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Abstract:



TiO2 nanoparticles are immobilized on chlorella cells using the hydrothermal method. The morphology, structure, and the visible-light-driven photocatalytic activity of the prepared chlorella/TiO2 composite are investigated by various methods. The chlorella/TiO2 composite is found to exhibit larger average sizes and higher visible-light intensities. The sensitization of the photosynthesis pigment originating from chlorella cells provides the anatase TiO2 with higher photocatalytic activities under the visible-light irradiation. The latter is linked to the highly efficient charge separation of the electron/hole pairs. The results also suggest that the photocatalytic activity of the composite remains substantial after four cycles, suggesting a good stability.
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1. Introduction


Recently, visible-light-driven photocatalysts have attracted considerable attention for their possible utilization in energy conservation and environmental remediation. Therefore, the design and fabrication of efficient, cost-effective photocatalysts are increasingly investigated. TiO2 is considered as a classic photocatalyst, extensively studied for potential use in hydrogen energy [1,2], solar cells [3,4], and environmental cleaning [5,6], owing to its excellent stability, low toxicity, abundant quantities, and low cost. However, the highly efficient use of TiO2 has been limited by the quick recombination of its photogenerated electron/hole pairs, hence its inability to respond to the visible light. To overcome these problems, tremendous efforts have been devoted to enhancing its photocatalytic capacity. So far, traditional methods, including semiconductor coupling [7,8], metal-ion doping, anion doping [9,10], noble metal loading [11], and dye sensitization [12] have been explored.



On the other hand, the method based on bio-templating has recently attracted considerable attention in the synthesis of photocatalysts. Compared with engineered templates, natural biological materials are abundant, renewable, hierarchical, and environmentally benign [13,14,15,16]. With respect to this, numerous studies conducted by us led to the development of a series of bio-templating methods to prepare N-I doped ZnO [17], Cu hollow spheres [18], and ZnO/graphene quantum dots (GQDs) composites [19], among others.



Chlorella is classical single-cell green algae with sizes ranging from 3 to 8 μm, and is known for its photosynthetic ability and nutrition. It has abundant photosynthesis pigments, such as β-carotene and chlorophyll, thus resulting in high photosynthetic efficiency. Therefore, Chlorella is considered as a potential natural dye sensitizer source to produce dye-sensitized TiO2 with the ability to respond to the visible light.



In this paper, Chlorella pyrenoidosa cells were combined with TiO2 to prepare visible-light-driven TiO2 photocatalyst using an in situ dye sensitization method. The synthesized chlorella/TiO2 composite is then characterized by various techniques and its visible-light photocatalytic activities using rhodamine (RhB) as a model pollutant are examined.




2. Experimental


2.1. Materials


Analytical grade chemicals were used as received without further purification. Chlorella pyrenoidosa cells were purchased from Yueqing Biological Technology Co., Ltd. (Yueqing, China) Titanium tetrabutoxide (TBOT), acetonitrile, and ammonia were obtained from Tianjin Yong Da Chemical Reagent Development Center (Tianjin, China). Fluorine-doped tin oxide (FTO) conducting glass substrates were purchased from Asahi Glass Company (Tokyo, Japan).




2.2. Synthesis of Chlorella/TiO2 Composite


Typically, Chlorella pyrenoidosa cells (0.05 g) were dispersed in an 80 mL mixture of ethanol/acetonitrile (3:1 v/v). Under constant stirring, the dispersion was subsequently mixed with 0.6 mL ammonia. Next, a solution containing 1.2 mL TBOT in 20 mL of ethanol/acetonitrile (3:1 v/v) was added to the suspension. The mixture was then stirred for 2 h at room temperature, and the resulting precipitates were centrifuged and washed several times with deionized water.



Afterward, the as-obtained precipitates were re-dispersed in 20 mL deionized water and put in a Teflon-lined stainless steel autoclave with a volume of 30 mL at 180 °C for 10 h. After centrifugation and washing with deionized water, the chlorella/TiO2 composite was obtained.



Pure TiO2 as a control sample was also prepared using the same method but without Chlorella pyrenoidosa cells.




