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Abstract: Liquid spreading is of significant interest in science
and technology. Although surface topography engineering and
liquid surface-tension regulating can facilitate spreading, the
spreading layers in these strategies are inevitably inhomoge-
neous or contaminated with surfactants. Herein, we show
a general strategy to realize the superspreading of liquids on
mutually soluble gel surfaces. The cooperation of the hydraulic
pressure under liquid phase and liquid-like property of gel
surfaces can dramatically eliminate the local pinning effect and
enhance the advancement of three-phase contact line, thus
forming stable and homogeneous superspreading liquid layers.
Such liquid layers can be converted into various functional thin
polymer films with controlled thicknesses (nm- to mm-scale)
through one-step polymerization of the reactants. Our strategy
offers opportunities for large-scale synthesis of versatile func-
tional thin films for various applications.

Liquid spreading is of significance in both fundamental
wetting research and industrial applications.[1] To realize
complete liquid spreading, engineered surface topographies,[2]

regulated liquid surface tension,[3] and external forces[4] have
been utilized to conquer the pinning effect of three-phase
contact line (TCL) to form a liquid layer. In these strategies,
however, the spreading layers are typically inhomogeneous,
or introduce external contaminants such as surfactants.
Therefore, the rapid and complete spreading (defined as
superspreading) of liquids remains a highly attractive chal-
lenge. Herein, we report a general strategy to realize the
superspreading of liquids on mutually soluble gel surfaces in
a liquid/liquid/gel tri-phase system, which can achieve a stable

and homogeneous liquid layer. The hydraulic pressure
generated by the liquid phase, and the liquid-like properties
of the gel surfaces, can dramatically eliminate local pinning
and enhance the advancement of TCL. It is worth noting that
the superspreading of highly viscous liquids can even be
realized in this strategy, benefiting from the hydraulic
pressure. Furthermore, by introducing the reactants into the
superspreading layers of liquids, we can fabricate various
functional thin polymer films with controlled thicknesses
(nm- to mm-scale) through one-step polymerization. These
films could have promising applications in photovoltaic
devices, flexible electronics, and separation films.[5]

For complete liquid spreading on solid surfaces, it is
generally accepted that there is a precursor film propagating
in front of the spreading liquid. Such a precursor film actually
leads the liquid spreading.[6] However, the local pinning effect
induced by defects or impurities on the solid surfaces can
hinder the formation of the precursor film, and consequently
limit the infinite spreading of liquids.[2c,7] In contrast to solid
surfaces, gels are composed of a liquid phase entrapped in
a three-dimensional (3D) crosslinked polymer network
through weak interactions (for example, hydrogen bonds,
van der Waals forces, or hydrophobic interactions). Accord-
ingly, gels can be considered a quasi-liquid phase, while
behaving like a solid.[8] Compared with solid surfaces, the
entrapped liquid on the gel surfaces may act as precursor film,
potentially leading to complete spreading of the liquids.
However, water droplets could not completely spread on
hydrogel surfaces in air, which might be attributed to the
reorientation of the hydrophobic polymer main chains
towards the air.[9] The contact angles (CAs) of water on Ca-
alginate, poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA),
and polyacrylamide (PAAm) hydrogel surfaces in air are
5.1� 1.188, 8.9� 1.288, 10.1� 1.388, and 10.8� 1.788, respectively
(Figure S1). Even after 10 min, the water droplets had not
completely spread, nor were they absorbed by the hydrogels
(Figure 1a,b). However, under oil, we could realize the rapid
and complete spreading (superspreading) of water droplets
on hydrogel surfaces (Figure 1a,c). Taking PAAm hydrogel as
an example, the water CA decreased from 11.088 to 8.888 when
the hydrogel was immersed into silicone oil (depth: 1 cm;
Figure 1d). Here, we defined the depth (h) as the distance
from the air/liquid interfaces to the top surfaces of spreading
liquids (Figure 1 c). By increasing the oil depth, the water CA
gradually decreased and became 088 at a depth of 34 cm
(Figure 1d).

