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Research Highlights

e Ni(2,2'-bipy)s]Cl, /sepiolite was successfully prepared by

hydrothermal method.

e Ni(2,2"-bipy)s]Cl, /sepiolite has the excellent photocatalytic for dye

degradation and hydrogen evolution.

e Ni(2,2'-bipy)s]Cl,/sepiolite possess extraordinary

superhydrophobic and superoleophilic properties.

e Ni(2,2'-bipy)s]Cl,/sepiolite has the excellent oil-water separation

abilities.



Abstract

Novel [Ni(2,2'-bipy)s]Cl, activated sepiolite cla y composites have
been successfully synthesized by a hydrothermal reaction method. The
activated clays are endowed with much higher photocatalytic abilities
than the raw one. Degradation ratios of rhodamine B and methyl orange
under UV light were found up to 99.8% and 95.4% within 120 min.
Beside efficient dye degradations, a high H, evolution rate of 12.5
umol/g/h was reached by using the [Ni(2,2'-bipy)s]Cl./sepiolite
composite as the catalyst. Coating the as-synthesized material on surfaces
leads to extraordinary superhydrophobic and superoleophilic properties.
The cheap materials can be widely used in photocatalytic water

purification and/or oil-water mixture separations.

Keywords: Sepiolite; [Ni(2,2'-bipy)s]Cl, . Photocatalytic; Oil-water

separation

1. Introduction

Belonging to the porous inorganic-organic hybrid material category,
the newly-developed coordination compounds have attracted tremendous
attentions due to their diverse and easily tailored structures!®, and
potential applications in various fields such as catalysis®® , separation®-12,

gas storage'®*®, carbon dioxide capture!”8, etc!®?, Recent researches
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further showed that some coordination compound materials also
possessed superior photocatalytic abilities for water purifications and
hydrogen evolution. Therein, organic pollutants were degraded under
UV/visible/UV-Visible irradiations, and hydrogen, the most promising

clean fuel, was also produced. 21-24

Despites successes of synthesizing functional metal-organic
frameworks in these works, the low-cost nickel (I1) polypyridyls reagents
have not been considered as good photosensitizers. This is due to
activation difficulties and lack of proper carriers. The former blockage
arises from very short lifetimes of the metal-to-ligand charge transfer
(MLCT) states, which are typically within a range of picoseconds to
nanoseconds. However, a feasible substitution of bipyridine ligands to
CN-ligands was reported in an early work of Ferrere?®, because of driving
force changes of the electron injection from the lower energy MLCT
band. This mechanism may work when using the nickel (I1) polypyridyls
in photochemical application and hydrogen evolution. The latter
drawback requires recovery of coordination compounds powder in
industrial implementation. Thus, proper carriers and synthetic routes are

needed.

Indeed, in synthetic photocatalyst designs, numerous works are
devoted to developing combinations with different functional composites
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to reach high catalytic activities and chemical stabilities. The synthesized
composites can be semiconductor heterojunctions?, supported layers?’,
and morphologically modified species?®. The coordination compound’s
integrations to/or annexes on supporting materials can enlarge application
scopes due to the hosts’ peculiar properties and structures as well as their
abundance and low-cost merits?®, In this regard, sepiolite is a promising
supporting material thanks to its abundance, nontoxicity and non-harmful
features. The clay is composed of fibrous morphology and intra-
crystalline channels. The chemical formula reads
Si;2MgsO30(OH)(OH,)4-8H-,0 for the idea half-unit sepiolite cell and the
large specific surface reaches more than 200 m?/g3-34, Its individual
block consists of two tetrahedral silica sheets and a central octahedral
sheet containing magnesium, resulting in zeolite-like channels®. The
unique pore structure with interior channels make the clay a good
adsorbent and catalytic material following synergic effects of the
nanoparticle support systems®. Besides dispersing attached accessories,
sepiolite can also enhance reactivities of the combined catalysts. Aranda
et al. found that sepiolite has a positive synergistic effect on the TiO;
photocatalysis®”*. Further, sepiolite can immobilize AgsPO4, and form
the AgsPO,-sepiolite composite. Robust photocatalytic activities were

introduced in degradations of the 2,4-DCP model pollutant under visible



light radiations®®. Therefore, sepiolite is considered as a cheap but
functional candidate among supporting materials for coordination

compounds.

