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A B S T R A C T   

The discharge of wastewater containing insoluble oils and water-soluble organic pollutants has caused severe 
water pollution and seriously threatened the sustainable development of human society. Membrane separation 
technology, on the basis of the size sieving and superwettability, can effectively remove insoluble oils from the 
wastewater, but still lacking the ability to degrade water-soluble pollutants. Herein, a novel heterojunction 
membrane with dual functionalities of superhydrophilicity and visible-light photocatalytic property was pre
pared by constructing hierarchical CoMoO4@Bi2MoO6 nanoarrays on Ni foam (NF@CM@BM) via a facile two- 
step hydrothermal process combined with calcination methods. Attributed to the synergistic application of 
photocatalysis, superhyophilicity and underwater superoleophobicity, the membrane could simultaneously 
remove water-soluble organic pollutants and insoluble oils in wastewater efficiently. Completely driven by 
gravity, high oil/water separation efficiency of 99.67% could be achieved with the flux of 1449.12 L m-2 h− 1. 
Besides, the formation of p-n heterojunction between p-type CoMoO4 and n-type Bi2MoO6 greatly enhanced the 
photocatalytic ability to degrade Congo red with the efficiency of 97.1%. More importantly, the NF@CM@BM 
membrane exhibited excellent stability and recyclability, possessing great application potential in oily waste
water remediation. Therefore, we envision that this work will offer new insights into the design of wastewater 
remediation membranes.   

1. Introduction 

Owing to the rapid development of modern industry, frequent 
offshore oil leakage and the discharge of industrial wastewater con
taining organic pollutants make the issue of water resources increasingly 
tense, seriously threatening the ecological environment and human 
health [1–3]. Based on this, the effective treatment of oily wastewater 
has become an urgent issue to be solved. Although traditional technol
ogies, such as centrifugation [4], chemical coagulation [5], air flotation 
[6] and microbial degradation [7] can achieve the separation of oil/ 
water mixture to some extent, there are still problems of high operating 
cost, poor anti-pollution ability, low separation efficiency, and it is 
difficult to separate the miscible oil–water mixture, especially the 
emulsion with droplets size less than 20 μm [8–10]. Consequently, the 
efficient separation of emulsified oily wastewater is exceedingly 

challenging and significant. 
Analyzing from the theory of size-sieving effect, as long as the pore 

size of the separation membrane material is less than the droplet size of 
the emulsion, the emulsion will be intercepted on one side of the 
membrane material, thus realizing the separation of oil–water emulsion 
[11–13]. However, if the oil/water emulsion is separated only by 
aperture, the membrane will be easily contaminated with oil during the 
separation process, resulting in the decrease of its flux and separation 
efficiency. Hence, the wettability of the separation material is particu
larly important in the practical separation application of emulsified oily 
wastewater [14]. In recent years, inspired by natural phenomenon, 
membrane separation technology based on superwettability has attrac
ted extensive attention of researchers because of its simple operation, 
low energy, high efficiency and low separation cost, and has been 
considered as one of the most potential oil–water separation 
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technologies. Yin et al. [15] fabricated a bio-inspired anti-oil-fouling 
membrane decorated with urchin-like α-FeOOH particles via the layer- 
by-layer (LBL) self-assembly method, which exhibited superior super
hydrophilicity/underwater superoleophobicity, high water-retention 
ability, and preferable anti-oil-fouling properties, thus endowing the 
membrane favorable separation performance for immiscible surfactant- 
stabilized oil-in-water emulsions. Zhang et al. [16] reported a Ti3C2Tx 
MXene membrane by depositing ultrathin 2D Ti3C2Tx MXene 2D nano
sheets carbides onto porous polyvinylidene fluoride (PVDF) membranes 
by vacuum filtration, which displayed superior durability to the corro
sive liquids such as acidic, alkaline and salty. Despite these super
wettability based oil–water separation membranes have aroused 
enormous attention, they still cannot fulfill the purification of water- 
soluble organic pollutants in wastewater from textile and other in
dustries [17]. In addition, the water-soluble dyes present in the oily 
wastewater will be absorbed on the membrane surface, which conse
quently deteriorate the flux and separation efficiency [18]. 

In the application of membrane technology based on super
wettability, the introduction of catalytic reaction enables the membrane 
to interact with external stimuli such as electrical current, chemical 
activation and light, which may be used to degrade pollutants. As a 
promising green technology, semiconductor-based photocatalysis can 
effectively remove water-soluble organic pollutants from wastewater by 
converting solar energy [19–21]. Among numerous semiconductor 
materials, Bismuth-based materials with the valence band (VB) 
comprising the sp hybridization of O 2p and Bi 6s orbitals possess a 
relatively narrow band gap typically less than 3.0 eV, showing a strong 
visible light capture ability [22]. In particular, Bi2MoO6, as an n-type 
semiconductor, is a promising photocatalyst with advantages of non
toxicity, low cost, high-stability and appropriate band gap of 2.5–2.8 eV 
[23–25]. However, the application of pure Bi2MoO6 is restricted due to 
the rapid recombination of photogenerated charge carriers and poor 
quantum yield, thus resulting in unsatisfied photocatalytic ability. To 
promote the photocatalytic performance of Bi2MoO6, various technol
ogies, such as semiconductor combination [26–28], elementdoping 
[29,30] and defect-introduction [31–33] were systematically explored 
over the past years. The construction of semiconductors heterojunction 
has been proved to be one of the most simple and effective methods to 
accelerate the separation of photogenerated carriers and suppress the 
recombination of charges by steering the charge kinetics, especially the 
p-n heterojunction. The coupling of p-type semiconductor and n-type 
semiconductor can further improve the separation and transfer of photo- 
induced carriers due to the formation of stronger internal electric field at 
the interface between the two types of semiconductors [34,35]. Mean
while, according to our previous work, molybdate is a promising hy
drophilic material that can be used for the preparation of superwetting 
membranes [36]. Therefore, the synergistic application of super
wettability and photocatalytic oxidation to simultaneously remove 
insoluble oils and soluble dyes in wastewater is promising by designing 
Bi2MoO6-based p-n heterojunction photocatalysts on suitable substrates. 

