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Chapter 5 
 

 

 

 

Application of FTO/MWCNT/MxOy composite 

anodes prepared via electrophoretic 

deposition using sodium 1-pyrene sulphonate. 

Towards optimization of charge carrier 

transport in WOC/dye sensitized photoanodes. 
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5.1 Introduction 

 

FTO/TiO2 electrodes are the most commonly applied substrates for the immobilization of 

molecular water oxidation catalysts and sensitizers for the construction of photoanodes that are 

active in the (photo)electrocatalytic oxidation of H2O (see chapter 1). In chapter 3 it was 

demonstrated that the co-immobilization of water oxidation catalyst 2 and Pt(II)-porphyrin 

sensitizer 3 (figure 5.4) onto commercially available FTO/TiO2 anodes leads to photooxidation 

of the WOC. This was demonstrated by the increased photocurrent upon illumination of the 

FTO/TiO2/2/3 anode, when applied in a three electrode configuration, in an 0.1 M phosphate 

buffer solution at pH 2.0 (see figure 3.23 in section 3.2.6). In chapter 1 the effect of electron-

hole recombination pathways on the solar to hydrogen conversion efficiency is also discussed, 

especially in relation to type II artificial leaf configurations (figure 1.12, page 19). Electron 

transport in the MxOy conduction band after photo-injection, can be reduced by electron 

capture events into electronic trap states. Electrons can be transported between trap states 

towards the surface interface to recombine with a photo-oxidized sensitizer. This process 

decreases the efficiency of the device and inhibits catalyst activation (figure 5.1).1,2 

 

In recent years it has been shown that blending of multi-walled carbon nanotubes (MWCNTs) 

or single-walled carbon nanotubes (SWCNTs) with metal oxide semiconductors results in 

functional hybrid materials that are effective in the reduction of electron-hole recombination 

processes.3 The method of preparation of these composite materials varies greatly. Techniques 

are reported ranging from electrospinning,4 layer-by-layer dipcoating,5 sol-gel processes,6–9 

chemical vapor deposition,10,11 use of surfactants or virus-templates,12–14 electrodeposition,15–18 

impregnation/hydrolysis19–21 or simple hydration/ dehydration techniques.22 Often chemical 

pretreatment of the CNT surface is required and the method of preparation has a large influence 

on the morphology of the composite material.23 Composite materials consisting of 

MWCNT/Al(OH)3,
24 MWCNT/SiO2,

25 MWCNT/NiO26 and MWCNT/SnO2
27,28 have been 

prepared via these available routes. 

 

  
 

Figure 5.1 (left) Energy diagram depicting recombination pathways of photo-injected electrons.33 

(right) Electron-hole recombination pathway via trap-states in the TiO2 conduction band to a photo-

oxidized sensitizer (S+).34 

 



   

 
145 

Especially, composite materials based on MWCNT/TiO2 have been used in numerous 

applications such as electrochemical capacitors,5,8 Li-storage electrodes in batteries,5 

photocatalytic degradation of organic pollutants7,11,29 and dye sensitized solar cell (DSSC) type 

configurations.6,12,30,31 In the latter example, the reduction of electron-hole recombination 

processes in such TiO2/MWCNT heterojunction arrays has been demonstrated to lead to an 

increase of 25%-50% in the open circuit photocurrent density (Jsc) upon illumination of the 

DSSC.6,30–32 

 

The groups of Kamat and Zhao both demonstrated the active role of SWCNTs and MWCNTs in 

TiO2 based photoanodes.35,36 Kamat demonstrated that when a TiO2 suspension was dispersed 

onto carbon fiber electrodes (CFE) containing electrophoretically deposited SWCNTs, a higher 

photocurrent was measured in comparison to TiO2 deposited onto pristine CFE electrodes 

(figure 5.2). 

 

  
Figure 5.2  (left) CFE/MWCNT/TiO2 anode (right) illumination with a 200 W Xe lamp source (50 

mW/cm2) using a 300 nm longpass filter in N2 saturated 1 M KOH.35 

 

The enhanced photocurrent was ascribed to the increased charge collection efficiency of the 

electrode surface (see inset in figure 5.2). In the absence of SWCNTs a maximum incident 

photon to current conversion efficiency (IPCE) of 7% was reported in comparison to 16% for 

the device in which SWCNTs were supporting the TiO2 particles. 