In this work, the [Ni(2,2"-bipy)s]Cl; activated sepiolite composites
have been developed and then used in the decolouration of organic
pollutant (such as Rhodamine B RhB, Methyl Orange MO ) solutions
under UV-light irradiation and photocatalytic water splitting reaction. To
the best of our knowledge, it is the first report on [Ni(2,2'-
bipy)s]Cl./sepiolite composites, despite of distinguishing properties of the
nickel compounds and the clay supporting. Results showed that as-
prepared sample degraded RhB/MO under UV-light irradiation with
excellent efficiency. Moreover, the composites can be served as catalysts
for hydrogen envolution from water under simulated sunlight. Coating
organic frameworks with the active clay brought simultaneously
superhydrophobic and superoleophilic properties for effective separation
of the oil-water mixture. Besides a synthetic route for the multifunctional
clay, this work explored physical mechanisms leading to the unique

photocatalytic activity.

2. Experimental
2.1 Materials and synthesis



The sepiolite clay in this study was obtained from Hunan Province,
China. Other chemicals were of analytical grade and taken without
further purification or modification.

Firstly, a certain amount of sepiolite was immersed into NaOH
(Imol/L) and stirred for 30 min. The above solution was transferred into
100 mL Teflon-lined stainless steel autoclave and heated at 180°Cfor 24
h. The solid was filtered, dried at 70°C for 8 h, and the resulted sepiolite
was employed as the carrier in later synthesis.

The [Ni(2,2"-bipy)s]Cl, was prepared and purified following the
reported steps®°. A solution of 2,2'-bipyridine (0.984g, 6.3 mmol) was
added in ethanol (30cm?®) with NiCl,-6H,0 solution (0.499¢g, 2.1mmol)
additive. The mixture was heated up slowly and stirred for 0.5 h. The
product was filtered off and the filtrate concentrated by rotary
evaporation to yield more solid. The combined solids were washed in
ethanol and then dried in vacuum.

In a typical synthesis of [Ni(2,2'-bipy)s]Cl,-activated sepiolite
composites, 1.0 g of sepiolite powder was put into double distilled water,
stirred for 10 min and then added with 0.600 g of [Ni(2,2"-bipy);]Cl..
After 30 min stirring, the above solution was transferred into 100 mL
Teflon-lined stainless steel autoclave and heated at 180°C for different

durations of 24 h (H1), 48 h (H2) and 72 h (H3). After cooled to room



temperature, the as-obtained solid substance was collected by
centrifugation, washed for several times with absolute ethanol and

deionized water, and dried at 80°Cfor 8 h.

Superhydrophobic surfaces were prepared via the well-established
screen-printing method“®. In the coating procedure, the sepiolite
composites were suspended (1:2 wt%) in polydimethylsiloxane(PDMS)
and blended afterwards. The [Ni(2,2'-bipy)s]Cl./sepiolite was printed
through a sieved screen* on filter paper, commercially available glass (5
cm?-10 cm?) and filter cloths.

2.2 Characterization

The microstructures of the samples were investigated by X-ray
diffraction (XRD) patterns collected from Rigaku Dmax/Ultima IV
diffractometer. FTIR spectra were measured at a range of 400-4000 cm!
at a step of 2 cm™ and a KBr pellet. A Lambda 25 UV-vis
spectrophotometer (Perkin-Elmer, USA) was employed to monitor
absorption spectra of [Ni(2,2'-bipy)s]Cl/sepiolite during dye
degradations under the UV light irradiation at a spectral range of 200-800
nm. Morphologies analysed by the Scanning Electron Microscopy (SEM)
(JEOL JSM-6700F). X-ray photoelectron spectroscopy (XPS) was
performed on a PHI 5300 with a monochromatic Mg Ko source to
explore the element chemical states. Transmission electron microscopy
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(TEM) and high-resolution electron microscopy (HRTEM) images were
taken using a JEOL JEM-2010 electron microscope. Nitrogen adsorption-
desorption isotherms were obtained on a nitrogen adsorption apparatus
(TRISTAR 11 3020, USA). UV-vis diffuse reflectance spectra were
obtained for the dry pressed disk samples with a UV-visible
spectrophotometer (UV-2550, Shimadzu, Japan) using BaSO, as the
reference. The spectra were recorded at room temperature in the range of
200-800 nm. Photoluminescence (PL) spectroscopy was performed on a
LS55 fluorescence spectrometer at an excitation wavelength of 375 nm.
Intermediates of RhB degradation were identified using MS (autoflex,
Germany).

2.3 Evaluation of photocatalytic activity

The photochemical reactor has an optical quartz glass beaker
surrounded by a water jacket to keep the reaction at room temperature.
The photocatalytic activities of the [Ni(2,2'-bipy);]Cl./sepiolite catalysts
were evaluated by the degradations of RhB and MO. Typically, 100 mg
of the as-prepared photocatalyst composite was stirred in 100 mL
aqueous dye solution (10 mg/L). Before the experiment, the suspension
was stirred in the dark for 30 min to reach adsorption equilibrium. During
the irradiation, 3 mL of the suspension was extracted at a certain time

interval. The solution was centrifuged, and the concentration of RhB and



MO were analysed by the UV-vis spectrophotometer. The RhB and MO
concentrations were evaluated initially and at fixed time intervals to study
degradation kinetics. The efficiency was calculated using the following

equation #?