Herein, we report a heterojunction membrane by constructing 
CoMoO4@Bi2MoO6 p-n heterojunction nanoarrays on Ni foam via a 
facile two-step hydrothermal process combined with calcination 
methods (NF@CM@BM). Irregular Bi2MoO6 nanoparticles are uni
formly dispersed on the CoMoO4 nanosheets to form a rough hierar
chical structure, which possesses favorable superhydrophilicity and 
underwater superoleophobicity, thus separating oil-in-water emulsions 
effectively. Besides, the NF@CM@BM membrane greatly enhances its 
photocatalytic capacity toward water-soluble pollutants since the for
mation of the p-n heterojunction not only enhances the absorption range 
and absorption intensity towards visible light, but also suppresses the 
recombination of photogenerated electrons and holes. More impor
tantly, by virtue of attractive stability, recyclability and self-cleaning 
property, the as-prepared membrane maintains high separation effi
ciency and long lifespan. Therefore, the synergistic application of the 
superwettability and photocatalysis of the NF@CM@BM heterojunction 

membrane can effectively remove water-soluble pollutants and insol
uble oils in wastewater, which offers new insights for the design of 
porous membrane towards practical wastewater remediation. 

2. Experimental 

2.1. Materials 

The Ni foam (pore size: 10 μm) was purchased from Guangjiayuan 
New Material Co. Ltd (Kunshan, China). Hydrochloric acid (HCl, 35%), 
Ethylene glycol (EG, 98%), Sodium molybdate dihydrate 
(Na2MoO4⋅2H2O, 98%) and Cobalt nitrate hexahydrate (Co 
(NO3)2⋅6H2O, AR) were obtained from Tianjin Heowns Biochemical 
Technology Co. Ltd (Tianjin, China). Bismuth nitrate pentahydrate (Bi 
(NO3)3⋅5H2O) and Congo red (CR) were from Tianjin Damao Chemical 
Reagent Co. Ltd (Tianjin, China). Deionized water was used in all ex
periments. All chemicals and reagents were used directly without 
further purification. 

2.2. Preparation of CoMoO4 nanosheet arrays on NF 

The CoMoO4 nanosheet arrays on Ni foam were synthesized by a 
facile hydrothermal method combined with a subsequent annealing 
process. Typically, a piece of pristine Ni foam (NF) with a size of 2.5 ×
2.5 cm2 was sequentially cleaned with 3 M HCl solution, acetone, 
ethanol, deionized water via ultrasonic treatment for the remove of 
impurities on the surface. 2.5 mmol Na2MoO4⋅2H2O and 2.5 mmol Co 
(NO3)2⋅6H2O were dissolved in 50 ml deionized water under vigorous 
magnetic stirring for 30 min to form a wine-red solution. Then the 
cleaned Ni foam and reaction solution was transformed into a 100 ml 
Teflon-lined autoclave and maintained at 180 ◦C for 8 h. After cooling to 
room temperature, the obtained precursor was taken out and washed 
with ethanol and deionized water for several time before calcining at 
350 ◦C for 2 h in air. Finally, the CoMoO4 nanosheets coated Ni foam was 
obtained. 

2.3. Synthesize of the NF@CM@BM heterojunction membrane 

To synthesize the NF supported hierarchical CoMoO4@Bi2MoO6 
core–shell hybrid nanoarrays (NF@CM@BM), a second hydrothermal 
reaction was adopted to grow the micro Bi2MoO6 nanoparticles on the 
CoMoO4 nanosheets. In detail, 1 mmol Na2MoO4⋅2H2O and 2 mmol Bi 
(NO3)3⋅5H2O were added to 20 ml EG under intense stirring with the 
assistance of ultrasound for 30 min. Afterwards, 40 ml ethanol was 
added into above solution and stirred for another 30 min. The obtained 
solution was poured into a 100 ml Teflon-lined autoclave, following 
heated at 160 ◦C for different time periods (4, 6, 8, 10, 12 and 14 h) to 
explore the growth process of Bi2MoO6 nanoparticles on the CoMoO4 
nanosheets. After cooling to room temperature, the NF supported hier
archical CoMoO4@Bi2MoO6 core–shell nanoarrays were rinsed with 
deionized water for several times and further annealed at 350 ◦C for 2 h 
in air. Finally, the NF@CM@BM heterojunction membrane was ob
tained for later use and characterization. 

The synthesis of Bi2MoO6 coated Ni foam was the same as that of 
NF@CM@BM except adding pristine Ni foam during the hydrothermal 
process. This sample was named as NF@BM. 

2.4. Materials characterization 

The X-ray photoelectron patterns (XRD) of all samples were analyzed 
using an XRD diffractometer (XRD, D8-Focus, AXS, Germany), with Cu 
Kα radiation (λ = 1.5406 Å) in the 2θ range of 20–80◦. The surface 
morphology of the NF supported hierarchical CoMoO4@Bi2MoO6 cor
e–shell nanoarrays and CoMoO4 nanosheet arrays were performed on a 
field-emission scanning electron microscope (Regulus 8100, Japan), 
combined with energy dispersive spectrometer (EDS) to explore the 
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element distribution of the hierarchical CoMoO4@Bi2MoO6 core–shell 
nanoarrays. The X-ray photoelectron spectroscopy (XPS, Thermo 
ESCALAB 250Xi, USA) was conducted on the measurement of the XPS 
survey to identify the composition of the surface. The UV–vis diffuse 
reflectance spectra (DRS) of the samples in the range of 200–800 nm 
were tested by a UV–vis spectrometer (Puxi, UV1901) with an inte
grating sphere using BaSO4 as the reflectance standard. The ultra
violet–visible (UV–vis) absorption of the dye solutions were measured 
with a UV–vis spectrophotometer (UV-4802S, Unico, USA). All contact 
angles were tested by dropping the liquid droplet with 4–8 μl on the 
sample using an optical contact angle and an interface tension meter 
(SL200 KS, KINO, USA) at ambient temperature. 

