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Abstract 

Titanium dioxide (TiO2) has been widely used in energy storage and 
conversion area. However, the performance of TiO2 is substantially lower 
than practically required as a result of its limited solar absorption, charge 
transfer rate, and electrochemical acitivity. In this study, hydrogenated TiO2 
(H-TiO2) with distinct physical and chemical properties are controlledly 
synthesized through a hydrogen (H2) plasma treatment, which exhibit 
excellent performance in application for lithium ion batteries, photocatalysis, 
and photothermal conversion. Moreover, the microstructure of H-TiO2, and 
their effect on the application performance of H-TiO2 are comprehensively 
investigated. It is believed that this research might provide new insights into 
synthesis, properties, and applications of H-TiO2, which is highly favorable 
for the development of high-performance and versatile TiO2 materials for 
energy storage and conversion devices. 

Firstly, hydrogenated anatase TiO2 nanoparticles with significantly improved 
fast lithlium storage performance are synthesized through a high-temperature 
H2 plasma treatment. Systematic electrochemical analysis revealed that the 
improved rate capability of H-TiO2 results from the enhanced contribution of 
pseudocapacitive lithium storage on the particle surface. It is suggested that 
the disordered surface layers and presence of Ti3+ species of H-TiO2 play an 
important role in the improvement of pseudocapacitive lithium storage. 

Secondly, H-TiO2 with different hydrogenation degrees are rapidly 
synthesized through high-power H2 plasma treatment in several minutes; and 
their photocatalytic activity is evaluated by methylene blue (MB) 
degradation and CO2 reduction in aqueous and gaseous media, respectively. 
The slightly hydrogenated TiO2 (s-H-TiO2) with the original white color 
exhibit enhanced photoactivity compared with the pristine TiO2; while the 
grey or black H-TiO2 with higher hydrogenation degrees (h-H-TiO2) display 
much worse catalytic performances. Further investigations reveal that the 
higher ratio of trapped holes (O- centers) and lower recombination rates 
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induced by the increasing of surface defects might be the critical factors for 
the high activity of s-H-TiO2; on the contrary, h-H-TiO2 possess high 
concentrations of bulk defects, leading to the significantly decreased amount 
of O- centers and enhanced non-radiative recombination, which strongly 
inhibit their photoactivity.  

Thirdly, hydrogenated black TiO2 with large infrared absorption is explored 
as photothermal agent for cancer photothermal therapy due to its 
dramatically enhanced non-radiative recombination. To improve the 
suspension stability, the H-TiO2 nanoparticles were coated with polyethylene 
glycol (PEG). After PEG coating, H-TiO2-PEG exhibite high photothermal 
conversion efficiency of 40.8%, and stable size distribution in serum solution. 
The therapy effect of H-TiO2-PEG demonstrates that this material is of low 
toxicity, and can effectively kill MCF07, 4T1 tumor cells (transplantable 
tumor cells from human breast cancer) under infrared irradiatation. 

In addition, Si/N-doped TiO2 core/shell nanopillar arrays with a nanoporous 
structure are fabricated through a simple protein-mediated TiO2 deposition 
process, which can be considered as the advance reseach for prepration of 
H-TiO2 on sensitive templates with ultrafine nanostructure. 
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Zusammenfassung 

Titandioxid (TiO2) wird bereits häufig in den Bereichen Energiespeicherung 
und -umwandlung eingesetzt. Aufgrund der begrenzten Solarabsorption, 
Ladungsübertragungsgeschwindigkeit und elektrochemischer Aktivität ist die 
Leistung des TiO2 allerdings wesentlich niedriger als es für die praktische 
Anwending erforderlich ist. In dieser Studie wird hydriertes TiO2 (H-TiO2) 
mit unterschiedlichen physikalischen und chemischen Eigenschaften durch 
Wasserstoff (H2)-Plasmabehandlung kontrolliert hergestellt, welches 
hervorragende Leistungen in der Anwendung von Lithium-Ionen-Batterien, 
Fotokatalyse und fotothermischer Umwandlung aufweist. Darüber hinaus 
werden die Mikrostrukturen des H-TiO2 und die Abhängigkeit der 
Anwendungsleistung des H-TiO2 von den Vorliegenden Mikrostrukturen 
umfassend untersucht. Diese Studie bietet neue Erkenntnisse über Synthese, 
Eigenschaften und Anwendungen von H-TiO2, durch welche die 
Entwicklung leistungsfähiger und vielseitiger TiO2-Materialien für die 
Energiespeicherung und -umwandlung ermöglicht werden kann. 

Erstens werden hydrierte Anatas TiO2-Nanopartikel mit deutlich verbesserter 
Speicherleistung von Lithium-Ionen durch eine Hochtemperatur (390 °C) 
H2-Plasmabehandlung in hergestellt. Die systematische elektrochemische 
Analyse zeigt, dass sich aus dem verbesserten Beitrag der pseudokapazitiven 
Lithium-Speicherung auf der Partikeloberfläche eine verbesserte 
Leistungsdichte von H-TiO2 ergibt. Es wird gezeigt, dass die ungeordneten 
Oberflächenschichten und die Vorliegenden Ti3+-Spezies von H-TiO2 eine 
wichtige Rolle bei der Verbesserung der pseudokapazitiven 
Lithiumspeicherung spielen. 

Zweitens erfolgt eine schnelle Synthese des H-TiO2 mit unterschiedlichem 
Hydrierungsgrad durch Hochleistungs-H2-Plasmabehandlung. Dessen 
fotokatalytische Aktivitäten werden mit Hilfe von Methylenblau 
(MB)-Degradation und CO2-Reduktion in wässrigen und gasförmigen 
Medien ausgewertet. Im Vergleich zum ursprünglichen TiO2 zeigt das leicht 
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hydrierte TiO2 (s-H-TiO2) eine weiße Färbung und eine verbesserte 
Fotoaktivität, während das graue oder schwarze H-TiO2 mit höherem 
Hydrierungsgrad (h-H-TiO2) eine viel schlechtere katalytische Leistung 
aufweist. Wie weitere Untersuchungen gezeigt haben, stellen das höhere 
Verhältnis der gefangenen Löcher (O--Zentren) und die niedrige 
Rekombinationsrate, welche durch die Erhöhung der Oberflächendefekte 
verursacht sind, die kritischen Faktoren für die hohe Aktivität von s-H-TiO2 
dar. Im Gegensatz dazu besitzt das h-H-TiO2 eine hohe Konzentration an 
Gitterdefekten, was zu einer signifikant verringerten Menge an O-Zentren 
und der vergrößerten strahlungslosen Rekombination führt. Dadurch sinkt 
die Fotokatalyseaktivität deutlich. 

Drittens wird das hydrierte schwarze TiO2 mit großer Infrarotabsorption 
(aufgrund seiner erheblich vergrößerten, strahlungslosen Rekombination) für 
die fotothermische Tumortherapie untersucht. Um die Stabilität der 
Suspension zu verbessern, wurden die H-TiO2-Nanopartikel (NPs) mit 
Polyethylenglycol (PEG) beschichtet. Nach PEG-Beschichtung zeigen die 
H-TiO2 NPs einen erhöhten fotothermischen Umwandlungswirkungsgrad 
von 40,8% und eine gute Suspensionsstabilität im Serum. Der Therapieeffekt 
von H-TiO2-PEG NPs zeigt, dass dieses Material eine geringe Toxizität 
besitzt und MCF07- sowie 4T1-Tumorzellen (transplantierbaren 
Tumorzellen des menschlichen Brustgewebes) unter Infrarotstrahlung 
effektiv abtöten kann. 

Zusätzlich werden Si (core) / N-dotiertes TiO2 (shell) Nanopillar-Arrays mit 
einer nanoporösen Struktur durch ein einfaches, proteinvermittelndes 
TiO2-Abscheidungsverfahren hergestellt. Dieses Ergebnis kann als ein 
fortschrittlicher Ansatz für die großtechnische Herstellung der H-TiO2 
basierten Nanokompositen angesehen werden. 
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1. Introduction 

With the current threat of the exhaustion of fossil fuels and the continuing 
deterioration of the global environment, the development of high-efficient, 
low-cost, and environmental friendly energy storage and conversion 
technologies (such as lithium ion batteries, solar-driven catalysis, and 
photothermal heating etc.) have attracted much attention [1-3]. In principle, 
fabrication of high-performance functional materials for these applications is 
a major challenge [4].  

Due to the advantages of low-cost, nontoxic, electrochemical stability, 
favarable band-edge position, etc., titanium dioxide (TiO2) and its related 
composites have been widely used in environmental and energy areas 
ranging from photocatalysis and solar cells to sensors and batteries [5-7]. 
However, the performance of TiO2 is substantially lower than practically 
required as a result of its limited solar absorption (large bandgap, >3.0 eV), 
fast electron-hole pair recombination, and poor electrochemical acitivity and 
electric conductivity [8]. Hence, many efforts has been devoted to overcome 
these intrinsic limitations of TiO2: for narrowing the bandgap of TiO2, doping 
metal or nonmetal elements, heterojunctions with low bandgap 
semiconductors, sensitization by organic dyes are considered as effective 
routes, which could increase its solar absorption coefficient and wavelength 
range (from UV to visible light) [9-11]; fabrication of specific morphologies 
and decoration with noble metal nanoparticles are promising pathways to 
enhance the separation and transportation of electrons and holes in TiO2 [12, 
13]; introducing defects, controlling the exposed facet, and compositing with 
conductive agents aim to enhance the electrochemical acitivity and electric 
conductivity of TiO2 [14-16]. Nevertheless, designing a simple and versatile 
method to overcome these problems of TiO2 simultaneously still remains a 
challenge task. 
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Figure 1-1. UV−vis spectra of pure white (A) and hydrogenated black TiO2 (B). 
(Insets) Photo and HRTEM images of common white TiO2 (C) and hydrogenated 
black TiO2 nanocrystals (D) [17]. (Reprinted from Ref [17]) 

In 2011, Chen and co-workers reported a novel hydrogneation treatment 
approach to generate hydrogenated TiO2 nanocrystals (H-TiO2) with 
significantly improved optical absorption in the visible and near infrared 
light region (black color). Moreover,  H-TiO2 possesses a disordered 
surface layer and increased surface functional groups, and shows superior 
photocatalytic activity compared with normal white TiO2 (Figure 1-1) [17]. 
Since then, many strategies were developed to synthesize H-TiO2, which 
included anealing in H2, aluminium reduction, elelctrochemical reduction, 
and hydrothermal processes [18-21]. Therefore, black-TiO2 with distinct 
physical and chemical properties was obtained through these different 
methods, and the application of H-TiO2 were also extended to 
supercapacitors, lithium ion batteries, fuel cells, field emmision, microwave 
absorption, etc [19, 20, 22-24]. 

Despite these achievements, several problems need to be addressed for the 
further practical application of H-TiO2 in energy storage and conversion 
devices: firstly, the hydrogenation processes often require harsh conditions or 
complex processes, including long reaction times, high-pressures of H2, rapid 
cooling, or specially designed precusors, which make it unsuitable for 
practical production [18-24]; secondly, tuning the microstructure of H-TiO2 
in the synthetic process is not easy to achieve in the current stage; thirdly, the 
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understanding of the dependence of H-TiO2 application performance on their 
sturctural properties is limited. 

In this study, H-TiO2 are controlledly synthesized through hydrogen (H2) 
plasma treatment (by varying the power and density of plasma, reaction time, 
and temperature), which exhibit excellent performance in the application for 
lithium ion batteries, photocatalysis, and photothermal conversion. Moreover, 
the sturctural properties of H-TiO2, and their dependence on the application 
performance of H-TiO2 are comprehensively investigated. It is believed that 
the obtained results might provide new insights into synthesis, properties, 
and applications of H-TiO2, which is highly favorable for the development of 
high-performance TiO2 materials. 
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2. Experiments and Methods 

2.1 Synthesis of black anatase H-TiO2 nanoparticles for lithium 
storage 

Materials and synthesis: Anatase TiO2 nanoparticles with a mean diameter 
of 15 nm and specific surface area of 178 m2·g-1 were purchased from Alfa 
Aesar Co. and used without purification. 0.10 g anatase TiO2 nanoparticles 
were dispersed in 50 mL ethanol under an ultrasonic condition and 
drop-casted onto a 6-inch Si wafer. The drop casting process was repeated 
several times to achieve a TiO2 mass loading of 0.5~0.6 mg/cm2 (TiO2 mass 
loading should be less than 1.5 mg/cm2 to avoid TiO2 nanoparticles shedding 
from the surface of Si wafer in hydrogenation process). Then, this whole 
wafer was transferred into a chamber for plasma-enhanced hydrogenation 
treatment, and there an instrument of inductively coupled plasma (Plasmalab 
100 ICP-CVD, Oxford Instruments) was used. The H2 plasma treatment was 
performed at 390 °C for 180 min, the ICP power was 3000 W, the chamber 
pressure was 26.5~28.3 mTorr, and the H2 flow rate was 50 sccm. In this 
process, the surface of anatase TiO2 nanoparticles was partially reduced. 
After this treatment, H-TiO2 was obtained and scratched from Si wafer for 
further investigations. For comparison, another prepared sample was 
annealed at 390 °C in H2 (with the same pressure and flow rate but without 
plasma) for 180 min in the same chamber. 

Electrochemical measurement: The N-methyl pyrrolidinone (NMP) slurry 
composed by H-TiO2, carbon black, and polyvinylidene fluoride (with the 
contents of 70, 15, 15 wt%, respectively) was obtained under ultrasonication. 
Then, this slurry was dropped onto pure Cu foil with an active material 
loading of 1.5 ~ 1.7 mg/cm2, and was dried in vacuum oven for 12 h at 
100 °C. Glass fiber (GF/D, Whatman) was used as a separator; pure lithium 
foil (Aldrich) was used as the counter electrode;  and 1 M LiPF6 in a 50 : 50 
w/w mixture of ethylene carbonate and diethyl carbonate was used as the 
electrolyte. The coin cell assembly was finished in argon glove box with the 
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moisture and oxygen contents below 1 ppm. Galvanostatic electrochemical 
experiments were carried out with a Neware Battery Tester (Shenzhen, 
China). Cyclic voltammetry (CV) analysis were measured over a potential 
range of 3.0 to 1.0 V at various scan rate of 0.1, 0.2, 0.5, 1.0, and 2.0 mV·s-1 
on a potentiostat (VMP3). 

2.2 Synthesis of P25 H-TiO2 nanoparticles with different 
hydrogenation degrees for photocatalysis 

Materials and synthesis: Degussa P25 were purchased from Sigma-Aldrich 
Co. and used as precursor without purification. 0.10 g TiO2 nanoparticles 
were dispersed and drop-casted onto a Si wafer as mentioned above. The H2 
plasma treatment was performed at 150 °C for 30 s, 1 min, 3 min, 5 min, 20 
min for the synthesis of H-TiO2-30s, H-TiO2-1min, H-TiO2-3min, 
H-TiO2-5min, and H-TiO2-20min, respectively. The ICP power was 3000 W, 
the chamber pressure was 25.8~27.1 mTorr, and the H2 flow rate was 50 
sccm. 