C,-C,
T=7¢

0

)

where Cg is the initial concentration and C;the concentration after a fixed

time.

Photocatalytic hydrogen evolution on the as-prepared catalysts was
evaluated on a side-irradiated gas-closed system. In each experiment, 50
mg of sample was dispersed into 50 mL of aqueous solution, which
comprised of 10 vol % triethanolamine (TEOA) as the sacrificial reagent.
Before the light irradiation, the sealed reaction system was purged with
the high-purity N, gas for 0.5 h to remove the dissolved air in the aqueous
solution. 3.0 wt% Pt was loaded onto the as-prepared photocatalysts as a
co-catalyst from H,PtCls aqueous solution via in situ photodeposition. A
300 W Xe arc lamp was used as light source. The amount of H, evolution
was measured by using gas chromatograph (GC-6890A).

2.4 Wettability measurement
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The contact angle (CA) was measured on an optical contact
anglemeter (250-F1) at room temperature. Superhydrophobic surface was
prepared by screen-printing method. The film was dried naturally. Water
droplets were carefully dripped onto the surfaces, and the average value
of five measurements obtained at different positions in the samples was

used as the final CA.

3. Results and discussion

3.1 Material characterizations

In total, three samples of [Ni(2,2'-bipy)s]Cl./sepiolite have been
synthesized and named as H1 (24h), H2 (48h) and H3 (72h), respectively.
Fig. 1 shows the XRD patterns of the samples. It can be seen that main
diffraction peaks are very sharp in all samples, denoting well
crystallizations of the samples. H1, H2 and H3 have the same pattern
features as the NaOH treated sepiolite and a very low content of [Ni(2,2'-
bipy)s]Cl, (Fig. 1A-D). Compared with the raw clay, a small shift of the
main peak was observed in base treated one. This may be attributed to a
minor change in the crystal structure subjected to the leaching of Si*

during the reactions between sepiolite and NaOH.

Chemical compositions in the final products are identified via
Fourier transform infrared spectroscopy (FT-IR). The spectra of [Ni(2,2'-
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bipy)s]Cl./sepiolite catalysts with different hydrothermal reaction time
were shown in Fig. 2 along with these from the natural and base treated
sepiolite. The band at 3687 cm™ corresponds to stretching vibrations of
the hydroxyl groups (vOH). The -OH attaches to the octahedral Mg ions
located at the interior blocks of the natural sepiolite and [Ni(2,2'-
bipy)s]Cla/sepiolite. The band at 3622 cm™ is assigned to H-O-H
stretching vibrations of water molecules weakly bonded to the Si-O
surface in both samples. The broad band at 3411 cm™ observed in each
samples comes from the H-O-H vibrations of the adsorbed water. Bands
at the 1200—400 cm ™ range are characteristic peaks of silicate while
bands centred at 1028 and 465 cm™* are due to Si-O-Si vibration. Bands
at 1216, 1083 and 978 cm™* are ascribed to Si-O bonds, and bands at 690
and 642 cm™ to Mg-OH bond vibrations*:. In the FTIR spectrum of pure
[Ni(2,2'-bipy)s]Cly, strong peaks at 1578.8 cm™ changes to a weak
absorption peak at 1606~1385cm™. Peaks at 769 cm™ are due to C-H
bending vibration of the benzene ring.

To elucidate surface compositions and chemical states, samples of
[Ni(2,2"-bipy)s]Cl./sepiolite catalysts with hydrothermal reaction time for
48h was chosen as a model for XPS analysis, and the results are shown in
Fig. 3. The [Ni(2,2"-bipy)s]Cl./sepiolite composite catalysts possess N, C,

O, Mg, Si ,Cl and Ni elements (Fig. 3A). Signals from C, N, and Ni are
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well attributed to [Ni(2,2"-bipy)s]Cl,, and these of Mg and Si are from
sepiolite. As shown in Fig. 3B and C, the C 1s peak locates at 283.6 eV,
and N 1s at 399.05 eV. In Fig. 3D, peaks of at 855.4 and 873.3 eV are
attributed to 2ps, and 2py; of the Ni?* ions. The XPS analysis is
consistent with FT-IR results, and further confirms the coexistence of

[Ni(2,2'-bipy)s]Cl; in the [Ni(2,2'-bipy)s]Cl./sepiolite composite catalysts.

