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Abstract
N-doped black  TiO2 spheres  (N2–b-TiO2) were prepared by solvothermal reaction and calcination under a nitrogen atmos-
phere. N-doping introduces new impurity levels above the  TiO2 valence band, enhancing the effective absorption of 
visible light. The presence of  OV and  Ti3+ in the disordered outer layer inhibits electron–hole pair recombination, and 
the spherical structure provides many active sites. Those were confirmed by X-ray diffraction, Fourier transform IR, X-ray 
photoelectron spectroscopy and High-resolution transmission electron microscopy. UV–visible absorption indicates that 
the nitrogen-doped black  TiO2 samples has a reduced band gap and a strong visible light absorption, which is attributed 
to the doping of  OV,  Ti3+ and N. The photocatalytic efficiency of the best sample  (N2–b-TiO2) for potassium dichromate 
and rhodamine B was 96.2% and 99.5%, respectively. The superoxide radical (•O2

−) played a dominant role in photoca-
talysis by scavenging experiments. Thus, a photocatalytic mechanism with reduced band gap has been proposed. This 
study provides a simple and practical method for non-metallic doping to control the photocatalytic performance of 
semiconductors.
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1 Introduction

Modification of the semiconductor photocatalyst can be 
achieved by doping, formation of heterojunctions, and 
changing the phase structure [1–4]. Doping has been used 
as a simple and easy method, in which non-metal doping 
has been proven to be a effective way to expand the pho-
toresponse range of semiconductors [5, 6].  TiO2 is a prom-
ising semiconductor catalyst for its low cost, excellent sta-
bility, and non-toxicity [7–9]. However, The absorption of 
visible light by  TiO2 is less than 5%, and its photogenerated 
electron–hole pairs are rapidly recombined, resulting in 
low photocatalytic activity. Many reports suggest that 
doping with nitrogen is a simple and effective method to 
improve the photocatalytic performance of  TiO2 [10]. The 
results of calculations show that, because of the mixing 
of the N 2p states with O 2p states in the valence bands, 
the substitutional doping of N for O reduces the band-
gap and increases the visible-light photocatalytic activity 
[11]. Asahi et al. [12] prepared nitrogen-doped  TiO2 films 
by sputtering, and these films showed good photocata-
lytic activity in the visible light range. Although nitrogen 
doping can achieve visible light absorption from 400 to 

600 nm, it is still difficult to achieve light absorption in 
a broader range (400–800 nm). In 2011, Chen et al. pre-
sented a black  TiO2 with a highly disordered surface layer 
and a visible light absorption range of 400–1200 nm [13]. 
At present, methods of preparing black  TiO2 include high-
pressure hydrogenation, chemical reduction, and chemi-
cal oxidation [14–17]. However, the shortcomings of these 
methods include long reaction times, expensive chemi-
cals, and complex operation.

Recently, more researchers have paid attention to the 
modification of the microstructure of black  TiO2 to improve 
its photocatalytic properties, such as the use of a spheri-
cal morphology. Black  TiO2 spheres have a high specific 
surface area, which provides many active reaction sites 
for photocatalytic activity [17–19]. Hu et al. [20] prepared 
a black  TiO2 hollow sphere with a relatively high surface 
area of 80 m2 g−1 and a high photocatalytic hydrogen evo-
lution rate (241 μmmol h−1 0.1 g−1), but the preparation 
method requires dangerous high-temperature hydrogena-
tion. Although black N-TiO2-x hollow spheres have a large 
specific surface area of 128 m2 g−1 and show a high visible-
light-driven photocatalytic degradation ratio for phenol 
(up to 95%), the degradation process is time-consuming 
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(210 min) [21]. Therefore, simpler and safer methods for 
preparing nitrogen-doped black  TiO2 spheres with excel-
lent photocatalytic activity are urgently required.

Herein, we propose a solvothermal method combined 
with calcination under a nitrogen atmosphere to prepare 
black N-doped  TiO2 spheres to improve the photocata-
lytic performance. The relationship between the structure 
and the photocatalytic performances was also explored 
by comparing the behaviour of black  TiO2 spheres and 
N-doped black  TiO2 spheres. In addition, the photocata-
lytic mechanism of the N-doped black  TiO2 spheres is also 
proposed. This study will have widespread practical appli-
cation in the environmental field.