 

The group of Zhao reported a similar effect using TiO2 coated onto well-aligned MWCNTs 

grown on a titanium foil. Short-circuit current densities of 0.03 mA cm-2 were reported for 

Ti/TiO2 electrodes illuminated with a photo intensity of 0.75 mW cm-2 (example b in figure 

5.3) in comparison to 0.17 mA cm-2 in the case for Ti/TiO2/MWCNT electrodes (example a in 

figure 5.3). Even upon application of a bias potential of 0.2 V in the former case, the 

photocurrent did not exceed the performance of the Ti/TiO2/MWCNT electrodes (example c 

in figure 5.3). The authors describe the charge transfer in the Ti/TiO2/MWCNT composite 

photoanodes to occur in three steps. In the first step, photoinduced electron-hole pairs separate 

at the interface between TiO2 and MWCNTs. Subsequently electrons are transfered along the 

MWCNT and finally pass through the electrode interface (see inset in figure 5.3). 
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Figure 5.3 (left) Ti/TiO2/MWCNT anodes (right) Illumination with a 0.75 mW cm2 photointensity 

lightsource in 0.01 M Na2SO4.
36 

 

Many studies concerning artificial leaf design, have focused on the immobilization of molecular 

water oxidation catalysts (WOC), proton reduction catalysts (PRC) and molecular 

dyes/sensitizers on large band gap semiconducting substrates (see chapter 1). However, few 

studies include strategies to prevent electron-hole recombination processes. This chapter 

demonstrates a novel procedure to integrate MWCNTs into MxOy materials and aims to 

construct MWCNT/MxOy composite (photo)anodes as a potential novel strategy to optimize 

charge carrier transport processes in WOC/dye sensitized photoanodes. The procedure makes 

use of sodium 1-pyrene sulphonate (compound 1, figure 5.4) as a binding constituent between 

the surfaces of MWCNT and MxOy materials dispersed in aqueous solutions. Pyrene derivatives 

have often been applied in the surface decoration of SWCNTs and MWCNTs.37–42 For instance, 

it has been shown that sodium 1-pyrene sulphonate and 1-pyrene sulphonic acid are effective in 

the liquid phase exfoliation of graphene sheets in H2O.43–49 The procedure as described herein 

makes use of the strong interactions between MWCNTs and the interaction of the sulphonate 

moiety with MxOy surfaces. Via electrodeposition techniques it is demonstrated that 

FTO/MWCNT/MxOy composite electrodes are readily prepared using TiO2, SnO2 and NiO. 

In the case of FTO/MWCNT/TiO2 anodes it is demonstrated that electronically conductive 

channels are retained. In addition, it is demonstrated that the novel FTO/MWCNT/TiO2 

anodes can be functionalized with iridium based molecular water oxidation catalyst 2 and Pt(II)-

porphyrin sensitizer 3. 

 

  

 
Figure 5.4 Organic structures of sodium 1-pyrene sulphonate 1, NHC-Cp*IrCl2 water oxidation 

catalyst 2 and Pt(II)-porphyrin sensitizer 3. 
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5.2 Results and discussion 

 

5.2.1 FTO/MWCNT/MxOy composite electrode preparation. 

 

Aqueous MWCNT dispersions were prepared by ultrasonification of 12.5 mg MWCNTs in a 

solution of 4 mM 1 in 20 mL H2O for 30 minutes. Next, 100 mg TiO2 was blended into the 

black turbid dispersion and sonicated for another 30 minutes until a grey turbid stable 

suspension was obtained. An FTO slide, used as the anode in a two electrode set-up, was 

immersed into the grey turbid suspension. Upon application of a potential of 40 V for 10 

minutes, a thick grey layer was readily deposited onto the FTO anode surface, accompanied 

with an observed increase in current (see figure SI 1), resulting in the formation of 

FTO/MWCNT/TiO2 anode I. In a similar manner, composite anodes were prepared by 

blending 100 mg nano-NiO or SnO2 to suspended MWCNT/1 in H2O to form 

FTO/MWCNT/nano-NiO anode II and FTO/MWCNT/SnO2 anode III respectively (see 

experimental section and supporting information for a more detailed description on the 

preparation procedure). Upon blending of nano-sized TiO2 particles with suspended 

MWCNT/1 in H2O, it was observed that rapid precipitation occurs. The resulting material 

could be isolated as a solid grey powder after centrifugation and removal of the supernatant 

solution, resulting in a novel MWCNT/1/nano-TiO2 composite material. Attempts to spin coat 

MWCNT/1/nano-TiO2 dispersed in H2O onto the surface of FTO anodes failed as it resulted in 

a non-uniform distribution. Simple drop-casting followed by drying in air resulted in 

FTO/MWCNT/1/nano-TiO2 anode IV (figure 5.5). 

 

a)          b)          c)  

Figure 5.5 Example of (a) FTO/MWCNT anode prepared in the absence of blended MxOy and (b) 

FTO/MWCNT/TiO2 (anode I), (c) FTO/MWCNT/1/nano-TiO2 (anode IV). 

