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Abstract
Mesoporous carbonate-doped TiO2 microspheres were prepared by a facile solvothermal route combining a low-temperature 
annealing process. XPS, TG, and FTIR analysis revealed the presence of carbonate species on TiO2 surface, which extended 
the optical absorption of the TiO2 microspheres to the visible region. The carbonate-doped T200 microspheres exhibited 
much higher photocatalytic degradation of MO activity compared with non-doped T400 microspheres under visible light 
illumination. By adjusting initial titanium precursor concentration and reaction time, the best photocatalytic performance 
of carbonate-doped T200 microspheres was obtained. In addition, carbonate-doped T200 microspheres also displayed good 
photocatalytic disinfection efficiency towards Escherichia coli under visible light exposure. Our study revealed that the 
carbonate-doped TiO2 microspheres would be applied in the water treatment for the degradation of organic pollutants and 
disinfection of bacteria.

1  Introduction

As a “green” technology, semiconductor photocatalysis 
based on solar energy utilization has attracted increasing 
attentions by removing organic pollutants and pathogenic 
bacteria from wastewater [1–3]. Of the well-known semicon-
ductor materials, TiO2 has proved to be effective photocata-
lysts in plenty of environmental application fields owing to 
its low cost, nontoxicity, long-term stability and high photo-
catalytic efficiency [4–6]. But the widespread usage of TiO2 
is greatly hindered by its large band gap and fast recombina-
tion of photo-induced electron–hole pairs. Much effort has 
been attempted to enhance the photocatalytic property of 
TiO2, including noble metals deposition [7], metal or non-
metal elements doping [8], organic dyes sensitization [9], 
and other semiconductors coupling [10].

For the decades, it has been demonstrated that carbon-
doped TiO2 was an effective way to induce visible light 

absorption through narrowing the TiO2 band gap [11–14]. 
But the preparation methods usually needed high tempera-
ture, which could damage the porous TiO2 nanostructure 
[12, 14]. Recently, carbonate-doped TiO2 photocatalysts syn-
thesized at low temperature have been reported to improve 
visible light induced photocatalytic activities [15–20]. Liu 
et al. first developed a simple solvothermal route for prepar-
ing carbonate-doped TiO2 microspheres, which displayed 
very high photocatalytic activity as compared with other 
TiO2 photocatalysts [15]. Liu et al. demonstrated that car-
bonate doping can narrow the TiO2 bandgap and also act 
as photosensitizer to promote the charge carriers’ separa-
tion [16]. However, to our best knowledge, the influences of 
synthesis parameters on the morphology, structure and pho-
tocatalytic activity of carbonate-doped TiO2 microspheres 
have not been studied systematically. In addition, their anti-
bacterial activity was still unknown under the exposure of 
visible light.

In this work, we synthesized carbonate-doped mesoporous 
TiO2 microspheres using a facile solvothermal method and 
subsequent low-temperature annealing treatment. Then the 
carbonate-doped TiO2 microspheres was utilized for pho-
todegradation of methyl orange (MO) and disinfection of 
Escherichia coli (E. coli) under visible light illumination. 
The effects of various synthesis parameters (initial titanium 
precursor concentration and the reaction time) on the mor-
phology, structure, optical and photocatalytic properties 
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were investigated. Finally, the possible enhanced visible 
light photocatalytic mechanism with carbonate-doped TiO2 
microspheres was proposed.

2 � Experimental section

2.1 � Synthesis of photocatalysts

Firstly, TiO2 microspheres were prepared through a facile 
solvothermal process. 2 mL of titanium isopropoxide (TIP, 
Aldrich Chemical Reagent Co., Ltd) was added into 60 mL 
of acetone (≥ 99.5%, Sinopharm Chemical Reagent Co.,Ltd). 
After stirring vigorously for 5 min, the mixture was trans-
ferred to 100 mL Teflon-lined stainless-steel autoclave and 
then reacted at 200 °C for 4 h. After cooling down to room 
temperature, the precipitate was collected by centrifugation, 
washed with deionized water and acetone for several times, 
and dried under vacuum at 60 °C. At last, the carbonate-
doped TiO2 microspheres were achieved in subsequent 2 h 
calcination at 200 °C in a furnace, which was denoted as 
T200. For comparison, the non-doped TiO2 microspheres 
were prepared by heating at 400 °C, denoted as T400.