2  Experimental

2.1  Materials

Titanium(IV) sulfate (Ti(SO4)2), dodecyltrimethylammo-
nium bromide (CTAB), ammonium chloride  (NH4Cl), and 
hydrochloric acid (HCl) were purchased from Sinopharm 
Chemical Reagent Co., Ltd., (China) and used without fur-
ther purification.

2.2  Synthesis of the N‑doped black  TiO2 spheres

The N-doped black  TiO2 spheres were prepared via a sol-
vothermal method, followed by calcination under a nitro-
gen atmosphere. In a typical process, titanium(IV) sulfate 
(0.5 g), dodecyltrimethylammonium bromide (0.1 g), and 
absolute ethanol (10 mL) were mixed together. Then, dif-
ferent amounts of ammonium chloride were dissolved in 
a mixture of hydrochloric acid (1 mL) and distilled water 
(20 mL). The second solution was gradually added to the 
first and then stirred for 2 h at room temperature, followed 
by transfer to an autoclave and heating at 180 °C for 12 h. 
Afterwards, the samples were gradually cooled to room 
temperature. The product was obtained from the autoclave 
by centrifuging thrice with deionised water and ethanol 
and drying at 60 °C for 3 h. Subsequently, the final products 
were transferred into porcelain boats and calcined at 500 °C 
for 3 h under an  N2 atmosphere. Cooling to room tempera-
ture yielded the nitrogen-doped black  TiO2 spheres. The 
samples of nitrogen-doped black  TiO2 spheres are denoted 
 Nn–b-TiO2, where n represents the mole ratio of ammonium 
chloride to  TiO2, i.e. 0:1, 1:1, 2:1, and 3:1. The final products 
are, thus,  N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2.

2.3  Material characterisation

The crystal structures and stabilities of the samples 
were characterised by X-ray diffraction (XRD) (Bruker D8 

Advance). Transmission electron microscopy (TEM) (Tec-
nai G2 F20) was used to study the morphologies and 
atomic arrangement of the samples. The morphologies 
of the samples were characterised by scanning electron 
microscopy (SEM) (LEO1430VP). The chemical composi-
tion was investigated by energy dispersive spectroscopy 
(EDS) (LEO1430VP). Fourier transformation infrared (FT-
IR) spectra were obtained on a Nicolet 500 spectrometer. 
X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 
250XI) was used to determine the surface electron states 
of the samples and the concentration of each phase in the 
mixed phases. The optical properties were characterised 
by PerkinElmer UV/Vis spectrometer (Lambda 650 S) at 
room temperature.

2.4  Photocatalytic measurements

The measurements of the photocatalytic activity were car-
ried out at room temperature by the degradation of potas-
sium dichromate (Cr(VI)) and rhodamine B (RhB) dyes. A 
350-W Xe light equipped with an optical filter (κ ≥ 420 nm) 
served as the source of simulated sunlight. In the photo-
catalytic test, 10 mg of the sample were placed in a 50-mL 
beaker with 40-mL aqueous suspensions of potassium 
dichromate (Cr(VI)) and RhB (20  mg  L−1), respectively. 
Before irradiation, the suspensions were magnetically 
stirred in the dark for 30 min to establish adsorption/des-
orption equilibrium between dyes and the photocatalyst. 
Circulating water was used to cool the solution and to pre-
vent solvent evaporation. During the measurement pro-
cess, 4-mL aliquots suspensions were collected at intervals 
(30 min) for analysis after centrifugation. The concentra-
tion of RhB was monitored by measuring the absorbance 

Fig. 1  XRD patterns of  N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and 
 N3–b-TiO2, respectively
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at 554 nm using a UV/Vis spectrometer (Lambda 650 s, 
Perkin Elmer, USA). The Cr(VI) concentration in the filtrate 
was measured using the standard 1,5-diphenylcarbazide 
colorimetric method by measuring the purple complex at 
540 nm using the UV–VIS spectrophotometer [22].

