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Chapter 6 
 

 

 

 

Oxidized porous silicon as a mesoporous 

support for an iridium based molecular water 

oxidation catalyst. 
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6.1 Introduction 

 

Strategies for the construction of artificial leafs often are focused on dye sensitized solar cell 

(DSSC) type designs with water oxidation catalysts (WOC) and proton reduction catalysts 

(PRC) immobilized on large band gap semiconducting electrodes (chapter 1, figure 1.12). 

Alternative strategies often include the immobilization of WOCs onto mesoporous silica 

substrates, as the material is considered to be a good catalyst support.1 In the context of water 

splitting it has been reported that when catalytically active IrOx nanoclusters are coupled to 

single Cr6+ centers within a mesoporous silica (MCM-41) framework, a stable and efficient 

photocatalytic system is realized where the sensitizing element consists of a LMCT transition of 

the Cr6+O centers.2,3 It has also been reported that the photosynthetic pigment chlorophyll a, 

when immobilized in mesoporous silica, demonstrates efficient energy transfer, stabilized 

charge separation and an increased photostability upon illumination.4,5  

 

Inspired by these findings, in this chapter a strategy is discussed based on the immobilization of a 

thermally stable molecular NHC IrCp*Cl2 water oxidation catalyst (compound 1 in figure 6.1), 

in the pores of oxidized porous silicon substrates. Porous silicon is formed in monocrystalline 

silicon substrates via electrochemical dissolution of silicon in aqueous electrolytes containing 

concentrated hydrofluoric (HF) acid.6 Relevant for the present work is that under certain 

conditions, the pores are formed perpendicular to the substrate surface, whereas pore diameter 

can be tuned by the anodization conditions and pore length by the anodization time (figure 6.1, 

right). This preparation procedure is readily transferred to microfluidic devices. In previous 

work the material was used as a stationary phase in microfluidic chromatography systems.7–9 

 

 

 

 

 
 

Figure 6.1 (top-left) Microscope image of a micro-sized flow channel prepared by microchip 

fabrication.10 (bottom-left) HR-SEM image of a cross section of the inner wall of the microchannel 

revealing the oxidized porous silicon layer.10 (right) Schematic representation of NHC IrCp*Cl2 1 

(NHC, N-heterocycliccarbene; Cp*, pentamethylcyclopentadiene) immobilized into the pores of 

oxidized silicon substrates. 
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It was also demonstrated that the pore size can further be adjusted by thermal steam oxidation, 

which also completely converts the silicon around the pores to silica. The resulting material 

very much resembles ordered mesoporous silica materials like MCM-41. The left panels in 

figure 6.1 show examples of oxidized porous silicon side-walls within a microfluidic device.10  

 

In this chapter, it is demonstrated that the control of the pore diameter of the oxidized silicon 

during the preparation of the surface porosity is important with respect to the accessible surface 

area available for immobilization of the molecular water oxidation catalyst. The results are 

proposed as a first step in the strategy towards the development of artificial leaf configurations 

based on transparent microfluidic type devices using oxidized porous silicon side-walls. 
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6.2 Results and discussion 

 

6.2.1 Fabrication of oxidized porous-Si substrates. 

 

Figure 6.2 shows cross-sectional views of the surface of p++-Si wafers after 4 minutes 

electrochemical anodization of the wafers in either a 5% HF (left panel) or a 20% HF (right 

panel) aqueous solution, followed by mild oxidation of the substrates in a steam flow at 900 oC 

for 15 minutes (see experimental section for details). The observed oxidized porous-Si layer 

structures are identical to previously published results, and exhibit a porous network with a 

more cylindrical pore shape for the substrates obtained using a 5% HF solution (200 mA 

anodization current) and a more slit-like shape for the substrates obtained using a 20% HF 

solution (50 mA anodization current).7,10 Porous-Si substrates were also prepared using the 

same procedure but shortening the anodization time to 1 min in both HF electrolyte 

concentrations. The structural appearance of these oxidized porous-Si layers are similar, but the 

thickness of the porous layer is lower. The layer thickness was obtained from calibrated SEM 

images. The average pore size and porosity are estimated, based on previous published data.10 

Table 6.1 lists the anodization conditions and properties of the oxidized porous silicon layers. 
 

  
Figure 6.2 High-resolution SEM-images of porous silicon substrates after steam oxidation (900 °C, 15 

min). Conditions (a) 5% HF/EtOH, 4 min anodization at 200 mA, (b) 20% HF/EtOH, 4 min 

anodization at 50 mA. 
 

