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er mixture separation and
photocatalytic dye decontamination through
nickel-dimethylglyoxime microtubes coated
superhydrophobic and superoleophilic films†

Jinxiu Ma,a Wen Meng,a Lahong Zhang,a Feng Li *ab and Taohai Li *ab

Oils and solvable organic pollutants in wastewater demand separations of the components along with

efficient photocatalysis in water treatment. Herein, we report on a practical purification strategy by using

the multifunctional nickel-dimethylglyoxime [Ni(DMG)2] microtubes to separate the liquid mixture and

degrade organic pollutants. The self-assembled [Ni(DMG)2] tubes was synthesized by a facile co-

precipitation method. The static contact angle of the film prepared by mixing [Ni(DMG)2] powder

(1 : 2 wt%) into polydimethylsilicone (PDMS) to water can reach 161.3�, which can still remain

superhydrophobic but oil-friendly under corrosion conditions. PDMS imparts good mechanical

properties and serves as both the adhesive and hydrophobic material. PFOTS methanol solution contains

a large number of low surface energy groups, which can reduce the surface free energy of [Ni(DMG)2]

rough structure. The superhydrophobic rough surface prepared by hollow micron tubular [Ni(DMG)2]

samples must have both low surface energy substance and hollow micron tubular morphology. Due to

the unique wettability, oil and water were efficiently separated from the oil–water mixture through the

films. The coated film itself is photocatalytic in degrading quinoline blue, rhodamine B, methyl orange

and methylene blue. By using the film's multifunctionality, a practical wastewater treatment was realized

via water–oil separation, followed by fast photocatalytic degradation of solvable dyes.
Introduction

Among numerous methods for water purication, photo-
catalytic techniques distinguish themselves from their peers
thanks to their multiple functions in sewage treatment, atmo-
sphere purication and sun useage.1–4 However, they suffer
from several deciencies in practical applications. Besides low
catalytic efficiency, a disadvantage of current photocatalysts
stems from high aqua solubility, setting obstacles in recoveries
and reuses of the catalysts. Furthermore, wastewater is
frequently associated with large amount of oils either from
industry, fracking, or due to crude oil spillages.5–7 The
hazardous water–oil mixture poses even larger challenges in
water treatments. Hence, chemicals with only catalytic proper-
ties can hardly accomplish direct sewage treatments where oil–
water mixture still remains in liquid forms aer physically
removing the sediments. Thus, ideal photocatalysts should be
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equipped with unique wettability along with their chemically
efficient, environmentally friendly, and generally usable merits.
For these reasons, superhydrophobic surfaces were engineered
to help catalyst recycles, where special wetting properties the
synthetic chemicals aer photochemical reactions.8–11 Coatings
with superhydrophobic materials have also been coated for
a variety of lms to enhance anticorrosive protection against
ambience liquids or other corrosives for photocatalysts.12,13

Despite these successes in hydrophobic designs for photo-
catalysts, however, methods to produce superhydrophobic
surfaces are complicated and expensive, yet limiting large-scale
manufactory. Furthermore, separation of oil–water mixtures
remains impossible just through hydrophobic surfaces, where
the oil may also be repelled simultaneously. Thus, in addition to
high catalytic ability of the synthetic chemicals, an ideal pho-
tocatalytic system demands tailored oil/water wettability which
can be reached with facile coating techniques.

If it has both photocatalytic activity and oil–water separation
ability, the coordination complex can undertake multi-
functional tasks in actual photocatalytic water treatment. For
example, the dimethylglyoxime (dmgH2) based coordination
complexes are found useful as enzymes14 and catalysts15 along
with their conventional function as reagent for Ni(II) ions.16,17