Fig. 4 depicts SEM images of the raw and activated sepiolite. The
natural sepiolite is an aggregation of flakes with fibre and lamellar
structure. Fibers stick together because of no pretreatment of dispersing
was performed for the raw clay (Fig. 4A). The sepiolite composites
activated by [Ni(2,2'-bipy);]Cl, are shown in Fig. 4B, C and D. Obvious
differences in morphology and microstructure are found between the
natural and activated sepiolite. Different from irregular fiber forms in the
raw clay, a microspherical morphology was achieved on the blocky-
textured sample treated at 24h (Fig. 4B). It is worth mentioning that
almost all sepiolite composites aggregated in form of small spherical
particles and no other morphologies were observed. After 48h and 72h
hydrothermal reactions, the composites are microspheres with an average
diameter of 20 um (Fig. 4C and D). These results suggest that the
hydrothermal reaction time have a significant impact on the morphologies

and microstructure of the final products. Further insight into the
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morphology and microstructure of the as-synthesized [Ni(2,2'-
bipy)s]Cl./sepiolite catalysts was obtained through TEM determinations
as depicted in Fig. 4E and HRTEM in Fig. 4F. The resulted microspheres
are aggregations of large-scale sepiolite nanoplates among which the
[Ni(2,2"-bipy)s]Cl, nanoparticles were formed. The nanoplates have the
widths between 200-800 nm and [Ni(2,2'-bipy)s;]Cl, nanoparticles
between 10-60 nm. The TEM determination is consistent with the SEM
observation. The HRTEM image of [Ni(2,2'-bipy)s]Cl, nanoparticles in

Fig. 4F presents the lattice fringes with a d-spacing of 0.369 nm.

We further studied the bandgap, porosity and luminescent properties
of the samples. The bandgap energies of the [Ni(2,2"-bipy)s]Cl./sepiolite
composites were evaluated via UV-vis diffuse reflectance spectra as
depicted in Fig. S1A. By extrapolating (ahv)? to 0 (Fig. S1B) and
converting wavelength to energy, a value of 3.65 eV (340 nm) was
obtained for the activated clays as the main bandgap. This result suggests
the UV light be able to trigger photonexcitations of the electrons within
the samples. The specific surface areas (SSAs) and porosities of samples
were tabulated in Table S1. The SSA increases with the [Ni(2,2'-
bipy)s]Cl, content due to presence of the pNi(2,2"-bipy)s]Cl.
nanoparticles, while the nanopore sizes keep unchanged among these

samples. The photoluminescence (PL) spectra of the samples by the 375
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nm incident light in Fig S2. Generally speaking, the incident light cannot
induce main photoexcitation in sepiolite due to the lower energy than the
bandgap. However, the heterojunctional composites own several
bandgaps after combining the [Ni(2,2"-bipy)s]Cl,. Consequentially, PL
spectra were produced after photoexcitation of electrons therein. The
intensity of PL spectra in NaOH-sepiolite is highest, indicating that the
separation efficiency of the photoinduced charge carriers is lowest. When
Ni(2,2'-bipy)s]Cl, adhered to the sepiolite, the intensity of PL spectra
decreased. In [Ni (2,2'-bipy)s]Cl, /sepiolite composite, the intensity of PL
spectra is arranged as H2 < H3 < H1, meaning that the H2 exhibited best

photocatalytic activity.
3.2 Photocatalytic activities

Photocatalytic activities of the as-synthesized samples were
evaluated by degradations of RhB and MO as model pollutants under
UV-light irradiation. Results of degradation efficiencies were graphed in
Fig. 5. Adsorption equilibriums were reached at 30 min as shown by Fig
S3. The RhB diminished gradually (Fig. 5A) and the photodegradation
efficiencies were 71.6%, 99.8% and 70.9% for H1, H2 and H3,
respectively (Table S2). Similarly, the absorption peak of MO at 463 nm
decreased with irradiation time (Fig. 5B). The photodegradation
efficiencies of MO were 27.4%, 95.4% and 90.1% for H1, H2 and H3,
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respectively. To test photocatalyst reusability, we conducted recycling
experiments for the H2 sample. As shown in Fig. 5C and D, the RhB
photodegradation efficiency of the catalyst decreases from 99.8% to 60%
after four runs of 140 min each, and MO photodegradation from 95.4% to
46%. However, the XRD pattern of the recycled H2 after four cycles of
photodegradation testing remains consistent with that of the fresh one in

Fig S5, further confirming excellent stability of the samples.

