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Zirconia-wrapped membranes have been fabricated via a 
mineralization process on polydopamine/polyethyleneimine-
deposited surfaces. The rigid and hydrophilic mineral coating 
endows the membranes with enhanced curling resistance and 
surface wettability simultaneously, enabling the membranes 
to separate oil-in-water emulsions. 

Advanced polymer membranes have attracted much attention for 
their increasing demands in water treatment, energy development and 
health care.1-3 These membranes are generally used as semi-
permeable filters for water purification4 and ion-conducting 
separators in lithium ion batteries.2,5 However, most of them are 
usually suffering from some undesired drawbacks due to their poor 
surface wettability to liquids. The poor wettability always leads to a 
decrease of permeation flux by surface fouling for filtration 
membranes, and then results in an increased energy consumption and 
maintenance cost.6 Likewise, the poor wettability will decrease the 
uptake and retention of liquid electrolyte in the porous separator, and 
then impair the battery performance.5 To address these issues, 
various approaches have been developed over the past years to 
hydrophilize the membrane surfaces.7-12 Although these methods are 
greatly promising for wettability improvement, an unfavorable issue 
is shrinkage and curling of the membranes, especially for those 
membranes with high porosity (Fig. S1, ESI†).13,14 These 
phenomena arise from the capillary pressure in the membrane pores 
as well as the soft nature of the polymeric skeleton. They are 
particularly detrimental to membrane preparation, surface 
modification and practical application, which make the improvement 
in both structure stability and surface wettability a major challenge 
for advanced membranes. Just like a proverb says, “you cannot have 
your cake and eat it too”. 

The sophisticated structures in nature are a source of inspiration 
for us to address the above-mentioned issues. For example, coral 
exoskeleton, composed primarily of CaCO3, plays a crucial role as 
support and protector for corals to resist bathycurrent in the ocean 
(Fig. 1a).15 Inspired by this skeletal structure, we have developed a 
novel kind of organic-inorganic composite membranes decorated 
with minerals to improve the mechanical stability and the surface 
wettability in an all-round way.16-18 The polymer membranes are 
designed to have mineral coatings on the surfaces instead of 

embedding inorganic particles in polymer matrix via blending19 or in 
situ generation.20 To achieve this goal, an intermediate layer was 
firstly constructed on the membrane surfaces,21,22 and then mineral 
coatings were fabricated through biomineralization processes, such 
as carboxyl-induced calcification16,17 and amino-induced silicifica-
tion.18,23 However, the mineral coatings are mainly composed of 
uniform nanoparticles rather than a rigid film. This structure is not 
able to endow the composite membranes with curling resistance and 
surface wettability simultaneously, as like the coral exoskeleton. In 
this work, we demonstrate zirconia-wrapped membranes with 
enhanced curling resistance and surface wettability via a mussel-
inspired polydopamine/polyethyleneimine (PDA/PEI) intermediate 
layer (Fig. 1b). The membranes are uniformly wrapped by a rigid 
ZrO2 coating, and thus are endowed with outstanding anti-curling 
performance during the drying process as well as anti-shrinkage 
under elevated temperature. Meanwhile, the organic-inorganic 
composite membranes are constructed with superhydrophilic and 
underwater superoleophobic surfaces, ensuring distinctive separation 
performance in oil-in-water emulsions. 

The PDA/PEI intermediate layer is crucial for the formation 
of ZrO2 coating through mineralization, whose properties 
greatly determine the morphology and distribution of minerals 
in the prepared membranes. Our previous work indicates that 
PEI accelerates the deposition process and a cross-linked 
PDA/PEI layer forms on the surfaces via Michael addition or 
Schiff-base reactions.22 This layer is thinner, smoother, and 
more stable under alkaline environment than the pure PDA one. 
It can also chelate Zr4+ from aqueous solution by catechol 
groups and induce the growth of ZrO2 via reaction (1) to (3).24  

2[Zr(SO4)2]n+3nH2O → 4n[Zr2(OH)3(SO4)4]3−+3nH+        (1) 
[Zr2(OH)3(SO4)4]3++3OH− → 4Zr2(OH)6SO4 + 3SO4