Photocatalytic methylene blue (MB) degradation: the photocatalytic 
activities of the samples in aqueous media were tested by investigating 
degradation of methylene blue (MB) at room temperature. The each sample 
containing 10 mg of TiO2 was suspended in 40 mL MB solution (0.03 mM), 
and the suspension was placed into a closed container. In each experiment, 
the container was kept in the dark for 0.5 h to achieve adsorption and 
desorption equilibra with stirring. About 9.1%, 7.7%, 7.4%, 8.3%, 7.1%, and 
5.4% of MB was adsorbed by pristine-TiO2, H-TiO2-30s, -1min, -3min, 
-5min, and -20min, respectively. Subsequently, solution were irradiated using 
300 W Xe-lamp (full-spectrum, PLS-SXE300CUV, Perfect light, China), and 
at given time intervals (every 2 min), 2 mL of the suspension was collected 
and centrifuged (12000 r/min for 20 min) to obtain the clarify solution of dye. 
Then, the residual concentration of MB was measured by UV-vis absorption 
analysis. The peak absorbance of MB (at 666 nm) was used to determine its 
concentration. In the control experiment without TiO2 catalyst, less than 5% 
of MB was degradated under full-spectrum irradiation for 30 min. 
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Photocatalytic CO2 reduction: The photocatalytic activities of the samples 
in gaseous media were tested by investigating CO2 reduction at room 
temperature. Each sample (90 mg) was dispersed in water and deposited over 
three glass substrates (conventional glass slides used for optical microscopy). 
The total area covered is around 60 cm2. Evaporated at room temperature 
overnight, and further dried at 100 °C. Then, the samples were introduced in 
a stainless steel reactor with an internal volume of around 200 mL, provided 
with an optical window made of Borofloat 33 glass. The chamber was 
purged during 1 h with humid CO2 (CO2 bubbled though water) at a flux of 
200 mL/min. Then, the valves were closed, and it was illuminated during 3h. 
The radiation source was a 550 W Xe-lamp with a AM 1.5G filter (solar 
simulator ABET Technologies, SUN2000) with a uniform illuminated area of 

10 × 10 cm2, providing 100 mW cm-2 in the work plane measured with a 
thermopile detector. After this time, the amount of CO and CH4 evolved were 
quantified by a MicroGC, with two consecutives analyses. 

2.3 Synthesis of black P25 H-TiO2 nanoparticles for cancer 
photothermal therapy  

Materials and synthesis: Degussa P25 were treated by the H2 plasma at 
300 °C for 20 min. The ICP power was 3000 W, the chamber pressure was 
25.8~27.1 mTorr, and the H2 flow rate was 50 sccm. 

PEG coating and photothermal conversion efficiency of H-TiO2-PEG 
NPs: For biomedical applications, the H-TiO2 should be disperse and stable 
in serum. In this study, polyethylene glycol (PEG, molecular weight 1500) 
was used to enwrap the H-TiO2 NPs to improve their stability. 20 mg of 
H-TiO2 powder was dispersed in 75 mL ethanol by an ultrasound treatment 
of 30 min. The H-TiO2 contained ethanol was dropped into a 25 mL 
PEG-ethanol solution (20 mg·mL-1 of PEG), and stirred for 24 h. 
H-TiO2-PEG NPs were separated by centrifugation, and were washed with 
ultrapure water. The as-prepared H-TiO2-PEG NPs were dispersed in the 
ultrapure water and stored at 4 °C. Micro-morphologies of H-TiO2 before 
and after PEG coating were investigated through a transmission electron 
microscope (FEI Tecnai F20). Size distribution and zeta potential of H-TiO2 
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and H-TiO2-PEG were measured by a particle size-zeta potential analyzer 
(Nano ZS, Malvern Instruments Ltd, England). The UV-Visible spectra of 
H-TiO2 and H-TiO2-PEG were determined by using an UV-visible 
spectrophotometer (T10CS, Beijing Purkinje General Instrument, China).  

For evaluating the photothermal conversion efficiency of H-TiO2-PEG, 2 mL 
aqueous dispersion of H-TiO2-PEG (100 μg·mL-1) were moved into a well of 
24-well culture plate, and irradiated under an 808 nm NIR laser at a power 

density of 2 W⋅cm-2 for 600 s. The temperature of the dispersion was 
measured every 60 s after the start of irradiation. After the laser irradiation 
was shut off, the temperature was further measured for another 1500 s with 
the same intervals. Ultrapure water as control group was treated under the 
same conditions. Photothermal conversion efficiency (η) of H-TiO2-PEG was 
then calculated according to the method reported previously [25].  

In order to investigate the stability, H-TiO2-PEG NPs were dispersed in fetal 
bovine serum solution for 7 days, and size distributions of the nanoparticles 
were measured every day by the particle size-zeta potential analyzer. 

Cell culture and cytotoxicity of H-TiO2-PEG NPs in vitro: MCF-7 cell 
line of human breast cancer and 4T1 cell line of murine breast cancer were 
cultured in RPMI1640 medium and supplemented with 10% fetal bovine 
serum (FBS). The cells were maintained at 37 °C incubator with 5% CO2.  

To evaluate the cytotoxicity of H-TiO2-PEG, MCF-7 or 4T1 cells were plated 

in 96-well plates (1×104 cells per well) and cultured for 24 h. The cells were 
incubated with different doses of H-TiO2-PEG for 24 h. The viability of cells 
was assayed by the MTT assay. Briefly, 10 μL of MTT (5 mg·mL-1 in PBS) 
was added into every well, and incubated for 4 h. Next, DMSO was used to 
dissolve the formazan crystals. The absorbance was measured by a 
Microplate Absorbance Reader (Biorad iMARKTM, USA), and the cell 
viability was calculated. 

Intracellular localization of H-TiO2-PEG NPs: To investigate the 
distribution of H-TiO2-PEG in the cancer cells, fluorescent dye alizarin red S 
(ARS) was used to stain TiO2 as previously reported [26]. MCF-7 and 4T1 
cells (2×105 cells) were seeded into 35 mm culture dishes and cultured for 
24h, respectively. The culture media was then replaced by fresh medium 
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contained ARS or ARS-H-TiO2-PEG. The cells were incubated for 2 hours, 
then washed with PBS, and fixed with 4% formaldehyde. Then they were 
incubated with 0.2% Triton X-100 and 1% BSA to block the nonspecific 
binding sites and stained with FITC- phalloidine and Hoechst 33342. The 
intracellular localization of H-TiO2-PEG was observed through confocal 
microscopy (TCS SP5, Leica Microsystems, Germany). 

Photothermal therapy of H-TiO2-PEG NPs in vitro: To quantitatively 
evaluate the photothermal therapy efficiency of H-TiO2-PEG on cancer cells, 
MCF-7 and 4T1 cells were seeded into 96-well plates (1×104 cells per well), 
respectively. The cells were then incubated with fresh DMEM and 100 
μg·mL-1 of H-TiO2-PEG containing DMEM for 2 h. After 2 h incubation, all 
of the media were replaced by fresh DMEM. The cells were then irradiated 
by an 808 nm NIR laser (2 W·cm-2) for 0-5 min and were cultured for 
another 24 h. 10 μL of MTT was added into each well and incubated for 4 h. 
The MTT solution was removed and 100 μL DMSO was added to dissolve 
the formazan crystals. Finally, the absorbance was measured and the cell 
viability was calculated. 

In order to further evaluate the photothermal therapy of H-TiO2-PEG on 
cancer cells, MCF-7 or 4T1 cells were cultured in 35 mm dishes. The cells 
were then incubated with fresh DMEM containing 100μg·mL-1 of 
H-TiO2-PEG for 2 h. The culture media were then replaced by fresh DMEM, 
and the cells were irradiated by 808 nm NIR (2 W·cm-2) for 5 min. The cells 
were stained with both calcein AM (calcein acetoxymethyl ester) and PI 
(propidium iodide). The live and died cells were observed by confocal 
microscopy as previously described. 

Toxicity and bio-distribution of H-TiO2-PEG NPs in vivo: In the animal 
experiments, the animal care and handing procedures were in agreement with 
the guidelines of the Regional Ethics Committee for Animal Experiments. 
For assessing toxicity of H-TiO2-PEG in vivo, healthy Blab/C mice were 
intravenously injected with 200 μL of H-TiO2-PEG (200 μg·mL-1). Mice 
injected with saline were used as the control. Mice were observed for 
behavioral changes over a one month period. After one month, all mice were 
sacrificed. The main organs including the heart, liver, spleen, kidney and 
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lung were preserved in a 10% formalin solution and stained with 
hematoxylin and eosin (H&E) for histological analysis to assess the toxicity 
of H-TiO2-PEG. For evaluating the bio-distribution of H-TiO2-PEG in mouse 
body, healthy mice were intravenously injected with 100 μL of H-TiO2-PEG 
(200 μg·mL-1). The mice were sacrificed after 24 h, and the concentration of 
Ti in main organs were measured by ICP-MS (NexION 300, Perkin-Elmer, 
US) as described previously [25]. 

Photothermal therapy of H-TiO2-PEG NPs in vivo: To establish a tumor 
model, 1×106 4T1 cells suspended in 100 μL of serum free medium were 
inoculated subcutaneously in several female Balb/C mice (5 weeks old). A 
digital caliper was used to measure the size of tumor. Tumor volume= (tumor 
length) × (tumor width) 2/2. The mice were used for the further experiments 
when the tumor had grown to 3-4 mm in diameter. 

To evaluate in vivo photothermal therapy of H-TiO2-PEG, 4T1 tumor-bearing 
mice were anesthetized by intraperitoneal injection of chloral hydrate 
solution (8 wt %) and given an intra-tumor injection with 100 μL of 
H-TiO2-PEG aqueous dispersion (100 μg·mL-1). The tumor sites were 
irradiated with an 808 nm NIR laser at 2 W·cm-2 for 5 min. In order to kill 
the residual tumor cells, the tumor sites were irradiated each of the following 
2 days under the same conditions. The tumor sizes were measured by a 
digital caliper for 14 days and the tumor volume was calculated according to 
the formula of tumor volume mentioned above. Relative tumor volumes 
were calculated as V/VO (VO was the tumor volume when the treatment was 
initiated). Body weight and survival of the mice was also recorded. 

2.4 Fabrication of N-doped TiO2 coatings on nanoporous Si 
nanopillar arrays  

Fabrication of nanoporous Si nanopillar arrays: Ordered arrays of 
nanoporous Si nanopillar with hexagonal symmetry were fabricated from 
(100) oriented and highly doped p type Si wafer (B-doped, ρ < 0.005 Ω·cm) 
by using a combination of substrate conformal imprint lithography (SCIL) 
[27] and metal-assisted chemical etching (MaCE) [25]. A 20 nm Au film was 
deposited as catalyst for the MaCE and the fabrication process is well 
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described in some previous work [28, 29]. The Au film was removed using a 
solution of KI and I2 and the samples were dried with N2 gas. 

Materials and synthesis: Protamine sulfate salt from salmon (PA) was 
purchased from Sigma-Aldrich and used without purification. Titanium(IV) 
bis(ammonium lactato) dihydroxide (Ti-BALDH) aqueous solution was 
purchased from Alfa Aesar. 0.10 g protamine sulfate salt was added to 20 ml 
of pure H2O and the catalytic molecules solution was obtained. Similarly, 
0.98 g Ti-BALDH (50 wt % aqueous solution) was dissolved into 20 ml of 
H2O and a transparent titania precursor solution (pH=6.23) was prepared. 
The biomimetic layer by layer (LBL) titania deposition approach to prepare 
N-doped TiO2/Si core/shell nanopillar arrays is schematically illustrated in 
Scheme 6-1.  

Nanoporous Si nanopillar arrays (Size: 1.0 cm × 1.0 cm) were used as 
templates, and firstly immersed into catalytic molecular solution (PA 5 wt‰) 
at room temperature for 30 min. Through capillary effects and electrostatic 
interactions, the positively charged PA was adsorbed on the surface of Si. 
After that, the Si nanopillar arrays were removed from the PA solution and 
rinsed with deionized water. Next, the Si nanopillar arrays with adsorbed PA 
was immersed into titania precursor solution at room temperature also for 30 
min, and induced the hydrolysis and condensation of Ti-BALDH to form the 
negatively charged TiO2 layer. After being removed from the Ti-BALDH 
solution and washed with deionized water, PA/TiO2 coated Si nanopillars 
were obtained. By repeating the above steps for several cycles, the thickness 
of the PA/TiO2 layer was stepwise increased. After calcination of these 
samples in Ar at 500 °C for 3 h, nitrogen atoms of the protamine is 
introduced into the TiO2 structure as doped element, N-doped TiO2/Si 
core/shell nanopillar arrays with nanoporous structure were obtained. 

2.5 Characterization of TiO2 samples  

The crystalline structure of the nanoparticles was characterized by X-ray 
diffraction (XRD, SIEMENS D5000) using Cu-Kα radiation. The samples 
were characterized by using transmission electron microscopy (TEM, Tecnai 
F20). Scanning electron microscopy (SEM) images were taken with a 
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Hitachi S-4800 instrument, where also energy-dispersive x-ray spectrometry 
(EDS) was carried out. The optical absorption in the range from UV to the 
visible wavelength was measured by a diffuse reflectance accessory of a 
UV-Vis spectrometer (Cary 5000 UV-Vis-NIR). The X-ray photoelectron 
spectroscopy (XPS) analysis was performed by a spectrometer (Kratos Axis 
Ultra XPS) with monochromatized Al-Kα radiation and an energy resolution 
of 0.48 eV. Raman spectra analysis was performed with a Renishaw In-Via 

System utilizing a 514.5 nm incident radiation and a 50 × aperture (N.A. = 
0.75), resulting in an ~ 2 μm diameter sampling cross-section. Electron 
paramagnetic resonance (EPR) spectra were recorded at the temperature of 
77 K using a Bruker BioSpin CW X-band (9.5 GHz) spectrometer ELEXYS 
E500. Light irradiation (for light excited EPR) provided by two lasers (50 
mW power) operated at 405 nm and 532 nm using an optical transmission 
resonator (ER 4104OR, Bruker BioSpin). The nanocrystals were charged in 
quartz glass tubes connected to N2 gas. The hyperfine structure (hfs) lines 
(mI=-3/2, -1/2, 1/2, 3/2) of the Cu2+(DTC)2 complex (“Cu2+L2” in Figure 
3-14) in benzene solution have been used for the correct g factors of studied 
paramagnetic centre determination (low field maximum amplitude of mI=-1/2 
hfs line attributed to g=2.025). In the following text, the different spectra 
were presented as: “EPR spectra” (spectra recorded without light irradiation), 
“light-excited EPR spectra” (spectra recorded under irradiation) 
“light-induced EPR spectra” (“light-excited EPR spectra” - “EPR spectra”). 
Time resolved photoluminescence (PL) spectroscopy were measured by a 
universal streak camera (Hamamatsu C10910 using a slow single sweep unit 
M10913) in combination with a Czerny–Turner spectrograph (Princeton 
Instruments Acton SP2300, focal length 300 mm) at room temperature. 
Steady-state PL spectroscopy was performed by a Czerny–Turner 
spectrograph (Jobin Yvon SPEX 1000M) with a focal length of 1000 mm. 
The excitation wavelength of 266 nm was generated by a femtosecond laser 
(Coherent MIRA 900-F) followed by a puls picker (Coherent Pulse Picker) 
and a 3rd harmonic generator (APE HarmoniXX THG). Zeta potentials of the 
samples were obtained from a Malvern Zetasizer Nano ZS. 
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3. Fast lithium storage performance of black anatase 
H-TiO2 nanoparticles 

3.1 State of the art 

The development of lithium ion batteries (LIBs) with higher energy and 
power densities are essential for their application in electric vehicles and 
portable electronic devices [1]. In principle, fabrication of electrode 
materials with high capacity, high rate, and long cycle life is a major 
challenge [30]. Titanium dioxide (TiO2) is considered as one of the 
promising anode materials for its nontoxicity, low cost, and excellent 
capacity retention. Moreover, it is more safe due to the high operating 
voltage by which the formation of solid electrolyte interfaces (SEI) layers 
and electroplating of lithium can be avoided during cycling [6, 7, 31]. 
However, the poor rate capability of TiO2 electrodes, caused by the low 
electrical conductivity and lithium diffusion coefficient, strongly hindered so 
far its practical application [8, 32]. 

