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ABSTRACT 

TiO2 nanoparticles are typically used in sunscreens; however, they have shown to exhibit 

cyto- and genotoxicity, which is related to the photocatalytic activity and the subsequent 

formation of reactive oxygen species when exposed to ultraviolet radiation. In this study, we 

synthesised nanocomposite materials consisting of TiO2 nanoparticles and homogeneously 

attached (BiO)2CO3 clusters with a size < 10 nm onto their surfaces. The nanocomposites 

were prepared using a facile precipitation approach with different atomic ratios of Bi/Ti of 

0.02, 0.04, and 0.08. The TiO2/(BiO)2CO3 nanocomposites exhibit an absorbance in the 

ultraviolet-visible range that is similar to that of TiO2 nanoparticles and photocatalytic 

activity that is reduced by up to 60% when exposed to ultraviolet and visible light. In 

addition, the nanocomposites show high biocompatibility in healthy HaCaT human skin cells 

and Madin-Darby canine kidney cells in vitro, and more importantly, they are capable of 

reducing the photo-generated toxicity of TiO2 in HaCaT cells upon irradiation with simulated 

sunlight. Such multifunctional nanocomposites could potentially be applied as alternative 

ultraviolet filter components in sunscreen formulations, reducing potential adverse effects 

associated with TiO2 nanoparticles.  

Keywords: TiO2, (BiO)2CO3, nanocomposite, photocatalytic activity, UV protection  

Page 2 of 36Journal of Materials Chemistry C



3 
 

1 INTRODUCTION 

Inorganic nanoparticles (NPs), such as TiO2 are commonly used as ultraviolet (UV) filters in 

sunscreen formulations, which can reduce the effects of harmful solar UV radiation, in 

particular UVA (320 – 400 nm) and UVB (290 – 320 nm). Not only can UV radiation lead to 

the formation of skin cancer, it also promotes photo-aging and genetic damage through the 

generation of reactive oxygen species (ROS).1, 2 The use of NPs also raises safety concerns, 

however, due to possible negative side effects of the small-sized particles on the human body, 

which is a topic of ongoing discussion in the research community.3, 4 Although the nanometer 

size is crucial, since it offers improved photoprotection and transparency in the visible range 

as compared with the bulk materials,5 some NPs can easily penetrate into the skin and be 

incorporated into human cells, where TiO2 NPs have shown to exhibit cyto- and 

genotoxicity.6 The toxicity is associated with the photocatalytic activity of the NPs and the 

subsequent formation of ROS when exposed to UV radiation.4, 7 Moreover, these reactive 

species can lead to enhanced degradation of commonly added organic sunscreen components, 

which typically exhibit lower photostability than the inorganic additives.8 After application to 

the skin and exposure to UV-visible radiation, the degradation can result in a decrease in sun 

protection factor (SPF) or worse, the formation of unknown, toxic intermediates.9 

Approaches to minimize the photocatalytic activity of the active inorganic sunscreen 

ingredients include the coating of TiO2 NPs with silica, but complete protection has not been 

achieved as yet.6 

Bismuth-based compounds have shown biocompatibility and have already been used in 

cosmetics and medicine.10, 11 For instance, BiOCl is used in mineral powder in makeup, and 

Bi2O3 has been used as an astringent.10, 12 Inorganic bismuth salts are used for the treatment 

of gastric and duodenal ulcers,13 and organobismuth compounds have antifungal, 

antimicrobial, and anticancer activities.14, 15 (BiO)2CO3 has been widely investigated as an 
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ingredient in protective agents for gastrointestinal diseases,16 as filler in radiopaque 

catheters,17 and in pollution prevention, as it shows photocatalytic and antibacterial activity.18, 

19 Moreover, it is well known that the carbonate ion acts as a hydroxyl radical scavenger, 

reducing the degradation of organic molecules in waste water.20, 21 (BiO)2CO3 has a large 

band gap (2.9 – 3.6 eV), which is tuneable, depending on its morphological properties.22 

Diverse nanostructures of (BiO)2CO3 have been synthesised, and studied regarding their 

photocatalytic activity using dyes, such as rhodamine B, methyl orange, and methylene 

blue.22-24 Furthermore, various (BiO)2CO3 superstructures have been synthesised for the 

efficient removal of nitrogen monoxide (NO).25-27 (BiO)2CO3 has been also investigated in 

combination with other materials to form BiVO4/(BiO)2CO3 nanocomposites,28 and 

(BiO)2CO3/BiOI29 and α-Bi2O3/(BiO)2CO3
30 heterojunctions as efficient photocatalysts for 

the removal of toxic pollutants. Recently, a graphene and TiO2 co-modified (BiO)2CO3 

heterojunction composite was developed through a two-step hydrothermal process that 

displayed higher photocatalytic activity than the individual compounds.31 It has to be noted 

that the photocatalytic activity of (BiO)2CO3 was reported for a large concentration of the 

active material, 1 g/L.23, 24 The study of low concentrations in the mg/L range would therefore 

be of interest, especially since the great advantage of the (BiO)2CO3 composite materials lies 

in the facile synthesis approach, which can include a template-free or hydrothermal 

process.32, 33 

In this study, we investigate both the UV blocking potential and the photocatalytic activity of 

TiO2/(BiO)2CO3 nanocomposites, which were prepared using a facile, template-free 

precipitation method with atomic ratios Bi/Ti of 0.02, 0.04, and 0.08 (2 at.%, 4 at.%, and 8 

at.%, respectively). The photocatalytic activity of the TiO2/(BiO)2CO3 nanocomposites and 

pristine TiO2 NPs was investigated through monitoring crystal violet degradation under 

UVA/UVB irradiation and simulated solar irradiation (air mass (AM) 1.5 G, 1 sun 
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equivalent). The cytotoxicity of the TiO2/(BiO)2CO3 nanocomposites and pristine TiO2 NPs 

was determined in healthy HaCaT and Madin-Darby Canine Kidney (MDCK) cells using the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay at a 

concentration ranging from 5 – 500 µg/mL and an exposure time of 24 h.  