We also compare the present catalysts to state-of-the-art ones in dye
removals. First, the as-synthesized samples possess much better
photocatalytic activities than the raw sepiolite for degrading RhB and MO
in all degradation tests (see details in the Supporting Information). Using
H2 as the catalyst, the MO and RhB concentrations dropped to ~5% and
~15% after 20 minutes of UV irradiation. The degrading rates are higher
than these from synthetic photocatalysts such as BiVO4*, Sb,WO,* and
comparable to the heterojunction bismuth oxyhalides*. The effective
catalytic ability from the cheap clay is most probably due to smaller
particle size and higher surface area of the treated sample. Such a

morphological feature increased the contact area with dyes in solutions.

To explore the photocatalytic performance of these complexes in
stimulated sunlight, the photocatalytic H, evolution (PHE) over various
samples was investigated under stimulated sunlight. As shown in Fig. 5E,
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all of the [Ni (2,2'-bipy)s]Cl, /sepiolite composites exhibit higher H
evolution activity than the raw sepiolite. Especially, H2 has the maximum
PHE rate of 12.5 pmol gth, which indicated [Ni (2,2'-bipy)s]Cl. could
enhance photocatalytic activity. As shown in Fig 5F, after 24 h hydrogen
production, the average of the hydrogen production was kept to the same
value of 12.5 umol gth™. The photocatalysis was very stable. The [Ni
(2,2'-bipy)3]Cl, /sepiolite complex tuned the broadband gap of sepiolite
and immobilized the soluble of [Ni (2,2'-bipy)s]Cl,. The PHE result is in
line with the degradation of dyes. Indeed, dye removal and PHE undergo
similar processes of water oxidization at the beginning. Difference
remains at the further reaction path of the hydrogen radicals. In the dye
removal, these radicals are recombined with oxygen or hydroxyl radicals,
while in the PHE forming H; gas due to lack of oxidative radicals taken

by the sacrifices.

To analyze the intermediates and final products of the RhB removal,
the RhB solutions undergone photocatalytic reaction for 0, 1 and 2 h were
investigated by mass spectrometry (MS). As shows in Fig S6 and Fig S7,
the products collected from the solution with light irradiate for 1 h owns
the m/z ratio of 415, 387, 359, and 331, which might be attributed to the

de-ethylation process during the degradation of RhB. Moreover, when the
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light irradiate for 2 h the small m/z ratio including 172, 152, 122 and 102
could be assigned to opening-ring reaction from large molecules. Thus,
the degradation of RhB in the presence of [Ni(2,2"-bipy)s]Cl./sepiolite
includes three processes of deethylation, opening-ring, and
mineralization.

We further studied photocatalytic mechanism of the coordination
compounds activated sepiolite. Adsorption and photocatalytic
degradation are the two major processes as shown in Fig. 6. Moreover,
the experiments of radicals capture were carried out by adding 1 mmol
potassium iodide (KI, a quencher of h*), 1 mmol isopropanol (IPA, a
quencher of *OH), and 1 mmol benzoquinone (BQ, a quencher of «O; "),
respectively*’=°, At the presence of the potassium iodide (Immol), the
degradation of RhB was suppressed, indicating the participation of the h*
in the photocatalytic reaction. When benzoquinone (1mmol) was added,
the degradation of RhB changed substaintially, indicating that «O? was
important in the photocatalytic process. However, when isopropanol was
added, the change of RhB concentration was negligible. The above results
demonstrate that «O? and h* were the main active species for the
degradation of the organic pollutants with [Ni(2,2"-bipy);]Cl./sepiolite

catalysts under UV irradiation.
We also estimated the band alignment of the activated complex by
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studying the valance band of the sepiolite and [Ni(2,2"-bipy)s]Cl,. Fig. S8
depicts the ultraviolent photoelectron spectra from which the binding
energy of sepiolite and [Ni(2,2'-bipy)s]Cl, were calculated to 3.2 eV and
2 eV, respectively. Combined with UV-vis diffuse reflectance (Fig.S1)
and PL results, the band alignment of the activated complex was shown
in Fig S8, with respect to system’s Fermi level. Apparently, both the
VBM (valence band maximum) and CBM (conduction band maximum)
of the clay are lower than these from the [Ni(2,2"-bipy)s]Cl,, leading to
possible charge transfers between these two counterparts. The lower
binding energy of [Ni(2,2'-bipy)s]Cl, further explicates the

photoexcitation by the 375 nm source for the PL production.