Different approaches, such as reducing the particle size of TiO2 [33, 34], 
compositing with conductive agents [16, 35-37], have been developed to 
overcome the electronic and ionic transport limitations and improve the rate 
capability of TiO2-based anodes. Very recently, hydrogenated TiO2 (H-TiO2) 
has attracted increasing attraction for fast lithium storage due to its 
disordered surface layer as well as a large amount of oxygen vacancies, that 
holding great potenials in high power LIBs [17, 19, 22, 38, 39]. Despite 
some reports about enhanced LIBs performance of H-TiO2, the mechanism 
of the improving electrochemical performance still remains unclear, and its 
structural properties effect on the lithium storage process is not fully 
understood. It’s generally believed that the presence of Ti3+ species resulted 
in the high electric conductivity, thus, leading to the greatly enhanced rate 
performance [20, 38, 39]; however, Shin et al. proposed that well balanced 
Li+/e- transport is the key factor [19]; and Xia et al. suggested the higher 
hydrogen mobility and alleviation of structural distortion in the lithium 
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insertion/extraction process could also be reasons [22]. In the current stage, 
to deeper understand the mechanism of the enhanced rate performance of 
H-TiO2 is highly desirable for its fundamental study and further application.  

Herein, hydrogenated anatase TiO2 nanoparticles (H-TiO2) are efficiently 
synthesized through a H2 plasma treatment of commercially purchased 
anatase TiO2 nanoparticles. Transmission electron microscopy (TEM) results 
show that a disordered surface layer are formed in H-TiO2 and X-ray 
photoelectron spectroscopy (XPS) results demonstrate Ti3+ species in H-TiO2. 
When used as anode material for LIBs, the obtained H-TiO2 shows a superior 
long-term, fast lithium storage capability. The capacities of H-TiO2 are about 
154, 141, 124, and 108 mAh·g-1 at the rate of 5, 10, 20, and 40 C, 
respectively, which is superior to pristine TiO2 nanoparticles (Pristine-TiO2, 
about 126, 109, 91, and 70 mAh·g-1 at the corresponding rates). Futhermore, 
H-TiO2 remains a capacity of 101 mAh·g-1 at 40 C (about 6.7A·g-1) after 
5000 cycles, which is almost 1.7 times of that of the pristine-TiO2 (61 
mAh·g-1 after 5000 cycles at 40 C). The scan-rate dependence of the cyclic 
voltammetry (CV) reveals that the improved rate capabilities of H-TiO2 can 
be attributed to the enhanced contribution of pseudocapacitive lithium 
storage on its surface. Combined with the structural properties of H-TiO2, it 
is suggested the disordered surface layer and Ti3+ species of H-TiO2 play 
important roles for the enhanced pseudocapacitive lithium storage. These 
results help in understanding the improved LIBs performance of the H-TiO2, 
and might be informative for further studies of hydrogenated metal oxide 
electrodes for high power LIBs. 

3.2 Results and Discussions 

3.2.1 Optical and microstructure properties of black anatase 
H-TiO2 nanoparticles 

H-TiO2 (SBET = 169 m2·g-1) was obtained in a H2 plasma treatment of 
purchased anatase TiO2 nanoparticles (SBET = 178 m2·g-1) at 390 °C for 3 h 
(the detailed parameters and raw materials are given in Experiments and 
Methods 2.1). Figure 3-1 and 3-2 show the photographs and UV-Vis 
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absorption spectra of the TiO2 before and after the plasma-enhanced 
hydrogenation, respectively; the highly enhanced absorption in the region of 
visible light clarifies the color change from white to black after the H2 
plasma treatment. If treated without plasma, the obtained TiO2 powder kept 
the original white color (Figure 3-1b), indicating the H2 plasma treatment is 
more effective than common thermal annealing process for TiO2 
hydrogenation. 

Figure 3-3 shows the XRD patterns of pristine- and H-TiO2. The purchased 
pristine-TiO2 nanoparticles demonstrated a major anatase phase (JCPDS card 
no. 21−1272), and a trace amount of rutile was also observed (JCPDS card 
no. 21−1272). Almost the same XRD pattern was obtained after the H2 
plasma treatment, indicating that no phase transformation occur in this 
process. The calculated average crystallite size (using Scherrer equation [40]) 
of H- and pristine-TiO2 in the [101] direction is 12.4 nm and 11.9 nm, 
respectively. 

 

Figure 3-1. The photographs of TiO2 before and after hydrogenation: (a) Pristine 
TiO2. (b) TiO2 after thermal annealing under H2 atmosphere without plasma. (c) 
TiO2 after H2 plasma treatment. 
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Figure 3-2. UV-vis absorption spectra of pristine- and H-TiO2. 
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Figure 3-3. XRD pattern of pristine- and H-TiO2. A represented as diffraction peaks 
of anatase phase (JCPDS card no. 21−1272, black line); R represented as 
diffraction peaks of rutile phase (JCPDS card no. 21−1276, pink line). 

Figure 3-4 shows the TEM images of pristine- and H-TiO2. The 
irregular-shaped particles comprised of numerous tiny nanocrystallites were 
observed on both samples, and the HR-TEM image of H-TiO2 demonstrates 
an obvious disordered surface layer with a thickness of 1.3~1.6 nm, which 
was not observed for the pristine-TiO2 surface. XPS analysis was used to 
investigate the changes of surface chemical bondings of the TiO2 
nanoparticles induced by hydrogenation. The Ti 2p core level spectrum of 



Fast lithium storage performance of black anatase H-TiO2 nanoparticles 

- 17 - 

pristine-TiO2 shows two peaks at 458.5 and 464.3 eV, corresponding to the 
Ti 2p1/2 and Ti 2p3/2 peaks of Ti4+ species [17, 23]; for H-TiO2, these peaks 
shift to lower values of 458.2 and 464.1 eV, indicating a different bonding 
evironment (upper panel in Figure 3-5). Subtracting the Ti 2p spectrum of 
pristine-TiO2 from that of H-TiO2, two extra peaks were observed at 457.5 
and 463.2 eV, which can be attributed to the Ti 2p1/2 and Ti 2p3/2 peaks of Ti3+ 
species (lower panel in Figure 3-5), indicating the presence of Ti3+ species in 
the H-TiO2 sample [23, 41]. Figure 3-6 shows the O 1s spectra of the two 
samples. Three oxygen features were obtained by peak-fitting of this 
spectrum: the intense peak located at 529.8 eV is the characteristic peak of 
Ti-O in anatase TiO2 [42]; the broad peak centered at round 531.3 eV can be 
assigned to Ti-O-H [42]; and the small peak at 532.3 eV derived from the 
H2O or CO2 contaminants during sample handling [20]. The content of 
Ti-O-H signal in O 1s spectra was 13.0% and 15.2% for pristine- and H-TiO2, 
respectively, implying that H-TiO2 possesses a higher density of hydroxyl 
groups, which could modify the electrochemical activity of TiO2 [23]. Figure 
3-7 shows the valance band spectra of the two samples. Pristine-TiO2 
displays the band edge at ~2.4 eV, which is consistent with other reports 
about anatase TiO2 [20]. For H-TiO2, the main absorption onset was also 
located at ~2.4 eV, while the maximum energy associated with the band tail 
blue-shifted towards the vacuum level at ~2.0 eV. This change might be 
induced by the presence of oxygen vacancies (Ti3+ species) in H-TiO2 [43]. 
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Figure 3-4. TEM and HR-TEM images of the two samples: (a, b) pristine-TiO2; (c, d) 
H-TiO2. A disordered surface layer for the H-TiO2 with a thickness of 1.3~1.6 nm is 
indicated by the arrows and margined by the dash line in Figure 3-4d; 0.35 nm is 
the lattice fringe of the anatase [101] face in Figure 3-4b and 3-4d. 

455 456 457 458 459 460 461 462 463 464 465 466 467 468

 Ti 2p
1/2

 H-TiO
2

 Pristine-TiO
2

Ti 2p
3/2

Difference

Pristine-TiO
2

Ti4+ (464.8 eV)

Ti3+ (463.2 eV)

Ti4+ (458.5 eV)

In
te

n
si

ty

Binding Energy (eV)

Ti3+ (457.5 eV)
H-TiO

2

XPS spectra

 

Figure 3-5. XPS Ti 2p core level spectrum of pristine- and H-TiO2 (upper panel), 
and the difference spectrum obtained by subtracting the spectrum of the 
pristine-TiO2 from that of the H-TiO2 (lower panel). 
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Figure 3-6. XPS O 1s core level spectrum of pristine- and H-TiO2. (The blue lines 
are the measured spectra; The black lines are the fitting spectra) 
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Figure 3-7. XPS valence band spectra of pristine- and H-TiO2. 

3.2.2 Lithium storage performance of black anatase H-TiO2 
nanoparticles 

The lithium-storage performance of pristine- and H-TiO2 was evaluated. 
Figure 3-8a shows the initial galvanostatic charging/discharging curves of 
pristine- and H-TiO2 at the rate of 0.2 C in the potential window of 1.0-3.0 V 
(1 C=168 mAh·g-1). For H-TiO2, an initial discharge capacity of 269.8 
mAh·g-1 and a charge capacity of 208.5 mAh·g-1 were obtained; and the 
pristine-TiO2 demonstrated a slightly higher initial discharge capacity of 
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280.3 mAh·g-1 and a charge capacity of 213.7 mAh·g-1. The much higher 
initial charge capacities of both pristine and H-TiO2 than theoretical capacity 
of TiO2 were mainly caused by their surface reactions with the electrolyte 
and interfacial lithium storage [44]. The discharge curve for an anatase 
electrode can be divided into three different voltage regions [34, 44-46]. In 
the first region, the voltage rapidly dropped from 3.0 to about 1.7 V (vs. 
Li+/Li), corresponding to the formation of a solid solution domain (x < 0.2 in 
LixTiO2); in the second region, a typical plateau is observed at a potential of 
1.7 V, where Li-rich phase (0.2 < x < 0.5 in LixTiO2) are expected to coexist 
with anatase TiO2; in the third region, the voltage decreased slowly from 1.7 
to 1.0 V, signifying the further lithium storage occurred at particle surfaces 
(x > 0.5 in LixTiO2). Compared with pristine-TiO2, H-TiO2 shows an increase 
of lithium storage in the first (0.16 Li+ Vs 0.10 Li+) and third region (0.29 Li+ 
Vs 0.26 Li+), but a decrease of lithium storage in the second region (0.27 Li+ 
Vs 0.30 Li+), which might be attributed to the existence of the disordered 
surface layer. It was suggested that the lithium storage in the third region 
results from the pseudocapacitance effect which is the charge storage of 
lithium ions from faradaic reactions occurring at the surface of the materials 
(also called interfacial lithium storage); interestingly, such lithium storage is 
irreversible at low rates, and reversible storage of lithium is able to occur in 
this voltage region only at high rates [44, 47]. 

Figure 3-8b displays the rate performance of pristine- and H-TiO2 at 
charging/discharging rate between 0.2 and 40 C. The capacities of H-TiO2 
are about 187, 163, 151, 132, 118, 97, and 72 mAh·g-1 at the rates of 0.2, 1, 2, 
5, 10, 20, and 40 C, respectively; while pristine-TiO2 maintains 190, 159, 
142, 114, 89, 60, and 31 mAh·g-1 at the corresponding rates. It is worth 
noting that the capacities of H-TiO2 are close to those of pristine-TiO2 at low 
rates (0.2-2 C), but clearly higher than those of pristine-TiO2 at high rates 
(5-40 C). To further investigate its fast lithium storage performance, higher 
starting charging/discharging rates (1 and 5 C) were applied, and the H-TiO2 
demonstrated higher capacities at every step than pristine-TiO2 (Figure 3-8c 
and 3-8d). Interestingly, both pristine- and H-TiO2 shows significantly higher 
capacities and less degradation than those obtained from step-wise cycling 
starting from the rate of 0.2 C (Figure 3-8b, 3-8c, and 3-8d). Especially for 
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the starting rate of 5 C, H-TiO2 displays an excellent rate performance with 
154, 141, 124 and 108 mAh·g-1 at 5, 10, 20 and 40 C, which is much higher 
than that starting from 0.2 C. And pristine-TiO2 exhibits 126, 109, 90 and 70 
mAh·g-1 at the corresponding rates, which is also higher than that starting 
from 0.2 C. Similar phenomena were also observed for hierarchical porous 
TiO2 nanoparticles [44].  
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Figure 3-8. (a) The initial galvanostatic charging/discharging profiles for pristine- 
and H-TiO2 electrodes. (b) The rate performance of pristine- and H-TiO2 electrodes 
between 0.2 C and 40 C. (c) The rate performance of pristine- and H-TiO2 
electrodes between 1 C and 40 C. (d) The rate performance of pristine- and H-TiO2 
electrodes between 5 C and 40 C. 
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Figure 3-9. Polarization of ∆E versus rate of pristine- and H-TiO2 electrodes. 
(Details are given in Figure) 
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Figure 3-10. (a) Polarization of ∆E versus rate plots of pristine- and H-TiO2 
electrodes. (b) Cycling performance of pristine- and H-TiO2 electrodes at high 
current rate of 40 C. 

3.2.3 The mechanism analysis for the fast lithium storage 
performance of black anatase H-TiO2 nanoparticles 

An explanation for this might be the irreversible lithium insertion occurring 
in the third region at initial low rate (0.2 C), leading to the lower capacities 
in the subsequent cycles at higher rates. When the material was initially 
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measured at a high rate (5 C), the lithium storage in the third region was 
believed to be reversible, thus, resulting in higher capacities in the following 
cycles at higher rates. In order to understand the remarkable rate 
performance of H-TiO2 compared with pristine-TiO2, the 
charging/discharging curves at 5, 10, 20 and 40 C were analyzed for both 
pristine- and H-TiO2 (Figure 3-9). It was observed that the polarization of ΔE 
(defined as the differences between the potentials of charge plateaus and 
discharge plateaus) of H-TiO2 is 0.246, 0.341, 0.446, and 0.655 V at 5, 10, 20, 
and 40 C, respectively, which is obviously smaller than those of 
pristine-TiO2 (ΔE is 0.323, 0.395, 0.581, and 0.845 V at 5, 10, 20, and 40 C, 
respectively in Figure 3-10a). The smaller polarization of H-TiO2 might be 
attributed to its low ohmic resistance of electrode resulting from the 
existence of Ti3+ species, thus, leading to the enhanced rate performance in 
LIBs. Even at a high rate of 40 C, a capacity of 101 mAh·g-1 can still be 
delivered after 5000 cycles for H-TiO2, wheras the remained capacity of 
pristine-TiO2 is only 61 mAh·g-1 under the similar condition (Figure 3-10b). 

