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Sunlight-Sensitive Anti-Fouling 
Nanostructured TiO2 coated Cu 
Meshes for Ultrafast Oily Water 
Treatment
HaoRan Liu*, Aikifa Raza*, Abulimiti Aili, JinYou Lu, Amal AlGhaferi & TieJun Zhang

Nanostructured materials with desired wettability and optical property can play an important role 
in reducing the energy consumption of oily water treatment technologies. For effective oily water 
treatment, membrane materials with high strength, sunlight-sensitive anti-fouling, relative low 
fabrication cost, and controllable wettability are being explored. In the proposed oily water treatment 
approach, nanostructured TiO2-coated copper (TNS-Cu) meshes are used. These TNS-Cu meshes 
exhibit robust superhydrophilicity and underwater oleophobicity (high oil intrusion pressure) as well as 
excellent chemical and thermal stability (≈250 °C). They have demonstrated high separation efficiency 
(oil residue in the filtrate ≤21.3 ppm), remarkable filtration flux (≥400 kL h−1 m−2), and sunlight-
sensitive anti-fouling properties. Both our theoretical analysis and experimental characterization have 
confirmed the enhanced light absorption property of TNS-Cu meshes in the visible region (40% of the 
solar spectrum) and consequently strong anti-fouling capability upon direct solar light illumination. 
With these features, the proposed approach promises great potential in treating produced oily 
wastewater from industry and daily life.

For a sustainable environment, nanomaterials with tailored wettability and optical properties can provide innova-
tive and energy-efficient water treatment solutions. Solar energy can be used to treat produced wastewater from 
industry and daily life with evaporative and membrane filtration approaches1,2. In the last decade, increased oily 
wastewater due to rapid industrialization in global cities and multiple oil spill disasters within the marine ecosys-
tems have highlighted the challenges of effective oil/water separation2. Clean-up and recovery from an oil spill is 
difficult and depends upon many factors, including the type of spilled oil, the temperature of the water (affecting 
evaporation and biodegradation), and the types of shorelines and beaches involved3,4. Conventional methods 
for cleaning up such as, bioremediation, controlled burning, dispersants, air flotation, skimming, oil-absorbing 
materials, and flocculation are limited by low separation efficiency, energy-cost, and complex separation instru-
ments5–7. To recover water on a large scale, the oily wastewater treatment membrane should have the capability of 
high filtration flux, high efficiency, low cost, low energy consumption, and low fouling. In addition, its fabrication 
process should be suitable for mass production. Table S1 gives a comparison of different oily wastewater treatment 
methods8.

By considering oil and water interface effect towards the selected wettable surface, the design of an oil/water 
separation process is considered to be important. In the last decade, superhydrophobic/superoleophilic materials 
in combination with surface chemistry and roughness have been broadly investigated and used to remove oils 
from water9–11. Water being denser than oils tends to form a barrier layer to prevent oil permeation and creates 
fouling problems12. Consequently, superhydrophobic materials are unsuitable for the separation of water rich 
oil/water mixtures13–16. Inspired from the unique property of fish scales that enable the fish to survive in the 
oil-polluted waters, recent findings have revealed that a superhydrophilic surface shows underwater oleophobic 
or even superoleophobic property17. Both organic and inorganic superhydrophilic and underwater superoleop-
hobic meshes were fabricated and applied in separating oil/water mixture experiments17–21.
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A series of superwetting materials along with polymer based filtration membranes were employed for the 
treatment of oily wastewater, driven by external pressure22–26. But the most serious limitation of these types of 
membranes is the low flux and quick decline of permeation due to oil adsorption and/or pore plugging by the oil 
droplets, which lead to severe fouling and difficulty in cleaning13,27–30. In addition, their poor thermal stability 
makes them less applicable to high temperature applications. Inorganic superhydrophilic and underwater super-
oleophobic meshes, by contrast, were found to have better performance in terms of filtration flux20. Therefore, 
inorganic superhydrophilic and underwater superoleophobic meshes with comparable oil separation efficiency 
have the potential of meeting the requirement of various industrial applications.

The potential of using inorganic meshes such as stainless steel, and copper meshes for oily wastewater treat-
ment have been investigated31. Zhang et al. recently reported a superhydrophilic nanowire-haired copper hydrox-
ide mesh with high flux and low oil residue20. However, due to presence of sufficient hydroxide groups and poor 
mechanical stability of nanowires, the mesh surface suffers from fouling problems and low separation efficiency, 
respectively. Titanium dioxide (TiO2), one of the most widely used photocatalyst, has been applied in the fields 
such as the air and water purification, and self-cleaning. Coating a thin layer of TiO2 on those inorganic mem-
branes to achieve anti-fouling property may provide a promising solution. Gao et al. reported superoleophilic 
octadecylphosphonic acid coated TiO2 based copper mesh for oil/water separation, followed by methylene blue 
(MB) degradation while utilizing UV light21. The unique oxidation capability is characterized by a common 
chemical action, which basically relies on the primary reactivity of hydroxal radicals in driving oxidation pro-
cesses, ultimately resulting in the mineralization of a variety of environmental pollutants32–34. However, it is not 
well understood why nanostructured TiO2 and copper are able to achieve better anti-fouling/self-cleaning perfor-
mance after absorbing both UV and visible light.

