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a b s t r a c t

A branched core-shell nanosphere composed of an anatase TiO2 (a-TiO2) core and a TiO2 nanobranch

shell with gradient-doped N (a-TiO2@N-TiO2) is synthesized by a simple in situ doping method, in which

mixed crystal anatase-rutile TiO2 (ar-TiO2) nanosphere is first prepared by oxidizing Ti using H2O2, and

then is etched by NH3·H2O to form (NH4)2TiO3 nanobranches, which is converted into a-TiO2@N-TiO2

following an ambient annealing process. The diameter of a-TiO2 core is ∼500nm, and the thickness of N-

TiO2 branched shell is ∼100nm with gradually increased N concentration from the bottom to the edge.

Ultra-thin amorphous coating layers on the branches are also observed. The morphology of the com-

posites could be further tuned by the amount of NH3·H2O, and its effect on the photocatalytic perfor-

mance is also investigated. The optimized a-TiO2@N-TiO2 shows an outstanding hydrogen evolution rate

of 308.1 μmol g−1 h−1 under air mass (AM) 1.5 illumination, and also exhibits highly active in photo-

catalytic degradation of various refractory organic pollutants, including organic dyes, phenols, antibiotics,

and personal care products, with removal ratios higher than 96% after 2h operation. This can be due

to the gradient-doped N-TiO2 nanobranches, which not only provide bending band structure and defect

level derived from the N impurities and O vacancies, resulting the formation of n-n+ heterojunctions to

improve the charge separation, but also enhance the charge transfer at the liquid-solid interface due to

the numerous nanobranches and amorphous coating layers.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Development of highly efficient photocatalytic materials for wa-

ter splitting or eliminating organic pollutants has been consid-

ered to be one of the important investigative fields [1–3]. TiO2

is regarded as an ideal photocatalytic material, thanks to its non-

toxicity, outstanding stability, and low cost [4,5]. However, pure

TiO2 photocatalysts generally suffer from the fast recombination

rate of photoexcited electrons and holes, and a large band gap

energy (3.2 eV) that is excited by only ultraviolet light (∼4% of

sunlight) [6]. Therefore, it is still urgently needed to design and

prepare novel TiO2 based photocatalysts with enhanced separation

efficiency of photoexcited electron/hole pairs and visible light re-

sponse to meet the practical requirement.
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Recently, nitrogen (N) doped TiO2 has attracted a lot of atten-

tion due to its narrowed band gap [7–9]. In the N-doped TiO2,

there are two states of N, namely substitutional and interstitial

(Schemes S1a and b in Supporting information). In the substitu-

tional case (Scheme S1a), corresponding to an oxygen (O) atom re-

placed by a N at a regular lattice site, an impurity energy level (Ei)

in N-doped TiO2 is introduced, which just above the valence band

maximum [10]. While, in the case of interstitial position (Scheme

S1b), i.e. directly bounding to lattice oxygen, leading to a slightly

higher Ei in the gap [10]. This indicates that the electronic struc-

ture of N in the N-doped TiO2 is part of the energy levels (N 2p)

of TiO2, which can effectively narrow its band gap. Moreover, N

doping can simultaneously introduce oxygen vacancies (Vo) in the

lattice [10–12]. Due to the presence of two excess electrons in N

atom, two Ti4+ cations can be reduced to Ti3+ cations, leading to

the formation of Vo and defect level (Ti3+ 3d, Ed). According to the

previous studies, the formation of Ti3+ is found to be about 0.8 eV

https://doi.org/10.1016/j.cclet.2022.06.051
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below the conduction band minimum, which can also narrow the

band gap of TiO2 [10,13,14]. However, the narrowed band gap is

also a “double-edged sword”. Although the doping of N can effec-

tively improve the visible light response of the TiO2, the photogen-

erated electrons and holes can recombine more easily due to the

increased defect sites.

