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Abstract
Polyaniline (PANI) is a conducting polymer which has been employed as a photosensitizer for enhancing the performance of 
a number of photocatalysts. Herein, we describe the synthesis of organic–inorganic hybrid materials in order to enhance the 
photocatalytic activity of double-shell TiO2/PANI hollow spheres (TAHSs), which were fabricated by means of sol–gel and 
in situ polymerization processes. The physicochemical properties of the PANI-modified TiO2 hollow spheres were investi-
gated by a variety of techniques. The effect of the PANI shell layer on the photocatalytic activity of TAHSs was elucidated. 
With the optimal PANI content, the resultant TiO2/PANI hybrid materials exhibited remarkably enhanced UV and visible 
light photocatalytic degradation of aqueous methyl orange, far exceeding the activity of bare TiO2 hollow spheres. The syner-
gistic effect between TiO2 and PANI is explained in terms of the improved separation of photogenerated electron–hole pairs.

Introduction

Titanium dioxide, as a typical semiconducting metal oxide, 
has attracted much interest in recent decades thanks to its 
low cost, low toxicity, excellent chemical stability, and 
environmentally benign nature [1, 2]. To date, many mor-
phologies including TiO2 nanorods, nanowires, nanotubes, 
nanosheets, and hollow spheres [3–7], have been synthesized 
by a variety of methods. Among the diverse range of TiO2 
morphologies, hollow spheres have attracted extensive inter-
est based on their superior properties, including large surface 
area, low density, and high light-harvesting efficiency [8, 9].

Previous studies have included extensive investigations of 
TiO2 within the contexts of photocatalysis [10], power conser-
vation [11], photoelectric devices [12, 13], etc. Yet, the band 

gap (Eg = 3.2 eV) of TiO2 is so wide that its capacity for light 
absorption extends only as far as the UV region, which seri-
ously limits its widespread application. Moreover, the appli-
cation of TiO2 as a photocatalyst is also restricted by the low 
separation rate of the photogenerated charge carriers [14]. In 
the light of these issues, many approaches have been explored 
with a view to improve the photocatalytic performance of 
TiO2, especially by the construction of hybrid materials. Thus, 
hybrid materials such as NiO/TiO2 [15], g-C3N4/TiO2 [16], 
rGO/TiO2 [17] and so on can extend the light absorption of 
TiO2 into the visible range and inhibit the recombination of 
photogenerated electrons and holes, contributing to a signifi-
cant enhancement of photocatalytic performance. In recent 
years, conducting polymers have been used as promising pho-
tosensitizers for TiO2 photocatalysts, by virtue of their spatially 
extended π conjugation [18]. Hybrid materials composed of 
TiO2 modified with conducting polymers have been reported 
to shift its spectral response into the visible light range [19]. 
In this context, PANI is a well-known conducting polymer 
with a narrow forbidden band gap, high absorption coefficients 
and migration rates of electrons, which has been identified 
as a candidate for TiO2 sensitization [20]. Therefore, TiO2/
PANI hybrid materials have aroused much interest in photo-
catalysis research [21]. To date, PANI-modified TiO2 nano-
materials with various morphologies have been synthesized, 
including nanotubes [22], nanowires [23], nanorods [24], and 
so on. However, to the best of our knowledge, there are few 
reports of double-shell structural TiO2/PANI hollow spheres 
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with adjustable shell thickness. Combining the properties of 
PANI and TiO2 hollow spheres, this unique architecture of 
the double-shell structural TiO2/PANI hollow spheres affords 
more active sites, wider light absorption range, and faster mat-
ter transfer capability during photocatalysis [25].

Taking advantage of the photosensitive performance of 
PANI, we demonstrate in this study the photocatalytic activity 
of double-shell structural TiO2/PANI hollow spheres that were 
synthesized via sol–gel and in situ polymerization processes. 
The PANI layer can be uniformly distributed on the surface 
of the TiO2 hollow spheres, which is regarded as an impor-
tant consideration in photocatalytic activity. Compared with 
bare TiO2 hollow spheres, the TiO2/PANI hybrid materials 
can inhibit the recombination of photogenerated charge car-
riers and remarkably enhance the photocatalytic degradation 
of methyl orange (MO) under both UV and visible light. A 
reasonable mechanism for the photocatalytic degradation of 
MO by this hybrid material is proposed.

