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In this paper, the superhydrophobic polyurethane sponge (SS-PU) was facilely fabricated by etching with
Jones reagent to bind the nanoparticles of Ni-Co double layered oxides (LDOs) on the surface, and follow-
ing modification with n-dodecyl mercaptan (DDT). This method provides a new strategy to fabricate
superhydrophobic PU sponge with a water contact angle of 157� for absorbing oil with low cost and in
large scale. It exhibits the strong absorption capacity and highly selective characteristic for various kinds
of oils which can be recycled by simple squeezing. Besides, the as-prepared sponge can deal with the
floating and underwater oils, indicating its application value in handling oil spills and domestic oily
wastewater. The good self-cleaning ability shows the potential to clear the pollutants due to the ultra-
low adhesion to water. Especially, the most important point is that the superhydrophobic sponge can
continuously and effectively separate the oil/water mixture against the condition of turbulent distur-
bance by using our designed device system, which exhibit its good superhydrophobicity, strong stability.
Furthermore, the SS-PU still maintained stable absorption performance after 150 cycle tests without los-
ing capacity obviously, showing excellent durability in long-term operation and significant potential as
an efficient absorbent in large-scale dispose of oily water.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction

Serious leakage of crude oil and organic solvents causes fre-
quent water pollution incidents, which severely break ecological
balance and threaten human health [1–3]. Thus, the realization
of separation and collection from oil sewage is extremely urgent,
which has attracted great attention all over the world. Currently,
various materials have been studied to address the problems of
oil spill and oily water discharge [4]. Different from the traditional
2D materials for simply separating oil/water mixture, including the
polymer membrane [5], carbon cloth [6] or metal mesh [7], the 3D
porous absorbent materials own excellent adsorption perfor-
mance, which has aroused considerable interests. The traditional
absorbent materials for treating these oil slicks are bentonite [8],
zeolite [9], activated carbon [10], plant straw [11] and cotton fibers
[12], etc. However, there are still many drawbacks which restrict
the developments and practical application in oil removal, such
as weak adsorption capacity, poor cycle performance, and high fab-
rication cost. And the most of 3D porous absorbent materials are
limited by poor reusability, bad oil absorption capacity, short ser-
vice life, etc. [13].

Layered double hydroxides (LDHs), a large family of two dimen-
sional (2D) anionic clay materials, are composed of brucite-like
layers in which a fraction of the divalent (M2+) and trivalent metal
cations (M3+) [14]. The versatile types of metal cations, the M2+/
M3+ molar ratios, and the properties of interlaminar compensating
anions lead to various host–guest assemblies and nanostructures.
Due to their strengths in easy fabrication, flexible composition,
and chemical multifunctionality, LDHs have attracted great atten-
tions in various fields such as catalysis [15], separation [16], adsor-
bents [17]. Additionally, LDHs can be frequently synthesized by co-
precipitation and anion-exchange, and memory effect method [18].
Among these candidates, Ni-Co LDHs based nanostructures have a
promising potential for use due to their low cost, and
environmentally-friendly nature [19]. In fact, LDHs have been
studied as precursors with nano architectures in oil/water separa-
tion due to the facile tunability of morphologies and chemical com-
positions [20]. The calcination treatment enables the removal of
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water and hydroxyls from LDH accompanied by the solid phase
conversion to layered double oxides (LDOs). [21] LDOs acquired
by calcination of LDHs typically has large surface area, enhanced
dispersed active ingredient, the advantages of low toxicity and
cost, strong stability, etc., which has been widely studied in the
treatment of organic pollutants. [22] Thus, we envisage to fabricate
the superhydrophobic sponge utilizing Ni-Co LDOs derived from
LDHs as rough coating with low cost and in large amounts.