Table 6.1 Formation conditions and characteristics of oxidized porous silicon layers formed on flat 

silicon substrates. (Wet) thermal oxidation was done at 900 oC, 15 min. 

Galvanostatic formation conditionsa 

 

Characteristics oxidized porous silicon layer 

 

Electrolyte  

(wt-% in water) 

Current  

(mA) 

Anodization time  

(min) 

Porous layer thickness 

(nm) 

Average pore size  

(nm) 

Porosity  

(%) 

5% HF + EtOH 200 1 225 ± 15 3.9 ± 0.1 38 

5% HF + EtOH 200 4 850 ± 25 3.9 ± 0.1 38 

20% HF + EtOH 50 1 170 ± 10 1.5 ± 0.3 14 

20% HF + EtOH 50 4 510 ± 20 1.5 ± 0.3 14 

(a) For details, see experimental section. 

a) b) 
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6.2.2 Anchoring of 1 within the oxidized porous Si mesopores. 

 

Compound 1 was prepared and characterized as described in chapter 3. Silicon samples 

containing a surface layer of oxidized porous-Si, as specified in section 6.2.1, were 

functionalized with complex 1 by immersion of the samples in a solution of 1 dissolved in 1,2,4-

trichlorobenzene, which was heated gradually to 115 oC for 24 h under N2 (see experimental 

section for more details). No change was observed in the 1H-NMR spectrum of a solution of 1 

in deuterated 1,2-dichlorobenzene before and after it was heated at 115 oC for 24 hours, 

indicating the molecular stability of the catalyst at elevated temperatures. The activity of catalyst 

1 within the oxidized porous-Si matrix was studied by measuring the oxygen evolution rates and 

final increase in O2 concentration (according to equation 1), within the reaction chamber of a 

Clark-type electrode, upon immersion of the functionalized substrates in a 2 mL 50 mM cerium 

ammonium nitrate solution in 0.1 M HNO3. 

 

        
  

     [  ]     
→                

        [1] 

 

Table 6.2  Si samples of 0.8 cm x 2.0 cm with a layer of oxidized porous-Si. 

(a) duplo measurements are indicated by b; (b) between brackets: anodization conditions. 

 

The rates in oxygen evolution were extracted from the initial slope of the oxygen evolution 

curve and compared to a non-functionalized oxidized porous silicon substrate (blank in table 

6.2) and a standard borosilicate glass cover slip (BS in table 6.2) of similar dimensions. Of each 

type of sample, two specimens were tested for O2 evolution, in order to evaluate the 

reproducibility of the preparation procedure. Table 6.2 lists all the samples and the obtained 

oxygen evolution rates. 

#a Si sampleb dO2/dt (M s-1) 

blank Si sample with oxidized porous Si surface (5% HF, 4 min) 0 

   

BS Borosilicate glass cover slip 1.33∙10-8 

   

1a Si sample with non-porous SiO2 surface (no anodization) 1.40∙10-8 

1b Si sample with non-porous SiO2 surface (no anodization) 1.30∙10-8 

   

2a Si sample with oxidized porous Si surface (5% HF, 4 min) 7.31∙10-7 

2b Si sample with oxidized porous Si surface (5% HF, 4 min) 7.71∙10-7 

   

3a Si sample with oxidized porous Si surface (5% HF, 1 min) 1.80∙10-7 

3b Si sample with oxidized porous Si surface (5% HF, 1 min) 2.30∙10-7 

   

4a Si sample with oxidized porous Si surface (20% HF, 1 min) 1.20∙10-8 

4b Si sample with oxidized porous Si surface (20% HF, 1 min) 1.60∙10-8 

   

5a Si sample with oxidized porous Si surface (20% HF, 4 min) 1.80∙10-8 

5b Si sample with oxidized porous Si surface (20% HF, 4 min) 2.40∙10-8 
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As expected, the non-functionalized (blank) sample does not induce any change in the O2 

concentration. In contrast, samples 1a, 1b, 4a, 4b, 5a and 5b induce a little change in the O2 

concentration over a time period of ~20 minutes. Rates of oxygen evolutions range from 

1.20E-08 to 2.40E-08 M s-1 (figure 6.3). Formation of oxygen bubbles on the surface could not 

be observed in these cases. All samples show similar curves as compared to 1 immobilized onto 

the surface of a borosilicate (BS) glass slip. 

 

   
Figure 6.3 O2 evolution curves measured for Si/SiO2/1 sample 1a-b, 4a-b and 5a-b. 

