completely
separated from water leaving no residual water on the PDMS,
generating the maximum electricity output. This is why we
choose hydrophobic polymer materials, especially with the
design of surface micro-patterns. In short-circuit case, the

electrons will transfer from Cu electrode 2 to Cu
electrode 1 through the external load to balance the
potential difference between water and PDMS (Fig-
ure 2c). This contributes to the instantaneously positive
current. The inducted charge density (s’), which deter-
mines the magnitude of the generated current, has been
shown to be highly dependent on the separated distance
(d’).[26] The maximum value of s’ is observed when PDMS
returning to its original position (d’= d3) (Figure 2 d).
Once PDMS is pressed again toward the water surface,
the electric potential difference starts to decrease as the
PDMS gets closer to the water (Figure 2e). Therefore,
the electrons will flow from Cu electrode 1 to Cu
electrode 2 through the external load, until achieving
a new equilibrium (Figure 2b). This process corresponds
to an instantaneous negative current. Once the PDMS is
periodically making contacting with the water (Fig-
ure 2b–d), a continuous output will be obtained.

We first measured the electrical output of the water–
TENG through the contact electrification between the
patterned PDMS pyramid array and deionized water.

The TENG was mechanically triggered by a linear motor that
provides dynamic impact with controlled force at a frequency
of 2 Hz. Voc and Jsc were measured separately to characterize
the electrical performance of the water–TENG. From Fig-
ure 3a, the Voc of the water-TENG surged from 0 to 82 V upon
removing the patterned PDMS pyramid array from the
deionized water surface to a separation distance of 1.5 cm.
The generated voltage held as a plateau because in an open
circuit the electrons cannot flow to screen the electric
potential difference between patterned PDMS pyramid
array and the deionized water (inset of Figure 3a). When

Figure 1. a) Fabrication process of patterned PDMS pyramid array and
related device. b) Schematic diagram of the water-based TENG. c) SEM
image of patterned PDMS pyramid array. Inset is an SEM image with higher
magnification.

Figure 2. Working mechanism of the water–TENG. a) Initial status
without any external force applied. b) External force brings the PDMS
layer into contact with water. c) Removing the PDMS layer from the
water surface. d) PDMS layer returning back to the original position.
e) External force applied makes the PDMS layer contact with water
again. For simplification, both PMMA substrates are not shown.
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The ‘catalyzing’ effect of gas consists in decreasing the drying free-energy 
barriers was also observed for a nanopore that is approximately neutral to 
wetting. The observed gas-induced drying is also in principle independent 
of the concentration of the gas in the bulk, provided that one atom of gas 
reaches the cavity of nanopores of comparable sizes and hydrophobicity, i.e. 
only the time scale of the diffusion of the gas toward the cavity depends on 
the concentration. Overall, this study shows that dissolved gas changes the 
kinetics of drying [10].

4. Experimental techniques to investigate intrusion/extrusion

Parallel to the theoretical and computational progresses, an intense experimen-
tal activity has been devoted to identifying several fundamental aspects of 
intrusion/extrusion, which put in evidence potential technological applications 
of these processes. These activities are described in detail in the following.

4.1.1. Liquid porosimetry
Liquid porosimetry is a simple and reliable technique where a non-wetting 
liquid is forced to enter a porous material by applying hydrostatic pressure. In 
this technique, intrusion pressure at which a non-wetting liquid wets the pore 
and the corresponding volume variation (reduction) of the overall system, 
liquid plus suspended porous solid, are recorded simultaneously Figure 11.

Upon decompression, drying of pores occur at extrusion pressure and the 
system recovers its initial overall volume due to non-wetting liquid expul-
sion from the pore (Figure 11). It should be noted that while intrusion is 
guaranteed as long as porous materials is stable under the applied pressure 
and pore opening is big enough for liquid molecule/atom to enter, extrusion 

Figure 11. Scheme of intrusion–extrusion cycle. a) Negligible hysteresis loop (molecular spring), 
b) pronounced hysteresis (shock-absorber), c) irreversible intrusion: no extrusion at the lower 
end of operative pressures (bumper).
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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 

Heat 
pump 
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Suitable materials: MOFs, COFs and other 
porous materials with large internal area 
(100-10000 m2/g): the larger is the internal 
area, the larger is the liquid/solid contact 
area upon intrusion, the larger is the total 
electrification
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Electro-Intrusion Scientific challenges

• Basic laws/design principles to control intrusion/extrusion pressure

• Laws governing hysteresis

• Laws governing thermal energy fluxes

• Effect of thermodynamic conditions

• Contact electrification

• Chemical and mechanical stability.



Nano Lett. 21, 2848, 2021

Electro-Intrusion Scientific challenges

• Basic laws/design principles to control intrusion/extrusion pressure

• Laws governing hysteresis

• Laws governing thermal energy fluxes

• Effect of thermodynamic conditions

• Contact electrification

• Chemical and mechanical stability.



Nano Lett. 21, 2848, 2021

Electro-Intrusion

• laws/design principles to control 
intrusion/extrusion pressure...
• …needed to identify suitable/best materials
• Intrusion presume must be within the 

operative range, ~10-30 Mpa
• Extrusion must be spontaneous, i.e., must 

occur at positive pressures

𝑃()$ = −
2𝛾 cos 𝜃

𝑟 > 300𝑀𝑃𝑎

Young-Laplace

This behavior is not unique of ZIF8 but has been observed also upon 
water intrusion–extrusion into-from another MOF – Cu2(tebpz) [131], 
which suggests that a general strategy can be designed to obtain large 
negative linear and volumetric compressibilities. More flexible materials 
and general fundamental grounds should be explored to uncover this.

5.1.6. Negative thermal expansion
Similarly, to compressibility described in the previous section, negative 
thermal expansion (NTE) materials, for which the coefficient of thermal 
expansion α à 1

V
@V
@T
� �

P is negative, i.e. shrink upon temperature increases, 
are rare but attractive from the practical point of view. Among the highest 
known NTE coefficient values are � 10�5K�1 for ScF3 [168], � 9 � 10�5K�1 

for Ca0.8La0.2Fe2As2 [169], and � 1:15 � 10�4K�1 for reduced layered 

Figure 17. ZIF-8 + water system: (a) experimental evolution of lattice parameter a with pressure 
(the error bars are plotted on a 1σ confidence level). (b) PV-isotherm and contact angle; (c) 
topological model of cavity of ZIF-8; (d − f) schemes of framework response to compression 
before and during water intrusion, respectively. Here, the blue color represents water, while the 
black color is used to indicate the dimensions of the framework. (g) Theoretical evolution of 
lattice parameter a with pressure and (h) stroboscopic trajectory of two connected ZnIm4 
tetrahedra, i.e. two tetrahedra sharing an Im ligand. One observes a counter-rotation of the two 
tetrahedra that makes the Zn−Im−Zn triad more colinear, which increases the Zn−Zn distance, 
hence the lattice size. Note, due to cubic symmetry of ZIF-8, all the lattice parameters are equal 
and evolve with pressure in a similar way [130].
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Intrusion and extrusion pressure and 
hysteresis

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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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
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function of the thermodynamic conditions#, V, and T. It is
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pressure term enforcing the constancy of the liquid volume.
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ria of the system at given thermodynamic conditions are
those where $ ¼ 0 and the classical Laplace equation is
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i.e., the transition mechanism [10].
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the conditions of (constrained) mechanical equilibrium
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Continuum intrusion/extrusion theory