Experimental section

Starting materials

The starting materials used in this study can be found in the 
Supplementary material.

Preparation of TiO2/PANI hollow spheres

Precursor TiO2 hollow spheres were obtained from SiO2 and 
SiO2/TiO2 with subsequent etching, as described in the Sup-
plementary material. For the preparation of TiO2/PANI hollow 
spheres, TiO2 (0.02 g) and polyvinylpyrrolidone (0.1 g) were 
injected into deionized water (25 mL) under ultrasonication. 
After ultrasonic irradiation 30 min at room temperature, an 
appropriate amount of aniline (ANI) and hydrochloric acid 
(200 μL, 37%) was added to the suspension and the mixture 
was stirred for 30 min. Next, the corresponding amount of 
ammonium persulphate (APS) (molar ratio of ANI/APS = 1:1) 
was added and stirring was continued for 10 h at ambient 
temperature. Finally, the solid was isolated by centrifugation, 
washed, and dried at 50 °C for 12 h. The amount of ANI in 
the suspension was adjusted to 1, 5, 10, and 15 μL, and the 
resulting products were designated as TAHSs-1, TAHSs-2, 
TAHSs-3, and TAHSs-4, respectively. For comparison, a bare 
PANI sample without any TiO2 was also prepared under the 
same experimental conditions.

Characterization

The characterization techniques are listed in the Supplemen-
tary material.

Photocatalytic performance tests

The photocatalytic performance of the test samples was 
assayed by the photodegradation of MO under a 375 W high-
pressure mercury lamp or a 500 W xenon lamp equipped with 
one UV cutoff filter (λ ≥ 420 nm). Typically, 50 mg of photo-
catalyst was added to 100 mL of aqueous MO (10 mg L−1) in 
a quartz reactor. Prior to irradiation, the suspension was kept 
in the dark for 30 min to allow for equilibration. The MO con-
centration was monitored with a UV–Vis spectrophotometer 
(Shimadzu UV-2550).

Results and discussion

Formation and morphology of the nanospheres

The synthesis of the TiO2/PANI hollow spheres is outlined 
in Scheme 1. SiO2 spheres were first prepared by Stöber’s 
method, followed by hydrolysis of tetrabutyl titanate (TBT) 
on the surface of the SiO2 spheres by a sol–gel method. The 
resulting core/shell SiO2/TiO2 materials were calcined, and 
then the SiO2 template was removed by etching with NaOH 
solution to give TiO2 hollow spheres. Finally, the PANI layer 
was coated onto the TiO2 surface by in situ polymerization 
of ANI, giving the double-shell structural TiO2/PANI hollow 
spheres. The corresponding TEM and SEM images are dis-
played in Figs. 1, S1, S2, and S3.

Figure 1a, b illustrates the formation of monodisperse SiO2 
spheres that are ~ 280 nm in diameter. By adjusting the amount 
of TBT (0.25, 0.5, and 0.75 mL), the thickness of the shell for 
SiO2/TiO2 and TiO2 hollow spheres can be selected as ~ 12, 
20, or 50 nm, respectively, as shown in Fig. S1 and Fig. 1c–f. 
Using the 50-nm-thick TiO2 hollow spheres, it is distinctly 
seen that double-shell structural TiO2/PANI hollow spheres 
(sample TAHSs-3) are constructed, as shown in Fig. 1g, h. 
The outer surface of the TiO2/PANI hollow spheres is rougher 
compared with that of bare TiO2 hollow spheres. The thick-
ness of the PANI layer in the TiO2/PANI hollow spheres 
is ~ 16 nm. Furthermore, double-shell structural TiO2/PANI 
hollow spheres with different thicknesses of the PANI layer 
can be prepared by changing the amount of ANI (Fig. S2); 

Scheme 1   Synthesis of double-
shell TiO2/PANI hollow spheres
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the shell thickness of PANI is estimated to be 5, 8, and 20 nm 
for samples TAHSs-1, TAHSs-2, and TAHSs-4, respectively. 
The selected area electron diffraction (SAED) pattern of 
TAHSs-3 reveals the (101), (004), (200), and (105) diffraction 
rings (Fig. 1i) characteristic of crystalline anatase TiO2. The 
SAED of PANI is difficult to examine due to the amorphous 
structure. Figure 1j shows an HRTEM image of TAHSs-3; 
the fringe spacing is about 0.35 nm, which is consistent with 
the (101) lattice spacing of anatase TiO2. Moreover, there is a 
layer of amorphous structure on the surface of the TiO2 hollow 
spheres, which can be identified as the PANI layer, as reported 
by other research groups [26].