  

2 MATERIALS AND EXPERIMENTAL METHODS 

2.1 Reagents and Materials 

All chemicals were analytical grade from commercial sources. TiO2 (Aeroxide® P25), 

Bi(NO3)3∙5H2O, 30% NH4OH, tris(4-(dimethylamino)phenyl)methylium chloride (crystal 

violet), and ethanol were purchased from Sigma-Aldrich. Aeroxide® P25 is a mixture of 

anatase and rutile TiO2 and is often used in commercial sunscreens.34, 35 69% HNO3 was 

obtained from Merck.  

Cellular experiments were carried out with HaCaT and MDCK cells, which were purchased 

from the European Collection of Cell Cultures (ECACC). Dulbecco's Modified Eagle 

Medium (DMEM), fetal bovine serum (FBS), penicillin, streptomycin, trypsin 

ethylenediaminetetraacetic acid (trypsin–EDTA), and phosphate buffered saline (PBS) were 

purchased from Life Technologies. The MTT dye and dimethyl sulfoxide (DMSO) were 

purchased from Sigma-Aldrich. 

2.2 Preparation of TiO2/(BiO)2CO3 Nanocomposites 

The TiO2/(BiO)2CO3 nanocomposites were synthesised via a two-step precipitation-based 

method. First, 600 mg of TiO2 NPs were suspended in 110 mL of deionized (DI) water and 

sonicated using a sonication bath (Branson 3800, Ultrasonics Corp) for 1 h. Then, according 

to the atomic ratio of Bi/Ti, Bi(NO3)3∙5H2O was dissolved in 0.75 – 2.95 mL of 69% HNO3. 
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The acid was 50% neutralized with the dropwise addition of 30% NH4OH. Then, the reaction 

mixture was added to the suspension of TiO2 and stirred for 2 min. Further NH4OH was 

added dropwise until the pH reached a value of 8. The precipitates were filtered and washed 

with deionised (DI) water, suspended in 35 – 50 mL DI water, and heated under stirring at 80 

– 100ºC for 5.5 h. Then, the composites were filtered and washed with DI water, and the 

colourless powder was dried in vacuum at 60ºC for 48 h. The samples were denoted as Bi/Ti 

2 at.%, Bi/Ti 4 at.%, and Bi/Ti 8 at.% for the composites with Bi:Ti atomic ratios of 0.02, 

0.04, and 0.08, respectively.  

2.3 Materials Characterization 

The phase of the produced and as-received nanopowders was characterized using an 

Enhanced Mini-Materials Analyzer (EMMA) X-Ray Diffractometer (XRD; GBC Scientific) 

with Cu Kα radiation (λ = 1.5418˚ A) at 40 kV and 25 mA.  

The morphology and particle size of all materials, as well as the chemical composition, were 

examined using the JEOL 7500 field emission scanning electron microscope (FESEM) at the 

Electron Microscopy Centre at the Australian Institute of Intelligent Materials (AIIM). 

Energy dispersive X-ray spectra (EDS) were obtained using a X-Flash 4010 10 mm2, 127 eV 

SDD energy dispersive X-ray detector (Bruker, Massachusetts, USA). High resolution EDS 

mapping and high resolution transmission electron microscope (TEM) images were obtained 

using a JEM-ARM200F atomic resolution microscope fitted with a Centrino SDD 100 

mm2 detector (JEOL, Akishima, Tokyo, Japan). The samples were prepared on carbon-coated 

copper grids, and the crystal size distribution was surveyed using Image-J software. 

The Brunauer-Emmet-Teller (BET) specific surface area of all materials was measured using 

a Nova 1000 high speed gas sorption analyser from Quantachrome. The adsorption of N2 at 
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the temperature of liquid nitrogen was determined, and prior to measuring, the samples were 

degassed at 60 °C for 15 h in vacuum.  

The surface composition of the produced and as-received nanopowders was evaluated via X-

ray photoelectron spectroscopy (XPS) using a SPECS PHOIBOS 100 Analyzer installed in a 

high vacuum chamber with the base pressure below 10−8 mbar. X-ray excitation was provided 

by Al Kα radiation with a photon energy of 1486.6 eV at the high voltage of 12 kV and 

power of 120 W. The XPS binding energy spectra were recorded with the pass energy of 20 

eV in the fixed analyser transmission mode. Analysis of the XPS data was carried out using 

CasaXPS 2.3.15 software. 