2.3. Characterization


The X-ray diffraction (XRD) patterns were recorded on a Bruker D8-ADVANCE (Bruker Co., Billerica, MA USA) X-ray powder diffractometer with Cu-Kα radiation. Transmission electron microscopy (TEM) images were obtained with a FEI Tecnai G2 F20 S-TWIN microscope (FEI, Hillsboro, AL, USA). Field-emission scanning electron microscopy (FESEM) images were recorded on a Hitachi S4800 elect ron microscope (Hitachi, Ltd., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) analysis was performed with an ESCALAB 250 instrument (Thermo VG Scientific, Waltham, MA, USA). The Brunauer–Emmett–Teller (BET) specific surface area and Barrett–Joyner–Halenda (BJH) analysis were carried out using a Micromeritics 3Flex surface characterization analyzer (Micromeritics Instrument Co., Norcross, GA, USA). A Hitachi U-4100 spectrophotometer (Hitachi, Ltd., Tokyo, Japan) was employed to acquire the UV-vis diffuse reflectance spectra (DRS), and BaSO4 was used as a reference sample.



The behavior of the photogenerated charge carriers in the samples was characterized by surface photocurrent (SPC) and electrochemical impedance spectroscopy (EIS), using our modified method [20]. The electrochemical measurements were acquired on a CHI-660B electrochemical system with a conventional three-electrode cell configuration. A Pt wire was used as a counter electrode and a saturated calomel electrode (SCE) as a reference electrode in an electrolyte solution of 0.5 M Na2SO4. The working electrode was prepared on a 20 mm × 33 mm FTO glass as follows: the FTO glass was firstly cleaned by sonication in acetone for 0.5 h and dried at 80 °C. The boundary of FTO glass was then covered with an insulating tape, with the exposed effective area of 1 cm2. Fifty milligrams of as-prepared products were suspended in 5 mL ethanol, which was then dip-coated on the pretreated FTO glass and annealed at 300 °C for 2 h. The variation in the photoinduced current density as a function of time (i-t curve) was measured at a bias potential of 0.5 V (vs. SCE) over five cycles during which the light was switched on and off. A 300 W Xe lamp with a 420 nm cutoff filter was utilized for the visible-light irradiation. The EIS test was carried out at the open-circuit potential with the frequency range from 0.1 to 106 Hz.




2.4. Photocatalytic Activity Measurements


The photocatalytic activity of RhB degradation was measured using the following methodology: First, the catalysts (50 mg) were dispersed in 50 mL RhB aqueous solution (5 mg/L). Prior to visible-light exposure, the suspension was magnetically stirred in the dark for 30 min to reach the adsorption–desorption equilibrium. Under constant stirring, the mixture was then placed under a 500 W Xe lamp with a 420 nm cutoff filter. Next, using regular irradiation steps, aliquots (4 mL) were withdrawn from the suspension at intervals of 30 min. The RhB concentration change was monitored using UV-Vis absorption spectroscopy at wavelength of 553 nm. After dye degradation, the photocatalyst was centrifuged and washed several times with deionized water and anhydrous ethanol, respectively. The centrifugate was re-suspended in 50 mL RhB aqueous solution (5 mg/L), and used for the next cycle of dye degradation under visible-light irradiation. The RhB degradation efficiency (D%) is calculated using Equation (1):


D% = (1 − C/C0) × 100%



(1)




where C and C0 represent the RhB concentration at time t and the equilibrium concentration of RhB, respectively [21].



The kinetics related to the degradation of RhB was also investigated, and the experimental data were fitted with the pseudo first-order-kinetic equation expressed by Equation (2):


ln(C/C0) = −kt



(2)




where k is the apparent reaction rate constant (min−1).





3. Results and Discussion


The XRD patterns of pure TiO2 and chlorella/TiO2 composite are shown in Figure 1. The chlorella/TiO2 composite is ascribed to the anatase TiO2 phase (JCPDS card No. 21-1272), and exhibits a similar XRD pattern to pure TiO2. Both chlorella/TiO2 composite and pure TiO2 show similar full width at half maximum, suggesting similar grain sizes based on Scherrer’s equation [22,23].


Figure 1. XRD patterns of pure TiO2 and chlorella/TiO2 composite.
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The morphology of the chlorella cells is shown in Supporting Information (Figure S1). The chlorella cells are of sphere-like shape, and do not change after hydrothermal treatment. The morphology of the products was examined by FESEM and the results are depicted in Figure 2. As seen in Figure 2a, the overall image of the chlorella/TiO2 composite shows that the product exhibits a quasi-spherical shape. Although the pure TiO2 shows a similar spherical morphology to the chlorella/TiO2 composite (Figure 2b), the average size of the pure TiO2 is smaller than that of the chlorella/TiO2 composite. As exhibited in Figure S2, the average sizes of the pure TiO2 and chlorella/TiO2 composite are 620 and 790 nm, respectively. This result shows that the Chlorella pyrenoidosa cells play an important role in mediating the crystal growth of the products. The TEM images shown in Figure 2c,d reveal that the chlorella/TiO2 composite is composed of nanocrystals of about 12 nm in size. The HRTEM image estimates the d-spacing between two consecutive planes to be about 0.35 nm, agreeing well with the d (101) values of the anatase phase. The polycrystalline anatase phase is further confirmed by the selected area electron diffraction (SAED) pattern (Figure 2f), which is consistent with the XRD powder pattern.