Reaction principle originates from complexation between
RSC Adv., 2021, 11, 5035–5043 | 5035
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View Article Online
quantitative Ni2+ and dimethylglyoxime, followed by production
of bright red [Ni(DMG)2] chelates.18 The reaction scheme was
also developed where positioning of [Ni(DMG)2] atoms in
molecular structure and position of hydrogen in hydrogen
bonding were amended.19,20 Even though a heterogeneous
catalyst of nickel-dimethylglyoxime/ZSM-5 Zeolite was reported
with high degradation efficiency of methyl green under UV
irradiation,21 the degradation efficiency of [Ni(DMG)2] particles
out of zeolite framework did not show considerable perfor-
mance. As for the synthesis, single crystal 1-D [Ni(DMG)2]
microrods/tubes were realized by water bath or other methods,
while highly selectively visual detection of Ni2+ seen in test
strips. Morphologies can be well controlled through operating
the reaction kinetics by adjusting reaction conditions, so that
the shape of the formed microstructure would be simply
adjusted from the microrod to the microtube.22 In addition, in
the eld of hydrogen production by water splitting, it is reported
that a novel material consisting of black phosphorus (BP) and
nickel-dimethylglyoxime nanorods was successfully prepared
via a facile in situ calcination strategy, which possesses efficient
catalytic activity for hydrogen production from water splitting.23

Despite above functionality of [Ni(DMG)2] and its potentials in
preparation of Ni/NiO nanoparticles,24–26 the multifunctional
properties of [Ni(DMG)2] to t sewage treatment have never
been revealed. Indeed, to enable special surface wettability,
screen-printing the as-prepared nanocomposite is advanced in
low cost, time efficiency, facial process, easy operation and
intriguing potential applications in different industries. It has
been successfully adopted to fabricate superconducting tape27

or superhydrophobic/superoleophilic lms.28 In such a context,
engineering the [Ni(DMG)2] to form photocatalytic and
superhydrophobic/superoleophilic properties may further
extend the screen-printing technology in practical sewage
treatment besides its applications in oil/water separations.29–32

In this work, we developed a simple precipitation method to
prepare photocatalytic [Ni(DMG)2] hollow microtubes. They
were screen-printed on different substrates to reach high recy-
clability, easy operability, low cost and environmental protec-
tion. As shown in Table S1.† The as-prepared [Ni(DMG)2] lms
not only exhibit excellent photocatalytic properties but also
exhibit excellent stability and reusability compared with tran-
sitionmetal complex-based catalysts such asMnV2O6 (ref. 33) or
Ag3PO4.34 Furthermore, the as-prepared [Ni(DMG)2] lms also
exhibited superhydrophobicity and superoleophilicity. The
hydro- and oleo-wettability gis lms powers of splitting oil–
water mixtures. We also rationalize a procedure for wastewater
purication, where contaminated water in oil–water mixture
was rstly itted, and further decontaminated through photo-
catalysis coated substrates. Results show that puried water was
successfully obtained by using the [Ni(DMG)2] lm as the lter
and photocatalyst.

Experimental section
Materials

Nickel chloride hexahydrate, dimethylglyoxime, sodium
hydroxide, anhydrous ethanol, anhydrous methanol, n-octane,
5036 | RSC Adv., 2021, 11, 5035–5043
1H,1H,2H,2H-peruorodecyltriethoxysilane (PFOTS) and poly-
dimethylsiloxane (PDMS) were obtained from China, and all
reagents are analytical grade. The glass substrates (1 cm �
1 cm, 4 cm � 6 cm) were obtained locally. They were carefully
cleaned with dimethyl ketone, absolute ethyl alcohol and pure
water under ultrasound conditions in een minutes, sequen-
tially, in the stove at 70 �C until drying.

Preparation and characterization of [Ni(DMG)2]

The synthesis of [Ni(DMG)2] was performed by the facile
precipitation method. In a typical process, NiCl2$6H2O (0.1 g)
was completely liqueed in pure water (100 mL) under the
condition of continually magnetic stirring and 70 �C water bath
heating. Aerwards, dimethylglyoxime (0.3 g) was dissolved in
anhydrous ethanol (30 mL). The step was followed by dripping
dimethylglyoxime ethanol solution into the NiCl2$6H2O solu-
tion. Adjusting the pH of the mixture to 8 was to use a 1 mol L�1

NaOH solvent under continuous stirring. The solution was
constantly mixed in thirty minutes of 70 �C under water bath
condition to form the red suspension. Aer that, the sample
was gathered with ltration and cleaned by 20 mL of pure water
with repeatedly. The powder product was dried at 100 �C for
12 h in a vacuum oven for characterization.