Polyurethane (PU) sponge has the advantages of high porosity,
low cost and super elasticity, facile fabrication, which has gradu-
ally become ideal absorbent materials for oil absorption [23]. For
example, our group reported a superhydrophobic PU sponge
through a combined method of interfacial polymerization (IP)
and molecular self-assembly, which has high oil absorption capac-
ity, good mechanical strength, and reusability in oil/water separa-
tion [4]. In fact, the surface of PU sponge is usually hydrophilic
attributed to the carboxyl and amino groups. Nevertheless, an
effective way to fabricate superhydrophobic surface on the hydro-
philic sponge skeleton is building rough structure followed by
hydrophobic coating. For example, our group fabricated superhy-
drophobic PU sponge based on the method of interfacial polymer-
ization and molecular self-assembly, showing robust and durable
property for oil/water separation [24]. In addition, Jiang et al.
[25] prepared PU@Fe3O4@PS sponge through ultrasonic dip-
coating and self-initiated photografting and photopolymerization,
which could be recycled by a magnet conveniently. However, this
work offers a new way based on the following study to prepare oil
absorbent materials with higher water contact angle (157�). Nota-
bly, the active etching of polyurethane surface can be accom-
plished facilely by H2SO4, H2Cr2O7 or SnCl2 [26–28], etc. It has
been proved that the activated PU sponge can both generate speci-
fic micro/nanoscale multilevel roughness on the surface, and pro-
duce some hydrophilic groups, such as ACOOH and AOH [29,30].
In addition, some researches have confirmed that the oxides corre-
sponding to the transition metal elements of the VIII group can
strongly interact with the polar group ligand (O, N, S), which
improve the binding force of the oxide nanoparticles with the
sponge substrate, and are modified easily by chemicals of low sur-
face energy [27,31]. Therefore, the etching could both produce vast
oxygen-containing groups and create rough structure, which make
PU sponge with large surface area absorb and firmly combine with
Ni-Co LDOs by polar groups. By reasonably controlling the etching
time, rough structure can be fabricated easily on the surface, which
greatly strengthen adsorption of transition metal oxide nanoparti-
cles derived from Ni-Co LDHs.

In this paper, we employ the Jones reagent to etch the original
PU sponge surface for building rough surface and supplying polar
groups. The loading of Ni-Co double layered oxides (LDOs)
nanocrystals on the surface of activated sponge is realized by one
step dip-coating. Through the modification with DDT, the superhy-
drophobic sponge can be fabricated, which could both effectively
deal with floating oil, and quickly absorb heavy oil in water.
Besides, the superhydrophobic sponge had excellent self-cleaning
performance for its ultra-low adhesion to water. By using our
designed device system, the as-prepared sponge exhibited contin-
uous absorption and removal of oil contaminants from water with
high efficiency even under the harsh disturbance, showing out-
standing hydrophobicity, strong robustness. The facile synthetic
process ensured the integrity of the SS-PU sponge structure, effec-
tively strengthening the stability of the material. In addition, after
150 cycles of oil absorption tests, it still had high absorption capac-
ity, and maintained complete hierarchical structure. In summary,
the functionalized sponge in this study displayed excellent
reusability and durability of oil absorption, providing a prominent
candidate in long-term operation for large-scale oil–water separa-
tion and oil recyclability.
2. Experimental

2.1. Materials

All reagents were of analytical grade and used without further
purification. PU sponge (size 10 mm � 10 mm � 30 mm) was pur-
chased from Hangmei company (Hangzhou, China). Acetone, H2SO4

(98% (mass)), Ni(NO3)2�6H2O and Co(NO3)2�6H2O were obtained
from Jiangtian Chemical Technology Co., Ltd (Tianjin, China). Chro-
mium oxide (CrO3, 99.9% (mass)) was purchased from Shanghai
Macklin Biochemical Co., Ltd (Shanghai, China). Hexamethylenete-
tramine (99% (mass)) was supplied by Shanghai Aladdin Bio-Chem
Technology Co., Ltd (Shanghai, China). N-dodecyl mercaptan (98%
(mass)) was purchased from Tianjin Chemart Chemical Technology
Co., Ltd (Tianjin, China). Deionized water was used in all
experiments.

2.2. Preparation of activated sponge

The Jones reagent was prepared based on the previous method
[27]. Firstly, 10 g CrO3 was dissolved in 100 ml deionized water at
room temperature, and magnetically stirred for about 30 min to
form a transparent orange solution. Then, H2SO4 was added into
the above solution slowly, then stirred with glass rod. The original
PU sponge was etched in Jones reagent for 90 s, then washed suf-
ficiently with deionized water, and dried in vacuum to obtain acti-
vated sponge, named Ac-PU.