 

In the absence of metal oxides, MWCNTs are also readily deposited onto the FTO surface using 

the electrophoretic deposition procedure as described above (example a in figure 5.5). Using 

the same procedure with SWCNTs leads to materials that upon drying shows formation of 

cracks and delamination from the FTO substrate occurs rapidly. Also, when sodium 1-pyrene 

sulphonate 1 is substituted by sodium 1-pyrene carboxylate, rapid delamination of MWCNT 

deposited layers is observed upon drying of the anode. Only electrophoretic deposition of the 

suspended MWCNT/1 material, results in a thick uniform black layer that remains intact upon 

drying of the FTO anode. There is a general consensus that the aromatic core of sodium 1-

FTO FTO 

MWCNT 
/TiO2 

MWCNT MWCNT 
/nano- 

TiO2 
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pyrene sulphonate 1 and related polyaromatic molecular systems allow for the physisorption of 

the compound on the hydrophobic surfaces of MWCNTs and SWCNTs through π –π 

ineractions.37–39 Upon forming an aqueous suspension of MWCNTs using sodium 1-pyrene 

sulphonate 1, the anionic charges of 1 become non-covalently grafted to the MWCNT surface. 

This makes the suspended MWCNT/1 material susceptible to be deposited to the anode surface 

upon polarization of the electrode. In addition, the anionic charges allow for the electrostatic 

stabilization of the MWCNTs in H2O to prevent agglomeration of the MWCNTs via strong van 

der Waals interactions. It is assumed that in the presence of blended TiO2, nano-NiO or SnO2 

materials, the sulphonate moiety interacts to some extent with the MxOy surface. Upon 

polarization of the FTO anode the blended mixture is co-deposited onto the exposed 

surface.50,51 In cases where nano-TiO2 is blended with the suspended MWCNT/1 material, it is 

assumed that the nano-particulate TiO2 material interacts with the surface-grafted anionic 

charges of the suspended MWCNT/1 material to such an extent that the hybrid material 

agglomerates and precipitates from solution. 

  

5.2.2 Surface morphology of the FTO/MWCNT/MxOy composite anodes. 

 

The surface morphology of the deposited MWCNT and MWCNT/MxOy layer is important as it 

determines the charge carrier transport and charge separation ability of the composite materials. 

 

  

  
Figure 5.6 Scanning electron micrograph images of FTO/MWCNT anodes showing two types of 

MWCNT morphologies. 
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Figure 5.7 Scanning electron micrograph images of FTO/MWCNT/TiO2 anode I at various 

magnifications. Inset; EDX analysis of the anode surface. 

237 nm 

255 nm 

189 nm 

153 nm 

33.7 nm 

25.6 nm 

32.9 nm 
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Figure 5.8 Scanning electron micrograph images of FTO/MWCNT/nano-TiO2 anode IV at various 

magnifications. 
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Figure 5.6 shows the low- and high-magnification SEM images of the surface morphology of 

FTO/MWCNT anodes prepared using the procedure as described in section 5.2.1. At low-

magnifications depicted in the top-left and top-right images of figure 5.6, two distinct surface 

morphologies can be distinguished, indicated by the white squares. Upon higher magnification, 

individual multi-walled carbon nanotubes are observed which are either present in a close-

packed arrangement (bottom-left panel in figure 5.6) or in a distorted porous network of 

entangled MWCNTs (bottom-right panel in figure 5.6). Figures 5.7 and 5.8 show the high 

resolution SEM images of the surface of FTO/MWCNT/TiO2 anode I and 

FTO/MWCNT/nano-TiO2 anode IV. SEM images obtained for FTO/MWCNT/nano-NiO 

anode II and FTO/MWCNT/SnO2 anode III are depicted in figure SI 5 and SI 6 respectively. 

 

The surface morphology of FTO/MWCNT/TiO2 in figure 5.7 shows a uniform porous 

arrangement of MWCNTs with a diameter of ~30 nm, randomly distributed through a network 

of conglomerated TiO2 particles of approximately 200 nm in size. The composition is uniform 

throughout the full thickness of the deposited layer. This is indicated by the grey appearance of 

the composite colour, which is visible when the FTO substrate is viewed from both sides. This 

means that the co-deposition of blended TiO2 particles is not limited to the upper-layer of the 

deposited material. EDX analysis of the surface composition (see inset in figure 5.7) confirms 

the presence of TiO2. The SEM image of the FTO/MWCNT/nano-TiO2 anode (figure 5.8) 

shows TiO2 particles, <50 nm in size, adhered to the surface of the MWCNTs indicated by the 

white arrows in the bottom panel of figure 5.8. This confirms the formation of a 

MWCNT/nano-TiO2 aggregated network, deposited onto the FTO electrode. For 

FTO/MWCNT/nano-NiO (figure SI 5) the surface morphology is more firmly packed. 