 

A significant change was observed for samples 2a, 2b, 3a and 3b. For samples 3a and 3b a 

relatively high change in the O2 concentration of 148 µM and 211 µM respectively was achieved 

after 25 minutes. The observed rates of oxygen evolution show an average of 2.0E-07 which is a 

factor 10 higher than the oxygen evolution rates shown in figure 6.3. During the analysis of 

sample 2a and 2b, the maximum detectable O2 limit of the Clark-electrode (~700 µM) was 

achieved and the actual value of evolved O2 may therefore have been higher. In the latter case 

rapid formation and release of O2 bubbles from the surface was clearly observed and an average 

observed rate of oxygen evolution of 7.5E-07 M s-1 was obtained (figure 6.4). 

 

 
Figure 6.4 O2 evolution curves of 1 immobilized on Si/SiO2 samples 2a-3b. 

 

The oxygen evolution of sample 2a compared to 2b, as well as sample 3a compared to 3b are 

quite similar, indicating good sample reproducibility. The oxidized porous silicon layer 

thickness in samples 2 and 3 have been estimated to be 225 nm and 850 nm respectively. In 

addition, the thickness of the oxidized porous silicon layer in samples 4 and 5 have been 
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estimated to be 170 nm and 510 nm respectively (see table 6.1). The rate in oxygen evolution 

for samples 4 and 5, however, does not show any difference compared to sample 1 that is 

lacking a porous oxidized silicon layer. This means that the increased surface area, due to the 

porous nature of the SiO2 morphology in samples 4 and 5, is not reflected in an increase in the 

oxygen evolution rate. Measurements show that the pore widths in samples 4 and 5 are ~1.5 

nm. In contrast, the pore widths in samples 2 and 3 are ~3.9 nm (see table 6.1). From 

crystallographic data (see chapter 3, figure 3.4) the molecular radius of compound 1 can be 

estimated to be ~15 Å (1.5 nm) wide. This would mean that for samples 4 and 5 the pores are 

too small for complex 1 to enter the oxidized porous silicon layer. Immobilization of complex 1 

to samples 4 and 5 would be limited to the upper SiO2 layer, which explains the similar rate in 

oxygen evolution when compared to non-porous sample 1 or the plain borosilicate (BS) glass 

cover slip. For samples 2 and 3 the pores are large enough, and the increased surface area is 

accessible for immobilization of complex 1. As the oxidized porous silicon layer in sample 2 is 

thicker by a factor ~3.5 compared to sample 3, it has a larger accessible surface area. This is 

reflected in the higher rate of oxygen evolution observed when sample 2 is immersed in a 50 

mM CAN solution in comparison with sample 3. The higher rate in oxygen evolution is 

assumed to occur due to a higher amount of immobilized complex 1 on the oxidized porous 

silicon surface compared to sample 3.  

 

The activity of 1 anchored into the oxidized porous silicon matrix was also investigated over 

time. After the initial runs, samples 2a, 2b, 3a and 3b, were taken out of solution, rinsed with 

acetone and dried under an N2 flow. The solution in the Clark-type electrode reaction chamber 

was replaced with a fresh 50 mM CAN solution, after which the catalyst activity of the different 

samples was measured again (the roman superscript in figure 6.5 for 2a and 3a refer to the run). 

A significant decrease in O2 evolution activity was observed with each subsequent reaction. 

Samples 1a, 1b, 4a, 4b, 5a and 5b were considered not active enough in the initial run to 

perform a sequential run. 

 

  
 

Figure 6.5 O2 evolution curve measured of 1 immobilized on Si/SiO2 sample (left) 2a and (right) 3a in 

2 mL 50 mM CAN. The increasing roman superscript refers to a subsequent run. 
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Oxygen formation is halted indefinitely after the sequential runs performed with sample 2a and 

3a, indicating deactivation of the catalyst. This could point to decomposition of the catalyst due 

to the formation of catalytically inactive iridium oxide deposits on the oxidized porous silicon 

surface. To study the formation of iridium oxide, sample 2a, that showed the highest formation 

of O2 was recovered from the Clark-electrode reaction chamber after the experiments and SEM 

EDX measurements were applied. Initial observations did not show significant changes in the 

porous nature of the oxidized porous silicon surface (figure 6.6) when compared to previously 

published reults.10 EDX analysis of the surface did not show any evidence of iridium oxide 

species formed on the surface (right panel in figure 6.6), however, the presence of iridium or 

IrOx species within the porous network is not ruled out with this technique. Deactivation due to 

leaching of catalytically active species out of the oxidized porous silicon matrix during oxygen 

evolution in the presence of CAN could occur, however at this point the exact nature of the 

deactivation process is unknown. 
 