2.3. Preparation of nanocrystalline Ni-Co LDOs

The total amount of Ni/Co nitrate was controlled to be 10 mmol,
and then Ni(NO3)2�6H2O and Co(NO3)2�6H2O were fully dissolved
in 35 ml deionized water under ultrasonic conditions according
to the ratios of 2:1 [32]. Then, the 15 mmol of hexamethylenete-
tramine (HMT) was added into the solution, and the mixture was
completely dissolved by ultrasound. After that, the solution was
transferred to a Teflon-lined autoclave (100 ml) and reacted for
10 h at 120 �C to obtain Ni-Co LDHs. The Ni-Co LDOs nanocrystals
can be obtained by calcining the Ni-Co LDHs at 450 �C.

2.4. Preparation of superhydrophobic PU sponge

A certain amount of Ni-Co LDOs was fully dispersed in acetone
with concentration of 3% (mass) under ultrasonic condition. The
etched sponge was placed in the above suspension for 5–10 min,
then we repeatedly the progress for 5 times to achieve adsorption
equilibrium. The loaded sponge with Ni-Co LDOs nanocrystals was
obtained by drying. Then, the sponge with Ni-Co LDOs was placed
in ethanol solution containing 2.5% (mass) N-dodecyl mercaptan
for 12 h, and dried in the air to obtain the SS-PU.

2.5. Characterization

The surface morphology of original and superhydrophobic
sponges was observed by using the regulus 8100 field emission
scanning electron microscope (FE-SEM, Hitachi, Japan). Thermo
ESCLAB 250Xi type X-ray photoelectron spectroscopy (XPS) was
used to analyze the elemental composition and different chemical
environment on the surface of sponges. The FT-IR spectrum infor-
mation was obtained by Nicolet 6700 infrared spectrometer, which
was produced by American Thermo Nicolet Corporation.

SL200KS optical contact angle and interfacial tension meter pro-
duced by USA KINO Industry Co., Ltd was used to test the static
water contact angle (WCA) and oil contact angle (OCA) of different
sponge samples. The volume of single droplet injected by needle
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was 5 ll. Each sample was tested at five different positions, and the
results were taken as the average value.
2.6. Oil water separation

To separate floating oil on the water surface, the SS-PU was cut
into a small piece of 1 cm � 1 cm � 1 cm and contacted with the
oil. The oils were dyed by saturated oil red O. For the oil with high
density, the SS-PU was immersed to contact with the oil phase
underwater. In addition, a large amount of oil–water mixture per-
meating through the SS-PU was continuously pumped into the col-
lected beaker by peristaltic pump under disturbance and
disturbance-free.
Fig. 1. Schematic illustration of the synthesis process of SS-PU.

Fig. 2. The main hydrolysis and oxidation reactions of etched process for the
pristine PU sponge.
3. Results and Discussion

3.1. Design and fabrication of the SS-PU

The preparation of the SS-PU required three steps, the etching of
the original sponge, the loading of Ni-Co LDOs and the modification
of n-dodecyl mercaptan (DDT), as shown in Fig. 1.

To activate the original sponge, the Jones reagent was used to
etch the original PU sponge with enough surface area. The etching
process could increase surface roughness and generate hydrophilic
groups such as ACOOH or AOH. When the sponge was under the
chromic acid solution, the activation etching changed the composi-
tion as well as surface structure, which mainly involved hydrolysis
and oxidation process. As shown in Fig. 2(a), the carbamate on the
PU sponge hydrolyzed to fracture, producing the corresponding
alcohol and carbamate [33]. Meanwhile, under the condition of
strong oxidization, the alcohol was oxidized to aldehydes or car-
boxylic acid at an extraordinarily fast rate. Especially, part of car-
boxylic acids were further decomposed into CO2 and other by-
products. In addition, due to the instability of the hydrogen on
the tertiary carbon, the CAH bond was oxidized to alcohols
through intermediates of chromium esters. The alcohols generated
products such as olefins, aldehydes, ketones even carboxylic acids
[30], as shown in Fig. 2(b). In order to ensure the sufficiency of
etched activation and maintain good integrity of three-
dimensional framework, the control of etching time was particu-
larly important and accurately designed (Fig. S1, in Supplementary
Material).

