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Abstract 
 

The strong band-to-band absorption of photocatalysts spanning the whole visible light region 

(400-700 nm) is critically important for solar-driven photocatalysis. Although it is actively 

and widely used as photocatalyst for various reactions in the past four decades, TiO2 has a 

very poor ability to capture the whole-spectrum visible light. Here, by controlling the spatially 

homogeneous distribution of boron and nitrogen heteroatoms in anatase TiO2 microspheres 

with a predominance of high-energy {001} facets, a strong visible light absorption spectrum 

with a sharp edge beyond 680 nm is achieved. The red TiO2 with the homogeneous doping of 

boron and nitrogen obtained shows no increase in defects like Ti3+ that are commonly 

observed in doped TiO2. More importantly, it has the ability to induce photocatalytic water 

oxidation to produce oxygen under the irradiation of visible light beyond 550 nm and also 

photocatalytic reducing water to produce hydrogen under visible light. These results 

demonstrate the great promise of using the red TiO2 for visible light photocatalytic water 

splitting and also provide an attractive strategy for realizing the wide-spectrum visible light 

absorption of wide-bandgap oxide photocatalysts. 
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Introduction 

Inspired by natural photosynthesis proceeding in plants and some organisms that captures 

sunlight and converts it into chemical energy in the form of chemical bonds, photocatalysis, 

namely artificial photosynthesis, has been developed to induce different redox reactions for 

the applications that range from energy,[1-9] environment[10,11] to chemical synthesis[12,13] fields. 

Photocatalysis has three distinct steps, namely light absorption, separation of photogenerated 

charge carriers and catalysis reaction.[14,15] Among them the light absorption is the 

prerequisite step. In order to fully make use of solar light with around 45% visible light and 

also meet energetic requirement for water splitting (theoretical 1.23 eV plus several hundreds 

meV overpotential[16-18]), stable semiconductors with a bandgap of around 2 eV are the 

appropriate promising light absorbers for solar-driven photocatalysis. However, only a limited 

number of semiconducting materials are available for stable visible light photocatalysis under 

solar light. Besides the search for new semiconductors with suitable bandgaps,[19-23] various 

electronic structure modifiers (dopants,[24-28] defects,[20,29-33] strain[34] and disordering[35,36]) 

have been used to narrow the bandgap of various wide-bandgap oxide semiconductors for a 

wide spectrum absorption in visible light region. Although numerous studies on doped binary 

photocatalysts, particularly doped TiO2, have been conducted,[37-39] the reported cases of 

realizing the desirable band-to-band redshift of the absorption edge in TiO2 powder are still 

rare.[40-42] In this study, a semiconducting red TiO2 photocatalyst with the strong band-to-band 

visible light absorption spectrum beyond 680 nm was achieved by controlling the 

homogeneous distribution of boron/nitrogen heteroatoms in the faceted TiO2 microspheres. 

Moreover, as a result of the wide-spectrum absorption and also no increase in intrinsic defects, 

the red TiO2 used as photocatalyst gives the ability to oxidize water to release oxygen under 

the irradiation of visible light with its wavelength longer than 550 nm, and to reduce water for 

hydrogen generation under visible light. These results could not only pave the pathway of 
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using modified TiO2 photocatalyst for solar-driven water splitting but also provide a possible 

powerful strategy of extending the light absorption range of other wide-bandgap oxide 

photocatalysts.  

Results and Discussion 

Challenge of realizing homogeneous doping in TiO2. The spatial distribution of electronic 

structure modifiers in materials has been identified as an important factor of determining the 

optical absorption modes of modified wide-bandgap semiconductors at atomic 

level.[30,33,36,38,43] The realization of a desirable band-to-band redshift of the absorption 

spectrum towards low-energy region by narrowing the bandgap intrinsically requires the 

homogeneous distribution of the modifiers in the whole bulk of materials while surface 

doping only generates an additional shoulder-like absorption band in the low-energy region 

by forming some localized states in the gap. Developing the capability of controlling the 

spatial distribution of dopants in non-layered metal oxides is, therefore, highly necessary and 

remains a challenge. One feasible strategy relying on thermodynamic consideration is to 

locally weaken strong chemical bonds in the bulk for an easy substitutional doping. A 

preliminary attempt in this aspect was that,[42] by conducting the nitrogenation in a gaseous 

ammonia atmosphere to anatase TiO2 microspheres with a concentration gradient of boron 

dopant that can effectively weaken the surrounding Ti-O bonds, a concentration gradient of 

B/N dopants was formed to induce an additional strong visible light absorption band (Figure 

1c of ref. 42). Unfortunately, this co-doped TiO2 as particulate photocatalyst for water 

splitting under visible light showed little activity largely because the concentration gradient of 

dopants cannot cause the full mergence of the electronic states of B/N dopants with original 

valence band of TiO2 for a satisfactory bulk transport of charge carriers. 