MWCNTs are observed embedded within deposited NiO particles, with particle sizes smaller 

than 50 nm, that are densely packed on the FTO surface. The FTO/MWCNT/SnO2 anode III 

shows flakes of SnO2 randomly distributed through a film of MWCNTs (figure SI 6). In all 

cases, the SEM images and EDX measurements confirm the distribution of MWCNTs 

throughout the metal oxide material. 

 

For the FTO/MWCNT/nano-NiO (photo)cathode the method can be of interest when the 

surface is co-functionalized with suitable proton reduction catalysts and accompanying 

(molecular) sensitizers.52–54 Hole-transport through NiO is slow and the embedded MWCNTs 

could aid in the drainage of photo generated holes preventing electron-hole recombination 

processes.54 For SnO2 based anodes the embedded MWCNTs can be beneficial as well, as 

recombination processes in SnO2 are approximately two orders of magnitude faster compared 

to TiO2.
2 The procedure in general eliminates the requirement of pre-functionalization of the 

MWCNT surface.16,55 There is, however, room for further improvement of the surface 

morphology and layer thickness as optimization of deposition times and blending ratios with 

respect to MWCNT, MxOy, and sodium 1-pyrene sulphonate has not yet been done. 
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5.2.3 (photo)electrochemical properties of FTO/MWCNT/TiO2 composite anodes. 
 

As discussed in the introduction, FTO/TiO2 electrodes are the most commonly applied 

substrates for the construction of molecular composed photoanodes. For this reason, the 

electron conductive properties of the novel FTO/MWCNT/TiO2 composite materials were 

investigated. In addition, the immobilization of molecular compounds to the MWCNT/TiO2 

surface and the (photo)electrocatalytic properties of the composite anodes in aqueous buffer 

solutions were investigated. The use of nano-sized TiO2 particles is interesting because of the 

higher surface area and because of the different reactivity of electrons and holes toward species 

at the interface in comparison to bulk TiO2.
56 For this reason, FTO/MWCNT/TiO2 anode I 

and FTO/MWCNT/nano-TiO2 anode IV were selected in follow up experiments. 

 

In one experiment, a FTO/MWCNT/TiO2 substrate that was sintered for 60 minutes at 400 
oC prior to use, was applied as a photoanode in a three electrode configuration in a N2 saturated 

1 M KOH solution using a bias-potential of 40 mV vs Ag/AgCl. A longpass filter of 300 nm was 

used to allow excitation of electrons from the TiO2 valence band to the conduction band. The 

results depicted in the left panel of figure 5.9 show a sharp, reproducible response in 

photocurrent, upon illumination of the front side of the FTO/MWCNT/TiO2 surface. This 

implies that photo-injected electrons from the TiO2 conducting band reach the FTO electrode 

surface. The photo-injected electrons may be transferred via the continuous band structure of 

the (metallic) MWCNT network, which acts as an electron sink. Sintering of the anodes at 400 
oC for 60 minutes proves to be an important step. Unsintered FTO/MWCNT/TiO2 anodes 

show a 10-fold decrease in short circuit current density upon illumination of the surface when 

submerged in an 0.1 M acetate buffer solution at pH 4.0 (figure 5.9, right). This indicates that 

thermal annealing is a necessary procedure step to form a good connectivity of the composite 

network for the efficient transfer of charge carriers. 

 

  
 

Figure 5.9 (left) Illumination of FTO/MWCNT/TiO2 in N2 saturated 1 M KOH. (right) observed 

difference in photocurrent upon illumination of FTO/MWCNT/TiO2 anodes sintered at 400 oC for 60 

minutes (black) and unsintered (grey) measured in 0.1 M acetate buffer at pH 4.0 with a bias potential 

of 40 mV vs Ag/AgCl using a 300 nm longpass filter. 
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In a follow up experiment, a commercially available FTO/TiO2 anode and a sintered 

FTO/MWCNT/TiO2 anode were immersed in a stirred hexane/ethanol solution (95:5 v/v) 

containing 10-3 M ferrocenecarboxylic acid (compound 4 in figure 5.10). After 20 hours, both 

electrodes were repeatedly washed with a fresh solution of MeCN prior to measurement. After 

immobilization of 4, both anodes were applied as a working electrode in an 0.1 M TBAPF6 

solution in MeCN (figure 5.10). Upon sweeping the potential, FTO/TiO2/4 shows a reversible 

redox couple ascribed to surface-immobilized ferrocene moieties. In comparison, for 

FTO/MWCNT/TiO2/4 a similar faradaic electron transfer is observed. The photoresponsive 

properties of the MWCNT/TiO2 composite material, together with the observed faradaic 

electron transfer from surface immobilized ferrocene moieties to the FTO electrode interface, 

validates the studies of these materials as photoanodes decorated with molecular water 

oxidation catalysts and molecular sensitizers. 