Atomistic

Continuum

ones in the first part of the grand canonical potential profile,
when the meniscus is within the pore. However, at variance
with the square-pore/pillar surface, the barrier between the
internal and external Cassie−Baxter states is negligible at
ambient conditions, and the system is capable of full self-
recovery. It is worth remarking that the for square-pore/ridge,
the intermediate Cassie−Baxter state exists only at pressures
greater than ca. 3.5 MPa.
In summary, the modular square-pore/ridge surface

combines self-recovery properties characterized by positive
extrusion pressure (Pext = 2.0 MPa, associated with the W → iC
step of the path) to good functional properties, for example, an
apparent contact angle of θ = 164°. Further analysis shows that
textured surfaces of this morphology can achieve self-recovery
at ambient conditions up to a characteristic length of S ∼ 20
nm (see Figure SI5). This size is typically smaller than the one
achievable for the fabrication of complex textures by top down
approaches, such as standard photolithography.56−58 To go
beyond this limitation, in the future we plan to study textures of
simpler fabrication based on the modular principles established
in this work. Nevertheless, within the length scale accessible by
standard photolitography59 modular design enhances and
facilitates the recovery with active approaches (see Figure
SI7). It must be remarked that specialized techniques have been
recently introduced60,61 which are very promising for the
fabrication of nanoscopic textured surfaces in the range
investigated in the present work (10−20 nm) and might be
used to implement the modular design proposed here.
Comparison with Molecular Dynamics. The sharp

interface model adopted for modeling the continuum multi-
phase system implies a number of approximations which might
affect the value of the wetting and recovery barriers, especially
at the nanoscale. Thus, to validate the results discussed above,
we have performed atomistic simulations of the recovery of the
modular square-pore/ridge surface. The atomistic square-pore/
ridge surface, shown in Figure SI2, is obtained from a face-
centered cubic crystal of Lennard-Jones (LJ) particles with a

0.36 nm lattice parameter. The solid particles interact with the
oxygen atoms of the water molecules by a modified LJ
potential, which allowed us to tune the Young contact angle of
the material to the same value used in the continuum
calculations. More details are given in the Methods section.
The atomistic texture pitch, thickness, and height are S = 29
atoms,W = 6 atoms, and H = 25 atoms, of which 11 are relative
to the pore. These correspond to slightly different values from
those used in the previous section, namely S = 10 nm, W = 2
nm, and H = 9 nm, of which 4 nm are relative to the pore and 5
nm to the ridge. The direct comparison of atomistic results with
continuum calculations in Figure 3 has been performed using
these latter values.
We prepared the system in the Wenzel state (Figure 3a) and

ran a constant pressure and temperature simulation at ambient
conditions (further details in the Methods section). Soon after
the beginning of the simulation the gas fraction ϕg in the
corrugation increases to values corresponding to the formation
of a supercritical bubble, indicating the presence of a negligible
recovery barrier, of the order of the thermal energy of the
system, kBT. The recovery accelerates during the process (ϕ̈g >
0) and, in agreement with continuum predictions, the system
does not remain pinned at the internal Cassie−Baxter state.
Finally, when the meniscus reaches the top of the ridges, ϕg
shows damped oscillations resulting from the combined effect
of inertia of the system, the pinning of the meniscus at the
corners of ridges, and the viscosity of liquid.
To explain the recovery dynamics and draw a more direct

comparison with the free-energy sharp interface calculations, we
computed the atomistic free energy profile as a function of the
liquid fraction by restrained molecular dynamics (see section
Methods for details). Atomistic and sharp interface results are
consistent both from the point of view of the recovery
mechanism (Figure 3c-d) and of the energetics (Figure 3b).
For both models the recovery starts with the formation of a gas
bubble at a corner of the square pore. The bubble then spreads
along the bottom corners of the pore one after the other until it

Figure 3. (a) Gas volume fraction as a function of time along a MD starting from the Wenzel state at ambient conditions for the square pore/
ridge surface. Complete recovery is achieved within 1.5 ns. (b) Comparison between the atomistic and continuum grand potential; continuum
data has been obtained without any fitting of atomistic results. The gray area represents the confidence interval associated with the
determination of the atomistic Ω profile. (c and d) Selected meniscus configurations observed along recovery in continuum and atomistic
simulations, respectively, at corresponding ϕg values.
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ones in the first part of the grand canonical potential profile,
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both 2D and 3D modes, beginning from below the bottom of the pore
until reaching above the specimen surface was controlled to consume
less than 30 s. This time scale is much smaller than that of air diffusion,
which we identify as the main mechanism driving meniscus
progression.49 Thus, the change in the meniscus shape during each
scan was negligible. The time-series images are integrated and
compiled as an animation to show the whole dynamic progress
visually.55 Unless otherwise noted, the following experiments were
performed with single-level structures such as that shown in Figure 2b.
Results with hierarchical structures such as that shown in Figure 2c are
presented later.

■ RESULTS AND DISCUSSION
Both symmetric and asymmetric collapses of the water−air
interface are shown in Figure 3. The superposition of the

fluorescence (cyan) and reflection (red) images clearly
illustrates the morphology of the water−air and silicon−air/
water interfaces. The first and second rows denote the
symmetric and asymmetric collapse, respectively. Figures 3a
and 3e are line scans taken immediately before the collapse, and
Figures 3c and 3g are immediately after. In both collapse
configurations, the water−air interfaces were similar prior to
the collapse, which exhibited a symmetric sagging about the
central axis of the micropore. However, the dynamic advance
toward the pore bottom differed from each other. For the case
of a symmetric collapse, the air column progressively became
thinner and thinner (Figure 3a) as air diffused into the water.
The meniscus advanced to the bottom gradually, which
eventually induced Newton’s rings (Figure 3b), the interference
pattern created by the reflection of light from the meniscus and
the pore bottom. This means that the distance between the
meniscus and the pore bottom was on the same order of
magnitude of the wave length of the laser, which was 488 nm in
our experiment. Then the meniscus suddenly contacted the
pore bottom concentrically (Figure 3c), leading to a symmetric
collapse. The triple contact line continued to spread out until
the fully wetted Wenzel state was accomplished. Although the
image in Figure 3d appears concentric with the pore bottom,
the spreading usually becomes eccentric while approaching the
pore side walls (not shown). For the case of an asymmetric
collapse, the center of the meniscus was much farther away
from the pore bottom immediately before the occurrence of

collapse (Figure 3e). The triple contact line on the inner side
wall suddenly touched the bottom of the pore (Figure 3g) on a
time scale shorter than the frame interval, leading to an
asymmetric collapse. Subsequently, the contact line on the pore
bottom spread until fully wetting the pore. This asymmetric
collapse was not induced by a direct contact of the meniscus
with the bottom due to its advancing such as in a symmetric
collapse. We ascribe this phenomenon to the loss of interfacial
stability triggered by impurity-induced local microdroplet on
the pore bottom, which we substantiate with further experi-
ments below. 3D movies of both symmetric and asymmetric
collapses animating the dynamic process are included in the
Supporting Information.55