2.4 UV-Visible Spectroscopy and Photocatalytic Activity 

The absorbance was recorded on an UV-3600 spectrophotometer from Shimadzu Corporation 

(Kyoto, Japan) over the range of 800 to 200 nm using quartz cuvettes. The NP suspensions 

were prepared in DI water at a concentration of 25 µg/mL. The band gap was determined 

using Equation (1):36 

       (𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔)               (1) 

where α, h, ν, A, and Eg
 are the absorption coefficient, Planck constant, light frequency, a 

constant, and the band gap, respectively. The value of n depends on the type of optical 

transition of a semiconductor (i.e., n = 2 for a direct transition and n = 0.5 for an indirect 

transition). The band gap can be estimated from a plot of (αhν)n vs. the energy (hν) and the 

generation of a tangent to the x-axis.  

The photocatalytic activity of all prepared nanomaterials and of the pristine TiO2 NPs under a 

broad UVA-UVB spectrum was examined using a RPR-200 photochemical reactor (Rayonet, 

Branford, CT, USA), equipped with 3000 and 3500 Å lamps. TiO2 is known to generate •OH 

radicals upon exposure to UV light.37 When the radicals are in contact with crystal violet, its 
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central double bond can be cleaved, which results in a decolourisation of the dye. Thus, the 

degradation of crystal violet – with an absorbance maximum at 590 nm – can be used as an 

indicator for the amount of generated •OH radicals. The initial concentration of crystal violet 

was 12 µmol/L and the amount of suspended TiO2 NPs and TiO2/(BiO)2CO3 nanocomposites 

was 5 mg/L. Before the irradiation with UV light, the nanomaterial suspension containing the 

crystal violet dye was equilibrated by stirring in the dark for 60 min. Then, a first aliquot was 

taken just before the irradiation start and its absorbance was measured after removal of the 

photocatalyst via centrifugation to determine the initial concentration of the dye. Afterwards, 

the measured aliquots were resuspended and added back to the reaction mixture. Upon 

exposure to UV light, aliquots were withdrawn every 5 min for a total of 30 min, and the 

absorbance was measured. The photocatalytic activity was further examined under simulated 

solar irradiation for a total time of 6 h, using a halogen lamp (50 watt power) and illumination 

of AM 1.5 G one sun (100 mW/cm2). The conditions were the same as for the irradiation with 

UV light only, and the absorbance was determined after every 30 min of irradiation. The 

apparent rate constant k was calculated according to Equation (2):38 

      𝑐 = 𝑐0𝑒−𝑘𝑡                            (2) 

where c is the concentration as the reaction progresses, c0 is the initial concentration, and t is 

the time. The integrated first order rate law is shown in Equation (3): 

       ln (
𝑐

𝑐0
) = −𝑘𝑡                                      (3) 

2.5 Cell Culture 

Cellular experiments were carried out with HaCaT and MDCK cells. While HaCaT cells are 

transformed keratinocytes and are derived from histologically normal adult human skin, 

MDCK cells are derived from the kidney tubule of a normal female adult Cocker Spaniel. The 

cell cultures were grown and maintained at 37ºC with 5% (v/v) CO2 in a T75 cm2 tissue 
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culture flask (Falcon) containing DMEM supplemented with L-glutamine, 10% (v/v) FBS, 

and 1% (v/v) penicillin/streptomycin. 

2.6 In Vitro Cell Viability Assay  

Under absence of simulated sunlight 

The viability of human skin (HaCaT) cells and MDCK cells was assessed by the MTT assay 

as described by Mosmann,39 which is based on the conversion of water-soluble yellow 

tetrazolium salt to water-insoluble purple formazan. Since this reduction occurs in the 

mitochondria of viable cells, the amount of formazan produced is directly proportional to the 

number of viable cells.40 Typically, the cells were seeded in a 96-well plate and incubated at 

37°C. Suspensions of TiO2, and TiO2/(BiO)2CO3 were prepared in PBS (without Ca2+ and 

Mg2+) at a concentration of 1 mg/mL and sonicated for 2 h using a sonication bath (Branson 

3800, Ultrasonics Corp). The NP suspensions were then diluted in growth medium and added 

to the seeded wells to yield concentrations of 0, 5, 10, 25, 50, 100, 250, and 500 µg/mL. After 

24 h of incubation at 37°C, the growth medium was removed from each well and replaced 

with 100 µL of fresh medium and 10 µL of MTT solution, which was prepared in advance 

and contains 0.5 mg of MTT dye dissolved in 1 mL of PBS (without Ca2+ and Mg2+). The 

well plate was incubated for 4 h until a purple-coloured formazan product was formed. After 

85 µL of the test solution was removed, 100 µL of DMSO was added to the wells to dissolve 

the formazan crystals. The well plate was incubated for 10 min at 37°C and centrifuged at 

1200 rpm for 5 min to settle the remaining NPs. Then, 100 µL of supernatant was transferred 

to a new well of a 96-well plate and the absorbance was measured at a wavelength of 540 nm 

using a microplate reader (SpectraMax 384 Plaus (Molecular Devices)). The absorbance of 

the treated wells was compared to the control wells, and the cell viability was expressed as 
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relative percentage. The MTT assay was performed independently in triplicate for each 

nanomaterial.   

