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Titanium dioxide (TiO2) is the most widely studied material for photodegradation of organic 

contaminants thanks to its activity as well as the abundance, low-cost, and multiple 

nanostructures (particles, rods, and tubes). TiO2 nanotubes are of interest because of their high 

surface area and have been modified with many metal-based nanoparticles to increase 

photocatalytic activity. In this thesis TiO2 nanotubes decorated with 1-5nm diameter ruthenium 

oxide (RuO2) nanoparticles were investigated. TiO2 nanotubes decorated with green ruthenium 

oxide nanoparticles were successfully synthesized. The interaction between the RuO2 

nanoparticles and TiO2 nanotubes (TNTs) shifted the XPS Ti 2p3/2 peak spectra to a lower 

binding energy, supporting that the nanoparticles were bound to the TNTs. The RuO2-decorated 

TNTs were tested as photocatalysts for the photodegradation of three dyes: malachite green 

(cationic dye), methylene blue (cationic dye), and indigo carmine (anionic dye). The malachite 

green and methylene blue dyes adsorbed well to the surface of the RuO2-decorated TNTs and 
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were degraded in 120 min and 240 min respectively. The indigo carmine dye did not display 

significant adsorption for the RuO2-decorated TNTs, which had slower photodegradation than 

the bare TNTs, due to the anionic nature of the dye. The indigo carmine was only degraded to 

about 40% after 240 min. Overall the RuO2 decorated TNTs performed best in cationic dyes 

where superior adsorption was displayed compared to the bare TNTs and previously reported 

RuO2 decorated TiO2 nanoparticles, but lower photodegradation rates were observed. 
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CHAPTER 1 

INTRODUCTION 

 

The amount of fresh water available on the planet is only about 2.5% of the total water 

amount, therefore the purification of contaminated water is an important area of research.1 

Organic dyes from textiles and water-treatments are common types of pollutants that are 

released into the environment as wastewater.2-3 Many organic dyes are a threat to the health 

of plants, animals, and people.2-3 A widely used method to treat various organic contaminants is 

photocatalysis.4-6 Titanium dioxide has been the most studied material for photocatalysis since 

the splitting of water was detected on TiO2 electrodes by Fujishima and Honda.7 When TiO2 is 

irradiated by UV-light, electrons and holes are produced which act as reductants and oxidants, 

respectively.7-11 This results in the formation of reactive oxygen species such as the hydroxyl 

radical (OH•), singlet oxygen (1O2) and the superoxide anion (O2
•-), which breakdown organic 

contaminants.9-10 TiO2 is favored for photocatalysis due to its resistance to photocorrosion, 

abundance, low-toxicity, and low cost. The ability to separate electron-hole pairs depends on 

the nature of the band gap. TiO2 has multiple crystalline phases. The most common crystalline 

phases are rutile and anatase. Rutile has a direct band gap of 3.0 eV while anatase has an 

indirect band gap of 3.2 eV which makes anatase the preferred crystalline phase.11-14 Different 

TiO2 morphologies including nanoparticles, nanorods, and nanotubes have been studied to 

increase the surface area and photocatalytic activity.11, 15-16 Nanotubes have the highest surface 

area of  the three morphologies (~345 m2/g) allowing for more reactive surfaces to be 
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available.11, 13, 17 Although TiO2 has many benefits for photocatalysis it also has shortcomings. 

The large band gap makes it difficult to utilize sunlight energy.8, 18-21  

In order to enhance the photocatalytic performance of TiO2 the attachment of various types of 

nanoparticles have been studied.18-19, 21-23 One of the more interesting nanoparticle materials  

that has been studied is ruthenium oxide.24-25 Ruthenium oxide is known to be an efficient 

water oxidation catalyst.26-27 Ruthenium oxide was recently shown to improve the performance 

of the TiO2 by serving as a metal-like material heightening charge separation, which helps 

generate more radical species.21 The improved charge separation occurs because of bending 

energy bands caused by electron transfer between TiO2 and RuO2 to balance the Fermi level.21 