A total of 54 experiments with pressure applied between 15
and 50 kPa have been performed under the direct observation
of confocal microscopy. Among these, 6 exhibited symmetric
collapse and 48 exhibited asymmetric collapse. Without
exception, the partial circle (Figure 3f) was always observed
prior to any asymmetric collapse. Conversely, it was always
absent for all symmetric collapse. On the basis of this strong
correlation between the partial circle and asymmetric collapse,
we hypothesize that these patterns are microdroplet con-
densations facilitated by local impurities. Indeed, we have
captured the droplet-like features in Figure 4. These micro-

droplets were mostly located at the corners of the micropores
(Figure 4a) and triggered the asymmetric collapse with the
meniscus touched and coalesced with them (Figure 4b,c).
Below, we present further experimental evidence to validate this
hypothesis and the genesis of the microdroplets.
We placed a rhodamine-labeled droplet in the volume of 0.2

mL on the sample surface under 1 atm and room temperature.
A 20× water immersion objective was used for observation.
Once the sample was covered with water, circles similar to that
in Figure 3f appeared immediately on the pore bottom. These
features swelled spontaneously and even coalesced with the
ones (indicated by arrows “1” in Figure 5) within the same
micropore. Figure 5 shows the representative morphology of
collapse-triggering circles. Occasionally, some circles expanded
eventually to cover the entire bottom of a micropore (indicated
by arrow “2” in Figure 5). For those cases, we subsequently
took a time series of images of the same micropore along the
pore center plane in line scan mode (the second row of Figure
5). The reflected interface (indicated by arrows “3”) indicates
that it is the upper boundary of the feature growing from the
pore bottom. This boundary proceeded to advance to the upper
water−air interface pinned at the top corner of the micropore.
Eventually, the two interfaces coalesced, which was followed by

Figure 3. Symmetric (a−d) and asymmetric (e−h) collapse of the
water−air interface. (a) and (e) are side-view line scans taken
immediately before the collapse; (b) and (f) are corresponding top
views of the pore bottom. (c) and (g) are side-view line scans taken
immediately after the collapse; (d) and (h) are the corresponding top
views. In (b), Newton’s rings are observed due to the thin air lens
formed between the meniscus and the pore bottom. In (f), a
characteristic collapse-triggering ring is observed.

Figure 4. (a) Droplet-like features were commonly located at the
corners of the pores. (b) A 3D image demonstrates the presence of the
droplet immediately prior to contact with the progressing meniscus.
(c) Coalescence between the meniscus and the droplet.
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0.5 is the surface of states having 50% of probability to reach
first the products and 50% to reach first the reactants. This
surface is the rigorous definition of the transition state.

Consider an isocommittor surface, S which intersects the
MFEP at a point z(↵). Let us denote by n↵ the normal to S at
z(↵) and by ⌧(z↵) the tangent to the MFEP at the same point.
In Ref. 20, it is shown that

⌧(z↵) k M̂n↵. (22)

If we compare Eq. (22) with Eq. (3), we conclude that the
MFEP is the path connecting constrained minima of the free-
energy on the isocommittor surfaces S↵ foliating the space.

Similar to the string method, CREaM aims at identifying
a wetting path. However, at variance with the string method,
in CREaM this path is not parametrized with its arc-length but
with an observable of relevance for the problem at hand. This
very general framework can be applied to di↵erent models,
ranging from the micro- to the macroscale; for the macroscopic
scale, in the sharp-interface model which was originally used
to describe the Cassie-Wenzel transition, the wetting path is
parametrized with the volume of liquid in the groove, Vl.
Like in the case of the string method, in CREaM the free-
energy is minimized subject to the constraint that the variable
parametrizing the path is constant. In other words, the path
obtained by CREaM connects the constrained minima of the
free-energy on the constant volume surfaces S

V
↵ .

Comparing this formulation of the CREaM path with
the formulation of the string path in terms of constrained
minimization of the free-energy in the isocommittor surface,
we conclude that the two paths coincide if and only if S

V
↵ ⌘ S↵,

at least locally to the path.
In Fig. 3(b), we compare the free-energy profiles obtained

via CREaM and via the interface string, as computed along
the respective paths.26 We note that the profiles coincide for
most of the path, departing from each other only in a relative-
ly small region around the transition state. This is not
surprising because, at variance with the string, CREaM does
not impose the continuity of the path. Thus, in the case of
the Cassie-Wenzel transition, which takes place through a
morphological transition (see Ref. 9 and Sec. V), CREaM
does not map the continuous path along which the symmetric
meniscus configuration goes into the bubble-in-a-corner one
(see Fig. 4).

In Fig. 3(b), we also report the free-energy profile
obtained from two distinct atomistic approaches: the string
method explained in Sec. II B and the RMD introduced in a
previous work.18 The latter method is the atomistic counterpart
of CREaM9 and indeed the two free-energy profiles nicely
overlap. The atomistic string appears to better agree with
CREaM and RMD than with the interface string. In the sharp
interface limit �/h ! 0, the interface string yields a larger
free-energy barrier; also, the position of the transition state is
shifted towards higher filling levels as compared with the other
cases. The reason for this discrepancy is discussed in Sec. V;
here, we note that it may arise because of “errors cancellation”
in CREaM: the underestimation of the barrier due to neglecting
the details of the path close to the transition state compensates
for an overestimation intrinsic to the sharp-interface models.

Summarizing, the paths obtained from CREaM and the
string method are not identical but give the same qualitative
description of the process. While the string method gives a
detailed and continuous description of the most likely wetting
path all along the process, CREaM represents the segment
around the transition state as a sharp morphological transition
(Fig. 4). Indeed, CREaM and the string can be used as
complementary tools. CREaM allows to e�ciently compute
all the possible “reactive” channels. The string method can
then be used to further refine the CREaM paths. When the
system is relatively simple, like the case of wetting of a square
groove,9 it is possible to obtain the analytical solution of the
CREaM equations. Thanks to CREaM, it was possible to
derive an extended version of the Laplace equation, which
relates the driving force of the Cassie-Wenzel transition to
the meniscus curvature and to surface tension. This relation,
that was introduced for the first time in Ref. 9, is valid along
most of the wetting path, apart in the region connecting the
symmetric meniscus and bubble-in-a-corner morphologies.
Finally, CREaM has a high parallel e�ciency, even higher

FIG. 3. (a) Transition path computed via the interface string. (b) Rescaled
excess free-energy �⌦ along the interface string for �p̃ = 0, ⇠ = 1, �/h
= 0.0001, ✓Y = 110�, and N = 140 (green solid line). �⌦ for the inter-
face string is compared to the profiles computed via the atomistic string,
CREaM, and RMD simulations at the same thermodynamic conditions.
The profiles are shifted along the ordinates so that the Cassie states co-
incide at �⌦= 0. This allows for a better comparison among the free-
energy profiles, because the atomistic ones are obtained by forward in-
tegration of the mean force, resulting in larger errors at high filling lev-
els.18 On the abscissae, we report the parametric variable Vl/Vtot of the
CREaM method; for the interface string, Vl/Vtot is computed from the path
in the top panel, while for RMD and the atomistic string, Vl/Vtot= (Z
�Zcassie)/(Zwenzel�Zcassie), where Z is the total number of particles inside the
coarse-graining cell(s). (c) Behavior of the interface string around the saddle
point for di↵erent �/h; the free-energy profile obtained via the atomistic string
is reported for comparison. The saddle point corresponds to the configuration
where the liquid-vapor interface touches the bottom of the capillary, between
images 3 and 4 of the path in panel (a). (Multimedia view) [URL: http://dx.
doi.org/10.1063/1.4913839.1]
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0.5 is the surface of states having 50% of probability to reach
first the products and 50% to reach first the reactants. This
surface is the rigorous definition of the transition state.