In this contribution, we report a robust oily water treatment approach based on superhydrophilic/underwater 
oleophobic nanostructured titanium dioxide coated copper meshes (TNS-Cu) with high thermal and mechanical 
stability (Fig. 1). The sunlight absorptivity of the as-fabricated TNS-Cu mesh induces anti-fouling properties. 
With these TiO2 coated meshes, remarkable oil/water separation performance (with a maximum of 401101 L 
h−1 m−2 flux and minimum oil residue of 21.3 ppm) has been attained, without a decline in the flux during con-
tinuous use. By utilizing visible light absorption of these TNS-Cu meshes, anti-fouling property on the mesh 
surface can be achieved to degrade methylene blue (MB) under simulated and direct solar illumination (DSI). 
Therefore, this solar-assisted anti-fouling TNS-Cu mesh-based technology provides a sustainable, reliable, and 
energy-efficient way of oily water treatment.

Results and Discussion
Owing to different interfacial properties of oil and water, the design of mesh requires dual wetting behavior 
(robust superhydrophilicity and underwater superoleophobicity) for efficient oil/water separation. In practice, 
the copper mesh was chemically oxidized using NaClO2, NaOH, and Na3PO4·12H2O to fabricate nanostructured 
copper oxide (CuO). SEM image of the nanostructured CuO mesh is depicted in Fig. 2a. The mesh is covered 
thickly and irregularly by copper oxide nanoflakes with an average length of 800 to 1000 nm, that grow vertically 
along the mesh walls and intertwine each other. A copper hydroxide nanowire-haired membrane with high oil/
water separation efficiency was reported by Zhang et al.20. However, as mentioned by Yannick et al. the copper 
hydroxide can be transferred to copper oxide at a temperature of 60 °C35. The as-fabricated nanostructured copper 
oxide maintain their nanoflake like morphology even after 15 min of ultrasonic treatment, while copper hydrox-
ide loses nanowire like morphology (Figs S1, S2). It is believed that the CuO phase is stabilized until 300 °C. And 
around 250 °C the phase transformation of CuO to Cu2O starts. As a result, nanoflake like morphology changes 
into nanograins. The reason is due to the nanoscale effect, which commonly decreases the melting temperature 
and phase transformation temperature, as frequently reported in other nanomaterials36. The predictable reason 
is the exfoliation that occurs at the interface between the copper substrate and oxidized surface layer. This is due 
to the thermal expansion difference between the CuO nanowires and copper substrate. Thus beyond 250 °C, the 
as-fabricated CuO would easily be cracked and peeled off from substrates37. The XRD pattern has confirmed the 
existence of the crystal of CuO and Cu (Fig. 2b), which gives a single-phase with a monoclinic structure. The 
intensities and positions of the peaks are in good agreement with the reported values (JCPDS file No. 05–661). 
The two extremely strong peaks correspond to the (111) and (200) crystal planes of the Cu mesh. No peaks of 
impurities are found in XRD pattern. The peaks are broad due to the nano-size effect.

To induce the anti-fouling and self-cleaning properties, nanostructured TiO2 was coated on Cu and CuO 
mesh (TNS-CuO). A semiconductor on the surface of metal could exhibit certain interesting phenomena, like 

Figure 1. Schematic diagram of fabrication of nanostructured TNS-Cu mesh. 
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self-cleaning and dye degradation via light absorption38. The details of fabrication methods of depositing nano-
structured TiO2 on the mesh surface are provided in supplementary information. Figure 2c,d presents the SEM 
images of as-fabricated TNS-CuO-I and TNS-Cu-II. The mesh surface shows the nanoparticle coagulated-like 
morphology after TiO2 deposition using LBL approach on nanostructured covered copper mesh. As shown 
in Fig. 2d, TNS-Cu-II, which was prepared with a sputter-hydrothermal coating method, were found with 
nanowire-like morphology on its surface. The diameter and length of the nanowire are around 10 and 100 nm, 
respectively. SEM images for TNS-CuO-I and TNS-Cu-II and are provided in supporting information. To validate 
the existence of TiO2, X-ray photoelectron spectroscopy (XPS) results for TNS-CuO-I and TNS-Cu-II are shown 
in Fig. 2e,f. The peak situated at Eb (Ti 2p3/2) =  459.08 eV was assigned to Ti4+, which indicates the existence 
of Ti(IV) Oxide. The peak at 933.85 eV represents the existence of pure Cu (II) oxide39. The O1s oxygen peak at 
531.08 eV represents the binding energy Ti-O bond (529.6–530.2 eV) and Cu-O bond (529.6 eV). The peaks of 
sodium, carbon, and calcium in Fig. S3 are as a result of contamination. However, the presence of chloride was 
the result of adding of hydrochloride acid as a catalyst in the sample preparation process. Our EDS results also 
confirmed the presence of titanium on TNS-Cu and TNS-CuO meshes, as shown in supporting information. Due 
to the presence of copper oxide in the TNS-CuO-I mesh, the oxygen content is higher than that in TNS-Cu mesh. 
The existence of chloride element is the result of using hydrochloric acid as a catalyst during the TiO2 coating. 
EDS results of Sample TNS-Cu-II and Sample TNS-Cu-III are presented in supporting information, confirming 
the presence of titanium. The content of titanium is 6.4 wt%, while on the right is 0.06% (wt%). Copper meshes 
used here were made of phosphor bronze instead of pure copper, because it’s difficult to fabricate copper mesh 
with such low pore size. This explains the existence of 1 wt% tin element.