Figure 2. Field-emission scanning electron microscopy (FESEM) images of (a) the chlorella/TiO2 composite and (b) the pure TiO2; (c) TEM image of the chlorella/TiO2 composite; (d) Enlarged TEM image of a representative chlorella/TiO2 composite; (e,f) HRTEM image and SAED pattern of the chlorella/TiO2 composite, respectively.
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Figure 3 shows the XPS results for the chlorella/TiO2 composite. As shown in Figure 3a, the XPS survey spectrum illustrates the presence of signals of O 1s, Ti 2p, and C 1s. The XPS high-resolution core level spectra are shown in Figure 3b–d. The high-resolution scanning spectrum of O 1s displayed in Figure 3b shows two peaks: 530.9 eV and 529.8 eV. The peak at 530.9 eV can be attributed to the Ti–O binding [24], and the low binding energy component located at 529.8 eV could be due to the oxygen in the oxide lattice [25]. Figure 3c shows a Ti 2p XPS spectrum. Two peaks are observed at 464.4 eV and 458.6 eV, which are assigned respectively to the Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting photoelectrons in the Ti4+ state in anatase titanium [26]. As shown in Figure S3, the binding energy of Ti in the chlorella/TiO2 composite does not exhibit evident changes, compared with that of the pure TiO2. As shown in Figure 3d, C 1s spectrum exhibits two peaks at 288.5 eV and 284.7 eV. The peak at 288.5 eV corresponds to the C=O from carbonyls and carboxylates, and the peak at 284.7 eV is attributed to the carbon from chlorella cells and/or contamination. Compared with the pure TiO2, the chlorella/TiO2 composite has higher C 1s content due to the richness of the carbon from chloral cells, which is shown in Table S1. However, the peaks corresponding to the Ti–C bond (282 eV), Ti 2p1/2 (466.0 eV) and Ti 2p3/2 (460.3 eV) were absent, indicating no carbon doping in the lattice of TiO2 [27].


Figure 3. (a) XPS spectra of the chlorella/TiO2 composite; High-resolution XPS spectra of (b) C 1s; (c) Ti 2p; and (d) C 1s.
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Figure 4 shows the DRS results of the two samples. The pure TiO2 exhibits strong absorption in the ultraviolet region, due to the transition of the excited state electrons from the valence band (VB) to the conduction band (CB) under the UV irradiation. In comparison with the pure TiO2, the chlorella/TiO2 composite shows elevated visible-light absorbance intensities, which contributes to the improvement of the photocatalytic activity under visible-light irradiation.


Figure 4. UV-vis diffuse reflectance spectra (DRS) of the chlorella/TiO2 composite and the pure TiO2.
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The N2 adsorption and desorption isotherms are shown in Figure 5. According to IUPAC classification [14], both the chlorella/TiO2 composite and the pure TiO2 should have similar isotherm curves (type IV) and H1 hysteresis loops. The surface areas of the chlorella/TiO2 composite and the pure TiO2 are estimated to be 138.5 m2/g and 130.1 m2/g, respectively. Due to the similar surface areas, it is conferred that the surface area should not be the primary factor devoted to the visible-light-driven photocatalytic performance enhancement. The mesoporous structures of both samples are further confirmed by the pore size distribution analysis, shown in the inset of Figure 5. The mesoporous peaks for the chlorella/TiO2 composite and the pure TiO2 are estimated to be 13.7 nm and 15.6 nm, respectively. Although the two samples exhibit narrowly distributed mesopores, the chlorella/TiO2 composite shows a macroporous peak at ca. 56.1 nm, which further contributes to the entrancement of the dye molecules during the photocatalysis.