It is noteworthy that the presence of N impurities and Vo can

also decrease the Fermi level (EF) of the TiO2, resulting in the

electron transfer from the pure TiO2 to N-TiO2 when combining

them together [15]. After the equilibrium of EF, the band structure

will be bending and causing the formation of n-n+ heterojunction

[16], which can facilitate the transfer of electrons and holes to the

N-TiO2. In this case, constructing a core-shell structured TiO2@N-

TiO2 photocatalyst will be favorable to enhance the photocatalytic

performance because the photogenerated electrons and holes can

migrate from the core to the shell to trigger water splitting or

organic oxidation. However, the conventional type-II heterojunc-

tion may cause the retention of electrons or holes in the core,

which will hinder their usage. On the other hand, the prepara-

tion of heteroatomic gradient-doped semiconductors to adjust the

band structure has gained a lot of attention [6,7,17,18], because

the gradually changed heteroatomic doping level may form a bent

band structure at the gradient-doped layer, which can facilitate the

charge separation. Therefore, constructing core-shell TiO2@N-TiO2

heterojunction with gradient-doped N level could be a fantastic

way to improve the photocatalytic performance, which is rarely re-

ported before.

Herein, a branched core-shell nanosphere composed of an

anatase TiO2 (a-TiO2) core and a shell of gradient-doped N-TiO2

nanobranches (a-TiO2@N-TiO2) is synthesized by an in situ dop-

ing process in the presence of NH3·H2O as N source for the first

time. During the preparation process, a mixed crystal anatase-

rutile TiO2 (ar-TiO2) nanosphere is first prepared by oxidizing Ti

in H2O2 solution and then etched by NH3·H2O to form (NH4)2TiO3

shell, which is further annealed in ambience to obtain the final

product, a-TiO2@N-TiO2. The morphology of the samples could be

modified by the amount of NH3·H2O. The optimized a-TiO2@N-TiO2

with an uniform size of ∼700nm, including a ∼500nm core and a

∼100nm shell composed of gradient-doped N-TiO2 nanobranches

(the doping level gradually increased from the shell bottom to the

shell surface), which exhibit narrowed band gap to improve the

visible light response and form a n-n+ heterojunction between the

a-TiO2 core and N-TiO2 shell. Furthermore, the gradient-doped N

should result in a bent band structure in the shell, which can also

enhance the separation of photogenerated carriers, leading to a re-

markably improved photocatalytic performance in both producing

H2 and degrading refractory organic pollutants.

The detailed synthesis process of branched core-shell a-

TiO2@N-TiO2 nanosphere is illustrated in the Supporting informa-

tion and Fig. 1a. In the first stage, H2O2 reacts with the Ti atoms

on the surface of Ti foil (Eq. 1), leading to the generation of mixed

crystal ar-TiO2 nanospheres (Figs. S1 and S2 in Supporting informa-

tion). As the time increased, NH3·H2O reacts with the outer TiO2

on the surface of ar-TiO2 microspheres to generate (NH4)2TiO3 (Eq.

2) [19]. The reactions could be described as follows:

H2O2+ Ti→TiO2+H2O (1)

TiO2+ NH3·H2O→ (NH4)2TiO3 +H2O (2)

The reaction between Ti atoms and H2O2 forms a porous struc-

ture in the TiO2 according to the Kirkendall effect (Fig. S2d) [19].

Meanwhile, NH3·H2O solutions corrode the TiO2 on the surface,

leading to the formation of core-shell structure with ar-TiO2 as

core and (NH4)2TiO3 as shell. Under the effects of the H2O2 and

NH3·H2O, the surface of TiO2 particle is corroded into a branched

structure. After calcination, the ar-TiO2 can be converted into

anatase TiO2 [20], while the (NH4)2TiO3 can be turned into N-

TiO2 [21], and finally the 3D branched core-shell a-TiO2@N-TiO2

nanospheres are synthesized.

The morphologies of the as-prepared samples are first char-

acterized by scanning electron microscopy (SEM). In the control

experiments, various amount of NH3·H2O is used in the prepara-

tion process and different kinds of nanospheres are obtained (Figs.

