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Abstract 

Photochemical hydrogen generation from water is a promising solution to concurrently tackle 

energy and environmental problems. However, the solar-to-hydrogen conversion efficiencies of 

most photocatalysts are still unsatisfactory due to two major limiting factors: the non-ideal band 

structure of photocatalysts and the fast recombination of photo-generated charge carriers. Herein, 

we report a Janus-type TiO2 heterojunction consisting of ordered blue-anatase and disordered 

black-rutile phases fabricated by the magnesiothermic reduction process. In this process, the 

surface enthalpy difference of rutile and anatase phases in P25-TiO2 allows the phase-selective 

reduction to afford novel blue order/disorder Janus heterostructure. The joint effect of the 

improved light absorption and charge separation by disordered black-rutile phase and high 

catalytic activity of ordered blue-anatase phase, as well as the morphological advantage over 

order@disorder core-shell structures, significantly enhances the photocatalytic hydrogen 

production rate to 1.56 mmol h-1g-1 (11.53 mmol h-1g-1 with ~1 wt% Pt), which delivers 13-fold 

enhancement from the pristine P25-TiO2. 
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1. Introduction 

Photocatalysis driven by earth-abundant semiconductors is one of the prominent strategies that 

offer a green and sustainable solution to various energy- and environment-related challenges.1 

Among numerous semiconductors, titanium dioxide (TiO2) is considered as one of the most 

promising candidates and has been widely studied for pollutant degradation,2, 3 dye-sensitized solar 

cells,4, 5 self-cleaning coatings,6 photocatalytic carbon dioxide reduction,1, 7, 8 photocatalytic 

hydrogen evolution,1, 9-12 photoelectrochemical water splitting,13, 14 and other applications15-18 due 

to its relatively high photosensitivity, low toxicity, low cost, earth abundance, and excellent 

chemical/photochemical stability. However, the large electronic bandgap of TiO2 (ca. 3.0 eV for 

rutile and 3.2 eV for anatase),19 limits their light absorption to the ultraviolet (UV) region (λ ≤ 

387.5 nm), which accounts for less than 5% of the solar spectrum. Over the past decade, much 

effort has been devoted to narrow the bandgap of TiO2 in order to extend its optical response 

towards the visible and infrared light and thus enhance the efficiency of solar energy as well as the 

photocatalytic activities.20 Doping TiO2 with foreign elements, both metals and non-metals, has 

been extensively explored by means of inserting impurity levels in the forbidden band of TiO2.21-

25 In particular, non-metal doping23-25 has attracted a great deal of attention. Nevertheless, the effect 

of doping has been controversial owing to the possibility that the dopant, as an impurity, could 

also serve as a recombination center for the photo-generated electrons and holes, consequently 

lowering the photocatalytic efficiency.23 

Very recently, Mao et al. made a significant breakthrough in increasing the solar absorption of 

TiO2 nanoparticles by hydrogenating white TiO2 to black TiO2 under high pressure.26 Different 

from the traditional element doping method, this novel blackening strategy involves the formation 

of disordered surface layers on TiO2, which not only creates mid-gap states in the forbidden band 
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but also the blue shift of valence band (VB) edge.27 As a result, the optical absorption range of the 

core-shell order@disorder TiO2 expands from UV to visible and near infrared light (~1,200 nm) 

and the bandgap shrinks from 3.3 to 1.0 eV. In addition, such black TiO2 showed a substantial 

enhancement in the photoactivity toward hydrogen evolution from water under simulated solar 

irradiation. This pioneering discovery sparked a huge attention in black TiO2 nanomaterials and 

further studies on fabricating black TiO2 under vacuum or reduced pressure have followed. Heating 

the pristine TiO2 under reduced pressure introduces Ti3+ and/or oxygen vacancies into the TiO2 

lattice and changes white TiO2 to different colors, such as yellow, blue, gray, and black. For 

example, Li et al. fabricated yellow and black rutile TiO2 nanowires by hydrogenating TiO2 under 

ambient hydrogen pressure at different temperatures.28 Qiu et al. also synthesized blue rutile TiO2 

by treating pristine rutile TiO2 powder at 450 °C for 1 h under a 40 bar pressure of hydrogen.29 Yu 

et al. reported that the hydrogenation of anatase TiO2 under an atmospheric hydrogen flow at 

600 °C for 10 h yields grey TiO2.30 Black P25-TiO2 was prepared by Lu et al. via a high-pressure 

(35 bar) hydrogenation of Degussa P25 at room temperature, and the color change of treated 

sample over time was also studied.31 In addition, inspired by the idea of reducing white TiO2 to 

black TiO2, many other reducing reagents such as Al,32, 33 Mg,34, 35 NaBH4,36 and N2H4
37 were 

successfully employed to prepare black TiO2. 