SEM images of the TiO2 hollow spheres and double-shell 
TiO2/PANI hollow spheres (represented by TAHSs-3) are 
shown in Fig. S3. From Fig. S3a, b, it can be seen that mono-
dispersed TiO2 hollow spheres are obtained with a mean 
diameter of ~ 380 nm, consistent with the TEM observa-
tions. Moreover, the cavity structure in Fig. S3a can clearly 
be observed for a broken TiO2 sphere, providing powerful 
evidence that the TiO2 hollow spheres are successfully pre-
pared. Compared with the TiO2 hollow spheres, the surface 
of the as-prepared TAHSs-3 (Fig. S3c, d) is extremely fuzzy 
and possesses a diameter of ~ 410 nm. Further observation 
shows that the dispersibility of TAHSs-3 is inferior than that 
of the TiO2 hollow spheres, suggesting that PANI is liable to 
aggregation during the polymerization process.

Physicochemical performance

The crystalline structures of the TiO2 hollow spheres, 
TiO2/PANI hollow spheres, and PANI were investigated by 
XRD, as presented in Fig. 2A. For bare TiO2 hollow spheres 
[Fig. 2A(a)], all of the diffraction peaks are identified with 

anatase TiO2. The associated 2θ values of approximately 
25.4, 37.9, 48.1, 54.6, 63.2, 69.8, and 75.4° can be unam-
biguously allocated to the (101), (004), (200), (105), (204), 
(116), and (215) crystal planes, respectively [15, 27]. The 
XRD pattern of bare PANI [Fig. 2A(f)] exhibits a broad 
reflection peaks located at 20° and 25°, corresponding 
to the parallel and perpendicular periodicity of the poly-
mer chains, respectively [28]. However, the XRD pattern 
of PANI is negligible in the TiO2/PANI hybrid materials 
[Fig. 2A(b–e)], which show only the diffraction peaks of 
anatase TiO2. This may be related to the amorphous nature 
of PANI, together with the inhibition of a periodic structure 
in TiO2/PANI hybrid materials [29]. It should be noted that 
the relative diffraction peaks of TiO2 decrease with increas-
ing thickness of the PANI layer, again suggesting that TiO2/
PANI hybrid materials are successfully constructed. The 
crystallite sizes of the samples were obtained by applying 
the Scherrer equation (D = 0.9λ/βcosθ, where D, λ, β, and θ 
are the average crystallite size, the wavelength of the X-ray 
radiation, the FWHM of the diffraction peak, and the peak 
position, respectively) to the anatase (101) diffraction peaks. 
The related values for the TiO2 hollow spheres, TAHSs-1, 
TAHSs-2, TAHSs-3, and TAHSs-4 were determined as 
13.18, 11.27, 10.68, 12.56, and 12.59 nm, respectively. The 
reduction of the crystallite sizes for the TAHSs samples can 
be attributed to the coating of PANI on the surface of the 
TiO2 hollow spheres [30, 31].

Raman spectroscopy is a very sensitive tool for distin-
guishing different phase structures of nanomaterials by 
different space groups and is widely used in the field of 
nanomaterials [32]. Raman spectra of pure PANI, TiO2 hol-
low spheres, and TiO2/PANI hybrid materials are shown in 
Fig. 2B. The four characteristic peaks located at 147, 397, 