2.2 � Characterization

X-ray diffraction (XRD) patterns were obtained on Rigaku 
D/Max-2500 diffractometer with Cu Kα radiation. The 
morphologies were observed by field emission scanning 
electron microscopy (FESEM, JSM-7001F) and transmis-
sion electron microscopy (TEM, JEM-2100). X-ray photo-
electron spectroscopy (XPS) was recorded on ESCALAB 
250Xi photoelectron spectrometer with Al Kα X-ray source. 
Thermogravimetric (TG) analysis was conducted on a Per-
kin-Elmer Diamond TG/DTA thermal analyzer with a heat-
ing rate of 10 °C min−1. Fourier transform infrared (FTIR) 
spectra were measured by a Nicolet 5700 spectroscope. 
The Brunauer–Emmett–Teller (BET) surface area and Bar-
rett–Joyner–Helenda (BJH) pore size distribution were car-
ried out using N2 adsorption–desorption isotherms. UV–Vis 
diffuse reflection spectroscopy (DRS) was recorded on 
Hitachi U-3900H spectrometer with BaSO4 as the reference. 
Steady state photoluminescence (PL) and time-resolved 
photoluminescence decay (TRPL) measurements were car-
ried out on FLS 980 fluorescence spectrometer (Edinburgh 
Instrument).

2.3 � Photodegradation experiment

The photodegradation performance was evaluated by remov-
ing methyl orange (MO, 10 mg L−1) under visible light 
from a 300 W Xe lamp with a UV-cutoff filter (λ > 400 nm). 
Before irradiation, 20 mg of photocatalyst was dispersed in 

40 mL of MO solution and then stirred in dark for 60 min to 
achieve adsorption–desorption equilibrium. When the vis-
ible light was on, an aliquot of the solution was taken from 
the mixture at certain time. After removing the photocatalyst 
by centrifugation, the concentration was analyzed by meas-
uring the maximum absorbance using a Hitachi U-3900H 
spectrophotometer at 463 nm for MO. Meanwhile, active 
specie trapping experiments were carried out to study the 
photocatalytic degradation mechanism. The procedure was 
similar to the photodegradation experiment except that the 
radical scavengers were added to the reaction system.

2.4 � Antibacterial experiment

The culture of E. coli cells was previously reported in our 
research group [21]. The photocatalytic antibacterial experi-
ment was irradiated by a 300 W Xe lamp with a 400 nm UV-
cutoff filter and the light intensity was fixed at ca. 30 mW/
cm2. When the light turned on, 0.1 mL aliquot of the cell 
suspension were collected at given time intervals. After 
diluting with PBS buffer solution (pH ~ 7), the 0.1 mL of 
sample were quickly spread on nutrient agar and then put 
them in an incubator at 37 °C for 24 h. Finally, the number 
of viable cells was counted in terms of colony-forming units 
(CFU). All experiments were performed in triplicate and 
the average value were given. To make comparison, light 
control and dark control experiments were also conducted. 
The active specie trapping experiments were also performed 
by adding various scavengers to the photocatalytic disinfec-
tion system.

3 � Results and discussion

Figure 1a shows the XRD patterns of the as prepared T200 
and T400 samples. It can be seen that all the diffraction 
peaks were ascribed to anatase phase of TiO2 (JCPDS No. 
21-1272). Moreover, the intensity of anatase peaks increased 
with the calcining temperature. Using Scherrer equation [15, 
19], the mean nanocrystallite sizes were calculated to be 
10.2 nm and 14.6 nm for T200 and T400, respectively. The 
results suggested higher calcination temperature brings up 
larger crystallite size and better crystallinity.

FTIR analysis was conducted to reveal the bonding 
characteristics in T200 and T400 samples, as shown in 
Fig.  1b. For both samples, the absorption bands in the 
range of 500–800 cm−1 were derived from stretching mode 
of O–Ti–O bond [22]. The bands at 3000–3500 cm−1 and 
1633 cm−1 were caused by the surface hydroxyl stretch-
ing and bending vibration [20, 23]. The peak at around 
2258 cm−1 is attributed to the carbon dioxide in the air 
[20]. In addition, the T200 sample displayed additional 
peaks centering at 1351 cm−1, 1440 cm−1 and 1535 cm−1 
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compared with T400 sample, which came from the stretch-
ing vibrations of COO− and carbonate, respectively [24, 25]. 
When the calcinations temperature was up to 400 °C, the 
T400 sample had no obvious characteristic peaks of car-
bonate groups, implying that the high temperature resulted 
in complete decomposition of the carbonate-like species 
on the TiO2 surface. At lower temperature, the carbonate 
species would not be completely removed, which has been 
confirmed by the TG analysis (Fig. S1). The results dem-
onstrated that the carbonate species have been successfully 
introduced into T200 sample via a low-temperature method.