Although the highly enhanced performance has been demonstrated on black TiO2, the engaged 

photocatalytic mechanism is still somewhat contentious. On one hand, photocatalysts are generally 

expected to be highly crystalline to minimize the detrimental recombination of photo-generated 

charge carriers; the large number of vacancies and/or defects in the black outer layers 

(disordered/amorphous layers) of TiO2 is normally considered to hamper the separation of photo-

excited carriers.38 On the other hand, the black layer of TiO2 can absorb a wider range of solar 
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spectrum up to 1,200 nm. Liu et al. hypothesized that the localized mid-gap states in the disordered 

surface are beneficial for the spatial separation of photo-excited carriers, and that accounts for the 

high photocatalytic efficiency.39 Usually, almost all the black TiO2 samples fabricated by 

conventional gas phase, high temperature, and high-pressure reduction strategies have the 

order@disorder core-shell structure due to the disordering process that commences from the outer 

surface layer toward the core. The highly crystalline and catalytically active cores are often 

completely encased by the low-activity disordered/amorphous shells and hence cannot contact the 

substrate molecules.38 Such dilemmatic situation of the core-shell structures can be resolved by an 

order/disorder Janus-type structure that can extend the light absorption without compromising the 

charge carrier recombination. Herein, a new controlled magnesiothermic reduction (MTR) method 

is developed to produce an order/disorder Janus-type TiO2 nanocatalyst which consists of ordered 

blue-anatase and disordered black-rutile phases. In this process, the rutile and anatase phases of 

commercial P25-TiO2 are reduced to different degrees at a certain temperature due to their 

difference in the surface enthalpy of reaction. The obtained order/disorder Janus architecture 

shows approximately 1,300% enhancement in photocatalytic hydrogen production compared to 

the pristine P25-TiO2. The excellent performance could be ascribed to the synergetic effect of two 

phases; the disordered black-rutile phase broadens the light absorption range as well as boosts the 

separation of charge carriers, while the ordered blue-anatase phase keeps the high catalytic activity. 

 

2. Experimental Section 

2.1. Chemicals 

Three kinds of commercial TiO2 nanopowders, namely anatase TiO2 (A-TiO2, 99.7%), rutile TiO2 

(R-TiO2, 99.9%), and P25-TiO2 (4:1 anatase : rutile TiO2, 99.5%) with BET specific surface areas 
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of 45~60 m2 g-1, hydrochloric acid, chloroplatinic acid hexahydrate (H2PtCl6·6H2O, 37.5% Pt 

basis), and triethanolamine (TEOA) were obtained from Sigma-Aldrich. Magnesium powder was 

purchased from Unichem Laboratories Ltd. All chemicals were used as received without further 

purification.  

2.2. Synthesis of Mg-reduced A-TiO2, R-TiO2, and P25-TiO2 

The magnesiothermic reduction (MTR) method was engaged to treat the commercial TiO2 

nanopowders to give the reduced TiO2 samples of different colors. Typically, 30 mg of Mg powder 

was thoroughly mixed with 200 mg of TiO2 nanoparticles (A-TiO2, R-TiO2, or P25-TiO2) by 

grinding them using a mortar in the air for 10 min. The mixture was then transferred into a stainless 

steel unsealed can and placed at the center of a quartz tube in a horizontal rapid thermal processing 

furnace. The reaction system was purged with high purity argon (99.999%) three times to remove 

any residual oxygen and/or moisture. The can was heated to 500 to 600 °C at a rate of 60 °C min-1 

and maintained at the desired temperature for 30 min under Ar flow (50 standard cubic centimeters 

per minute, SCCM) and then cooled to 100 °C within 20 min. The mixture was then washed with 

the excess amount of 2 M HCl under stirring for overnight to remove the byproduct (MgO), and 

the product was rinsed with sufficient amount of Milli-Q water and ethanol several times to remove 

the acid and dried at 150 ºC in a vacuum oven overnight. The obtained TiO2 samples are denoted 

as A-X, R-X, and P25-X, where X is the reaction temperature.  

2.3. Synthesis of P25/Pt and P25-575/Pt 

Pt nanoparticles (ca. 1.0 wt%) were loaded on P25 and P25-575 via photoreduction. In a typical 

process, 100 mg of P25 or P25-575 powder and 2.7 mg of H2PtCl6·6H2O were added in 30 mL 

water containing 10 vol.% TEOA in a 50 mL sealed round-bottom quartz flask. The reaction vessel 

was then mixed under ultrasonication for 30 min, subsequently bubbled with Ar gas for 30 min 
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prior to the irradiation under a Newport solar simulator (Xe lamp, 150 W, 100 mW cm-2) with 

continuous stirring for 3 h. The samples deposited with Pt (P25/Pt and P25-575/Pt) were filtered 

out and washed with water and dried at 150 °C in a vacuum oven for 12 h.  