Fig. 1   TEM images of a, b SiO2, c, d SiO2/TiO2, e, f TiO2 hollow spheres, and g, h TAHSs-3; i SAED and j HRTEM of TAHSs-3
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520, and 638 cm−1 are characteristic of anatase TiO2 and 
are assigned to the Eg phonon, B1g, A1g, and Eg modes of 
vibration, respectively [14], as shown in Fig. 2B(a). From 
Fig. 2B(f), the characteristic peaks of PANI at about 411, 
604, and 811 cm−1 are assigned to C–H deformations, whilst 
distinct bands at 1181, 1348, 1407, 1557, and 1630 cm−1 are 
attributed to the C–H bending vibrations of the benzenoid or 
quinoid rings, C–N+ stretch, C–C stretch, C=C stretches of 
the benzenoid ring, and benzenoid or quinonoid ring bend-
ing vibrations, respectively. The TiO2 hollow spheres coated 
with PANI show weaker characteristic peaks of TiO2, which 
can be explained by the PANI weakening the polarizability 
of the TiO2 structure. Conversely, the characteristic peaks 
of PANI are significantly enhanced by the presence of TiO2, 
similar to previously reported results [33]. These observa-
tions suggest an intense interaction between PANI and TiO2 
in the hybrid materials.

The chemical structure of the hybrids was investigated 
further by FT-IR analysis, as shown in Fig. S4. Compared 
with bare TiO2 (Fig. S4a) and pure PANI (Fig. S4f), all the 
primary characteristic peaks of both PANI and TiO2 can be 
found in the spectra of a series of TiO2/PANI hybrid materi-
als [Fig. S4(b–e)]. The peaks below 1000 cm−1 are related to 
Ti–O and Ti–O–Ti stretching modes [1, 34]. A broad peak 
at about 3400 cm−1 arises from the stretching vibrations of 
O–H and N–H groups on the surface of TiO2 and in the 
PANI chains [35], whilst a peak at 1636 cm−1 corresponds 
to the O–H bending of adsorbed water molecules. The C=N 
and C=C stretches of the quinonoid and benzenoid units 
are observed at 1540 and 1489 cm−1. The peaks at 1295 
and 1210 cm−1 are assigned to C–N stretching modes of 
the benzenoid unit [36]. In addition, a peak at 1120 cm−1 
is attributed to bending vibrations of C–H groups within 
PANI [29]. As the thickness of the PANI layer is increased, 
the broad peak assigned to O–H and N–H stretching shows 

a blue shift, suggesting that the interactions between PANI 
and TiO2 hollow spheres are becoming stronger [37].

TGA curves of TiO2 hollow spheres and the TiO2/PANI 
hybrid materials are shown in Fig. S5. Two major weight 
losses are clearly seen in the TGA curves of the TiO2/PANI 
hybrids. An initial weight loss is observed from room tem-
perature to 320 °C and is attributed to the loss of water [38]; 
the second weight loss observed between 320 and 800 °C 
is associated with thermal decomposition of the PANI 
chains [39]. Overall weight losses of about 4.1, 6.2, 10.9, 
and 14.8% are observed for TAHSs-1, TAHSs-2, TAHSs-
3, and TAHSs-4, respectively. For the pure TiO2 hollow 
spheres, weight loss is only observed at temperatures below 
320 °C, showing that TiO2 is thermally stable above this 
temperature.

Figure S6 depicts the N2 adsorption–desorption isotherms 
of the samples, which can be classified as typical IV iso-
therms with hysteresis loops according to IUPAC conven-
tions [40], indicating the existence of mesoporous structure 
in both the TiO2 hollow spheres and TiO2/PANI hybrids. 
The specific surface areas were determined as 96, 83, 77, 72, 
and 64 m2 g−1 for TiO2 hollow spheres, TAHSs-1, TAHSs-
2, TAHSs-3, and TAHSs-4, respectively. Hence, it can be 
clearly seen that the TiO2 hollow spheres possess a larger 
specific surface area than the TiO2/PANI hybrid materi-
als. Moreover, the specific surface areas of the TiO2/PANI 
hybrid materials diminish with increasing amounts of PANI.

