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Photo-generation of Cyclic Carbonates Using Hyper-branched Ru-
TiO2  
Stelios Gavrielides a, Jeannie Z. Y. Tan a, Eva Sanchez Fernandeza and M. Mercedes Maroto–Valer*a  

Anthropogenic CO2 is the main contributor to the increased concentration of greenhouse gases in the atmosphere, and thus 
utilising waste CO2 for the production of valuable chemicals is a very appealing strategy for reducing CO2 emisions. The 
catalytic fixation of CO2 with epoxides for the production of cyclic carbonates has gained increasing attention from the 
research community in search of an alternative to the homogeneous catalytic routes, which are currently being used in 
industry. A novel photocatalytic heterogeneous approach to generate cyclic carbonates is demonstrated in this work. Hyper-
branched microstructured Ru modified TiO2 nanorods decorated with RuO2 nanoparticles, supported on fluorine-doped tin 
oxide (FTO) glass were fabricated for the first time and were used to catalyse the photo-generation of propylene carbonates 
from propylene oxides. Propylene carbonate was used as a reference for cyclic carbonates. The photo-generation of cyclic 
carbonates from epoxides and CO2 was carried out at a the maximum temperature of 55 °C and 200 kPa in a stainless steel 
photoreactor with a quartz window, under solar irradiation. The best performing photocatalyst exhibited an estimated 
selectivity of 83% towards propylene carbonates under the irradiation of solar simulator.

Introduction  
Humankind relies heavily on fossil fuels as the primary energy 
source, producing CO2 as a by-product, which is released into 
the atmosphere. The increased level of anthropogenic CO2 
emissions is one of the most vital contributors to climate 
change. In this regards, the research community has been trying 
to address this challenge by developing alternative energy 
sources, increasing efficiency and carbon capture, utilisation 
and storage (CCUS).1 Utilising CO2 in the production of 
commercially valuable chemicals and fuels has recently 
attracted much attention.2 CO2, is often a good source of C-
building blocks for various organic synthesis, as it is abundant 
and low-cost.3 Using waste CO2 as a feedstock for chemical 
reactions not only offers a more sustainable route to generate 
value-added products, but also contributes to CO2 fixation.1,4  

The synthesis of cyclic carbonates (CCs) through the 
coupling of CO2 and epoxides has been commercially available 
for over 60 years and is one of the most promising CO2 
utilisation industrial applications.1 CCs are valuable as 
monomers, small molecules5 and polymer intermediates,6 
pharmaceuticals7, and fine chemical intermediates.3 In addition, 
the most important and rapidly growing application of CCs lies 
in Li-ion batteries, in which CCs are used as electrolytes.8 
Nowadays, Li-ion batteries power most of the portable 
electronic devices and their application in electronic vehicles is 
becoming very popular.8 Due to the future projected demands 

for Li-ion batteries, the current industrial production of Li-ion is 
rapidly increasing.  

Current commercial process for CCs synthesis uses 
homogeneous catalysts, such as quaternary ammonium9 or 
phosphonium halides. Although these catalysts are inexpensive, 
they suffer from low efficiencies and require high temperature 
and pressure.10 More specifically, the reaction conditions were 
reported to be at 100-200 °C, and 50-100 bar.11  Additionally, 
due to their corrosive nature, special reactor materials are 
necessary, which further increases the production cost. Hence, 
in recent decades, new approaches have been developed for 
the production of CCs.12-15 Many researchers used 
homogeneous catalysts, such as (salen)Cr(III) complexes3, 
(salen)Co(III),16 (salen)Mn(III),17 and supramolecular metal 
complexes18 to catalyse the production of CCs. However, 
several drawbacks were detected have been reported for these 
developed homogeneous catalysts, including low catalyst 
stability, reactivity and air sensitivity.3,8 Furthermore, the 
recovery of these homogeneous catalysts, and the purification 
of the product is challenging, expensive and time-consuming.1  

Recently, heterogeneous catalysts for the synthesis of CCs 
have been developed because of the easy separation of fluids 
from the solid catalyst, convenient handling and catalyst 
regeneration.1,19 For example, Zn-ZIF-67-MOFs,20 Fe(III)21 and 
bimetallic complexes22 have been developed to catalyse the 
production of CCs from CO2 and epoxide.  