XPS was applied to study the chemical states of carbon-
ate dopants in T200 sample. As shown in Fig. 2a, there 
were three fitting peaks at 284.5, 286.2, and 288.5 eV in 
the C 1s XPS spectrum. The major peak at 284.5 eV was 
attributed to the reference carbon, while the other two 
peaks at 286.2 and 288.5 eV originated from C–O and 
C=O in the carbonate species [15, 17, 20]. Moreover, the 
peak at around 282.0 eV from Ti–C bond was not found, 

suggesting that C was not substituted O in the TiO2 lat-
tice [26]. In the O 1s XPS spectrum of T200 (Fig. 2b), 
the peaks at 529.8 and 531.5 eV were indexed to lattice 
oxygen and C=O of carbonate dopants, respectively [18]. 
And the peak at 532.6 eV was caused by surface hydroxyl 
group [16, 27]. Thus, both C 1s and O 1s XPS spectra fur-
ther confirmed the presence of carbonates on the surface 
of TiO2.

To investigate the morphology of TiO2 samples, SEM 
and TEM images have been taken and shown in Fig. 3. 
Both of T200 and T400 samples are spherical with diam-
eters in the range of 500–1000  nm, and composed of 
numerous small nanocrystallites in the spheres. From the 
HRTEM image of Fig. 3c, the mean crystallite size in 
T200 microspheres was around 10 nm. With higher calci-
nation temperature, the nanocrystallite size in T400 micro-
spheres was increased to 15–20 nm and also displayed 
good crystallinity. Figure 3f shows the HRTEM image of 
T400 microspheres. It revealed a well-defined crystallinity 

Fig. 1   a XRD patterns and b FTIR spectra of as-prepared T200 and T400 samples

Fig. 2   a C 1s and b O 1s high resolution XPS spectra of T200 samples
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of TiO2 with fringes spacing of 0.35 nm, corresponding to 
the (101) planes of tetragonal anatase.

Nitrogen adsorption–desorption isotherms were tested to 
determine the specific surface areas and pore size distribu-
tions of T200 and T400 samples. As shown in Fig. 4, it 
could be seen that both samples exhibited obvious hysteresis 

loops, implying the existence of the pores among aggregated 
particles [28]. From the pore distribution curves (inset), it 
revealed that the mean pore sizes were 6 nm and 12 nm for 
T200 and T400 microspheres, implying their mesoporous 
structure. The relatively large pores in T400 microspheres 
are caused by the loss of surface carbonate-like groups on 
TiO2 at the high temperature. In addition, the T200 micro-
spheres had relatively higher surface area (207.47 m2 g−1) 
than that of T400 microspheres (100.48 m2 g−1), which 
should be related to the smaller crystalline size at low 
temperature.

UV–Vis DRS was employed to investigated the light 
absorption properties of the samples. As can be seen from 
Fig. 5a, it was found that the T200 sample presented the 
brown color and exhibited stronger absorption in the vis-
ible region of 400–800 nm. After heat-treatment at 400 °C, 
the color of T400 sample turned to white and showed lit-
tle absorption in visible-light region beyond 400 nm. This 
was caused by the complete removal of carbonate-like spe-
cies on TiO2 surface at high temperature. According to the 
Tauc plots [29, 30], we further calculated the band gaps of 
the samples(Fig. 5b). The obtained band gap values were 
2.95 eV for T200 and 3.18 eV for T400, respectively. The 
narrowing of band gap of T200 was attributed to the carbon-
ate doping in the TiO2 bandgap [17]. In the meantime, the 

Fig. 3   FESEM, TEM and HRTEM images of T200 and T400 samples: a–c T200; d–f T400

Fig. 4   N2 adsorption–desorption isotherms of T200 and T400 sam-
ples. The inset shows the corresponding pore size distribution
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carbonate species on the surface of TiO2 can serve as photo-
sensitizer and extend absorption band tails to 700 nm [16]. 
The results imply that carbonate-doped T200 microspheres 
were expected to improve the photocatalytic activity in the 
visible light region.