As shown in Fig. 3, the chemical compositions and bond-
ing nature of the TiO2/PANI hybrid materials (TAHSs-3) 
were also investigated by XPS analysis. As shown in Fig. 3a, 
the elements C, O, N, and Ti are all present in the samples. 
Figure 3b shows the XPS survey spectrum of Ti at bind-
ing energies of 458.28 and 464.02 eV, corresponding to 
the Ti 2p2/3 and Ti 2p1/2 levels, respectively [41]. Figure 3c 
shows the O 1s spectrum at binding energies of 529.58 and 

Fig. 2   A XRD patterns and B Raman spectra of (a) TiO2 hollow spheres, (b) TAHSs-1, (c) TAHSs-2, (d) TAHSs-3, (e) TAHSs-4, and (f) PANI
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531.85 eV, resulting from Ti–O–Ti and hydrogen bonding 
within PANI and TiO2 [26]. The binding energy values of 
the C 1s level in Fig. 3d are 284.94, 286.12 and 288.42 eV, 
corresponding to C–C and C=C, C–O–Ti, and C=O moie-
ties [42]. Figure 3e shows the N 1s spectrum; it has four 
binding energies. The peaks at 398.45 and 400.20 eV are 
ascribed to pyridinic N and pyrrolic N. The interaction 

of N+ and protons from the acid doping gives a peak at 
401.27 eV, whilst metal–nitrogen bonds (M–N) are observed 
at 399.31 eV [43]. The identification of C–O–Ti and M–N 
bonds further confirms the presence of an interaction 
between PANI and the TiO2 hollow spheres.

The optical properties of TiO2 hollow spheres, PANI, 
and TiO2/PANI hybrids shown in Fig. 4 were measured by 

Fig. 3   XPS spectra of the TAHSs-3: a survey spectrum, b Ti 2p, c O 1s, d C 1s, and e N 1s 
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UV–Vis diffuse reflectance spectroscopy [44]. Pure TiO2 
can only absorb UV light at wavelengths below 400 nm [45, 
46], whereas PANI can absorb both UV and visible light, 
by virtue of transitions from π to π* levels in the PANI mol-
ecules [36]. Hence, the absorption range of the TiO2/PANI 
hybrid materials is extended into the visible range as far as 
800 nm, indicating that PANI acts as a photosensitizer for 
TiO2. TiO2/PANI hybrid materials can be induced to gener-
ate more electron–hole pairs via the absorption of both UV 
and visible light, which should improve their photocatalytic 
performance.

For semiconductor nanomaterials, photoluminescence 
spectroscopy (PL) can be used to evaluate the efficiency 
of trapping, migration, and separation of photogenerated 
charge carriers, since photocatalytic performance is related 
to both the PL intensity and separation of photogenerated 
electron–hole pairs [47]. In general, a higher PL inten-
sity indicates lower separation and transfer efficiency of 
photogenerated electron–hole pairs, corresponding to 
a lower photocatalytic activity. PL spectra of our mate-
rials are shown in Fig. 5. It is seen that the PL intensity 
of TiO2 hollow spheres is much higher than the TiO2/
PANI hybrids; the remarkable reduction of PL intensity 
for the latter implies a high separation efficiency of the 
charge carriers. The PL intensity decreases in the order: 
TiO2 > TAHSs-1 > TAHSs-2 > TAHSs-4 > TAHSs-3, and 
hence TAHSs-3 should have the best electron–hole pairs 
separation.

Photocatalytic activity

As shown in Fig. 6, the photocatalytic activities of our sam-
ples were assessed by degradation of MO under both UV 
and visible light. Prior to irradiation, surface adsorption of 
MO on the surface of the samples is observed (Fig. 6a, b), 
although adsorption on the TiO2 hollow spheres is much 

lower than that on the TiO2/PANI hybrids. The adsorption 
was highest for TAHSs-3. Figure 6a, b show the photo-
catalytic degradation profiles of MO over the samples. The 
TiO2 hollow spheres exhibit minimal photocatalytic activity 
compared to the TiO2/PANI hybrids; the photocatalytic effi-
ciency of the TiO2 hollow spheres is approximately 55.8% 
after 2 h and 10.0% after 4 h under UV and visible light, 
respectively. These results are attributed to the wide bandgap 
of pure TiO2, which requires UV light. The photocatalytic 
activity of TiO2 increases with increasing TBT content (Fig. 
S7). For the hybrid materials, the PANI layer has a strong 
influence on the photocatalytic degradation of MO, such that 
the degradation efficiency initially increases with increasing 
PANI content. However, excess PANI content results in a 
decline of photocatalytic activity for TAHSs-4, presumably 
because the higher PANI content covers up the surface of 
the TiO2 hollow spheres, preventing diffusion of MO to the 
TiO2 layer. Overall, the photocatalytic activity follows the 
order TiO2 < TAHSs-1 < TAHSs-2 < TAHSs-4 < TAHSs-3. 
For TAHSs-3, the photodegradation efficiencies are approxi-
mately 90.9% after 2 h under UV light and 97.1% after 4 h 
under visible light.