X-ray diffraction (XRD) measurements were conducted from
5� to 80� on a Bruker D8 ADVANCED diffractometer (Cu-Ka, l ¼
0.15406 nm; 40 kV; 40 mA) with a step of 0.02�. The surface
morphology evolution was measured by JSM-6610LV scanning
electron microscope (SEM) with accelerating voltage of 30 kV,
200 kV JEM-2100F transmission electron microscope (TEM) and
energy dispersive X-ray spectrometer (EDS). Thermogravimetric
analysis (TGA) was done under Ar aura in the scanning state of
10 �C min�1 from 50 �C to 600 �C using a Shimadzu TGA-50
thermogravimetric analyser. FTIR spectra were noted using
Fourier transform spectrometer (Nicolet 6700) in the region of
4000–500 cm�1, and the ultraviolet visible diffuse reectance
spectrum was recorded using an ultraviolet-visible spectro-
photometer (UV 2550, Shimadzu, Japan).

Photocatalytic activity of [Ni(DMG)2] lms under UV light
irradiation

[Ni(DMG)2] lms were fabricated by skilled screen-printing
technology. Typically, [Ni(DMG)2] dust was mixed (1 : 2 wt%)
into polydimethylsilicone (PDMS), then that mixture was
brushed onto a glass (4.0 cm� 6.0 cm) through sieved screen to
form a lm. Then the whole prepared lm was xed to a lm at
indoor temp until it was dried.

Photocatalytic activities of that as-prepared [Ni(DMG)2] lm
was assessed through degradaing quinoline blue, rhodamine B,
methyl orange or methylene blue below ultraviolet light.
Specically, 50 mg of the sample powder was added into 100mL
5mg L�1 QB solution and stirred in dark for 30 min to reach the
absorption–desorption equilibrium. Aer turning on the light,
3 mL of the reactive solution was drawn out every 20 min. The
source of the UV lamp is a 300 W high pressure mercury lamp,
at the same time, the powder in the container illuminated by
the UV lamp is ten centimeters from the lamp. Dyes changes in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the absorption spectra were recorded by measuring the
maximal absorption peaks of the dyes using a UV-vis spectro-
photometer (Cary 100, Agilent).
Wetting behavior tests with surfaces modied [Ni(DMG)2]

The superhydrophobic surfaces were prepared via the same
technological process as to the one for [Ni(DMG)2] lms
implemented in photocatalytic activities experiment. To get
liquid permeability, lter paper, lter cloth, copper grid and
iron mesh were employed as substrates along with the 1 cm �
1 cm glass plate. Aer that, a few drops of a 2% (v/v) PFOTS
methanol solution was gently added to the lm made of the glass
plate as a substrate and completely covered on the lm. Therefore,
the surface energy of the surface construction of the lm is lowered
to thereby improve the hydrophobic properties. Injection syringe
was used to fetch methanol solution of 2% (v/v) PFOTS dripped on
the prepared lms to ensure the lm surfaces wetting. Then,
a [Ni(DMG)2] covered lm based on a glass plate was cured to form
a lm at room temp until it was dehydrated.

The water contact angle (CA) was measured using an
instrument of the Raméhart model p/n 250-F1. Pure water (10
mL) was gently dripped to the prepared lm with a syringe. The
contact angle numbers were averaged through calculating the
CAs at ve different locations on the same membrane.
Results and discussion