Consider an isocommittor surface, S which intersects the
MFEP at a point z(↵). Let us denote by n↵ the normal to S at
z(↵) and by ⌧(z↵) the tangent to the MFEP at the same point.
In Ref. 20, it is shown that

⌧(z↵) k M̂n↵. (22)

If we compare Eq. (22) with Eq. (3), we conclude that the
MFEP is the path connecting constrained minima of the free-
energy on the isocommittor surfaces S↵ foliating the space.

Similar to the string method, CREaM aims at identifying
a wetting path. However, at variance with the string method,
in CREaM this path is not parametrized with its arc-length but
with an observable of relevance for the problem at hand. This
very general framework can be applied to di↵erent models,
ranging from the micro- to the macroscale; for the macroscopic
scale, in the sharp-interface model which was originally used
to describe the Cassie-Wenzel transition, the wetting path is
parametrized with the volume of liquid in the groove, Vl.
Like in the case of the string method, in CREaM the free-
energy is minimized subject to the constraint that the variable
parametrizing the path is constant. In other words, the path
obtained by CREaM connects the constrained minima of the
free-energy on the constant volume surfaces S

V
↵ .

Comparing this formulation of the CREaM path with
the formulation of the string path in terms of constrained
minimization of the free-energy in the isocommittor surface,
we conclude that the two paths coincide if and only if S

V
↵ ⌘ S↵,

at least locally to the path.
In Fig. 3(b), we compare the free-energy profiles obtained

via CREaM and via the interface string, as computed along
the respective paths.26 We note that the profiles coincide for
most of the path, departing from each other only in a relative-
ly small region around the transition state. This is not
surprising because, at variance with the string, CREaM does
not impose the continuity of the path. Thus, in the case of
the Cassie-Wenzel transition, which takes place through a
morphological transition (see Ref. 9 and Sec. V), CREaM
does not map the continuous path along which the symmetric
meniscus configuration goes into the bubble-in-a-corner one
(see Fig. 4).

In Fig. 3(b), we also report the free-energy profile
obtained from two distinct atomistic approaches: the string
method explained in Sec. II B and the RMD introduced in a
previous work.18 The latter method is the atomistic counterpart
of CREaM9 and indeed the two free-energy profiles nicely
overlap. The atomistic string appears to better agree with
CREaM and RMD than with the interface string. In the sharp
interface limit �/h ! 0, the interface string yields a larger
free-energy barrier; also, the position of the transition state is
shifted towards higher filling levels as compared with the other
cases. The reason for this discrepancy is discussed in Sec. V;
here, we note that it may arise because of “errors cancellation”
in CREaM: the underestimation of the barrier due to neglecting
the details of the path close to the transition state compensates
for an overestimation intrinsic to the sharp-interface models.

Summarizing, the paths obtained from CREaM and the
string method are not identical but give the same qualitative
description of the process. While the string method gives a
detailed and continuous description of the most likely wetting
path all along the process, CREaM represents the segment
around the transition state as a sharp morphological transition
(Fig. 4). Indeed, CREaM and the string can be used as
complementary tools. CREaM allows to e�ciently compute
all the possible “reactive” channels. The string method can
then be used to further refine the CREaM paths. When the
system is relatively simple, like the case of wetting of a square
groove,9 it is possible to obtain the analytical solution of the
CREaM equations. Thanks to CREaM, it was possible to
derive an extended version of the Laplace equation, which
relates the driving force of the Cassie-Wenzel transition to
the meniscus curvature and to surface tension. This relation,
that was introduced for the first time in Ref. 9, is valid along
most of the wetting path, apart in the region connecting the
symmetric meniscus and bubble-in-a-corner morphologies.
Finally, CREaM has a high parallel e�ciency, even higher

FIG. 3. (a) Transition path computed via the interface string. (b) Rescaled
excess free-energy �⌦ along the interface string for �p̃ = 0, ⇠ = 1, �/h
= 0.0001, ✓Y = 110�, and N = 140 (green solid line). �⌦ for the inter-
face string is compared to the profiles computed via the atomistic string,
CREaM, and RMD simulations at the same thermodynamic conditions.
The profiles are shifted along the ordinates so that the Cassie states co-
incide at �⌦= 0. This allows for a better comparison among the free-
energy profiles, because the atomistic ones are obtained by forward in-
tegration of the mean force, resulting in larger errors at high filling lev-
els.18 On the abscissae, we report the parametric variable Vl/Vtot of the
CREaM method; for the interface string, Vl/Vtot is computed from the path
in the top panel, while for RMD and the atomistic string, Vl/Vtot= (Z
�Zcassie)/(Zwenzel�Zcassie), where Z is the total number of particles inside the
coarse-graining cell(s). (c) Behavior of the interface string around the saddle
point for di↵erent �/h; the free-energy profile obtained via the atomistic string
is reported for comparison. The saddle point corresponds to the configuration
where the liquid-vapor interface touches the bottom of the capillary, between
images 3 and 4 of the path in panel (a). (Multimedia view) [URL: http://dx.
doi.org/10.1063/1.4913839.1]
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0.5 is the surface of states having 50% of probability to reach
first the products and 50% to reach first the reactants. This
surface is the rigorous definition of the transition state.

Consider an isocommittor surface, S which intersects the
MFEP at a point z(↵). Let us denote by n↵ the normal to S at
z(↵) and by ⌧(z↵) the tangent to the MFEP at the same point.
In Ref. 20, it is shown that

⌧(z↵) k M̂n↵. (22)

If we compare Eq. (22) with Eq. (3), we conclude that the
MFEP is the path connecting constrained minima of the free-
energy on the isocommittor surfaces S↵ foliating the space.

Similar to the string method, CREaM aims at identifying
a wetting path. However, at variance with the string method,
in CREaM this path is not parametrized with its arc-length but
with an observable of relevance for the problem at hand. This
very general framework can be applied to di↵erent models,
ranging from the micro- to the macroscale; for the macroscopic
scale, in the sharp-interface model which was originally used
to describe the Cassie-Wenzel transition, the wetting path is
parametrized with the volume of liquid in the groove, Vl.
Like in the case of the string method, in CREaM the free-
energy is minimized subject to the constraint that the variable
parametrizing the path is constant. In other words, the path
obtained by CREaM connects the constrained minima of the
free-energy on the constant volume surfaces S

V
↵ .

Comparing this formulation of the CREaM path with
the formulation of the string path in terms of constrained
minimization of the free-energy in the isocommittor surface,
we conclude that the two paths coincide if and only if S
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at least locally to the path.
In Fig. 3(b), we compare the free-energy profiles obtained

via CREaM and via the interface string, as computed along
the respective paths.26 We note that the profiles coincide for
most of the path, departing from each other only in a relative-
ly small region around the transition state. This is not
surprising because, at variance with the string, CREaM does
not impose the continuity of the path. Thus, in the case of
the Cassie-Wenzel transition, which takes place through a
morphological transition (see Ref. 9 and Sec. V), CREaM
does not map the continuous path along which the symmetric
meniscus configuration goes into the bubble-in-a-corner one
(see Fig. 4).