The challenge of achieving the desirable homogeneous B/N doping in TiO2 by the above 

strategy is intrinsically restricted by the feature that the interstitial boron atoms with a small 
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ionic diameter in bulk tend to migrate towards the surface layer of the TiO2 microspheres and 

finally concentrate in the surface layer when subject to thermal treatment at high 

temperature,[44] as demonstrated in Figure S1. Pristine boron doped TiO2 microspheres used 

in this study, which were synthesized from the acidic hydrolysis of TiB2 at hydrothermal 

condition, have a relatively uniform dispersion of boron dopant in the bulk (Figure S2). 

Thermal treatment at 600 oC in air leads to the formation of a concentration gradient of 

interstitial boron with the maximum at the surface (Figure S1a). In contrast, the depth profiles 

(Figure S1b) of XPS B 1s spectra of boron doped TiO2 after the thermal treatment at a 

relatively low temperature 460 oC suggest the retained uniform dispersion of both the 

interstitial boron (its binding energy, around 191 eV) and substitutional boron (its binding 

energy, around 188 eV) for lattice oxygen in the bulk. Therefore, to address the challenge, 

developing effective low-temperature nitrogenation routes, in which the migration of boron 

dopant from bulk to surface of materials is avoided, is crucial. In addition, it should be 

pointed out that thermodynamically metastable substitutional boron in TiO2 tends to convert 

into the stable interstitial boron when subject to the high temperature thermal treatment.[45] 

 

Figure 1 Morphology and microstructures of the TiO2 microspheres with the homogeneous 

B/N doping. a and b, SEM images of the B/N doped TiO2 microspheres. c, Schematic of 
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cutting one sphere of the doped TiO2 dispersed on a silicon substrate by Focused Ion Beam 

technique. The middle thin sheet was used for TEM characterization. d, TEM image of the 

sheet cut from the sphere that was adhered on the silicon substrate by depositing a platinum 

layer on the exposed surface of the sphere. e, Electron diffraction patterns indexed to anatase 

TiO2 recorded from the sheet of doped TiO2 in d. f, High resolution TEM image obtained 

from a typical region of the sheet in d. 

 

Low-temperature nitrogenation-induced homogeneous B/N doping. Different from the 

widely used conventional nitrogenation process that uses gaseous ammonia as nitrogen source 

and is usually performed at the temperature of over 600 oC for a heavy nitrogen doping, urea 

(CH4N2O) was chosen as solid nitrogen source in the low-temperature (as low as 460 oC) 

nitrogenation process developed in this study. During the nitrogenation, the urea was placed 

separately from the sample of TiO2 microspheres with well dispersed boron dopant in bulk, as 

shown in Figure S3. The reason for choosing urea as nitrogen source lies in that the thermal 

decomposition of urea in an inert atmosphere can occur at the temperature as low as 200 oC 

and complete at 450 oC, accompanying the release of gaseous products including NH3 and 

HNCO for nitrogen doping.[46] Moreover, HNCO species and its derivatives released from 

urea is considered to play a crucial role in realizing homogeneous B/N doping in this study, to 

be validated in the following sections. 

Comparison of X-ray diffraction patterns of boron doped TiO2 microspheres before and 

after nitrogen doping shows no obvious change in crystal structure (Figure S4). Morphology 

and microstructure of the homogeneous B/N doped TiO2 microspheres were investigated by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

Comparison of SEM images of pristine boron doped TiO2 microspheres (Figure S5) and TiO2 

microspheres with the homogeneous B/N doping (Figure 1a) suggests the good retaining of 

the basic morphology of particles due to the low-temperature nitrogenation. The sharp edges 
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and flat surfaces of the {001} facets-terminated squares with the size of tens of nanometers, 

which contribute to the surface of the microspheres, are clearly observed in Figure 1b. In 

contrast, the surface of the microspheres with a concentration gradient of B/N prepared at 600 

oC in an NH3 atmosphere (Figure 1a of ref. 42) was rough, probably because of the high-

temperature corrosion in the reductive atmosphere. 