Fig. 1A shows the ball-and-stick model of [Ni(DMG)2]. Red, light
gray, dark gray, purple and green spheres represent O, H, C, N
and Ni atoms, respectively. Fig. 1B depicts the experimental
XRD structure diagram from the synthetic sample along with
simulated one by applying crystals datum from analyzing
monocrystal construction. The shape of the peak in the XRD
pattern is acute and limited, indicating that the product has
well degree of crystallization. It was observed that the XRD
pattern of the synthesized [Ni(DMG)2] (Fig. 1B(b)) was also
consistent with the simulation results (Fig. 1B(a)), as given by
ref. 32. The product belongs to pure orthorhombic space group
of [Ni(DMG)2] with lattice constants of a ¼ 1.657, b ¼ 1.042, c ¼
0.647 nm. The diffraction peaks and intensities of the most
dominant peaks in the XRD pattern are the same as in the ref.
19, 35 and 36. In addition, (002), (112), (240) and other crystal
planes are also consistent with values in literature. No addi-
tional peaks were found in the patterns, proving the purity of
the as-prepared [Ni(DMG)2] powders.
Fig. 1 (A) The structure of Ni(DMG)2; (B) simulated (a) and experi-
mental XRD patterns (b) of the as-synthesized [Ni(DMG)2] product.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The SEM images in Fig. 2A(a) and (b) present crystalized
[Ni(DMG)2] microtubes, and (c) and (d) the TEM images of
synthetic microtubes of an individual microtube. With mean
size of about one mm, wall width of about 0.5 mm and length of
10 mm, the microtubes are found hollow as viewed in higher
magnied images. A possible formation scheme to the
morphology is proposed as follows. In turn, it undergoes the
processes of nucleation, crystal growth and self-assembly
growth. First, a solution of NiCl2$6H2O and a C4H8N2O2 solu-
tion was mixed to form an amorphous particle of [Ni(DMG)2],
which was used as a precursor of the crystals. During the synthesis
of the water bath, the molecule nucleate and nanonize. Since
a single molecule of [Ni(DMG)2] has a sheet structure with very
high surface free energy, the sheet stacks to molecular crystals
readily along the c-axis, while growths along the a- and b-axis are
relatively slow. Consequentially, the [Ni(DMG)2] crystal tends to be
microrods.37 Under the action of static electricity and under the
condition of minimizing the gross system energy under alkaline
conditions, the microrods amalgamated according to certain rules
during the reaction process, forming the microtubes.38 The
HRTEM results further demonstrate the successful composition of
[Ni(DMG)2] (Fig. 2A(e) and (f)). Chemical components of the as-
prepared [Ni(DMG)2] were further studied through energy disper-
sive X-ray spectroscopy (EDS). As shown in Fig. 2B, characteristic X-
ray emissions from C, O, N and Ni were identied.

The thermal stability of as-prepared powder was studied
using thermal gravimetric analysis (TGA) as shown in Fig. S1.†
Fig. 2 SEM images, TEM, HRTEM images and EDS analysis of
[Ni(DMG)2]. (A) (a) Low-magnification, (A) (b) high-magnification SEM
images, (A) (c and d) TEM images and (A) (e and f) HRTEM images of the
[Ni(DMG)2]; (B) EDS analysis of [Ni(DMG)2].

RSC Adv., 2021, 11, 5035–5043 | 5037
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Fig. 3 Time evolution of the spectra during the photodegradation of
quinoline blue mediated under UV light irradiation.
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In the rst stage, the as-prepared sample endures a continuous
mass loss of 10% between the temperature of 50 �C and 250 �C
due to the dehydration of the material. A second weight change
was observed between the temperature of 250 �C and 300 �C
with a mass loss of 74.20%, according to the theoretical weight
loss of 74.15%. This also demonstrated that [Ni(DMG)2] was the
product and it decomposed at 250 �C.

The FTIR spectrum of [Ni(DMG)2] is presented in Fig. S2.†
The O–H tensile chatte of the absorbed water molecules resul-
ted in a wide peak with a peak of 3354 cm�1. A weak band at
1790 cm�1 indicates a strong intramolecular hydrogen bonding
in the [Ni(DMG)2] complex. Other characteristic absorption
peaks of 1571 cm�1, 1367 cm�1 and 1234 cm�1 are attributed to
the C]N stretching mode, N–OH bending vibration and N–O
stretching modes, respectively.39 Furthermore, the absorption
band at 1115 cm�1 is related to the C–O tensile shaking of the
trace amount of ethanol collected in the [Ni(DMG)2]40 micro-
tube, and the absorption peak at 990 cm�1 may be due to C–H
curve shaking. All the above features prove the formation and
structure of [Ni(DMG)2].