2.4. Characterization of the materials 

The structure and morphology of samples were obtained from a scanning transmission electron 

microscopy (TEM, JEOL JEM-2100F). Crystallographic phases of samples were identified using 

the X-ray diffraction (XRD, Bruker D2 PHASER) patterns collected with a diffraction angle 2θ 

ranging from 10 to 80° at a scan rate of 10° min-1. The Raman spectra were recorded on a Renishaw 

2000 Raman spectrometer. Continuous-wave electron paramagnetic resonance (EPR) spectra were 

obtained using an X-band (9.4 GHz) Bruker EMX EPR spectrometer at 25 ºC. The composition, 

chemical states, and valence band (VB) spectra of the samples were determined by X-ray 

photoelectron spectroscopy (XPS, ESCALab 250). The ultraviolet–visible-near infrared (UV-Vis-

NIR) absorption spectra were collected using UV–vis absorption and diffuse reflectance 

spectroscopy on a Cary 4000 UV-visible spectrophotometer equipped with an integrating sphere 

for diffuse and total reflection measurements. Photoluminescence (PL) spectra were recorded on 

a PTI QM-TM (Photon Technology International) fluorescence spectrophotometer with an 

excitation wavelength of 330 nm. 

2.5. Photocatalytic reaction 

For photocatalytic hydrogen evolution reaction (HER), 2 mg of catalyst was dispersed in an 

aqueous solution (20 mL) containing 10 vol.% TEOA as sacrificial agents in a sealed 50 mL round-

bottom quartz flask. After sonicating for 20 min, the sample was degassed by bubbling with Ar for 

30 min. The sample solution was irradiated with a Newport solar simulator (Xe lamp, 150 W, 100 

mW cm-2) under continuous stirring. To reveal the visible light photoactivity of the prepared 
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samples, HER performance was estimated under visible light irradiation using a 400 nm cut-off 

filter to the solar simulator source. The amount of produced H2 was analyzed by an Agilent 7890B 

gas chromatography (GC) system with N2 as carrier gas and a thermal conductivity detector. Cyclic 

HER test was conducted to examine the durability of sample by purging the reaction flask with Ar 

gas for 30 min after every 3-hour HER reaction under light irradiation. The apparent quantum 

efficiency (AQE) for photocatalytic H2 production was estimated using a 300 W Xe lamp (Aulight, 

CEL-HXUV300) equipped with 365, 400, 420, and 520 nm bandpass filters. The AQE of 

photocatalytic H2 production was calculated according to Eq. (1):  

AQE = Number of H2 molecules × 2
Number of incident photons

× 100 (%)  (1) 

2.6. Photoelectrochemical analysis 

Electrochemical impedance spectroscopy (EIS) and photocurrent measurements were carried out 

on a CHI760E potentiostat (CH Instruments) using a standard three electrode system with a Pt foil 

and saturated calomel electrode (SCE) as the counter and reference electrodes, respectively. The 

glassy carbon electrode (GCE, d = 3 mm) and indium tin oxide (ITO, area = 1 cm2) coated with 

photocatalyst were engaged as the working electrode for EIS and photocurrent measurement, 

respectively. To prepare the working electrodes, catalyst inks (10 mg mL-1 for EIS and 100 mg 

mL-1 for photocurrent measurement) were first prepared in 75 % ethanol solutions containing 0.5 % 

Nafion (DuPont), and drop-cast onto GCE (5 μL for EIS) and ITO (15 μL for photocurrent 

measurement),40, 41 followed by drying in air. 1.0 M NaOH was employed as the supporting 

electrolyte. A 300 W Xe lamp, with and without a cut-off filter (λ > 400 nm), was used as the 

irradiation source. Photocurrent measurements were performed at a 0.4 V bias potential vs. SCE. 

EIS tests were conducted in the frequency range of 100 kHz and 0.1 Hz with an AC perturbation 

of 10 mV. 



9 
 

3. Results and discussion 

3.1. Reduced A-TiO2 and R-TiO2 

The surface enthalpy of anatase-phase TiO2 (A-TiO2) is known to be lower than that of rutile-phase 

TiO2 (R-TiO2)42, 43 and it is therefore easier to reduce R-TiO2 to TiO2-x under the same reaction 

conditions. By carefully tuning the reaction conditions, it is possible to selectively reduce/disorder 

only the R-TiO2 in P25-TiO2 to a disordered phase while keeping the A-TiO2 unchanged, which 

will lead to the formation of order/disorder Janus-type TiO2 nanostructure. In order to establish the 

reaction conditions such that only the R-TiO2 phase in P25-TiO2 would be reduced, the MTR 

progress of A-TiO2 and R-TiO2 was thus separately correlated to their color evolution as reference. 