2.5. Oil-in-water emulsions separation 

The oil-in-water emulsions separation experiment was implemented 
with a self-assemble device completely driven by gravity. The 
NF@CM@BM membrane with effective filtration area of 2.54 cm2 was 
sandwiched between two flanges connected with glass tubes. A serious 
of oils including petroleum ether, gasoline, kerosene, n-hexane and 
dichloromethane were selected to prepared oil-in-water emulsions. 10 g 
sample oils and 1000 ml deionized water were mixed under vigorous 
stirring using a homogenizer (Fluke homogenizer, FA25, 500 W) oper
ated at 10000 rpm for 3 min to obtain oil-in-water emulsions. For each 
experiment, the heterojunction membrane was pre-wetted with water 
and 70 ml emulsions were poured into the filter-separation device. The 
separation flux was calculated by with the following Eq. (1). 

F =
V

A × t
(1)  

where V (L) represents the volume of permeate liquid, A (m2) is the 
effective filtration area of the heterojunction membrane and t (h) is the 
filtering time. 

The separation efficiency of oil-in-water emulsion was calculated 
with following Eq. (2). 

R = (1 −
C1

C0
) × 100% (2)  

where C1 and C0 represent the oil concentrations in the filtrate and feed, 
respectively, which are determined by the by a TOC analyzer (TOC, 
SHIMADZU, Japan). 

2.6. Photocatalytic performance 

The photocatalytic performance of NF@CM@BM membrane was 
evaluated by the photodegradation of Congo red (CR) under visible 
light. A 350 W Xe lamp connected with condensed circulating water was 
used as the light source. In a typical experiment, a piece of NF@CM@BM 
membrane with a size of 2.5 × 2.5 cm2 was immersed in 40 ml CR so
lution (30 ppm) under stirring while a adsorption–desorption equilib
rium was obtained under dark environment for 30 min before 
irradiation. It could be seen from Fig. S1 that as the adsorption time 
increased, the adsorption efficiency of the NF@CM@BM heterojunction 
membrane to CR solution increased gradually until it no longer changed 
significantly after 24 min, which indicated that 30 min was sufficient to 
reach the adsorption–desorption equilibrium. The degradation of the CR 
solution was monitored at an intervals time of 10 min and 5 ml mixture 
was taken out. Due to the inherent UV absorption characteristic of the 
organic dyes, the residual concentration of sample was estimated with a 
UV–vis spectrophotometer. The degradation efficiency ηDegradation (%) 
was calculated by Eq. (3). 

ηDegradation =

(
C0 − C

C0

)

× 100% (3)  

where C0 and C are the dye concentration before irradiation and after 

irradiation at different times, respectively. 

3. Results and discussion 

3.1. Design and characterization of the heterojunction membrane 

Porous materials with special superwettability have been extensively 
employed in oily sewage separation. However, for oily wastewater with 
complex composition, although these materials are effective in 
removing oil from the wastewater, they still lack the ability to purify 
water-soluble pollutants. Based on this, the NF@CM@BM membrane 
coupling special wettability and photocatalysis was designed, which 
could remove insoluble oils and soluble dyes simultaneously from 
wastewater. In this work, Ni foam with advantages of porosity, high 
strength and toughness was selected as the substrate. As illustrated in 
Fig. 1, the CoMoO4 precursor (CoMoO4⋅xH2O) stemmed from the com
bination of Co2+ and MoO4

2- ions was prepared via the first-step facile 
hydrothermal process [37]. After further calcination, Ni foam supported 
CoMoO4 nanosheet arrays would be obtained. Subsequently, Bi2MoO6 
nanoparticles were uniformly grown on the CoMoO4 nanosheets via 
nucleation and crystal growth under a second-step hydrothermal reac
tion followed by the annealing process. 

The morphologies and nanostructures of CoMoO4 and hierarchical 
CoMoO4@Bi2MoO6 core–shell nanoarrays on Ni foam with different 
magnifications were analyzed by SEM. As shown in Fig. 2a, it could be 
clearly observed that the interconnected CoMoO4 nanosheets with an 
opened-up network were uniformly distributed on the Ni foam, forming 
a rough CoMoO4 film. The high magnification SEM image displayed that 
the thickness of CoMoO4 nanosheets was about 28.6 nm and there was 
abundant open spaces between nanosheets with better surface accessi
bility, which was contributed to the growth of Bi2MoO6 nanolayer 
(Fig. 2b). It’s undoubtedly that the 3D nano-substrate formed by the 
growth of nanosheets on Ni foam increased the roughness of Bi2MoO6. 
After the growth of Bi2MoO6 nanoparticles, the outer surfaces of 
CoMoO4 nanosheet nanoarrays became very rough (Fig. 2c). As shown 
in Fig. 2d, the irregular Bi2MoO6 nanoparticles were uniformly distrib
uted on the surface of CoMoO4 nanosheets, confirming the successful 
construction of CoMoO4@Bi2MoO6 core–shell nanoarrays on Ni foam. In 
addition, the EDS mappings were performed to analyze the element 
composition and distribution of NF@CM@BM heterojunction mem
brane. From the Fig. 2e-i, the elements of Mo, Co, O and Bi were ho
mogeneously distributed, further identifying the component of 
hierarchical nanoarrays and content of each element. 