In Fig. 3(b), we also report the free-energy profile
obtained from two distinct atomistic approaches: the string
method explained in Sec. II B and the RMD introduced in a
previous work.18 The latter method is the atomistic counterpart
of CREaM9 and indeed the two free-energy profiles nicely
overlap. The atomistic string appears to better agree with
CREaM and RMD than with the interface string. In the sharp
interface limit �/h ! 0, the interface string yields a larger
free-energy barrier; also, the position of the transition state is
shifted towards higher filling levels as compared with the other
cases. The reason for this discrepancy is discussed in Sec. V;
here, we note that it may arise because of “errors cancellation”
in CREaM: the underestimation of the barrier due to neglecting
the details of the path close to the transition state compensates
for an overestimation intrinsic to the sharp-interface models.

Summarizing, the paths obtained from CREaM and the
string method are not identical but give the same qualitative
description of the process. While the string method gives a
detailed and continuous description of the most likely wetting
path all along the process, CREaM represents the segment
around the transition state as a sharp morphological transition
(Fig. 4). Indeed, CREaM and the string can be used as
complementary tools. CREaM allows to e�ciently compute
all the possible “reactive” channels. The string method can
then be used to further refine the CREaM paths. When the
system is relatively simple, like the case of wetting of a square
groove,9 it is possible to obtain the analytical solution of the
CREaM equations. Thanks to CREaM, it was possible to
derive an extended version of the Laplace equation, which
relates the driving force of the Cassie-Wenzel transition to
the meniscus curvature and to surface tension. This relation,
that was introduced for the first time in Ref. 9, is valid along
most of the wetting path, apart in the region connecting the
symmetric meniscus and bubble-in-a-corner morphologies.
Finally, CREaM has a high parallel e�ciency, even higher
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energy profiles, because the atomistic ones are obtained by forward in-
tegration of the mean force, resulting in larger errors at high filling lev-
els.18 On the abscissae, we report the parametric variable Vl/Vtot of the
CREaM method; for the interface string, Vl/Vtot is computed from the path
in the top panel, while for RMD and the atomistic string, Vl/Vtot= (Z
�Zcassie)/(Zwenzel�Zcassie), where Z is the total number of particles inside the
coarse-graining cell(s). (c) Behavior of the interface string around the saddle
point for di↵erent �/h; the free-energy profile obtained via the atomistic string
is reported for comparison. The saddle point corresponds to the configuration
where the liquid-vapor interface touches the bottom of the capillary, between
images 3 and 4 of the path in panel (a). (Multimedia view) [URL: http://dx.
doi.org/10.1063/1.4913839.1]

both2Dand3Dmodes,beginningfrombelowthebottomofthepore
untilreachingabovethespecimensurfacewascontrolledtoconsume
lessthan30s.Thistimescaleismuchsmallerthanthatofairdiffusion,
whichweidentifyasthemainmechanismdrivingmeniscus
progression.49Thus,thechangeinthemeniscusshapeduringeach
scanwasnegligible.Thetime-seriesimagesareintegratedand
compiledasananimationtoshowthewholedynamicprogress
visually.55Unlessotherwisenoted,thefollowingexperimentswere
performedwithsingle-levelstructuressuchasthatshowninFigure2b.
ResultswithhierarchicalstructuressuchasthatshowninFigure2care
presentedlater.

■RESULTSANDDISCUSSION
Bothsymmetricandasymmetriccollapsesofthewater−air
interfaceareshowninFigure3.Thesuperpositionofthe

fluorescence(cyan)andreflection(red)imagesclearly
illustratesthemorphologyofthewater−airandsilicon−air/
waterinterfaces.Thefirstandsecondrowsdenotethe
symmetricandasymmetriccollapse,respectively.Figures3a
and3earelinescanstakenimmediatelybeforethecollapse,and
Figures3cand3gareimmediatelyafter.Inbothcollapse
configurations,thewater−airinterfacesweresimilarpriorto
thecollapse,whichexhibitedasymmetricsaggingaboutthe
centralaxisofthemicropore.However,thedynamicadvance
towardtheporebottomdifferedfromeachother.Forthecase
ofasymmetriccollapse,theaircolumnprogressivelybecame
thinnerandthinner(Figure3a)asairdiffusedintothewater.
Themeniscusadvancedtothebottomgradually,which
eventuallyinducedNewton’srings(Figure3b),theinterference
patterncreatedbythereflectionoflightfromthemeniscusand
theporebottom.Thismeansthatthedistancebetweenthe
meniscusandtheporebottomwasonthesameorderof
magnitudeofthewavelengthofthelaser,whichwas488nmin
ourexperiment.Thenthemeniscussuddenlycontactedthe
porebottomconcentrically(Figure3c),leadingtoasymmetric
collapse.Thetriplecontactlinecontinuedtospreadoutuntil
thefullywettedWenzelstatewasaccomplished.Althoughthe
imageinFigure3dappearsconcentricwiththeporebottom,
thespreadingusuallybecomeseccentricwhileapproachingthe
poresidewalls(notshown).Forthecaseofanasymmetric
collapse,thecenterofthemeniscuswasmuchfartheraway
fromtheporebottomimmediatelybeforetheoccurrenceof

collapse(Figure3e).Thetriplecontactlineontheinnerside
wallsuddenlytouchedthebottomofthepore(Figure3g)ona
timescaleshorterthantheframeinterval,leadingtoan
asymmetriccollapse.Subsequently,thecontactlineonthepore
bottomspreaduntilfullywettingthepore.Thisasymmetric
collapsewasnotinducedbyadirectcontactofthemeniscus
withthebottomduetoitsadvancingsuchasinasymmetric
collapse.Weascribethisphenomenontothelossofinterfacial
stabilitytriggeredbyimpurity-inducedlocalmicrodropleton
theporebottom,whichwesubstantiatewithfurtherexperi-
mentsbelow.3Dmoviesofbothsymmetricandasymmetric
collapsesanimatingthedynamicprocessareincludedinthe
SupportingInformation.55

Atotalof54experimentswithpressureappliedbetween15
and50kPahavebeenperformedunderthedirectobservation
ofconfocalmicroscopy.Amongthese,6exhibitedsymmetric
collapseand48exhibitedasymmetriccollapse.Without
exception,thepartialcircle(Figure3f)wasalwaysobserved
priortoanyasymmetriccollapse.Conversely,itwasalways
absentforallsymmetriccollapse.Onthebasisofthisstrong
correlationbetweenthepartialcircleandasymmetriccollapse,
wehypothesizethatthesepatternsaremicrodropletcon-
densationsfacilitatedbylocalimpurities.Indeed,wehave
capturedthedroplet-likefeaturesinFigure4.Thesemicro-

dropletsweremostlylocatedatthecornersofthemicropores
(Figure4a)andtriggeredtheasymmetriccollapsewiththe
meniscustouchedandcoalescedwiththem(Figure4b,c).
Below,wepresentfurtherexperimentalevidencetovalidatethis
hypothesisandthegenesisofthemicrodroplets.