In this paper, the Ni-Co LDHs were fabricated facilely via one-
step hydrothermal method, and the reaction mechanism is as
shown in Supplementary Material. After the original sponge was
etched, its adsorption capacity for transition metal nanoparticles
greatly improved. A series of oxidation and hydrolysis reaction
occurred in the etching process, which increased the number of
polar groups on the surface as well as the roughness of framework,
further enhancing the saturation value of sponge in the physical
adsorption. As shown in Fig. 3, through a simple dip-coating
method, the transition metal oxide nanosheet can be uniformly
loaded on the surface of the etched sponge. After being modified
by DDT, a long carbon chain would be introduced through RS-M
to reduce the surface energy of the sponge. Under the synergistic
effect of multi-level roughness and modification of low surface
energy, the superhydrophobic surface of sponge would be con-
structed. Especially, after Ac-PU was immersed in the nanoparticle
suspension, it rapidly reached the adsorption equilibrium. In addi-
tion, the remaining nanoparticles in the suspension can be recy-
cled. Compared with the in-situ growth method of hydrothermal
process, this method not only economizes on the cost of synthesis,
but provides a valuable application to rapidly prepare superhy-
drophobic materials in large quantities.
3.2. Characterization

The FT-IR spectra which was used to explore the surface
changes of SS-PU sponge are shown in Fig. 4. For the original PU
sponge, the band observed at 3284 cm�1 corresponds to the
stretching vibration of NAH in the polyurethane, while the peaks
at 2968 cm�1 and 2864 cm�1 relate to the stretching vibration,
bending vibration of CAH, respectively [34]. The characteristic
peaks of 1449 cm�1 and 1371 cm�1 are the deformation vibration
peaks of CAH. The original PU sponge is a kind of polyether type
polyurethane which contains plenty of amide structures
ANHAC@O and ether bonds CAOAC. The vibration absorption
peaks at 1715 cm�1 and 1086 cm�1 demonstrated the existence
of C@O and CAOAC, respectively [35]. After being etched, there
were a large number of polar groups on the surface of sponge,
including the ACOOH. Due to the existence of these groups, a wide
and scattered characteristic absorption peak appeared at
3325 cm�1 for the activated sponge, corresponding to the stretch-
ing vibration of AOH in free or poly carboxylic acid. The peaks of
2920 cm�1 and 2850 cm�1 relate to the CAH stretching vibration
of ACH3 and ACH2A, respectively [36]. And the band observed at
1465 cm�1 and 721 cm�1 corresponds to the deformation vibration
absorption peak of ASACH2A, the stretching vibration absorption
of SAC bond, respectively, indicating that the DDT was successfully
grafted on the PU sponge.

XPS measurements confirmed the presence of corresponding
group VIII metals, nitrogen, carbon, and oxygen on the etched
sponge. The original PU sponge surface only contained three ele-



Fig. 3. Schematic illustration of the Ni-Co LDOs coated sponge modified by DDT.

Fig. 4. FT-IR spectra of the pristine PU sponge, Ac-PU and SS-PU.
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ments: C, N and O from the full spectrum (Fig. 5(a)), while for the
SS-PU sponge, not only elements C and O, but also Ni, Co and S are
detected. It is worth noting that the intrinsic N-element signal of
sponge skeleton cannot be found due to the Ni-Co LDOs nanopar-
ticles with a certain thickness covering on the surface of activated
sponge, which far exceed the detection depth of XPS. Furthermore,
the results of C 1s and N 1s of the original sponge with high reso-
lution spectrum were shown in Fig. 5(b)–(c). For C 1s, the absorp-
tion peak at 284.6 eV corresponds to CAC and CAH, the absorption
peak at 286.4 eV is associated with CAO and CAN, while the
absorption peak at 288.8 eV belongs to O@CAO and O@CAN in
the form of carbonyl [37]. For N 1s, the fitting of N 1s shows that
N only exists in the form of amide. Besides, as shown in Fig. 5(d),
Ni 2p is separated into four peaks due to the separation of spin
energy at 17.7 eV [38]. The main absorption peaks of Ni 2p3/2