Photocatalysis has received much attention from the 
research community in the recent years due to its sustainability 
aspect and its high performance in a variety of applications, 
including photo-generation of H2,23-26 photoreduction of CO2 for 
the production of fine chemicals and solar fuels,27-29 and air and 
water purification.30-32 TiO2 is the most widely used photo-
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catalyst for these applications because it is non-toxic, thermally 
and chemically very stable, abundantly available and has good 
photo-response under UV light irradiation.33,34  

Very recently, Prajapati et al. demonstrated the first 
photocatalytic synthesis of CCs using cobalt phtalocyanine 
grafted on TiO2, The synthesized photocatalyst revealed 94.2% 
of conversion after 24 h of irradiation at 25 °C and 1 atm. 
Additionally, the photocatalysis route has shown promising 
performance and provides a safer route with milder reaction 
conditions, compared to other heterogeneous catalysts, which 
were reported to require temperatures up to 80-150 °C and 
pressure of 10 - 30 bar.19 

To further explore the photogeneration of CCs using TiO2-
based heterogeneous photocatalysts, the use of a thin film 
photocatalyst is proposed here to eliminate the need of 
separation step to recycle the catalyst, as well as to ease the 
handling of photocatalyst. To the best of the authors’ 
knowledge, the photo-generation of CCs using a thin film 
photocatalyst has not been reported in the literature. TiO2 is a 
wide band gap semiconductor, and thus, it is photo-active 
predominantly in the UV range. To address this issue, the 
addition of foreign elements that are active in the visible light 
region are employed. RuO2 decorating the TiO2 are known to 
increase the overall absorbance of the RuO2/TiO2 material in the 
visible light region.35 Therefore, the combination of Ru4+ doping 
and RuO2 decoration on the TiO2 can greatly increase the 
absorbance in the visible light region, and in turn making the 
use of solar light viable.36 Furthermore, RuO2 has high chemical 
stability, and electrical conductivity. The combination of RuO2 
with TiO2 has been reported to improve charge separation, 
hindering the recombination process which should enhance the 
photocatalytic activity of the material.35 This effect is attributed 
to the position of RuO2 valence and conduction band relative to 
those of TiO2. Therefore, in this work, Rux-TiO2 thin film 
supported on the fluorine-doped tin oxide (FTO) glass is 
proposed for photogeneration of CCs. 

Moreover, in order to provide large surface area with more 
exposed active sites and superior light scattering capability, fast 
electron transport and efficient charge collection, the hyper-
branched nanorods (HBN), are synthesized. These HBN have 
been reported to exhibit improved optical and photoelectrical 
properties which resulted in improved photo-conversion 
reactions.37 Hence, the HBN were modified with Ru to be used 
as a novel Rux-TiO2 photocatalyst for the photogeneration of 
CCs. 

Experimental 

Materials  

Fluorine-doped tin oxide (FTO) glass TEC-15 was purchased 
from Ossila (dimensions 2.5 cm x 2.5 cm, roughness of 12.5 nm, 
FTO layer thickness of 200 nm, 83.5% transmission and 
resistivity of 12-14 Ω.cm-1). Potassium titanium oxide oxalate 
dihydrate (PTO, ≥98.0%), diethylene glycol (DEG, 99.0%), 
bis(cyclopentadienyl)ruthenium ((C5H5)2Ru, 98.0%), n-hexane 
(C6H14, 95.0%), propylene oxide (PO, 99.0%), dichloromethane 

(DCM, CH2Cl2, 99.8%), 4-(dimethylamino)pyridine (DMAP, 
99.0%), propylene carbonate (PC, 99.7% anhydrous) and 
polyethylene glove Atmosbag were purchased from Sigma-
Aldrich. Isopropanol (IPA, 99.5%), acetone (>95.0%) and ethanol 
(99.0%) were procured from Fisher Scientific. All chemicals were 
used without any further purification. All aqueous solutions 
were prepared using Milli-Q ultrapure type 1 water (18.2 
MΩ.cm) collected from a Millipore system.  