1b–d and Fig. S3 in Supporting information) and denoted as a-

TiO2@N-TiO2-x (x=0, 2, 4, 6 and 8). However, the branched core-

shell a-TiO2@N-TiO2 nanospheres can be synthesized with only

4mL NH3·H2O (Figs. 1b-d), which display a structure of branched

nanosphere with a uniform size distribution (Fig. 1b) and aver-

age diameter of ∼700nm (Fig. 1c). Fig. 1d depicts magnified SEM

image of a single a-TiO2@N-TiO2–4 nanosphere. The surface of

the nanosphere is composed of disorderly nanobranches with the

length about ∼50nm, which significantly improves its surface area

and the amount of active sites. The results of energy dispersive

X-ray (EDX) mapping (Figs. 1e–g) confirm that the a-TiO2@N-TiO2

nanospheres consisted of Ti, O and N, demonstrating the existence

of N. The X-Ray diffraction (XRD) plots (Fig. S4 in Supporting infor-

mation) indicate that all these samples display highly crystallized

structure with distinct characteristic peaks of anatase-phase TiO2

(PDF #21–1272) [22], implying that the doping of N do not affect

the crystalline phases of the TiO2, and the ar-TiO2 could be trans-

ferred into anatase TiO2 completely after annealing.

The detailed morphologies and microstructures of a-TiO2@N-

TiO2–4 are further investigated by transmission electron mi-

croscopy (TEM). Fig. 1h shows a typical TEM image of the

a-TiO2@N-TiO2–4 nanospheres, in which the nanospheres are

well-dispersed without aggregation and the average diameter is

∼700nm. Further magnified TEM image (Fig. 1i) clearly reveals a

core–shell structure with a core diameter of ∼500nm and a shell

thickness of ∼100nm. Based on the EDX line scan profile (insert

in Fig. 1i), the EDX intensity of N element is gradually increased

from the bottom of the shell to the edge, suggesting a gradient-

doped N in the shell, which could result in a bent band structure

in the shell to facilitate the separation of photogenerated charges

[7]. However, the Ti and O elements show higher intensity than

N element and slightly reduced from the core center to the edge,

which demonstrates a structure of localized a-TiO2 core and N-

TiO2 shell. The shell is consisted of a large number of nanocrys-

tals, which form the nanobranches (Fig. 1j). Thanks to the inter-

laced nanobranches on the surface of a-TiO2@N-TiO2–4, the sam-

ple displays an ultrahigh average pore-diameter of 18.44nm with

a Brunauer–Emmett–Teller (BET) surface area of 123 m2/g (Fig. S5

in Supporting information), so that much more accessible reaction

sites can be exposed and the capture of the light can be improved.

Fig. 1k shows a typical high-resolution TEM (HRTEM) image of a-

TiO2@N-TiO2–4, which is taken on the edge of a single nanorods.

The lattice spacing is 0.35nm, corresponding to the (101) crystal

plane of anatase TiO2 [23]. Moreover, it should be noted that the

lattice fringes become blurred and discontinuous at the edges of

N-TiO2, indicating that it is a defects-rich region [24]. This could

be attributed to the formation of abundant Vo in the lattice of TiO2

due to the high-ratio of doping N at the edge as mentioned above

(insert in Fig. 1i). This amorphous N-TiO2 may derive more reactive

sites for water splitting [25,26].

X-ray photoelectron spectroscopy (XPS) measurement reveals

the existence of Ti, O and N in the a-TiO2@N-TiO2–4 (Fig. 2a),

which is consistent with the results of EDX. The high-resolution

XPS spectrum of Ti 2p (Fig. 2b) of a-TiO2@N-TiO2–4 shows two ev-

ident peaks located at 458.5 and 464.0 eV, which are ascribed to

Ti 2p3/2 and Ti 2p1/2, respectively, which are slightly red-shifted

compared with that of a-TiO2@N-TiO2–0 [27]. This red-shift could

be ascribed to the N doping in the nanobranches coating, be-
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Fig. 1. (a) Schematic illustration of formation of branched core-shell a-TiO2@N-TiO2 nanosphere. (b-d) SEM images of the a-TiO2@N-TiO2–4, (e–g) EDX mapping of a-TiO2@N-

TiO2–4 confirming the presence of Ti, O and N. TEM (h and i) and HRTEM (j and k) images of the a-TiO2@N-TiO2–4. Insert curves in (i) are the line scanning EDX results of

the core-shell nanosphere.