To directly investigate the microstructures and spatial distribution of composition of the 

TiO2 microspheres with the homogeneous B/N doping, a thin sheet with its thickness suitable 

for TEM characterization was cut from one microsphere along its diameter direction, as 

illustrated in Figure 1c. The relatively uniform contrast of the TEM image in Figure 1d (also 

see the TEM image with a higher magnification in Figure S6) suggests that the building 

blocks in the sheet share some crystallographic orientation, largely the [001] direction, 

because the microsphere surface is terminated with {001} facets. This feature is supported by 

selective area electron diffraction patterns of the sheet in Figure 1e, where no complete 

diffraction rings are formed. High resolution TEM image in Figure 1f shows clear lattice 

fringes with the spacings of 2.4 and 3.5 Å that are assigned to (001) and (101) planes of 

anatase TiO2. The similar ionic diameter of nitrogen to oxygen together with the mild 

nitrogenation process is responsible for the high crystallinity of the homogeneous 

boron/nitrogen doped TiO2 microspheres. The high crystallinity facilitates the transport of 

photogenerated charge carriers. 

The homogeneous distribution of nitrogen and boron in the microspheres together with 

their chemical states was revealed by the combination of energy dispersive X-ray 

spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). The EDS elemental maps 

of Ti-K, O-K and N-K in Figure 2b-d, recorded from the sheet in Figure 2a, show the 

uniform spatial distribution of nitrogen dopant in the whole sheet. The similar intensity 

change trend of the radial line-scan profiles of N-K to O-K in Figure 2e further verifies the 

uniformity of nitrogen dopant in the sheet. XPS spectrum of N 1s from pristine surface of the 
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B/N doped microspheres in Figure 2f gives two strong signals at 397.8 and 399.6 eV. The 

less changed intensity of the former and rapidly decreased intensity of the latter in the depth 

profiles of N 1s XPS spectra suggest their location in bulk and surface of the microspheres, 

respectively. On the basis of the binding energy, the former can be definitely assigned to the 

substitutional nitrogen for lattice oxygen in the form of Ti-N bonds.[24] The atomic ratio of the 

substitutional N to Ti at different depths of the microspheres has a small fluctuation between 

3.5 at% and 4.8 at% (Figure 2g), again suggesting the homogeneous distribution of the 

substitutional nitrogen in the microspheres. In addition, the good dispersion of boron dopant 

in the microspheres is retained after nitrogen doping, as indicated by the depth dependent XPS 

spectra of B 1s in Figure S7. Moreover, comparison of nuclear magnetic resonance spectra 

(Figure S8) of environment and amount of boron in TiO2 keeps unchanged before and after 

nitrogen doping.[47] 

 

Figure 2 Homogeneous distribution and chemical state of nitrogen in the TiO2 microspheres 

with the homogeneous B/N doping. a-d, Scanning TEM high angle annular dark field 

(STEM-HAADF) image and EDS elemental mapping images of Ti-K, O-K and N-K recorded 

from the sheet in Fig. 2a. e, Line-scan profiles of Ti-K, O-K and N-K along the orange line in 
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Fig. 2a. f, Depth profiles of XPS spectrum of N 1s recorded from the TiO2 microspheres with 

the homogeneous B/N doping as a function of Ar+ sputtering time. g, Atomic percentage of Ti 

and atomic ratio of N to Ti in the TiO2 microspheres with the homogeneous B/N doping as a 

function of Ar+ sputtering time. 

The identity of the 399.6 eV signal in N 1s XPS spectrum is the adsorbate containing 

nitrogen anion, likely associated with HNCO and/or its derivatives released from the thermal 

decomposition of urea, as detected by Fourier transform infrared spectroscopy (FTIR). 