The pristine A-TiO2 and R-TiO2 were reduced to different degrees by treating them at a temperature 

between 500 and 600 °C for 30 min. The digital photos of untreated and reduced A-TiO2 and R-

TiO2 are shown in Fig. S1 and S2, respectively. After the MTR treatment at 500 °C, the color of 

pristine A-TiO2 turns from white to dull yellow. The increases in reaction temperature to 525, 550, 

and 575 °C yield the reduced A-TiO2 with dark yellow, blue, and dark blue color, respectively. 

With the reduction temperature further increased to 600 °C, A-TiO2 is reduced to black color (Fig. 

S1f). A similar gradual color change from white to black is also observed from R-TiO2 as the 

reduction temperature is raised (Fig. S2). In general, the color of R-TiO2 is darker than the A-TiO2 

treated under the same reaction conditions. For example, R-575 is dark black while A-575 is blue, 

suggesting that at the reduction temperature 575 ºC, R-575 could be disordered26 but A-575 still 

retains the ordered crystal structure. The XRD patterns of A-TiO2 and R-TiO2 reduced under 

various conditions are given in Fig. 1. All the diffraction peaks of pristine and reduced A-TiO2 

samples match well with those of anatase TiO2 (JCPDS Card no. 21-1272). The peak intensities, 

however, gradually weaken with the treatment temperature. In the pattern of A-600, all the 
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diffraction peaks corresponding to anatase TiO2 completely vanish, while four new peaks emerge 

at 37.1°, 43.1°, 62.7°, and 75.2°, which can be attributed to the (111), (200), (220), and (311) 

planes of TiO0.89 (JCPDS Card no. 78-0720). It is clear that the elevated reaction temperature 

lowers the crystallinity of TiO2 as more defects are introduced. The R-TiO2 samples also exhibit 

the similar trend as A-TiO2 (Fig. 1b), however, the disappearance of rutile peaks occurs at a lower 

temperature of 575 °C. We used Raman spectroscopy to further gather insights into the structures 

of reduced A-TiO2 and R-TiO2 and the results are summarized in Fig. S3. The characteristic Raman 

bands of anatase TiO2 (three Eg at 144, 198, and 641 cm-1, one B1g at 398 cm-1, and one A1g at 

519 cm-1)44 are evident for all A-TiO2 samples except for A-600. Compared to pristine A-TiO2, the 

reduced samples exhibit blue shifts of the strongest Eg band at ca. 144 cm-1, as well as the peak 

broadening with reduced intensity. This phenomenon is attributed to the non-stoichiometric 

structure due to the oxygen deficiency/vacancy created by surface modification.26, 28, 32, 45 The 

peaks observed for R-TiO2 samples at 243 cm-1 (second-order Raman scattering), 450 cm-1 (Eg), 

and 612 cm-1 (A1g) are the characteristic Raman bands of rutile TiO2,46 all of which disappear after 

the treatment at or above 575 °C. Another noticeable observation is the large red shift and 

broadening of the peak at 450 cm-1 which are related to the oxygen non-stoichiometry of reduced 

rutile TiO2.47, 48 
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Fig. 1. XRD patterns of (a) pristine and reduced A-TiO2 samples at 500 to 600 °C and (b) pristine 

and reduced A-TiO2 samples at 500 to 575 °C. HR-TEM images of pristine (c) A-TiO2 and (d) R-

TiO2, and the reduced (e) A-575 and (f) R-575 at 575 °C by MTR. 

To reveal the structure of reduced TiO2 samples, high-resolution TEM (HR-TEM) was engaged 

and their typical images are presented in Fig. 1c-f, S4, and S5. Well-resolved (101) lattice planes 

with typical anatase d-spacing of ca. 0.350 nm are observable in the HR-TEM images of A-500, 

A-525, A-550, and A-575, indicating that their highly crystalline structures remain intact. 

Noticeably, a thin disordered layer (thickness = ca. 0.5 nm) is observed on the outer boundary of 
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A-575 (Fig. 1d). The reduction of A-TiO2 at 600 °C turns most parts of crystal structure disordered, 

also forming a small amount of TiO0.89, as shown in Fig. S4f. This agrees well with the XRD 

results. The HR-TEM images of R-TiO2 samples (Fig. S5) also reveal the similar observations. 

The disordered layer, however, starts to appear from the reduction temperature of 550 °C, slightly 

lower than the case of A-TiO2. The R-575 (Fig. 1f) exhibits mostly disordered structure with some 

obscure lattice fringes with a d-spacing of 0.243 nm, which can be ascribed to the interplanar 

spacing of the (111) plane of TiO0.89. The Fast Fourier Transformation (FFT) image of R-575 (Fig. 

S5g) further confirms that it is fully disordered. The HR-TEM data are entirely consistent with the 

XRD and Raman spectroscopic results.  

3.2. Mg-reduced P25-TiO2 

The reduction tests for A-TiO2 and R-TiO2 indicate that the reducibility of two crystalline phases 

is different, especially at 575 °C, most probably due to the different enthalpies of two phases. 