Weplacedarhodamine-labeleddropletinthevolumeof0.2
mLonthesamplesurfaceunder1atmandroomtemperature.
A20×waterimmersionobjectivewasusedforobservation.
Oncethesamplewascoveredwithwater,circlessimilartothat
inFigure3fappearedimmediatelyontheporebottom.These
featuresswelledspontaneouslyandevencoalescedwiththe
ones(indicatedbyarrows“1”inFigure5)withinthesame
micropore.Figure5showstherepresentativemorphologyof
collapse-triggeringcircles.Occasionally,somecirclesexpanded
eventuallytocovertheentirebottomofamicropore(indicated
byarrow“2”inFigure5).Forthosecases,wesubsequently
tookatimeseriesofimagesofthesamemicroporealongthe
porecenterplaneinlinescanmode(thesecondrowofFigure
5).Thereflectedinterface(indicatedbyarrows“3”)indicates
thatitistheupperboundaryofthefeaturegrowingfromthe
porebottom.Thisboundaryproceededtoadvancetotheupper
water−airinterfacepinnedatthetopcornerofthemicropore.
Eventually,thetwointerfacescoalesced,whichwasfollowedby

Figure3.Symmetric(a−d)andasymmetric(e−h)collapseofthe
water−airinterface.(a)and(e)areside-viewlinescanstaken
immediatelybeforethecollapse;(b)and(f)arecorrespondingtop
viewsoftheporebottom.(c)and(g)areside-viewlinescanstaken
immediatelyafterthecollapse;(d)and(h)arethecorrespondingtop
views.In(b),Newton’sringsareobservedduetothethinairlens
formedbetweenthemeniscusandtheporebottom.In(f),a
characteristiccollapse-triggeringringisobserved.

Figure4.(a)Droplet-likefeatureswerecommonlylocatedatthe
cornersofthepores.(b)A3Dimagedemonstratesthepresenceofthe
dropletimmediatelypriortocontactwiththeprogressingmeniscus.
(c)Coalescencebetweenthemeniscusandthedroplet.
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⌦(N) = �kBT log (p(N))

Nano Letters 2021, 21, 2848; ACS Appl. Mater. Interfaces 2022, 14, 26699; Nano Letters accepted for 2023

• Predicted intrusion pressure consistent with 
the experimental value.

• Mechanism is percolation-like, not capillary 
condensation

• Flexibility plays a crucial role
structure in local minima, at a distance between the two
crystallites different from the equilibrium one. Rather, we
searched for the lowest energy structure as a function of the
distance d between the two ZIF-8 crystallites forming the GB,
exploring a broad ∼35 Å distance range. The profile of the
energy of the GB versus the distance is reported in Figure 6a,
where distance d = 0 Å has been arbitrarily fixed in
correspondence of the minimum of the GB energy. Panels d

and e of the same figure show two views of the GB,
highlighting how tight the two crystallites are in the stable
configuration. Concerning the energy profile, one interesting
feature is the energy maximum at ∼5 Å, amounting to a ∼7
kBT barrier to allow two facing ZIF-8 crystallites to grow along
the [110] direction to reach the most stable configuration
(Figure 6b). Of course, such a barrier increases with the area of
the facing crystallites, quickly exceeding the thermal energy or

Figure 6. (a) Energy profile of the ZIF-8 (110) GB as a function of the distance between the two crystallites. The profile is characterized by a deep
minimum and a barrier at ∼5 Å. (b) Zoom in on the barrier region. In panel (b), the energy profile is reported in kBT for a GB of ∼392 Å2 of
contact area, corresponding to the smallest possible ZIF-8 (110) GB. The height of the barrier with respect to the energy plateau at larger distances
7 kBT, that is, 7 times the thermal energy available at room conditions, suggesting, according to the Arrhenius law, that a close approach between
two crystallites is energetically non-trivial, especially for large crystallites. (c,d) Images illustrating the GB from two different points of view. The
crystallites and the GB are shown by both a stick-and-ball representation of the atoms and the surface enveloping the atoms obtained by a probe
particle85 of 3.0 Å of diameter, approximately corresponding to the characteristic size of water in several classical force fields.74

Figure 7. (a,b) Free energy profile of the ZIF-8 + water sample as a function of the number of water molecules in the MOF slab, shown in panel c
in a partially filled configuration. The gray shadow beneath the solid lines represents the error on the estimation of the free energy (see the
Supporting Information). In panel (a), we report the free energy profiles at the computational intrusion pressure of the flexible framework, 51 MPa.
Indeed, one can notice that in these conditions the free energy of the filled state (1050 water molecules in the framework) is lower than the empty
one. At this pressure, on the contrary, for the rigid framework the lowest free energy state corresponds to the empty ZIF-8 framework. At 106 MPa,
the lowest free energy state is the filled one also for the rigid framework case, indicating that at this pressure intrusion also takes place in this
sample. Due to liquid and lattice compressibility, at 106 MPa, the water molecules in the filled ZIF-8 slab are more than at 51 MPa.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c04314
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• One observes i) a strain in the lattice and ii) a 
initial growth and then shrink of the smallest 
domain

• This is conflicting with the classical model of 
intrusion (capillary theory)



Mechanism and free energetics of 
intrusion in ZIF-8

Nano Letters accepted for 2023



Effect of secondary subnanometric 
features of porous systems

Effect of secondary apertures opposite than standard theories:
The system present an Anti Cassie-Baxter/Wenzel, shallow lateral 

apertures reduces hydrophobicity, with the effective contact angle 
going from 𝜽 = 𝟏𝟏𝟒° to 𝜽 = 𝟏𝟎𝟔°

Nano Lett. 2022, 22, 6, 2164–2169
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Other (selected) bizarreness of highly 
confined liquids

Cu2(tebpz) 



Giant reduction of the critical temperature

Bulk Tc TIP4P/2005 



Giant reduction of the critical temperature

Bulk Tc TIP4P/2005 

Possible technological uses:

• Cooling thanks to the higher heat 
capacity of supercritical fluids

• Supercritical solvents for 
chemical reactions  

• Thermal-to-mechanical energy 
conversion

• Actuation



Crash course on contact electrification

contacting points even at atomic and nano-scales, where the
interatomic distance x is forced to be shorter than a between
the local contacting points, resulting in local repulsive force. If
the interatomic distance x is larger than a, the two atoms tend
to attract each other due to the reduced overlap of electron
clouds, nearly breaking their bond (Fig. 7c).

The experimental results in Fig. 6 indicate that the distance
between the AFM tip and the silica surface has to be shorter
than the bonding length in order for the two to experience
CE. In the repulsive region, the increased overlap in local elec-
tron clouds results in electron transition from one material to
the other. Therefore, we can propose an atomic-scale charge
transfer mechanism for CE [16,35]. Fig. 8a shows a case in
which, prior to the atomic-scale contact of the two materials,
their respective electron clouds remain separated without over-
lap. This is the attractive force region as presented in Fig. 8. The
potential well binds the electrons tightly in specific orbitals and
stops them from freely escaping, which is the case for non-
conducting materials. When the two atoms belonging to two
materials, respectively, get close to and contact with each other,

the electron clouds overlap between the two atoms to form an
ionic or covalent bond. The bonding lengths are shortened
even more if an external compression force is applied. In this
case, the initial single potential wells become an asymmetric
double-well potential, and the energy barrier between the two
is lowered as a result of strong electron cloud overlap
(Fig. 8b). Then electrons can then transfer from one atom to
the other, resulting in CE. The role played by mechanical con-
tact of the two materials is to shorten the distance between the
atoms and cause a strong overlap of their electron clouds in the
repulsive region, at least in the area at which the atomic-scale
contact occurs, despite the samples being larger. It is important
to note that only a very small fraction of area of the two sur-
faces will reach atomic scale contact. This also explains why
more charges are transferred if one material rubs against the
other harder/tighter owing to the strong compression force
applied in sliding process, which can even cause local fractures
and plastic deformation. After being separated (Fig. 8c), the
transferred electrons remain as static charges on the material’s
surface.