Synthesis  

The FTO glass was cleaned prior to use with a solution of H2O, 
IPA, and Acetone in a ratio of 1:1:1, for 1 h in the sonicator and 
air dried at 75 °C for 30 mins. 
Hyper-branched nanorods (HBNs) of TiO2 were fabricated using a 
hydrothermal approach. PTO was dissolved in a mixture of H2O 
and DEG with a ratio of 1:7. The concentration of PTO was 0.05 
M. After 30 minutes of vigorous stirring, the precursor solution 
was transferred to a 100 mL Teflon-lined autoclave along with 
the FTO glass. The FTO glass was positioned resting against the 
Teflon-liner walls with the conductive side facing down at 
approximately 60°. The hydrothermal synthesis was carried out 
at 180 °C for 9 h. After completing the reaction time, the 
autoclave was allowed to cool down to room temperature. The 
TiO2 nanorods were rinsed several times with Milli-Q Type 1 
water and ethanol, and then calcined at atmospheric conditions 
at 550 °C for 1 h.  
The Ru loaded TiO2 (Rux-TiO2) was synthesized under dry nitrogen 
atmosphere, in a polyethylene Atmos glovebag. A known 
amount of bis(cyclopentadienyl)ruthenium (C5H5)2Ru, was 
dissolved in n-hexane (C6H14) and stirred vigorously at 40 °C 
until a clear solution was obtained. Three different 
concentrations of Ru precursor were synthesised, namely 0.05 
M, 0.01 M, and 0.005 M that are denoted as Ru05-TiO2, Ru01-
TiO2, and Ru005-TiO2, respectively. The TiO2 loaded FTO glass 
was heated to 150 °C for 1 h to remove adsorbed water and was 
then allowed to cool to room temperature in dry air. The TiO2 
loaded FTO glass was then placed into the teflon liner resting 
against its walls at roughly 60 ° with the coated surface facing 
down. The ruthenium precursor liquid was added to the Teflon-
liner to cover the entire FTO surface (25 ml). The Teflon liner 
was then transferred into the autoclave and was placed in the 
oven at 180 °C for 30 h. The Rux-TiO2 FTO glass was then rinsed 
with n-hexane in dry nitrogen. It was then calcined to 400 °C for 
10 h under dry air atmosphere with a ramp rate of 10 °C min-1.           

Characterisation 

The morphology of the synthesized products was examined by a field 
emission scanning electron microscope (FE-SEM, FEI Quanta 200 F). 
Further investigation on the morphology and the element 
composition of the samples was carried out using a transmission 
electron microscope (TEM) and high resolution HR-TEM (FEI Titan 
Themis 200) equipped with an energy dispersive X-ray spectroscope 
(EDX) detector operated at 200 kV. The samples were sonicated in 
ethanol for 5 min and then a few drops of the solution were 
placed on a carbon-coated copper TEM grid. Crystallinity and 
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phase identification of the synthesized products were 
performed using powder X-ray diffraction (XRD, Bruker D8 
Advanced Diffractometer) equipped with Cu Kα radiation (λ= 
1.5418 Å). Raman spectra were collected using a Renishaw inVia 
Raman Microscope with 785 nm excitation source. The diffuse 
reflectance was measured using a Perkin Elmer Lambda 950 UV-
vis equipped with an integrating sphere (150 mm) and the band 
gap energy was estimated using the Kubelka Munk function. X-
ray photoelectron spectroscopy (XPS) was performed on a 
Scienta 300 XPS machine incorporating with a rotating AlKα X-
ray source operating at 13 kV x 333 mA (4.33 kW). Electron 
analysis was performed using a 300 cm radius hemispherical 
analyser and lens system. The electron counting system consist 
of a multichannel plate, phosphorescent screen and CCD 
camera. All multichannel detection counting is done using 
proprietary Scienta software. The elements present were 
determined via a wide energy range survey scan (200 mW step, 
20 ms dwell time, 150 eV pass energy and summed over 3 
scans). The high resolution scans were performed at a similar 
pass energy (150 eV), but a step size of 20 mV. A dwell time of 
533 ms was used and accumulated over 3 scans. The instrument 
operated at a base pressure of 1 x 10-9 mbar; the energy scale is 
calibrated using the Au 4f, Ag 3d and Cu 2p emission lines, 
where the half width of the Au 4f7 emission line is 
approximately 1.0 eV. All data analysis and peak fitting were 
performed using the CaseXPS software. 