 

 
Figure 5.10 Cyclic voltammogram of FTO/TiO2/4 and FTO/MWCNT/TiO2/4 applied as the 

working electrode in a three electrode configuration measured in an 0.1 M TBAPF6 MeCN solution. 

 
5.2.4 Co-immobilization Pt(II)-porphyrin 3 and catalyst 2 onto the FTO/MWCNT/TiO2 surface. 
 

It was investigated if surface immobilization of water oxidation catalyst 2 and Pt(II)-sensitizer 3 

to the surface of FTO/MWCNT/TiO2 anodes would lead to photoanodes that show an increase 

in photocurrent density when applied in a three electrode configuration, in an 0.1 M phosphate 

buffer solution at pH 2.0 in comparison to FTO/TiO2/2/3 photoanodes. This was anticipated 

as the embedded MWCNTs improve the overall charge carrier efficiency of the photoanode. 

For this reason both molecular components were immobilized onto FTO/MWCNT/TiO2 

anodes following the procedure as schematically depicted in figure 5.11. The (photo)anodes 

were prepared by submerging purified and sintered FTO/MWCNT/TiO2 (anode I) or 

FTO/MWCNT/nano-TiO2 (anode IV) sheets in a stirred THF/MeCN solution (1:4 v/v) 

containing 0.8 mM 2 and 0.2 mM 3 for 24 hours similar to the immobilization procedure as 

discussed in chapter 3. After this, the anodes were placed in a stirred blank 1:4 THF/MeCN 

solution for 1 hour and subsequently rinsed off with the blank solution prior to drying. 
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Figure 5.11 Procedure for the preparation of FTO/MWCNT/TiO2/2/3. 

 

After the immobilization procedure, FTO/MWCNT/TiO2/2/3 was immersed into the 

reaction chamber of a Clark-type electrode containing a 2 mL sodium acetate buffer solution at 

pH 4.0 containing NaIO4 as the chemical oxidant to study the oxygen evolution curves. For 

comparison, similar experiments were performed with a non-functionalized FTO/ 

MWCNT/TiO2 sample, and samples immobilized with either molecular component 2 or 3 

(figure 5.12). In the experiment with FTO/MWCNT/TiO2/2 rapid formation of O2 is 

observed, and even bubbles are seen at the electrode surface (see left panel in figure SI 7). In 

comparison, no oxygen formation is observed when the unfunctionalized FTO/MWCNT/TiO2 

or the FTO/MWCNT/TiO2 which has been functionalized with Pt(II)-porphyrin sensitizer 3 

are applied. For the electrode with both water oxidation catalyst 2 and Pt(II)-porphyrin 

sensitizer 3 co-immobilized on the surface, oxygen is still formed, but in lower quantities. This 

can be (partly) attributed to the fact that less molecules of complex 2 are immobilized on the 

MWCNT/TiO2 surface due to competing adsorption of the Pt(II)-porphyrin sensitizer. SEM 

EDX analysis of the surface composition prior to the experiment did not detect any iridium or 

platinum species on the MWCNT/TiO2 surface, indicating that the amounts attached are below 

the detection limit. Solid deposits of either molecular compound were not observed which 

could indicate that precipitation of the molecular compounds from solution as a result of the 

immobilization procedure did not occur. 

 

 

 

 

Figure 5.12 Water oxidation catalyst 2 and Pt(II)-porphyrin 3 immobilized onto FTO/MWCNT/TiO2 

anodes immersed in a sodium acetate buffer at pH 4.0 containing NaIO4 as the chemical oxidant. 

FTO/MWCNT/TiO2/2/3 
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Freshly prepared FTO/MWCNT/TiO2/2/3 and FTO/MWCNT/nano-TiO2/2/3 anodes were 

applied as the working electrode in a three electrode set-up with the counter electrode placed 

in a separate compartment cell parted by a glass frit. Both anodes were applied under either 

illuminated or dark conditions. Under illuminated conditions, a 1.5 AM solar light source 

equipped with a 385 nm longpass filter was used to illuminate the anode surface submerged in a 

0.1 mM phosphate buffer solution at pH 2.0. A bias potential ranging from -0.1 to 0.6 V with 

respect to a Ag/AgCl reference electrode was used in combination with chopping of the light 

source where the arrow indicates the chopping frequency (see top-left and bottom-left panel in 

figure 5.13). The experimental conditions are similar to the experiments performed with 

FTO/TiO2/2/3 as described in section 3.2.6, figure 3.23. When both the FTO/ 

MWCNT/TiO2/2/3 and FTO/MWCNT/nano-TiO2/2/3 anodes were evaluated under dark 

conditions (top-right and bottom-right panel in figure 5.13), the potential was swept to 1.8 V 

vs Ag/AgCl and compared to bare FTO and a non-functionalized FTO/MWCNT/TiO2 anode. 