For deeper understanding of the pseudocapacitance effect on rate 
peformance of H-TiO2, cyclic voltammetry (CV) analysis was performed. 
Figure 3-11a shows cyclic voltammetry (CV) curves of pristine- and H-TiO2 
electrodes measured at the scan rate of 0.1 mV·s-1. The CV curves of H-TiO2 
show a pair of cathodic/anodic peaks at 1.72 and 2.01 V, respectively, which 
corresponds to the characteristic lithium ion insertion/extraction potentials 
for the anatase TiO2, and also agrees well with the charging/discharging 
potential plateaus of galvanostatic curves (Figure 3-8a). Furthermore, a 
shoulder peak was observed at 1.40~1.50 V for both pristine- and H-TiO2, 
which might be attributed to the further lithium storage occurring at 
nanoparticle surfaces/interfaces. It is worth to note that the shoulder peak of 
H-TiO2 is bigger than that of pristine-TiO2. The densities of cathodic and 
anodic current increased significantly at higher scan rates over the entire 
potential window for both pristine- and H-TiO2, and the increase of the 
cathodic/anodic and shoulder peaks current densities for H-TiO2 is more than 
those of pristine-TiO2 (Figure 3-11b and 3-11c). Figure 3-12a shows the 
dependence of the discharge peak current density Ip on the scan rate v for 
H-TiO2; and the similar scan rate dependence is also observed for the charge 
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peak current. The best fit of the data to an apparent power-law dependence 

yields Ip∝v0.70. The apparent exponent value is mainly depending on the 

lithium storage mechanism [44, 47-49]. For bulk lithium insertion dominated 

processes, the apparent exponent value is close to 0.5 (Ip∝v0.5); while the 

apparent exponent value is close to 1 (Ip∝v ) in surface pseudocapacitive 

lithium storage. Therefore, the apparent exponent value of 0.70 for H-TiO2 
could presumably be attributed to a mixed process involving both the lithium 
insertion in the bulk of TiO2 lattice and the pseudocapacitive lithium storage 
associated with particle surfaces [47, 49]. For comparison, the apparent 
exponent value is 0.55 for pristine-TiO2, suggesting that the bulk lithium 
insertion is the predominant contribution (Figure 3-12b). The mixed lithium 
storage process can be presented by the following equation [47]: 

Ip= Ic + Id = C1v + C2v1/2      (1) 

where Ip is peak discharge current density; v is the scan rate; C1v and C2v1/2 
correspond to the current contributions from the surface pseudocapacitive 
effect (Ic) and bulk lithium insertion process (Id), respectively. Thus, by 
determining C1 and C2, the current contributions from two processes can be 
quantified. 

For analytical purposes, Eq. (1) is rewritten as 

Ip/ v1/2=C1 v1/2 + C2      (2) 

In Eq. (2), C1 and C2 correspond to the slope and the y-axis intercept point of 
the peak current straight line, respectively. For H-TiO2, the best fit of the 
data to Eq. (2) yields C1=(0.663 ± 0.005) (Ag-1V-1s) and C2=(0.028 ± 0.002) 
(Ag-1V-1/2s1/2), (as indicated in Figure 3-13a). From these parameters, the 
respective values of Ic and Id at various scan rates can be determined, 
allowing for the evaluation of the relative contribution of bulk and surface 
lithium storages for H-TiO2. Figure 3-14a shows the calculated surface 
pseudocapacitive current and bulk intercalative current density as a function 
of the scan rate for H-TiO2. At a low scan rate (0.1 mV·s-1), Ic is much 
smaller than Id, indicating that the bulk lithium insertion is dominated 
lithium storage. With the increasing of the scan rates, both Id and Ic increased; 
but the value of Ic grows much faster than Id, and became larger than Id as the 
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scan rate higher than 2 mV·s-1, suggesting that the surface pseudocapacitive 
storage dominates the total storage capacity at high scan rates. On the other 
hand, C1=(0.158 ± 0.002) (Ag-1V-1s) and C2 =(0.032 ± 0.001) (Ag-1V-1/2s1/2) 
were obtained by the same analysis for prisitine-TiO2 (as indicated in Figure 
3-13b). Figure 3-14b displays the calculated Id and Ic for pristine-TiO2 
varying with the scan rate; however, the Id is still much larger than Ic even at 
high scan rates, indicating the bulk lithium insertion is the dominated storage 
process. These results suggest the H-TiO2 possesses a higher surface 
pseudocapacitve lithium storage than prisitine-TiO2 at high scan rates, which 
could effectively enhance the rate performance [47, 49, 50]. The explanation 
might be that the disordered surface layer in H-TiO2 may provide more 
active sites for faradiac reactions than the crystalline surface in pristine-TiO2, 
and induce more surface pseudocapacitive lithium storage which has much 
faster kinetics than those of a bulk insertion at high rates [47-50]; besides, 
the introduction of Ti3+ species (oxygen vacancies) improve the electric 
conductivity of H-TiO2 [20, 23, 38]. As a consequence, fast lithium storage 
process can stably occur in H-TiO2. 
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Figure 3-11. (a) Cyclic voltammograms of pristine- and H-TiO2 electrodes at a scan 
rate of 0.1 mV·s-1. (b) Cyclic voltammograms of H-TiO2 electrodes at various scan 
rates. (c) Cyclic voltammograms of pristine-TiO2 electrodes at various scan rates.  
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Figure 3-12. The peak discharge current of pristine- and H-TiO2 electrodes 
measured at various scan rates. (a) H-TiO2 electrode. (b) Pristine-TiO2 electrode. 

Linear (red dashed line) represented as Ip∝v in surface pseudocapacitive lithium 

storage process; Square-root (blue dashed line) represented as Ip∝v0.5 in bulk 

lithium insertion process. 
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Figure 3-13. The calculated C1 and C2 for two samples using Eq. (2) that 
correspond to the slope and the y-axis intercept point, respectively. (a) H-TiO2. (b) 
Pristine-TiO2. (The red line is fitting curve) 
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Figure 3-14. (a) Calculated surface pseudocapacitive and bulk insertion discharge 
currents of H-TiO2 electrodes. (b) Calculated surface pseudocapacitive and bulk 
intercalative discharge currents of pristine-TiO2 electrodes. 

3.3 Conclusion 

In summary, hydrogenated anatase TiO2 nanoparticles (H-TiO2) with 
disordered surface layer and Ti3+ species were efficiently prepared by a H2 
plasma treatment, which showed improved fast lithium storage capability 
compared to those of pristine TiO2 nanoparticles. The electrochemical 
measurements demonstrated that the improved rate capability of H-TiO2 can 
be attributed to the enhanced contribution of pseudocapacitive lithium 
storage on its surface; and it is suggested that the presence of Ti3+ species 
and the disordered surface layer might be the key factors for the enhanced 
pseudocapacitance effect. 
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4. Slightly hydrogenated TiO2 with enhanced 
photocatalytic performance 

4.1 State of the art 

Solar-driven catalytic process has attracted much attention, since it provide a 
promising “green chemistry” approach for treating a wide variety of 
emerging pollutants, H2 production from water, or direct conversion of CO2 
to value-added fuels (CO, CH4, CH3OH, etc.) [2, 51, 52]. In principle, 
fabrication of high active photocatalysts which can efficiently utilizing solar 
energy is a major challenge [53]. Titania (TiO2) is regarded as a suitable 
photocatalyst due to its favorable band-edge positions, high chemical 
inertness, low cost, and long-term stability [20]. However, the efficiency of 
TiO2 is limited due to its large band-gap and fast electron-hole recombination 
[54]. Hence, many studies have been devoted to overcome such problems 
through different approaches, which include doping with metal or nonmetal 
elements [9, 12], controlling the structure and facets [15, 55], and 
introducing defects into nanocrystals [14]. 

Recently, hydrogenation treatment of TiO2 has triggered intense research 
interests. In this process, hydrogenerated TiO2 (H-TiO2) with a highly 
disordered surface layer and a large amount of oxygen vacancies is obtained, 
which leads to a substantially improved optical absorption in the visible light 
and near-infrared region [17, 18, 43, 56-58]. Therefore, H-TiO2 usually 
shows a grey or black color, and exhibits superior activity for the 
photocatalytic degradation of organic contaminants and water splitting [17, 
57-63]. Photo-electrochemical analysis reveals that the enhanced 
photoactivity of H-TiO2 is mainly due to the improved incident photon to 
current conversion efficiency (IPCE) in the UV region [21, 57]. It is believed 
that the formation of Ti-H and Ti-O-H bonds on the surface of H-TiO2 
nanoparticles improve the separation of photo-generated electrons and holes 
[13, 17, 59, 64]; and the presence of Ti3+ species or oxygen vacancies 
increase the donor density of H-TiO2, thus, facilitate the charge 
transportation in these nanoparticles [21, 57, 65]. On the other hand, a 
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significantly worse photoactivity of H-TiO2 has also been reported, and it is 
proposed that the poor photocatalytic performances might be ascribed to the 
formation of bulk defects with high temperature hydrogenation treatment 
[66]. In addition, the concentration of defects, and their distribution between 
the surface and bulk of nanocrystals is found to play an important role in 
enhancing the photoactivity of H-TiO2 [67].  

Despited these achievements, several problems need to be addressed for the 
further understanding the enhanced photoactivity of H-TiO2: First, the 
properties of photo-generated electrons and holes in H-TiO2 have not been 
investigated, which have distinct dependence on its photocatalytic 
performance. Second, it still remains unclear whether the large solar 
absorption (grey or black color) of H-TiO2 induced by disordered surface 
layer or high concentration of defects is really the critical factor for its 
excellent photocatalytic performance. Third, with the different hydrogenation 
methods, the structure of the obtained H-TiO2 usually have many differences, 
hence, a clear assessment of the key factors in the enhanced photoactivity of 
H-TiO2 by comparing these samples is not easy to achieve. 

In this work, H-TiO2 with different hydrogenation degrees are rapidly 
synthesized through H2 plasma treatment at 150 °C; and their photocatalytic 
activity are evaluated by methylene blue (MB) degradation and CO2 
reduction in aqueous and gaseous media, respectively. The slightly 
hydrogenated TiO2 with the original white color (s-H-TiO2) have the 
increased UV absorption and surface defects, and exhibit enhanced 
photoactivity compared to pristine TiO2 (pristine-TiO2) especially in CO2 
reduction. In contrast, the grey or black H-TiO2 with higher hydrogenation 
degrees (h-H-TiO2) have the highly improved visible light absorption, 
disordered surface layer, and a large amount of bulk defects, display much 
worse catalytic performances. Further investigations reveal that the increased 
surface defects of s-H-TiO2 lead to the higher ratio of trapped holes (O- 
centers) and lower recombination rate, which might be the critical factors for 
its improved photoactivity; while the high concentration of bulk defects in 
h-H-TiO2 act as charge annihilation centers, most of photo-generated holes 
are consumed through significantly enhanced non-radiative recombination, 
which strongly inhibit the activity of h-H-TiO2. These results might provide 
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new insights into the photoactivity of H-TiO2, and pave the way for further 
studies of other hydrogenated metal oxides for photocatalytic applications. 

4.2 Results and Discussions 

4.2.1 Optical and microstructure properties of H-TiO2 
nanoparticles with different hydrogenation degrees 

Hydrogenated TiO2 (H-TiO2) were obtained in a high-power density H2 
plasma treatment of purchased TiO2 nanoparticles (Degussa P25) at 150 °C 
with different reaction times (the detailed parameters are given in 
Experiments and Methods 2.2). The TiO2 powder kept the original white 
color after 30 s (H-TiO2-30s); then, TiO2 with slightly yellow color was 
observed after 1 min (H-TiO2-1min); and the color changed into grey after 3 
~ 5 min (H-TiO2-3min and H-TiO2-5min); with 20 min H2 plasma treatment, 
black TiO2 was obtained (H-TiO2-20min). Figure 4-1 shows the UV-Vis 
absorption spectra of pristine- and H-TiO2. The absorption of H-TiO2 in the 
region of visible light gradually increased into a high level with the 
extending of hydrogenation time, which clarifies the color change process 
from white to black. More interestingly, the slightly hydrogenated TiO2 
prepared by 30 s ~ 1 min H2 plasma treatment (s-H-TiO2) demonstrated an 
obviously improved absorption in UV region, and this improvement almost 
disappeared in the grey or black H-TiO2 with higher hydrogenation degrees 
(h-H-TiO2, 3 min ~ 20 min H2 plasma treatment). It is suggested that the 
enhanced UV absorption might be induced by the formation of surface 
defects in s-H-TiO2, the similar results has also been observed in the other 
materials, however, the mechanism of this phenomenon still remained 
unclear [68, 69]. 
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Figure 4-1. UV-vis absorption spectra and related photographs of the pristine-TiO2 
and H-TiO2 prepared by H2 plasma treatment after different times of 30 s, 1 min, 3 
min, 5 min, and 20 min. (Pristine-TiO2 represented as pristine TiO2; H-TiO2-30s, 
H-TiO2-1min, H-TiO2-3min, H-TiO2-5min, and H-TiO2-20min represented as 
hydrogenated TiO2 with 30 s, 1 min, 3 min, 5 min, and 20 min H2 plasma treatment, 
respectively.) 
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Figure 4-2. XRD patterns of the pristine-TiO2 and H-TiO2 prepared by H2 plasma 
treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min. A 
represented as diffraction peaks of anatase phase; R represented as diffraction 
peaks of rutile phase. 

Figure 4-2 shows the XRD patterns of the pristine-TiO2 and H-TiO2 with 
different times of hydrogenation. The purchased pristine-TiO2 nanoparticles 
demonstrated a major anatase phase (JCPDS card no. 21−1272) coexisting 
with small amount of rutile (JCPDS card no. 21−1276). After H2 plasma 
treatment with 30 s to 5 min, the obtained H-TiO2 displayed almost the same 
XRD patterns, indicating that no phase transformation occurred in the 
process. However, the peak intensity of TiO2 significantly decreased after 20 
min, and the calculated average crystallite size (using Scherrer equation [40]) 
of this sample in the [101] direction is 17.6 nm, which is smaller than that of 
pristine-TiO2 (19.3 nm). This change might be induced by the high 
concentration of defects in TiO2 nanoparticles [57]. 
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Figure 4-3. HR-TEM images of the pristine-TiO2 and H-TiO2 prepared by H2 
plasma treatment after different times: (a) Pristine-TiO2; (b) H-TiO2-30s; (c) 
H-TiO2-1min; (d) H-TiO2-3min; (e) H-TiO2-5min; (f) H-TiO2-20min. 

Figure 4-3 shows the HR-TEM images of pristine-TiO2 and H-TiO2 with 
different times of hydrogenation. The pristine-TiO2 and s-H-TiO2 were 
highly crystallized, as seen from the well-resolved lattice features shown in 
Figure 4-3a-c. After 3 min, a disordered layer (0.5 ~ 0.9 nm) was formed on 
the surface of TiO2 nanoparticles (Figure 4-3d). Further prolonging the 
reaction time, the thickness of disordered layer increased into 1.0 ~ 1.6 and 
1.5 ~ 2.2 nm after 5 and 20 min, respectively. As Raman spectra are more 
sensitive to disordered phase, this method was used to further investigate the 
structural changes of TiO2 after different times of hydrogenation. 
Pristine-TiO2 demonstrated typical anatase Raman bands at 149 cm-1 (Eg), 
195 cm-1 (Eg), 397 cm-1 (B1g), 516 cm-1 (A1g + B1g), and 638 cm-1 (Eg) [20]. 
s-H-TiO2 showed the similar patterns as pristine-TiO2; and the peak intensity 
of H-TiO2 obviously decreased upon hydrogenation time up to 3 min; after 
20 min, H-TiO2 had only a broad peak at 149 cm-1 with the disappearance of 
the other peaks, which were the characteristics of the existence of disordered 
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phase (Figure 4-4) [70, 71]. These results are consistent with the observation 
in HR-TEM images. 
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Figure 4-4. Raman spectra of the pristine-TiO2 and H-TiO2 prepared by H2 plasma 
treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min. 