Photocatalysis  

The reaction solution was prepared with DCM and PO in a 1:8 
ratio, adding 1.022 mg of DMAP per mL of solution, and was 
kept in the dark at room temperature. The solution was then 
transferred to the stainless steel Teflon-lined pressurized 
photo-reactor (Scheme 1) along with the photocatalyst. Two 
control experiments were performed, one with the absence of 
photocatalyst and light, and one with the absence of light, 
keeping all the rest reaction conditions the same. The 
temperature throughout the experiment was measured using a 
pyrometer from the outside of the reactor that ranged between 
40-55 °C. For the experiments incorporating photocatalysts, 
four pieces of Rux-TiO2 coated FTO glasses were supported on a 
custom-made photocatalyst stage, as shown in Scheme 1. The 
stage was positioned directly below the quartz glass to be 
irradiated with the AM1.5G solar simulator directly (1 sun 

equivalent, 100 Wm-2, 92250 A Newport, USA) while being 
submerged in the  reaction solution. The reaction solution was 
bubbled with CO2 and pressurised in CO2 atmosphere, 
throughout the experiment. The 500 mL photo-reactor was 
supplied with continuous CO2 and the pressure was maintained 
at 200 kPa using a bubbler. The reaction was conducted under 
the solar simulator for 6 h. After the reaction time was 
completed, the unreacted substrate and solvent were removed 
in vacuo and the products were then isolated using a rotary 
evaporator. The products were then identified using a FTIR 
spectrometer Perkin Elmer Frontier.   

Results and discussion 
The as-prepared TiO2 and the fabricated Rux-TiO2 thin film 
samples synthesized using solvothermal treatment followed by 
calcination exhibited homogeneous coating on the FTO glass. All 
the prepared samples were examined using XRD. In addition to 
the XRD pattern of the FTO coating on the glass, the crystallinity 
of anatase TiO2 was also observed in all the samples (Figure 1). 
The peaks positioned at 25.4 and 48.1° were assigned to the 
(101) and (200) planes of anatase. No ruthenium related peak 
was observed in the XRD patterns of the fabricated Rux-TiO2 
samples. This was probably due to the low concentration of Ru 
deposited on the glass. However, it is observed that with higher 
concentration of Ru loading the crystallinity of the sample is 
steadily decreasing suggesting that the Ru particles have been 
doped into the crystal lattice of the TiO2 HBNs.  

Raman spectroscopy is more sensitive and capable of 
characterising the crystal structure,38 therefore, it was used in 
to further investigate the crystal phases present on the TiO2-
based thin film samples. The Raman patterns of the as-prepared 
TiO2 and Rux-TiO2 samples are shown in Figure 2. The Raman 
feature of the anatase phase, positioned at 143, 395, 517, and 
638 cm-1 are associated with the Eg, B1g, A1g, and Eg vibrations, 
respectively, was present in all the fabricated sample.39-43 Under 
close inspection, the main anatase peak of sample Ru05-TiO2 

positioned at 143 cm-1 was shifted to 149 cm-1, whereas the 
peak positioned at 638 cm-1 was shifted to 621 cm-1. When the 

Scheme 1. Schematic diagram of the photocatalysis setup and photocatalytic stage. 