To investigate the grow process of Bi2MoO6 nanoparticles on the 
CoMoO4 nanosheets, a serious of hydrothermal experiments were car
ried out under different reaction periods (4, 6, 8, 10, 12 and 14 h). The 
SEM images of Bi2MoO6 at different times were shown in Fig. S2. As 
discussed above, there were nothing on the CoMoO4 nanosheets before 
the the second hydrothermal reaction. Nevertheless, it could be seen 
from Fig. S2a that the surface of nanosheets was covered with tiny 
nanocrystals after 4 h reaction in a Teflon-lined autoclave. With the 
increase of reaction time, there was no obvious change of the 
morphology of nanocrystals until the reaction time of 8 h (Fig. S2b, c). 
In this period, it was a process of dissolution and recrystallization in the 
solution that the nanocrystals were gradually dissolved into Bi2O2

2+ and 
MoO4

2- ions and turned into small nanoparticles [38]. As the reaction 
proceeded, the Bi2MoO6 nanoparticles gradually increased in size 
(Fig. S2d) and eventually grew into an irregular particle shape 
(Fig. S2e), evenly distributing on the surface of the nanosheet, which 
was due to high intrinsic anisotropic properties of Bi2MoO6. When the 
reaction time was increased to 14 h, the Bi2MoO6 film on the nanosheet 
arrays became irregular and thicker due to the accumulation of redun
dant crystals (Fig. S2f). In this system, driven by electrostatic in
teractions and coordination, irregular Bi2MoO6 nanoparticles were 
anchored on the nanosheets surface, thus forming hierarchical 
CoMoO4@Bi2MoO6 core–shell nanoarrays with good morphology, 
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which possessed strong interaction between CoMoO4 and Bi2MoO6 
nanoparticles. 

The crystalline structure and composition of all samples were 
analyzed by X-ray diffraction (XRD) patterns. As displayed in Fig. 3a, 
diffraction peaks on the purple line observed at 2θ of 23.37◦, 26.54◦, 
28.50◦, 32.11◦ and 38.86◦ were assigned to the (021), (002), (− 311), 

(− 131) and (040) crystallographic planes of monoclinic phase CoMoO4 
(JCPDS 21-0868), indicating the successful fabrication of CoMoO4 
nanosheets after the first process [39,40]. On the red line, the diffraction 
peaks of pure Bi2MoO6 at 28.27◦, 32.52◦, 46.74◦, 55.46◦ and 58.53◦

indexed to the (131), (200), (202), (331) and (262) planes could be 
matched well with the standard card of orthorhombic phase Bi2MoO6 

Fig. 1. Schematic illustration of the designed process of NF@CM@BM heterojunction membrane.  

Fig. 2. SEM image of (a, b) CoMoO4 nanosheets on NF, and (c, d) NF supported hierarchical CoMoO4@Bi2MoO6 core–shell nanoarrays. (e) Selected area electron 
diffraction patterns of sample and (f-i) EDS mapping images of the NF@CM@BM heterojunction membrane. 
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(JCPDS 21-0102) [41]. It could be observed that diffraction peaks of 
CoMoO4 and Bi2MoO6 co-existed on the blue line after the growth of 
Bi2MoO6 nanoparticles on the CoMoO4 nanosheets and no extra peaks 
were found, indicating the successfully construction of hierarchical 
CoMoO4@Bi2MoO6 heterojunction nanoarrays. Fig. S3 showed the local 
enlarged XRD patterns of all samples from the 2θ values 25◦ to 30◦. It 
was worth noting that the diffraction peaks of CoMoO4@Bi2MoO6 
slightly shifted to a lower 2θ value compared to the pure CoMoO4, which 
might be attributed to the lattice expansion caused by the substitution of 
Bi3+ (108 Å) with a larger ionic radius for Co2+ (74 Å) a smaller ionic 
radius during the hydrothermal reaction and calcination processes 
[42,43]. 

The chemical composition and valence states of the NF@CM@BM 
heterojunction membrane were investigated by XPS. As displayed in 
Fig. 3b, there were four elements of Mo, Co, O and Bi in the full-scale 
XPS survey spectrum aside from the C element using for binding en
ergy correction of each element, which was consistent with the result of 
EDS analysis. In the high-resolution Mo 3d spectrum (Fig. 3c), two well- 
fitted peaks located at 232.17 eV and 235.29 eV with the separation of 
spin energy 3.06 eV was ascribed to Mo 3d3/2 and Mo 3d5/2 of Mo6+

respectively. As shown in Fig. 3d, the Co 2p spectrum split into four 
main peaks at the bind energy of 780.7 eV, 785.4 eV, 796.6 eV and 

804.8 eV, respectively. The fitted peaks located at 780.7 eV and 796.6 
eV accompanied two satellite peaks were assigned to Co 2p1/2 and Co 
2p3/2, indicating the existence of Co2+. In the high-resolution O 1 s 
spectrum (Fig. 3e), it could be observed that two peaks exhibiting at the 
binding energy of 530.25 eV and 531.11 eV were corresponded to the 
lattice oxygen and oxygen vacancies, respectively. In Fig. 3f, the high- 
resolution Bi 4f spectrum of NF@CM@BM was deconvoluted into two 
major peaks at the binding energy of 158.9 eV and 164.2 eV related to 
the Bi 4f7/2 and Bi 4f5/2, indicating that the elemental Bi existed as Bi3+

in molybdates. Therefore, the above results of XPS analysis clearly 
corroborated the composition and valence states of the elements of Ni 
foam supported hierarchical CoMoO4@Bi2MoO6. 

The optical absorption properties of CoMoO4, Bi2MoO6 and 
NF@CM@BM were investigated by UV–vis diffuse reflectance spec
trometer (DRS). As shown in Fig. 4a, the absorption band edges of p-type 
CoMoO4 and n-type Bi2MoO6 were located at around 680 nm and 460 
nm, respectively, which was consistent with reported literatures 
[23,44]. It was noting that there was a hump in the region of 500–600 
nm of the the absorption peak of CoMoO4, which was attributed to the 
fluctuation caused by the high-spin d-d transition mode of Co2+ [45,46]. 
Compared with pure Bi2MoO6, the absorption band edge of 
NF@CM@BM of visible light was extended to 650 nm and there was a 

Fig. 3. (a) XRD patterns of samples CM, BM and NF@CM@BM, (b) Full-scale XPS survey spectrum of NF@CM@BM and high-resolution XPS spectra of (c) Mo 3d, (d) 
Co 2p, (e) O1s and (f) Bi 4f. 
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distinct absorption peak in the region of 500–650 nm, indicating that the 
visible light absorption capacity was significantly enhanced after the 
construction of the hierarchical CoMoO4@Bi2MoO6 p-n heterojunction 
on Ni foam. Due to the increase in the absorption range and absorption 
intensity to visible light, the NF@CM@BM heterojunction membrane 
could generate more photogenerated electron-hole pairs under the 
irradiation of visible light. In addition, the corresponding band gap 
energy (Eg) of the samples were calculated by the Kubelka-Munk 
equation as following Eq. (4). 