Comparison of the FTIR spectra (Figure S9) of two different boron/nitrogen doped TiO2 

samples, which were prepared at the same conditions but with NH3 and urea as nitrogen 

source, respectively, demonstrates the presence of an additional weak band with two peaks at 

around 2079 and 2020 cm-1 in the sample prepared with urea as nitrogen source. A similar 

2073 cm-1 band was proposed to be anionic CH2CN species on metal oxides.[48] Such 

adsorbates on the microspheres are considered to play an important role in driving the 

effective diffusion of nitrogen species from the surface into bulk for homogeneous nitrogen 

doping at a relatively low-temperature. Typical doping process by heating a solid sample in a 

gaseous atmosphere containing dopant species (like nitrogen doping in an ammonia 

atmosphere) requires the adsorption and dissociation of dopant molecules on sample surface, 

and diffusion of active dopant species in the sample bulk. There is a strong compromise 

between the adsorption and the dissociation and diffusion of active species upon heating 

temperatures. A low heating temperature favors dopant molecule adsorption but not for 

dissociation of molecules and diffusion of active dopant species in the bulk. The strong 

interaction between the adsorbate and TiO2 is confirmed by the fact that the adsorbate can 

stand up to a 600 oC heating in an argon atmosphere (Figure S10). This feature greatly 

facilitates the diffusion of nitrogen dopant towards the bulk. In addition, the stability of these 
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adsorbates is further indicated by the good retaining of the signal in the FTIR spectra after 

exposure to the light irradiation in air or in reaction solution (Figure S11). 

Homogeneous B/N doping-induced band-to-band visible light absorption band. On the 

basis of the above results, the nitrogenation with urea as nitrogen source at 460 oC resulted in 

the homogeneous B/N doping in the TiO2 microspheres, as schematically shown in the top 

panel of Figure 3a. As a result, the absorption edge of the doped TiO2 with a red color has a 

great red-shift by 286 nm and spans the whole visible light range in Figure 3b. The 

extraordinary red-shift of the whole absorption edge suggests band-to-band photon excitations 

of a narrowed bandgap. The bandgap is narrowed to be 1.97 eV determined by extrapolating 

the plot with a steep edge of the transformed Kubelka–Munk function versus the light energy 

in Figure S12. The origin of the bandgap narrowing observed is attributed to the elevated 

maximum of O 2p states-dominated valence band with the involvement of N 2p states, as 

fully investigated theoretically in literature.[24] 

 

Figure 3 Effect of the spatial distribution of boron and nitrogen in TiO2 on their absorption 

spectra. a, Schematic of the doped TiO2 sample (the top panel) with homogeneous distribution 

of boron and nitrogen in the whole sphere, and (the bottom panel) with a gradient distribution 

of boron and nitrogen in the sphere shell. b, UV-visible absorption spectra of two doped TiO2 
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samples with homogeneous distribution of boron and nitrogen, and with gradient distribution 

of boron and nitrogen in the shell, and pristine boron-doped TiO2.  

 

The formation of such an extraordinary visible light absorption band is sensitive to both the 

spatial distribution of boron dopant in the TiO2 microspheres and nitrogen source used in the 

nitrogenation process. When boron dopant was concentrated in the surface layer of the 

microspheres as shown in the bottom panel of Figure 3a, the nitrogenation at the same 

conditions (urea as nitrogen source; heating temperature 460 oC) only caused the formation of 

an additional weak shoulder-like absorption band in visible light range in Figure 3b. On the 

other hand, the NH3-assisted nitrogenation of the TiO2 microspheres with well dispersed 

boron dopant in bulk also caused the formation of a weak shoulder-like absorption band 

(Figure S13) largely due to the poor diffusion ability of the nitrogen dopant from surface to 

bulk at 460 oC. Based on all these results, one can infer that the high dispersity of boron 

dopant (facilitating the substitutional doping of nitrogen for oxygen) and unique function of 

urea as nitrogen source (promoting the diffusion of nitrogen dopant into bulk by forming the 

adsorbate-containing nitrogen dopant on TiO2) are responsible for the homogeneous nitrogen 

doping and thus band-to-band visible light absorption. The pictures of three B/N doped TiO2 

samples discussed here together with pristine B doped TiO2 samples are given in Figure S14. 