Following the electronic structure determination, the photocatalytic
mechanism of [Ni(2,2"-bipy)s]Cl, /sepiolite composite was proposed and
showed in Fig. 7. Since sepiolite has lower CB positions than [Ni(2,2'-
bipy)s]Cl,, the photogenerated electrons (e7) in the CB of [Ni(2,2'-
bipy)s]Cl; transfer to the CB of sepiolite. Meanwhile, the photogenerated
electrons in the CB of sepiolite reduces the adsorbed O, to yield *O;",
which was a powerful oxidative specie for RhB and MO degradation.
However, the VB levels of [Ni(2,2'-bipy);]Cl, were not positive enough
so that it doesn’t have sufficient oxidation ability to drive the oxidation

process, while sepiolite has higher VB levels which can transfer H,O to
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*OH. The comparison of *OH/H,0 potential (ca. 2.27 V) suggests that
photogenerated holes (h*) in the CB of sepiolite transfer to the CB of

[N1(2,2'-blpy)3]C|2
3.3 Wettability

Micro-spherical particles of the activated clay, once deposited on
proper substrates, may have special wettability due to the morphological
uniqueness. Thus, films of the as-synthesized [Ni(2,2'-bipy)s]Cla/sepiolite
catalysts were deposited on filter papers using a well-established screen-
printing technique with the polydimethylsiloxane(PDMS) as adhesive>L.
Contact angles of 10 pL water droplets were depicted in Fig. 8.
Measurements were performed without modification by low-surface-
energy materials. The CA values of more than 150° were obtained when
the pH values of the water droplets varied from 1.0 to 13.0. The as-
prepared films have superhydrophobicity at a wide pH range (within
experimental error, at all pH values). The superhydrophobicity applies for
pure water, and corrosive liquids including acidic, basic and some
aqueous salt solutions. It is well known that the raw filter paper is
hydrophilic. Therefore, wettability of the filter paper modified by
[Ni(2,2'-bipy)s]Cly/sepiolite samples is improved substantially and
becomes superhydrophobicity without using oriented materials or stearic
acid.
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Similar to previous studies®*®® of analogous materials, material
morphology was attributed to the dominant factor for a superhydrophobic
surface. Additionally, the creation of micro/nanorods, which favours
slower growing planes and therefore a lower surface energy, also
contributes. We also extended usability of the activated clay, and coated a
flat glass substrate with the as-prepared samples. A large CA value of
more than 150° was obtained (Fig. S9, Supporting Information). The
[Ni(2,2"-bipy)s]Cl./sepiolite catalysts were also deposited on filter cloth
using the well-established screen-printing technique with the PDMS
adhesive. Because the unevenness on the surface of the filter cloth, we
cannot accurately determine water contact angle. Instead, we dropped
water on the surface in the static tests (Fig. S10, Supporting Information)
and later in oil-water separation test (video S5 and S7, Supporting
Information). From above evidences, this method could be applied to
other substrates, such as filter cloth, copper mesh and stainless steel

mesh, to fabricate superhydrophobic surfaces.

To evaluate stability against pressure-induced wetting, a series of
tests were conducted. The mechanical stability of film was evalutated by
cellophane tape method. The super-hydrophobic filter paper films surface
remained superhydrophobic after multiple paste and detachment

processes as shown in Fig. 9A. In general, the anti-wetting property and
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the number of abrasions do not fit to each other. However, in the present
work, filter paper films could still keep highly hydrophobic after 20
cycles of abrasion. And the CAs for water droplets (PH=7) placed on the
filter paper film surface decreased slight from 160° in the initial state to
140°. To investigate robustness of the super-hydrophobic filter paper
film, methylene blue (MB) was dissolved into deionized water and used
as a model dust, then a droplet of solution was dripped onto the surface at
an inclination angle of 20°. Fig. 9B-D show snapshots where MB-dyed
water droplet slide off the coated film damaged by scissor scratches. It is
obvious that water rolled off easily from the superhydrophobic coating
without any viscous damping. This was due to the low surface energy of
[Ni(2,2'-bipy)s]Cl./sepiolite catalysts. Combining with rough structures
of the samples, we can confirm liquid and solid - liquid interface that a
high ratio of trapped air appeared, similar to the case of biomimicked
surfaces®®. Even after mechanical damages®’, the painted surfaces on all
kinds of substrates still maintained a good network-load performance.
Furthermore, the PDMS’ good adhesion minimizes the sample loss®®. As
shown in Fig. 9E-L, the painted surfaces were still clean and dry even
after knife scratch and then water drop (Video S1-S2 in the Supporting