Figure 1. XRD pattern of the as prepared TiO2 and Rux-TiO2 samples. 
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concentration of Ru was lowered down to 0.01 and 0.005 M, 
these shifts were reduced. These shifts are speculated to be 
attributed to lattice substitution of Ru into TiO2.44 Additionally, 
Raman feature of potassium titanate (PT) positioned at 285 and 
444 cm-1, was also observed, indicating potassium 
contamination from the titania precursor, PTO (Figure 2).45 The 
PT and anatase peak intensities seem to have an inverse 
relationship, where one increases, while the other one 
decreases. However, a general trend can be observed, where PT 
peaks are found to increase in the Rux-TiO2 samples. This 
corresponds to the loss of crystallinity observed in the XRD 
patterns (Figure 1) due to lattice substitution of Ti with Ru, 
which lowers the intensity of the anatase phase peaks No 
ruthenium related peak was found on the Raman spectra of the 
Rux-TiO2 samples. This is probably due to the small particle size 
of RuO2 (discussed in the next section) and low concentration, 
along with the low intensity Raman excitation source (785 nm). 

The morphology of the HBN structure of the titania was 
examined using SEM (Figure 3). The microstructured as-
prepared TiO2 was evenly coated on the FTO (Figure 3a). Each 
nanorod exhibited a vertically oriented spine with a highly 
branched nanostructure (inset of Figure 3a). When different 
concentration of Ru was loaded onto the TiO2 HBN via 
solvothermal treatment, no significant alteration was observed 
in the Rux-TiO2 samples (Figure 3b-d). However, there were 
noticeable nanoparticles deposited on the spine and the nano-
branches of TiO2 HBNs, which could be attributed to the 
agglomeration of the RuO2 nanoparticles (inset of Figure 3b-d).  
The cross-section view of the as-prepared TiO2 coating revealed 
the morphology of the HBNs attaching to the FTO glass (Figure 
4a). The growth of nano-branches of TiO2 HBNs was 
perpendicular to the FTO and was supported on a base layer of 
TiO2 with 1-2 µm of thickness, which had dense and thick 
structures. The base layer was attached on the FTO coating on 
the glass. Taking a closer look at the tip of the TiO2 nanorods, 
the length of the nanorod spine was measured between 1-5 µm 
(Figure 4b), whereas the nano-branches grown on the spine 
were ranged from 50-300 nm (Figure 4c). The nano-branches 
structure was proposed to provide high surface area exposing 
more active sites for the photocatalytic reaction and the loading 
of Ru element.37 

The thickness of the HBN spine and nano-branches as well 
as the diameter of the loaded RuO2 nanoparticles were ~60.1, 
20.9, 11.2 nm, respectively (Figure 4c). The size of the loaded 
RuO2 nanoparticles in Ru05-TiO2 sample was ~11.5 nm (Figure 
4d). Furthermore, numerous nanoparticles of a much smaller 
size compared to the vicinity RuO2 nanoparticles, were 
observed in the Ru05-TiO2 sample (Figure 4e). These highly 
dispersed nanoparticles present on the TiO2 HBNs were ranged 
1-4 nm in diameter. The EDX mapping on HR-TEM evidenced the 
presence of RuO2 nanoparticles distributed along the TiO2 HBNs. 

Figure 2. Raman pattern of the as-prepared TiO2 and Rux-TiO2 samples. 

(b)

(c) (d)

Figure 3. SEM images, with high magnification inserts indicated by the red border, of 
(a) as-prepared TiO2, (b) Ru005-TiO2, (c) Ru01-TiO2, and (d) Ru05-TiO2. 

Figure 4. SEM cross-section view of the as-prepared TiO2 sample (a, b). TEM image of a 
single Ru01-TiO2 HBN with thickness measurements (c). Low (d) and high (e) 
magnification of HR-TEM images of Ru05-TiO2 sample.
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It can also be observed that Ru particles are detected in the 
lattice of the HBNs (Figure 5). 