2-      (2) 
Zr2(OH)6SO4 + 2OH- → 2ZrO2 + SO4

2- + 4H2O        (3) 
Furthermore, the PDA/PEI-deposited membranes show 

highly improved permeability to aqueous solution, enabling the 
salt solutions to diffuse and mineralize throughout the whole 
membranes. Fig.1c-e shows the surface morphologies for the 
membranes before and after mineralization. The membrane 
pores are slightly enlarged after deposited by the PDA/PEI 
layer. It is probably due to shrinkage induced by capillary 
pressure during the drying process. However, the ZrO2-
wrapped membranes have similar aperture with the nascent one. 
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These morphologies indicate that the shrinkage can be 
overcome by the mineral coating in the composite membranes. 
Most importantly, it is easy to control the mineralization 
process just by tuning the hydrolysis conditions including pH, 
temperature and reaction time (Fig. S2 and Table S1, ESI†). 
Both high pH and temperature lead to thick mineral coatings 
and large particles because of the accelerated hydrolysis 
reaction. Compared to other minerals we reported before,16-18 
the ZrO2 coating is more uniform and smooth without obvious 
evolution, which is similar to the polymer-in-a-silica-crust 
membranes reported by Wessling et al.25. The surface 
chemistry was analysed by XPS (Fig. 1f) and FT-IR (Fig. S3, 
ESI†) spectra, indicating the formation of PDA/PEI layer and 
ZrO2 coating on the membrane surfaces. As shown in Fig. 1f, 
both N 1s and O 1s peaks arise after the co-deposition of 
PDA/PEI and the N/C ratio is approximate to one. The intensity 
of C 1s peak dramatically decreases, while the peaks assigned 
to O and Zr increase after mineralization. Moreover, the whole 
membranes can be uniformly mineralized as indicated by the 
elemental analysis of the cross-section (Fig. 1g and Fig. S4, 
ESI†), which is crucial for the structure stability and the surface 
wettability of the membranes discussed below. The density is 
higher than water for the mineralized membranes, while the 
nascent and PDA/PEI-deposited ones can float on the water 
surface, by which we can distinguish them easily (inserts in Fig. 
1c-e). 

 
Fig. 1 a) Digital photograph of corals in the ocean; b) Illustration of 
fabrication process for ZrO2-wrapped membranes; Surface 
morphologies of c) nascent, d) PDA/PEI-deposited and e) ZrO2-
wrapped PP membranes; f) XPS spectra of the membrane surfaces; g) 
SEM and Zr element distribution images of the membrane cross-section. 
The scale bars in c-e are 1 μm. 

Wetted membranes always suffer from unfavourable 
shrinkage or curling during the drying process. Macroscopic 
curling is also caused by non-isotropic shrinkage deriving from 
asymmetric structure or non-synchronous evaporation.26 The 
driving force of shrinkage is capillary pressure (Pc) in the pores 
(Fig. S5, ESI†), which can be calculated by the following 
equation:27 

𝑃𝑐 = 2𝛾 𝑐𝑜𝑠 𝜃
𝑟

                                   (4) 
where γ is the interfacial tense of the air/water interface, θ is the 
water contact angle of the surface, and r is radius of the pore. 
Obviously, the capillary pressure increases with the decline of  

 
Fig. 2 Digital photographs of a) PP and b) PVDF membranes dried in 
air; c) the drying process of PP membranes before and after 
mineralization; d) the distance between the edges against the time 
during the drying process of membranes; e) thermal shrinkage of PP 
membranes prepared by thermally induced phase separation and biaxial 
stretching. 

water contact angle at the constant rate stage of evaporation. 
Therefore, the PDA/PEI-deposited membranes are hydrophilic 
and curl into rolls during drying in the air (Fig. 2a and b), 
because evaporation is faster at the top membrane surface than 
at the bottom one. It becomes more remarkable for those 
membranes with high porosity and soft skeleton. In contrast, 
the ZrO2-wrapped ones can resist deformation caused by the 
capillary pressure due to the rigidity and continuous structure of 
ZrO2 mineral coating.28 We monitored the drying process of 
polypropylene (PP) membranes as shown in Fig. 2c and d. The 
ZrO2-wrapped membranes have only a slight deformation while 
the PDA/PEI-deposited ones continue to curl during the drying 
process. This outstanding curling resistance is originated from 
high hardness and reduced modulus of the ZrO2 coating in the 
composite membranes.23,29 Composite structure can also 
promote the thermal stability of polymer membranes under 
elevated temperature. For example, Kang et al. reported silica-
decorated separators with excellent resistance to thermal 
shrinkage.30 Therefore, we compared the thermal stability of PP 
membranes fabricated via thermally induced phase separation 
and biaxial stretching (which has been widely used to fabricate 
Li-ion battery separators), respectively. The thermally induced 
phase separation membranes shrink more dramatically than the 
biaxial oriented ones when treated under 140 °C, because the 
former membranes have higher porosity than the later ones (Fig. 
2e). More specifically, the ZrO2-wrapped membranes have area 
retention (Safter/Sbefore) of 83% (for membranes by thermally 
induced phase separation) and 90.48% (for membranes by 
biaxial stretching), while the corresponding values are 56% and 
78% for the nascent ones, respectively. The anti-shrink property 
of membranes has also been improved after deposited with 
PDA/PEI layer (Safter/Sbefore is 74% and 80%), attributed to its 
tough crosslinking network. Besides, the ZrO2-wrapped 
poly(vinylidene fluoride) (PVDF) membranes also show 
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enhanced resistance to the thermal-induced curling at high 
temperature (Fig. S6 and S7, ESI†).  