and Ni 2p1/2 are 855.9 eV and 873.3 eV, respectively. In addition,
the characteristic absorption at 861.4 eV and 879.5 eV comes from
the satellite peaks of Ni 2p3/2 and Ni 2p1/2, indicating the existence
of Ni2+ [39]. The fine spectrum of Co 2p is divided into two peaks of
different spin orbits and two satellite peaks, as shown in Fig. 5(e).
The binding energy of 780.5 eV, 795.6 eV and 782 eV, 797.5 eV cor-
respond to Co3+, Co2+, respectively, which means the existence of
Co2+ and Co3+ in Ni-Co LDOs [40–41]. In addition, only CAC and
CAH signal peaks of mercaptan can be probed on the surface of
SS-PU (Fig. 5(f)). As shown in Fig. 5(g), the binding energies of
2p3/2 and 2p1/2 of S 2p appear at 163.5 eV and 164.8 eV, respec-
tively, while the binding energy of S 2p3/2 at 163.5 eV is associated
with the presence of alkylsulphides, suggesting that the DDT was
successfully grafted on the surface of the SS-PU [42]. FT-IR and
XPS analysis of the composition of SS-PU both indicated that the
successful loading of Ni-Co LDOs precursor and thiol modification.
In addition, XRD was used to characterize the crystal structures of
LDHs with and LDOs. The prepared Ni Co LDHs showed the charac-
teristic diffraction of Ni-Co hydrotalcite, corresponding to the peak
planes of (1 0 1), (0 1 2) and (1 1 0), respectively [43]. When the
binary LDHs are calcined, they are transformed into the corre-
sponding binary oxides. The test results are shown in Fig. S2. The
red line represents the standard card JCPDS of NiO in cubic phase:
47-1049 [44], and the standard card JCPDS of Co3O4 in spinel
phase: 73-1702, respectively [45]. And we further explored the
morphology of Ni-Co LDOs with different ratio of Ni/Co, as shown
in Fig. S3. The conversion of hydroxide to oxide involved recrystal-
lization and the release of gaseous substances, resulting in highly
porous texture or hollow structure, but the overall structure did
not change [46]. As shown in Fig. S 3(f), when the Ni/Co ratio is
2:1, the prepared precursor has a three-dimensional lamellar
structure similar to hydroxide. Therefore, in the preparation pro-
cess of this experiment, the molar ratio of Ni/Co was set as 2:1.

The surface morphology of the original sponge, activated
sponge, Ni-Co LDOs loaded sponge was analyzed by SEM. The pore
structure of the original PU sponge was uniform with pore diame-
ter about 400–600 lm (Fig. 6(a)). In addition, the skeleton surface
is very smooth, and there are only some folds of polymer film at
high magnification as shown in Fig. 6(b). The surface does not have
the multi-level rough structure, lacking the condition of modifica-
tion. However, after etched in Jones reagent, the PU sponge skele-
ton shrank sharply to form the dense structure (Fig. 6(c)). It can be
seen that uneven porous morphology appeared on the surface
(Fig. 6(d)). Therefore, the etched rough surface (Ac-PU) facilitates
the uniform adsorption of a large number of Ni-Co LDOs precur-
sors. Compared with the activated sponge, the skeleton of loaded
sponge is significantly coarse, as shown in Fig. 6(e). However, the
low loading capacity of nanoparticles on the surface of the non-
etched sponge causes the insufficient uniformity (Fig. 6(g)). As a
contrast, the etched sponge skeleton covering with the Ni-Co LDOs
presents irregular lamellar structure forming the multistage rough
surface (Fig. 6(f)), which provide the indispensable structural con-
dition for superhydrophobic modification. Additionally, the sheets
decrease the pore size but do not entirely block the three-
dimensional pores, which facilitate the selective permeation of
oil phase while repel the water phase. Moreover, CLSM images
revealed that the gradually increasing dense coating was on the
sponge through two steps of etching and Ni-Co loading, respec-
tively, indicating the enhancement of surface roughness (Fig. S4).
3.3. The wettability

The wettability of sponge surfaces is determined by the cooper-
ation of the chemical composition and the surface roughness [47].