Information ).
Both natural and synthetic superhydrophobic surfaces are believed to
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achieve self-cleaning due to “lotus effect™®*®. The lotus effect typically
refers to the removal of the contaminating particles by impacting and/or
rolling water droplets®t. The superhydrophobicity is important because of
the associated large contact angle and small hysteresis, which promotes
the rolling motion carrying away contaminants®2. The self-cleaning tests
of the as-prepared superhydrophobic coating surface (Fig. 10 and Video
S3) was implemented with MO powder as a simulating pollutant®3. Video
S3 shows the fast process of removal of the MO powder by water
droplets and the surface recovery of its superhydrophobicity. The MO
simulated pollutant powders were scattered all over the surface and then
use disposable test tubes that drip water on the contaminated fabric.
During the sliding process, dusts were immediately pasted on the surface
of the water droplets, dissolved and carried away by the gravitational
force. This observation confirmed that the high water surface tension and
low surface energy of [Ni(2,2'-bipy)s]Cl./sepiolite played an important
role in self-cleaning. In this test, we also use the non-dissolvable MnO,
powder as a model dust/contaminant to test the self-cleaning function of
the as-prepared superhydrophobic coating surface(Fig. S11, Supporting

Information). The dusts were removed by the water droplets.

The oil wettability of the as-prepared film was examined through the

contact angle measurements. Fig. 11A—C show a drop of octane became
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nonvisible immediately on the as-prepared film. The octane spread
quickly on the coating and absorbed thoroughly within about 1.0 s
without leaving any residue (see details in the Supporting Information
video S4 and S5). The intrusion pressure was calculated to 0.04kPa by
using the equation of Pg = p gh. The flux keeps a relative high level of
596 L m2 h1.%4%6 This indicates that the as-prepared film has an excellent
superoleophilic property. Combining with superhydrophobicity, such
coatings have potential applications in life science and materials
processing, e.g., oil-water mixture separation, self-cleaning materials and

drag reducing materials, etc 67-°,

The oil-water separation efficiency was studied as shown in Fig.
11E-F. When the mixture of water (dyed with methyl blue) and
dichloromethane (dyed with Sudan III) was poured onto the device, the
latter sank to the bottom of the device due to its larger density than water.
Driven by gravity, Sudan III-dyed dichloromethane was popped up in the
device, penetrated through the filter paper/filter cloth and owed down to
the beaker below. Meanwhile water retained on the surface of the filter
paper. Clear distinction of different liquids proves the excellent ability for
oil-water separation of the Ni(2,2'-bipy)s]Cl./sepiolite coated film.
Furthermore, the whole separation process was completed within a few

min (see details in the Supporting Information video S6 and S7). The
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separation ability is available for other organic-water mixtures. A variety
of oil/water mixtures (50% v/v) also have been successfully separated
through the same process including octane, hexane, and rapeseed oil. The
separation efficiency of a variety of oils was expressed by the water
permeation coefficient (1/%). It was calculated by n(%)=(m1/m)*100%,
where m; separation represents the weight of water after each separation,
and mo denotes the weight of water in the initial oil-water mixtures’®",
The separation efficiency of the coated filter paper/filter cloth was
calculated to 99% for the octane—water mixture and above 99% for other
oils. Moreover, the obtained functional film can retain its high oil-water
separation efficiency even after five cycles of oil-water separations.
These results indicated that the as-prepared superhydrophobic film is a

promising candidate for oil-spill clean-up.

Water and oil wettability of the activated clay are also compared
with these of state-of-the-art materials. Here the water CAs, in general,
are larger than values on hydrophobic but vulnerable polymer replica’,
and on the titania coated meshes. The hydrophobic and superoleophilic
properties of films coated with the Ni(2,2'-bipy)s]Cl./sepiolite (especially
H2) are also superior to films coated with latest-developed synthetic
crystals such as porous Cus(BTC)2+3H,0 73, BaMnF, 4, ZnC,0, ™, etc.

Besides large water CA at pH=7, the H2 hydrophobicity is resistant
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against corrosions as shown in Fig. S9. In addition, the abundance of the
carrying frame and low-cost nature further distinguish the present

samples from the aforementioned peers.

4. Conclusions

In summary, the naturally occurring sepiolite clay has been
successfully activated as a bifunctional catalysts after [Ni(2,2'-bipy)s]Cl.
treatments. The hydrothermal reaction time of the precursors has a
significant effect on the morphology, photocatalytic activity and
superhydrophobic property of the products. The as-prepared [Ni(2,2'-
bipy)s]Cl,-activated sepiolite composite not only exhibited excellent
photocatalytic degradation and hydrogen envolution, but also showed a
significant superhydrophobic property (CA>150°). The photocatalytic
abilities of the activated sepiolite clay are much higher than the raw
counterpart, and comparable with the synthetic but dedicated compounds.
The superhydrophobic surface retained its wettability and self-cleaning
property even under scratch and survived from multiple attachment-
detachment processes of the scotch tape. Because of the
superhydrophobic/superoleophilic properties, the printed surface benefits
oil-water separation processes with excellent separation efficiency.
Further, the oil-water separation coating still kept high separation

efficiency after 5 cycles.
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Besides its low-cost and efficient photocatalytic perspectives in
water purification, the [Ni(2,2"-bipy)s]Cl,-activated sepiolite is also
promising in manufacturing superhydrophobic surfaces that will work in
harsh and oily environments, such as external wall coating and oil—water

separation material.
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Figure captions