The superspreading process of liquids on gel surfaces in
a liquid/liquid/gel system was recorded using a high-speed
camera. Upon contacting the hydrogel surface, the spherical
water droplet immediately split and started to spread on the
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hydrogel surface (Figure 2a). Then, the whole droplet was
rapidly pulled towards the hydrogel surface and achieved
complete spreading within 2 s. Similarly, when a poly(butyl
methacrylate-co-lauryl methacrylate) (P(BMA-co-LMA))
organogel,[10] fully swollen by chloroform, was immersed in
water, a mutually soluble chloroform droplet exhibited
superspreading behavior on its surface (Figure 2b).

The introduction of a liquid phase can significantly
increase the spreading coefficient S (Figure 2d,e), which is
generally used to predict the liquid spreading on material
surfaces.[1,11] Using the spreading of water droplets on hydro-
gel surfaces as an example, in air (Figure 2 c), S can be
expressed as:

S ¼ gha¢ðgwa þ ghwÞ ð1Þ

where gha, gwa, and ghw are
the hydrogel/air, water/air,
and hydrogel/water interfa-
cial tensions, respectively.
While under oil (Figure 2d),
S’ can be expressed as:

S0 ¼ gho¢ðgwo þ ghwÞ ð2Þ

where gho, gwo, and ghw are
the hydrogel/oil, water/oil,
and hydrogel/water interfa-
cial tensions, respectively.
Whether the oil phase facil-
itates water spreading
depends on DS = S’¢S. If
DS is larger than 0, then
the oil phase can facilitate
water spreading on hydrogel
surfaces, otherwise the oil
phase hinders water spread-
ing. The calculated DS =

14.1 mNm¢1 (Supporting
Information), indicates
improved water spreading.
On the other hand, the
increase of oil depth can
lead to the decrease of
water CAs to reach 088. In
normal cases, water mole-
cules in hydrogels are trap-

Figure 2. Spontaneous liquid superspreading on gel surfaces in a liquid/liquid/gel tri-phase system.
a) Illustration and images of the superspreading processes of a water droplet (5 mL) achieves on PAAm
hydrogel surfaces. b) Illustration and images of the superspreading processes of a chloroform droplet (5 mL)
rapidly and completely spreading and forming an oil layer on the chloroform-swollen P(BMA-co-LMA)
organogel surface. Illustrations of the spreading coefficient S of liquid droplets spreading on gels c) in air,
d) under oil, and e) under water.

Figure 1. Hydraulic pressure induces complete spreading of water droplets on hydrogel surfaces in an oil/water/hydrogel tri-phase system.
a) Time-dependent water CA changes on hydrogel surfaces in air (ambient temperature: 25 88C, humidity: 42 %) and under oil. In air, even 10 min
later, the water droplets deposited on PAAm hydrogel surfaces neither completely spread nor adsorbed by the hydrogels. Under oil, water droplets
rapidly and completely spread on hydrogel surfaces within 1 s. The CA decrease might be caused by the evaporation of water in air. Illustration of
water droplets change b) in air and c) under oil. d) The changes of water CAs with increasing the oil depth.
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ped in the 3D cross-linked polymer networks, which can be
considered as porous structures. We reasoned that the
hydraulic pressure might open the curved interface inside
the pores at the hydrogel surfaces.[12] Therefore, the capillary
effect induced by the deformation of the pores will enhance
the spreading of water droplets. To support this hypothesis, we
measured the shear modulus of the hydrogel. Based on the
shearing modulus (7.4 kPa; Figure S2), the hydraulic pressure
(2.9 kPa, depth: 30 cm) should be high enough to induce the
deformation of the hydrogel surfaces, thus leading to the
decrease of water CAs.

In addition, the miscibility[13,14] between spreading liquids
and liquid phase in the gels is also crucial for superspreading.
The perfluoropolyether (PFPE, immiscible with water), ethyl
acetate (solubility in water: 7.4 wt %), and methyl ethyl
ketone (solubility in water: 27.1 wt %) were chosen as
controls. Figure S3 shows that the partially miscible liquids
exhibit various spreading states; completely miscible liquids
show superspreading. During the spreading process, the
simultaneous spreading and interdiffusion can induce the
compositional gradients,[14] which can result in surface tension
gradients (towards the edge of the spreading liquids), and
consequently drive the spreading of liquids on gel surfaces to
saturation. In contrast, liquids exhibited partial spreading on
the corresponding solid surfaces (Figure S4) and gel surfaces
(Figure S5).