Fig. 2. (a) XPS spectrum of the a-TiO2@N-TiO2–4, (b) Ti 2p, (c) O 1s and (d) N 1s. (e) UV–vis, (f) enlarged UV–vis spectra (600–750nm), (g) Tauc plot and (h) PL spectra of

a-TiO2@N-TiO2-x (x=0, 2, 4, 6 and 8).

cause the XPS mainly detects the sample’s surface [24]. Fig. 2c

shows the XPS spectra for O 1s region of a-TiO2@N-TiO2–0 and a-

TiO2@N-TiO2–4. It can be seen that the a-TiO2@N-TiO2–0 shows a

broad peak at 530.0 eV, which can be ascribed to the Ti–O-Ti in

anatase TiO2, while a small peak at 531.9 eV is attributed to the

hydroxyl groups of the chemisorbed water [28]. However, the O 1s

peak of a-TiO2@N-TiO2–4 can be split as two red-shifted peaks at

529.9 eV and 531.7 eV, respectively, which could also be attributed

to the formation of abundant Vo and amorphous TiO2 due to the

N doping. The a-TiO2@N-TiO2–4 shows a weak peak at 400 eV as-

cribed to N 1s (Fig. 2d), which is in accordance with the doped N

in TiO2 as reported before [29]. The XPS results further demon-

strate the a-TiO2@N-TiO2 nanospheres are anatase phase, and N

is successfully doped in the sample by the facile in situ doping

process.

Generally, doping with non-metallic elements, including N,

and formation of Vo could alter the electronic properties

of TiO2. We therefore explore the electronic band structure of

a-TiO2@N-TiO2-x using UV-DRS spectra. As shown in Fig. 2e, the

visible light absorption of the a-TiO2@N-TiO2-x is significantly en-

hanced with the increase of the N content, indicating the N dopant

can effectively narrow the band gap of TiO2 and make it active

under visible light. In addition, a-TiO2@N-TiO2-x also exhibit an-

other obviously weak absorption band in the range from 600nm

to 750nm (Fig. 2f), suggesting there is not a homogeneous distri-

bution of N doping and Vo in the bulk a-TiO2@N-TiO2-x [24], and

this is consistent with the TEM results. The corresponding band

structures of the a-TiO2@N-TiO2-x are also calculated and shown

in Fig. 2g. According to the transformed Kubelka-Munk function

αhυ =A(hυEg)
1/2, a gradually red shift of the band gaps (3.35,

3.31, 3.27, 3.25, 3.1 eV) of a-TiO2@N-TiO2-x are observed with the

amount of NH3·H2O increased, which is in accordance with their

optical adsorption properties. It should be noted that, exception of

the main band gaps, a-TiO2@N-TiO2-x (x=2, 4, 6, and 8) have an-

other weak band structures, which can be attributed to the existed

impurity level and defect level [24,30,31]. In addition, the photo-

luminescence (PL) spectra are executed to evaluate the separation

efficiency of photoexcited charge carriers in the samples. As dis-

played in Fig. 2h, a-TiO2@N-TiO2–4 shows the weakest PL inten-

sity, indicating the fast electrons transfer between a-TiO2 and N-

TiO2, which lead to the PL quenching and reduce the electron-hole

recombination [32].
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Fig. 3. (a) Hydrogen evolution of the samples and (b) recycled hydrogen evolution for 15h of a-TiO2@N-TiO2–4 under AM 1.5 irradiation with 20 vol% methanol as the

sacrificial agent. (c) Removal ratio and (d) rate constant on photocatalytic degradation of TC by a-TiO2@N-TiO2-x under AM 1.5 illumination (TC=10ppm, T=25 °C). (e)
Chopped J-t curves tested at 0.8V vs. SCE under AM 1.5 illumination, and (f) EIS Nyquist plots of the a-TiO2@N-TiO2-x.

The photocatalytic H2 production performance is evaluated

under air mass (AM) 1.5 irradiation with 20 vol% methanol as

the sacrificial agent (Figs. 3a and b). As displayed in Fig. 3a,

the photocatalytic activity of a-TiO2@N-TiO2-x is enhanced with

increasing N content from a-TiO2@N-TiO2–0 to a-TiO2@N-TiO2–4,

which should be attributed to the enhanced charge transfer at the

photocatalyst/solution interface due to the arising of nanobranches,

and improved separation of photogenerated electron/hole pairs in

the bulk phase ascribed to the formation of gradient N doping.