RuO2 has a low band gap of 2.2 eV, which absorbs in the visible light region.28 Upon UV 

irradiation the RuO2 would form additional reactive species because of the transfer of 

photogenerated holes from the TiO2, as shown in Fig. 1.21 These photogenerated holes are 

produced from electrons excited from the TiO2 valence band (Evb) to the conduction band (Ecb) 

near the fermi level. Uddin et al. reported TiO2 nanoparticles decorated with RuO2 to degrade 

methylene blue.21 Bavykin et al also used RuO2-decorated TNTs to degrade alcohols.24 Our 

study will center on photocatalysis of dye based contaminants that have not been tested using 

TNTs-decorated with RuO2 nanoparticles. Our expectations of improved catalytic activity and 

the overall scarcity of studies on TNTs paired with RuO2 nanoparticles prompted our research of 

using TiO2 nanotubes decorated with RuO2 nanoparticles for photocatalysis of other dyes 

focusing on differences in size and charge, as it has not been researched yet with these types of 

materials.24-25  
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Figure 1. Diagram of UV-light irradiation induced charge separation at the TiO2/RuO2 interface 
of a RuO2-decorated TNT and the reactive species generated. 

 

The cationic dyes that were tested included malachite green and methylene blue (Table 1). 

Malachite green is used as a fungicide, an ectoparasiticide, and has a max absorption 

wavelength near 616 nm.2, 29-30 Methylene blue, which is used as a textile dye, has a max 

absorption wavelength near 660 nm.19, 31-37 In addition to the two cationic dyes of malachite 

green and methylene blue one anionic dye indigo carmine was tested. Indigo carmine is used as 

a food dye and has a max absorption wavelength at about 610 nm (Table 1).38 All of the dyes 

will be in between pH 8 and pH 6 in order to mimic polluted waste streams.39 The hydroxyl 

radicals are more common at neutral and high pH levels; while positively charged holes are 

more prevalent at low pH levels.33, 40 Controlling the pH is also important because the pH of the 

dye solution affects the surface chemistry of the TiO2. If the pH of the solution is above the 
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isoelectric point (pI) the surface of the TiO2 will be negatively charged, while the surface will be 

positively charged if the solution’s pH is below the pI.19 As shown in equations (1) and (2):  

(1) pH > pI: Ti-OH + OH- ↔TiO- + H2O   

(2) pH < pI: Ti-OH + H+ ↔TiOH2
+ 

Equation (1) and (2) refer to basic and acidic media respectively.19 The pI of TiO2 is typically 

around 6, but TiO2 nanotubes have been shown to have negatively charged surfaces at the 

same pH and lower.33, 36, 40 The pI for RuO2 is 5.2, so the RuO2 is expected to be negatively 

charged while in the dye solutions.41 The charge state of TiO2 and RuO2 will be highly influential 

on the effectiveness of the RuO2-decorated TNT catalyst in the cationic and anionic dyes. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Materials 

All reagents were utilized as received without additional purification. Titanium oxide, Aeroxide® 

P25 was purchased from Acros Organics. The sodium hydroxide pellets were purchased from 

Macron. The 12M hydrochloric acid was purchased from Fisher Scientific. The cysteine (≥97%) 

was purchased from SAFC. The ruthenium (III) chloride hydrate was purchased from Pressure 

Chemical Company. The malachite green oxalate (>90%) was purchased from Avocado Research 

Chemicals. The methylene blue was purchased from Allied Chemical. The indigo carmine (98%) 

was purchased from Sigma-Aldrich. 

2.2 TiO2 Nanotube Synthesis 

0.5 g of TiO2/P25 was dispersed in 30 mL of DI water. Once a homogenous solution was 

obtained 10.5 g of NaOH were added to the solution. The solution was poured into a 40 ml 

Teflon liner and sealed in an autoclave for 24 h at 150 °C. The sample was then washed with DI 

water to a pH ~ 8.5 and then washed with 0.1 M HCl. The sample was dried at 85 °C in air and 

then annealed at 280 °C for 80 min. 