Under presence of simulated sunlight 

To ensure that the nanomaterials develop sufficient photocatalytic activity, TiO2 NPs were 

suspended in DPBS (with Ca2+ and Mg2+, 1 mg/mL), sonicated for 2 h, and added to a 

solution of crystal violet in DPBS in a 96-well plate at concentrations of 25, 50, and 100 

µg/mL. After a dark adsorption of 60 min, the absorbance was measured at 590 nm. The 96-

well plate was then placed without the lid on an ice block underneath the light source (300 W 

Sunlamp, Ultra-Vitalux®, OSRAM), which was pre-run for 30 min to ensure stabilization of 

the output. The light emission profile of the lamp is shown in Figure S1 in the Supporting 

Information. The light intensity was measured using a calibrated UVA/B light meter (model 

850009, Sper Scientific) and was found to be 6 mW/cm2 at the surface of the wells. The 96-

well plate was irradiated for 15 min, which equals a dose of 5.4 J/cm2. Afterwards, the 

absorbance was measured and the amount of degraded crystal violet was determined.  

HaCaT cells were seeded in 96-well plates and suspensions of TiO2 and TiO2/(BiO)2CO3 

(Bi/Ti 8 at.%) were prepared as described above. Prior to the addition of the NP suspension to 

the cells the growth medium was replaced with 100 µL of DPBS. The NP suspensions were 

then added to the cells to yield concentrations of 25, 50, and 100 µg/mL. This concentration 

range was chosen to ensure the observation of detectable photocatalytic effects while keeping 

the toxicity related to the nanomaterials to a minimum. The control cells were treated with the 

equivalent amount of PBS. The cells were incubated with the nanomaterials for 45 min at 

37°C. The culture plate lid was then removed and the 96-well plate was placed on an ice 

block underneath the light source. The cells were irradiated under the same conditions as 

described above (for 15 min with simulated sunlight and a light intensity of 6 mW/cm2). 
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After irradiation, DPBS was replaced with 100 µL of supplemented growth medium and the 

96-well plate was incubated for 24 h before fresh medium and MTT dye were added, and the 

absorbance was measured, as described above. 

3 RESULTS AND DISCUSSION 

3.1 Identification, Size, Morphology, and Surface Composition of TiO2/(BiO)2CO3 

Nanocomposites 

Figure 1 displays the XRD patterns of the commercial TiO2 NPs and the synthesised 

nanomaterials, which can be identified as nanocomposites of the type TiO2/(BiO)2CO3. The 

XRD pattern of the TiO2 NPs shows reflections attributed to the anatase (JCPDS 01-075-

2552) and rutile (JCPDS 01-075-1753) phases. The nanocomposites do not alter the 

diffraction patterns of the core materials, but lead to additional reflections in the XRD pattern 

which are assigned to (BiO)2CO3 (JCPDS 00-41-1488). Moreover, the relative intensity of 

the reflections increases with increased bismuth present in the nanocomposite.  

 

Figure 1. XRD patterns of commercial TiO2 NPs, and the TiO2/(BiO)2CO3 nanocomposites 

Bi/Ti 2, 4, and 8 at.%. 

Page 11 of 36 Journal of Materials Chemistry C



12 
 

Typically, the synthesis of (BiO)2CO3 requires the use of templates or hydrothermal 

treatments. In this work, however, the TiO2 NPs act as primary nucleation centres during the 

nanocomposite synthesis. It was shown that TiO2 NPs can act as substrate seeds on which a 

single spherical domain of inverse spinel iron oxide can be epitaxially grown.41 The seeds can 

act as efficient catalysts and provide a lower energy barrier for heterogeneous nucleation, in 

comparison to homogeneous nucleation.42 The two-step precipitation method used in this 

work includes the addition of excess ammonium hydroxide, which was used as the 

precipitating agent, yielding (BiO)2CO3. It has been shown that the concentration of 

precipitating agent has a significant influence on the physical properties of (BiO)2CO3 NPs.43 

Since no carbon source was added to the reaction mixture, the carbonate formation occurred 

due to the presence of aqueous CO2. In aqueous solution, carbonic acid, carbon dioxide, 

bicarbonate, and carbonate exist together in a dynamic equilibrium, as shown in Equations 

(4) – (6):44 

H2CO3(aq) ⇌ CO2(aq) + H2O(l)   (4) 

     H2CO3(aq) ⇌  H+(aq) + HCO3
−(aq)  (5) 

HCO3
−(aq) ⇌ H+(aq) + CO3

2−(aq)  (6) 

In acidic environments, the equilibrium shifts to CO2 (aq), while the addition of a base can 

shift the equilibrium to the carbonate. In our work, we precipitated the (BiO)2CO3 clusters 

using a very slow and dropwise addition of 30% NH4OH, increasing the pH value gradually. 

The reaction was complete at a pH of 8 – 9. These principles of carbonate equilibrium 

chemistry were already used to monitor the rate of inorganic carbon uptake by a variety of 

algal species.45 

The BET specific surface area of all materials was measured and is displayed in Table 1. 

TiO2 NPs typically show a high specific surface area close to 50 m2/g.46 The nanocomposites 
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display a small decrease in surface area, associated with the coverage of the TiO2 surface by 

the (BiO)2CO3 clusters, due to the increase in the overall size of the NPs.  

Table 1. BET Surface Areas and Band Gaps of TiO2/(BiO)2CO3 Nanocompositesa 

Sample BET surface area (m2/g)  Band gap (eV)  

TiO2 47.8 ± 0.5 2.68 ± 0.08 

Bi/Ti 2 at.% 47.2 ± 0.5 2.83 ± 0.09 

Bi/Ti 4 at.% 45.5 ± 0.5 2.79 ± 0.07 

Bi/Ti 8 at.% 43.6 ± 0.4 2.69 ± 0.05 

aData provided for the pure TiO2 NPs, and the TiO2/(BiO)2CO3 nanocomposites with 

different Bi/Ti atomic ratios. The indicated errors are the standard deviation. 