Fig. 1. XRD patterns of sepiolite and [Ni(2,2"-bipy);]Cl, loaded sepiolite.
(A) H3 (72 h), (B) H2 (48 h), (C) H1 (24 h), (D) [Ni(2,2'-

bipy)s]Cl,, (E) NaOH treated sepiolite, (F) Sepiolite.
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Fig. 2. FT-IR spectra of the as-prepared [Ni(2,2'-bipy)s]Cl, /sepiolite
catalysts with different hydrothermal reaction time. (A) H3 (72 h),
(B) H2 (48 h), (C) H1 (24 h), (D) [Ni(2,2"-bipy)s]Cl,, (E) NaOH

treated sepiolite, (F) Sepiolite.
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Fig. 3. XPS spectra for the surface of the superhydrophobic [Ni(2,2'-
bipy)s]Cl. /sepiolite catalysts. (A) survey spectrum, (B) C 1s

spectra, (C) N 1s spectra, (D) Ni 2p spectra.
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Fig. 4. SEM images of (A) the sepiolite and the as-prepared sample: (B)
H1(24 h), (C) H2(48 h) , (D) H3(72 h). TEM (E) and HRTEM (F)
images of [Ni(2,2'-bipy)s]Cl./sepiolite catalysts with

hydrothermal reaction time for 48h.
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Fig. 5. Photocatalytic degradation results. (A)The photocatalytic
degradation rate of RhB under UV-light with different samples.
(B)The photocatalytic  degradation rate of MO under UV-light
with different samples. (C) and (D) Repeated  cycles of UV-
induced photocatalytic degradation of RhB(A)/MO(B) using the
H2 photocatalyst. (E) The photocatalytic hydrogen evolution rate
of samples. (F) The stability of H2 under Simulated sunlight

irradiation.

43



(A) 1.0 (B) 1.0 —
RS
08 \ i N
»\\
0.6 0.6+ —o—H2
o P —A—H3
Q @] 04 —v— Sepiolite
= 044 4~ NaOH-Sepiolite
o 041 o o —>—[Ni(2.2'-biplyj;|clz
—e—H2 \
—A—H3 0.2 T
0-2'—v—scpinlite el )
[—&— NaOH-sepiolite <
& —— [Ni(2.2"bipy)3 |l 0.04
-40 <20 0 20 40 60 80 100 120 140 _2'0 6 2'0 4'0 6’0 8'0 11')0 150 140
Time(min) Time (min)
©)1,0- (D)1.04
0.84 0.84
R 0.6- e & 0.6
J S
D 0.4+
O 04
0.2
0.2
0.0
0.0 1 2 3 4
1 2 3 4
Cycles Cycles
(B) (F) 80
~ 124 - 704
".'_= ‘Tm
= 104 3 60
s £ 501
Y &
E = 40
S c
2 6 2 30
: 5
z = 20
4 4]
g 2
2 O 104
S 2 o
g 2 I 0 Ll Ll
o 0 5
sepiolite H1 H2 H3 Time(h)

Fig. 6. Time course of the UV-induced photodegradation of RhB using

as-prepared nanocatalysts in the presence of various scavengers.
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Fig. 7. The photocatalytic mechanism for [Ni (2,2'-bipy)s]Cl, /sepiolite

composite photocatalysts.
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Fig. 8. CAs of water droplets on the surfaces (A) H1(24 h), (B) H2(48 h),
(C) H3(72 h) and (D) photo of a water (dyed with methyl

bluedroplet) on the film.
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Fig. 9. (A)Water droplets with spherical shape on the tape touched film
surface. The inset demonstrated the surface texture of the
[Ni(2,2'-bipy)s]Cl./sepiolite coated fibres (H2,48h) after being
scratched for 20 cycles. Demonstration of the
superhydrophobicity and knife-scratch tests on the
superhydrophobic coating painted surfaces of filter paper.
Water droplets can move easily away from the
superhydrophobic coating(B-D), and the painted surface
retained its water-repellent property even after knife

scratches(E-L).
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Fig. 10. (A-D) Time sequence of the self-cleaning process on the robust

superhydrophobic film with low water adhesion.

Fig. 11. (A-C) Video snapshots of a drop of octane absorbed by the as-

prepared films
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