Figure 5. Nitrogen adsorption isotherms for the chlorella/TiO2 composite and the pure TiO2, respectively. The inset shows typical plots of the size distribution.
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To study the separation and transfer behavior of the photogenerated charges in the visible region, SPC and EIS were performed and the results are shown in Figure 6. Figure 6a shows the result of the SPC of the samples. It can be seen that a steady and prompt photocurrent generation is observed in the two samples under visible-light irradiation. The chlorella/TiO2 composite exhibits a higher photocurrent density, compared with the pure TiO2, suggesting enhanced photoinduced separation of electron/hole pairs [28]. The EIS result of the samples is shown in Figure 6b. The semicircle in EIS Nyquist plot of chlorella/TiO2 composite becomes shorter than that of the pure TiO2, suggesting a decrease in the solid-state interface layer resistance and the charge transfer resistance on the surface [29]. The result indicates the effective separation of photogenerated electron/hole pairs and fast interfacial charge transfer in the chlorella/TiO2 composite.


Figure 6. Surface photocurrent (SPC) (a) and electrochemical impedance spectroscopy (EIS) (b) results of the samples.
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The photocatalytic activities were examined through the degradation of RhB solution under visible-light illumination. For comparison, the photocatalytic activity of commercial TiO2 (P25) was also tested under the same reaction conditions. As shown in Figure 7a, RhB dye cannot be degraded in the absence of the photocatalysts under visible-light irradiation, confirming the photostability of the dye. After 90 min irradiation with visible light, around 78.5% and 83.7% of RhB are degraded by the pure TiO2 and P25, respectively. While after the same time, 95.9% of the RhB is successfully degraded in the presence of the chlorella/TiO2 composite. The result demonstrates that the chlorella/TiO2 composite has the highest photocatalytic activity, due to the coupling of TiO2 with the biotemplates. Figure 7b shows the kinetics lines. From the slopes of the curves, the k for the chlorella/TiO2 composite, the pure TiO2 and P25 is determined as −0.0299, −0.0155 and −0.0156 min−1, respectively. The valid photocatalyst is TiO2 that is only part of the chlorella/TiO2 composite. Although the actual content of TiO2 in the chlorella/TiO2 composite is lower as compared with the pure TiO2, the chlorella/TiO2 composite is able to degrade the RhB much faster than another sample.


Figure 7. (a) Photocatalytic degradation of rhodamine (RhB) solution with the samples under visible-light irradiationhotocataly; (b) Photodegradation kinetics lines.
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In addition, the hydrothermal treatment is found to play an important role in the preparation of the samples. It is well known that TiO2 exhibits an amorphous phase, using the sol-gel method of TBOT [30,31]. The chlorella/TiO2 composite and pure TiO2 can be transferred from amorphous to anatase phase (JCPDS card No. 21-1272) through the hydrothermal treatment, which is confirmed by the XRD patterns (Figure S4). As shown in Figure S5, the amorphous products reveal lower visible-light-driven photocatalytic activities for degradation of RhB.



A recycling experiment was also performed to verify the photocatalytic performance of the chlorella/TiO2 composite. As shown in Figure 8, the catalyst still exhibits high photocatalytic activity towards RhB with a degradation rate of 82.3% after the four cycles, indicating a good stability.


Figure 8. The photocatalytic stability of the chlorella/TiO2 composite towards the degradation of RhB.
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Zhang et al. synthesized spirulina/TiO2 composite to degrade methyl orange (MO) under visible-light irradiation [12]. They obtained a similar k value to ours for the composite, however, they have not compared P25 with the as-prepared composite, and the stability of the composite has not been determined. Our results confirm that the algae, such as spirulina and chlorella, can be used as an efficient sensitizing source to improve the visible-light photocatalytic activity of TO2. Moreover, there are abundant algae in the sea and freshwater, which presents a new method in mass-fabricating photocatalysts.



Previous studies have shown that dye sensitization is a useful method to induce visible-light photocatalysis on the surfaces of wide band-gap semiconductors, such as TiO2 [32]. Chlorella is rich in β-carotene and chlorophyll. When these dyes are adsorbed on TiO2 through the weak Van der Waals interaction, TiO2 becomes sensitized which raises its photocatalytic activity. Before the hydrothermal process, two important factors are found to influence the photocatalytic performance. Firstly, TiO2 only exhibits the amorphous phase, which leads the lower photocatalytic activities. Secondly, most photosynthesis pigments (PBPs) cannot be released from the Chlorella cells to combine with TiO2, due to the limitation of the cell walls. The schematic diagram of visible-light activation of TiO2 by dye sensitization is shown in Figure 9. Under the visible-light illumination, the adsorbed dye molecules on the surface are excited and electrons are injected into the CB of TiO2 [32]. The electrons injected by the dye molecules are then quickly transferred to the surface of TiO2. The electrons can reduce the oxygen absorbed on the catalyst to superoxide radical O2−, which is the reactive species responsible for the degradation of RhB [33,34].