MO photodegradation was used to study the photocata-
lytic activity of samples under visible light illumination. 
Figure 6a shows the changes in the relative MO concentra-
tions in the dark and under visible light irradiation. The 
adsorption curves in the dark indicated that the adsorption 

Fig. 5   a UV–Vis diffuse reflectance spectra of T200 and T400 samples; b Tauc plots for band gap determination of T200 and T400samples

Fig. 6   a Photocatalytic degradation of MO and b corresponding pseudo first-order plots over the T200 and T400 samples; c trapping experi-
ments for the degradation of MO over T200 sample; d photoluminescence spectra of T200 and T400 samples
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process could reach equilibrium after 60 min for T200 and 
T400 samples. In the photodegradation process, carbonate-
doped T200 sample exhibited much higher photodegrada-
tion activity as compared with T400, and MO could be 
completely removed after 120 min visible light exposure. 
Figure 6b shows the pseudo-first-order kinetics of the pho-
tocatalytic degradation reaction. The rate constant of T200 
was 0.0234 min−1, which was about 35.5 times higher than 
that of T400 microspheres (6.59 × 10−4 min−1).

To investigate the photodegradation mechanism, main 
active species were identified by trapping experiments over 
T200 sample. Isopropanol, 4-hydroxy-2,2,6,6-tetrameth-
ylpiperidinyloxy (TEMPOL) and sodium oxalate were 
selected as the ⋅OH, ⋅O2

− and h+ scavengers, respectively. 
As shown in Fig. 6c, after the addition of isopropanol and 
TEMPOL, the degradation efficiency of T200 decreased 
greatly, indicating the leading role of ⋅OH and ⋅O2

− in the 
photocatalytic reaction process. In contrast, little efficiency 
reduction with the addition of sodium oxalate implied that 
h+ was not the predominant active species.

Photoluminescence (PL) spectra were carried out to study 
the recombination process of the photo-generated charge 
carriers. Figure 6d presented the PL spectra of T200 and 
T400 with the excitation wavelength of 280 nm. Compared 
with T400, the PL intensity of T200 revealed a significant 
decrease, which was mainly ascribed to the efficient charge 
carrier transfer and reduced recombination in T200 sam-
ple. To gain more understanding of this phenomenon, time-
resolved PL spectra were also investigated (Fig. S2). By the 
bi-exponential fitting, the average PL lifetimes of T400 and 
T200 were calculated. It revealed that T200 (8.33 ns) had 
longer PL lifetime than T400 sample (6.93 ns), indicating 
that the separation efficiency of photogenerated charge car-
riers was increased in T200 sample, which was beneficial for 
the photocatalytic performances.

To explore the effects of synthesis parameters on mor-
phology, optical and photocatalytic property, a set of experi-
ments were conducted by varying titanium precursor con-
centration and solvothermal time. Figure 7 shows FESEM 
images and XRD patterns of T200 microspheres prepared 
with 1 mL, 2 mL and 4 mL of titanium isopropoxide (TIP). 

Fig. 7   FESEM images of T200 microspheres prepared with: a 1 mL, b 2 mL and c 4 mL of titanium isopropoxide; d XRD patterns of the above 
samples
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At low TIP concentration (1 mL of TIP in 60 mL of ace-
tone), the size of T200 microspheres was about 200 nm. 
With increasing TIP concentrations, the mean size of T200 
microspheres dramatically increased. When the TIP pre-
cursor was increased to 4 mL, the obtained microspheres 
possessed a large diameter of 3 µm. XRD patterns revealed 
that all the T200 microspheres were anatase phase and their 
diffraction peak intensities gradually enhanced with the 
increase of TIP concentrations.

Figure 8a displays UV–Vis DRS of T200 microspheres 
prepared with various TIP concentrations. As can be seen, all 
the T200 microspheres exhibited improved optical absorp-
tions in the visible light region and gradually enhanced 
with the increase of TIP concentrations. In the photodeg-
radation experiments (Fig. 8b), all the as-prepared T200 
microspheres displayed better visible light photocatalytic 
activity than T400 microspheres. Among them, the T200 
microspheres prepared with 2 mL TIP precursor showed the 
highest photodegradation efficiency. Although TiO2-4 mL 
microspheres presented stronger visible light absorption, the 
decreased surface area and overmuch carbonate species had 
adverse effects on the photocatalytic activity [31].

Figure 9 shows FESEM images and XRD patterns of 
T200 prepared with various solvothermal reaction time. 
When the reaction time was 2 h, the average diameter of 
the microspheres was 1 µm. As reaction time gradually 
increased, the microspheres emerged a slight decrease in 
the diameter of the microspheres. After reaction for 8 h, the 
microspheres morphology was irregularly, and the surface of 
T200 began to be chipped with a disorderly arrangement. In 
the XRD patterns, it can be seen that the crystallinity of the 
T200 microspheres increased as the reaction time prolonged.