αhυ = A
(
hυ − Eg

)n/2 (4)  

where α, hν, Eg, and A are the absorption coefficient, photonic energy, 
band gap, and a constant, respectively. The value of n is 1 determined by 
the type of semiconductor. The band gaps of CoMoO4, Bi2MoO6 and 
NF@CM@BM were estimated to be 1.80, 2.80 and 2.65 eV, respectively 
(Shown in Fig. 4b). These results were attributed to the formation of 
CoMoO4@Bi2MoO6 p-n heterojunction, which significantly improved 
the responsiveness to visible light, thus possibly enhancing the 

Fig. 4. (a) The UV–vis absorption spectra of CoMoO4, Bi2MoO6 and NF@CM@BM. (b) The corresponding band gaps of the samples.  

Fig. 5. (a) The WCA and underwater OCA of pristine Ni foam and NF@CM@BM heterojunction membrane. (b) The underwater OCA of different oil droplets on the 
NF@CM@BM heterojunction membrane. (c) Underwater oil adhesion test of NF@CM@BM heterojunction membrane. (d) Oil dyed with oil red was injected on the 
surface of the as-prepared membrane. 

J. Li et al.                                                                                                                                                                                                                                         



Separation and Purification Technology 277 (2021) 119568

7

photocatalytic performance of the NF@CM@BM membrane. To inves
tigate the effect of hierarchical CoMoO4@Bi2MoO6 nanoarrays on the 
specific surface area of Ni foam, the Brunauer-Emmett-Teller (BET) 
analysis was carried out. As shown in Fig. S4, the specific surface area of 
NF@CM@BM membrane was 2.7 times than that of the original Ni foam, 
which was conducive to the full contact of dye with NF@CM@BM 
membrane, thereby promoting the photocatalytic degradation of dye. 

3.2. Wettability of the NF@CM@BM membrane 

The special wettability of the material surface is one of the pre
requisites for the separation of oil/water mixture, which is influenced by 
their surface roughness and chemical composition. To explore the sur
face wetting behavior of pristine Ni foam and NF@CM@BM, the water 
contact angle (WCA) and underwater oil contact angle (OCA) were 
measured. As shown in Fig. 5a, the pristine Ni foam possessed a WCA of 
92.4◦ in air and an underwater OCA of 0◦ in water, indicating that the 
wettability of Ni foam was not suitable for the separation of oil/water 
mixture. According to our previous work, molybdate is a potential hy
drophilic material with selective wetting properties. After the con
struction of hierarchical CoMoO4@Bi2MoO6 core–shell nanoarrays 
composed of hydrophilic constituent, the WCA in air was decreased to 
0◦ from 92.4◦, which demonstrated the favorable superhydrophilicity of 
the heterojunction membrane. In addition, the oil droplet in water on 
the surface of the NF@CM@BM heterojunction membrane was almost 
completely spherical, with a contact angle of 162.5◦. In addition, the as- 
prepared membrane also performed splendid underwater ultra- 
oleophobicity for other oils, such as dichloromethane, tetrachloro
methane, kerosene, soybean oil and diesel, and the corresponding un
derwater OCA were 162.5◦, 158.8◦, 158.5◦, 161.9◦ and 160.1◦, 
respectively (Fig. 5b). Moreover, the anti-oil-adhesion ability of 
NF@CM@BM was further characterized by the squeeze-lift experiment 
of oil droplet as shown in Fig. 5c. After being squeezed by the needle, the 
oil droplet sufficiently contacted with the surface of membrane and slid 
to the side without significant deformation. Subsequently, it was lifted 
up easily without leaving any oil on the surface. When injecting the oil 
bundle dyed with oil red into the membrane surface with a syringe 
underwater, the oil immediately bounced from the membrane surface 
and floated to the water without adhesion (Fig. 5d). The above experi
ments indicated that the NF@CM@BM membrane possessed favorable 
anti-oil-adhesion performance in water. Due to the difference of surface 
tension between oil phase and water phase, water completely wetted the 
surface of the NF@CM@BM and was trapped in the multi-level nano
structure to form a layer of water molecules with strong oil repellency, 
significantly reducing the area of oil-solid interface. This wetting 
behavior can be described by the Cassie-Baxter model with following 
Eq. (5): 

cosθ*
OCA = fcosθOCA + f − 1 (5)  

where the θOCA* and θOCA are the underwater OCA of NF@CM@BM and 
pristine Ni foam, respectively and f represents the area fraction of the as- 
prepared heterojunction membrane. In this work, take dichloromethane 
as an example, the θOCA* and θOCA are 162.5◦ and 0◦, respectively. The 
value of f is calculated by Cassie-Baxter to be 0.023, which means that 
97.7% of contact area is oil/water interface. Therefore, it is not difficult 
to understand why the NF@CM@BM possesses splendid underwater 
superoleophobicity, which is contributed to the enhancement of anti- 
fouling. 