 

Figure 2 shows SEM and STEM images of the pure TiO2 NPs, and the TiO2/(BiO)2CO3 

nanocomposites with Bi/Ti atomic ratios of 0.02, 0.04, and 0.08. The commercial TiO2 is 

made up of mostly rectangular, spherical, ellipsoidal, and prism-like particles with an average 

particle size of 23.39 ± 8.59 nm (Figure 2a, left image). Figure 2a shows the SEM images of 

the nanocomposite with Bi/Ti atomic ratios of 0.02, 0.04, and 0.08. For all nanocomposites, 

the SEM analysis does not show any significant difference in morphology to uncoated TiO2. 

The STEM images of the TiO2/(BiO)2CO3 composites clearly show that the surfaces of the 

TiO2 NPs are covered with very small ( < 10 nm) (BiO)2CO3 clusters (Figure 2b). The 

coverage with the (BiO)2CO3 clusters is homogeneous and increases with added (BiO)2CO3. 

The HAADF image of the nanocomposite with Bi/Ti 8 at.% (Figure 2b, right image) reveals 

the interface between TiO2 and (BiO)2CO3 clusters and shows rutile TiO2 with interplanar 

spacings of 0.30 and 0.33 nm, which is in accordance with the d-spacings of (001) and (110) 

planes, respectively. 
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Figure 2. a) SEM images of TiO2 NPs (left), and the TiO2/(BiO)2CO3 nanocomposites with 

different Bi/Ti atomic ratios. b) HAADF STEM images of TiO2 NPs (left), the 

TiO2/(BiO)2CO3 nanocomposites with different Bi/Ti atomic ratios. The HAADF image of 

the nanocomposite with Bi/Ti 8 at.% (right) exposes lattice fringes spaces of 0.30 and 0.33 

nm, corresponding to (001) and (110) planes of rutile TiO2, respectively. c) TEM images with 

high resolution EDS mapping of the TiO2/(BiO)2CO3 nanocomposite Bi/Ti 8 at.%. 

The high resolution EDS mapping indicates that the uncoated TiO2 NPs feature no Bi (Figure 

S2), while a significant proportion of Bi can be found on the surfaces of the particles for the 

TiO2/(BiO)2CO3 nanocomposites (Figure 2d). The EDS maps of the nanocomposites with 

Bi/Ti 2 and 4 at.% also displayed a homogeneous distribution of the Bi on the surfaces of the 

TiO2 particles, as shown in Figure S2. Uncovered TiO2 NPs were not found anywhere in the 

imaged specimens, even for the composite with the smallest amount of (BiO)2CO3 (Bi/Ti 2 

at.%). The Bi/Ti ratio of each of the composites was measured from EDS measurements. The 
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obtained ratio for the 2, 4 and 8 at.% nanocomposites was 1.73 ± 0.1, 3.76 ± 0.1, and 8.11 ± 

0.25 at.%, respectively.  

The surface composition of the nanocomposites was characterized using high resolution XPS. 

Figure 3 displays the high resolution XPS spectra of the Bi 4f orbitals (left column) and the C 

1s orbital (right column), and the peak deconvolution results for the pure TiO2, and 

TiO2/(BiO)2CO3 nanocomposites. While the TiO2 NPs do not display any Bi 4f orbitals, the 

presence of (BiO)2CO3 clusters in Bi/Ti 2 at.% yields a significant signal of the two 

symmetric Bi 4f peaks with a binding energy of 159 eV (Bi 4f7/2) and 164 eV (Bi 4f5/2), 

which indicates the presence of Bi–O bonds with bismuth in the +3 oxidation state, as found 

in (BiO)2CO3.
32, 47 The intensity of the Bi 4f peak increases with increasing atomic ratio of 

Bi/Ti in the nanocomposite materials. Two Gaussian peaks were used to fit the experimental 

data in the high resolution XPS spectra of C 1s (right column). The peak at the lower binding 

energy of 284.83 eV can be assigned to C–C bonds in adventitious carbon.32 The second C 1s 

peak at 287 eV is ascribed to the C–O bonds that are usually present in CO3
2-, as found in 

(BiO)2CO3.
32 Similarly to the Bi 4f peak, the carbonate-related peak increases in intensity 

with increasing amounts of (BiO)2CO3 on the surface of TiO2. The carbon element in pure 

TiO2 corresponds mainly to adventitious hydrocarbon and is not related to the presence of 

(BiO)2CO3. All XPS data, including the Ti 2p and O 1s orbitals are summarized in Table S1. 

The XPS analysis supports the findings from the XRD and TEM analysis and confirms the 

presence of (BiO)2CO3 in the nanocomposite materials. The XPS spectra for N 1s, O 1s and 

Ti 2p are shown in Figure S3. There were no peaks detected in the N 1s area, which excludes 

the presence of bismuth oxynitrates.48 
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Figure 3. High resolution XPS spectra of the Bi 4f (left column) and C 1s (right column) 

regions of the commercial TiO2 NPs, and TiO2/(BiO)2CO3 nanocomposites with different 

Bi/Ti atomic ratios. 