2.3 Cysteine Treatment  

 3.2713 g of cysteine are dispersed in 30 mL of DI water to obtain a concentration of 0.9M. 0.25 

grams of TiO2 nanotubes are then added to the solution and stirred for 1 h in the dark. The 
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solution is centrifuged and washed with DI water three times to remove excess cysteine. The 

sample was then dried in air at 85°C. The same procedure was followed for the 0.6 M sample, 

2.1809 g of cysteine are used. 

2.4 Attachment of RuO2 Nanoparticles 

0.0188 g of RuCl3∙nH2O were dissolved in 20 mL of DI water and stirred at room temperature for 

30 min. 0.125 g of cysteine-treated TiO2 nanotubes were added to solution and stirred for 2 h. 

The solution was centrifuged and washed with DI water 3 times to remove unbound ruthenium. 

The ruthenium-treated TiO2 nanotubes were mixed with 3 mL of a 1 M solution of NaOH and 

stirred for 2 h. The solution was centrifuged and washed again and dried in air at 85 °C. The 

sample was annealed at 250 °C for 80 min in air.  

2.5 Dye Degradation 

A 25 ppm solution was prepared by dissolving 0.025 g of each dye in 1 L of deionized water. For 

the photodegradation experiments 0.020 g of catalyst and 100 mL of dye solution were used for 

each trial. The reaction vessel was a 250-mL quartz round-bottom flask that was 20 cm from the 

light source. The experiment was done in a dark box with a water-cooled 450-W Hanovia quartz 

mercury UV-lamp. The solutions were irradiated for at most 240 min., with time zero being 

after the catalyst had been stirred in the dye solution for 1 h.  
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Table 1. Dye Solution Properties 

Dye λmax 

(nm) 

Conc. 

(ppm) 

in 

water 

Initial pH 

Malachite Green 

 

616 25 6.22 

Methylene Blue 

 

660 25 6.02 

Indigo Carmine 

 

610 25 7.60 
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2.6 Characterizations 

X-ray powder diffraction (XRD) was conducted on a Rigaku Ultima IV utilizing copper K-alpha 

radiation. The transmission electron microscopy (TEM) images were taken on a FEI CM200 FEG 

transmission electron microscope operating at 200 kV. Infrared spectra were obtained via 

Fourier transform infrared attenuated total reflection spectroscopy (FTIR-ATR) with a 

Nicolet380 FT-IR SmartOrbit ATR model spectrometer. X-ray photoelectron spectroscopy was 

conducted using a Perkin-Elmer PHI System equipped with an Al K-alpha X-ray source at a 

chamber base pressure of 1.5 × 10−9 Torr. The spectra were recorded with a 16-channel 

detector using a hemispherical analyzer. A Perkin-Elmer Lambda 900 UV-Vis-NIR 

spectrophotometer was used for the collection of the UV-vis-NIR reflectance spectra. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Characterization of TiO2 nanotubes and RuO2-decorated TiO2 nanotubes 

Fig. 2a shows TEM images of the as-synthesized TiO2 nanotubes that are ~10 nm in diameter as 

well as, having a hollow-core with open ends. The TiO2 nanotubes are multi-walled with pores 

of ~5 nm as shown by the TEM image in Fig.2b. 

 

Figure 2. TEM images of the synthesized TiO2 nanotubes at low and high magnification. 

 

The lattice fringes in corresponding to the TiO2 nanotubes TEM images show the ordered 

nature of the TiO2 nanotubes confirmed by the X-ray diffraction in Fig.3 which shows the 
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nanotubes are anatase. The crystalline peaks match with the simulated pattern (JCPDS No:21-

1272) indicating the anatase crystalline phase. N2 adsorption results in a Brunauer–Emmett–

Teller (BET) surface area of 285 m2/g. TiO2/P25 nanoparticles have a surface area of ~70 m2/g.21 

 

 

Figure 3. XRD pattern of TiO2 nanotubes and the simulated pattern (JCPDS No:21-1272 pattern 
(blue)). 

 

In order to control the size of the RuO2 nanoparticles a cysteine linker is first bound to the TiO2 

nanotubes as shown in Fig.4. This method was implemented by Ratanatawanate et al. to 

control the sizes of PbS and CuS nanoparticles with more cysteine yielding bigger 

nanoparticles.18-19 
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Figure 4. A schematic diagram of RuO2 synthesis on a TiO2 nanotube. 