Defects and electrical conductivity of homogeneous B/N doped TiO2. Defects, in 

particular oxygen vacancies and related Ti3+, always exist in doped TiO2 largely due to the 

charge imbalance with the introduction of dopants and loss of lattice oxygen in reductive 

atmosphere. They can affect photocatalytic activity of materials by changing transport of 

charge carriers and surface adsorption of reactants. Electron spin resonance (ESR) 

spectroscopy was used to detect the change of the type and amount of defects in the TiO2 

microspheres with well dispersed boron dopant before and after nitrogen doping. As shown in 

Figure 4a, no additional new defects were observed after nitrogen doping. More importantly, 
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the intensity of the original resonance signal at g = 1.9995 in boron doped TiO2, typically 

assigned to oxygen vacancies,[49] is reversely lowered with the introduction of substitutional 

nitrogen dopant that has a more negative valence state than lattice oxygen (N3- vs O2-) and 

usually causes the generation of additional oxygen vacancies in common nitrogen-doped TiO2. 

The reason for this different result is that the charge compensation between the interstitial 

boron B3+ and substitutional nitrogen N3- can suppress the formation of new oxygen vacancies 

in the TiO2 with homogeneous B/N doping. This means that the nitrogenation of the 

microspheres with well dispersed boron dopant does not lead to the formation of additional 

potential recombination centres of photogenerated charge carriers. The good retaining of 

semiconducting nature of the TiO2 microspheres with homogeneous doping of boron and 

nitrogen is confirmed by the current-voltage curve measured from a microsphere connected 

with two tungsten probes. The curve in Figure 4b shows the typical feature of a metal-

semiconductor junction with Schottky contact. 

 

Figure 4 a, Electron spin resonance spectra of the TiO2 microspheres with well dispersed 

boron dopant before and after nitrogen doping. The measured temperature was 140 K. b, 

Current-voltage curve measured from a B/N doped TiO2 microsphere at room temperature. 

The inset is the schematic of measuring a microsphere with two tungsten probes, which was 

performed in a scanning electron microscope. 
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Photocatalytic water splitting. Photocatalytic activity of the homogeneous B/N doped 

TiO2 (red TiO2) was first estimated by conducting water oxidation half reaction under visible 

light. Figure 5a shows photocatalytic oxygen evolution activity of six cycling tests for 24 h. 

The red TiO2 has the ability to continuously release oxygen from water oxidation with the rate 

of 36 μmol h-1 g-1 in the first cycle. The oxygen evolution activity has some decay after the 

first cycling test but keeps marginal fluctuations in the subsequent five cycles. The decay 

should be mainly caused by the deposition of Ag particles on photocatalyst surface from the 

reduction of Ag+ as sacrificial agent by the photogenerated electrons in photocatalytic 

reaction. In all cycling tests, the release of nitrogen from the oxidation of nitrogen species in 

red TiO2 photocatalyst by the photogenerated holes occurs, suggesting the photo-corrosion 

instability of bare red TiO2. This is a common problem that most photocatalysts of nitrogen 

doped metal oxides, metal nitrides and also metal oxynitrides have[50]. Loading suitable 

oxidative co-catalysts is a general method to solve this problem. As shown in Figure 5b, RuO2 

modified red TiO2 has the ability of completely suppressing the release of nitrogen. Moreover, 

the oxygen evolution rate is greatly improved from pristine 36 to 81.6 μmol h-1 g-1 after 

loading RuO2 co-catalyst. The action spectrum obtained under monochromatic light with 

different wavelengths in Figure 5c shows that the red TiO2 with the homogeneous B/N 

doping is active beyond 550 nm. These results further suggest that the oxygen generation 

indeed comes from photocatalytic reaction. On the contrary, the sample with boron dopant 

(white TiO2) is inactive under visible light due to no visible light absorption, and another 

reference sample with a shoulder-like visible light absorption band (see the blue curve in 

Figure 3b) is also inactive largely due to the low absorbance and low mobility of 

photogenerated holes associated with the shoulder-like band. These results demonstrate the 

advantage of the band-to-band visible light absorption of the red TiO2 obtained in inducing 

visible light photocatalytic water oxidation.  