Commercial P25-TiO2 nanoparticles with the mixed anatase and rutile phases were therefore 

treated by MTR at 575 °C in order to form a disordered-R/ordered-A heterostructure by selectively 

reducing/disordering rutile phase of P25-TiO2. The white color of pristine P25-TiO2 has changed 

to dark blue (Fig. 2a), which is hereby denoted as B-P25. The XRD pattern of pristine P25-TiO2 

corresponds well to the characteristic anatase TiO2 (2θ = 25.5°, 37.8°, 48.1°, 53.9°, and 55.1°) and 

rutile TiO2 peaks (2θ = 27.5°, 36.1°, 41.2°, and 54.3°, Fig. 2c). The B-P25, on the other hand, 

displays largely reduced rutile TiO2 peaks with the unaltered anatase peaks. Fig. 2d is the Raman 

spectra of P25 and B-P25 collected to compare the structural differences. The Raman peaks located 

at 144 (Eg), 197 (Eg), 397(B1g), 517 (A1g), and 639 cm−1 (Eg) correspond to the anatase phase TiO2, 

while the two weak peaks centered at 449 (Eg) and 610 cm−1 (A1g) are attributed to the rutile phase 

TiO2. From the spectra of B-P25, only anatase peaks are seen with the reduced intensities as well 
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as blue-shifted Eg peak (144 cm−1), which indicates the production of surface oxygen 

deficiencies/vacancies.49 

TEM analyses further reveal the surface microstructures of P25 and B-P25 TiO2. The TEM images 

of P25 (Fig. S6a and S6b) and B-P25 (Fig. S6c and S6d) show that the particle sizes are similar 

(ranging from 20 to 35 nm), confirming no morphological changes by the MTR process. The HR-

TEM image at the crystal interfaces of pristine P25-TiO2 clearly displays a well-defined rutile-

anatase interface (Fig. 2e) with the lattice spacings of 0.205 and 0.357 nm for the (210) planes of 

R-TiO2 and the (101) planes of A-TiO2, respectively. In contrast, the HR-TEM image of B-P25 

(Fig. 2f) shows that R-TiO2 is completely disordered while the microstructure of A-TiO2 remains 

unchanged, forming a disorder (R-TiO2)/order (A-TiO2) heterojunction. Careful inspection of the 

disordered region in HR-TEM image (Fig. S7) identifies some obscure lattice fringes with a d-

spacing of 0.126 nm, corresponding to the interplanar spacing of the (311) plane of TiO0.89, which 

agrees well with the observation from R-575. However, the XRD pattern of B-P25 exhibits no 

signal assignable to TiO0.89, most probably due to the low concentration of TiO0.89 in B-P25. Based 

on TEM, XRD, and Raman data, a disorder/order Janus architecture can be confirmed (Fig. 2b). 

The UV-Vis diffuse reflectance spectra (DRS) of P25 and B-P25 (Fig. 2g) indicate that the MTR 

process broadens the absorption range of P25 from only the UV region to the near-infrared (NIR) 

region. The corresponding Tauc plots of P25 and B-P25 (Fig. 2h) support this with the narrower 

estimated bandgap energy of B-P25 (2.10 eV) than that of P25 (3.03 eV). 
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Fig. 2. (a) Digital photos of pristine P25 and B-P25. (b) Schematic illustration of the selective 

reduction/disordering of P25 to B-P25 nanoparticles. (c) XRD patterns, (d) Raman spectra of P25 

and B-P25. HR-TEM images of (e) P25 and (f) B-P25. (g) UV-Vis absorption spectra and (h) the 

corresponding Tauc plots of P25 and B-P25 TiO2. 
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Fig. 3. HR-TEM images of (a) P25-TiO2 and (b-f) P25-TiO2 treated by MTR at 500 to 600 °C for 

30 min. 

The effect of MTR temperature on the crystal structure of P25-TiO2 was investigated by varying 

the treatment temperature between 500 and 600 °C. From the HR-TEM images (Fig. 3), both 

lattice fringes corresponding to anatase and rutile phases are clearly seen from the pristine P25, as 

well as the samples treated at 550 ºC or lower. The P25-575, however, shows obvious 

order/disorder boundaries: the anatase phase TiO2 is unchanged while the most parts of rutile TiO2 

are disordered (Fig. 3e). Moreover, the MTR process at 600 ºC further expands the disordered area, 

completely encompassing the anatase phase (Fig. 3f). This demonstrates that the A-TiO2 and R-
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TiO2 phases in B-P25 are reduced/disordered to the different extents to yield an order/disorder 

heterojunction by simply controlling the reducing temperature. 

3.3. Photocatalytic hydrogen evolution reaction 

To evaluate the advantages of forming a Janus structure, the photocatalytic activities toward 

hydrogen evolution reaction (HER) were compared among P25 and the reduced P25 samples (Fig. 