X-ray photoelectron spectroscopy (XPS) was performed to 
investigate the surface properties of the fabricated TiO2 and 
Rux-TiO2 thin films and to estimate the amount of Ru loaded on 
the TiO2 thin film (Figure 6). The Ru 3d5/2, and 3d3/2 peaks (dark 
shaded area in Figure 6), which centred at 281.0 and 285.4 eV, 
respectively, were present in all the Rux-TiO2 samples. These 
peaks were attributed to Ru4+, indicating RuO2 NPs were loaded 
onto TiO2.46,47 Ru4+ particles seem to have replaced Ti4+ in the 
HBN lattice as shown from the EDX studies (Figure 6), as well as 
Raman peak shifts (Figure 2) and XRD crystallisation decrease 
(Figure 1).The area was analysed and the concentration of Ru 
was estimated to be 2.82, 1.45, and 1.11 at% for the Ru05-TiO2, 
Ru01-TiO2, and Ru005-TiO2, respectively. As expected, no Ru peak 
was observed in the as-prepared TiO2 sample. Nevertheless, 

The XPS spectra revealed the peak for K centred at 293.0 eV 
(data not shown), confirming the presence of potassium 
titanate in all of the thin film samples, as observed in the Raman 
pattern (Figure 2).48 The C1s peaks shown centred at 283 eV, 
286 eV, and 288 eV (not shaded) are ascribed to adventitious 
carbon contamination due to atmosphere exposure of the 
samples49.  

The optical properties of the synthesized thin films were 
investigated using UV-Vis spectroscopy. Diffuse reflectance of 
the as-prepared TiO2 and Rux-TiO2 samples was measured and 
the bandgap energy was estimated using the Kubelka-munk 
function (Figure 7a). The bandgap energy of the as prepared 
TiO2 was ~3.6 eV, which is larger than the anatase phase of TiO2 
(~3.2 eV). The band gap widening is attributed to the quantum 
confinement effect of the nanostructures.50-52 The bandgap 
energy for the Ru005-TiO2, Ru01-TiO2, and Ru05-TiO2, was ~3.54, 
3.53 and 3.49 eV, respectively. Although the shift of the 
bandgap energy observed in the Rux-TiO2 samples was not 
significant, the bandgap energy decreased with increasing Ru 
concentration. This phenomenon is very likely due to the Ru4+ 
present in the crystal lattice of the titania, matching the 
observations made earlier from EDX, XRD and in the Raman 
pattern of Ru05-TiO2 (Figures 1,2 and 6 respectively).53 As 
confirmed by the XPS , Ru4+ was doped into the crystal lattice 
replacing Ti4+, which explains the increased absorbance in the 

(b) 

(c) (d) 

Figure 5. HR-TEM EDX mapping for Ru05-TiO2 sample.  

Figure 6. XPS spectra of the as-prepared TiO2 and Rux-TiO2 samples. The shaded area 
represented the Ru area under the curve.

Figure 7. Diffuse reflectance (a) and absorbance (b) of the as-prepared TiO2 and the 
Rux-TiO2 samples. 
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region of 350-500 nm that is observed in Figure 7(a,b).53-56 
Another observation is that the overall absorbance increased 
with the Ru loading concentration. The overall increase in 
absorbance, for wavelengths longer than 500nm, is attributed 
to the RuO2 decorated on the surface of the TiO2 HBNs.35  The 
synergistic effects of the Ru4+ doping and RuO2 decoration on 
the TiO2 are shown to  greatly enhance the visible light 
absorption of the Rux-TiO2 samples, making the use of a solar 
simulator for the photo-generation of cyclic carbonates a viable 
option. 
Photocatalysis studies 

The photocatalytic activity of the fabricated samples was 
evaluated with the photo-conversion of PO into PC under the 
irradiation of a simulated solar lamp. PC was used as a reference 
for CCs. A control experiment performed in the absence of 
photocatalyst and light was conducted. No PC was obtained as 
revealed in the FTIR pattern of the control experiment (Figure 
8a). Only the tertiary –CH and anti-symmetry of -CH3 and –CH2, 
positioned at 2847.4, 2921.2 and 2953.1 cm-1, respectively, 
were observed, and these were attributed to the PO moiety.57 
The as-prepared TiO2 HBN catalyst, which was placed into the 
PO solution for 6 h under irradiation of the simulated solar 
lamp, showed no conversion. In contrast, for the fabricated Rux-