Electronic structures of semiconductor catalysts are of
crucial importance for the materials photocatalytic functions.
For this reason, the electronic structure of [Ni(DMG)2] was
investigated through the UV-vis diffuse reectance spectros-
copy. As can be seen in Fig. S3(A),† [Ni(DMG)2] presents an
intense absorption with the edge at the wavelength near
680 nm, corresponding to its characteristic energy gap value of
approximately 1.82 eV through the theoretical calculation.
Beside the peak in the UV region, a strong absorption peak at
600 nm indicates a possible application of the material as
a superior visible light photocatalyst.

In addition, a Mott–Schottky curve was obtained in the
electrochemical test. The Mott–Schottky curve is used to further
reveal the structural features of [Ni(DMG)2] (Fig. S3(B)).† It is
observed that due to the positive slope of the linearity diagram,
[Ni(DMG)2] can be attributed to the n-type semiconductor.
Therefore, its at band is �0.25 eV and the conduction band is
�0.03 eV (vs. NHE). At the same time, the valence band is
calculated by its characteristic energy gap value to be 1.79 eV.

The photocatalytic activity of the successfully synthesized
powder was tested through degrading the typical organic
contaminant quinoline blue using radiation with a UV lamp.
Prior to photocatalytic degradation, a set of blank controls was
rst prepared, and the quinoline blue solution (5 mg L�1, 100
mL) was subjected to ultraviolet degradation without addition
of the already synthesized sample. Aer 120 minutes of expo-
sure to ultraviolet light, the degradation effect indicated that
quinoline blue did not decompose. In contrast, with that exis-
tence of [Ni(DMG)2] powder (0.5 g L�1), 32.6% of dye discolor-
ation was reached aer 2 hours of UV radiation (Fig. S4†). The
reason for this inferior efficiency of dye degradation maybe due
to a hollow tubular structure of [Ni(DMG)2] with lighter powder
size oating in the dye solution. Magnetic stirring can't make it
evenly dispersed in the dye solution leading to hindering the
absorption of light so that the efficiency of dye degradation with
[Ni(DMG)2] is unsatisfactory. The [Ni(DMG)2] was also printed
on a 4 � 6 cm2 glass plate by using screen-printing technique.
5038 | RSC Adv., 2021, 11, 5035–5043
Before irradiation with UV light, the glass panels were placed in
dye solution carried out adsorption. When the photocatalyst
reaches the adsorption–desorption counterpoise, the consis-
tence of quinoline blue doesn't transform any more with the
reaction time. As shown in Fig. 3, the characteristic absorption
peak of the dye decreased gradually with retention time, and
reached 91% of degradation rate aer 120 min.

The experiments were then extended by usingmultiple kinds
of colored organics as contaminants. Fig. 4a–c display the time
evolution of the spectra during the degradation of rhodamine B,
methyl orange and methylene blue (5 mg L�1, 100 mL). Fig. 4d
shows the concentration changes of rhodamine B, methyl
orange and methylene blue (C/C0), where the absorption peaks
decreased gradually with the retention time. Aer two hours of
irradiation, degradation efficiency of these three dyes reached
to 58%, 40% and 74%, respectively. It can be concluded that
[Ni(DMG)2] has selective photocatalytic abilities for degrading
quinoline blue and methylene blue.

It has been noticed that hollow microtubes may have unique
wettability thanks to their morphological merits.41 Here the
product structure in Fig. 2A(b) may behave similarly. For this
reason, the water contact angle (CA) on that [Ni(DMG)2] lm was
appraised by using 10 mL water droplets (pH ¼ 7). The CA value
about the glasses plate-based lmmodied with 2% (v/v) PFOTS
in methanol was appraised. Fig. 5a shows the mean value of CA
on the glass substrate of the control group without lming. An
angle of 64� was obtained, referring to the hydrophilicity of the
glass substrates. The CA number was increased to 93� aer
treatment with the PFOTS (Fig. 5b). In contrast, on the
[Ni(DMG)2]-coated glass, the CA value was determined to 161.3�

(Fig. 5c), denoting the superhydrophobicity of the lm. In
Fig. 5d, we dipped the coated glass into a 5 wt% NaCl solution
for ten minutes. Thereaer, the coating was allowed to air dry at
ambient temp for twenty four hours, and then water contact
angle was measured. The sample had a CA value of 157.2�, still
keeping the superhydrophobicity. The corrosion reaction from
5 wt% NaCl compound doesn't change the superhydrophobic
surface formed by the [Ni(DMG)2] samples.

