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Abstract : 

An artificial leaf from titanium dioxide (TiO2) nanoparticle and multiwalled carbon nanotubes 

(MWNTs) on different substrates e.g, cast iron, indium tin oxide (ITO) coated glass, etc has been 

fabricated and tested for its performance. MWNTs was selected as one component due to its 

special structures and unique electronic properties; MWNTs has the potential to extend the 

photo response range of TiO2 to visible-light region by modification of band gap and/or 

sensitization and increase the photo-activity of TiO2 by contribution to high surface area and 

inhibition of electron-hole recombination. MWNTs-TiO2 nano-composite with significant  

photo-activity has been synthesized successfully by  direct growth of TiO2 nano-particles on the 

surface of the functionalized MWNTs using the hydrothermal treatment process. MWNTs have 

shown a synergy effect on enhancing photo-activity for H2 evolution over a mixture of MWNTs 

and TiO2.  
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1. INTRODUCTION 

An artificial leaf is a light harvesting tool that attempts to capture sunlight and preserve it into a 

valuable energy source for our future use. It maximizes the efficiency in gathering solar power by 

mimicking the process of photosynthesis. It is a device that can bind  sunlight by splitting water into H2 

and O2.  It operates under simple conditions with different catalytic materials bonded onto the two 

sides of the leaf, e.g., silicon layer coated with cobalt based catalyst can releases oxygen. It may release 

hydrogen from water molecules if the  other side of the silicon sheet if coated with nickel molybdenum 

zinc alloy. However, the main objectives  are to efficiently convert water H2 and O2. Hydrogen is 

generally produced from water by its electrolysis and stored in its molecular level by some metal 

hydrides; though these hydrides require a sophisticated storage system [1].  As H2 has the possibility  to 

be a sustainable, sparkling, and abundant energy source, many scientist are attracted to work on it 

[2-4]. Inspired by natural photosynthesis, artificial leaf is designed to capture solar energy for 

water-splitting. Recent developments based on molecular or nanostructure designs have led to 

advances in our understanding of light-influenced charge separation and simultaneously  catalytic 

water oxidation and reduction [5].  Hydrogen fuel cell vehicles are already  started  which only emit 

water when driven. Producing hydrogen at low cost from water using the clean energy from the sun 

would be a great challenge.  
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II. EXPERIMENTALS 

 

Materials :  

MWNTs of grade CM-95 was supplied by Iljin Nanotech Co. (Seoul, Korea), with an average diameter 

of 10–15 nm, length of 10–20 mm, and a purity of 95%. TiO2 from Sigma-Aldrich, anatase grade, 

particle size: ~25 nm, sp. surface area: 45-55 m2/g, mp: 1825oC, ITO coated glass:  Sigma-Aldrich, 

surface resistivity: 8 ~ 12 Ω/sq 

                

Preparation of functionalized MWNTs (f-MWNTs):  

 

About 2.0 g of MWNTs was taken in a 500mL flask equipped with a condenser and 20mL of 60% 

HNO3 and 60mL of 98% H2SO4 were added to it with vigorous stirring (Scheme 1). It was sonicated 

using a high-power ultrasonic processor for 10 min, stirred for 1 h under reflux (110oC), then a dense 

brown gas was collected and treated with a NaOH aqueous solution connected to the condenser. After 

cooling to room temperature, the reaction mixture was diluted with 100mL of distilled water and 

vacuum filtered through a filter paper (Minipore 1.0 mm). The solid was dispersed in 100mL of water 

and filtered again. To make the filtrate neutral the dispersion, filtering, and washing steps were 

continued. To remove most of the water from the sample , the filtered solid was then washed with 50 

mL of acetone. Then the solid was dried under vacuum at 60oC for 24 h to get the carboxylated 

MWNTs.  

 

                    
 

                                    Scheme 1. Functionalization of MWNTs 

 

Active Materials Preparation: 

 

To make active materials for the artificial leaf, we dissolved TiO2 (0.95 g) into methanol (50 mL) in a 

beaker, then f-MWNTs (0.05 g) was also dispersed into methanol (50 mL) in another beaker and 

sonicated for 5 min. MWNTs dispersion was mixed with the TiO2 solution and homogenized by 

sonication for another 20 min.  