Fig. 5. XPS spectra of the pristine sponge and superhydrophobic sponge. (a) The wide-scan survey spectra, (b)–(c) C 1s and N 1s peak fitting of the pristine sponge, (d)–(g) the
Ni 2p, Co 2p, C 1s and S 2p peak fitting of the SS-PU, respectively.
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Fig. 6. The SEM images of (a)–(b) the pristine sponge, (c)–(d) the Ac-PU sponge, the Ni-Co LDOs coated sponge (e)–(f) with and (g)–(h) without the etched pretreatment.

Fig. 7. The WCA and OCA of (a)–(c) the pristine sponge, (d)–(f) the Ac-PU and (g)–(i) SS-PU. (j) The pristine sponge was wetted by the water but the SS-PU floated on the
water. (k) The pristine sponge was soaked into the water and (l) the SS-PU immersing into the water with mirror phenomenon.
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In order to clearly observe the wettability behavior on the sponge,
the water droplets were dyed by methyl orange, bromophenol
blue, while the oil droplets were stained by oil red O. Fig. 7(a) illus-
trates the shape of droplets on the original sponge, of which oil
droplets trapped into the sponge completely but all the water dro-
plets kept the state of hemisphere. The original PU sponge of the
WCA and OCA are 122� and 0�, respectively, indicating that the
hydrophobic and oleophilic property (Fig. 7(b)–(c)). After etched
by Jones reagent, the sponge Ac-PU became brown (Fig. 7(d)),
and the WCA of etched sponge decreased to 112� while still main-
tained the super affinity to the oil phase as shown in Fig. 7(e)–(f).
In combination with the above characterization analysis, the
increasement of roughness, generation of a large number of polar
groups on the surface of PU sponge both results in the further
enhancement of hydrophilicity of the activated sponge. When
loaded by Ni-Co LDOs and modified by DDT, the wettability of
the sponge altered inversely. The spherical oil droplets with WCA
of 157� on the sponge (Fig. 7(h)) indicates that SS-PU has superhy-
drophobic property, while the OCA of 0� in the air show the
oleophilicity (Fig. 7(i)). After the sponges were placed in water
for a long time, the bottom of original sponge was slowly wetted,
but the SS-PU floated stably on the water surface without occur-
ring any wetting behavior, as shown in Fig. 7(g)–(l). In addition,
it is obvious that there is a silver mirror-like film covering on the
surface, which can be explained as the extremely strong repulsive
force of a large amount of air captured by the rough nano structure
of the SS-PU to the water phase.

Then, we used SL200KS with high-speed photography system to
investigate the dynamic wetting behavior of the SS-PU with a cer-
tain tilted angle (about 25�). For the original sponge, as shown in
Fig. 8(a), when the water droplet is injected to drop onto the
sponge, it is firmly bound on the surface with a hemispherical
state, leaving no sign of rolling, which demonstrate the strong
adhesion of the original sponge towards the water. However, for
the SS-PU, the water droplet rolled off easily on the tilted surface
by gravity without adhesion. It only took 29.7 ms from the top to
the bottom edge, as shown in Fig. 8(b), which also verified the
ultra-low adhesion characteristics of the as-prepared superhy-
drophobic surface to the water phase.

3.4. The self-cleaning effect and oil absorption performance

Due to the low WCA hysteresis of superhydrophobic materials,
water droplets roll off the surface rapidly to remove the pollutants



Fig. 8. Water droplet rolled down along the sloping surface of (a) the pristine sponge and (b) the SS-PU. (c) The test of the self-cleaning effect for superhydrophobic and
pristine surface.