 

  

  
Figure 5.13 Cyclic voltammograms of (top) FTO/MWCNT/TiO2/2/3 and (bottom) 

FTO/MWCNT/nano-/2/3 under illuminated conditions (left) and dark conditions (right) in a 0.1 M 

phosphate buffer solution at pH 2.0. Illumination was done using a 1.5 AM solar light equipped with a 

385 nm longpass filter. 

 

For FTO/MWCNT/TiO2/2/3 evaluated under illuminated conditions (top-left panel in figure 

5.13), no change in photocurrent is observed that can be distinguished from the background 

current upon chopping of the light source in contrast to what has been observed for the 
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FTO/TiO2/2/3 photoanodes discussed in chapter 3. Also no changes were observed compared 

to non-functionalized FTO/MWCNT/TiO2 evaluated under similar conditions (not shown). 

However, under dark conditions (top-right panel in figure 5.13), upon increasing the potential 

to 1.8 V vs Ag/AgCl, a gradual increase in current density is observed followed by strong 

formation of bubbles on the electrode surface (see right panel in figure SI 7). At 1.8 V vs 

Ag/AgCl a maximum current density of 5 mA/cm2 () was observed in contrast to 0.19 

mA/cm2 for bare FTO and () 0.88 mA/cm2 for non-functionalized FTO/MWCNT/TiO2 

(). No formation of bubbles was observed in the latter example. The increase in current 

accompanied with bubble formation on the MWCNT/TiO2 surface is ascribed to the 

electrocatalytic oxidation of H2O due to the presence of immobilized catalytic precursor 2. In 

agreement with the results observed in the case where ferrocene carboxylic acid 4 has been 

adsorbed to the MWCNT/TiO2 surface (figure 5.10) this points at a good transport of charge 

carriers within the composite morphology. For FTO/MWCNT/nano-TiO2/2/3 evaluated 

under illuminated conditions (bottom-left panel in figure 5.13), chopping of the light source 

results in a clear photo-response in contrast to what has been observed for 

FTO/MWCNT/TiO2. However, the photo-responsive properties were similar to experiments 

performed with a non-functionalized FTO/MWCNT/nano-TiO2 photoanode (not shown). The 

absence of significant changes between the functionalized and non-functionalized 

FTO/MWCNT/nano-TiO2 photoanodes, upon illumination, indicates that contribution of 

Pt(II)-porphyrin sensitizer 2 due to the photo-injection of excited electrons into the TiO2 

conduction band, cannot be concluded at this point. In addition, direct excitation of the TiO2 

valence cannot be ruled out. When evaluated under dark conditions (bottom-right panel in 

figure 5.13), similar results are obtained when compared to FTO/MWCNT/TiO2/2/3 and the 

formation of bubbles was observed on the composite surface when scanning to potentials of 1.8 

V vs Ag/AgCl. 

 

The currents that are obtained under dark conditions for both the FTO/MWCNT/TiO2/2/3 

and the FTO/MWCNT/nano-TiO2/2/3 anode (~1.8 mA/cm2 at 1.3 V vs Ag/AgCl) are a 

factor 14 higher than the currents that are obtained with the FTO/TiO2/2/3 anodes prepared 

in chapter 3 (130 µA/cm2 at 1.3 V vs Ag/AgCl, figure 3.23 in section 3.2.6). This points to an 

increase in charge-carrier mobility due to the presence of the embedded MWCNTs in the 

TiO2/MWCNT composite material. However, at this point it cannot be excluded that the 

increase in current density is due to higher loadings of the molecular components on the 

MWCNT/TiO2 surface. 

 

5.3 Conclusion 

 

Using a novel procedure based on the use of sodium 1-pyrene sulphonate as a binding 

constituent between MWCNTs and MxOy surfaces, composite electrodes consisting of 

MWCNT/TiO2, MWCNT/nano-TiO2, MWCNT/nano-NiO and MWCNT/SnO2 were 
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successfully prepared. The method is proposed to be extendable to other metal oxide materials. 

For FTO/MWCNT/TiO2 anodes it was demonstrated that charge carrier transport is improved 

upon sintering of the composite anode surface at 400 oC for 60 minutes. From the preliminary 

results it can be concluded that immobilization of 2 on the MWCNT/TiO2 surface is readily 

achieved. Co-immobilization of 2 and 3 on the MWCNT/TiO2 surface was also achieved. 