Figure 9. The mechanism of visible-light activation of TiO2 by dye sensitization.
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4. Conclusions


A hydrothermal method was used to immobilize TiO2 nanoparticles on Chlorella pyrenoidosa cells. Compared with the pure TiO2, the obtained chlorella/TiO2 composite has larger average sizes and higher absorbance in the visible-light region. The chlorella/TiO2 composite exhibits enhanced photocatalytic activity towards the degradation of RhB dye under visible-light irradiation. The likely reaction mechanism is linked to the highly efficient charge separation of electron/hole pairs due to the sensitization of anatase TiO2 with the photosynthesis pigments of chlorella cells.








Supplementary Materials


The following are available online at www.mdpi.com/1996-1944/10/5/541/s1. Figure S1: Optical images of the chlorella cells before and after hydrothermal treatment, Figure S2: Particle size distribution of the chlorella/TiO2 composite and pure TiO2, Figure S3: Ti 2p XPS spectra of the two analyzed samples, Table S1: The C 1s and O 1s contents in the samples, extracted from the XPS data, Figure S4: XRD patterns of the chlorella/TiO2 composite and pure TiO2 before and after the hydrothermal treatment, Figure S5: Photocatalytic degradation of RhB solution with the samples without the hydrothermal treatment under visible-light illumination.





Acknowledgments


We gratefully acknowledge the support of the National Natural Science Foundation of China (51402087, 21677046), and the Program for the Top Young Talents of Higher Learning Institutions of Hebei Province (BJ2014026).




Author Contributions


Aijun Cai and Zichuan Ma conceived and designed the experiments; Aiying Guo contributed to characterization; Aijun Cai and Aiying Guo performed the experiments; Aijun Cai and Zichuan Ma analyzed and interpreted the obtained findings and drafted the manuscript together.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Bazri, B.; Lin, Y.; Lu, T.; Chen, C.; Kowsari, E.; Hu, S.; Liu, R. A heteroelectrode structure for solar water splitting: Integrated cobalt ditelluride across a TiO2-passivated silicon microwire array. Catal. Sci. Technol. 2017, 7, 1488–1496. [Google Scholar] [CrossRef]

	2. 
Hu, J.; Cao, Y.; Wang, K.; Jia, D. Green solid-state synthesis and photocatalytic hydrogen production activity of anatase TiO2 nanoplates with super heat-stability. RSC Adv. 2017, 7, 11827–11833. [Google Scholar] [CrossRef]

	3. 
Lee, Y.-S.; Gopi, C.V.V.M.; Eswar, R.A.; Nagaraju, C.; Kim, H. High performance of TiO2/CdS quantum dot sensitized solar cells with a Cu-ZnS passivation layer. New J. Chem. 2017, 41, 1914–1917. [Google Scholar] [CrossRef]

	4. 
Gao, X.; Li, J.; Gollon, S.; Qiu, M.; Guan, D.; Guo, X.; Chen, J.; Yuan, C. A TiO2 nanotube network electron transport layer for high efficiency perovskite solar cells. Phys. Chem. Chem. Phys. 2017, 19, 4956–4961. [Google Scholar] [CrossRef] [PubMed]

	5. 
Yao, Y.; Qin, J.; Chen, H.; Wei, F.; Liu, X.; Wang, J.; Wang, S. One-pot approach for synthesis of N-doped TiO2/ZnFe2O4 hybrid as an efficient photocatalyst for degradation of aqueous organic pollutants. J. Hazard. Mater. 2015, 291, 28–37. [Google Scholar] [CrossRef] [PubMed]

	6. 
Ullah, K.; Ye, S.; Lei, Z.; Cho, K.; Oh, W. Synergistic effect of PtSe2 and graphene sheets supported by TiO2 as cocatalysts synthesized via microwave techniques for improved photocatalytic activity. Catal. Sci. Technol. 2015, 5, 184–198. [Google Scholar] [CrossRef]

	7. 
Ji, S.M.; Jun, H.; Jang, J.S.; Son, H.C.; Borse, P.H.; Lee, J.S. Photocatalytic hydrogen production from natural seawater. J. Photochem. Photobiol. A 2007, 189, 141–144. [Google Scholar] [CrossRef]

	8. 
Ho, W.; Yu, J.C. Sonochemical synthesis and visible light photocatalytic behavior of CdSe and CdSe/TiO2 nanoparticles. J. Mol. Catal. A 2006, 247, 268–274. [Google Scholar] [CrossRef]