3.3. Oil-in-water emulsions separation 

The special wetting behavior of the NF@CM@BM membrane makes 
it possible to separate oil-in-water emulsions. To explore the separation 
capability of the as-prepared membrane, a serious of separation exper
iments for gasoline-in-water emulsion, kerosene-in-water emulsion, n- 

hexane-in-water emulsion, petroleum ether-in-water emulsion and 
dichloromethane-in-water emulsion were conducted. Fig. S5 displayed 
the separation device before and after separation, respectively, which 
was completely driven by gravity. Due to the favorable super
hydrophilicity and strong oil repellency of the pre-wetting 
NF@CM@BM membrane, after pouring oil–water emulsions into the 
separation device, water penetrated through the membrane while the oil 
was blocked above the membrane (Video S1). From the filtrate collected 
in the beaker, it could be observed that the milky white emulsion 
became clear, indicating the successful separation of oil-in-water 
emulsion. Fig. 6a-d illustrated the results of DLS analysis and optical 
microscope of different types of oil-in-water emulsions. Although the 
particle size distribution of different types of oils with the same prepa
ration method was inconsistent, there were almost no oil droplets in the 
filtrates compared with the feeds. 

To further explore the separation performance of the NF@CM@BM 
membrane, the separation efficiency of oil-in-water emulsions were 
calculated. As shown in Fig. 7, NF@CM@BM heterojunction membrane 
exhibited high separation efficiencies for five different oil-in-water 
emulsions, all of which were greater than 98 %, especially the separa
tion efficiency of dichloromethane-in-water emulsion was as high as 
99.67%. The penetrate flux of five kinds of oil-in-water emulsions were 
1300.85, 1246.92, 1044.72, 909.92 and 1449.12 L m-2h− 1, respectively. 
From above results, the favorable separation performance was obtained 
for various oil-in-water emulsions, which meant the promising of 
NF@CM@BM membrane in oil/water separation. It was noting that the 
penetrate fluxes varied for different types of oil-in-water emulsions due 
to the comprehensive effect of viscosity, density as well as the oil 
droplets concentrations [36,47,48]. In addition to the selective wetta
bility of the membrane, the distribution of the oil droplets is also an 
important factor affecting the separation efficiency of the oil-in-water 
emulsions. The variation of separation efficiency was exactly opposite 
to the distribution of the oil droplets shown in DLS analysis and optical 
micrograph, which further indicated the main dominance of the size- 
sieving effect. 

The construction of hierarchical CoMoO4@Bi2MoO6 core–shell 
nanoarrays on NF endowed the membrane with favorable super
hydrophilicity and underwater superoleophobicity. As illustrated in 
Fig. 8, a plausible mechanism of NF@CM@BM heterojunction mem
brane for the separation of emulsions was analyzed. As the analysis of 
membrane wetting behavior, a stable hydration shell with strong 
repellency to oil was formed on the surface of the multi-level nano
structure, which provided an upward intrusion pressure (ΔP>0) to block 
the oil phase from penetrating through the membrane, while the 
intrusion pressure of water was downward allowing water to penetrate 
(Fig. 8a) [49]. In Fig. 8b, the oil droplet driven by gravity moved 
downwards to the bottom and the concentration of oil kept increasing 
with the decrease of water content [50]. Consequently, due to the 
enhancement of coalescence effect, the size of oil droplets increased 
significantly and floated above the water phase [51]. Finally, all the 
water phase passed through the NF@CM@BM heterojunction mem
brane, while the oil phase was blocked above due to the strong repel
lency to oil, thus achieving the separation of oil-in-water emulsions. 

3.4. Photocatalytic performance of the NF@CM@BM heterojunction 
membrane 

Due to the composition of hydrophilic molybdate and the rough 
structure formed by hierarchical CoMoO4@Bi2MoO6 nanoarrays, the 
NF@CM@BM heterojunction membrane separates oil-in-water emul
sions with high precision, effectively removing insoluble oil. However, 
the adsorption of dyes on the surface of NF@CM@BM heterojunction 
membrane would cause the separation performance to decrease. As 
shown in Fig. S6, compared with the NF@CM@BM membrane before 
the dye absorption, the separation efficiency for oil–water emulsion 
reduced from the initial 99.67% to 99.34%, and the corresponding 
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contact angle was also reduced from the initial 162.5◦ to 158.9◦. 
Fortunately, the result of optical absorption property indicated that the 
formation of p-n heterojunction was contributed to the enhancement of 
absorption range and absorption intensity to visible light, which pro
vided the possibility for the photocatalytic degradation of water-soluble 
pollutants. The photocatalytic performance of NF@CM@BM hetero
junction membrane was further evaluated by the degradation of CR 
solution (30 ppm) under visible-light irradiation and the concentration 

of CR solution at different times was calculated with a standard curve 
(Fig. S7). As shown in Fig. 9a, as the increase of irradiation time, the 
absorbance intensity of the CR solution diminished gradually, and it 
could be observed that the solution turned from the initial yellowish red 
to basically colorless after 60 min of visible light irradiation, indicating 
the successful degradation of CR. First of all, a controlled trial was 
conducted with Ni foam, the self-degradation rate of CR was less than 
8%, which was basically negligible (Fig. 9b). After 60 min irradiation, 
the degradation efficiencies of NF@CM, NF@BM and NF@CM@BM 
were 63.9%, 77.10% and 97.1%, respectively. This difference was 
ascribed to the design of p-n CoMoO4@Bi2MoO6 heterojunction, which 
greatly enhanced the photocatalytic ability due to the formation of a 
stronger internal electric field at the interface of CoMoO4 and Bi2MoO6. 
Furthermore, to quantitatively investigate the degradation behavior of 
CR, a simplified Langmuir-Hinshelwood model was used to fit the ki
netic curve for photocatalytic degradation as following Eq. (6). 

ln(C0/C) = kt (6)  

where C0, C and k are the initial concentration, the concentration at time 
t and first-order kinetic constants, respectively. As illustrated in Fig. 9c, 
the reaction rate constant k of NF@CM@BM, NF@BM, NF and NF@CM 
were 0.05901, 0.02236, 0.01726 and 0.00134 min− 1, respectively. It 
was noting that the k value of the NF@CM@BM membrane was 2.64, 
3.41 and 44.04 times higher than NF@BM, NF@CM and pristine Ni 
foam, indicating the excellent photocatalytic degradation rate of the 
membrane, as well as the construction of p-n heterojunction was an 
effective approach to enhance the photocatalytic ability of photo
catalyst. Compared with other photocatalytic materials (Shown in 
Table S1), the NF@CM@BM heterojunction membrane possessed 
favorable photocatalytic performance and also improved the utilization 

Fig. 6. Droplet distributions of various oil-in-water emulsions: (a) gasoline-in-water emulsion, (b) kerosene-in-water emulsion, (c) hexane-in-water emulsion and (d) 
petroleum ether-in-water emulsion. 