The a-TiO2@N-TiO2–4 possesses the highest photocatalytic activity

with the H2 production rate of 308.1 μmol g−1 h−1, which is su-

perior to most of the TiO2-based photocatalysts for H2 production

reported to date (Table S1 in Supporting information). However,

a further increase of N content, the photocatalytic activity of

a-TiO2@N-TiO2-x (x=6 and 8) composites is decreased. This can

be due to the excess O defects sites in a-TiO2@N-TiO2-x, which

can also act as the recombination centers for the photogener-

ated electron/hole pairs [33]. Moreover, the superfluous NH3·H2O

would destroy the branched core-shell morphology (Figs. S3d-g in

Supporting information), which is adverse for the separation and

transportation of the charges. The stability of the a-TiO2@N-TiO2–4

photocatalyst is further evaluated (Fig. 3b). There is no evident

photocatalyst deactivation in continuous H2 evolution measure-

ments after 15h operation, which demonstrates the excellent

stability of a-TiO2@N-TiO2–4 for photocatalytic H2 evolution.

As one of the most active photocatalyst, the photogenerated

holes of TiO2 have enough oxidation potential (∼3.1V vs. Normal

Hydrogen Electrode, NHE) to oxidize the absorbed hydroxyl into

hydroxyl radicals and also directly oxidize most kinds of organ-

ics [34]. The photocatalytic performance is further evaluated by

degrading tetracycline (TC) under AM 1.5 illumination (Figs. 3c

and d). The results indicate that the a-TiO2@N-TiO2–4 shows the

highest active in removing TC, which can remove almost 100% TC

from the solution after 1 h operation with a rate constant (k) of

∼0.093 min−1 (Fig. S6 in Supporting information). The ranking of

activity of these samples are the same as the photocatalytic H2

evolution, which further demonstrates the optimized sample is

a-TiO2@N-TiO2–4. The active species in the TC degradation process

are studied using the trapping experiments. As shown in Fig. S7

(Supporting information), ·OH and h+ are the main active species

in the degradation of TC. In the photocatalytic degradation pro-

cess, organics can be oxidized by the holes and the corresponding

hydroxyl radicals [35], which means the photocatalytic activity is

mainly determined by the separation efficiency of the photogen-

erated electron/hole pairs in the photocatalyst. So, the ranking

of activity is the same in both photocatalytic water splitting and

organic decomposition.

The photocatalytic activity of a-TiO2@N-TiO2–4 is further inves-

tigated by removing various refractory organic pollutants (Table

S2 in Supporting information), including organic dyes, phenols,

antibiotics, and personal care products (PCPs). Excellent removal

ratios are achieved for these model pollutants after 1 h or 2h

operation under AM 1.5 illumination. The removal ratios of the

organic dyes are higher than 91% after 1h operation even with

an initial concentration of 20ppm, which are much higher than

that of others. This should be due to the relatively easy fading of

organic dyes. The removal rates of phenols are relatively smaller

than others, lower than 90% after 1h operation with an initial

concentration of 10ppm, which should be attributed to their more

stable molecular structures than other model pollutants. However,

after 2 h operation, all these organic pollutants could be degraded

over 96%, and the removal ratios of total organic carbon (TOC)

are similar and reach to 65.8%−77.3% after 5h operation, which

further demonstrates the outstanding photocatalytic performance

of a-TiO2@N-TiO2–4 in degrading organic pollutants.

To confirm the enhanced charge separation efficiency in the

branched core-shell a-TiO2@N-TiO2 nanospheres, chronoamper-

ometry (J-t) and electrochemical impedance spectroscopy (EIS)

measurements are carried out for all as prepared samples. As

shown in Fig. 3e, all samples show transient photocurrent re-

sponse when turn on the light, which further demonstrates

all of them have photoactivity. A higher photocurrent response

means a more efficient charge separation performance. The

a-TiO2@N-TiO2–4 shows the highest photocurrent density com-

pared with others, which indicates the optimized morphology of

nanobranched core-shell nanosphere and gradient N doping signif-

icantly enhance the charge transfer and separation. Furthermore,

the a-TiO2@N-TiO2–4 presents a representative EIS Nyquist plot

with a much smaller arc radius than that of other samples (Fig.