 

 Sample preparation for leaf performance test: 

 

Finally, the mixture was drop casted on different substrates (1 cm × 4 cm) e.g, cast iron, indium tin 

oxide (ITO) coated glass and dried for 2h at 110oC under vacuum to remove moisture. The sample thus 

prepared is called artificial leaf.   

 

III.  CHARACTERIZATION:  

 

Fourier transform-infrared (FT-IR) measurements were performed using a Jasco FT-IR 300E by 

attenuated total reflectance method. To investigate the structural changes of MWNTs before and after 

the acid treatment Raman spectroscopy was used.  He-Ne laser with 632.8 nm (1.96 eV) was used as 

the light source. To adjust the power of the laser ,  optical filters were used. The spot on the surface of 

the sample was focused to a diameter of approximately 2 mm.  The resolution of the Raman spectra 

was 1 cm-1. A charge-coupled device (CCD) was cooled by liquid nitrogen to collect Raman signals. 
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Wide-angle X-ray diffraction measurements using CuK radiation and a nickel filter were carried out 

in an X-ray diffractometer (Bruker AXS). The diffraction was recorded in the angular range of 2θ = 0 ~ 

40o at a scanning speed 5o/min. The area ratio of crystalline peaks to the total area of crystalline and 

amorphous peaks was used as the measure of crystallinity. 

 

The morphology of the nanomaterials was observed with a scanning electron microscope (S-4200, 

Hitachi, Tokyo, Japan). The powder was sputter-coated with gold for  scanning under SEM at a 0o tilt 

angle.  For MWNTs, the process was followed. The morphological analysis was also carried out with 

TEM. Samples for TEM were prepared by the dispersion of the sample in ether and subsequent 

placement of a drop of the suspension on one side of the transparent polymer-coated 200-mesh copper 

grid. TEM images were taken from Tokyo, Japan with a Zeiss LIBRA-120. TEM being combined with 

state-of-the-art electron optics with unique Koehler illumination. 

 

IV.   RESULTS & DISCUSSION: 

 

Spectral analysis : 

Figure 1 shows the first-order Raman spectra of the pristine MWNTs and carboxylated MWNTs. Two 

peaks at 1320 and 1579 cm-1 were obtained for  pristine MWNTs assigned to the tangential mode 

(G-band and  disorder mode (D-band) and), respectively. The D-band appears at a somewhat higher 

value (1331 cm-1) whereas the G-band remains almost the same (1579 cm-1) in the carboxylated 

MWNTs, The D-band intensity increases in carboxylated MWNTs compared to that in the pristine 

MWNTs, and its peak intensity ratio (ID/IG  1.58) also exceeds that of pristine MWNTs (ID /IG  1.25). 

This may be due to the  damage  of double bond in the MWNTs by means of the strong oxidizing acids. 

 

                 
 

Fig. 1 Raman spectra of the pristine MWNTs          Fig. 2 FTIR spectra of the pristine MWNTs 

          and carboxylated MWNTs                                        and carboxylated MWNTs. 

 

FT-IR spectrum of pristine MWNTs shows a weak peak at 1633 cm-1 corresponding to C=O stretching, 

indicative of few carboxylic acid groups present in the pristine MWNTs (Fig.2). After the oxidation 

with the acids mixture, C=O stretching is shifted to 1695 cm-1 and 1560 cm-1. These peaks may be due 

to free carbonyl groups and hydrogen-bonded carbonyl groups of the f-MWNTs, respectively. This is 

indicative of successful functionalization of MWNTs. 

Morphology of the Nano-materials : 
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The neat MWNTs show a random arrangement of the nanotubes, with a few agglomerations in some 

places, as shown in Figure 3(a). This shows  that the distribution of MWNTs is not so  good because of 

low interfacial interactions between the MWNTs. Figure 3(b) shows the TEM photographs of 

f-MWNTs. It shows that the MWNTs remain integral; there is no appreciable break of their length, and 

they remain as the aggregated structure. The TEM results indicates  that the surface morphology has 

changed and  roughness has increased significantly because of the surface functionalization of 

MWNTs (Fig. 3c). 