10.1002/chem.201805283

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



     

14 
 

To further evaluate the potential applicability of the developed red TiO2 as a visible light 

responsive O2 producing photocatalyst, its activity is directly compared with that of WO3 and 

BiVO4 that are two most widely studied visible light O2 producing photocatalysts. As shown 

in Figure S15, the oxygen producing activity of the red TiO2 microspheres under visible light 

is comparable with that of the faceted BiVO4 crystals[51], and is much higher than that of two 

WO3 based photocatalysts[52] after loading 1 wt% RuO2 co-catalyst under the same 

measurement conditions. Considering the fact that the red TiO2 microspheres have a 

comparable particle size with the BiVO4 crystals and larger particle size than the WO3 

crystals used here (see SEM images in Figure S16), the wider absorption range of the red 

TiO2 shall play an important role in contributing to its visible light activity. It should be 

pointed out that both WO3 and BiVO4 are inactive in producing H2 because of their lower 

conduction band edges than the redox level of proton reduction. 
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Figure 5 a, Cycling tests of photocatalytic oxygen generation from an aqueous solution of 

AgNO3 by the TiO2 microspheres with homogeneous B/N doping (red TiO2) as a function of 

the exposure time to visible light. b, Photocatalytic oxygen generation from an aqueous 

solution of AgNO3 by the red TiO2 modified with 1 wt% RuO2 co-catalyst as a function of the 

exposure time to visible light. The wavelength and intensity of incident light used in a and b 

is λ > 420 nm and 74.2 mWcm-2. The release of nitrogen was also monitored in the tests of a 

and b. c, Photocatalytic oxygen generation from an aqueous solution of AgNO3 by the red 

TiO2 as a function of the wavelength of irradiation light. d, Photocatalytic hydrogen 

generation from an aqueous solution containing 10 vol% methanol as sacrificial agent by 0.5 

wt% Pt loaded red TiO2 with homogeneous B/N doping as a function of the exposure time to 

visible light (The wavelength and intensity of incident light, λ > 420 nm and 74.2 mWcm-2). 

The evolution of nitrogen was also monitored.  

 

Photocatalytic activity of the homogeneous B/N doped TiO2 (red TiO2) was further 

estimated by conducting water reduction half reaction in the presence of methanol as 

sacrificial agent under visible light. Figure 5d demonstrates a nearly linear increase of 

photocatalytic hydrogen evolution by 0.5 wt% Pt loaded red TiO2 with the light irradiation 

time increase. Moreover, no any nitrogen was monitored in photocatalytic water reduction 

reaction. These results suggest the good stability of red TiO2 as a photocatalyst for hydrogen 

evolution. It is useful to understand the underlying reason for the much lower photocatalytic 

hydrogen evolution rate of red TiO2 than its oxygen evolution rate in the half reactions (6.9 

versus 81.6 μmol h-1 g-1). Similar trend was also observed in Ta3N5 photocatalyst[53]. The 

proposed reason for the low hydrogen evolution rate is the presence of the large Schottky 

barriers at the interfaces of the red TiO2 microspheres and co-catalyst Pt particles with a larger 

work function that makes the transfer of the photogenerated electrons from red TiO2 to Pt not 

sufficient[53-55]. In contrast, the upward surface band bending of n-type red TiO2 facilitates the 
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transfer of the photogenerated holes from red TiO2 to reactants. Further effort of solving the 

imbalance in photocatalytic hydrogen and oxygen generation is to reduce the barrier between 

red TiO2 and the co-catalyst so that overall water splitting might be achieved by the modified 

red TiO2 photocatalyst. 

 

Conclusion 

A novel nitrogenation route was developed to realize a desirable homogeneous boron and 

nitrogen doping in TiO2 microspheres with {001} facets for a strong wide spectrum visible 

light absorption band. The success of this route is using urea as solid nitrogen source at the 

nitrogenation temperature as low as 460 oC. It was found that the adsorption of HNCO and 

related derivatives released from thermal hydrolysis of urea on TiO2 surface greatly facilitates 

the diffusion of nitrogen dopant towards the bulk of the microspheres to induce homogeneous 

nitrogen doping with the assistance of boron dopant. The chemical state of nitrogen dopant 

was revealed as substitutional nitrogen for oxygen. As a consequence of the homogeneous 

boron and nitrogen doping, a strong band-to-band absorption spanning the whole visible light 

range was achieved. The resultant red TiO2 microspheres have the ability to induce 

photocatalytic water oxidation for oxygen evolution under the irradiation of visible light with 

its wavelength beyond 550 nm and visible light photocatalytic water reduction for hydrogen 

evolution, indicating that TiO2 can be used as building blocks to construct solar-driven 

photocatalysts for solar fuel generation. 

 

Supporting Information 

Supporting Information including sample preparation, characterization, processing the 

microsphere by a Focused Ion Beam, electrical conductivity measurement, photocatalytic 

water splitting measurements, is available from the Wiley Online Library or from the author.  
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