3f), which means that the charge transfer resistance is remarkably

decreased by the appropriate doping of N in a-TiO2@N-TiO2–4. In

general, both J-t and ESI results reveal the high efficiency of a-

TiO2@N-TiO2–4 in accelerating charge transfer and separation, and

thus an excellent photocatalytic performance could be anticipated.
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Fig. 4. Schematic illustration of (a) the band structure evolution for the forma-

tion of homojunction and (b) photoexcited carrier transfer in the branched core-

shell a-TiO2/N-TiO2 nanospheres with a gradient distribution of N element in the

nanobranches.

Based on the above analyses, we propose the possible energy

levels and charge transfer pathways in the branched core-shell

a-TiO2@N-TiO2 nanospheres and show them in Fig. 4. In the dark-

ness, the EF of N-TiO2 would be lower than that of a-TiO2 because

the existed impurity level induced by N doping (left part of Fig.

4a) [14]. As the doping amount of N increasing from the bottom of

the branched shell to the surface, the EF should decrease gradually

[16]. Therefore, the electrons in the a-TiO2 would transfer to

the N-TiO2, which could lead to the equilibration of EF and the

band bending in the gradient N doped branch layers, forming a

n-n+ heterojunction with unique band structure (right part of

Fig. 4a). Furthermore, the migration of electrons could cause the

formation of electric field between a-TiO2 and N-TiO2. In this

situation, both photogenerated electrons and holes can be driven

to the conduction band (CB) and valence band (VB) of N-TiO2

nanobranches, respectively. In the presence of hole scavengers,

the charge recombination will be effectively suppressed in the

N-TiO2 nanobranches, therefore the evolution of H2 can be sig-

nificantly enhanced by the reduction of electrons. When applying

in photocatalytic wastewater treatment, the holes should oxidize

the absorbed organics directly, or oxidize the absorbed –OH

groups into hydroxyl radicals (·OH) for further oxidizing organics

efficiently, while the electrons should be captured by dissolved

oxygen for oxygen reduction reaction (ORR) [34]. Obviously, this

unique band structure and charge transfer model is very applicable

in this core-shell heterojunction for hindering charge recombina-

tion, because both electrons and holes can be applied in reduction

and oxidation reactions efficiently at the photocatalyst/solution

interface (Fig. 4b). Furthermore, the ultrathin amorphous layer at

the nanobranches′ surface (Fig. 1k) can enhance the absorption of

substances and provide more active sites [17], therefore facilitating

the charge transfer at the photocatalyst/solution interface. In

addition, the nanobranches should cause the reflection of light,

enhancing the light harvesting for producing more charges. Con-

sequently, the branched core-shell a-TiO2@N-TiO2 nanospheres

with gradient N doping show significantly improved photocatalytic

activities in both solar water splitting and wastewater treatment.

In general, we synthesize a novel branched core-shell a-

TiO2@N-TiO2 nanosphere with a gradient N doping in the

nanobranches for highly efficient photocatalytic hydrogen genera-

tion and wastewater purification. The nanosphere is prepared by

a facile wet chemical method, in which the amount of NH3·H2O

plays an important role to control the nanosphere’s morphology.

The optimized amount is 4mL in the given conditions, and the

obtained nanospheres has uniform morphology with a meso-

porous core of a-TiO2 (∼500nm of diameter) and a shell of N-TiO2

nanobranches with gradient N doping (gradually increased from

the bottom to the top, ∼100nm of thickness) and a ultrathin

amorphous coating. This optimized sample shows a H2 production

rate of 308.1 μmol h−1 g−1 under AM 1.5 illumination, which is

about 6.7 times higher than that of the bare TiO2 nanosphere.

Furthermore, the a-TiO2@N-TiO2 nanospheres also exhibit high

activity in removing various refractory organic pollutants. The

outstanding photocatalytic performances of the a-TiO2@N-TiO2

nanosphere should be attributed to the following reasons: (1) the

gradient N doping cause the formation of n-n+ heterojunction and

electric field between a-TiO2 and N-TiO2, which drive photogener-

ated electrons and holes transferring to the N-TiO2 nanobranches;

(2) the ultrathin amorphous layer at the nanobranches’ surface

enhance the absorption of substances and provide more active

sites; (3) the nanobranches cause the reflection of light, enhanc-

ing the light harvesting for producing more charges. This work

provides a significant reference for the rational design of unique

nanostructured photocatalyst used in hydrogen production and

wastewater purification.
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