3  Results and discussion

The crystal phases and crystallinity of  N0–b-TiO2, 
 N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2 were studied by 
X-ray diffraction analysis, as shown in Fig. 1. All the sam-
ples show similar patterns that are consistent with the 

standard card of anatase  TiO2 (No. JCPDS 21-1272). A series 
of characteristic peaks at 2θ = 25.31°, 37.80°, 48.04°, 53.89°, 
55.06°, 62.68°, 68.76°, 70.30°, and 75.02° were observed, 
and these correspond to the (101), (004), (200), (105), (211), 
(204), (116), (220), and (215) planes of anatase  TiO2, respec-
tively [23, 24]. With increasing ammonium chloride, the 
anatase (101) peak of N-doped black  TiO2 spheres became 
broader and less intense [25]. Table 1 shows the 2θ values, 
full width half maximum (FWHM), and crystallite sizes of 
 N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2. As calcu-
lated from the most intense peak of the anatase phase 
(101), the grain sizes of  N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, 
and  N3–b-TiO2 were found to be 10.33, 12.34, 12.88, and 
13.91 nm, respectively. These results show that, as the con-
tent of ammonium chloride increases, the crystallite size 
of the sample gradually increases [26].

The composition and surface functional groups of the 
 N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2 samples 
were analysed by FT-IR (Fig. 2a). All samples show similar 
spectra, corresponding to the stretching of the hydroxyl 
groups at around 3448 cm−1, and the peak at 1604 cm−1 
arises from the stretching of the O–H bond. In comparison 
with  N0–b-TiO2, the  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2 
samples display additional peaks at around 1426 and 

Table 1  The 2θ values of observed reflections, their FWHM, and the 
crystallite sizes of different samples

Samples Diffraction 
angle (°)

FWHM (rad) Crystallite 
size (nm)

N0–b-TiO2 12.72 0.0136 10.33
N1–b-TiO2 12.70 0.0113 12.34
N2–b-TiO2 12.67 0.0101 12.88
N3–b-TiO2 12.68 0.0092 13.91

Fig. 2  a FT-IR spectra of  N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2. b SEM images of the  N2–b-TiO2 spheres. c–f EDS mapping results of 
the  N2–b-TiO2 spheres: d Ti, e O, and f N
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1170 cm−1, which are attributed to the vibrations of the 
N-Ti bonds. The appearance of the N-Ti bond in the sam-
ples suggests that N had been successfully incorporated 
into the black  TiO2 lattice [27, 28]. The morphologies of the 
 N2–b-TiO2 particles were characterised by SEM. As shown 
in Fig. 2b, the  N2–b-TiO2 particles are spherical with an 
average diameter size of 1–2 μm and a rough surface. The 

 N2–b-TiO2 sample was further evaluated by EDS elemental 
mapping. As shown in Fig. 2c–f, the samples contain Ti, O, 
and N. The observed spatial distribution of Ti and O cor-
respond to the  TiO2 spheres. Nitrogen is homogeneously 
dispersed over the entire sample area. The results further 
demonstrate that N had been successfully doped into the 
black  TiO2 spheres.

Fig. 3  a High-resolution HRTEM images of the  N2–b-TiO2 sample. b HRTEM images of the region enclosed by the blue line in (a). Inset: Fast 
Fourier transform image of  N2–b-TiO2. c Low-magnification TEM images of the  N2–b-TiO2 sample

Fig. 4  a Survey XPS spectra, and b Ti 2p, c O 1s, and d N 1s spectra of  N2–b-TiO2
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As shown in Fig. 3a, the inner layer of the sample sur-
rounded by blue line is crystalline, whereas the surface 
is disordered. The area surrounded by the blue line in 
Fig. 3a is enlarged in Fig. 3b, showing the lattice fringes 
with an inter-plane spacing of 0.35 nm. The correspond-
ing fast Fourier transform (FFT) pattern (Inset) indicates 
that the lattice plane of  N2–b-TiO2 is (101). Figure 3c is a 
low-magnification TEM image of the  N2–b-TiO2 sample. 
The samples show a spherical morphology with a disor-
dered surface. Based on earlier studies [29], this disor-
dered outer layer may be caused by the introduction of 
 Ti3+ and oxygen vacancies  (OV). At the same time, this dis-
ordered outer layer can provide electrons, and the crystal 
layer interface area acts as an electron transport channel. 
This structure has both a high carrier concentration and 
high electron mobility, which is beneficial to improving 
the photocatalytic performance. All these characteristics 
indicate that black  TiO2 spheres were prepared, and the 
process of nitrogen doping did not affect the morphology.