4a). Under simulated solar light irradiation, the HER rate of pristine P25 is merely 0.12 mmol h-1 

g-1, as expected for its large bandgap. The HER rate is increased to 0.25, 0.34, and 0.77 mmol h-1 

g-1 with P25-500, P25-525, and P25-550, respectively, showing an increasing trend with the 

treatment temperature due to the enhanced light absorption of reduced P25 samples (Fig. S8). The 

photocatalytic HER rate reaches a maximum of 1.56 mmol h-1 g-1 with P25-575 (B-P25), which is 

13.3 times higher than the pristine P25. Despite the smallest bandgap energy among all samples, 

the P25-600, however, exhibits the weakest photocatalytic activity (0.09 mmol h-1 g-1), even lower 

than pristine P25. This may be correlated with the structure of P25-600, where the active anatase 

phase is surrounded by disordered phase, similar to order@disorder core-shell structure, which has 

an adverse effect on the photocatalytic HER.38 A continuous 18-hour irradiation test on B-P25 

shows that the volume of produced hydrogen linearly increases with the irradiation time, indicating 

its stability over long-term reaction (Fig. S9). In addition, we further conducted the cyclic HER 

tests to examine the durability of B-P25 sample.41, 50 Fig. 4b shows steady HER rates during six 

3-hour HER tests where Ar is purged before next run. TEM images (Fig. S10), XRD pattern (Fig. 

S11a), Raman spectrum (Fig. S11b), UV-Vis absorption spectrum (Fig. S11c), extinction 

coefficient (Fig. S11d), and XPS spectra (Fig. S12) collected after the cyclic photocatalytic 

reactions indicate that the morphology, crystal structure, phase composition, optical absorption, 

and chemical compositions of B-P25 are retained except for the slight drop of Ti3+ ratio compared 
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with the fresh B-P25, suggesting high chemical and structural stability as well as good reusability 

of the developed B-P25. 

To further enhance the photocatalytic HER efficiency, Pt nanoparticles, a commonly used co-

catalyst, were decorated on the surface of P25 and B-P25 by photoreduction. With ca. 1 wt% Pt 

loaded on B-P25 (B-P25/Pt), a hydrogen evolution rate of 11.53 mmol h-1 g-1 is achieved, which 

is 6.3-fold higher than that of platinized P25 (P25/Pt, Fig. 4c). Under visible light (λ > 400 nm) 

irradiation, the photocatalytic HER rate of the B-P25 (0.38 mmol h-1 g-1) is 38-fold higher than 

that of P25 and 2.5-fold higher than that of P25/Pt (0.15 mmol h-1 g-1). The HER rate of B-P25 

under visible light can be further improved up to 3.52 mmol h-1 g-1 after loading the Pt 

nanoparticles. To evaluate the photon conversion efficiency, the wavelength-dependent apparent 

quantum efficiencies (AQEs) of B-P25 and B-P25/Pt were evaluated (Fig. 4d). The estimated 

AQEs of B-P25 are approximately 15.6 % at 365 nm, 2.3 % at 400 nm, and 0.7 % at 420 nm. 

However, the enhanced absorbance of B-P25 in the visible region (>420 nm) does not contribute 

to the AQE in photocatalytic HER. Similar phenomena have been reported,26, 38, 51 showing the 

negligible contribution of expanded band tail to photoactivity. Platinizing the B-25 boosts the AQE 

values ca. 4 times. In particular, the AQE of B-P25/Pt at 520 nm is increased to 2.1 %, which 

indicates that B-P25 can effectively utilize visible light associated with Pt co-catalysts. In 

comparison with the photocatalytic performance of recently reported black TiO2–based 

photocatalysts (Table S1), B-P25 and B-P25/Pt demonstrate outstanding photocatalytic activities 

that surpass most reduced/disordered TiO2 nanostructures.26, 36, 38, 52, 53 
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Fig. 4. (a) Comparison of photocatalytic HER rates among P25 and treated P25 samples. (b) Cyclic 

tests of the photocatalytic H2 generation over B-P25. (c) Comparison of photocatalytic HER rates 

among P25, B-P25, P25/Pt, and B-P25/Pt samples under the irradiation of solar and visible lights. 

(d) Wavelength-dependent AQEs of photocatalytic H2 production over B-P25 and B-P25/Pt. 

3.4. Photocatalytic mechanism 

As discussed in the previous sections, a Janus architecture consisting of ordered A-TiO2 and 

disordered R-TiO2 was successfully fabricated by a selective reduction/disordering process of P25. 

This nanostructure shows over 1,300 % enhancement in the photocatalytic HER rate compared 

with the untreated P25 TiO2. To elucidate the factors for such highly enhanced HER photocatalytic 

activity, we also investigated the HER properties of single-phase A-TiO2 and R-TiO2 treated by 

MTR at different temperatures and further characterized the Janus B-P25 nanoparticles. As 

summarized in Fig. S13, A-TiO2 and R-TiO2 samples show a similar trend of HER rate on the 

treatment temperature, which improves with the treatment temperature until becomes disordered. 