Electron charge transfer between the molecular species immobilized on the composite surface 

and the FTO electrode was retained. Under electrocatalytic conditions the FTO/ 

MWCNT/(nano)-TiO2 anodes shows an increased current density after immobilization of 

molecular water oxidation catalyst 2, ascribed to the electrocatalytic oxidation of H2O. At this 

point, there is no evidence yet that electron-hole recombination is reduced in these materials. 

However, the results obtained using this strategy opens perspectives to develop novel materials 

for the (photo)electrocatalytic oxidation of H2O based on molecular composed 

FTO/MWCNT/MxOy composite (photo)anodes. 
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5.4 Experimental section 

 

General – sodium 1-pyrenesulphonate (1, ≥ 97.0%, HPLC), single-walled carbon nanotubes 

(SWCNTs), multi-walled carbon nanotubes (MWCNTs), fluorine doped tin oxide (FTO, 7 

Ω/sq, TEC 7, transmittance: 80-82%) glass slides and all other chemicals were obtained from 

Sigma-Aldrich. Compound 1 and both types of CNTs were used as received. MWCNTs were 

produced by chemical vapor deposition followed by HCl demineralization. Average outside 

diameter: 12 nm, average length: 10 µm, average wall thickness: 7-13 graphene layers, specific 

surface area: ~220 m2/g. Ultrasonication was done using a Bandelin Sonorex Super RK 510 

sonicator. Electrophoretic deposition was done using a Delta Elektronika Power Supply Unit 

E0300-0.1. Electrochemical measurements were performed using an Autolab PGSTAT 10 

multipotentiostat combined with an Oriel LCS-100 solar simulator (calibrated at AM 1.5 solar 

intensity). Rates of oxygen evolution were recorded using a Hansatech Instruments Oxygraph. 

UV-Vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer, using 10 mm 

quartz cuvettes. Ultra High Scanning Electron Microscopic (SEM) images and energy dispersive 

X-ray spectroscopic data (EDX) were obtained using a Philips FEI XL30 S FEG. The synthesis of 

compound 2 and 3 were performed as described in the experimental section of chapter 3. 

 

FTO/MWCNT/MxOy composite electrode preparation – FTO glass slides were cut in slices of 0.5 cm 

x 3.0 cm. Cut slides were cleaned ultrasonically with acetone and MeOH for 15 minutes 

respectively prior to be submerged in a solution containing 35 mL H2SO4 and 15 mL  H2O2 (35 

wt%) for 60 minutes. After extensive washing of the slides with demineralized H2O followed 

by acetone, the slides were dried and stored under vacuum prior to use. 25 mg 1 and 12.5 mg 

MWCNTs were suspended in 20 mL demineralized H2O in a 50 mL beaker covered with 

parafilm. The beaker was then placed in an ultrasonicator for 30 minutes resulting in a uniform 

black dispersion. 100 mg of the respective MxOy (TiO2, SnO2, NiO) was added to the black 

dispersion while swirling the beaker and the mixture was sonicated for another 30 minutes. 

One FTO glass slide (0.5 cm x 3.0 cm) was used as the anode and iron wire (Ø1.0 mm x 3.0 

cm) was used as the cathode in a standard set up for electrodeposition with a spacing of 2.0 cm 

between both electrodes and 1.5 cm of the electrode ends immersed directly into the beaker 

containing the MWCNT/1/MxOy dispersion. In a typical experiment a potential of 40 V was 

applied for 10 minutes after which the power was shut off and the FTO glass slide removed 

from the dispersion directly and placed horizontally to dry in air. After 24 hours the electrodes 

were placed in a slowly stirring volume of demineralized H2O for 30 minutes which was 

repeated three times with a fresh batch of demineralized H2O to remove deposited 1 (see 

supporting information, figure SI 4). The purified electrodes were dried in air for another 24 

hours after which they were annealed in an oven at 673 K for 60 minutes and stored under N2 

prior to use. In the case for nano-TiO2, FTO anodes were prepared by simple drop-casting of 

the MWCNT/1/nano-TiO2 material from suspension on a clean FTO anode surface which was 

then left to dry in air. 
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Clark-electrode measurements – Prior to measurement the surface of the Clark-type platinum 

cathode and silver anode were polished using Hansatech rapid electrode disc polish. The system 

was set up and left to stabilize for several minutes as the oxygen electrode was polarized 

ensuring a stable signal. 2 mL air saturated deionized H2O at 22 oC was added and the system 

was carefully calibrated using a constant stirring speed. Oxygen free conditions were obtained 

by introducing a N2 flow through the sample chamber. The current recorded by the Clark-type 

electrode at this condition was set as the zero point. Throughout all experiments the stirring 

speed was kept at the same rate as used for calibration. The measurements were performed in 

open atmosphere at an acquisition speed of 0.5 s.  