The chemical composition and surface chemical bonds 
of  N2–b-TiO2 were investigated using XPS analysis. As shown 
in Fig. 4a, b-N-TiO2 includes O, Ti, N, and C, which also proves 
the presence of nitrogen species. The carbon observed may 
be adventitious carbon contaminants or residual organic 
carbon from the XPS instrument or the external environ-
ment. As shown in Fig. 4b, peaks correspond to  Ti4+  2p1/2, 
 Ti3+  2p1/2,  Ti4+  2p3/2, and  Ti3+  2p3/2 were observed at binding 
energies of 464.3, 463.3, 458.2, and 457.5 eV, respectively 
[30]. As shown in Fig. 4c, the O 1s state of the sample shows 
two peaks at 530.6 and 529.8 eV, which represent two differ-
ent O species in the sample. The binding energy of 530.6 eV 
corresponds to chemisorbed oxygen, dissociated oxygen, 
or OH groups on the surface. The shoulder peak observed at 
529.8 eV corresponds to the O lattice of  TiO2 (Ti–O) [31]. For 
the N 1s peaks (Fig. 4d), the peak appeared at 399.5 eV after 
the substitution of N for O in the form of O–Ti–N bonding. 
The peak at 400.6 eV is attributed to the surface adsorp-
tion of  N2. The other peak at 401.5 eV can be assigned to 
the nitrogen species bound to various surface oxygen sites 
[32]. XPS analysis further confirmed that nitrogen had been 
successfully doped into the  TiO2 crystals.

The UV–Vis absorption spectra of the as-prepared sam-
ples are shown in Fig. 5a. Compared with the  N0–b-TiO2 
sample, the absorption of visible light by the nitrogen-
doped black  TiO2 sample is obviously enhanced, which 
can be attributed to the doping by  OV,  Ti3+, and N, as well 
as the synergistic hydrogenation effect, which effectively 
reduces the bandgap of  TiO2 and increases the absorption 
of light [33]. As shown in Fig. 5b, the bandgap values of 
 N0–b-TiO2,  N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2 are esti-
mated to be 2.2, 2.0, 1.7, and 1.9 eV, respectively. Of the 
samples,  N2–b-TiO2 has the narrowest band gap and the 
best photocatalytic ability, as discussed later.

The performance of the catalysts was studied via Cr(VI) 
and RhB degradation under visible light irradiation, as 
shown in Fig. 5b–f. After 150 min of visible-light irradiation, 
the photocatalytic efficiencies of  N0–b-TiO2,  N1–b-TiO2, 
 N2–b-TiO2, and  N3–b-TiO2 for potassium dichromate 
(10 mg/L) were 44.1, 65.6, 96.2, and 70.4% (Fig. 5b), respec-
tively. Turning to the degradation of RhB,the  N0–b-TiO2 
catalyst showed negligible activity, and the degradation 
was 46.2% in 120 min. The rates of RhB degradation of 
 N1–b-TiO2 and  N3–b-TiO2 are 70.3% and 85.6%, respec-
tively. Furthermore,  N2–b-TiO2 achieved 99.5% degrada-
tion under visible light irradiation (Fig. 5c). These results 
are consistent with the UV–Vis results. The photocatalytic 
degradation of RhB is a pseudo-first-order reaction, and 
its kinetics can be expressed as ln(C0/C) = k × t, where k is 
the photocatalytic reaction rate constant; the results are 
shown in Fig. 5d. The k values of  N0–b-TiO2,  N1–b-TiO2, 
 N2–b-TiO2, and  N3–b-TiO2 are 0.005, 0.009, 0.026, and 
0.014  min−1, respectively. The k value of  N2–b-TiO2 is 
5.2 times higher than that of  N0–b-TiO2. The role of the 
active radicals in the  N2–b-TiO2 sample was investigated 
using free radical trapping experiments, and the results 
are shown in Fig. 5e. Typically, hydroxyl radicals (•OH) and 
superoxide anions (•O2

−) are the possible reactive species 
in the photocatalytic degradation. Tert-butyl alcohol (TBA), 
p-benzoquinone (BQ), and disodium ethylenediaminetet-
raacetic acid  (Na2-EDTA) were used as scavengers for the 
hydroxyl radicals (•OH), superoxide radicals (•O2

−), and 
holes  (h+) [34]. When adding 5 mM BQ, the photocatalytic 
degradation efficiency of  N2–b-TiO2 fell to 44.5%. There-
fore, the efficiency of the photocatalytic degradation of 
RhB is obviously reduced after adding BQ, demonstrating 
that photogenerated •O2

− radicals were the dominant reac-
tive species responsible for the high photocatalytic activity 
[35]. In addition, the visible light degradation stability of 
 N2–b-TiO2 was examined by following the degradation of 
RhB during a five-cycle experiment. After each run, the 
catalyst was stirred in the dark for 30 min and reused in 
the next run. As shown in Fig. 5f, the degradation rates 
remained at 90.4% after five cycles. These results indicate 
that the use of  N2–b-TiO2, which has a narrow bandgap 
and high photocatalytic reaction rate, results in excellent 
and stable photocatalytic activity.