19 
 

The optimized R-550 and A-575 record the HER rates of 0.49 and 0.61 mmol h-1 g-1, respectively, 

which are much lower than that obtained from B-P25 (1.56 mmol h-1 g-1). This clearly 

demonstrates the crucial role of order/disorder Janus structure for boosting the photocatalytic HER 

performance of B-P25. We then engaged the XPS to analyze the surface chemical composition of 

P25 and B-P25 and investigate the changes in surface states. The full XPS survey spectrum of B-

P25 shows only Ti and O elements, confirming no Mg dopant is introduced during MTR treatment 

(Fig. S14a). The high-resolution XPS Ti 2p spectrum of P25 exhibits a pair of Ti 2p3/2 and 2p1/2 

peaks at 459.1 and 464.7 eV, respectively, which is assigned to Ti4+ species (Fig. 5a, bottom). The 

Ti 2p spectrum of B-P25, on the other hand, displays three sets of Ti 2p3/2 and 2p1/2 peaks (Fig. 5a, 

top), where one new peak pair at 457.6 and 462.1 eV corresponds to Ti3+ species while the others 

centered at 455.5 and 460.2 eV are attributed to Ti2+ species.54 The O 1s spectrum of P25 shows a 

single peak, whereas that of B-P25 exhibits three peaks (Fig. S12b, top). The peak at 530.5 eV, 

observed from both samples, is attributed to the lattice oxygen of TiO2, while the peaks at 531.2 

and 532.8 eV, observed only in B-P25, are assigned to Ti–OH and free –OH species, respectively.55 

The higher binding energy peaks in B-P25 suggest the presence of oxygen vacancies or surface 

defects,34 which enable a wider range of light absorption. Electron paramagnetic resonance (EPR) 

is a very sensitive technique that can measure the unpaired electrons in paramagnetic species, and 

it has been widely used in the study of defects of paramagnetic centers.56-58 We employed the EPR 

to confirm the existence of Ti3+ and oxygen vacancies on the sample surfaces. From the EPR 

spectra compared in Fig. S14b, very weak paramagnetic signals are observed at g = 2.002 and 

2.004 from the spectrum of P25, which correspond to the electron trapped in defects such as 

oxygen vacancy (with one electron).57, 58 In contrast, the same EPR signals appear ca. 53 times 

stronger in B-P25 (by comparing the integrated peak area), indicating more oxygen vacancies on 



20 
 

B-P25 surface. In addition, another single peak at g = 1.985 observed in B-P25 suggests Ti3+ 

defects generated during the MTR treatment.56  

The UV-Vis DRS spectra of pristine and reduced A-TiO2 and R-TiO2 and the corresponding Tauc 

plots are given in Fig. 5b and 5c, respectively. The bandgap energies of pristine A-TiO2 and R-

TiO2 (3.25 and 3.03 eV) are reduced to 2.92 and 1.06 eV, respectively, upon the reduction at 575 °C. 

The positions of VB edge of samples were determined via VB-XPS spectra as shown in Fig. 5d. 

The pristine A-TiO2 and R-TiO2 show the VB maximum of 2.75 and 2.42 eV, respectively. 

Noticeably, the VB of A-575 shifts negatively by 0.05 eV with a tail appearing at 2.46 eV. The R-

575 exhibits a main absorption onset at 2.21 eV accompanied by a band tail at 0.38 eV. This 

blueshift of the maximum energy level can be attributed to the presence of surface defects or 

oxygen vacancies/Ti3+, resulting in the increased visible light absorption. The corresponding 

density of states (DOS) diagrams are illustrated in Fig. S15. The enhancement of photocatalytic 

activity of B-P25 is believed to arise from a large amount of Ti3+/oxygen vacancies on the surface. 

Based on the Tauc plots and VB-XPS spectra of pristine and reduced TiO2 samples,38, 59, 60 the 

bandgap diagrams of both P25 and B-P25 are illustrated in Fig.5e, where the separation/transfer 

of photo-excited electrons (e-) and holes (h+) in P25 and B-P25 could be descripted as a type-II 

heterostructure. It has been reported that the sublattice distortion of Ti and O atoms can induce the 

blueshift of the VB energy state thus leading to reduced bandgaps and creating intermediate defect 

levels in black TiO2.26, 27, 59 The intermediate energy states could act as trapping or sinking center 

for photo-generated charge carriers.27, 59 In this regard, the Janus-type order (A-TiO2)/disorder (R-

TiO2) heterojunction in B-P25 can efficiently separate electron-hole pairs through a type‐II band 

alignment in which the photo-generated electrons and holes flow to the conduction band (CB) of 

A-TiO2 crystal and VB of disordered R-TiO2, respectively. The black R-TiO2 in B-P25 not only 



21 
 

enhances the visible light absorption but also suppresses the recombination of photoexcited 

electrons and holes.  