The physical mechanism of superhydrophobicity is also
investigated. According to the Cassie–Baxter model, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 [Ni(DMG)2] time evolution of spectra during photodegradation
of Rhodamine B (a), methyl orange (b), methylene blue (c) by coating;
(d) the concentration changes of rhodamine B, methyl orange,
methylene blue and quinoline blue (C/C0).

Fig. 5 Water contact angles of (a) glass, (b) treated with 2% (v/v)
PFOTS, (c) treated with a dilute [Ni(DMG)2] and 2% (v/v) PFOTS, (d)
aqueous solution of NaCl, (e) the modified prepared surface according
to the pH values of the water droplet.

Fig. 6 Video snapshots of a drop of octane absorbed by the as-
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superhydrophobic property is that the droplets form tiny air
bubbles above the coarse cover, forming a recombination
interphase. In this work, hollow tubular structures trap large
quantity of air within the tubes. The air layers can prevent water
drops entering the internal microtubule structure. This
phenomenon agrees with the Cassie–Baxter model, leading to
a superhydrophobic phenomenon.42–44 The Cassie–Baxter
model can be described by the following equation:

cos q0 ¼ f1 cos q � f2 (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
q in the formula (1) refers to CA on the surface of the glass
treated with PFOTS, q0 is the CA of surface treated with a dilute
[Ni(DMG)2] and PFOTS; f1 and f2 are the proportions of the area
occupied by the two media (liquid and gas) on the solid surface,
separately (i.e., f1 + f2¼ 1). From eqn (1) it can be concluded that
the f2 number is 0.944, which reveals that atmosphere takes up
94.4% of the touch area when the superhydrophobic nominal
gets to the liquid drop. It is worth mentioning that the super-
hydrophobicity is long lasting and can be kept aer three
months storage in air. The experiment data show the potential
of the synthetic materials in the separation engineering.

To study the pH inuence on wettability, we carried out
corrosion reaction with acidic and basic aqueous solutions. The
data were analysed, and results were shown in Fig. 5e. The CA
rst increased with the pH value, topped at pH ¼ 7, then slowly
decreased. The pH values of aqua pura and the contact angle
had almost no inuence. This can be seen from the gure that
the CA values were greater than 156� when pH > 1. The glass is
passivated against basic conditions aer coating the
[Ni(DMG)2]. Chemical reactions are prohibited, leaving the
surface anticorrosive to basic conditions. For further investi-
gating the pH inuence on wettability, the coatings were
immersed in different PH solutions for 10 min. Aer that, the
coating was allowed to air dry for twenty four hours at indoor
temp, and then water contact angle was measured and results
were shown in Fig. S6.† The changing tendency of the CA values
were the same with different PH water dropped in the coatings.
It can also be seen from the Fig. S6† that the CA values were all
larger than 150� when the solutions pH > 1, topped at pH ¼ 7.
Stability test was also performed for the obtained super-
hydrophobic surfaces. Aer three months of storage at room
temperature, water CA on the surface was still larger than 150�,
which can demonstrate the coated surface is stable.

Unique liquid wettability of the [Ni(DMG)2] enable their
application as coating materials to split oil–water mixtures.
Video screenshot and video snapshots were taken from octane
droplets dripped on the lter paper coated with the as-prepared
powder. In Fig. 6, a drop of octane was soon absorbed within
2.321 s, which indicates that the lm has a very good oil-ltering
property.

Fig. 7b and d shows the SEM images of [Ni(DMG)2] lms
obtained by screen-printing technology on lter cloth and lter
paper substrates, and corresponding pure lter cloth and lter
paper are presented as a blank control group seen in Fig. 7a and
c. From the low-resolution SEM images of Fig. 7a, the cloth
prepared [Ni(DMG)2] film.