 

       
(a)                                                   (b)                                               (c) 

Fig.3 (a) SEM photomicrograph of f-MWNTs, (b) TEM image of f-MWNTs at 100nm scale & (c) 

TEM image of f-MWNTs at 50 nm scale 

Fig.4 (a) shows the SEM photomicrograph of TiO2, here the particle size is found to be within 10~20 

nm, which is also been observed from the TEM image (Fig. 4 (b)). 

        
(a)                                                          (b)                                             (c) 

          Fig.4  (a) SEM of TiO2,  (b) TEM of TiO2 nanoparticles   (c) XRD pattern of TiO2 

 

The XRD spectrum of the nanoparticles is shown in Fig. 4(c). The nanoparticles showed crystalline 

nature with 2θ peaks lying at 2θ = 25.5o for 101 plane, 2θ = 37.6o for 004 plane and 2θ = 47.7o for 200. 

All the peaks in the XRD patterns can be indexed as anatase phases of TiO2. 

 

Leaf Performance : 

Fig.5 (a) shows the photograph of the artificial leaf developed by drop casting on ITO with MWNTs & 

TiO2 photoactive materials, Fig. 5(b) shows artificial leaf producing H2, and Fig.5(c) shows the 

working model of the H2 production process. As the incident light falls on the artificial leaf, one part is 

absorbed by the leaf surface; the other part becomes concentrated and propagates within the artificial 

leaf with much higher intensity. The pathway of light through the artificial leaf is complicate as the 

light entering an artificial leaf becomes highly scattered, partially absorbed, partially by multiple 

reflections from the numerous interfaces encountered as light passes through the artificial leaf. The 

three-dimensional interconnected nanolayered constructions of artificial stacks have high surface areas 
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for further light-harvesting. Since TiO2 is a good UV light absorber; the valence electron is excited 

absorbing light and easily shifted to the conduction band (Fig 6a). The synergy of the above factors 

increases the overall light-harvesting. Thus our MWNTs / TiO2 on cast iron system have shown the 

highest rate of production of H2 gas (i.e., 63 mL in 30 min under sunlight and applied voltage of 12 V) 

as compared with the other systems studied due to its ease electron generation from TiO2 and afterward 

faster electron mobility through MWNTs (Fig.6(b)). 

 

                                                     
      (a)                                              (b)                                                   (c)                                       

 

Fig.5  Artificial Leaf developed (a) MWNTs & TiO2 drop casted on ITO,   (b) Artificial leaf 

         producing H2,  (c) Working Model 

 

 

 

           
        Fig. 6  (a) Working principal of artificial leaf,           (b) Volume of H2 produced (in 30 min). 

 

 

  The higher performance of the artificial leaf based on the cast iron may be due to the better chemical 

interaction of TiO2 with f-MWNTs and excellent electron transport characteristics of f-MWNTs 

(Fig.7).  
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                     Fig. 7  Titanium dioxide (TiO2) coatings on multi-walled carbon 

                                           Nanotubes  prepared as a photo-catalyst. 

 

V. CONCLUSIONS : 

 If the artificial leaf  used succesfully as predicted it would be very much beneficial for the society. 

Because the leaf gives us access to hydrogen as a fuel, we may certainly solve the great challenge of 

finding a renewable energy resource to benefit communities worldwide. The use of extracted hydrogen 

as an alternative fuel will create another avenue for enery sources. The higher performance of the 

artificial leaf based on the cast iron compared to the ITO coated glass may be due to the better chemical 

interaction of TiO2 with f-MWNTs and excellent electron transport characteristics of f-MWNTs. 

Hydrogen fuel could potentially go towards cars or electricity, solving major problems associated with 

such areas. Also, using hydrogen as fuel we may reduce air pollutants by eliminating the need to use 

fossil fuels as power sources. If hydrogen became a plentiful fuel source because of the artificial leaf, 

this fuel and energy could be used to solve other engineering challenges.  
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