	9. 
Jagadale, T.C.; Takale, S.P.; Sonawane, R.S.; Joshi, H.M.; Patil, S.I.; Kale, B.B.; Ogale, S.B. N-doped TiO2 nanoparticle based visible light photocatalyst by modified peroxide sol−gel method. J. Phys. Chem. C 2008, 112, 14595–14602. [Google Scholar] [CrossRef]

	10. 
Niu, M.; Cui, R.; Wu, H.; Cheng, D.; Cao, D. Enhancement mechanism of the conversion effficiency of dye-sensitized solar cells based on nitrogen-, fluorine-, and iodine-doped TiO2 photoanodes. J. Phys. Chem. C 2015, 119, 13425–13432. [Google Scholar] [CrossRef]

	11. 
Zhang, H.; Tao, Z.; Tang, Y.; Yang, M.; Wang, G. One-step modified method for a highly efficient Au-PANI@TiO2 visible-light photocatalyst. New J. Chem. 2016, 40, 8587–8592. [Google Scholar] [CrossRef]

	12. 
Tu, Y.D.; Zhou, Z.; Yan, R.J.; Gan, Y.P.; Huang, W.Z.; Weng, X.X.; Huang, H.; Zhang, W.K.; Tao, X.Y. Bio-template synthesis of spirulina/TiO2 composite with enhanced photocatalytic performance. RSC Adv. 2012, 2, 10585–10591. [Google Scholar] [CrossRef]

	13. 
Xia, Y.; Zhang, W.; Huang, H.; Gan, Y.; Xiao, Z.; Qian, L.; Tao, X. Biotemplating of phosphate hierarchical rechargeable LiFePO4/C spirulina microstructures. J. Mater. Chem. 2011, 21, 6498–6501. [Google Scholar] [CrossRef]

	14. 
Nagappan, S.; Park, J.J.; Park, S.S.; Lee, W.; Ha, C. Bio-inspired, multi-purpose and instant superhydrophobic-superoleophilic lotus leaf powder hybrid micro-nanocomposites for selective oil spill capture. J. Mater. Chem. A 2013, 1, 6761–6769. [Google Scholar] [CrossRef]

	15. 
Hu, P.; Hu, X.; Chen, C.; Hou, D.; Huang, Y. Biomaterial-assisted synthesis of AgCl@Ag concave cubes with efficient visible-light-driven photocatalytic activity. CrystEngComm 2014, 16, 649–653. [Google Scholar] [CrossRef]

	16. 
Zhou, H.; Fan, T.; Li, X.; Zhang, D.; Guo, Q.; Ogawa, H. Biomimetic photocatalyst system derived from the natural prototype in leaves for efficient visible-light-driven catalysis. J. Mater. Chem. 2009, 19, 2695–2703. [Google Scholar] [CrossRef]

	17. 
Cai, A.; Du, L.; Wang, Q.; Chang, Y.; Wang, X.; Guo, X. Kelp-inspired N–I-doped ZnO photocatalysts with highly efficient catalytic activity. Mater. Sci. Semicond. Proc. 2016, 43, 25–33. [Google Scholar] [CrossRef]

	18. 
Cai, A.; Sun, Y.; Chang, Y.; Guo, A.; Du, L. Biopolymer-assisted in situ route toward Cu hollow spheres as antibacterial materials. Mater. Lett. 2014, 134, 214–217. [Google Scholar] [CrossRef]

	19. 
Cai, A.; Wang, X.; Qi, Y.; Ma, Z. Hierarchical ZnO/S,N:GQD composites: Biotemplated synthesis and enhanced visible-light-driven photocatalytic activity. Appl. Surf. Sci. 2017, 391, 484–490. [Google Scholar] [CrossRef]

	20. 
Bu, Y.; Chen, Z.; Li, W.; Hou, B. Highly efficient photocatalytic performance of graphene-ZnO quasi-shell-core composite material. ACS Appl. Mater. Interfaces 2013, 5, 12361–12368. [Google Scholar] [CrossRef] [PubMed]

	21. 
Cai, A.; Wang, Q.; Chang, Y.; Wang, X. Graphitic carbon nitride decorated with S,N co-doped graphene quantum dots for enhanced visible-light-driven photocatalysis. J. Alloys Compd. 2017, 692, 183–189. [Google Scholar] [CrossRef]

	22. 
Jacob, N.M.; Madras, G.; Kottam, N.; Thomas, T. Multivalent Cu-doped ZnO nanoparticles with full solar spectrum absorbance and enhanced photoactivity. Ind. Eng. Chem. Res. 2014, 53, 5895–5904. [Google Scholar] [CrossRef]