Fig. 7. Separation efficiency and permeation flux of various oil-in- 
water emulsions. 
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Fig. 8. Schematic illustration of (a) the membrane being wetted by water and oil and (b) possible mechanism of oil-in-water emulsion separation of the 
NF@CM@BM heterojunction membrane. 

Fig. 9. (a) The absorbance curve of CR solution during the photodegradation process. (b) Photocatalytic degradation of CR solution using pristine Ni foam, NF@CM, 
NF@BM and NF@CM@BM. (c) The degradation rate constants of different samples. (d) Photocatalytic recycle experiment of the NF@CM@BM hetero
junction membrane. 
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of the visible spectrum, not limited to the use of the ultraviolet light in 
the solar spectrum. In addition, the as-prepared membrane exhibited 
good reusability. After 6 cycles (Fig. 9d), the value of C/C0 rose slightly 
and the photocatalytic efficiency was stable above 90%, indicating that 
it possessed great potential in practical applications. 

In order to investigate the separation properties of photogenerated 
charge carriers in samples of NF@CM, NF@BM and NF@CM@BM, the 
electrochemical impedance spectra (EIS) experiment was carried out in 
a standard three-electrode system with CHI 760E electrochemical 
workstation. The as prepared samples (1 × 1.5 cm2), graphite electrode 
and saturated calomel electrode were taken as work electrode, counter 
electrode and reference electrode, respectively. Meanwhile, 1 M Na2SO4 
aqueous solution was served as electrolyte. In the test, the applied bias 
voltage was set to open circuit voltage, and the EIS was recorded in the 
frequency range of 106 Hz to 0.01 Hz with 5 mV AC amplitude. 
Generally, the smaller the semicircle diameter in EIS Nyquist plot, the 
lower the charge transfer resistance and the better the charge transfer 
ability [52]. It could be observed from Fig. 10a that compared with 
NF@CM and NF@BM, the NF@CM@BM heterojunction membrane 
possessed the smallest arc radius of the Nyquist plots, indicating that 
NF@CM@BM possessed the lowest resistance and the highest separation 
efficiency of electron-hole pairs. 

In addition, the active species trapping experiments were performed 
to further investigate the photocatalytic mechanism of NF@CM@BM 
heterojunction membrane for CR solution. During the photodegradation 
processes, the scavengers of p-benzoquinone (BQ), isopropanol (IPA) 
and ethylenediamine tetraacetic acid (EDTA) with the concentration of 
1 mM were added into the CR solution separately to quench major active 

species superoxide radicals (⋅O2
–), hydroxyl radicals (⋅OH) and electron 

holes (h+), respectively. As shown in Fig. 10b, after introducing BQ or 
EDTA into the solution, the degradation efficiency of NF@CM@BM 
membrane to CR dropped significantly from 97.1% to 38.42% and 
54.60%, indicating the dominant role of ⋅O2– and h+ in the photo
catalytic process. However, the addition of IPA caused a slight decrease 
in the degradation efficiency of the CR solution, implying that the 
photocatalytic activity of NF@CM@BM membrane was slightly inhibi
ted and the relative lower contribution of ⋅OH in the photocatalytic 
process. To further verify the active species of ⋅O2

– and ⋅OH produced 
during the degradation process of Congo red under visible light irradi
ation, the electron spin resonance (ESR) was performed and the 5,5- 
dimethyl-1-pyrroline-N-oxide (DMPO) was taken as the capture agent. 
From the obtained results of ESR in Fig. 10c and Fig. 10d, it could be 
observed that there were no characteristic ESR signals of ⋅O2

– and ⋅OH 
under dark condition. However, after 30 min of visible light exposure, 
the characteristic peaks with relative intensities of 1:1:1:1 and 1:2:2:1 
corresponding to DMPO-⋅O2

– and DMPO-⋅OH were obtained, which 
indicated the generation of ⋅O2

– and ⋅OH under visible light irradiation. 
Meanwhile, combined with the active species trapping experiments, it 
could be fully proved that the active species were produced and 
participate in the photocatalytic degradation reaction. 

Based on the aforementioned analysis, a possible photocatalytic 
mechanism for the degradation of CR by NF@CM@BM p-n hetero
junction membrane was proposed (Fig. 11). Due to the construction of 
CoMoO4@Bi2MoO6 heterojunction nanoarrays between p-type CoMoO4 
and n-type Bi2MoO6 on Ni foam, the absorption range and absorption 
intensity of NF@CM@BM heterojunction membrane to visible light are 

Fig. 10. (a) EIS Nyquist impedance plots of NF@CM, NF@BM and NF@CM@BM. (b) Photocatalytic degradation of CR solution with NF@CM@BM in the presence of 
various scavengers under visible light. (c) The ESR spectra of DMPO-⋅O2