Fig. 9. The oil absorption capacity of the as-prepared SS-PU for various sample oils.
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on the surface for achieving self-cleaning [48]. Compared with the
original sponge, the as-prepared SS-PU has the self-cleaning effect
similar to the lotus leaf surface, as shown in Fig. 8(c). The superhy-
drophobic sponge and original sponge were both placed on a trans-
parent glass slide with a small tilted angle. The flowing water
droplets can easily take away the contaminants (methyl orange
powder) on the surface of SS-PU, leaving a clear rolling track
(black). However, as a contrast, the mixtures of water droplets
and powders flowing from the side of SS-PU are adhered to the sur-
face of the original sponge. Based on the above phenomenon, it can
be seen that the SS-PU has strong repulsion and low adhesion to
the water phase, performing its good self-cleaning ability which
is crucial to remove contaminants residing on the sponge surface.

In order to study the adsorption capacity, we chose six types of
oils (n-hexane, kerosene, diesel oil, petroleum ether, dichloro-
methane, soybean oil) as model absorbates. The SS-PU was
dropped to contact with the above oils for some time to ensure
the absorption saturation. The parameter Am defined as the mass
ratio of the adsorbed oil phase to the initiative SS-PU is employed
to investigate the oil absorption capacity, as shown in Eq. (1):

Am ¼ ðM1 �M0Þ=M0

Here, the M1 stands for the mass of the SS-PU after saturated
absorption, and the M0 is the mass of original SS-PU. In fact, differ-
ent types of oils with diverse viscosity and density led to various
adsorption performance. Fig. 9 shows the adsorption value Am of
the SS-PU for different model absorbates, and the absorption
capacity varied from 26 to 44.8. The higher viscosity has the
greater absorption capacity Am, while the oil droplets with the
lower viscosity trapped in the sponge channel flowed more easily
which caused the loss of adsorption capacity. In particular, the
SS-PU adsorbed the large amount of soybean oil, which was about
the 44.8 times mass of the sponge, indicating the promising pro-
spect for the treatment of oil spill. For n-hexane and petroleum
ether, the relatively low absorption may result from both their
low density and rapid evaporation” [5].

3.5. Oil/water separation

Generally, separation performance of porous materials with
superhydrophobicity is assessed by separating oil/water mixtures
[49]. The light oil (n-hexane) and the heavy oil (dichloromethane)
both were chosen as model oils. As shown in Fig. 10(a), when the
SS-PU touched the surface of the floating n-hexane, the rapid
absorption occurred due to the combination of its high porosity,
hierarchical structure and superoleophilic nature [50]. In addition,
n-hexane layer on the surface of sponge further permeated to the
interior skeleton by the capillary force, which promoted the con-
tinuous oil absorption. By using tweezers to move the sponge in
the vessel, oils were completely absorbed in a few seconds, result-
ing in a transparent region of clean water. In fact, n-hexane can be
conveniently recycled by squeezing the sponge, and the extruded
SS-PU after several adsorption cycles can also be reused via simple
drying.

The SS-PU is also employed to absorb the heavy oil. When the
clean SS-PU was immersed into the water, the mirror-like surface
showed the good superhydrophobic performance. Once wetted
by the oil droplet, the trapped air bubbles in the space of the
sponge framework were replaced by the adsorbed dichloro-
methane, while the silver mirror disappeared (Fig. 10(b)). The oil
droplets that removed by adsorption can be extruded for recycling
as well. The adsorption and recycling of light and heavy oils exhib-



Fig. 10. (a) Dynamic absorption process of oil removal of n-hexane (dyed with oil red) from the water surface and (b) dichloromethane (dyed with oil red) from the bottom of
water by SS-PU.

Fig. 12. Oil absorption capacity (soybean oil and petroleum ether) for different
recycle use.
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ited the highly efficient ability in oil/water separation, which is
expected to show great application value in the treatment of mar-
ine crude oil pollution and domestic oily wastewater.

The designed device as shown in Fig. S5 was further used to
achieve continuous oil/water separation. The SS-PU was tightly
filled into the inlet hose of the peristaltic pump, fixed with tape
and iron clip, which was extended to the oil/water interface, and
the outlet was connected to the empty beaker for oil phase collec-
tion. When the peristaltic pump was started, the n-hexane (dyed in
red) in the oil/water mixture was continuously transformed into
the beaker, while the water phase was repelled by the SS-PU
because of the superhydrophobic surface. All the n-hexane floating
on the water was absorbed by the sponge and transported to the
beaker, but no water phase could be found in the collected n-
hexane, showing the high absorption capacity and efficient
separation.