TiO2 photocatalyst, the trough positioned at 1792 cm-1 was 
observed, which corresponds to one of the characteristic peaks 
of the cyclic carbonate group.57 The intensity of this trough 
increased with decreased Ru concentration. This phenomenon 
indicated that higher amount of PC was photo-generated with 
lower amount of Ru loading (Figure 8a). When the Ru loading 
was increased from 0.005 M to 0.01 M, the photo-generation of 
PC was reduced to ~50% compared to that of Ru005-TiO2 sample. 
Further increasing the Ru loading, however, did not reduce the 
photo-generation of PC significantly. 
To further investigate the selectivity and purity of the photo-
generation of PC, the solution was purified through evaporation 
to remove the DCM and unreacted PO. Then, the residue 
solution was analysed using FTIR (Figure 8b). The intensity of 
the trough, which positioned at 1792 cm-1, for all the Rux-TiO2 
samples was enhanced in the purified solutionsThe as prepared 
TiO2 HBN photocatalyst presented a weak trough at 1792 cm-1, 
indicating small amount of CCs were produced. This confirms 
that the reaction is possible without the Ru doping on the TiO2 
HBNs photocatalyst; however, the doping greatly enhances its 
performance based on the intensity of the trough evident in 
Figure 8b. On the other hand, the control experiment solution 
when evaporated had no residual solution left, as expected. The 
Ru005-TiO2 sample exhibited the highest intensity among the 

Figure 8. (a) FTIR pattern of the solution obtained before evaporation from the fabricated Rux-TiO2 and the control experiment without light and photocatalyst; (b) evaporated 
products with the fabricated Rux-TiO2 photocatalysts and pure cyclic propylene carbonate as reference. 
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Rux-TiO2 samples, indicating a high selectivity towards PC. 
Relatively to the intensity of the pure PC trough, the selectivity 
of each sample towards PC were estimated to be 83, 62 and 57 
% for Ru005-TiO2, Ru01-TiO2, and Ru05-TiO2 samples, respectively. 
Moreover, another trough centred at 1048 cm-1, which was 
assigned to another characteristic peak of the CC group (C-O-C), 
was present in the pure PC solution. The same trough was 
observed in the solution after the photocatalytic reaction with 
Rux-TiO2 samples, confirming PC was photo-generated by the 
Rux-TiO2 samples. An additional peak centred at 1598 cm-1, 
which is attributed to the C=N bond, presented in all the 
solution after the photocatalytic reaction with Rux-TiO2 samples 
but was absent in the pure PC solution.58 The emergence of this 
peak was very likely due to the dissolution of DMAP that was 
used as an additive in the reacting solution. 

Conclusions  
TiO2 HBN thin films have been synthesised via a 2-step 
hydrothermal method, doped with Ru4+ and decorated with 
different amount of RuO2 nanoparticles. These novel hyper-
branch microstructured TiO2 thin films doped and loaded with 
Ru4+/RuO2 exhibited enhanced visible light absorption when 
compared to the pristine TiO2 thin film. The size of the loaded 
RuO2 nanoparticles ranged from 10 to 15 nm. The best 
performing amount of Ru loaded onto TiO2 herein was 0.005 M, 
which was 1.11 at% Ru relative to TiO2 as shown in the XPS 
analysis. The photo-generation of PC using Ru005-TiO2 sample 
had an estimated selectivity of 83% towards the CC. Further 
quantification of the selectivity measurements will be 
determined using gas chromatography (GC). In the absence of 
Rux-TiO2 photocatalyst and light, no product was obtained. 
These novel FTO supported photocatalysts, which eliminate the 
need of a catalyst separation step, are the first to be reported 
so far. The photocatalytic approach is a newly proposed concept 
for the generation of CCs. Compared to the heterogeneous 
counterparts, which typically require temperatures up to 80-
150 °C and pressure of 10-30 bar, as well as the homogeneous 
catalysts that currently used in industry, at 100-200 °C, and 50-
100 bar, the photocatalytic approach requires temperatures up 
to 55 °C  and 2 bar. Therefore, this approach could potentially 
become a significant advantage for industrial applications. 
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