Using the water/oil/organogel system as a model, we
investigated the spreading behaviors of a series of oils with
low viscosity (� several cSt) on their mutually soluble
P(BMA-co-LMA) organogel surfaces (Figure S6). As sum-
marized in Table 1, the superspreading of all the miscible oils
and liquid monomers was realized on these organogel
surfaces (Figure S7). In contrast, partial spreading was
observed for miscible oils on solid P(BMA-co-LMA) surfaces
and immiscible PFPE oil on both solid and organogel
surfaces.

The rapid spreading of highly viscous liquids on surfaces is
important in a variety of practical processes.[15] In our strategy,
the superspreading of high viscosity liquids can be improved
by the hydraulic pressure. As their concentrations increased,
high viscosity polymer solutions showed a transition from
superspreading to partial spreading on the chloroform-
swollen P(BMA-co-LMA) organogel (hereafter referred to

as organogel for short) surfaces under water (Figure S8).
Owing to the variety of polymer solubilities in organic
solvents, we utilized silicone oils with a series of viscosities
ranging from 2000 cSt to 16 000 cSt to investigate the spread-
ing behaviors of high viscosity oils on organogel surfaces
under water. As shown in Figure 3a, silicone oils with
viscosity below the critical transition viscosity (CTV,
6000 cSt at a water depth of 1 cm) showed superspreading
on organogel surfaces. Silicone oils whose viscosities were
higher than 6000 cSt showed partial spreading on organogel
surfaces. The spreading degrees (advancing CA as measure-
ment parameter) decreased with increasing oil viscosity. The
observation time was no more than 240 s (Figure S9). We

Table 1: Superspreading of various low viscous oils on organogel
surfaces in a water/oil/organogel system.

Figure 3. Hydraulic pressure enhances spreading of high viscous
silicone oils on organogel surfaces in a water/oil/organogel system.
a) Silicone oils with viscosity higher than 6000 cSt showed partial
spreading on organogel surfaces under water for a short time (up to
240 s, water depth: 1 cm). b) By increasing the water depth, the oil
droplets spread faster. With the aid of hydraulic pressure, the spread-
ing of highly viscous silicone oil can be accelerated. c) The increase of
CTV with the aid of hydraulic pressure.
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consider the oils capable of
complete spreading within
240 s as able to achieve
superspreading on organo-
gel surfaces.

It is worth noting that we
can convert the partial
spreading into superspread-
ing with the assistance of
hydraulic pressure. Silicone
oil (8000 cSt) was partially
spreading on organogel sur-
faces at the water depth of
1 cm (Figure 3b). After
increasing the water depth
to 2 cm, the silicone oil
could completely spread on
organogel surfaces within
199.3� 15.1 s. Further
increasing the water depth
dramatically decreased the
spreading time. The silicone
oil could completely spread
on organogel surfaces
within 57.3� 5.1 s when the
water depth was increased
to 8 cm. Furthermore, the
partial spreading of a series
of high viscosity silicone oils
can be enhanced into super-
spreading with the aid of
hydraulic pressure. The
CTV is around 6000 cSt
when the organogel surfaces
at a depth of 1 cm (Fig-
ure 3c). Increasing the
water depth from 1 cm to
8 cm, the CTV was dramat-
ically promoted from
6000 cSt to 12 000 cSt.
These results indicate that
the introduction of a liquid phase can facilitate the super-
spreading of high viscosity liquids.

By using an on-demand holder, we can control the liquid
spreading and obtain a confined, stable, and homogeneous
liquid layer on gel surfaces (Figures 4a and S10).