 

(Photo)electrochemical measurements – Measurements were performed using a custom made two-

compartment Schlenk with a platinum counter electrode separated by a glass frit from the 

prepared FTO/TiO2 photoanodes and a leak free Ag/AgCl reference electrode. The 

photoanodes were illuminated with 1.5 AM solar light intensity using a 385 nm longpass filter. 
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5.5 Supporting information 

 

It has been observed that deposition of MWCNTs occurs on a variety of electrode surfaces using 

the procedure as described in section 5.2.1. Figure SI 1 shows the change in current upon 

application of 40 V over a time span of 10 minutes when applying copper, FTO and graphite as 

the anode material (see experimental section for details). With copper, it is demonstrated that 

prolonged application of 40 V results in a decrease in current, possibly due to the formation of 

cuprous oxides during the deposition process. However, with FTO or graphite, an increase in 

current is observed assumed to be directly proportional to the increase in thickness of the 

deposited layer on the anode surface. 

 

  
Figure SI 1 (left) Change in current over time upon application of 40 V using various electrode 

surfaces. (right) SEM image of the deposited material on a copper anode (inset). 

 

SEM analysis of the deposited material on the copper anode shows a thick porous crust (figure SI 

1, right). Upon magnification, individual MWCNTs can be distinguished which are covered 

with another solid material (figure SI 2). The material is assumed to be sodium 1-pyrene-

sulphonate which has been precipitated onto the MWCNT surface during the drying process of 

the anode (see experimental section for more details). 

  
Figure SI 2 (left) Individual MWCNTs observed upon higher magnifications of the deposited layer of 

the copper anode (right) MWCNTs embedded in precipitated sodium 1-pyrene-sulphonate. 
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A similar morphology is observed in the case for FTO/MWCNT anodes (left panel in figure SI 

3). EDX analysis of the surface composition of the anode mainly shows the presence of carbon, 

however, when focused on regions where MWCNTs are embedded within the precipitated 

sodium 1-pyrenesulphonate material, oxygen and sulphur are detected in a ratio of 3:1 (right 

panel in figure SI 3). This strengthens the assumption that the material is either sodium 1-

pyrene sulphonate 1 or oxidized forms of the parent compound. 
 

  
Figure SI 3 (left) Individual MWCNTs observed upon higher magnifications of the surface morphology 

of FTO/MWCNT anodes (right) EDX analysis of MWCNTs embedded in sodium 1-pyrene sulphonate. 
 

Immersion of FTO/MWCNT or FTO/MWCNT/TiO2 anodes in demineralized H2O is 

followed by a rapid yellow coloration of the supernatant. UV-VIS analysis of the supernatant 

shows in both cases the characteristic absorbance spectrum of sodium 1-pyrene sulphonate. This 

further strengthens the assumption that the solid material visible on top of the MWCNTs is 

sodium 1-pyrene sulphonate 1 as a result of the deposition procedure. Repeating the 

experiment after purification of the FTO/MWCNT or FTO/MWCNT/TiO2 anodes (see 

experimental section for details) the presence of 1 in the supernatant is reduced. It is shown that 

after three purification steps, compound 1 is not detected in the supernatant. This shows that 

immersion of the composite anodes in demineralized H2O, is an essential and effective 

purification step in the preparation of FTO/MWCNT/MxOy composite anodes (figure SI 4). 
 

 
Figure SI 4 UV-Vis absorbance spectrum of the supernatant upon immersion of a FTO/MWCNT or 

FTO/MWCNT/TiO2 anode in demineralized H2O. After three subsequent purification steps the 

presence of 1 in the supernatant is not detected. 
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Figure SI 5 SEM images of FTO/MWCNT/nano-NiO anode II at various magnifications. Inset; EDX 

analysis of the anode surface. Signal at 2.31 keV is attributed to remnants of 1 (S K  = 2.30 keV). 
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Figure SI 6 SEM images of FTO/MWCNT/SnO2 anode III at various magnifications. Inset; EDX 

analysis of the anode surface. Signal at 2.31 keV is attributed to remnants of 1 (S K  = 2.30 keV). 
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Figure SI 7 (left) O2 formation on the FTO/MWCNT/TiO2/2 surface upon immersion of the anode 

in a sodium acetate buffer solution at pH 4.0 containing NaIO4 as the chemical oxidant. (right) Bubble 

formation on the FTO/MWCNT/TiO2/2/3 surface upon applying an anodic potential vs Ag/AgCl. 
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