 

Fig. 5. (a) High-resolution XPS Ti 2p spectra of P25 and B-P25. (b) UV-Vis absorption spectra, (c) 

the corresponding Tauc plots, and (d) VB-XPS spectra of A-TiO2, R-TiO2, A-575, and R-575. (e) 

Proposed separation mechanism of photo-generated electrons (e-) and holes (h+), and calculated 

bandgap diagrams for P25 and B-P25. (f) PL spectra of P25 and B-P25. 
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To further confirm the transfer pathway of photo-generated charge carriers and gain the 

information on the active sites, we conducted a series of photoelectrochemical and electrochemical 

measurements with P25 and B-P25. Photoluminescence (PL) emission spectroscopy is a useful 

technique in revealing the separation efficiency of photo-generated electrons and holes since PL 

emission is associated with the recombination of charge carriers in semiconductors.61, 62 As shown 

in Fig. 5f, both P25 and B-P25 display a strong emission peak in the wavelength range from 400 

and 500 nm, while the PL emission intensity of B-P25 is considerably lower than that of P25, 

implying a lowered recombination rate of electrons-hole pairs in B-P25. In defect-engineered TiO2, 

the oxygen vacancies/Ti3+ cause mid-gap states that act as strong photo-generated hole trapping 

sites, thus suppressing the recombination kinetics of electrons and holes.26, 27, 59 This argument is 

further verified by photocurrent measurements and electrochemical impedance spectroscopy (EIS). 

Fig. 6a and S16 are the transient chronoamperometry profiles of P25 and B-P25 recorded at a 0.4 

V bias potential vs. SCE under UV-Vis and visible light irradiation, respectively. Compared with 

P25, B-P25 displays boosted on-off responses with the photocurrent density increased 3.8 and 4.7 

times under UV-Vis and visible light illumination, respectively, suggesting apparently prompted 

interfacial charge transfer and photoelectric conversion capability.40, 41 The Nyquist plots of P25 

and B-P25 obtained from EIS (Fig. 6b) display a smaller semicircle for B-P25, revealing the higher 

charge mobility of B-P25 over P25.60 

Moreover, another control experiment was carried out by depositing Pt nanoparticles (~1.0 wt%, 

Fig. S17) on the surface of P25 and B-P25 via in situ photoreduction of chloroplatinic acid. The 

TEM images in Fig. 6c and 6d show that the Pt nanoparticles are randomly deposited on the surface 

of both anatase and rutile phases of P25. On the contrary, Pt nanoparticles in B-P25 are 

concentrated at the interfaces of anatase and disordered phases (Fig. 6e and 6f), indicating electron-
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rich nature of those sites for reduction reaction.63 The Pt nanoparticles are rarely loaded on the 

surface of disordered R-TiO2, indicating the photo-generated electrons mostly flow toward A-TiO2. 

 

Fig. 6. (a) Photocurrent responses of P25 and B-P25 under UV-Vis light irradiation. (b) Nyquist 

plots of P25 and B-P25. TEM images of (c and d) P25/Pt and (e and f) B-P25/Pt. Insets in d and f 

are the schematic illustration of the morphologies where orange is R-TiO2, yellow is A-TiO2, grey 

is disordered TiO2, and black is Pt nanoparticle. 
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4. Conclusions  

In summary, a blue Janus-type TiO2 nanostructure consisting of ordered anatase and disordered 

rutile was fabricated by a controlled magnesiothermic reduction method. In this process, the rutile 

and anatase phases of P25-TiO2 were reduced to the different extents due to their different 

enthalpies of reaction. The XRD, TEM, Raman, and XPS results confirm the Janus-type structure 

of the P25 treated at 575 °C. The disordered black-rutile phase broadens the light absorption range 

as well as boosts the separation of charge carriers, leading to an improved photocatalytic HER rate 

of 1.56 mmol h-1 g-1 under the illuminated sun light without using any co-catalysts. This HER rate 

was further improved to 11.53 mmol h-1g-1 by loading ca. 1.0 wt% Pt nanoparticles as co-catalyst. 

The blue P25-TiO2 exhibits over 1,300 % enhancement in photocatalytic activity compared to the 

pristine P25. The visible light photocatalytic activity of blue P25-TiO2 is also substantially 

promoted, showing a HER production rate 38-times higher than that of P25. In addition, blue P25-

TiO2 shows high chemical and structural stability as well as good reusability. 
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A Janus-type heterojunction between the ordered-anatase and the disordered-rutile phases was 

fabricated by selectively disordering the rutile phase of commercial P25-TiO2. The obtained blue 

order/disorder Janus heterostructure exhibits approximately 13-fold enhancement in photocatalytic 

H2 production, compared with the untreated P25-TiO2.  

 

 