	23. 
Xing, M.; Li, W.; Wu, Y.; Zhang, J.; Gong, X. Formation of new structures and their synergistic effects in boron and nitrogen codoped TiO2 for Enhancement of photocatalytic performance. J. Phys. Chem. C 2011, 115, 7858–7865. [Google Scholar] [CrossRef]

	24. 
Shi, N.; Li, X.; Fan, T.; Zhou, H.; Ding, J.; Zhang, D.; Zhu, H. Biogenic N–I-codoped TiO2 photocatalyst derived from kelp for efficient dye degradation. Energy Environ. Sci. 2011, 4, 172–180. [Google Scholar] [CrossRef]

	25. 
Quero, F.; Nogi, M.; Lee, K.; Poel, G.V.; Bismarck, A.; Mantalaris, A.; Yano, H.; Eichhorn, S.J. Cross-linked bacterial cellulose networks using glyoxalization. ACS Appl. Mater. Interfaces 2010, 3, 490–499. [Google Scholar] [CrossRef] [PubMed]

	26. 
Shah, M.S.A.S.; Park, A.R.; Zhang, K.; Park, J.H.; Yoo, P.J. Green synthesis of biphasic TiO2—Reduced graphene oxide nanocomposites with highly enhanced photocatalytic activity. ACS Appl. Mater. Interfaces 2012, 4, 3893–3901. [Google Scholar] [CrossRef] [PubMed]

	27. 
Wen, Y.; Ding, H.; Shan, Y. Preparation and visible light photocatalytic activity of Ag/TiO2/graphene nanocomposite. Nanoscale 2011, 3, 4411–4417. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lu, Y.; Lin, Y.; Xie, T.; Shi, S.; Fan, H.; Wang, D. Enhancement of visible-light-driven photoresponse of Mn/ZnO system: Photogenerated charge transfer properties and photocatalytic activity. Nanoscale 2012, 4, 6393–6400. [Google Scholar] [CrossRef] [PubMed]

	29. 
Zhang, H.; Lv, X.; Li, Y.; Wang, Y.; Li, J. P25-graphene composite as a high performance photocatalyst. ACS Nano 2010, 4, 380–386. [Google Scholar] [CrossRef] [PubMed]

	30. 
Yuan, J.; Zhou, S.; Wu, L.; You, B. Organic pigment particles coated with titania via sol−gel process. J. Phys. Chem. B 2006, 110, 388–394. [Google Scholar] [CrossRef] [PubMed]

	31. 
Du, J.; Zhang, J.; Liu, Z.; Han, B.; Jiang, T.; Huang, Y. Controlled synthesis of Ag/TiO2 core-shell nanowires with smooth and bristled surfaces via a one-step solution route. Langmuir 2006, 22, 1307–1312. [Google Scholar] [CrossRef] [PubMed]

	32. 
Rehman, S.; Ullah, R.; Butt, A.M.; Gohar, N.D. Strategies of making TiO2 and ZnO visible light active. J. Hazard. Mater. 2009, 170, 560–569. [Google Scholar] [CrossRef] [PubMed]

	33. 
Yan, S.C.; Li, Z.S.; Zou, Z.G. Photodegradation of rhodamine B and methyl orange over boron-doped g-C3N4 under visible light irradiation. Langmuir 2010, 26, 3894–3901. [Google Scholar] [CrossRef] [PubMed]

	34. 
Cho, S.; Jang, J.; Lee, J.S.; Lee, K. Carbon-doped ZnO nanostructures synthesized using vitamin C for visible light photocatalysis. CrystEngComm 2010, 12, 3929–3935. [Google Scholar] [CrossRef]

























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  materials-10-00541


  
    		
      materials-10-00541
    


  




  





media/file8.jpg
Quality adsorbed (cmalg STP)

300+
2504
2004

aVogh (cmlg STP)

1504

1004

50

Pure TiO.
Chiorella/TiO, composite

% @ @ & %
Pore diameter (am)

—a— Pure TiO,

- Chlorella/TiO, composite

0.0

02 04 06 08
Relative pressure (P/Pg)

1.0






media/file11.png
200

d
2 —— Chlorella/TiO, composite
=2 Pure TiO,
=
© 100 r\
T
®]
g iNs
= 50 -
v
O ! [ ! | | | |
0 50 100 150 200 250 300
Time (s)
14000 A b
12000 -
10000 -
E 8000+ _ . "
S - . . .
- 60004 . ..
N | ]
4000 =
! .. = Pure TiO,
2000 'V"\ e Chlorella/TiO, composite
O | T ] | |
0 5000 10000 15000 20000

Z' (ohm)





media/file6.jpg
Absorbance(a.u.)