To check the wetting properties, nanostructured copper oxide and TNS-Cu meshes were characterized using 
contact angle goniometer. The TNS-Cu substrates displayed roughness in nano to microscale level which is cru-
cial for controlling the surface wettability (AFM image shown in the supporting information)40. The water contact 
angle (WCA) in the air and underwater oil contact angle (OCA) of these meshes are presented in Fig. 3a. The 
measured values for WCAs of nanostructured CuO, TNS-Cu-I, TNS-Cu-II, and TNS-Cu-III, are 28.6, 24.3, 18.2, 
and 0°, while the corresponding underwater OCAs are 159, 144.75, 155, and 139.6°, respectively. These values 
confirm the superhydrophilic and underwater superoleophobic property of as-fabricated meshes. The reported 
values of WCA were measured at 600 ms after the droplet was placed on the mesh surface. The superhydrophilic 
and underwater superoleophobic property is attributed to the roughness, which is associated with nanostructures 
growing on micro wires, and the hydrophilic nature of TiO2 and nanostructured copper. When this TNS-Cu 
mesh is immersed in water, water could be trapped within irregular nanostructures to form a complex oil/water/
solid interface in the presence of oil. During the oil/water separation process, a series of immiscible oil/water mix-
tures were poured onto the meshes with different pore sizes individually. Water immediately permeated through 
the meshes and oils were retained above, see set-up in supporting information. No external driving force was 
imposed during the fast separation process (within 100 sec). The residual oil content in the filtered water was 
measured after only one separation cycle. As shown in Fig. 3b, for all types of TNS Cu meshes, the measured oil 
content in the filtrate of the oil/water mixture was low. The oil residue in the filtrate using TNS Cu of mesh num-
ber 120, 200, 300, and 500 were 157, 38.5, 34.4, and 31.8 ppm, respectively. With smaller pore size, the lowest oil 

Figure 2. Characterization of nanostructured CuO and TNS-Cu meshes. (a) SEM images of nanostructured 
CuO mesh after chemical oxidation using 5:10:3.75 proportion of NaOH/Na3PO4/NaClO2. (b) XRD pattern of 
nanostructured CuO mesh, which demonstrates that the components of nanostructured mesh are CuO and Cu, 
inset shows SEM image of nanostructured copper mesh. (c,d) SEM image of TNS-CuO-I and TNS-Cu-II with 
LBL assembly method and sputter-hydrothermal method, respectively. (e,f) XPS results of (c,d).
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residue is achieved. For confirmation, we also measured the total organic carbon (TOC) value in the permeate 
after oil/water mixture separation. Compared to the reported results, this oily wastewater treatment process has a 
much higher separation efficiency (> 99.99%) and ultra-low chemical oxygen demand (COD) 31.8 ±  4.8 ppm and 
TOC 10.0 ±  3.5 ppm values in the filtrate. The water fluxes of all the meshes were also calculated by measuring 
the time for oil/water mixture of a certain volume passing through the specific area of the NS copper mesh. The 
measured average fluxes for TNS-Cu of mesh number 120, 200, 300, and 500 were 895248, 554036, 472215, and 
381240 L h−1 m−2. As expected, the flux and the oil residue reduce with the increase of mesh number, or equiva-
lently the decrease of pore size. Similarly, the measured oil residues for TNS-Cu-I, TNS-Cu-II, and TNS-Cu-III 
meshes with same pore size (32 μ m, M500) are 21.3, 10.8, and 44.5 ppm, respectively. And their correspond-
ing fluxes are 401100, 350535, and 342628 L h−1 m−2, respectively. With only 21.3 ppm oil residue and 401101 L 
h−1 m−2 flux, TiO2 coated meshes have shown remarkable performance for treatment of oily wastewater.

The systematic design of membranes for oil/water separation requires the parameterization of two important 
physical characteristics, breakthrough height and intrusion pressure, to quantify the maximum hydrostatic pres-
sure that a membrane could sustain. Before separating on the mesh should be wet so that water could be trapped 
within the nanoflakes on the mesh wire surface. This adsorbed water layer plays two distinct roles in oil/water 
separation: first, it prevents oil droplets from contacting with the mesh in the separation process; second, this 
layer provides a pathway for the water droplets from the oil/water mixture to permeate to the opposite side of the 
coated mesh. As the matter of fact, we develop a simple analytical model to predict the contact line of oil, water, 
and solid interfaces in the TNS-Cu mesh. As shown in Fig. 3c, the grey, blue, and yellow parts represent the solid, 
water, and oil phases, respectively. Throughout the separation process, water permeates through the mesh, leaving 
oil on the top side. When concentration of oil increases, the oil height (H) and hydrostatic pressure increases, and 
the oil gradually started to move into the pores along the mesh pore wall surface with the same apparent contact 
angle. Breakthrough takes place when the curvature of the oil/water meniscus reaches to the minimum, which 
happens when the tangent line of the oil/water interface at the triple-phase point is perpendicular to a horizontal 
line. Since the pores of the meshes are in square shape as seen from the top, the effective pore size cannot be just 
considered as the actual pore width p. Instead, an average of the actual pore width and diagonal of the pore should 
be taken into account:

=
+P p1 2

2 (1)eff

Figure 3. Wettability and oil/water separation performance of nanostructured meshes. (a) WCA and 
underwater OCA and the respective optical snapshot of liquid droplet on various meshes. (b) Flux and oil 
residue (COD measurement) in the permeate measured after oil/water separation using nanostructured 
membranes with various pore size. The reported values were obtained after first filtration. (c) Schematics of oil 
on water wetted TNS Cu mesh. (d) Predicted and measured intrusion pressures of TNS Cu mesh with different 
pore size.
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Another point needs to be considered: only the fraction of the oil/water surface tension along the tangent line 
of the oil/solid surface at the triple-phase point plays a critical role in holding the oil. In order to quantify the 
breakthrough height and intrusion pressure of meshes, we propose a theoretical model as below,
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where, θ is the oil contact angle in water; D is the diameter of the wire; R is the radius of the circular surface; p is 
the width of the gap; Peff is the effective pore size: Δ Pmax is the oil breakthrough/intrusion pressure; g is the gravity 
of the per square meter of oil; σ is the interface force of oil and water; ρ is the density of oil; Hmax is the maximum 
height of the retained oil; α is the angle as shown in the Fig. 3c. We can substitute the effective pore size (as the 
pore shape is square) in Eq. (4) to evaluate the effective radius of mesh wire and predict the oil breakthrough/
intrusion pressure as in Eq. (5). It also implies that over the critical height, Hmax, the oil starts flowing downward 
and penetrating the TNS-Cu mesh. According to equation (6), with the example of soybean oil which has a sur-
face tension of 27.6 dyne/cm, the intrusion pressure – pore size curve was plotted, as shown in Fig. 3b. According 
to this model, when the underwater OCA is fixed at 159°, the breakthrough heights of TNS-Cu meshes with a 
pore size of 32, 46, 74, and 110 μ m are 0.67, 0.47, 0.29, and 0.19 m, respectively. And their corresponding intrusion 
pressures are 4.3, 3.0, 1.9, and 1.3 kPa, respectively. The experimentally measured Hmax values for each membrane 
with a pore size of 32, 46, 74, and 110 μ m are 0.68, 0.45, 0.30, and 0.21 m, respectively. These experimental results 
were also used to obtain the intrusion pressures using equation (6), as shown in Fig. 3d, which are in good agree-
ment with analytical modelling results. This analysis indicates the capability of the TNS-Cu meshes of treating a 
large amount of an oil/water mixture for long-term usage.

To test the stability and antifouling property of the TNS-Cu meshes, continuous separation of oil/water mix-
tures was performed. At different time intervals, flux and separation efficiency of filtered water were measured 
(detailed is provided in supporting information). During continuous oil/water separation for seven days, water 
continuously permeates through the membrane and simultaneously oil accumulated above the membrane was 
cross-flew away to avoid blocking in water permeation. During the whole testing process, no obvious decrease in 
flux occurred and the oil content in the filtrate remains around 25 ppm, as shown in Fig. 4a. The change in wet-
tability properties of mesh was also monitored at different time intervals, and unnoticeable change in WCA and 
underwater OCA have been observed (Fig. 4b). This result indicates the capability of the membrane for treating a 
large amount of an oil/water mixture without altering in flux and separation capability.

To investigate the anti-fouling property, TNS-Cu substrate was dipped in 500 ppm MB solution for 2 hours in 
the dark. The organics (MB) adsorption within the nanostructures of the sample altered the intrinsic superhy-
drophilicity by changing the WCA from 0 to 56 ±  3°. To restore the Superhydrophilicity, we illuminated sample 
surface under 1 sun solar simulator and DSI on roof top. The average measured DSI during the measurement time 
was 416 ±  3 W/m2. After 30 min of irradiation, the sample restored its superhydrophilicity, which is a clear indica-
tion of MB degradation adsorbed within the nanostructures of sample solely using sunlight. The TNS-Cu sample 
has shown an excellent reproducibility for continuous seven days experiment with the same sample (Fig. 4c). 
To verify the role of nanostructured TiO2 coated mesh, solution based MB degradation experiments were also 
performed using 1 SUN intensity irradiation. After 2 h of illumination, the resulted solution was characterized 
by UV/VIS/NIR spectrometer. The results are shown in supporting information. The decrease of absorptance 
peak is the result of photocatalytic decomposition of MB by TiO2 under illumination. The spectral absorptance 
of MB(aq) degradation confirms the photocatalytic properties of those TNS-Cu and TNS-CuO meshes under 1 
SUN irradiation and their anti-fouling properties. For comparison, the experiments were also performed at roof-
top by using DSI. The corresponding results are shown in supporting information. The dash and dotted lines pres-
ent the MB decomposition when the samples were irradiated with side walls covered and uncovered, see details 
of setup in supporting information. The extent of photocatalytic degradation could be evaluated by measuring 
the absorbance of the solution at 664 nm. The degradation of efficiency of MB was calculated using the equation:

η =
−

×
A A

A
(%) 100

(7)
o t

o

where Ao present the initial absorbance, and At represents the absorbance after time t min reaction of the MB at 
the characteristic absorption wavelength of 664 nm. The results of MB degradation efficiency are summarized in 
Table 1. The thin film of TiO2 of thickness of 120 nm on glass and copper has shown MB degradation efficiency 
of 25 and 33%, respectively. This difference of efficiency is attributed to the visible light absorption by the copper 
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substrate to facilitate charge transfer from metal to semiconductor, and also to inhibit electron-hole pair recom-
bination in semiconductor. All the samples of TNS-Cu have shown MB degradation efficiency between 43.77 to 
51.98% using solar simulator as an irradiation source. In case of DSI using TNS-Cu-III, the degradation efficiency 
improved from 47.86 to 52.14 and 64.92% under the measured value of solar flux of 416 ±  3. The nanostructure 
morphology has enhanced the degradation efficiency due to increase in surface area.

To quantify the role of sunlight absorption capabilities of nanostructured TiO2 coated Cu mesh, we compared 
an absorptance spectra of thin film of 120 nm thick TiO2 on glass and Cu substrate. Since the glass is transparent, 
the absorptance of TiO2 on glass substrate is equivalent to the absorptance of a single layer of TiO2. Figure 5a 
showed the absorbance spectrum of TiO2 on glass, which has presented an absorbance peak before 400 nm. The 
flat region between 400–800 nm demonstrated that TiO2 itself has not absorbed any light from the visible range. 