RSC Adv., 2021, 11, 5035–5043 | 5039
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Fig. 8 The superhydrophobic and oleophobic film for application in
separation oil from water: (a) [Ni(DMG)2] printed on filter paper, filter
cloth, copper grid, iron mesh substrate; (b) water (stained with
methylene blue) and dichloromethane (stained with Sudan Red III) are
poured into beaker and mixed for oil–water separation; (c–e) after
filtration; (f) after separation methylene blue on copper grid ultraviolet
lighted for 10 min.
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mesh (200 mm � 200 mm mesh size) is distributed throughout
the surface. Aer embellished by [Ni(DMG)2], the mesh is
uniformly covered by the microtubes (Fig. 7b). Such a coating
changes considerable the wettability of the prepared sample.
Similarly, bers on lter paper (Fig. 7c) were evenly covered by
the product microtubes (Fig. 7d) aer being screen-printed.
Iron wire mesh and copper grid are also employed as
substrates, and the [Ni(DMG)2] modied SEM images are
depicted in Fig. S7b and d, with Fig. S7a and c† as the corre-
sponding blank contrast. [Ni(DMG)2] hollow microtubules
distribute regularly on the iron wire mesh surface with 200 mm
� 200 mm reseau, and 400 mm � 400 mm reseau on copper grid.
The grid regulation of copper grid becomes smaller aer prin-
ted [Ni(DMG)2] and abundant [Ni(DMG)2] hollow microtubules
were printed on the copper grid, which may make a superior
superhydrophobic property of [Ni(DMG)2] lms.

We further tested oil–water separation abilities of the
[Ni(DMG)2] covered substrates. Fig. 8 shows the separation
process of the mixture on different substrates of lter paper,
lter cloth, copper grid and iron mesh. Pour water (dyed with
methylene blue) and dichloromethane (stained with Sudan Red
III) into a beaker and mix, then pour on the coated lm, that oil
can pass through and then fall into the bottom of the device.
However, water is not permissive due to the super-
hydrophobicity of the lm (see details in the ESI mas S1–mas
S5†). The blocked water was decanted into the measuring
cylinder. Fig. 8b shows the device and the oil–water mixture
with 10 mL oil and 10 mL water before ltration. Aer the oil–
water separation at the coated lter cloth interface, Fig. 8c
displays the content of mixed solution separated by lter clothe,
and nearly 9.4 mL of water and 9.2 mL of oil are obtained. Such
a process is visualized in Video S1,† and the segregation process
was fast. Fig. 8d shows the content of the mixture solution
through the lter paper aer the separation. Approximately
8.0 mL dichloromethane and 9.8 mL H2O were obtained,
showing a very high separation efficiency of the super-
hydrophobic [Ni(DMG)2] lm. However, the segregation process
was very slowly, and nearly ten minutes separation engineering
Fig. 7 SEM images of [Ni(DMG)2] printed on filter cloth and filter paper
(b and d); SEM images of pure filter cloth and filter paper without
modifying by [Ni(DMG)2] (a and c).

5040 | RSC Adv., 2021, 11, 5035–5043
was all over (Videos S2 and S3†). Fig. 8e shows approximately
9.3 mL of the water and 9.2 mL of the oil were collected when
the product was printed on copper grid. It is worth mentioning
that, the process of oil–water separation was executed through
a folded copper grid on a beaker, the dichloromethane diffused
quickly, passed through that copper grid, and then owed into
the becherglas underneath. Meanwhile, the water maintained
above the copper grid, indicating outstanding oil–water segre-
gation capacity (Video S4†). Also approximately 9.4 mL of the
water and 9.3 mL of the oil were collected when the product was
printed on iron mesh.

The water permeation coefficient (h/%) stands for the sepa-
ration efficiency of the product. It reads h (%) ¼ (m1/m0) �
100%, where m1 on behalf of the weight of water aer each oil–
water splitting, andm0 the weight of water in the beginning oil–
water compound.45,46 Through that equation, the isolation
productivity of [Ni(DMG)2] printed on lter cloth, copper grid,
lter paper and iron mesh, water permeation coefficient were
calculated to 94%, 93%, 98% and 94%, separately.

Supported by the previous experimental content, we further
develop the prototypical design for wastewater treatment by
combining the chemical activity and wettability of the as-
prepared lm. The oil–water separation was rstly carried out
by using the coated Cu mesh as the lter. The methylene blue
solution (5 mg L�1) prevented on copper grid (as shown in
Fig. 8f) was then transferred for photocatalysis. Aer UV light
irradiated for only 10 min, the methylene blue become colour-
less (Fig. 8f). The dyed water is separated from oils and
decontaminated.