– and (d) DMPO-⋅OH in the presence of NF@CM@BM under dark and visible light irradiation, 
respectively. 
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all increased, which makes it to generate more photogenerated electron- 
hole pairs [53]. According to previous reports, the valence band (VB) of 
CoMoO4 and Bi2MoO6 are 2.63 eV and 2.58 eV, respectively [27,46]. 
Therefore, combined with the results of UV–vis DRS, the conduction 
band (CB) potential of corresponding samples are calculated to be 0.83 
eV and − 0.22 eV with the equation of EVB = ECB + Eg. After anchoring 
the irregular Bi2MoO6 nanoparticles on the CoMoO4 nanosheets, due to 
their different Fermi energy levels, the energy band position will change 
and an internal electric field is formed in the interface at the same time 
[54,55]. Under visible light irradiation, the NF@CM@BM hetero
junction membrane with the appropriate band gap can be excited to 
generate photogenerated electrons and holes (Eq. (7)). Compared with 
CoMoO4, due to the more negative VB potential and more positive CB 
potential of Bi2MoO6, photogenerated electrons will easily transfer from 
the CB of Bi2MoO6 to CoMoO4, while the corresponding holes transfer 
from the VB of CoMoO4 to Bi2MoO6, thus effectively suppressing the 
recombination of photogenerated electrons and holes [34]. Meanwhile, 
the CB potential of Bi2MoO6 (-0.22 eV) is more negative than the stan
dard redox potential of O2/⋅O2

– (-0.046 eV vs NHE) [56], indicating that 
the dissolved O2 can be reduced to ⋅O2

– by accumulated electrons in the 
CB of Bi2MoO6 (Eq. (8)). The holes generated in the VB of CoMoO4 can 
either oxidize H2O/OH– to ⋅OH due to the higher potential (2.63 eV) 
than H2O/⋅OH (+1.99 eV vs NHE) (Eq. (9)) [57] or react with pollutant 
directly (Eq. (10)). In summary, ⋅O2

–, holes, ⋅OH are the mainly active 
species for the photocatalytic degradation of CR solution (Eq. (11)), 
which has been confirmed by active species trapping experiments. 
Therefore, the excellent photocatalytic performance of the 
NF@CM@BM membrane is attributed to the formation of CoMoO4@
Bi2MoO6 p-n heterojunction. 

NF@CM@BM + hv→h+
VB + e−CB (7)  

e−CB + O2→⋅O2
− (8)  

h+
VB + H2O

/
OH− →⋅OH (9)  

h+
VB + Pollutant→⋅OH (10)  

(
⋅O2

− , h+
VB, ⋅OH

)
+ Pollutant→Product (11) 

To further understand the degradation process, the liquid 
chromatography-mass spectrometry (LC-MS) measurements were car
ried out to analyze possible intermediate products of CR catalyzed with 

NF@CM@BM under visible light irradiation and the products were 
identified by interpretation of their mass spectra data presenting their 
molecule ion peaks with respect to m/z. CR was a sulfonated compound 
with negative pseudo-molecular ion at m/z value of 650. From the LC- 
MS results in Fig. S8, it could be observed that main peaks were 
located at the m/z value of 520.91, 452.92, 384.93, 316.95, 248.96, 
180.97, 112.98, 96.96, 68.99 and 61.98, which indicated that the un
saturated bonds of CR were attacked by oxidizing radicals and cleaved 
into various species. According to the results of m/z value, possible 
products during the photocatalytic degradation of CR in the presence of 
NF@CM@BM were analyzed. Based on this and relevant reports 
[58,59], a possible degradation pathway was proposed and presented in 
Fig. S9. 

3.5. Recyclability and stability of NF@CM@BM membrane 

Generally, in the process of oil-in-water emulsion separation, recy
clability and stability are two key factors to evaluate whether the 
membrane can effectively separate oil–water emulsions for a long-term. 
The recyclability of the NF@CM@BM heterojunction membrane was 
evaluated with petroleum ether-in-water emulsion. As shown in 
Fig. 12a, as the separation cycles increased, there was no significant 
change of the separation efficiency, and the separation efficiency 
maintained higher than 99%. After repeated for 20 cycles, although the 
flux is slightly reduced compared with the initial filtrated flux, it still 
remains at a high level of 1208.10 L m-2 h− 1, indicating the attractive 
recyclability of the NF@CM@BM membrane, which was attributed to its 
strong anti-oil-adhesion ability. In addition, the verification test of sta
bility of NF@CM@BM heterojunction membrane was conducted by 
placing the membrane in an ultrasonic cleaning machine with powder of 
50 W. As presented in Fig. 12b, the underwater OCA hardly changed 
until after 40 min of ultrasonic treatment. Subsequently, with the in
crease of the ultrasound time, Underwater OCA decreased slightly, but 
still greater than 150◦. Furthermore, the the as-prepared membrane 
remained high separation efficiency of 99.09% for petroleum ether-in- 
water emulsion after 60 min of vibration. Additionally, it could be 
clearly observed form the SEM image (shown in Fig. S10) that the 
microstructure of hierarchical CoMoO4@Bi2MoO6 core–shell nano
arrays relatively intact. These results indicated that the NF@CM@BM 
membrane possessed favorable stability, implying its promising in the 
practical application. 

Fig. 11. Schematic illustrating of possible mechanism of photocatalytic degradation of the NF@CM@BM.  
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4. Conclusion 

In summary, NF@CM@BM membrane with attractive photocatalytic 
performance was prepared via a facile two-step hydrothermal process 
combined with calcination methods, and the growth process of Bi2MoO6 
on CoMoO4 nanosheets was also investigated. Due to the rough hierar
chical structure and the composition of hydrophilic molybdate, the as- 
prepared membrane exhibited favorable superhyophilicity and under
water superoleophobicity with underwater OCA of 162.5◦, so it could 
separate oil-in-water emulsions completely driven by gravity, with high 
separation efficiency of 99.67% and flux of 1449.12 L m-2 h− 1. In 
addition, the formation of p-n heterojunction between CoMoO4 and 
Bi2MoO6 significantly improved its photodegradation ability to CR by 
suppressing the recombination of photogenerated electron-hole pairs 
and enhancing the response to visible light. More importantly, the het
erojunction membrane exhibited favorable recyclability and stability no 
matter in the separation of oil–water emulsions or in the degradation of 
water-soluble dyes. Therefore, it is believed that this work offers a cre
ative strategy for the synergistic application of photocatalysis and spe
cial wettability in the wastewater remediation. 
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