Figure 4. Durability and anti-fouling performance of nanostructured meshes. (a) Change in flux and oil 
residues with time. (b) Change in WCA and underwater OCA with time. (c) WCA dependence of TNS-Cu 
substrate before and after illumination with 1sun solar simulator and DSI on roof top. The samples were dipped 
in 500 ppm solution of MB(aq).

Sample name Irradiation source η (%)

TiO2*-glass Solar simulator 25.22

TiO2*-Cu Solar simulator 33.41

TNS-Cu-I Solar simulator 51.98

TNS-CuO-I Solar simulator 50.83

TNS-Cu-II Solar simulator 43.77

TNS-Cu-III Solar simulator 47.86

TNS-Cu-III DSI# (from top) 52.14

TNS-Cu-III DSI# (from all sides) 64.92

Table 1.  Degradation efficiency of MB in solution using thin films of TiO2 (120 nm) on glass and Cu 
substrate and TNS-Cu-m meshes illuminated for 2 h. *Thickness =  120 nm. #Direct solar irradiation.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:25414 | DOI: 10.1038/srep25414

The inset graph of Fig. 5a presented the absorbance spectrum of 120 nm thick TiO2 on Cu substrate. Besides 
absorbance in the UV region, a strong absorbance peak is also observed in the visible region. Thus TiO2 coated 
on Cu can absorb the light from UV as well as visible region of solar spectrum, thus provided a strong evidence 
for solar-assisted anti-fouling properties. Optical absorption measurements are widely used to understand the 
any change in the band gap, valence band tails and excited state lifetime of thin films41,42. Several models are used 
to determine the optical properties of semiconductors. The most widespread method is the Tauc model which 
allows us to derive the band gap energy Eg from E(ε )n as a function of the incident energy E. The Tauc optical 
band gap associated with the thin films is determined through an extrapolation of the linear trend observed in 
the spectral dependence of (α hν )n over a limited range of photon energies hν 42. Figure 5b indicates that TiO2 
thin films on glass have only one strong absorption band around 3.65 eV, while TiO2 thin films on copper has two 
strong absorption band at 3.15 and 1.80 eV. In the later case, the first adsorption around 3.15 eV is attributed to 
the direct transition within the TiO2 while second adsorption around 1.80 eV corresponds to the transition within 
the copper. The unique combination of TNS-Cu has even reduced the band gap from 3.65 to 3.15 eV. The Tauc 
adsorption curves provide a strong evidence of absorption of solar light in the visible region with alteration of the 
band gap of TNS-Cu films.

In order to theoretically investigate the optical properties of our samples, we used the transfer matrix 
approach43 to calculate the absorption spectra for three different stacks, where the refractive indexes of these 
materials were taken from Palik et al.44. For the simplicity of theoretical analysis, nanoscale roughness of these 
samples were neglected. The stacks include TiO2/glass, TiO2/Cu, and TiO2/CuO/Cu. The thicknesses of TiO2 
and CuO were chosen as 100 and 500 nm, respectively. In Fig. 6a, our theoretical calculation results show that 
the absorption of TiO2 on glass substrate is only in the UV region, which is in agreement with the experimental 
results shown in Fig. 6b. The TiO2/Cu stacked structure shows a strong absorption band in the visible range due 
to the absorption of metallic Cu substrate. Lastly, the absorption spectrum of TiO2/CuO/Cu possesses a wide 
absorption broadband over the full visible range. The absorption at longer wavelength is due to the intrinsic 
absorption of CuO in the visible range45, which is also confirmed by our theoretical results. Figure 6b displayed 
the measured absorptance spectra of the as-prepared TNS-Cu-I and TNS-CuO-II substrates. In both samples, 
absorption was found during the visible light range. The absorptance spectrum of TNS-Cu-I substrate started to 
decrease abruptly at 550 nm, while TNS-CuO-I substrate has the best absorption performance in the full visible 
range. The wide and flat absorption during the visible range is due to the presence of nanostructures and the 
presence of CuO between Cu and TiO2. Currently, it is difficult to claim that the presence of CuO is helpful in 
our photocatalytic performance. Nevertheless, the strong absorption in the visible range by TNS-Cu substrate 

Figure 5. UV-Vis characterization and Tauc plot for band gap measurement. (a) The measured absorptance 
spectrum of the thin films of 120 nm thick TiO2 coated on glass and Cu substrate (inset). (b) Plot of (α hν )2 
versus photon energy hν  for thin films of TiO2 on glass and copper substrates.
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has provided an evidence of visible light absorption and enhanced MB degradation with the broadband solar 
spectrum of direct incident sunlight. Therefore, nanostructured TiO2 coated copper meshes are able to achieve 
both effective oil/water separation and solar-assisted organic degradation. TiO2 coated on copper mesh using 
hydrothermal approach has the advantages of low fabrication cost, better oil/water separation performance, and 
higher photodegradation efficiency using solar light.