XPS analysis was used to investigate the changes of surface chemical 
bondings of the TiO2 nanoparticles induced by hydrogenation. The Ti 2p core 
level spectrum of pristine-TiO2 showed two peaks at ~ 458.6 and ~ 464.7 eV, 
corresponding to the Ti 2p1/2 and Ti 2p3/2 peaks of Ti4+ species [17, 23]; for 
H-TiO2-30s, these peaks negative shifted to ~ 458.3 and ~ 464.5 eV, 
indicating a different bonding environment (upper panel in Figure 4-5a). 
Subtracting the Ti 2p spectrum of pristine-TiO2 from that of H-TiO2-30s, two 
extra peaks were observed at ~ 457.9 and ~ 463.6 eV, which can be attributed 
to the Ti 2p1/2 and Ti 2p3/2 peaks of Ti3+ species (lower panel in Figure 4-5a), 
indicating the presence of Ti3+ species on the surface of TiO2 nanoparticles 
after 30 s of H2 plasma treatment [23, 41]. Surprisingly, the Ti 2p peaks of 
H-TiO2 re-shifted to higher values with the extending of hydrogenation time, 
and even closed to pristine-TiO2 after 20 min (Figure 4-5b). By subtracting 
the Ti 2p spectrum of these H-TiO2 with pristine-TiO2, all obtained 
difference spectrums showed the Ti 2p1/2 and Ti 2p3/2 peaks of Ti3+ species, 
but the intensity of these peaks significantly decreased with increasing of 
hydrogenation time (Figure 4-5c). It is suggested that oxygen vacancies (Ti3+ 
sites) initially formed on the surface of TiO2 nanoparticles under H2 plasma 
treatment, and preferentially diffused into the bulk with further 
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hydrogenation [67, 72]. The O 1s spectra are almost identical for the 
pristine-TiO2 and all H-TiO2 (Figure 4-6). Two oxygen features were 
obtained by peak-fitting of this spectrum: the intense peak located at 529.7 
eV is the characteristic peak of Ti-O in anatase TiO2; the broad peak centered 
at around 531.3 eV can be assigned to Ti-O-H [42]. The content of Ti-O-H 
signal in O 1s spectra remained at ~ 10.0% before and after different times of 
H2 plasma treatment, implying that hydrogenation process has a negligible 
effect on the density of hydroxyl groups of the TiO2 surface. The valence 
band (VB) maxima were estimated by linear extrapolation of the peaks to the 
baselines, the pristine-TiO2 and all H-TiO2 displayed the band edge at ~ 2.4 
eV (Figure 4-7). This result have also been observed in the other studies [20, 
57], which demonstrated that oxygen vacancies (or Ti3+ species) created by 
hydrogenation process could induce the formation of additional electronic 
states below the conduction band (CB) of TiO2 [43, 57, 59-61, 73]. In this 
case, the gray or black color of H-TiO2 with the substantially enhancement of 
visible light absorption might be attributed to the transitions from the TiO2 
VB to these additional electronic states or from these additional electronic 
states to the TiO2 CB [57]. 
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Figure 4-5. (a) XPS Ti 2p core level spectrum of the pristine-TiO2 and H-TiO2-30s 
(upper panel), and the difference spectrum obtained by subtracting the spectrum of 
the pristine-TiO2 from that of the H-TiO2-30s (lower panel). (b) XPS Ti 2p core level 
spectrum of the pristine-TiO2 and H-TiO2 prepared by H2 plasma treatment after 
different times of 30 s, 1 min, 3 min, 5 min, and 20 min. (c) The difference spectrum 
obtained by subtracting the spectrum of the pristine-TiO2 from that of H-TiO2-30s, 
H-TiO2-1min, H-TiO2-3min, H-TiO2-5min, and H-TiO2-20min. 
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Figure 4-6. XPS O 1s core level spectrum of the pristine-TiO2 and H-TiO2 prepared 
by H2 plasma treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min. 
(The blue lines are the measured spectra; The black lines are the fitting spectra) 
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Figure 4-7. XPS valence band spectra of the pristine-TiO2 and H-TiO2 prepared by 
H2 plasma treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min. 
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Figure 4-8. EPR spectra of the pristine-TiO2 and H-TiO2 prepared by H2 plasma 
treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min recorded at 
77 K without light irradiation. (orange line presented as the simulated signal at an 
average g-value of 1.93) 
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Figure 4-9. The experimental and simulated bulk Ti3+ signal of H-TiO2-20min, and 
the simulated subsurface Ti3+ signal of H-TiO2-1min without light irradiation, the 
relative amount of Ti3+ was appraised through the double integration of the 
resonance lines: S1 and S2 represented as signal 1 and 2, respectively; IS1 and IS2 
represented as the integration of the signal 1 and 2, respectively (EPR absorption 
spectra); DIS1 and DIS2 represented as the double integration of the signal 1 and 2, 
respectively (green and red area in EPR absorption spectra). 

Electron paramagnetic resonance (EPR) were measured to further investigate 
the concentration and distribution of defects in H-TiO2, because it is highly 
sensitive to detect paramagnetic species containing unpaired electrons, and 
has been widely used to characterize the existence of Ti3+ species and oxygen 
vacancies. As indicated in Figure 4-8, pristine-TiO2 presented a weak 
response at a g-value of ~ 1.978, which might be ascribed to the original 
surface or interstitial defects in TiO2 (Ti3+ species) [74, 75]. After 30 s of H2 
plasma treatment, the H-TiO2 exhibited a stronger peak with the same 
g-value, which indicated an increase of surface defects. After 1 min, the 
intensity of the surface defects signal further increased; and a broad signal at 
an average g-value of ~ 1.93 was also observed, which might result from the 
Ti3+ species existed in the subsurface of TiO2 [76, 77]. After 3 min, the 
H-TiO2 sample showed a much stronger signal at an average g-value of ~ 
1.957 (gx=1.965, gy=1.960, gz=1.945), the intensity of this signal is about 2 
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orders of magnitude higher than the surface Ti3+ species in s-H-TiO2 (30 s ~ 
1 min), implying the presence of a large amount of Ti3+ species in the bulk 
[43, 78, 79]; Prolonging the hydrogenation time to 20 min, the signal at an 
average g-value of ~ 1.957 with higher intensity was observed, revealing that 
the amount of Ti3+ species in the bulk further increased (~ 40 times of 
H-TiO2-1min, Figure 4-9). These results demonstrated that the H2 plasma 
treatment induced the formation of Ti3+ species on the surface of TiO2 at 
early stage (30 s ~ 1 min), and a large amount of bulk Ti3+ species were 
formed with longer times of hydrogenation (3 ~ 20 min). 

4.2.2 Photocatalytic performance of H-TiO2 nanoparticles with 
different hydrogenation degrees 

The photocatalytic activities of H-TiO2 were evaluated by methylene blue 
(MB) degradation and CO2 reduction in aqueous and gaseous media, 
respectively. For MB degradation, s-H-TiO2 exhibited better photocatalytic 
activities than pristine-TiO2 (Figure 4-10): H-TiO2-30s completed the 
decomposition of MB in 12 min; and H-TiO2-1min needed 14 min; while the 
pristine-TiO2 took 16 min. In contrast, h-H-TiO2 showed much worse 
performance. About 8%, 13%, and 21% of MB remained after 16 min for 
H-TiO2-3min, -5min, and -20min, respectively. The kinetics of the 
degradation reaction were fitted to a pseudo first-order reaction: ln(C0/C)=kt, 
where k is the rate constant. The average value of k for pristine-TiO2, 
H-TiO2-30s, -1min, -3min, -5min, and -20min was 0.217, 0.291, 0.255, 0.167, 
0.136, and 0.101 min-1, respectively (Figure 4-11). For CO2 reduction, CH4 
and CO were found to be the two main products, and the similar trend as MB 
degradation, that the photoactivity of H-TiO2 decreased with the increasing 
of hydrogenation degree, was also observed. As shown in Figure 4-12, 
s-H-TiO2 demonstrated the enhanced conversion efficiency: the production 
rate of CH4 and CO for H-TiO2-30s was 14.65 and 19.44 nmol·h-1, 
respectively, which was about 2 times of pristine-TiO2 in the total 
productivity (7.37 nmol·h-1 CO and 11.59 nmol·h-1 CH4); for H-TiO2-1min, 
the rate of CH4 slightly decreased to 14.03 nmol·h-1, but the rate of CO 
increased to 21.67 nmol·h-1. The explanation might be that CO2 is favourably 
bonded on the surface of H-TiO2-30s due to its higher density of surface Ti3+ 
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sites (Figure 4-5c), which enhance the immobilization of CO2 at the surface 
of the catalyst, allowing a later hydrogenation to form CH4 instead of CO 
[80]. For H-TiO2-3min, the production rate of CH4 and CO significantly 
decreased to 9.29 and 13.39 nmol·h-1, respectively. Nevertheless, these rates 
are still slightly higher than that of pristine-TiO2, which is different with the 
worse performance of H-TiO2-3min in MB degradation. This change might 
be induced by the different charge transfer rate in aqueous/ and gaseous/TiO2 
interface, and reaction kinetics of MB degradation and CO2 reduction [54]. 
The catalytic performance of H-TiO2 further decreased with the extending of 
hydrogenation time. Especially in CH4 production, the rate is only 4.37 
nmol·h-1 for H-TiO2-5min; and almost no CH4 signal was observed for 
H-TiO2-20min. The mechanism of CO2 photoreduction with H2O to form 
CH4 and CO can be simply described as following three steps of reaction [80, 
81]: 

 

Table 4-1. The mechanism of CO2 photoreduction with H2O to form CH4 and CO  

 

 

According to the above mentioned results, it is suggested that the formation 
of high concentration of bulk Ti3+ is counterproductive to the photocatalytic 
activity of H-TiO2. As it will be further discussed later, bulk Ti3+ species 
strongly weakened the photooxidative efficacy of h-H-TiO2 (step 2), which 
reduced both the productivity as well as the selectivity CH4/CO ratio [80]. 
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Figure 4-10. Degradation of methylene blue (MB) over pristine-TiO2 and H-TiO2 
prepared by H2 plasma treatment after different times of 30 s, 1 min, 3 min, 5 min, 
and 20 min.  
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Figure 4-11. Photocatalytic degradation of methylene blue (lnC0/C versus 
irradiation time) over pristine-TiO2 and H-TiO2 prepared by H2 plasma treatment 
after different times of 30 s, 1 min, 3 min, 5 min, and 20 min and their calculated 
reaction rates (kt).  
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Figure 4-12. The formation rates of CH4 and CO in the photocatalytic reduction of 
CO2 with H2O over pristine-TiO2 and H-TiO2 prepared by H2 plasma treatment after 
different times of 30 s, 1 min, 3 min, 5 min, and 20 min. 

4.2.3 Photogenerated charge properties of H-TiO2 with 
different hydrogenation degrees 

In order to study the hydrogenation process affects the charge-trapping 
centers of TiO2 formed upon solar light irradiation, in turn, to understand the 
photoactivity of H-TiO2. Light-induced EPR measurements were performed 
under 405 or 532 nm light irradiation (Figure 4-13). For comparison, these 
spectrums of pristine-TiO2 and H-TiO2 have been subtracted by that of the 
spectrums without light irradiation (Figure 4-14). As shown in UV-vis 
spectra (Figure 4-1), the pristine-TiO2 and s-H-TiO2 display a steep increase 
in absorption at wavelengths of ~ 420 nm, hence, the irradiation with the 
wavelength of 405 nm can be used as excitation light source as UV light; on 
the other hand, the irradiation with the wavelength of 532 nm were used as 
visible light source. Under 405 nm light irradiation, the pristine-TiO2 and 
s-H-TiO2 showed two well-separated sets of resonance lines. The higher field 
small peaks with an average g value of ~ 1.960 (gx=1.970, gy=1.965, 
gz=1.947) can be assigned to electrons trapped on Ti3+ centers [74, 82]; the 
lower field sharp features with an average g value of ~2.013 (gx=2.022, 
gy=2.015, gz=2.003), corresponding to the holes trapped on O- sites [74, 82], 
and their intensity is greater than that of Ti3+ peaks. Both O- and Ti3+ signals 
in s-H-TiO2 showed lower intensity compared with pristine-TiO2, indicating 
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small part of photo-generated charges trapped by the increased surface 
defects [83]. After 3 ~ 5 min of H2 plasma treatment, the intensity of O- 
signals significantly decreased; and an inverted broad resonances was 
observed at an average g value of ~ 1.957, implying the deceasing of the 
amount of Ti3+ species in H-TiO2, which might derive from the combination 
of the photo-generated holes and the localized bulk Ti3+ species (induced by 
hydrogenation). After 20 min, the O- signals was almost disappeared, and the 
intensity of the inverted broad resonances further increased. This result 
suggested that bulk Ti3+ species tend to act as charge carrier traps where most 
of photo-generated holes were consumed through recombination with 
electrons [21, 66, 75]. According to the literature, the trapped holes (O-) and 
electrons (Ti3+) were considered as the major oxidative and reductive sites in 
catalytic reactions, respectively [82]; therefore, the ratio of O-/Ti3+ might 
have an important impact on the competition between photo-oxidation and 
-reduction process, and thus strongly affect the efficiency of photocatalysis 
[81, 82]. It is observed that the ratio of O-/Ti3+ is 1.71 for pristine-TiO2 (the 
relative amount of Ti3+ and O- can be appraised through the double 
integration of the resonance lines as shown in Figure 4-15); and this ratio 
increased to 2.02 and 1.84 for s-H-TiO2 with 30 s and 1 min H2 plasma 
treatment, respectively; in contrast, the ratio of O-/Ti3+ dramatically 
decreased to less than 0.1 for h-H-TiO2. These results indicated that s-H-TiO2 
with higher ratio of O- centers might have enhanced photooxidative efficacy, 
leading to the improved photocatalytic performance; on the other hand, the 
worse photoactivity of h-H-TiO2 might be attributed to the significant 
reduction of O- centers, due to the formation of a large amount of bulk Ti3+ 
species with relatively long time hydrogenation. Under 532 nm light 
irradiation, no O- signals were observed for the pristine- and H-TiO2, and 
these samples also showed very poor visible-light photocatalytic 
performance in degradation of MB, revealing that the contribution of the 
dramatically improved visible-light absorbance of H-TiO2 on its 
photoactivity is limited. This result is similar as previous reports [21, 57]. 
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Figure 4-13. Light-induced EPR spectra of the pristine-TiO2 and H-TiO2 prepared 
by H2 plasma treatment after different times of 30 s, 1 min, 3 min, 5 min, and 20 min 
recorded at 77 K under 405 or 532 nm light irradiation 
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Figure 4-14. EPR analysis of H-TiO2-20min: “dark spectra” represented as the 
spectra recorded without light irradiation; “523 nm light-excited spectra” 
represented as the spectra recorded under 523 nm irradiation; “405 nm 
light-excited spectra” represented as the spectra recorded under 405 nm 
irradiation; “523 nm light-induced EPR spectra” represented as the spectra 
recorded under 523 nm irradiation subtracted by that of the spectra without light 
irradiation (“523 nm light-excited spectra” - “dark spectra”); “405 nm light-induced 
EPR spectra” represented as the spectra recorded under 405 nm irradiation 
subtracted by that of the spectra without light irradiation (“405 nm light-excited 
spectra” - “dark spectra”). “CuL2” represented as the hyperfine structure lines of 
the Cu2+(DTC)2 complex in benzene solution, which has been used as the correct 
g factors of studied paramagnetic centre determination (low field maximum 
amplitude of mI=-1/2 hfs line attributed to g=2.025). 
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Figure 4-15. The experimental and simulated light-induced EPR spectra of 
prisine-TiO2 under 405 nm light irradiation, the relative amount of Ti3+ and O- were 
appraised through the double integration of the resonance lines: S1 and S2 
represented as signal 1 and 2, respectively; IS1 and IS2 represented as the 
integration of the signal 1 and 2, respectively (EPR absorption spectra); DIS1 and 
DIS2 represented as the double integration of the signal 1 and 2, respectively 
(green and red area in EPR absorption spectra). 