 

The spectrum in Fig. 5a shows is for bare TiO2 nanotubes with a band near 3300cm-1 which is 

characteristic of hydroxyl groups from water. The spectrum in Fig. 5b shows bands near 3023 

cm-1, 2915 cm-1, 2578 cm-1, and 1619 cm-1 which represent amine, methylene, thiol, and 

carbonyl groups, respectively, that are characteristic of cysteine.18 The spectrum in Fig. 5c is for 

TiO2 nanotubes with bound 0.6 M cysteine which shows similar bands to the pure cysteine 

spectrum indicating the cysteine is bound, with the addition of a band near 3417 cm-1. This 

band characteristic of a hydroxyl group and is being caused by water present on the TiO2 

nanotubes.18 The red spectrum in Fig.5d is for 0.9 M RuO2-decorated TNTs and shows a 

hydroxyl band near 3485 cm-1, which is associated with water. 
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Figure 5. FTIR-ATR spectra of a) bare TiO2 nanotubes (black), b) cysteine (blue), c) TiO2 
nanotubes with cysteine (green), and d) TiO2 nanotubes with RuO2 (red). 

 

The RuO2-decorated TNTs were characterized by TEM images shown in Fig.6. The nanoparticles 

were on the outside of the nanotube. In Fig. 6b the attached nanoparticles showed a d-spacing 

of about 0.168 nm. The 0.168 nm d-spacing corresponds to a 211 reflection. Fig. 6c shows the 

RuO2 nanoparticles in the 0.6 M cysteine sample are in the size range of 1-2 nm for the bulk of 

the nanoparticles. Fig. 6d shows the size of the RuO2 nanoparticles for the 0.9 M cysteine 

sample, which are between 3-4 nm for the bulk of the nanoparticles. The BET surface area for 

the 0.9 M cysteine RuO2-decorated TNTs was measured to be 290 m2/g. The presence of the 
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RuO2 was shown with XRD in Fig.7. The TiO2 shows the 101, 112, 104, 103, 200, 211, 105 

reflections, while the RuO2 was identified by the 110, 101, 211 reflections. The Scherrer 

equation calculated RuO2 nanoparticles of ~2 nm and ~4 nm for the 0.6 M and 0.9 M, 

respectively. 

 

Figure 6. TEM images of a) and b) the synthesized RuO2 decorated TiO2 nanotubes at low and 
high magnification, c) a histogram of sizes for the 0.6 M cysteine RuO2, and d) a histogram of 
sizes for the 0.9 M cysteine RuO2. 
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Figure 7. XRD pattern of 0.9 M RuO2-decorated TNTs with anatase TiO2 (JCPDS No:21-1272) and 
RuO2 (JCPDS No:43-1027) simulated via blue and red patterns, respectively. 

 

 Uddin et al. used XPS to show that the RuO2 nanoparticles were bound to TiO2 nanoparticles 

due to a Ti 2p3/2 spectra shift to a lower binding energy that was attributed to band bending at 

the TiO2/RuO2 interface.21 XPS was collected for the 0.6 M RuO2-decorated TNTs and Figs. 8a 

and 8b show the survey XPS spectra of the bare TNTs and RuO2 decorated TNTs.42, 43 The inset 

in Fig. 8b shows a Ru 3d5/2 peak near 281 eV. In Fig. 8c two Ti 2p peaks are shown in the high-

resolution XPS spectra for the bare TiO2 nanotubes, Ti 2p1/2 and Ti 2p3/2 located at ~461 eV and 

458.2 eV, respectively.42 Fig.8d shows the deconvoluted Ti 2p1/2 and Ti 2p3/2 for the RuO2-

decorated TNTs. The deconvoluted spectra shows a new peak shifted to a lower binding energy. 