Conclusions
In summary, we successfully fabricated sunlight-sensitive anti-fouling superhydrophilic/underwater oleophobic 
nanostructured TNS-Cu meshes with the oil contact angle more than 159°. By selecting the appropriate etching 
conditions and pore size, the best nanostructured mesh itself demonstrated a very high filtration flux (>400 kL 
h−1 m−2), ultra-low oil residue in the permeate (25 ppm), long water retention time (more than 1 h natural evap-
oration to air) and solar-assisted cleaning. Both our analytical model prediction and experimental results have 
shown the desired oil intrusion pressure and breakthrough height can be obtained by simply changing the pore 
size. For instance, a TNS-Cu mesh with 32 μ m pore size can sustain high oil intrusion pressure (4.3 kPa) with 
a breakthrough height of 0.67 m. The continuous oil/water separation experiments have proven the durability 
of TNS-Cu meshes for long term use. The enhanced light absorption property of TNS-Cu meshes in the visi-
ble region (40% of the solar spectrum) has enabled them to obtain satisfactory anti-fouling performance upon 
direct solar light illumination. Furthermore, our optical modeling and experimental analyses suggest that these 
TNS-Cu meshes exhibit strong absorption in a wide UV-visible light range, which favors the anti-fouling and 
organic degradation. The proposed scalable and low-cost approach is a valuable contribution to the development 
of large-scale solar-assisted water treatment technologies.

Methods
Preparation of nanostructured meshes. Pre-cleaned copper sheet and meshes (M120, M200, M300, 
and M500, pore size 110, 74, 46, and 32 μ m, Anpin Keian Metal Meshes, Co. LTD) were immersed in aqueous 
solutions of NaClO2, NaOH, and Na3PO4·12H2O (Sigma Aldrich) with different mole ratios for 5 min at 90 °C. 
Details of chemical oxidation using various molar ratios of oxidants is given in supporting information. After 
chemical oxidation, the intrinsic reddish brown color of copper meshes turned to deep black. TiO2 was coated 
on nanostructured CuO sheet/mesh using various approaches, like sol gel layer by layer (LBL) assembly, hydro-
thermal, sputtering followed by hydrothermal method. As-deposited TiO2 nanostructures on Cu and CuO sub-
strates using various approaches were named as TNS/Cu-m. Where, ‘m’ corresponds to “I, II, and III” for LBL 

Figure 6. Simulated and experimental light absorption characteristics. (a) The predicted absorptance 
spectra of thin films of 120 nm thick TiO2 on glass, Cu, and 500 nm thick CuO/Cu substrates. (b) The measured 
absorptance spectra of TNS-Cu-I and TNS-CuO-I substrates.
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assembly, sputtering followed by hydrothermal methods, and hydrothermal treatment, respectively. Thin film of 
TiO2 120 nm thickness was deposited on glass and Cu substrate using sputtering of 99.9% TiO2 target. The sche-
matic of fabrication of TNS- Cu mesh is given in Fig. 1.

Oil/Water separation and anti-fouling experiments. Oil/water mixture was prepared by mixing water 
and sunflower oil (SO) with the volume ratio 9:1 v/v for separation experiments. For convenience, oil was dyed 
red using oil red (Nanjing Aodo Funi Technology Co. LTD). The detail is provided in supporting information. 
Diesel oil (DO) and crude oil (CO) samples were provided by a local oil company in Abu Dhabi. The residual oil 
content in the filtrate was calculated by measuring chemical oxygen demand (COD) and total organic carbon 
(TOC) values. For anti-fouling studies, various TNS-Cu samples were immersed in 20 mL of as-prepared 200 ppm 
MB (Sigma Aldrich) solution in a 100 mL beaker. The distance between the sample and the light source was 5 cm. 
Then samples were illuminated under a solar simulator with 1 SUN irradiation density. A few experiments were 
also run directly under sunlight at rooftop. The solar illumination setup is shown in supporting information.

Instruments and Characterization. The morphology and energy-dispersive X-ray spectroscopic (EDS) 
measurements of mesh was examined by a scanning electron microscope (SEM) (Nova NanoSEM 650 FEI). 
Small-angle X-ray diffraction (XRD) pattern was examined using X’Pert Pro MPD XRD spectrometer. Water con-
tact angle (WCA) (3 μ L) and oil contact angle (OCA) (3 μ L) measurements were performed using contact angle 
goniometer (DM-501, Kyowa Interface Science Co. Ltd). COD and TOC measurements were performed by using 
DR2800 COD spectrophotometer and Vario TOC cube, respectively. Absorbance spectrums (from 250–800 nm) 
were recorded using LAMBDA 1050 UV/VIS/NIR Spectrophotometer. The XPS analyzes were performed using 
the K-Alpha XPS at the CNS at Harvard Cypher and AC160TS.

References
1. Ghasemi, H. et al. Solar steam generation by heat localization. Nat. Commun. 5, doi: 10.1038/ncomms5449 (2014).
2. Duong, P. H. H., Chung, T. S., Wei, S. & Irish, L. Highly permeable double-skinned forward osmosis membranes for anti-fouling in 

the emulsified oil–water separation process. Environ. Sci. Tech. 48, 4537–4545, doi: 10.1021/es405644u (2014).
3. Gui, X. et al. Magnetic and highly recyclable macroporous carbon nanotubes for spilled oil sorption and separation. ACS appl. Mater. 

interfaces 5, 5845–5850, doi: 10.1021/am4015007 (2013).
4. Santos, H. F. et al. Impact of oil spills on coral reefs can be reduced by bioremediation using probiotic microbiota. Sci. Rep. 5, 18268, 

doi: 10.1038/srep18268 (2015).
5. Yim, U. H., Kim, M., Ha, S. Y., Kim, S. & Shim, W. J. Oil spill environmental forensics: the Hebei spirit oil spill case. Environ. Sci. 