The photoluminescence (PL) spectra of pristine- and H-TiO2 in the 
wavelength range of 420 − 680 nm with excitation at 266 nm are shown in 
Figure 4-16b. All samples exhibited a broad signal centered around 505 nm, 
which resulted from radiative transitions involving mobile electrons 
recombining with hole-trapped states (located 0.7−1.4 eV above the valence 
band edge), associated with oxygen vacancies in anatase TiO2 [84, 85]. 
H-TiO2-30s showed a more intense and broad signal compared with 
pristine-TiO2, due to its higher density of surface Ti3+ centers [86]. For 
H-TiO2-1min, the intense of signal decreased to close to that of pristine-TiO2, 
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which might be induced by the existence of subsurface Ti3+ species. For 
h-H-TiO2 (3 ~ 20 min), the signal intense significantly decreased with the 
increasing of hydrogenation time. This trend is consistent with the other 
reports, and has been considered as lower recombination rate of electrons 
and holes in H-TiO2 that favors its high photocatalytic activity [58, 59, 61, 
62]. Actually, in addition to radiative recombination releasing photons 
(detected by PL spectra), non-radiative recombination releasing phonons is a 
major pathway for the photo-generated charges annihilation in TiO2 (as 
indirect band-gap semiconductor). In this process, the energy is exchanged in 
the form of lattice vibration, and the thermal energy in materials is increased 
[87, 88]. Hence, the temperature changes of the pristine- and H-TiO2 
suspensions (25 mg TiO2 in 50 mL water) were measured after 90 min of 
full-spectrum irradiation (Figure 4-16a). For pristine-TiO2, the temperature 
rising was (4.5 ± 0.8) °C, which was obviously higher than that of s-H-TiO2 
((1.2 ± 0.2) and (1.3 ± 0.2) °C for H-TiO2-30s and H-TiO2-1min, 
respectively). While the temperature rising increased to (5.7 ± 0.9), (5.9 ± 
1.0), and (10.3 ± 2.2) °C for H-TiO2 with 3, 5, and 20 min H2 plasma 
treatment, respectively. These results demonstrated that s-H-TiO2 might have 
lower non-radiative recombination rate compared with pristine-TiO2 due to 
their limited thermal effect, but gray or black h-H-TiO2 can more efficiently 
convert light energy into thermal energy, corresponding to their significantly 
enhanced non-radiative recombination. PL signal decay curves were used to 
compare the lifetime of photo-generated charges in pristine- and H-TiO2. As 
shown in Figure 4-16c, the lifetime of electrons and holes in H-TiO2 
generally decreased with increasing of hydrogenation time. H-TiO2-30s 
displayed a slightly longer lifetime than that of pristine-TiO2, and the 
lifetime of H-TiO2-1min was almost the same as pristine-TiO2. With further 
hydrogenation (3 ~ 20 min), the lifetime of grey or black H-TiO2 was 
shortened compared with pristine-TiO2. Combined with light-induced EPR 
analysis, it is demonstrated that the surface defects in s-H-TiO2 improve the 
holes trapping, and thus facilitate the separation of photo-generated charge 
pairs, which results in the lower recombination rate and longer lifetime of 
them; on the contrary, high concentration of bulk defects in h-H-TiO2 act as 
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charge annihilation centers, leading to the enhanced non-radiative 
recombination and shorter lifetime of electrons and holes. 
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Figure 4-16. (a) Temperature rising of the pristine-TiO2, H-TiO2-30s, H-TiO2-1min, 
H-TiO2-3min, H-TiO2-5min, and H-TiO2-20min suspensions (25 mg TiO2 in 50 mL 
water) after 90 min of full-spectrum irradiation. (b) PL spectra of the pristine-TiO2 
and H-TiO2 prepared by H2 plasma treatment after different times of 30 s, 1 min, 3 
min, 5 min, and 20 min. (c) PL decay measured for the pristine-TiO2 and H-TiO2 
prepared by H2 plasma treatment after different times of 30 s, 1 min, 3 min, 5 min, 
and 20 min. 

4.3 Conclusion 

Hydrogenated TiO2 (H-TiO2) with different hydrogenation degrees are 
efficiently synthesized through H2 plasma treatment in several minutes. The 
slightly hydrogenated TiO2 with the original white color (s-H-TiO2) exhibit 
enhanced photoactivity compared to pristine TiO2 (pristine-TiO2) especially 
in CO2 reduction. In contrast, the grey or black H-TiO2 with higher 
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hydrogenation degrees (h-H-TiO2) displays much worse catalytic 
performances. Further investigations toward the structure and 
photo-generated charges of H-TiO2 demonstrate that the improved 
photocatalytic performance of s-H-TiO2 can be attributed to the higher ratio 
of trapped holes (O- centers) and lower recombination rate induced by the 
increasing of surface defects; while the high concentration of bulk defects in 
h-H-TiO2 act as charge annihilation centers, most of photo-generated holes 
are consumed through significantly enhanced non-radiative recombination, 
which strongly inhibit the photocatalytic activity of h-H-TiO2. 
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5. Hydrogenatd black TiO2 nanoparticles as agent for 
cancer photothermal therapy 

5.1 State of the art 

TiO2 has been widely used in many fields such as energy, environment, 
cosmetics, and food [5, 89]. Its low toxicity, good biocompatibility, stable 
structure, and unique photocatalytic properties, enalbe TiO2 nanoparticles 
being widely applied in biomedicine, especially as an inorganic 
photosensitizer for photodynamic therapy (PDT) of cancer [90-99]. The 
principle of PDT is based on the accumulation of a photosensitizer in a 
tumor; light of a specified wavelength is applied resulting in the generation 
of reactive oxygen species (ROS) and subsequent killing of tumor cells. The 
band gap of TiO2 is 3.23 eV for anatase, which is equal to the energy of UV 
light at 385 nm. Therefore, upon irradiating light with energies higher than 
385 nm (i.e. lower wavelengths), the photo-induced pairs of electrons and 
holes can induce ROS including O2- and OH- radicals leading to the killing 
of cancer cells [91, 92]. Based on the theory of UV light-triggered radical 
production, cancer PDT of TiO2 has attracted much attention over the last 
two decades [90-99]. In 2003, Woloschak’s group reported their work in 
Nature Materials, demonstrating that TiO2 could be used as an UV 
light-inducible nucleic acid endonuclease and serve as a new tool for gene 
therapy [13]. However, due to very shallow penetration and toxicity of UV 
light, cancer PDT with TiO2 met obstacles that impeded further clinical 
applications. Many researchers attempted to change the exciting light from 
UV to visible light through doping or surface modification [94, 95], but these 
advances were slowly incremental. Visible light activation does circumvent 
the mutagenic problems of UV excitation, but it still does not provide 
optimal penetration through biological tissue. 

H-TiO2 has attracted wide research attention in applications of sustainable 
energy sources and cleaning of the environment [17, 43, 59, 62, 101, 102]. It 
has been demonstrated that the enhanced visible and NIR light absorption of 
H-TiO2 was mainly due to the formation of oxygen vacancies in the H-TiO2. 
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But interestingly, it was argued that the remarkable improved visible and 
NIR light absorption of H-TiO2 was not the main reason for the enhanced 
photocatalytic activity [21]. It was found that incident-photon-to- 
current-conversion efficiency (IPCE) of H-TiO2 was higher in the UV region 
than that of the pristine TiO2, and this was regarded as the main reason for 
the enhanced photocatalytic activity of H-TiO2 [21]. Although the detailed 
mechanism for the enhanced photocatalytic performance of H-TiO2 is still 
unknown and under debate [18, 103, 104], it is accepted that H-TiO2 
possesses high NIR absorption, which is a desired attribute of any agent for 
cancer photothermal therapy (PTT). As an effective treatment for cancer, the 
principle of PTT is based on accumulation of photothermal agent in tumor 
which absorbs and converts NIR light into heat to kill the cancer cells. 
Compared with traditional therapeutic ways of cancer, such as chemotherapy, 
radiotherapy and surgery, PTT is targeted, non-invasive, and consequently is 
high effective, but it does not involve the side effects of traditional therapies. 
The type of photothermal agent is a key factor for PTT and has attracted 
research attention [105, 106]. Recently, a variety of inorganic and organic 
nanomaterials with high photothermal performance have been explored as 
effective photothermal agents for cancer therapy [107-117]. However, 
considering the dramatic NIR absorption of H-TiO2, there is much promise 
to develop a new NIR triggered photothermal agent based on H-TiO2 
materials. 

5.2 Results and Discussions 

5.2.1 Optical absorption, defects, and photothermal principle of 
black H-TiO2 

H-TiO2 was obtained by a high-power density H2 plasma treatment based on 
our previous studies [103, 104]. Figure 5-1a shows the UV-Vis-NIR 
absorption spectra of pristine- and H-TiO2. The highly increased absorption 
of H-TiO2 in the region of visible and NIR light clarified its color change 
from white to black (as seen in the inserted pictures in Figure 5-1a), which 
might be correlated with a large amount of deep level defects (Ti3+ species) 
after H2 plasma treatment [73]. In addition, electron paramagnetic resonance 
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(EPR) was measured to investigate the concentration of defects in H-TiO2. 
As indicated in Figure 5-1b, no obvious signal was observed for 
pristine-TiO2 sample, indicating its limited amount of defects; while the 
H-TiO2 sample showed a much stronger signal at an average g-value of ~ 
1.957, implying the presence of a large amount of Ti3+ species in the bulk of 
the NPs [78, 79]. It has been demonstrated that Ti3+ species created by 
hydrogenation process could induce the formation of additional electronic 
states below the conduction band of TiO2. In this case, H-TiO2 with the 
substantial enhancement of visible and near infrared light absorption might 
be attributed to the transitions from the TiO2 valence band to these additional 
electronic states or from these additional electronic states to the TiO2 
conduction band [57, 59, 61]. 

To understand the photothermal effect of H-TiO2 through studying the 
properties of photogenerated charges of H-TiO2, light-induced EPR 
measurements were performed under 405 nm light irradiation (Figure 5-1c). 
For comparison, these spectra of pristine-TiO2 and H-TiO2 have been 
subtracted by that of the spectra without light irradiation. The pristine-TiO2 
showed two well-separated sets of resonance lines. The high-field small 
peaks with an average g value of ~ 1.960 can be assigned to electrons 
trapped on Ti3+ centers; the low-field sharp features with an average g value 
of ~2.013, correspond to the holes trapped on O- sites [74, 82]. These results 
indicate that the separation of photogenerated electrons and holes was more 
efficient in pristine-TiO2 than in H-TiO2. On the other hand, the intensity of 
O- signals was significantly decreased for H-TiO2, and an inverted broad 
resonance was observed at an average g value of ~ 1.957. This implies that 
decreasing the amount of Ti3+ species in the light-irradiated H-TiO2 may 
derive from the combination of the photo-generated holes and the localized 
bulk Ti3+ species. These results suggest that bulk Ti3+ species tend to act as 
charge carrier traps where most of photo-generated holes were consumed 
through recombination with electrons [21, 66, 79]. According to the literature, 
non-radiative recombination releasing phonons is a major pathway for the 
annihilation of photo-generated charges in the semiconductor with high 
concentration of deep level defects, and the energy is exchanged in the form 
of lattice vibration and the thermal energy in materials is increased in this 
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process [88]. Hence, the photothermal effect of H-TiO2 can be attributed to 
its dramatically enhanced non-radiative recombination by deep level defects 
(Ti3+ species) which have also been observed in our previous work [63]. 

 

 

Figure 5-1. (a) UV-Vis-NIR absorption spectra, (b) EPR spectra and (c) 
light-induced EPR spectra of the pristine- and H-TiO2 NPs. The inserted pictures 
show the pristine- and H-TiO2 NPs samples. 

5.2.2 Photothermal conversion efficiency of black H-TiO2 

Based on the dramatic absorption of NIR and clarified principle of 
photothermal effect, H-TiO2 was used as photothermal agent in the following 
research. To enhance the stability of H-TiO2 in aqueous solutions, the 
nanoparticles were coated by PEG to form H-TiO2-PEG. As shown in Figure 
5-2 and 5-3, dispersion of H-TiO2 in water was increased after PEG coating. 
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Zeta potentials of H-TiO2 and H-TiO2-PEG were (-13.4+3.88) and (-15+4.46) 
mV respectively (Figure 5-4) and were not significantly different. Those 
results demonstrated PEG coating could enhance the stability of H-TiO2 in 
aqueous solutions. For further evaluation of the stability of H-TiO2-PEG, the 
nanoparticles were dispersed in serum solution for 7 days. As shown in 
Figure 5-5, the size distribution of the nanoparticles did not show dramatic 
change during the period, which suggests H-TiO2-PEG NPs are stable in 
serum solution, and can be used as a potential PTT agent for further study. 
As shown in Figure 5-6, the absorbance of H-TiO2-PEG was 0.49 at 808 nm. 

 

Figure 5-2. TEM of (a) H-TiO2 and (b) H-TiO2-PEG. 

 

Figure 5-3. Size distribution of H-TiO2 and H-TiO2-PEG (100 μg·mL-1) 
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Figure 5-4. Zeta potential of H-TiO2 and H-TiO2-PEG. 

 

Figure 5-5. Size distribution of H-TiO2-PEG NPs (100 μg·mL-1) in serum solution. 

 

Figure 5-6. UV-Visble spectrua of H-TiO2-PEG dispersed (100 μg·mL-1) in water. 
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As a photothermal agent in PTT, photothermal conversion is a very 
important attribute. Consequently, the photothermal conversion performance 
of H-TiO2-PEG NPs was evaluated. H-TiO2-PEG was dispersed in water, and 
then irradiated with an 808 nm NIR laser at 2W·cm-2. Pure water was used as 
a negative control. As shown in Figure 5-7a, the temperature of H-TiO2-PEG 
increased rapidly with the NIR irradiation. After irradiation for 600 s, the 
temperature of H-TiO2-PEG aqueous dispersions was 66 °C and there was a 
temperature increase of 44 °C. By comparison, the temperature of pure water 
was 28.5 °C and the increase was only 4.5 °C. It has been demonstrated that 
the cancer cells can be easily killed by exposure to temperatures over 50 °C 
for few minutes [106], and therefore H-TiO2-PEG may be considered as a 
viable agent for photothermal therapy of cancer. After 600 s of irradiation, 
the NIR laser was shut off, and the decreased temperature was recorded for 
another 1140 s. The temperature change (ΔT) response to the NIR laser over 
a period of 1740 s is shown in Figure 5-7b. Linear time data versus -ln(θ) 
obtained from the cooling period of the NIR laser is shown in Figure 5-7c. 
The photothermal conversion efficiency (η) of H-TiO2-PEG can be 
calculated according to the following equation [25, 118]: 

2max,mix max,H Oη=
(1 10 )A

hA T T

I λ−

Δ − Δ
−

（ ）
             (3) 

where h  is the heat transfer coefficient, A is the surface area of the 
container, where max,mixTΔ  and 

2max,H OTΔ are the temperature change of the 

H-TiO2-PEG NPs dispersion and solvent (water) at the maximum 
steady-state temperature respectively, I  is the laser power, Aλ  is the 

absorbance of H-TiO2-PEG NPs at 808 nm. According to the equation, η 
value of H-TiO2-PEG was calculated to be about 40.8%, which was much 
higher than other reported PTT agents such as gold nanorods with 22% [25]. 
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Figure 5-7. (a) Temperature evaluation of H-TiO2-PEG NPs (100 μg·mL-1) and 
pure water with 808 nm laser irradiation at 2 W·cm-2 for different times. (b) The 
temperature change (∆T) responsed to NIR laser on and off in period of 2100 s. 