3.2 Optical Properties and Band Gap of the TiO2/(BiO)2CO3 Nanocomposites 
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The UV-visible absorption spectrum of each investigated material was measured in order to 

determine its UV filtering properties and the effects of the (BiO)2CO3 formed onto the TiO2 

surface on the optical band gap (Figure 4). TiO2 NPs are a common additive to commercial 

sunscreen formulations with a high and selective absorbance within the UV region (Figure 

4a). The TiO2/(BiO)2CO3 nanocomposites exhibit a very similar absorption over the entire 

UV range as compared to uncoated TiO2 NPs, with only slightly reduced intensities, 

depending on the amount of (BiO)2CO3 clusters present. The reduced absorbance in the 

visible range is related to the presence of more transparent (BiO)2CO3 in comparison to TiO2, 

which is of advantage in regard to potential application in sunscreen formulations.22 

Moreover, there is only a very small blue shift identified for all tested nanomaterials. These 

findings suggest that the (BiO)2CO3 clusters have a negligible impact on the optical 

properties of the heterojunctions. This is most accurately reflected in a minor increase in the 

optical band gap of the nanocomposite materials, ranging from 2.69 – 2.83 eV compared to 

the TiO2 NPs with an optical band gap of 2.68 ± 0.08 eV, as seen in Table 1. The band gaps 

of all the materials were calculated using Equation (1) and represent indirect band transitions. 

The Tauc plots are shown in Figure 4b.  
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Figure 4. a) UV-visible absorption spectra and b) Tauc plots of pure TiO2 NPs, and 

TiO2/(BiO)2CO3 nanocomposites with different Bi/Ti atomic ratios. The absorption spectra 

were recorded at a concentration of NPs of 25 µg/mL in DI water. 

3.3 Photocatalytic Activity of the TiO2/(BiO)2CO3 Nanocomposites 

Each of the nanocomposite materials and the pure TiO2 NPs were tested for their 

photocatalytic activity within a broad UVA/UVB spectrum and under simulated solar light 

irradiation. Crystal violet was utilized as an indicator of the photocatalytic activity and the 

associated production of hydroxyl radicals. The discoloration of crystal violet in the absence 

of any photocatalyst was negligible, both under UV and under solar light irradiation. Upon 

addition to the crystal violet solution of a suspension of TiO2 at a final concentration of 5 

mg/L, the reaction mixture degraded almost completely due to photocatalytic reactions when 

exposed to UVA and UVB light for 30 min, as shown in Figure 5a. The photocatalytic 

activity of TiO2 is generally linked to the particular phase: while anatase TiO2 exhibits strong 

photocatalytic activity, the rutile phase is less active.34, 35 Here, commercial Aeroxide® P25 

was used, which is a combination of both anatase and rutile TiO2. The addition of 5 mg/L of 

the nanocomposite materials resulted in a significant decrease in degradation of crystal violet 

in comparison to the pure TiO2, suggesting a reduction in photocatalytic activity. 

Furthermore, the reduction in the degradation of crystal violet increased with increasing 

amounts of (BiO)2CO3 clusters on the surface of TiO2. More interestingly, there is only a 

small difference in degradation between the nanocomposites, which indicates that a coating 

with (BiO)2CO3 that results in a Bi/Ti atomic ratio of 0.02, leads to a significant reduction in 

the photocatalytic activity of the TiO2 NPs, without affecting the UV blocking properties of 

TiO2. The apparent rate constant k for each of the materials was calculated using the 

Langmuir-Hinshelwood model and is shown in Table 2, whereas the plots are displayed in 

Figures S4 and S5.49  
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Figure 5. Relative decrease in absorbance of crystal violet solutions containing TiO2, and 

TiO2/(BiO)2CO3 nanocomposites with different Bi/Ti atomic ratios: a) under UV light 

exposure, and b) under exposure of AM 1.5 G one sun (100 mW/cm2). The concentration of 

all materials is 5 mg/L. The data represent the mean of three independently prepared samples, 

which were measured separately. 

Table 2. Influence of TiO2/(BiO)2CO3 Nanocomposites on the Degradation of Crystal Violeta 

 Sample k × 10-2 (min-1),  

UV irradiation 

k × 10-2 (min-1),  

sunlight irradiation 

Dye only 0.02 ± 0.01 0.47 ± 0.10 

TiO2 6.64 ± 0.22 44.81 ± 0.82 

Bi/Ti 2 at.% 1.15 ± 0.04 11.43 ± 0.18 

Bi/Ti 4 at.% 1.03 ± 0.04 10.57 ± 0.18 

Bi/Ti 8 at.% 0.92 ± 0.03 9.93 ± 0.3 

aApparent rate constant k for the degradation of crystal violet solutions containing TiO2, and 

TiO2/(BiO)2CO3 nanocomposites under irradiation by UV light and AM 1.5 G one sun (100 

mW/cm2). The concentration of all materials is 5 mg/L. The errors indicated are the standard 

deviation obtained through the linear regression.  
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As displayed in Figure 5b, the degradation of crystal violet under simulated solar light 

irradiation showed a similar trend to that under UV light in the same system, for an exposure 

time of 6 h. TiO2 displays close to 100% degradation after 6 h of simulated solar light 

irradiation. The apparent rate constants for the nanocomposite materials are 3.9 – 4.5 times 

smaller than for the pure TiO2, further confirming the photodegradation protection provided 

by (BiO)2CO3 at small concentrations.   