In the practical environment, the separation process is often
affected by severe disturbance. Therefore, we designed a device
system to achieve continuous separation under the condition of
turbulent vortex via using magnetic stirrer and peristaltic pump
(Fig. 11). However, the turbulence did not influence the absorption
performance, while the SS-PU still maintained the efficient separa-
tion and great robustness. The excellent stability indicates that the
Fig. 11. The designed device system and continuous oil r
SS-PU successfully adapt to the continuous oil–water separation
under disturbed conditions, showing its potential value of indus-
trial application.
emoval process under the condition of disturbance.
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3.6. Reusability and durability

The strong durability and reusability for the superhydrophobic
materials is significantly necessary [51]. In order to evaluate the
reusability performance of the as-prepared SS-PU, the Am value
of the sponge was recorded. After each oil absorption test, the
SS-PU was fully squeezed and the residual oil adsorbed in the
sponge was collected until no excess oil spillage. The soybean oil
and petroleum ether were selected as the test oil, and the oil
absorption capacity Am of SS-PU within 50 cycles is as shown in
Fig. 12. Notably, there was no significant difference among various
cycles (Fig. 9). However, after 50 times of absorption-squeezing
recycling, the SS-PU still had stable oil absorption capacity, show-
ing excellent reusability performance.

Here, we utilized the micro morphology and static CA of the
surface of SS-PU after different oil absorption tests (petroleum
ether) to investigate the robustness and durability (Fig. S6). The
SEM images show that there was no obvious change in morphology
of Ni-Co LDOs nanocrystals on the sponge skeleton after different
cycles. A large number of micro sheets and spheres with different
sizes still densely covered the sponge skeleton after 50 cycles. The
particles that adhered to the surface of SS-PU partly fell off during
absorption-squeezing recycling, but multi-level structures
anchored on the activated sponge were not destroyed. The stability
of the structure benefits from the polar surface created by etching
step which greatly enhanced the adsorption of transition metal
oxide nanoparticles. The stable micro-nano hierarchical structure
and covalent grafted molecules of DDT further endowed the SS-
PU with good stability and durability of absorption. After 100 times
cycles of oil absorption, the CA of SS-PU decreased from 157� to
152� but still maintained strong hydrophobic characteristic in
long-term operation. Nevertheless, when the number of cycles
gradually increased to 150, the contact angle of water eventually
decreased to 145�. Based on the above experiment, the SS-PU dis-
plays good reusability and durability, which can broaden the appli-
cation to fabricate the hydrophobic materials in oil/water
separation. In order to test its stability in acid and alkali solution,
we immersed the sample into aqueous solution of pH of 1 and
14 for 24 h, respectively. And we examined its contact angles,
the corresponding results without obvious decline are shown in
Fig. S7. Because of good stability for Ni-Co LDOs, the as-prepared
superhydrophobic foam can resist acid and alkali environment.
4. Conclusions

In this paper, we demonstrate a facile approach to synthesizing
the SS-PU sponge through the activation etching, the loading of Ni-
CO LDOs nanocrystals and the modification of DDT. The morphol-
ogy and hydrophobic property were controlled by activation time
to achieve ideal superhydrophobicity. The constructed sponge
endows with excellent selectivity and good oil absorption capaci-
ties, which can be widely used in absorbing various types of oils.
In addition, it not only effectively treats floating oil on the water
surface, but also quickly absorbs heavy oil underwater. Besides,
the ultra-low adhesion of the SS-PU to water exhibits excellent
self-cleaning performance, which is capable of clearing the pollu-
tants. Especially, in our designed system, the SS-PU sponge exhibits
effective and stable oil absorption against the condition of turbu-
lent disturbance due to the excellent stability. The as-prepared
sponge still has strong oil absorption ability in 150 cycles, main-
taining the complete hierarchical structure, which show outstand-
ing durability in long-term operation and indicate an applied
prospect in practical industry.
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