In order to better understand the photocatalysis of these 
materials, kinetic simulation of MO degradation was car-
ried out as shown in Fig. 6c, d. Taking into consideration 
the low initial concentration of MO, the kinetic process 
was fitted using an apparent Langmuir–Hinshelwood first-
order kinetic model, following the equation (ln C0/C = kt) 
[19]. The photocatalytic reaction rates follow the order 
TiO2 < TAHSs-1 < TAHSs-2 < TAHSs-4 < TAHSs-3 under 
both UV and visible light, which is in accord with their pho-
tocatalytic activities (Fig. 6a, b).

The stabilities of the photocatalysts under UV and vis-
ible light were investigated, as shown in Fig. 6e, f. After 
recycling for four experiments, we observed no significant 
reduction in photocatalytic performance, indicating that 

Fig. 4   UV–Vis diffuse reflectance spectra of TiO2 hollow spheres, 
PANI, and TiO2/PANI hybrid materials Fig. 5   PL spectra of TiO2 hollow spheres and TiO2/PANI hybrid 

materials
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Fig. 6   a, b Photocatalytic degradation profiles and c, d kinetic linear simulation of MO over the samples, and e, f photocatalytic stability of 
TAHSs-3 under a, c, and e UV light and b, d, and f visible light
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these hybrid materials have good stability and reusability, 
which is important for their practical application in wastewa-
ter treatment. In addition, there was no change in the XRD 
spectra of TAHSs-3 before and after MO degradation (Fig. 
S8), providing further evidence of its photocatalytic stability.

A plausible mechanism for photocatalytic degradation of 
MO by TiO2/PANI hybrids is proposed in Scheme 2. The 
band gaps of TiO2 and PANI are approximately 3.2 [6] and 
2.8 eV [20], respectively. There should be a synergistic effect 
between TiO2 and PANI, since the conduction band (CB) 
of TiO2 matches well with the LUMO of PANI, whilst the 
valence band (VB) of TiO2 matches well with the HOMO 
of PANI [48]. When exposed to UV light (Scheme 2a), 
both TiO2 and PANI generate electron–hole pairs. Based 
on the synergistic effect, the LUMO electrons in PANI are 
transferred into the CB of the TiO2, whilst photogenerated 
holes of the VB of TiO2 can migrate to the HOMO of PANI. 
Under visible light (Scheme 2b), PANI can absorb photons 
to produce the π–π* transition, such that electrons in the 
HOMO are excited into the LUMO [49]. These excited elec-
trons can then readily transfer to the CB of the TiO2. Charge 
transfer processes in the TiO2/PANI hybrid materials thus 
promote separation of the photogenerated charge carriers, 
leading to the observed enhancement in photocatalytic activ-
ity. With respect to the photocatalytic degradation of MO, 
the excited electrons can be trapped by adsorbed molecular 
oxygen, giving superoxide anion radicals (·O2

−). Meanwhile, 
hydroxyl radicals (·OH) can also be formed by reaction of 
the holes with water or hydroxide ions. Both of these radi-
cals can react with MO.

Conclusion

In summary, double-shell structured TiO2/PANI hollow 
spheres were synthesized by sol–gel and in situ polymeriza-
tion processes. The shell thickness can be adjusted by vary-
ing the precursor concentration. Based on the photocatalytic 

degradation of MO, these TiO2/PANI hybrid materials show 
significant photocatalytic activities. The TiO2/PANI hollow 
spheres with optimized PANI content gave maximum pho-
tocatalytic efficiencies of 90.9% and 97.1% under UV and 
visible light, respectively. We believe that this study may be 
helpful for construction of other conducting polymers and 
TiO2 hybrid materials with a view to their potential applica-
tion in wastewater treatment.
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