The decrease in photocatalytic activity can be attributed to a number of factors, such as a 

decrease in the BET specific surface area, although the coating with (BiO)2CO3 in Bi/Ti 2 

at.% leads to a decrease in the BET specific surface area of less than 1.5% in comparison to 

TiO2. Yet, the photocatalytic activity of that nanocomposite is reduced by over 55% 

compared to TiO2. Furthermore, the (BiO)2CO3 clusters, which are located on the surface of 

TiO2, can absorb incoming UV light, reducing the overall radiation that reaches TiO2. It is 

shown, however, that even the very small addition of (BiO)2CO3 to TiO2 which results in 

Bi/Ti 2 at.% is sufficient to cause a significant decrease in the degradation of crystal violet. 

Further addition beyond Bi/Ti 2 at.% has a negligible effect. Therefore, the reduction in 

photocatalytic activity does not appear to be related to a decrease in the surface area or 

increased absorption of UV radiation by the (BiO)2CO3 clusters. 

Another explanation for the observed reduced dye degradation can be the very small size of 

the (BiO)2CO3 clusters (< 10 nm), which leads to their very high surface/volume ratio. Due to 

the low crystallinity, the surface is enriched with defects, which can act as ROS scavengers, 

as shown for CeO2 NPs.50, 51 More importantly, it is widely known that carbonate acts as a 

hydroxyl radical scavenger. Once the carbonate is in contact with hydroxyl radicals, the 

formation of carbonate radicals is observed, as shown in Equation (7):52, 53 

                      •OH + CO3
2−              OH– + CO3

−•                (7) 
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In contrast to hydroxyl radicals, which react rapidly with organic compounds, the carbonate 

radical is very selective and prolongs the degradation processes, as typically observed in the 

purification of waste water.20, 21 

Typically, nanomaterials are designed that increase the photocatalytic activity with the goal 

of improving the catalyst efficiency.54, 55 Although the use of (BiO)2CO3 NPs for 

photocatalytic purposes is widely reported, (BiO)2CO3 can also be used as a photoprotector, 

reducing the photocatalytic activity of the strong photocatalyst TiO2. (BiO)2CO3 is a weak 

photocatalyst on its own, especially at low concentrations such as those used in this work. 

Noticeable photocatalytic degradation of rhodamine B23 and methyl orange24 under UV-

visible light irradiation was achieved at concentrations of 1.0 and 0.1 g/L, respectively. The 

application of (BiO)2CO3 clusters as a photoprotector is of interest and importance, since 

TiO2 NPs are widely used as the active component in sunscreen formulations, although it is 

known that they generate free radicals.4, 34 

3.4 In Vitro Cell Viability 

Under absence of simulated sunlight 

The cytotoxicity of the commercial TiO2 NPs, and the TiO2/(BiO)2CO3 nanocomposite 

materials was determined using the MTT assay, which is based on the conversion of MTT 

into formazan crystals by viable cells.40 Non-malignant HaCaT human skin cells and kidney 

(MDCK) cells were chosen and exposed to the NPs for 24 h at concentrations ranging from 5 

– 500 µg/mL (Figure 6). HaCaT keratinocytes are typically used to investigate possible 

adverse effects of NPs in sunscreens,56 MDCK cells are used to examine the biocompatibility 

of NPs, since the kidney represents a possible detoxification route.57, 58 In general, the 

reduction of cell viability was observed in a dose-dependent manner for all tested 

nanomaterials. In both cell lines, the pristine TiO2 NPs displayed the highest cytotoxicity of 
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all the tested materials. Nevertheless, at the highest tested concentration of 500 µg/mL, the 

decrease in mitochondrial activity is still moderate for the TiO2 NPs, with cell viability of 

71.2 ± 4.5% and 61.5 ± 6.6% in HaCaT and MDCK cells, respectively. The TiO2/(BiO)2CO3 

nanocomposites show cell viabilities that lie above that for the TiO2 NPs. In addition, the 

biocompatibility of the nanocomposites increases with increasing atomic ratio of Bi/Ti.  

 

Figure 6. Effects of the commercial TiO2 NPs, and TiO2/(BiO)2CO3 nanocomposites with 

different Bi/Ti atomic ratios on the mitochondrial function in non-cancerous a) HaCaT 

human skin cells and b) dog kidney (MDCK) cells. The cells were treated with the NPs at 

concentrations of 0 (control), 5, 10, 25, 50, 100, 250, and 500 µg/mL for 24 h. At the end of 

exposure, the mitochondrial function was determined using the MTT reduction assay. The 

data are represented as the mean of three independently prepared experiments. 

Under presence of simulated sunlight 

To confirm that the toxicity of TiO2 is reduced by the inhibition of photocatalytic activity due 

to (BiO)2CO3, cell viability assays with HaCaT have been performed under presence of TiO2, 

TiO2/(BiO)2CO3 (Bi/Ti 8 at.%), and simulated sunlight. To ensure that the chosen 

concentrations of tested nanomaterials are sufficient to induce detectable photocatalytic 
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effects, the degradation of crystal violet was evaluated in presence of TiO2 NPs at 25, 50, and 

100 µg/mL and simulated sunlight for 15 min (Figure 7a). A concentration of 25 µg/mL has 

been shown to be sufficient to cause a degradation of crystal violet of over 33%.  