Chlorella/TiO, composite

200 300 400 500 600 700 800
Wavelength (nm)





media/file1.png
—— Pure TiO2

(LoL)

— Chlorella/TiO, composite

(G1L2)

(022)
(9L1)

(¥02)

Go::&

(002)

(ZL1)

(¥00) GOl

(‘n-e) Ajisuajuj

20 30 40 50 60 70 80
2-Theta (degree)

10





media/file13.png
—~~
(=

o

S

] E a
1.0 - .
1 —a— RhB
0.8 - —e— Chlorella/TiO, composite
- —A— Pure TiO2
0.6 - ; —v P25
" E \
0.2- :
0.0 i e
-30 0 30 60 90 120
Irradiation time (min)
3.5
] 'b
3.0- ° ChIoreIIa/TiO2 composite, K= 0.0299 min™’
v P25,K=0.0156 min”
25| 4 PureTiO, K=00155 min”’
2.04
i v
1 5 7] //
] v
1.0 1 _
0.5+
1
OO | ' I ! I ! | '
0 20 40 60 80 100

Irradiation time (min)





media/file10.jpg
Photocurrent (A)

200

150

100

50

14000
12000
10000
8000
6000
4000
2000

a
OFF
—— ChlorellaTio, composite
Pure TiO,
- \ q
o L Lm
0 50 100 150 200 300
Time (s)

= PueTO,
ChiorellaTiO, composite

0 5000 10000 15000 20000
Z' (ohm)





media/file7.png
Absorbance(a.u.)

Chlorella/TiO, composite

PureTiO2

200 300 400 500 600 700 800
Wavelength (nm)





media/file12.jpg
12

a
104 . . .
. e
08 - ChorelarTio, compesie
+ PueTO,

06 P
g .
O o4 a

02 2

00 ' »

-30 [4 30 60 %0 120
Irradiation time (min)
3s
30 crowamio,composte k= 06250 b
v P25K=00156 min’

25] & PweTio, KeCorsSmn
320 "
g
S
S1s
= 2

10 T

.
05 <
00
0 20 40 60 8 100

Irradiation time (min)





media/file9.png
Quality adsorbed (cm3lg STP)

300 -
250—-
200—-
150—-
100—-

50 -

dV/logD (cm3/g STP)

1.4 1
1.2

-0.2

1.0

—e— Pure TiO,

—=— Chlorella/TiO, composite

T g T g T T T T T T
20 40 60 80 100
Pore diameter (nm)

—a— Pure TiO,

—eo— Chlorella/TiO, composite

0.0

02 04 06 08
Relative pressure (P/Pg)

1.0






media/file14.jpg
1004

T T T T
o o o (=
o © < «

(%) @yes uonepeibaq

Cycles





media/file16.jpg
0"

® o w0 y Visible light
TN He

HOMO
dye—»dye*
dye*—» dye* + e





media/file5.png
Intensity (a.u.)

Intensity (a.u.)

O1s
ad

survey

A

Ti2p

1200 1000 800 600 400

Binding energy (eV)

458.6 eV
C

T12p

464.4 eV

470 468 466 464 462 460 458 456 454 457

Binding energy (eV)

Intensity (a.u.)

Intensity (a.u.)

b 529.8 eV
Ols
530.9 eV
534 533 532 531 530 529 528 527
Binding energy (eV)
g 284.7 eV
Cls
288.5 eV
|
202 200 288 286 284 282

Binding energy (eV)






media/file15.png
100 -

| . | T T T T
o © <t N

(%) @1e4 uonepeibag

Cycles





media/file3.png
e (200)

(103)

(101)
(105)






media/file17.png
. LUNV Visible light

h™  HOMO

dye —»dye*
dye*—» dye’ + e





media/file4.jpg
e
a b 528V
survey 2o Ols
z )/
H s09ev) \
e H] pY% \
]
0 1000 w0 60 40 20 0 53 S8 s sh s s s 527
Binding energy (6¥) Binding enargy (8V)
5860V p—
c d
Ti2p Cls
z
ey g
H 24507
470 486 4B 454 462 430 456 4B 434 4z 292 200 206 206 264 22
Binding energy (eV) Binding anergy (V)





media/file0.jpg
Intensity (a.u.)

—— Pure TiO,
Chlorella/TiO, composite
10 20 30 40 50 60 70 80

2-Theta (degree)





media/file2.jpg