5.2.3 Cytotoxicity and intracellular localization of black H-TiO2 
nanoparticles 

It has been demonstrated that bare, white TiO2 nanoparticles are 
environmentally friendly and exhibit low toxicity [89], however, there is still 
no report about the toxicity of H-TiO2. Thus, cytotoxicity of H-TiO2-PEG on 
both human and murine breast cancer cells was carried out through the MTT 
method. As shown in Figure 5-8a, MCF-7 or 4T1 cells were incubated with 
50-300μg·mL-1 of H-TiO2-PEG NPs 24h. The relative viability of the cancer 
cell was not decreased significantly, which suggests H-TiO2-PEG NPs are 
also relatively nontoxic in vitro.  

To investigate the uptake and distribution of H-TiO2-PEG in cancer cells, 
fluorescent dye (alizarin red S, ARS) stained H-TiO2-PEG were incubated 
with both MCF-7 and 4T1 cells for 2h. Free ARS incubated cells were used 
as negative control. FITC-phalloidine and Hoechst 33342 were used to label 
cell membrane (green fluorescence) and nucleus (blue fluorescence), 
respectively. As shown in Figure 5-8b, no red fluorescence was observed in 
free ARS incubated cells, which suggested free ARS could not be used to 
stain the cells. However, red fluorescence was observed in cytoplasm of cells 
treated by ARS stained H-TiO2-PEG, which indicated that H-TiO2-PEG 
could be uptaken by both MCF-7 and 4T1 cells. These results further 
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demonstrated that H-TiO2-PEG NPs uptaken by cancer cells are relatively 
nontoxic in vitro. 

 

Figure 5-8. (a) Cell viability of MCF-7 and 4T1 cells after incubation with increased 
dose of H-TiO2-PEG NPs for 24 h. (b) Intracellular localization of ARS stained 100 
μg·mL-1 of H-TiO2-PEG NPs (red fluorescence) in MCF-7 and 4T1 cells after 2 h 
incubation. FITC-phalloidine (green fluorescence) and Hoechst 33342 (blue 
fluorescence) are used to stain cell membrane and nuclei respectively. (Scale bar 
= 50 μm) 

5.2.4 Photothermal therapeutic efficacy of H-TiO2-PEG on 
cancer cells in vitro 

Based on the high photothermal conversion efficiency, stability in serum 
solution, and low toxicity, the photothermal therapeutic efficacy of 
H-TiO2-PEG was evaluated on cancer cells in vitro. MCF-7 and 4T1 cells 
were incubated with 100 μg·mL-1 of H-TiO2-PEG for 2 h. The nanoparticles 
were then replaced by fresh DMEM, and the cells were irradiated with an 
808 nm NIR laser at 2W·cm-2 for various irradiation times, from 0-5 min. 
Cells incubated without H-TiO2-PEG NPs were also irradiated by laser as a 
negative control. As shown in Figure 5-9a and 5-9b, neither control group of 
MCF-7 or 4T1 cells receiving only laser treatment (without using 
H-TiO2-PEG), experienced any significant loss in viability after 5 min of 
irradiation. However, the viability of the cells incubated with H-TiO2-PEG 
NPs decreased significantly with increasing irradiation time, and greater than 
80% of both MCF-7 and 4T1 cells were killed upon 5 min of irradiation. 
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These results demonstrated H-TiO2-PEG NPs is an effective PTT agent for 
cancer therapy in vitro. 

 

Figure 5-9. Viability of MCF-7 (a) and 4T1 (b) cells treated with or without 100 
μg·mL-1 H-TiO2-PEG NPs and 808 nm laser irradiation at 2W·cm-2 for ~5 min. (c) 
Microscope images of calceim AM (green, live cells) and propidium iodide (red, 
dead cells) co-stained MCF-7 or 4T1 cells treated with or without 100 μg·mL-1 

H-TiO2-PEG NPs and laser irradiation for 5 min. (Scale bar =5 0μm)  

In addition, to further verify the PTT performance of H-TiO2-PEG in vitro, 
the cells were stained with calcein AM and PI solutions, which can discern 
live or died cells through emitted green or red fluorescence respectively. 
MCF-7 and 4T1 cells were incubated with H-TiO2-PEG for 2h; the 
nanoparticles were then replaced with fresh DMEM, and the cells were then 
irradiated with an 808 nm laser at 2 W·cm-2 for 5 min. Cells with normal 
culture (control), with nanoparticle incubation only (NPs only), and with 
laser irradiation only (laser only) were used as negative controls. As shown 
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in Figure 5-9c, the majority of control MCF-7 and 4T1 cells were alive 
(green). However, the majority cells in the NPs plus laser group were died 
(red), supporting the application of H-TiO2-PEG as an effective in vitro PTT 
agent that may potentially be used for in vivo applications as well. 

5.2.5 Toxicity and bio-distribution of H-TiO2-PEG in vivo 

As a potential in vivo PTT agent, the toxicity of H-TiO2-PEG must be 
evaluated. In this study, histological analyses were used to evaluate the 
toxicity of the nanoparticles in vivo. Healthy Blab/c mice were injected with 
H-TiO2-PEG, and saline injected mice were used as the control. Over one 
month period, mice behaviors such as eating, drinking, excretion, activity 
and neurological status were observed. There were notable differences in the 
above behaviors between control and H-TiO2-PEG-injected groups. After 
one month, the mice were sacrificed, and the main organs including the heart, 
liver, spleen, kidney and lung were evaluated by histological analyses. As 
shown in Figure 5-10, there was no detectable tissue damage or other lesions 
such as necrosis, inflammatory, or pulmonary fibrosis when comparing the 
control with the H-TiO2-PEG NP group. The results suggested that 
H-TiO2-PEG was nontoxic to mice at the injected dose. However, more 
effort is still required to systematically evaluate the potential short- and 
long-term toxicity of H-TiO2-PEG NPs at various doses in vivo. 

 

Figure 5-10. Histological analysis of main organs from the mice intravenously 
injected with 200 μL of H-TiO2-PEG (200 μg·mL-1). Mice injected with the same 
volume of saline are used as the control. 
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Figure 5-11. Distribution of H-TiO2-PEG in major organs of mice after injected with 
200 μL of H-TiO2-PEG (200 μg·mL-1) for 24 h.  

To investigate the bio-distribution of H-TiO2-PEG, healthy mice were 
intravenously injected with H-TiO2-PEG. The mice were sacrificed after 24 h, 
and the content of Ti in main organs were measured by ICP-MS. As shown 
in Supplementary Figure 5-11, nearly 63.4% of the total H-TiO2-PEG 
injected was distributed in liver and spleen, which were in accordance with 
other reported nanomaterials [112]. 

5.2.6 Photothermal therapy in vivo by using of H-TiO2-PEG 
agent 

The in vivo photothermal therapy of H-TiO2-PEG was carried out on 4T1 
tumor bearing Blab/c mice. When the tumors grew to 3 - 4mm in diameter, 
the mice were divided into 4 groups. Mice were intra-tumorally injected with 
100 μL of H-TiO2-PEG aqueous dispersion (100 μg·mL-1) and irradiated 
with an 808 nm laser (Laser+NPs). The mice receiving only laser irradiation 
(Laser only), only H-TiO2-PEG injection (NPs only), or neither H-TiO2-PEG 
injection nor laser irradiation (Control) were used as negative controls. As 
shown in Figure 5-12a and 3-12d, the tumors grew consistently in all control 
groups. The relative tumor volume (V/VO) on day 14 reached (12.3+2.4) in 
the double negative control group, (13.7+2.8) in the NPs only group, and 
(14.2+3.6) in the laser only group. These results demonstrated that laser 
irradiation alone or H-TiO2-PEG NPs injection alone didn’t affect tumor 
development. However, upon irradiation of the NPs + laser group with 808 
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nm laser, edemas appeared on the tumors within three days due to thermal 
damage. By the fifth day, the tumors shrank, and black scars were left on the 
tumor site. By the 14th day, the tumors disappeared, leaving only left smooth 
scars on the original tumor sites. These results suggest that H-TiO2-PEG NPs 
are an effective PTT agent for in vivo cancer therapy.  

Change of body weight is an important parameter to measure for the 
evaluation toxicity or cellular damage during treatment. Consequently, the 
body weight of mice was recorded during the therapy period. As shown in 
Figure 5-12b, in the first 3 days, body weight of mice decreased slightly in 
the NPs only group, laser only group, and NPs + laser group, but increased 
slightly in control group. This is likely due to the fact that the mice were 
anesthetized during this period of time, which negatively affected the amount 
of food consumed and decreased body weight slightly. However, mice in the 
double negative control group weren’t anesthetized so their body weight 
increased. From 4th to 14th day, body weight of all mice was increased, which 
demonstrated that the PTT agent and treatment used in this study were 
nontoxic and safe. However, body weight in NPs + laser group was 
significantly less than other 3 groups after the 4th day, due to tumor shrinkage 
as measured by reduction in tumor volume.  

To further evaluate the PTT performance of H-TiO2-PEG, survival of the 
mice after treatment was also recorded. As shown in Figure 5-12c, mice in 
NPs + laser group lived healthily for more than 50 days. However, some 
mice in the other 3 groups died from days 25-34, and all of the mice in these 
groups died after day 47. These results demonstrated that H-TiO2-PEG NPs 
are high-performance PTT agents and are promising for further biomedical 
application. 
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Figure 5-12. (a) The relative tumor volume, (b) body weight and (c) survival rate of 
the 4T1 tumor-bearing mice after given an intra-tumor injection with or without 100 
μL of H-TiO2-PEG aqueous dispersion (100 μg·mL-1), then irradiated with or 
without an 808 nm NIR laser at 2 W·cm-2 for 5 min. (d) Photos of 4T1 tumor-bearing 
mice at day 1, 5 and 14 after different treatments described above.  
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5.3 Conclusion 

H-TiO2 nanoparticles were explored as a new NIR triggered photothermal 
agent. We have demonstrated the photothermal effect of H-TiO2 can be 
attributed to its dramatically enhanced non-radiative recombination, which 
led to the thermal energy increasing in H-TiO2. Our results suggest that 
H-TiO2 coated by PEG possess several features: (1) high NIR photothermal 
effect, (2) low toxicity and good biocompatibility, (3) low cost and facile 
synthetic method. More importantly, H-TiO2-PEG was successfully used as 
photothermal agent for NIR triggered cancer therapy both in vitro and in vivo. 
This work also provides an experimental basis for the promising application 
of H-TiO2-PEG as a highly effective photothermal agent for cancer therapy 
that exhibits low toxicity. It is demonstrated that NIR triggered cancer 
photothermal therapy of H-TiO2 can advance applications of TiO2 in 
biomedicine in future 
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6. Fabrication of N-doped TiO2 coatings on nanoporous 
Si nanopillar arrays through biomimetic mineralization 

6.1 State of the art 

TiO2 has attracted much attention due to its unique properties and many 
promising applications in environmental and energy areas [5]. However, the 
limited solar absorption and electrochemical activity caused by its poor 
electric conductivity and large bandgap is substantially lower than practically 
required [23, 103]. For improving the electric conductivity of TiO2, its 
combination with conducting agents, such as metals, metal oxides, and 
carbonaceous materials has proven to be a common strategy to enhance 
electron transport [16]; on the other hand, fabrication of TiO2 with a specific 
morphology (e.g. high-aspect-ratio or nanoporous structure) is a promising 
pathway to modify the separation and transportation of charge carriers in 
TiO2 [13]. For improving the solar absorption of TiO2, N-doping and 
sensitization with low bandgap semiconductors are considered as effective 
routes, which could improve the photocatalytic activity of TiO2 by increasing 
its optical absorption coefficient and wavelength range [10, 120, 121]. 

As a low bandgap semiconductor, silicon (Si, Eg=1.12 eV) can absorb 
sunlight efficiently, and furthermore, highly doped Si has excellent 
conductivity (ρ < 0.005 Ω·cm). However, it is difficult to simply use Si in 
photo- or electrochemical application due to its high valence band maximum 
energy and poor chemical stability in electrolytes [122]. Therefore, a 
composite structure, Si coated with a stable semiconductor (e.g. TiO2), has 
been proposed to compensate these shortcomings [123]. Nevertheless, the 
synthesis of nanostructured TiO2 with N-doping normally require harsh 
conditions (NH3 atmosphere, acids and bases, or organic solvents, etc.), 
which will degrade the material properties of Si [120]. Therefore, N-doping, 
morphology modification, and sensitization of TiO2 with Si are not easy to 
achieve simultaneously, and the investigations in synergistic effects of them 
are limited. Hence, devising a process for preparing N-doped TiO2 with 
controlled morphology under relatively mild conditions is desirable.  
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Inspired by natural mineralization mechanisms, biomimetic mineralization 
has been recognized to offer a environmental benign and energy efficient 
route for TiO2 synthesis [124]. In this process, using peptides or its 
derivatives as catalytic molecules, micro- and nanostructured TiO2 will be 
obtained under mild conditions [125, 126]. Additionally, the morphology of 
the product could be controlled by the use of different templates such as 
CaCO3 microparticles [127], 3D diatom frustules [128], anodized aluminum 
oxide templates [129], silica spheres [130], N-doped carbon nanotube [131], 
silk fiber [132], peptide nanofibers [133], graphene nanosheets [134], and 
nickel foam [135]. Moreover, recently-developed layer by layer 
mineralization process provide a versatile method for the formation of 
multilayer peptide/TiO2 hybrid materials on templates [127-130, 134, 135]; 
and some studies have demonstrated that N-doped TiO2 could be synthesized 
easily by sintering of peptide/TiO2 composites [133].  

In this work, nanoporous Si nanopillar arrays fabricated by a combination of 
nanoimprint lithography and metal-assisted chemical etching are used as 
template [28], and alternatively immersed into aqueous protamine (PA) and 
titanium bis(ammonium lactato)-dihydroxide (Ti-BALDH) solution: 
positively charged protamine moleculars are adsorbed on the Si nanopillars 
through capillary effect and electrostatic attraction, and subsequently induce 
the hydrolysis and condensation of Ti-BALDH to form the negatively 
charged TiO2, which enable layer by layer (LBL) deposition of 
protamine/TiO2 hybrid materials on the surface of the Si nanopillars. After 
calcination, N-doped TiO2/Si core/shell nanopillar arrays with nanoporous 
structure are obtained, which shows significantly improved solar absorption. 
Moreover, the thickness of the N-doped TiO2 layer could be controlled by 
varying the cycles of deposition. The obtained TiO2/Si core/shell nanopillars 
might have potential applications in photocatalysis, and this study may pave 
the way for the further controlled synthesis of TiO2/Si nanocomposites 
through biomimetic mineralization. 
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6.2 Results and Discussions 

The method of protamine-mediated layer by layer titania mineralization is 
based on previously reported works [127-130, 134, 135]. Protamine (PA) is a 
kind of cationic protein extracted from sperm nuclei, which can induce the 
formation of a titania/protamine nanocomposite from a water-stable titania 
precursor (Ti-BALDH) [127]. In the presented experiment, the nanoporous 
Si nanopillar arrays used as template have negatively charged surface due to 
the existence of Si-O-bearing (~ 1 nm) when it was exposed to air for several 
minutes [28]. This template is alternatively immersed into aqueous solutions 
of catalytic molecules (PA) and the titania precursor (Ti-BALDH) for the 
layer by layer fabrication of PA/TiO2 coating (Scheme 6-1). 