The reusability and mechanical stability of the prepared
[Ni(DMG)2] lm are also studied. The superhydrophobicity and
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09240a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 3

:0
4:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
robustness of the prepared [Ni(DMG)2] superhydrophobic lm
was assessed qualitatively by mechanical shear. The test was
presented graphically in Fig. 9A. The as-prepared lm surface
printed on lter paper was scratched by a knife along a meshy
path, and the wettability was conrmed through a water drop-
ping test. As shown in Fig. 9A(a–f), the MB-dyed water droplets
immediately rolled off from the lm without wetting it aer the
surface was xed to a tilting angle of 20�. No remaining MB dye
can be observed on the surface neither (check out the detailed
information in ESI mas S6†). The superhydrophobic surface
possesses a good stability and satisfactory mechanical
robustness.

For further study robustness of printed surfaces, lter paper
and glass slide samples were sanded for wear testing (Fig. S8†).
That as-prepared lter paper-based lms were applied outward
to the bottom of the weight of 20 g or 50 g. Placed the weight on
a sandpaper of the P800 size and moved it ten centimeters in
the longitudinal direction of the scale (Fig. S8a and b†), which
was dened as a single wear cycle. It can be observed that the
printed [Ni(DMG)2] superhydrophobic coatings were not drop-
ped down from the lter paper. At the same time, the measured
CA values aer 30 wear cycles indicated that the hydrostatic
contact angles were 154� and 151� at 20 g and 50 g, respectively
(for details see Videos S7 and S8†). The pictures of static water
contact angles were shown in the inset of Fig. S8a and b.† The
result indicates that the nominal of the coating reserved
superhydrophobicity aer the wear experiment. Also a glass
slide lm was used for detecting the robustness of printed
surface, as shown in Fig. S8c.† The experimental procedure is
consistent with the above experiments in general, but the
weight was changed into 5 g and the lm was abraded both
longitudinally and transversely. From the detailed video of
Video S9† it could be observed that some [Ni(DMG)2] super-
hydrophobic coating was peeled off. We can summarize that the
Fig. 9 (A) The knife-scratch test on the superhydrophobic surface of
[Ni(DMG)2] printed on filter paper (a–f); (B) repeated cycles of UV-
induced photocatalytic degradation of quinoline blue over the
[Ni(DMG)2] film.

© 2021 The Author(s). Published by the Royal Society of Chemistry
robustness performance of the product printed on glass slide
should be further enhanced.

Besides the unique wettability, the [Ni(DMG)2] coated lm
also indicated light stability and re-utilizing through ultraviolet
photodegradation of quinoline blue. The [Ni(DMG)2] coated
glass was employed as the ‘photocatalytic’ system, and each
reaction cycle xed to 2 h. As clearly seeing from Fig. 9B, the
photodegradation efficiency for quinoline blue decreased to
76% aer four cycles of photocatalysis under UV radiation. This
proves that the [Ni(DMG)2] lm possesses stable photoactivity,
aer cleaning the glass by aqua pura, the lm can still be used
again.
Conclusions

In conclusion, a practical water purication route was realized
by using the [Ni(DMG)2] microtubes as the oil–water separation
media and photocatalyst. Synthesized via a simple precipitation
method, unique morphology of the [Ni(DMG)2] leads to specic
the hydro- and oleo-wettability besides its selective photo-
catalytic properties. A superhydrophobic surface was achieved,
due to its tubular structure and silanization with PFOTS. The
hydrophobic mode is ascribed to the Cassie–Baxter model.47

These experimental results have well conrmed super-
hydrophobicity of the [Ni(DMG)2] coated surfaces and their
excellent resistance to corrosion, and long durations. In addi-
tion, [Ni(DMG)2] has a very good oil-absorbing property, which
can also be applied to split oil–water mixtures. Combined with
photocatalytic and water–oil separation abilities, the
[Ni(DMG)2] has been proved a multi-functional material for
water purication in the complicated sewage situation of
contaminated wastewater mixed with oils.
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