The shift from 458.2 eV to 457.4 eV is consistent with the directional shift observed by Uddin et 

al. that was associated with band bending (in this case the lowering of the conduction band) at 
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the RuO2/TiO2 heterojunction, meaning the RuO2 nanoparticles are bound to the TiO2 

nanotubes (a potential Ru-O-Ti bond).21 The heterojunction is a result of the TiO2 and RuO2 

having different band gaps.21 This may result in charge transfer between their conduction 

bands.19, 21 Fig.8e and 8f represent the oxygen present in both the bare TNTs and the RuO2 

decorated TNTs. The TiO2 and RuO2 oxygen groups are both represented by the deconvoluted 

peak at the 530.4 eV binding energy and the adsorbed water is represented by the 

deconvoluted peak at the 531.6 eV binding energy for both Figs. 8e and 8f.42-43 In Fig. 8f a third 

deconvoluted peak was at 534.8 eV which corresponds to a carbonyl group, this peak is either 

the result of contamination or it is residual carbon from the cysteine.44   
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Figure 8. XPS spectra of a) the survey spectrum of TiO2 nanotubes, b) the survey spectrum of 
RuO2 decorated TiO2 nanotubes, c) a high-resolution deconvoluted spectrum of the Ti 2p peaks 
(TNTs), d) a high-resolution deconvoluted spectrum of the  Ti 2p peaks (RuO2-decorated TNTs), 
e) a high-resolution deconvoluted spectrum of the oxygen peaks (TNTs), and f) a high-resolution 
deconvoluted spectrum of the oxygen peaks (RuO2-decorated TNTs). 

  

The RuO2-decorated TiO2 nanotubes displayed a green color. The solid-state UV-Vis spectra are 

displayed in Fig. 9. The RuO2-decorated TiO2 nanotubes have the mixed absorption properties 

of both TiO2 nanotubes and RuO2 particles (TiO2/P25 was used as the blank). For both the RuO2-

decorated TNT samples (0.6 M and 0.9 M cysteine concentration) the maximum absorbance at 

~300nm is maintained from the TiO2 nanotubes. While also being comparable to the RuO2 

particles in absorption capability, except for an absorbance minimum near 600 nm in the visible 
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spectrum. A similar result was observed by Uddin et al. with an absorbance minimum occurring 

in the visible region for TiO2 nanoparticles decorated with RuO2.21  Uddin et al. attributed the 

result to the excitement of multiple oscillating electrons (surface plasmon effect) at the 

interface of the RuO2 nanoparticles and the TiO2, which also decreased in the indirect band gap 

of the material by ~0.5 eV (in comparison to only the TiO2).21 In contrast, Ganguly et al. 

obtained similar results using only RuO2 nanoparticles of ~7 nm size.45 A similar result being 

obtained with only RuO2 nanoparticles indicates that the result is simply related to the size of 

the RuO2. The spectra were further analyzed using tauc plots in Fig. 10 to see if any band gap 

effects were observable. Fig. 10a the TiO2 nanotubes (in blue) were calculated to have a band 

gap of 3.20 eV, which is expected for anatase. Fig.10b the RuO2-decorated TNTs synthesized 

with 0.6 M cysteine (in light green) were calculated to have a band gap of 2.73 eV. Fig.10c the 

RuO2-decorated TNTs synthesized with 0.9 M cysteine (in dark green) were calculated to have a 

band gap of 2.69 eV. These results indicate that the binding of the RuO2 nanoparticles to the 

TiO2 nanotubes does cause the band to bend. This band bending is indicated by the lowering of 

the band gap. These results also indicate that binding more RuO2 lowers the band gap of the 

TiO2 even further. Due to the 0.9 M sample having a lower band gap, the 0.6 M sample was not 

used for photodegradation experiments.  
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Figure 9. UV-Vis-NIR absorbance spectra for a) TiO2 nanotubes (blue), TiO2 nanotubes decorated 
with RuO2 for b) 0.6 M (light green) and c) 0.9 M cysteine concentration (dark green), and d) 
RuO2 particles (red). 
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Figure 10. Tauc plot modeling the band gaps of a) TiO2 nanotubes, b) TNTs-decorated with RuO2 
nanoparticles synthesized with 0.6 M cysteine concentration, and c) TNTs-decorated with RuO2 
nanoparticles synthesized with 0.9 M cysteine concentration. 