By introducing the reactants into the superspreading
liquid layers, various functional thin polymer films, whose
thickness can be controlled from several hundreds of micro-
meters to tens of nanometers, can be fabricated through
a one-step polymerization reaction. For example, we success-
fully synthesized conducting thin polypyrrole (PPy) films with
controlled thicknesses at the nanometer scale. Traditional
methods to fabricate PPy films are based on water/oil
interfacial polymerization.[16] However, the processability
remains a challenging issue because the water/oil interfaces
formed in the bulk liquid phases can be easily disturbed by
external interference, which hamper the continuous fabrica-
tion of PPy films.[17] This issue could be effectively settled by

our superspreading strategy. Since the fluidity of the confined
oil layer was restricted by the organogels, the stability of the
spreading liquid layer was significantly improved. The oxidant
and monomer were introduced to the water phase and oil
layers, respectively (Figure 4b). After redox polymerization,
thin PPy films were formed at the organogel surfaces. Owing
to the liquid-like property of the organogel surfaces, the
formed films could be readily separated from the organogel
surface and transferred to many kinds of material surfaces
(Figures 4 c and S11–S12). Furthermore, by regulating the
reaction time, the thickness of the thin PPy films can be
controlled from 150–400 nm, while the conductivities of these
PPy films can be kept around 1 Scm (Figures 4d,g and S13).
The SEM images show that the fabricated PPy films have
smooth and uniform surfaces (Figures 4e,f and S14).

Based on the confined oil layers, we can also conduct
a series of chemical reactions for one-step synthesis of free-
standing thin polymer films with controlled thicknessesw.

Figure 4. Confined liquid layers for the synthesis of thin polymer films on gel surfaces in a liquid/liquid/gel
system. a) The confined superspreading layers of oils with controlled thickness can be realized by using
a holder. b) Schematic of the fabrication of thin PPy film at organogel surfaces based on the confined
superspreading layers of oils. c) The synthetic thin PPy film trasfferd to flexible substrate. d) Controlled
thicknesses of thin PPy films and corresponding conductivities. e–f) SEM images of water side (e) and oil
side (f) of the PPy film. Reaction time: 120 s. Scale bar =100 mm. g) SEM images of PPy films with different
thicknesses (yellow colored area, reaction time: top, 30 s; middle, 120 s; bottom, 240 s). Scale bar =500 nm.
h–j) Optical images of the synthetic thin PA film on glass surface (h), free-standing thin PUA film (i), and free-
standing PDMA/nanoclay composite hydrogel film (j).
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Traditional interfacial polymerization for the fabrication of
thin polyamide (PA) films suffers from several shortcomings,
including multiple steps, uneven surfaces, and limited
areas.[5a, 16, 18] Here, we synthesized thin PA films with
smooth surfaces and controlled thicknesses by using our
superspreading strategy (Figures 4 h and S15–S16). The m-
phenylenediamine (MPD) and trimesoyl chloride (TMC)
reagents were dissolved in water and spreading oil separately.
Thin PA films, whose thicknesses could be tuned from 500 to
1200 nm by controlling the reaction time, were successfully
fabricated at the organogel surface. We also fabricated free-
standing poly(urethane acrylate) (PUA) films[19] with one-
step photo-polymerization of its oligomer. The oligomer and
photo-initiator were simultaneously introduced in the con-
fined superspreading oil layers. A free-standing and trans-
parent thin PUA film with smooth surface was formed after
irradiating with UV light for 2 min (Figures 4 i; and S17). The
thickness of the resulting PUA films ranged from 30 to
140 mm, and could be easily manipulated by regulating the
volumes of spreading oils (Figure S18).

Except for the polymerization in water/oil/organogel
systems, the superspreading in oil/water/hydrogel systems
can be also used for the one-step synthesis of polymer films
with defined thicknesses. For instance, we could prepare
polydimethylacrylamide (PDMA)/nanoclay composite
hydrogel films with excellent tensile properties by regulating
the content of nanoclay, even under highly viscous conditions
(Figures 4 j and S18).

In summary, we demonstrated that the superspreading of
liquids on their mutually soluble gel surfaces can be utilized to
fabricate various functional thin polymer films. Owing to the
hydraulic pressure and liquid-like property of gel surfaces, the
stable and homogeneous superspreading layers of liquids can
be achieved. Furthermore, such liquid layers can be converted
into various functional thin polymer films, including PPy, PA,
PUA, and PDMA/nanoclay composite hydrogel films with
various thicknesses through a one-step polymerization reac-
tion. Our strategy offers opportunities to fabricate functional
thin polymer films for various applications. Future perspec-
tives may include the design of appropriate equipment for
continuous and large-scale fabrication of polymer thin films
(Figure S19). This work can encourage the development of
conceptually novel superwettability-based chemistry and
fabrication.
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