Tech. 46, 6431–6437, doi: 10.1021/es3004156 (2012).
6. Atlas, R. M. Petroleum biodegradation and oil spill bioremediation. Marine Poll. Bull. 31, 178–182, doi: 10.1016/0025-

326X(95)00113-2 (1995).
7. Margesin, R. & Schinner, F. Biological decontamination of oil spills in cold environments. J. Chem. Technol. Biotechnol. 74, 381–389, 

doi: 10.1002/(SICI)1097-4660(199905)74:5< 381::AID-JCTB59> 3.0.CO; 2-0 (1999).
8. Fakhru’l-Razi, A. et al. Review of technologies for oil and gas produced water treatment. J. Hazard. Mater. 170, 530–551, doi: 

10.1016/j.jhazmat.2009.05.044 (2009).
9. Shang, Y. et al. An in situ polymerization approach for the synthesis of superhydrophobic and superoleophilic nanofibrous 

membranes for oil-water separation. Nanoscale 4, 7847–7854, doi: 10.1039/C2NR33063F (2012).
10. Lin, J. et al. Nanoporous polystyrene fibers for oil spill cleanup. Marine Poll. Bull. 64, 347–352, doi: 10.1016/j.marpolbul.2011.11.002 

(2012).
11. Lin, J., Ding, B., Yang, J., Yu, J. & Sun, G. Subtle regulation of the micro- and nanostructures of electrospun polystyrene fibers and 

their application in oil absorption. Nanoscale 4, 176–182, doi: 10.1039/C1NR10895F (2012).
12. Baek, Y., Yoon, H., Shim, S., Choi, J. & Yoon, J. Electroconductive feed spacer as a tool for biofouling control in a membrane system 

for water treatment. Environ. Sci. Techol. Lett. 1, 179–184, doi: 10.1021/ez400206d (2014).
13. Tang, X. et al. In situ polymerized superhydrophobic and superoleophilic nanofibrous membranes for gravity driven oil-water 

separation. Nanoscale 5, 11657–11664, doi: 10.1039/C3NR03937D (2013).
14. Raza, A., Si, Y., Ding, B., Yu, J. & Sun, G. Fabrication of superhydrophobic films with robust adhesion and dual pinning state via  

in situ polymerization. J. Colloid Interf. Sci. 395, 256–262, doi: 10.1016/j.jcis.2012.11.030 (2013).
15. Yang, L. et al. Synthesis of superhydrophobic silica nanofibrous membranes with robust thermal stability and flexibility via in situ 

polymerization. Nanoscale 4, 6581–6587, doi: 10.1039/C2NR32095A (2012).
16. Kota, A. K., Kwon, G., Choi, W., Mabry, J. M. & Tuteja, A. Hygro-responsive membranes for effective oil–water separation. Nat. 

Commun. 3, doi: 10.1038/2027 (2012).
17. Zhang, L., Zhong, Y., Cha, D. & Wang, P. A self-cleaning underwater superoleophobic mesh for oil-water separation. Sci. Rep. 3, doi: 

10.1038/srep02326 (2013).
18. Yoon, H., Park, J. H. & Kim, G. H. A Superhydrophobic surface fabricated by an electrostatic process. Macromol. Rapid Commun. 

31, 1435–1439, doi: 10.1002/marc.201000131 (2010).
19. Raza, A. et al. In situ cross-linked superwetting nanofibrous membranes for ultrafast oil-water separation. J. Mater. Chem. A 2, 

10137–10145, doi: 10.1039/C4TA00806E (2014).
20. Zhang, F. et al. Nanowire-haired inorganic membranes with superhydrophilicity and underwater ultralow adhesive 

superoleophobicity for high-efficiency oil/water separation. Adv. Mater. 25, 4192–4198, doi: 10.1002/adma.201301480 (2013).
21. Gao, C. et al. Integrated oil separation and water purification by a double-layer TiO2-based mesh. Energy Environ. Sci. 6, 1147–1151, 

doi: 10.1039/C3EE23769A (2013).
22. Lin, J. et al. Facile control of intra-fiber porosity and inter-fiber voids in electrospun fibers for selective adsorption. Nanoscale 4, 

5316–5320, doi: 10.1039/C2NR31515G (2012).
23. Lin, S. et al. Omniphobic membrane for robust membrane distillation. Environ. Sci. Technol. Lett. 1, 443–447, doi: 10.1021/

ez500267p (2014).
24. Ma, H. et al. High-flux thin-film nanofibrous composite ultrafiltration membranes containing cellulose barrier layer. J. Mater. Chem. 

20, 4692–4704, doi: 10.1039/B922536F (2010).
25. Wang, X. et al. Development of hydrophilic barrier layer on nanofibrous substrate as composite membrane via a facile route.  

J. Memb. Sci. 356, 110–116, doi: 10.1016/j.memsci.2010.03.039 (2010).
26. Bajpayee, A., Luo, T., Muto, A. & Chen, G. Very low temperature membrane-free desalination by directional solvent extraction. 

Energy Environ. Sci. 4, 1672–1675, doi: 10.1039/C1EE01027A (2011).
27. Wang, Q., An, Q., Liu, Y., Li, X. & Yuan, J. Biomimetic superhydrophobic cotton textiles: fabricated and surface analysis. Polym. 

Mater. Sci. Eng. 26, 160–162, 167 (2010).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:25414 | DOI: 10.1038/srep25414

28. Lin, J. et al. Co-axial electrospun polystyrene/polyurethane fibres for oil collection from water surface. Nanoscale 5, 2745–2755, doi: 
10.1039/C3NR34008B (2013).

29. Tuberquia, J. C., Nizamidin, N. & Jennings, G. K. Effect of superhydrophobicity on the barrier properties of polymethylene films. 
Langmuir 26, 14039–14046, doi: 10.1021/la102312w (2010).

30. Wu, J. et al. A hierarchical mesh film with superhydrophobic and superoleophilic properties for oil and water separation. J. Chem. 
Technol. Biotechnol. 87, 427–430, doi: 10.1002/jctb.2746 (2012).