  
Figure 6.6 (left) Scanning electron micrograph of Si/SiO2/1 (5% HF, 4 min) at 50000 times 

magnification (right) EDX measurement of the surface after reaction with CAN. 

 

The porous surface morphology impedes a direct quantification of the immobilized catalyst 

precursor 1 with spectroscopic techniques. However, the observed oxygen evolution rates were 

compared with oxygen evolution rates that were measured for known concentrations of water 

oxidation catalyst 1 in solution (see experimental section, figure SI 1). The observed rates in 

oxygen formation for the most active functionalized oxidized porous silicon substrate sample 2, 

compared to the least active functionalized non-porous silicon substrate sample 1 (table 6.2) 

corresponds to an order of ~15 nmol and ~0.37 nmol surface immobilized 1 respectively 

which is an increase by a factor 40. It is assumed that the increased accessible specific surface 

area provides more reacting sites for the covalent immobilization of catalyst precursor 1. When 

considering artificial leaf designs based on microfluidic devices, of which a conceptual device is 

depicted in figure SI 2 of the supporting information, the access to large surface areas is 

desirable to load larger quantities of catalytic species on the SiO2 side-wall. In addition, the 

control in pore-size and porous layer thickness of the oxidized porous silicon side-walls could 

serve as a strategy for the selective immobilization of different catalytic species based on size 

exclusion, onto specified regions within the side walls of microfluidic channels. 
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6.3 Conclusions 

 

Two oxidized porous-Si samples with two different pore sizes and two different pore lengths 

were fabricated and functionalized with molecular water oxidation catalyst 1. The results show 

a control in pore-length and pore-diameter of the porous SiO2 network. The increase in surface 

area and the size exclusive nature of the pores, demonstrated by the activity of surface 

immobilized oxidation catalyst 1, are proposed as a novel strategy in the development of 

artificial leaf configurations based on molecular composed transparent microfluidic type 

devices. 
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6.4 Experimental section 

 

General – All chemicals were purchased from commercial suppliers and used without further 

purificiation. All syntheses were carried out under a N2 atmosphere using standard Schlenk 

techniques. 1,2,4-trichlorobenzene was dried prior to use by storing it over 4Å molecular 

sieves under N2 for 3 days. The H2O content was determined by means of Karl-Fischer 

titration. NMR spectra were recorded on a Bruker AMX 400 (400.1 MHz, 100.6 MHz for 1H 

and 13C respectively). Rates of oxygen evolution were recorded using a Hansatech Instruments 

Oxygraph. Ultra High Scanning Electron Microscopic (SEM) images and energy dispersive X-

ray spectroscopic data (EDX) were obtained using a Philips FEI XL30 S FEG. 

 

Synthesis of compound 1 was performed according to chapter 3. 

 

Fabrication of oxidized porous-Si substrates – Substrates with varying layer thicknesses of porous-Si 

were created by the electrochemical anodization of p++-Si wafers (100 mm diameter, 500 µm 

thick, single side polished, (100)-oriented, boron-doped, resistivity 10-25 mΩ/cm). By means 

of a home-built Teflon reservoir, the polished frontside of the p++-Si wafer, was exposed to an 

aqueous HF solution, while the backside was in contact with a Cu anode. The counter electrode 

(cathode), a mesh of Pt wire, was immersed in the electrolyte solution, positioned 3 mm above 

the wafer, in order to complete the electrical circuit. A Keithley (model 2410) high voltage 

source-measurement unit was used to apply a current to the anode while the cathode was 

grounded. Details of this set-up can be found elsewhere.7,10 Two different electrolyte 

compositions were used (5 wt-% and 20 wt-% aqueous HF solutions). In order to avoid non-

uniformities in the thickness of the porous-Si layer (due to formed hydrogen sticking to the Si-

surface) EtOH was added to the electrolyte in a volumetric ratio HF:EtOH of 5:1. The applied 

galvanostatic anodization settings were 200 mA and 50 mA for 5% HF and 20% HF, 

respectively, and 1 and 4 minutes for both electrolytes. Immediately after the given anodization 

times the electrolyte was removed, followed by thorough rinsing of the substrate with 

demineralized water, immersion in EtOH and spin drying. Subsequently all wafers were loaded 

in a wet thermal oxidation furnace (900 °C, 15 minutes), including two blank p++-Si wafers, 

to modify the wettability of porous-Si from hydrophobic to hydrophilic. Finally, the wafers 

were diced into 0.8 x 2.0 cm samples for further experiments. One sample of each combination 

of anodization and oxidation settings was analyzed by means of high-resolution SEM-imaging. 