FIGURE 8

An electron-cloud-potential-well model proposed for explaining CE and charge transfer and release between two materials that may not have well-specified
energy band structure, for general material cases. Schematic of the electron cloud and potential energy profile (3D and 2D) of two atoms belonging to two
materials A and B, respectively, when they are: (a) before contact, (b) in contact, and (c) after contact, showing electron transfer from one atom to the other
after being forced to have electron cloud overlap. (d) Charge release from the atom at an elevated temperature T once kT approaches the barrier height. d,
distance between two nuclei; EA and EB, occupied energy levels of electrons; E1 and E2, potential energies for electrons to escape. (b1–b3) Detailed illustration
of (b) to show that the increased electron cloud overlap results in a lower potential barrier between the two atoms, resulting in interatomic electron transition
and possible photon emission (with permission from Wiley) [17].
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Interatomic interaction model for general contact
electrification cases
The discussions in Sections “Contact electrification in metal–
dielectric cases” and “Contact electrification in dielectric–dielec-
tric cases” are valid if the electronic structure of the dielectric can
be represented by a band diagram with the presence of surface
and defect states. As for general materials, such as polymers
and rubbers, their electronic structures can be represented by
molecular orbitals and chain alignment. An early review of obser-
vations can be found in [33]. On the other hand, for materials
that may not have a well characterized molecular structure or
in the presence of composite phases, as in natural materials, such
as wool, wood, animal fur, and human hair, there is no simple
electronic structure model that can represent these materials.
We do know that all of these existing materials exhibit CE, and
therefore a general model is needed for explaining CE on atomic
and molecular levels [16].

We first start from experimental observations. The first ques-
tion is: how close must the two atoms be before CE occurs? This
question was answered by our study using KPFM [34]. Fig. 6 pre-
sents the surface potential difference (DV) between the center of
the scanned area and the edge after a KPFM scan (Fig. 6a, c, e).
Using amplitude-modulated (AM) AFM, the probe cantilever
was excited near its resonance frequency (f0), with a free vibra-
tion amplitude (A0) set before the tip approaches the surface of
the sample and a set-point scanning amplitude (Asp) set as a feed-
back parameter to measure the topography of the sample surface
after engagement. The interaction of the tip with the surface will
extend or delay its vibration phase shift (Du) if there is an attrac-
tive or repulsive interaction between the two, respectively. By
comparing the DV–Asp and Du–Asp curves of different A0 (100,
70, and 50 nm), we explored the relationship between CE and
the change of phase shift in the tapping mode. For the experi-
ments of A0 = 100 nm and A0 = 70 nm, there are dramatic
increases in DV from 0 (which means that contact electrification
has had a significant influence on the surface potential) with Asp

being smaller than certain values (!95 nm for the experiment of
A0 = 100 and 62.5 nm for the experiment of A0 = 70 nm), and

these values correspond to the sign switch point of the Du in
the Du–Asp curves. In the case of A0 = 50 nm, no CE was
observed. Also, there is no decrease in the phase shift under such
circumstances. When the tip has a net attractive force, it is in the
attractive regime, and there is an increase in the phase shift
(Du > 0). In contrast, if it has net repulsive force, it will be in
the repulsive force regime, and there will be a decrease from
the original phase shift (Du < 0). Therefore, the sign of Du could
be regarded as the symbol of the net tip–sample interaction force
for each vibration cycle.

Accordingly, if the tip is in the attractive regime (A0 = 50 nm),
there is no electron transfer between the tip and sample. By
increasing the free amplitudes (A0 = 70 and 100 nm), the probe
cantilever can vibrate with more energy. In this way, it could
overcome the repulsive force and enter into the repulsive region.
In this case, the tip is much closer to the surface of the sample in
its lowest possible position (as shown in Fig. 6d, e). Since this tip–
sample distance could result in tunneling, CE is observed in scan-
ning experiments with A0 = 100 and 70 nm (Fig. 6g). Moreover,
since the Asp for the transition between the attractive regime
and the repulsive force regime is exactly the same value for the
drastic increase in DV from 0 (!95 nm for the experiment of
A0 = 100 and 62.5 nm for A0 = 70 nm), the distance between the
tip and the sample for electron transfer to occur should be smaller than
the interatomic distance at equilibrium, where the long range attrac-
tive force equals to the short-range repulsive force.

The repulsive and attraction interactions between atoms can
be easily understood from the interatomic interaction potential.
Fig. 7a shows the general representation of interatomic interac-
tions. For two atoms that form a bond, which means some sort
of overlap in electron clouds or wave function, an equilibrium
distance a is established, which is called the bond length or inter-
atomic distance. If the interatomic distance x is shorter than a,
the two atoms tend to repel each other owing to the increased
overlap of electron clouds (Fig. 7b). One of the key factors in
CE is an external force that has to be applied in order for the
two surfaces to be contacted. The role played by such an exter-
nally applied force is to create local high pressure at certain
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FIGURE 5

Charge transfer (a) before contact, (b) in contact, and (c) after contact between two different insulator dielectrics for a case that En of the former is higher than
that of the latter and the band structure model holds (with permission from Wiley) [17].
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Challenges with internal surfaces of MOFs
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Is contact electrification possibly due to 
defects?

J. Phys. Chem. Lett. 2018, 9, 4037−4044
J. Phys. Chem. Lett. 2016, 7, 459−464 

(in the case of ZIFs) DMF,35 methanol,36 or water.37 We
include such solvation effects using a combination of
experimentally measured or computationally estimated aqueous
solvation enthalpies. Within these defect formation reactions,
we include the possibility of reactions involving water (either
ambient or residual solvent), NO3

− (a typical counterion during
synthesis), or formate (a modulator often used in ZIF
synthesis).38,39 Because our goal is to examine the plausibility
of various defects (rather than to estimate absolute defect
concentrations), we neglect entropic effects, the inclusion of
which is both challenging (due to the anharmonicity of low-
frequency phonons and the uncertainty in solution-phase
translation/rotational entropy) and unlikely to qualitatively
alter our conclusions (see Supporting Information, Table S5).
Additional details can be found in the Computational Methods
and Supporting Information.
Calculated zero-point-corrected gas-phase (ΔEgas) and

solution-phase (ΔEsoln) defect formation energies are shown
in Table 1. Similar to an oxygen vacancy in zeolites, a linker

vacancy can be formed by removing a neutral, protonated
imidazole linker (to the gas-phase or bulk solution) via reaction
with a water and an additional proton donating group (Figure
1a, reactions i−iii of Table 1). Within the context of this simple
description, the resulting two unsaturated metal sites are then
filled by an associating water and the conjugate base of the
proton-donating group. The local optimized structure of the
resulting defect is shown in Figure 2, with gas-phase defect

formation energies ranging between 14.5 and −0.5 kcal/mol,
depending on the nature of the proton donating group. Note
that these energies are calculated with respect to noninteracting
reactants and products; as such, a significant energetic
contribution comes from desorption of the resulting gas-
phase imidazole from the ZIF. Because it is likely that the
imidazole would remain adsorbed within the ZIF, we also
calculate energies relative to the interacting products (e.g.,
adsorbed imidazole), yielding smaller formation energies
between −3.6 and −8.0 kcal/mol (numbers in parentheses in
Table 1 and Figure S3). Including solvation effects for the
reactants and products, we estimate the corresponding aqueous
solution-phase linker vacancy formation energies to be slightly
more favorable, between 10.6 and −3.8 kcal/mol (−7.5 to

Figure 1. Schematic illustration of various potential ZIF point defects
and associated formation reactions: (a) linker vacancy, (b) zinc
vacancy, and (c) dangling linker. X = OH−, NO3

−, or COOH−. Zn-X-
H2O-Zn, VZn, and Zn-X-HL-Zn denote a linker vacancy, zinc vacancy,
and dangling linker, respectively.