 

Scheme 6-1. Schematic illustration of the biomimetic layer-by-layer (LBL) TiO2 
mineralization on nanoporous Si nanopillar arrays. 

The polycationic PA molecules bind to the negatively charged Si surface and 
induce the formation of TiO2 layer from the Ti-BALDH precursor. This 
ability of PA to bind to the Si as well as to the TiO2 surfaces, enabled the 
layer by layer (LBL) fabrication of PA/TiO2 nanocomposite coating on the Si 
nanopillars. Zeta potential analysis was used to characterize the surface 
charge of Si nanopillars at every step during the first four cycles of this LBL 
TiO2 deposition process; an oscillation for zeta potentials measurement after 
each alternative deposition of the PA and TiO2 was observed (Figure 6-1), 
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which is consistent with the presence of positively charged PA molecules or 
of negatively charged TiO2, respectively. 
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Figure 6-1. Zeta-potential measurements of nanoporous Si nanopillars after each 
deposition step. The first measurement (layer 0) is the surface potential of the 
starting nanoporous Si nanopillar templates. (PA (+): Protamine molecules with 
positive charge; TiO2 (-):TiO2 induced by protamine with negative charge.) 

In order to remove the adsorbed water, to pyrolyze the organic molecules, 
and to crystallize the TiO2, the PA/TiO2 coated Si nanopillars are calcinated 
at 500 °C in Ar for 3 h. Figure 6-2 shows the XRD patterns of PA/TiO2 
coated Si nanopillars before and after calcination. The original TiO2 on Si 
nanopillars displays an amorphous structure, no peaks are observed between 
20-60°; while it shows four peaks at 2θ = 25.3°, 33.1°, 37.8°, and 48.1° after 
calcination, which demonstrate the formation of the anatase phase (JCPDS 
card no. 21−1272, black line). The calculated average crystallite sizes (using 
the Scherrer equation [40]) of TiO2 in the (101) direction is 6 nm. 
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Figure 6-2. XRD patterns of the PA/TiO2 coated Si nanopillars via exposure to 4 
LBL deposition cycles before (a) and after calcination (b). 

Figure 6-3a and b show an overview SEM image of the fabricated 
nanoporous Si nanopillars. The distance between two adjacent pillars 
(periodicity) is 1.0 μm, and the pillar height is about 5.2 μm; moreover, the 
pillars are elliptical with major and minor diameters of 613 nm and 385 nm, 
respectively. Figure 6-3c shows the magnified images of the cross-section of 
the pillars, which demonstrated the existence of a three dimensional porous 
structure, and its pore size is about 10 nm. Figure 6-3d and f show the TiO2 
coated Si nanopillars via exposure to 4 deposition cycles after calcination. A 
uniform TiO2 coating with a thickness of 45 nm - 55 nm was observed on the 
surface of the Si pillars, which were comprised of numerous tiny 
nanoparticles (<10 nm). In addition, the pore size in the bulk of Si pillars 
was obviously decreased, due to the filling of TiO2 (Figure 6-3f). 
Interestingly, more TiO2 was filled close to the surface rather than in the 
center of the nanoporous pillars. An explanation for this might be that the 
initial deposition of TiO2 at the surface hindered the further diffusion of PA 
and Ti-BALDH into the center of the pillars, leading to the lower deposition 
amount in the center. EDS element mapping of the TiO2 coated Si 
nanopillars exhibits the presence of Ti, O, Si, N, and C species (Figure 6-4). 
The existence of N and C species is derived from the organic pyrolysis 
during calcination. The XPS N 1s spectrum of this sample showed two 
nitrogen features: the peak with a higher binding energy centered at 401.4 eV 
can be assigned to nitrogen in the form of a Ti–N–O linkage [136], and the 
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peak with a lower binding energy located at 397.4 eV can be attributed to the 
nitrogen atom replacing the oxygen atoms in the TiO2 crystal lattice with the 
formation of an N–Ti–N bond (Figure 6-5) [137]. These results demonstrate 
that nitrogen atoms of the protamine are introduced into the TiO2 structure as 
the doped element, and the decomposition of its molecular chains forms 
small amounts of amorphous carbon in the TiO2 [133]. It should be noted 
that the distribution of Ti is wider than that of Si, indicating the structure of 
the Si core and TiO2 shell. Figure 6-6 exhibits the EDS spectrum of this 
sample, and a quantitative calculation demonstrates that the atomic ratio of 
Ti/Si is close to 1 for both points and area analysis, indicating that the TiO2 
deposition through biomimetic LBL mineralization is uniform. However, the 
content of Ti slightly increases from position A to C (from bottom to top) for 
TiO2 coated Si nanopillars. This result might be induced by the lower 
concentration of PA and Ti-BALDH in the bottom of the Si pillars, because 
the PA and Ti-BALDH molecules will be partially consumed by the 
adsorption or reaction in the diffusion process from the top to the bottom. 
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Figure 6-3. SEM images of the fabricated Si nanopillars template and the TiO2 
coated Si nanopillars via exposure to 4 LBL deposition cycles after calcination: (a) 
overview of Si nanopillars; (b) side wall of Si nanopillars; (c) cross-section of Si 
nanopillars; (d) overview of TiO2 coated Si nanopillars; (e) side wall of TiO2 coated 
Si nanopillars; (f) cross-section of TiO2 coated Si nanopillars. 
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Figure 6-4. EDS element mapping images of the TiO2 coated Si nanopillars via 
exposure to 4 LBL deposition cycles after calcination (as shown in Figure 6-3). 

 

Figure 6-5. N 1s XPS spectra of the TiO2 coated Si nanopillars via exposure to 4 
LBL deposition cycles after calcination. 
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Figure 6-6. EDS analysis of TiO2 coated Si nanopillars via exposure to 4 LBL 
deposition cycles after calcination: (a-c) SEM images of the positions of the EDS 
measurements in point A, B, and C; (d) EDS spectrum for area D; (e) atomic 
contents of the sample from different points or area analysis. 

To allow a deeper understanding the formation of the TiO2 coating, Si 
nanopillars coated with different cycles of deposition after calcination are 
characterized. After 1 cycle deposition, a TiO2 shell with a thickness of 10-15 
nm is formed, and the porous structure on the surface of the nanopillars still 
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remained. The filling of the porous pillar interiors is limited as the pore size 
in the cross-section is similar as initial (Figure 6-7a and d). After 4 cycles of 
deposition, the thickness of the TiO2 shell is increased into 45-55 nm, and 
porous structure on the surface of the nanopillar was almost fully covered by 
TiO2 layer. Moreover, the TiO2 also clearly exist in the center of the 
nanopillars with the decreasing pore size in the cross-section (Figure 6-7b 
and e). The thickness of the TiO2 shell is further increased into 70-80 nm 
after 8 cycles of deposition, and the surface of the nanopillars becomes very 
rough with the appearance of numerous TiO2 nanoparticles, in addition, the 
interior of the pillars seems to be completely filled with TiO2 (Figure 6-7c 
and f). 

 

Figure 6-7. SEM images of TiO2 coated Si nanopillars via exposure to different LBL 
deposition cycles after calcination: side wall of Si nanopillars with (a) 1 cycle of 
deposition; (b) 4 cycles of deposition; (c) 8 cycles of deposition; cross-section of Si 
nanopillars with (d) 1 cycle of deposition; (e) 4 cycles of deposition; (f) 8 cycles of 
deposition. 
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Figure 6-8. SEM images of TiO2 coating on solid (a) and nanoporous (b) Si 
nanopillars via exposure to 4 LBL deposition cycles after calcination: (a) 
cross-section in the bottom of TiO2 coated solid Si nanopillars; (b) cross-section in 
the bottom of TiO2 coated nanoporous Si nanopillars. 
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Figure 6-9. UV-vis absorption spectra of purchased TiO2 nanoparticles (Degussa 
P25) and TiO2 coated Si nanopillars via exposure to 4 LBL deposition cycles after 
calcination. 

Compared with other reports, it is observed that biomimetic LBL TiO2 
deposition on nanoporous Si nanopillars is more efficient than that of other 
templates [135-137]. The ability of the catalytic molecules to bind to both 
the templates and the TiO2 through electrostatic attraction are considered as 
the key factor for this process. The experimental results indicate that the 
porous structure of the used Si nanopillars also strongly affects the formation 
of the TiO2 layer. For comparison, solid Si nanopillars (no pores) [28] are 
used in an identical TiO2 deposition process. The thickness of the formed 
TiO2 shell is only 10-15 nm after 4 cycles, which is much thinner than that of 
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nanoporous Si nanopillars (Figure 6-8). An explanation might be that the 
nanoporous structure can enhance the adsorption of PA and Ti-BALDH 
through the much higher surface area and capillary effects, which induces 
more TiO2 formation in both surface and interiors of the Si nanopillars. 

Figure 6-9 shows the UV-vis absorption spectra of purchased TiO2 
nanoparticles (Degussa P25) in comparison with the presented TiO2 coated 
Si nanopillars (4 LBL deposition cycles after calcination). P25 shows a steep 
increase in absorption at wavelengths of 400 nm due to the intrinsic bandgap 
of crystalline anatase TiO2. Compared with P25, the TiO2 coated Si 
nanopillars show a significantly enhanced absorption in the region of visible 
light, which can be attributed to the synergistic effect between N doping and 
Si sensitization. 

6.3 Conclusion 

In summary, N-doped TiO2/Si core/shell nanopillar arrays with a nanoporous 
structure are produced through a protamine-mediated layer-by-layer TiO2 
mineralization. The thickness of the N-doped TiO2 layer can be controlled by 
varying the cycles of deposition, and the experimental results demonstrate 
that the nanoporous structure of the Si nanopillars strongly affects and 
enhances the formation of the TiO2 layer. The obtained TiO2/Si 
nanocomposites show significantly improved solar adsorption. As a 
consequence, the obtained TiO2/Si core/shell nanopillars might have 
potential applications in photocatalysis. This study may pave the way for the 
further controlled synthesis of TiO2/Si nanocomposites through biomimetic 
mineralization. 
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7. Summary and Perspective 

Hydrogenated TiO2 (H-TiO2) with distinct physical and chemical properties 
are synthesized through hydrogen (H2) plasma treatment, which exhibit 
excellent performance in the application for lithium ion batteries, 
photocatalysis, and photothermal conversion. Moreover, the microstructure 
of H-TiO2, and their dependence on the application performance of H-TiO2 
are comprehensively investigated. It is believed that this research might 
provide new insights into synthesis, properties, and applications of H-TiO2, 
which is highly favorable for the development of high-performance and 
versatile TiO2 materials for energy storage and conversion devices. 

(1) Hydrogenated anatase TiO2 nanoparticles with significantly improved 
fast lithlium storage performance are synthesized through a high-temperature 
H2 plasma treatment. Systematic electrochemical analysis revealed that the 
improved rate capability of H-TiO2 results from the enhanced contribution of 
pseudocapacitive lithium storage on the particle surface. It is suggested the 
disordered surface layers and Ti3+ species of H-TiO2 play an important role 
in the improvement of pseudocapacitive lithium storage. The result help to 
understand the fast lithium storage performance for H-TiO2, and might pave 
the way for further studies of other hydrogenated metal oxide electrodes for 
high power LIBs. 

(2) H-TiO2 with different hydrogenation degrees are rapidly synthesized 
through high power H2 plasma treatment in several minutes; and their 
photocatalytic activity are evaluated by methylene blue (MB) degradation 
and CO2 reduction in aqueous and gaseous media, respectively. The slightly 
hydrogenated TiO2 (s-H-TiO2) with the original white color exhibit the 
enhanced photoactivity compared with the pristine TiO2; while the grey or 
black H-TiO2 with higher hydrogenation degrees (h-H-TiO2) display much 
worse catalytic performances. Further investigations reveal that the higher 
ratio of trapped holes (O- centers) and lower recombination rate induced by 
the increasing of surface defects might be the critical factors for the high 
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activity of s-H-TiO2; on the contrary, h-H-TiO2 possess high concentration of 
bulk defects, leading to the significantly decreased amount of O- centers and 
enhanced nonradiative recombination, which strongly inhibit their 
photoactivity. These results might provide new insights into the photoactivity 
of H-TiO2, and pave the way for further studies of other hydrogenated metal 
oxides for photocatalytic applications. 

(3) Hydrogenated black TiO2 with large infrared absorption is explored as 
photothermal agent for cancer photothermal therapy due to its dramatically 
enhanced nonradiative recombination. After PEG coating, H-TiO2-PEG 
exhibite high photothermal conversion efficiency of 40.8%, and stable size 
distribution in serum solution. The therapy effect of H-TiO2-PEG 
demonstrates that this material is low toxicity, and can effectively kill 
MCF07, 4T1 tumor cells (a kind of transplantable tumor cells from human 
breast cancer) under infrared irradiatation. The findings herein demonstrate 
that infrared-irradiated H-TiO2-PEG NPs exhibit low toxicity, high efficiency 
as a photothermal agent for cancer therapy, and are promising for further 
biomedical applications. 

(4) Si/N-doped TiO2 core/shell nanopillar arrays with a nanoporous structure 
are fabricated through a simple protein-mediated TiO2 deposition process, 
which can be considered as the advance reseach for prepration of H-TiO2 on 
the sensitive templates with ultrafine nanostructure. 

In the further research, it is expected that indepth understnding the 
microstructure and opening up the new application fields of H-TiO2 is highly 
desirable for development of this materials.  

Firstly, the concentration and distribution of oxygen vacanies and H doping 
in H-TiO2 with different hydrogenation degrees should be characterized by 
electron paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), 
and positron annihilation lifetime spectroscopy (PALS). More importantly, 
the coordination and valence state of Ti atom (Ti3+, Ti-H, and Ti-OH) in the 
surface layer of H-TiO2 will be analyzed through X-ray absorption (XAS). 
After theoretical calculations, the charge (lithium ions and electrons) 
transportation between oxygen vacanies-riched surface and crystallized bulk 
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of H-TiO2 could be explained. These results might be useful and informative 
for both basic research and industrial production of H-TiO2. 

Secondly, several methods could be used to modify the microstructure of 
H-TiO2 in order to extend its application fields and further improve its 
electrochemical and photocatalytic activity. (1) Controlled synthesis of 
H-TiO2 with high concentration of bulk defects and surface Fe, Co, Ni, or 
Mn doping for oxygen reduction reaction (ORR). (2) Tuning the balance of 
the photo-oxidative and -reductive efficiency of H-TiO2 for selective 
photocatalytic reactions (changing the type and concentration of defects on 
the surface through high pressure H2/Ar annealing, Ar plasma etching, or 
nonmetal elements doping). (3) Fabrication of chemically bonded H-TiO2/C 
hybrid nanostructures for lithium-ion battery and supercapacitor (formation 
of Ti3+-C bonds during the photocatalytic reduction process). (4) Increasing 
the density of surface hydroxy (Ti-OH) toward pseudocapacitive effect for 
the fast lithium storage (H2O2/HCl treatment). 
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