3.2 Photocatalytic Activity 

Figs. 11-13 show the results of the photodegradation and the 25 ppm degradation rates are 

shown in Table 2 of the malachite green, methylene blue, and indigo carmine dyes at room 

temperature. From Fig. 11, it is clear that after stirring in darkness for one hour the 

concentration of the malachite green dye is nearly 15% less for the RuO2-decorated TNT 

catalyst. This difference in dye concentration is attributed to the adsorption quality of the RuO2 

decorated TNT catalyst. The bare TNT and RuO2-decorated TNT catalyst degraded the malachite 

green dye by more than 95% after two hours. However, the applied reaction rate constant (kapp) 

for the RuO2 decorated TNTs was 1.16 × 10-2 min-1 and 2.76 × 10-2 min-1 for the bare TNTs. The 

lower kapp for the RuO2 decorated TNTs also makes the normalized reaction rate (Knorm), 
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calculated via the equation Knorm = kapp/SBET (SBET = BET surface area), to be lower as well with 

Knorm being 3.99 × 10-5 g m-2 min-1 and 9.67 × 10-5 g m-2 min-1 for RuO2 decorated TNTs and the 

bare TNTs, respectively. The pH of the stock solution of malachite green was measured to be 

6.22 (adjusted with 1 M NaOH). After the reaction was finished the color of both catalysts 

changed, this was especially obvious in the case of the bare TiO2 nanotubes which changed 

from white to black (RuO2 decorated TNTs changed from green to black). These color changes 

indicate that malachite green related molecules are still on the surface of both catalysts.19 

These results indicate that for malachite green dye the RuO2 decorated catalyst was only 

superior in terms of adsorption compared to the bare TNTs.  

 

 

Figure 11. Plot displaying the dye concentration vs. irradiation time for the degradation of 

malachite green (inset) with TiO2 nanotubes ( ) and TiO2 nanotubes decorated with RuO2                 

( ).   
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The superiority of the RuO2-decorated TNTs vs. the bare TNTs persist in 25 ppm methylene blue 

photodegradation (not shown) where the dye concentration is about 0.80 lower than the bare 

TNTs after stirring in darkness. The dye concentration percent is about the same as the 

malachite green dye than what was shown in Fig. 11, despite the smaller size of methylene blue 

molecules in comparison to the malachite green molecules. This indicates that the size of the 

dye does not affect the adsorption of the dye significantly. The RuO2-decorated TNTs and bare 

TNTs seemed to degrade the methylene blue to about zero after 2 hours. The trend of the 

RuO2-decorated TNTs having lower reaction rates continued from the malachite green 

degradation with the kapp for the methylene blue being 1.46 × 10-2 min-1 and 3.4 × 10-3 min-1 

(bare TNTs and RuO2-decorated TNTs respectively), while the Knorm reaction rates were 

measured to be 5.12 × 10-5 g m-2 min-1 and 1.77 × 10-5 g m-2 min-1 (bare TNTs and RuO2-

decorated TNTs respectively). The pH of the stock solution of methylene blue was 6.02 

(adjusted with 0.1 M HCl). In order to obtain a better photodegradation rate, due to the high 

adsorbance demonstrated by the RuO2-decorated TNTs, another methylene blue degradation 

Fig. 12 was conducted at a 50 ppm concentration for 240 min at pH 7.02 (not shown). The 

percent dye concentration of the bare TNTs began at about 0.53 and was 0.51 after 240 min., 

while the RuO2-decorated TNTs began at about 0.32 and was 0.21 after 240 min. The RuO2-

decorated TNTs showed a higher photodegradation rate with a kapp of 1.7 × 10-3 min-1 and a 

Knorm of 5.84 × 10-6 g m-2 min-1, while the bare TNTs had a kapp of 2 × 10-4 min-1 and a Knorm of 

7.01 × 10-7 g m-2 min-1. This photodegradation data again confirmed that the RuO2-decorated 

TNTs were an improved catalyst to the bare TNTs for the methylene blue dye in terms of 



22 
 

adsorption. Similar to the malachite green molecules, some of the methylene blue molecules 

also remained on the surface of the catalyst after the UV-treatment was finished. These 

remaining molecules can potentially be products such as phenols and benzene rings that are 

toxic.31, 46 This is visually observed by the color of the catalysts changing to black.  