 
Fig. 3 The stress-strain curves of PP membranes in a) dried and b) 
wetted states, respectively. 

On the other hand, brittleness is another problem for rigid 
materials always faced during applications. We measured the 
mechanical property of the nascent and the mineralized 
membranes by the stress-strain test. Fig. 3 shows that the 
elongation at break declines to about 110% for the ZrO2-
wrapped membranes, though they are more flexible than the 
inorganic membrane (insert in Fig. 3). A slight peak also 
appears around this point for the nascent and the PDA/PEI-
deposited membranes, arising from the crack of some 
microstructures in the membranes. The results indicate that the 
mineral coating can not only improve the structural stability but 
also embrittle the membrane skeleton to a certain extent. 
Nevertheless, the membranes become much tough and “soft” 
after wetted by water. The elongation at break increases to 410% 
for the ZrO2-wrapped membranes in wetting state. Therefore, 
these membranes can satisfy the requirement of mechanical 
strength during pressure filtration for water treatment, and resist 
the unfavorable deformation during drying process.  

 
Fig. 4 Water contact angles of a) nascent, b) PDA/PEI-deposited and c) 
ZrO2-wrapped PP membranes; d) the photograph of diesel-in-water 
emulsion and filtrate; e) Underwater oil contact angles of ZrO2-wrapped 
PP membranes; f) Permeate flux and rejection of oil-in-water emulsions 
separation. 

The wettability is also greatly improved due to the natural 
hydrophilicity of ZrO2 minerals. As shown in Fig. 3a, the 
nascent PP membranes is hydrophobic with a static water 
contact angle (WCA) above 120°. It declines to zero after the 
deposition of PDA/PEI layer.22 The ZrO2-wrapped membranes 
also show an apparent WCA of zero, and the water drop 
permeates through the sample as soon as it contacts the 
membrane surface. A tiny droplet hangs on the needle top, 
which has been also observed when a drop contacts a water 
surface. It can be rationalized by the strong drawing force from 
the membrane surface (Fig. S8, ESI†), and the break of droplet 

happens near the substrate with a residual drop on the 
needle.31,32 All these results indicate that the ZrO2-wrapped 
membranes are superhydrophilic. These superhydrophilic 
membranes are great promising in oil/water separation.33-36 
They show outstanding oil resistance to various oils including 
diesel, gasoline, petroleum ether, n-hexane and dichloroethane. 
The underwater oil contact angles (OCA) are all above 160° 
(Fig. 3d). We also employed them for oil-in-water emulsion 
separation, and the membranes show both high rejection (above 
99%) and permeate flux (above 1000 L·h-1m-2) under relative 
low operation pressure (0.04 MPa) with excellent antifouling 
property, as shown in Fig. 3e (Fig. S9, ESI†).  

In summary, we prepare ZrO2-wrapped membranes via a 
mineralization process on PDA/PEI coated substrates inspired 
by the composite structures of coral exoskeleton. Both the 
structure stability and the surface wettability of the membranes 
are greatly improved due to the rigid and hydrophilic mineral 
coating. Commercial filters and separators can benefit from the 
enhanced curling and thermal stability in practical applications. 
The as-prepared membranes have been also employed in oil-in-
water emulsion separation with excellent performance. 
Moreover, the mineralized membranes can retain the original 
flexibility and structures of polymer membranes, which 
provides a promising solution to address the aforementioned 
contradictory in membrane hydrophilization. 
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