The HaCaT cell viability following exposure to TiO2 or TiO2/(BiO)2CO3 (Bi/Ti 8 a.%) NPs at 

concentrations of 25, 50, and 100 µg/mL with and without additional simulated sunlight 

irradiation is shown in Figure 7b. When compared to the toxicity of the nanomaterials alone 

(non-irradiated), it is clearly visible that the additional exposure to simulated sunlight initiates 

processes that cause a higher toxicity in HaCaT cells. For instance, at a concentration of 100 

µg/mL, the cell viability after treatment with only TiO2 is high with a survival of 86.4 ± 

2.9%, while after additional irradiation with simulated sunlight the cell viability decreases to 

64.1 ± 4.4%. This increase in cell mortality is most likely related to the photocatalytic activity 

of TiO2 and the subsequent generation of ROS, while the composite is capable of inhibiting a 

significant amount of photocatalysis.59, 60 In particular, for the same conditions, the treatment 

with TiO2/(BiO)2CO3 results in a cell viability of 74.5 ± 4.7% after irradiation with simulated 

sunlight. More interestingly, it is further shown that a significant effect of photocatalysis can 

only be observed at concentrations ≥ 50 µg/mL, which implies that the impact of 

photocatalytic activity of TiO2 on the viability of HaCaT cells is negligible at concentrations 

≤ 25 µg/mL. 
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Figure 7. (a) Degradation of crystal violet solutions containing TiO2 NPs at concentrations of 

25, 50, and 100 µg/mL upon irradiation with simulated sunlight for 15 min. (b) Viability of 

HaCaT cells following exposure to TiO2 or TiO2/(BiO)2CO3 (Bi/Ti 8 a.%) NPs with and 

without additional simulated sunlight irradiation for 15 min. The viability was assessed using 

the MTT assay and the tested concentrations were 25, 50, and 100 µg/mL. The data are 

expressed as percentage of viable cells compared to control cells that have not been exposed 

to nanomaterials. 

The decrease of cell viability of human skin fibroblasts upon exposure to TiO2 NPs and UV 

light has been reported widely.59-61 For instance, the use of rutile TiO2 and anatase TiO2 at 

concentrations of 50 and 100 µg/mL was assessed in HaCaT cells under UVA irradiation 

with doses of 0 – 10 J/cm2.59 No significant toxicity was found towards HaCaT cells exposed 

to TiO2 at a concentration of 100 µg/mL without irradiation. Upon irradiation with UVA, 

however, the anatase TiO2 treatment resulted in a decrease in cell viability of over 40% at the 

highest tested dose of 10 J/cm2, while rutile TiO2 displayed phototoxicity of less than 20%.59 

Interestingly, the use of a mixture of anatase and rutile (P25), similarly to our work, showed a 

decrease in cell viability of over 80 and 85% for a dose of 5.4 and 10 J/cm2, respectively. 

Although our results show higher cell viability at a dose of 5.4 J/cm2, the observed trend 
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highlights the need of more research into the reduction of photocatalytic activity of TiO2, in 

particular P25, which is still widely applied in commercial sunscreen formulations.34, 35 The 

phototoxicity is generally linked to the generation of ROS in presence of UVA.59, 60 In 

particular, an increase in accumulation of intracellular ROS levels by 1.8-fold has been 

observed in HaCaT cells after 24 h exposure to 200 µg/mL of P25 and irradiation with UVA 

(365 nm).60  

As of now, bismuth oxychloride (BiOCl) is the only bismuth-based compound that has been 

studied in HaCaT cells, although without the application of UVA and UVB light, and 

simulated sunlight.62 To the best of our knowledge, neither the toxicity of (BiO)2CO3 in 

HaCaT cells, nor the inhibition of photo-induced toxicity of TiO2 due to the presence of 

(BiO)2CO3 upon irradiation with simulated sunlight has yet been reported, which ultimately 

highlights the novelty of the presented work. 

4 CONCLUSION 

The commonly used TiO2 NP additives in sunscreen formulations pose a potential health risk 

in regard to their ability to generate free radical species that, in turn, can cause cyto- and 

genotoxicity, either directly through penetration into deep skin tissue or indirectly through the 

degradation of organic sunscreen additives. The latter case could result in the formation of 

intermediates with unknown toxicity, which – besides the reduction of SPF – can cause 

adverse side effects. By reducing the photocatalytic activity of TiO2 NPs and simultaneously 

maintaining the UV filtering properties, the health risk of these sunscreen additives can be 

minimized. Using a simple two-step precipitation approach, we synthesised TiO2/(BiO)2CO3 

nanocomposites with different atomic ratios of Bi/Ti (0.02, 0.04 and 0.08). The (BiO)2CO3 

clusters are smaller than 10 nm and are evenly distributed throughout the surfaces of the TiO2 

NPs. We demonstrate that, by introducing a small amount of (BiO)2CO3 clusters onto the 
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surface of TiO2, which results in an atomic ratio of Bi/Ti of 0.02, its photocatalytic activity 

was decreased and its biocompatibility in healthy cells increased, while maintaining its size, 

morphology, and UV blocking ability. Moreover, the nanocomposites displayed a reduced 

toxicity in HaCaT cells upon irradiation with simulated sunlight in comparison to TiO2 NPs, 

which indicates that the composites are capable of reducing the photo-induced generation of 

ROS. 
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