 

 

Figure 12. Plot displaying the dye concentration vs. irradiation time for the degradation of        

50 ppm methylene blue (inset) with TiO2 nanotubes ( ) and TiO2 nanotubes decorated with 

RuO2 ( ). 

 

The results of Fig. 13 feature the effects of the bare TNTs and the RuO2-decorated TNTs with an 

anionic dye, indigo carmine. Neither of the catalyst seemed to have any significant effect on the 

dye concentration while stirring in darkness, but the bare TNTs adsorbed about 10% dye 

concentration. This is due to the negatively-charged surface of the TiO2-based catalysts 
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hindering surface adsorption by repelling the negatively charged indigo carmine, while an 

attractive effect was observed in the cationic dyes.35-36 The concentration of indigo carmine 

only decreased during UV-irradiation, meaning no significant adsorption occurred. The dye 

degradation rate for the bare TNTs seems to be more efficient than the RuO2-decorated TNTs, 

with the bare TNTs completing the photodegradation of the indigo carmine (pH=7.60) after 60 

minutes, which was faster than the time that was required for the malachite green and 

methylene blue dyes. The RuO2-decorated TNTs only degraded the indigo carmine to about 

40% after 4 hours, which was slower than the time needed to remove ~95% of the cationic 

malachite green and methylene blue dyes. The kapp for the bare TNTs was 5.2 × 10-2 min-1 and 

3.9 × 10-3 min-1 for the RuO2-decorated TNTs, while the Knorm for the bare TNTs was 1.82 × 10-4 g 

m-2 min-1and 1.34 × 10-5 g m-2 min-1 for the RuO2-decorated TNTs. This slower photodegradation 

time for the indigo carmine maybe due to its anionic nature. The slow photodegradation rate is 

most likely caused by the fact that the anionic indigo carmine is not adsorbing to the surface of 

the catalysts like malachite green and methylene blue do. The idea of a lack of dye molecules 

on the surface of the catalyst is supported by the fact that no color change is observed for 

either catalyst after the reaction (TNTs remained white and RuO2-decorated TNTs remained 

green). The surface being occupied by less dye molecules would allow the catalyst to be better 

stimulated by the UV-light to produce more radical species. This reaction result displayed that 

RuO2 nanoparticles hinder the performance of photodegradation for anionic dyes.  
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Figure 13. Plot displaying the dye concentration vs irradiation time for the degradation of indigo 

carmine with TiO2 nanotubes ( ) and TiO2 nanotubes decorated with RuO2( ). 
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Table 2. Dye Reaction Rate Constants 

Photocatalyst SBET (m2g-1) Malachite Green kapp 

(min-1) 

Malachite Green Knorm                                             

(g m-2 min-1) 

TNTs 285 2.76 × 10-2 9.67× 10-5 

RuO2-TNTs 290 1.16 × 10-2 3.99 × 10-5 

  
Methylene Blue kapp 

(min-1) 

Methylene Blue Knorm                           

(g m-2 min-1) 

TNTs 285 1.46 × 10-2 5.12 × 10-5 

RuO2-TNTs 290  3.4 × 10-3 1.77 × 10-5 

  
Indigo Carmine kapp 

(min-1) 

Indigo Carmine Knorm                                 

(g m-2 min-1) 

TNTs 285 5.2 × 10-2 1.82 × 10-4 

RuO2-TNTs 290 3.9 × 10-3 5.84 × 10-6 

 

3.3 Literature Comparisons 

To understand the significance of our RuO2-decorated TNT catalyst it was compared to other 

catalysts that have been previously reported in literature. The first catalyst our RuO2-decorated 
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TNTs were compared to was RuO2-decorated TiO2 nanoparticles synthesized by Uddin et al.21 