Based on the above results, we proposed a possi-
ble photocatalytic mechanism for the N-doped black 
 TiO2 spheres. As shown in Fig. 6, the N doping results 
in a new impurity level above the valence band of  TiO2. 
Meanwhile,  OV and  Ti3+ in the disordered outer layer 
form a new energy state under the conduction band 
of  TiO2 [36]. Moreover, the N-doped black  TiO2 spheres 
have a high surface area, which offers more active sites 
for photocatalytic reaction [37]. Under simulated vis-
ible light irradiation, the N-doped black  TiO2 spheres 
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were excited to produce photoelectron–hole pairs. The 
photogenerated electrons are excited from the valence 
band (VB) of the N-doped black  TiO2 spheres to the 
conduction band (CB), and holes are left in the valence 
band. At the same time, a new energy state with a high 
concentration of  Ti3+ and oxygen vacancies is formed 
below the conduction band of  TiO2, suppressing the 

recombination of electron–hole pairs. In the photocat-
alytic process, photogenerated electrons are involved 
in the redox reaction of the Cr(VI)-to-Cr(III) conversion 
and react with oxygen  (O2) to form superoxide radicals 
(•O2

−). Meanwhile, the photogenerated holes react with 
water  (H2O) or hydroxide ions  (OH−) adsorbed on the 
surface of the catalyst to generate hydroxyl radicals 

Fig. 5  a UV–Vis spectra and band gaps (inset) of  N0–b-TiO2, 
 N1–b-TiO2,  N2–b-TiO2, and  N3–b-TiO2. Photocatalytic process of 
potassium dichromate (b) and RhB (c) for different catalysts under 
visible light irradiation. d Changes in the ln(C/C0) versus visible light 

irradiation time for different catalysts. e Trapping test of photogen-
erated holes and radicals with  N2–b-TiO2. (f ) The degradation cycles 
of RhB using  N2–b-TiO2 as photocatalysts after visible light irradia-
tion for 2 h
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(•OH). Finally, •O2
− radicals with strong reducing power 

are used to decompose pollutants. This is consistent 
with the experimental results obtained with the sacri-
ficial agents, which indicate that •O2

− radicals are the 
main active groups responsible for maintaining the 
high photocatalytic activity of the N-doped black  TiO2 
spheres. Therefore, the excellent photocatalytic perfor-
mance of N-doped black  TiO2 spheres can be attributed 
to three factors: (1) Nitrogen doping generates new 
impurity levels above the valence band of  TiO2, which 
absorbs visible light in sunlight effectively; (2)  OV and 
 Ti3+ in the disordered outer layer form a new energy 
state under the conduction band of  TiO2, which inhib-
its the electron–hole pair recombination; and (3) the 
large specific surface area of the spheres provides more 
active sites, which makes contact between the reactants 
and the catalysts easier and improves the photocatalytic 
performance.

4  Conclusion

In summary, N-doped black  TiO2 spheres were success-
fully synthesised by a simple solvothermal method. The 
morphological and structural analyses confirmed that 
N species had been incorporated into the black  TiO2 
spheres. The N doping results in a new impurity level 
above the valence band of  TiO2, and  OV,  Ti3+ in the disor-
dered outer layer form a new energy state under the con-
duction band of  TiO2, which can effectively enhance the 
absorption of visible light and inhibits electron–hole pair 
recombination. Moreover, the spherical structure pro-
vides many active sites. Therefore, the efficiency of the 
degradation of Cr(VI) and RhB by the  N2–b-TiO2 spheres 
was as high as 96.2% and 99.5%, repectively. Trapping 
of the photogenerated holes and radicals of  N2–b-TiO2 

confirmed that superoxide radicals (•O2
−) played a cru-

cial role in the degradation of the organic pollutant. This 
work demonstrates a method for optimizing composite 
semiconductor catalysts from morphology and band 
structure, providing a good reference for comprehensive 
improvement of semiconductor photocatalysis.
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