 

Surface cleaning treatment of Si/SiO2 wafers – Wafers prepared according to the procedure as 

described above were positioned in a Teflon® holder (figure 6.10), submerged in a 40 mL 10% 

v/v Hellmanex® solution and sonicated for 1h. The solution was decanted, and the holder was 

rinsed with deionized H2O. The holder then was submerged in 40 mL acetone and again 

sonicated for 1h. The holder was removed from solution, dried under a N2 stream and stored in 

a UV Ozone cleaner for 2.5 h. 
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Immobilisation of 1 onto Si/SiO2 wafers – The Teflon® holder containing cleaned Si/SiO2 wafers 

was submerged in 50 mL 1,2,4-trichlorobenzene in a specially designed glass set-up (figure 

6.10). 5 mg of 1 was added and the solution was heated at 115 oC for 24 h under N2 under 

continuous stirring. The solution was cooled down to room temperature, the plastic holder was 

removed, rinsed and submerged in 40 mL fresh 1,2,4-trichlorobenzene and 40 mL fresh 

acetone subsequently and dried under an N2 stream. After the treatment the plastic holder was 

stored under N2 prior to measurement. 

 

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. 

 

Oxygen evolution rate measurements of 1 – In a typical experiment stock solutions of 0.25 mM 1 and 

100 mM CAN were prepared in air saturated deionized H2O. Concentrations of 1 ranging from 

5 µM to 80 µM were prepared by diluting the stock solution. 1 mL 100 mM CAN was then 

added to the reaction chamber and stirred at a constant rate until the signal remained stable. 

The measured initial O2 concentration around ~290 nmol/mL. At this point the O2 

concentration was recorded and after 60 s 1 mL of a diluted solution of 1 was added to the 

reaction chamber thereby diluting the initial concentrations by a factor 2. Upon addition the 

inside of the reaction chamber was rapidly mixed by soaking up and releasing its content 3 times 

repeatedly using a glass pipette to ensure homogeneity. The recording was stopped after a 

maximum O2 concentration value was achieved or after no increase in O2 concentration was 

observed. The reaction chamber was emptied and flushed with fresh deionized H2O before 

starting a new measurement. 

 

Oxygen evolution rate measurement of Si/SiO2/1 – In a typical experiment 2 mL 50 mM CAN was 

added to the reaction chamber and stirred at a constant rate until the signal remained stable. 

The O2 concentration was recorded and after 60 s a single wafer was then placed between the 

tip of a tweezer and submerged in solution (figure 6.10). In all experiments the respective 

wafers were placed at the same height within the solution in the reaction chamber. Blank 

unfunctionalized wafers 1a and 2a according to table 6.3 were submerged in 50 mM CAN 

which resulted in no increase in the O2 concentration as expected. 
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6.5 Supporting information 

 

  
# [1] (µM) [Ce4+]/[1] dO2/dt (M s-1) Maximum [O2] (µM)a TOF (mol mol-1 s-1) 

1 40 1250 9.87∙10-6 > 700  0.25 

2 20 2500 3.74∙10-6 > 700 0.19 

3 10 5000 1.35∙10-6 > 700 0.14 

4 5 10000 3.97∙10-7 ~220 0.08 

5 2.5 20000 1.60∙10-7 ~90 0.06 
 

Figure SI 1 (top-left) Oxygen evolution curves by reacting 2.5-40 µM 1 with 50 mM cerium 

ammonium nitrate in 0.1 M HNO3. (top-right) Natural logarithm of the concentration of 1 plotted 

against the natural logarithm of kobs. (bottom) slopes of O2 evolving curves determined at initial reaction 

conditions. In all experiments the Ce4+ concentration was 50 mM. (a) 700 µM O2 is the maximum 

concentration range as measured by the Clark-electrode. 

 

 
Figure SI 2 Schematic representation of a conceptual device design with respect to artificial 

photosynthesis for the photoproduction of hydrogen based on a biomimetic microfluidic approach. 

WOC, water oxidation catalyst; PRC, proton reduction catalyst. 

 

   
Figure SI 3 Procedure for the functionalization of Si/SiO2 wafers. 
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