31. Das, I. & De, G. Zirconia based superhydrophobic coatings on cotton fabrics exhibiting excellent durability for versatile use. Sci. Rep. 
5, 18503, doi: 10.1038/srep18503 (2015).

32. Madaeni, S. S., Ghaemi, N., Alizadeh, A. & Joshaghani, M. Influence of photo-induced superhydrophilicity of titanium dioxide 
nanoparticles on the anti-fouling performance of ultrafiltration membranes. Appl. Surf. Sci. 257, 6175–6180, doi: 10.1016/j.
apsusc.2011.02.026 (2011).

33. Kim, S. & Lim, S. K. Preparation of TiO2-embedded carbon nanofibers and their photocatalytic activity in the oxidation of gaseous 
acetaldehyde. Appl. Catal. B: Environ. 84, 16–20, doi: 10.1016/j.apcatb.2008.02.025 (2008).

34. Carp, O., Huisman, C. L. & Reller, A. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 32, 33–177, doi: 10.1016/j.
progsolidstchem.2004.08.001 (2004).

35. Nam, Y. & Ju, Y. S. In ASME 2008 International Mechanical Engineering Congress and Exposition Vol. 10, 1833–1838 (2008).
36. Zhang L. et al. In situ study of thermal stability of copper oxide nanowires at anaerobic environment. J. Nanomater. 2014, http://

dx.doi.org/10.1155/2014/670849 (2014).
37. Xu, C. H., Woo, C. H. & Shi, S. Q. Formation of CuO nanowires on Cu foil, Chem. Phy. Lett. 399, 62–66, doi: 10.1016/j.

cplett.2004.10.005 (2004).
38. Kanjwal, M. A. et al. Titanium oxide nanofibers attached to zinc oxide nanobranches as a novel nanostructure for lithium ion 

batteries applications. J. Ceram. Process. Res. 11, 437–442 (2010).
39. Pouilleau, J., Devilliers, D., Groult, H. & Marcus, P. Surface study of a titanium-based ceramic electrode material by X-ray 

photoelectron spectroscopy. J. Mater. Sci. 32, 5645–5651, doi: 10.1023/A:1018645112465 (1997).
40. Gondal M. A. et al. Study of factors governing oil–water separation process using TiO2 films prepared by spray deposition of 

nanoparticle dispersions. ACS Appl. Mater. Interfaces, 6, 13422–13429, doi: 10.1021/am501867b (2014).
41. Ribbing, C. G. & Roos, A. In Handbook of Optical Constants of Solids (ed Edward D., Palik) 875–882 (Academic Press, 1997).
42. Sánchez-Vergara, M. E., Alonso-Huitron, J. C., Rodriguez-Gómez, A. & Reider-Burstin, J. N. Determination of the optical GAP in 

thin films of amorphous dilithium phthalocyanine using the Tauc and Cody models. Molecules 17, 10000–10013, doi: 10.3390/
molecules170910000 (2012).

43. Born, M. & Wolf, E. Principles of optics: electromagnetic theory of propagation, interference and diffraction of light (Oxford, Pergamon 
Press, 1964).

44. Palik, E. D. In Handbook of Optical Constants of Solids 5–114 (Academic Press, 1997).
45. Wang, S. B. et al. A CuO nanowire infrared photodetector. Sensors and Actuators A: Physical 171, 207–211, doi: 10.1016/j.

sna.2011.09.011 (2011).

Acknowledgements
This work is funded under the Cooperative Agreement between the Masdar Institute of Science and Technology 
(Masdar Institute), Abu Dhabi, UAE and the Massachusetts Institute of Science and Technology (MIT), 
Cambridge, MA USA, Reference Number 02/MI/MIT/CP/11/07633/GEN/G/00. The authors acknowledge 
Professor Nicholas X. Fang from MIT and Professor ShaoJun Yuan from Sichuan University for their useful 
discussions. And authors also acknowledge Professor Evelyn N. Wang and Daniel Preston from MIT, Professor 
Kean Wang from Petroleum Institute, and Professor Shadi Hasan from Masdar Institute od Science and 
Technology for their help in analysis of samples.

Author Contributions
T.Z. supervised the work. H.L. and A.R. conducted experiments and characterization. A.A. and J.L. helped in 
theoretical analysis. A.G. engaged in the discussion.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Liu, H. R. et al. Sunlight-Sensitive Anti-Fouling Nanostructured TiO2 coated Cu 
Meshes for Ultrafast Oily Water Treatment. Sci. Rep. 6, 25414; doi: 10.1038/srep25414 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://dx.doi.org/10.1155/2014/670849
http://dx.doi.org/10.1155/2014/670849
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Sunlight-Sensitive Anti-Fouling Nanostructured TiO2 coated Cu Meshes for Ultrafast Oily Water Treatment
	Introduction
	Results and Discussion
	Conclusions
	Methods
	Preparation of nanostructured meshes
	Oil/Water separation and anti-fouling experiments
	Instruments and Characterization

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Sunlight-Sensitive Anti-Fouling Nanostructured TiO2 coated Cu Meshes for Ultrafast Oily Water Treatment
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25414
            
         
          
             
                HaoRan Liu
                Aikifa Raza
                Abulimiti Aili
                JinYou Lu
                Amal AlGhaferi
                TieJun Zhang
            
         
          doi:10.1038/srep25414
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25414
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25414
            
         
      
       
          
          
          
             
                doi:10.1038/srep25414
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25414
            
         
          
          
      
       
       
          True
      
   