Uddin et al. loaded TiO2 nanoparticles (size ~18 nm) with 2-5 nm RuO2 nanoparticles at loadings 

of 1%, 2.5%, and 5%.21 The BET surface areas for all the loading of the RuO2-decorated catalyst 

were ~70 m2g-1.21 The photodegradation was performed on a methylene blue solution in water 

of 10 mg/L.21 0.1 g of photocatalyst was dispersed in 100 mL of dye solution at a pH of 7.21 The 

1% loaded sample preformed the best with a kapp of 2.39 × 10-1 min-1 and a Knorm of                                  

3.57 × 10-3.21 The dye was fully degraded in 20 min.21 The kapp and Knorm of the 1% RuO2-

decorated TiO2 nanoparticles were superior to the kapp and Knorm for our RuO2-decorated TNTs 

3.4 × 10-3 and 1.77 × 10-5, respectively. Two big factors for the differences in the degradation 

rate could be Uddin et al. uses five times more catalyst and that the pH of our solution is only 

6.22, while theirs is 7. Regardless, our RuO2-decorated TNTs show superior adsorption despite 

that our solution is more concentrated (25 mg/L). This superior adsorption is due to our use of 

the higher surface area TiO2 nanotubes.37 The second catalyst that was compared against our 

RuO2-decorated TNTs were CuS-decorated TNTs synthesized by Ratanatawanate et al.18 

Ratanatawanate et al. loaded TNTs with 2-6 nm CuS nanoparticles.18 The photodegradation was 

performed on a 0.3mM malachite green solution in water at pH 6.2.18 25 mg of photocatalyst 

was dispersed in 100 mL of the malachite green dye solution.18 The CuS-decorated TNTs 

degraded the solution to ~40% in 120 min.18 Due to the fact Ratanatawanate et al. used ~5 

times as much malachite green and degraded more dye in the same time span, the CuS-

decorated TNTs show better photocatalytic activity.18 Once more the only benefit provided by 

the RuO2-decorated TNTs are their adsorption capabilities. The last catalyst that was compared 
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to our RuO2-decorated TNTs were PbS-decorated TNTs synthesized by Ratanatawanate et al.20 

Ratanatawanate et al. loaded TNTs with 4-5 nm PbS nanoparticles.19 The photodegradation was 

performed on an indigo carmine solution in water (25 mg/L) at pH 5.7.19 25 mg of photocatalyst 

was added to the 100 mL of the dye solution and the solution was irradiated for 120 min.19 The 

PbS-decorated TNTs degraded the solution to ~10%, which was better than our RuO2-decorated 

TNTs that degraded the solution to ~40% in 240 min.19 This shows that the PbS-decorated TNTs 

have superior photocatalytic activities, in addition the adsorption capabilities of both catalysts 

were negligible. Overall the main benefit of the RuO2-decorated TNTs, when compared to 

similar catalyst, was their adsorption capabilities for cationic dyes. 
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CHAPTER 4  

CONCLUSIONS 

Titanium dioxide nanotubes decorated with 1-5 nm ruthenium oxide nanoparticles of sizes 

were synthesized. A RuO2/TiO2 heterojunction was indicated by the XPS results in which band 

bending of the conduction band occurred (indicating a Ru-O-Ti bond). Band bending was further 

supported by the tauc plots with 0.6 M and 0.9 M cysteine synthesized RuO2-decorated TNTs 

being calculated to have lowered band gaps of 2.73 eV and 2.69 eV, respectively. The RuO2 

nanoparticles decorated TiO2 nanotubes displayed activity for the entire spectrum of 200-1200 

nm with a max near 300 nm, and a minimum near 600 nm. The cationic dyes proved to be well 

adsorbed before irradiation with UV-light for the RuO2-decorated TNTs, while the adsorption of 

anionic dyes seemed to be adversely affected by the presence of the RuO2 nanoparticles on the 

titanium oxide nanotubes. Overall RuO2-decorated TNTs not only performed as a superior 

adsorbent catalyst than the bare TNTs in the cationic dyes of malachite green and methylene 

blue, in addition they behaved better than RuO2-decorated TiO2 nanoparticles.  
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