Table 1. Formation Energies of the Possible Point Defects in ZIF-8a

(kcal/mol) defect ΔEgas ΔΔEsolv ΔEsoln

linker vacancy (i) Zn−OH···H2O−Zn 14.5(−3.6) −3.9 10.6(−7.5)
(ii) Zn-NO3···H2O−Zn 3.8(−6.2) −2.8 1.0(−9.0)
(iii) Zn-COOH···H2O−Zn −0.5(−8.0) −3.3 −3.8(−11.3)

Zn vacancy (iv) VZn[Zn(OH)2] −5.9 [46.0] 26.9 21.0
(v) VZn[Zn(NO3)2] −38.2[21.8] 13.2 −25.0

dangling linker (vi) Zn−OH···HmIM-Zn 11.9 8.8 20.7
(vii) Zn-NO3···HmIM-Zn 6.2 6.8 13.0
(viii) Zn-COOH···HmIM-Zn 2.9 0.5 3.4

aAll energetics are calculated at the PBE-D3 level with values given in kcal/mol. ΔEgas, ΔΔEsolv, and ΔEsoln denote the gas-phase defect formation
reaction energy (see Figure 1), solvation correction, and resulting solution-phase formation energy. Numbers in square brackets correspond to gas-
phase ion-paired Zn(OH)2/Zn(NO3)2 products, which are shown alongside results assuming crystalline salt products. In the case of linker vacancies,
energies in parentheses are taken with respect to interacting product complex; all other energies are with respect to non-interacting reactants and
products.

Figure 2. Local structures of the defects in ZIF-8. (Numbering
corresponds to the defect formation reactions in Table 1.) Linker
vacancies (i−iii), zinc vacancies (iv−v), and dangling linkers (vi−viii).
The local structure of defect-free ZIF-8 is shown for comparison. H, C,
N, O, and Zn are shown in white, brown, blue, red, and gray,
respectively. Reactions iv/v yield identical point defect structure.
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(in the case of ZIFs) DMF,35 methanol,36 or water.37 We
include such solvation effects using a combination of
experimentally measured or computationally estimated aqueous
solvation enthalpies. Within these defect formation reactions,
we include the possibility of reactions involving water (either
ambient or residual solvent), NO3

− (a typical counterion during
synthesis), or formate (a modulator often used in ZIF
synthesis).38,39 Because our goal is to examine the plausibility
of various defects (rather than to estimate absolute defect
concentrations), we neglect entropic effects, the inclusion of
which is both challenging (due to the anharmonicity of low-
frequency phonons and the uncertainty in solution-phase
translation/rotational entropy) and unlikely to qualitatively
alter our conclusions (see Supporting Information, Table S5).
Additional details can be found in the Computational Methods
and Supporting Information.
Calculated zero-point-corrected gas-phase (ΔEgas) and

solution-phase (ΔEsoln) defect formation energies are shown
in Table 1. Similar to an oxygen vacancy in zeolites, a linker

vacancy can be formed by removing a neutral, protonated
imidazole linker (to the gas-phase or bulk solution) via reaction
with a water and an additional proton donating group (Figure
1a, reactions i−iii of Table 1). Within the context of this simple
description, the resulting two unsaturated metal sites are then
filled by an associating water and the conjugate base of the
proton-donating group. The local optimized structure of the
resulting defect is shown in Figure 2, with gas-phase defect

formation energies ranging between 14.5 and −0.5 kcal/mol,
depending on the nature of the proton donating group. Note
that these energies are calculated with respect to noninteracting
reactants and products; as such, a significant energetic
contribution comes from desorption of the resulting gas-
phase imidazole from the ZIF. Because it is likely that the
imidazole would remain adsorbed within the ZIF, we also
calculate energies relative to the interacting products (e.g.,
adsorbed imidazole), yielding smaller formation energies
between −3.6 and −8.0 kcal/mol (numbers in parentheses in
Table 1 and Figure S3). Including solvation effects for the
reactants and products, we estimate the corresponding aqueous
solution-phase linker vacancy formation energies to be slightly
more favorable, between 10.6 and −3.8 kcal/mol (−7.5 to

Figure 1. Schematic illustration of various potential ZIF point defects
and associated formation reactions: (a) linker vacancy, (b) zinc
vacancy, and (c) dangling linker. X = OH−, NO3

−, or COOH−. Zn-X-
H2O-Zn, VZn, and Zn-X-HL-Zn denote a linker vacancy, zinc vacancy,
and dangling linker, respectively.

Table 1. Formation Energies of the Possible Point Defects in ZIF-8a

(kcal/mol) defect ΔEgas ΔΔEsolv ΔEsoln

linker vacancy (i) Zn−OH···H2O−Zn 14.5(−3.6) −3.9 10.6(−7.5)
(ii) Zn-NO3···H2O−Zn 3.8(−6.2) −2.8 1.0(−9.0)
(iii) Zn-COOH···H2O−Zn −0.5(−8.0) −3.3 −3.8(−11.3)

Zn vacancy (iv) VZn[Zn(OH)2] −5.9 [46.0] 26.9 21.0
(v) VZn[Zn(NO3)2] −38.2[21.8] 13.2 −25.0

dangling linker (vi) Zn−OH···HmIM-Zn 11.9 8.8 20.7
(vii) Zn-NO3···HmIM-Zn 6.2 6.8 13.0
(viii) Zn-COOH···HmIM-Zn 2.9 0.5 3.4

aAll energetics are calculated at the PBE-D3 level with values given in kcal/mol. ΔEgas, ΔΔEsolv, and ΔEsoln denote the gas-phase defect formation
reaction energy (see Figure 1), solvation correction, and resulting solution-phase formation energy. Numbers in square brackets correspond to gas-
phase ion-paired Zn(OH)2/Zn(NO3)2 products, which are shown alongside results assuming crystalline salt products. In the case of linker vacancies,
energies in parentheses are taken with respect to interacting product complex; all other energies are with respect to non-interacting reactants and
products.

Figure 2. Local structures of the defects in ZIF-8. (Numbering
corresponds to the defect formation reactions in Table 1.) Linker
vacancies (i−iii), zinc vacancies (iv−v), and dangling linkers (vi−viii).
The local structure of defect-free ZIF-8 is shown for comparison. H, C,
N, O, and Zn are shown in white, brown, blue, red, and gray,
respectively. Reactions iv/v yield identical point defect structure.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b02683
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Conclusions
• We plan to develop a technology to recover energy dispersed in vibrations using 

intrusion/extrusion-based TENGs

• This requires understanding many fundamental chemical and physical 
phenomena

• Here, I focused only on liquid intrusion/extrusion in nanoporous materials…
• which do not obey to classical laws

• …, Exotic properties of highly confined liquid in non-trivial porosities…
• No cylindrical or slit structures

• And shortly touched contact electrification
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