Figure 10a shows UV–Vis DRS of T200 samples synthe-
sized with different solvothermal reaction time. Distinctly 
improved optical absorptions in the visible light region could 

be observed for the resulted T200 microspheres. However, 
the visible light absorbance was gradually reduced with the 
increase of reaction time, implying the loss of carbonate 
species in the prolonged reaction time. From Fig. 10b, it 
was found the T200 microspheres prepared at 200 °C for 
2 h exhibited the best photocatalytic performance. When the 
reaction time was extended to 8 h, the photocatalytic activity 
was obviously lowered, which was mainly due to the poor 
visible light absorbance and the destruction of microsphere 
structure.

The photocatalytic antibacterial activity of the as-pre-
pared samples was evaluated by the disinfection of E. coli 
under visible light irradiation (Fig. 11). In the light control 
experiment, the number of E. coli cells presented no obvi-
ous reduction, suggesting that the effect of visible light to 
the bacteria could be overlooked. The T400 microspheres 
displayed low antibacterial efficiency with only 19.1% inac-
tivation of E. coli cells after 160 min of visible light illu-
mination. After carbonate species doping, the visible light 
photocatalytic disinfection activity of T200-4h microspheres 
was obviously improved as compared with T400 micro-
spheres. When the T200 microspheres were synthesized at 
200 °C for 2 h (T200-2h), the disinfection efficiency was 
further increased, and 80.5% of E. coli cells were inacti-
vated over 160 min of visible light exposure. Meanwhile, 
the mechanism of E.coli disinfection was also inspected by 
the trapping experiments and fluorescent probe technique 
(Fig. S3). The results revealed that ⋅OH and ⋅O2

− played 
important roles in the inactivation process.

Based on the results described above and previous lit-
eratures [16, 20], the possible mechanisms of the enhanced 
visible-light photocatalytic activity of carbonate-doped TiO2 
microspheres were proposed and shown in Fig. 12. First, the 
amorphous carbonate doping modified the electronic band 
structure of TiO2 and resulted in the formation of VB tail 

Fig. 8   a UV–Vis diffuse reflectance spectra of T200 microspheres prepared with different amount of titanium isopropoxide; b photocatalytic 
degradation of MO over the above samples
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states and bandgap narrowing. Under visible light irradia-
tion, the electrons could be excited directly into the TiO2 
conduction band (CB) and then transferred to the adsorbed 
O2 to produce ⋅O2

−. Simultaneously, the photogenerated 
holes would oxidize the adsorbed H2O to produce ⋅OH. On 
the other hand, the carbonate species on the TiO2 surface 

could serve as a photosensitizer for visible light absorption 
and injected electrons into the CB of TiO2. The injected 
electrons could be transferred to the adsorbed O2 to produce 
⋅O2

−. Subsequently, the produced active species (mainly 
⋅OH and ⋅O2

−) participated in the removal of organic pol-
lutants and inactivation of E. coli cells. In conclusion, the 

Fig. 9   FESEM images of T200 microspheres prepared at 200 °C for a 2 h, b 4 h and c 8 h; d XRD patterns of the above samples

Fig. 10   a UV–Vis diffuse reflectance spectra of T200 microspheres prepared at 200 °C for various reaction time; b photocatalytic degradation of 
MO over the above samples
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carbonate-doped TiO2 microspheres possessed larger surface 
area, enhanced visible light absorption and reduced recom-
bination rate of charge carriers, which led to more efficient 
production of active species and final higher visible light 
photocatalytic activities.

4 � Conclusions

In summary, mesoporous carbonate-doped TiO2 micro-
spheres were synthesized by a facile solvothermal process 
and low-temperature annealing process. Compared with non-
doped TiO2 microspheres, the carbonate-doped TiO2 micro-
spheres exhibited much higher photocatalytic degradation of 
MO and disinfection of E. coli cells under visible light. The 
improved photocatalytic activities derived from the syner-
gic effects of larger specific surface, stronger visible light 
absorbance and reduced recombination of electron–hole 
pairs in the carbonate-doped TiO2 microspheres. In addi-
tion, by adjusting the initial titanium precursor concentration 

and the reaction time, the morphology, optical and photo-
catalytic properties of carbonate-doped TiO2 microspheres 
could be effectively controllable. This study signifies that the 
carbonate-doped TiO2 microspheres would be applied in the 
water treatment for the degradation of organic pollutants and 
disinfection of bacteria at the same time.
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