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ABSTRACT

In this study, we successfully synthesized ZnO/CeO2 composite nanoparticles

for efficient ultraviolet (UV) filtering applications using a simple precipitation

route. Various ratios of Ce/Ti, 2.5 at.%, 5 at.%, and 10 at.% were used to pre-

cipitate ceria onto commercial ZnO nanopowder at pH 9. The calculated mean

crystallite sizes of the resultant nanocomposites were * 90 nm, * 79 nm, and

* 41 nm for the 2.5 at.%, 5 at.% and 10 at.% ceria amounts, respectively. A

stronger and more selective absorbance within the UV range was observed due

to precipitation of a small amount of ceria to decorate the commercial ZnO

surface. The photocatalyst results show that the addition of ceria, particularly

with the precipitation amount increased up to 10 at.%, can effectively reduce

crystal violet degradation by about 97% in a period of time from 0 to 30 min

when exposed to ultraviolet light over 30 min or by around 99% under solar

simulation for 30 min.

Introduction

Due to the increased intensity of ultraviolet (UV)-rays

that reach the earth’s surface, which is attributed to

the collapse of the ozone layer in the past two dec-

ades, concerns about skin protection from UV-rays

have been raised recently [1]. As is well known,

ultraviolet radiation is divided into UVC

(270–290 nm), UVB (290–320 nm), and UVA

(320–400 nm) [2, 3]. Around 95–99% of the UV radi-

ation that reaches the earth consists of UVA, 1–5% is

UVB, while UVC is filtered by ozone in the strato-

sphere. Hence, UVC does not reach the earth’s sur-

face [2, 4]. The UVB range causes erythema, and it is a

well known carcinogen. Recently, however, great

attention has been paid to the UVA rays as well, since

they have the ability to penetrate deeper into human

skin [2, 5–7], causing accumulation of higher radia-

tion doses and consequent health problems such as

aging acceleration, skin cancer, etc. Therefore, sun-

screen agents with efficient filters for UVA are

becoming one of the important tools today to protect
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the human skin from the dangerous effects of the UV-

rays. In general, there are organic and inorganic UV

blockers incorporated in sunscreen agents [8]. The

organic UV blockers are not very efficient or desir-

able, however, due to their partial degradation under

irradiation, which results in an increase in UV

absorption, allergy effects, and potential photoallergy

[8–10]. Materials such as titanium dioxide (TiO2) and

zinc oxide (ZnO) [11] that can absorb, reflect, or

scatter UV-rays are widely used as efficient inorganic

UV blockers. Yet, even though they offer good UV-

shielding characteristics, they also have high photo-

catalytic activity when absorbing UV radiation,

leading to high generation of reactive oxygen species

(ROS), which are considered to be harmful to the cells

and have an impact on the photostability of cosmetics

formulations, which is undesirable in sun care agents

[12–14]. Nano-ZnO is an attractive UVA filter for use

in sunscreen formulations due to its transparency

across the visible light wavelength region and high

absorption [15, 16]. Thus, the UVA blocking proper-

ties of ZnO are essential for efficient modern sun-

screens. Nevertheless, the generation of ROS under

UV light due to the photocatalytic effect of nano-ZnO

is still a major issue, which needs to be addressed.

Therefore, it is important to develop a novel type of

ZnO-based UVA filters with low photocatalytic

activity through tailoring with other materials. Sev-

eral other metal oxide nanomaterials have been

investigated for use in sunscreen formulations,

including pure ceria (CeO2) [17, 18], alkaline earths,

rare earths [19, 20], transition metal doped CeO2 [21],

a-Fe2O3 [22] and Ce-doped Fe2O3 [23]. CeO2

nanoparticles and compounds incorporating cerium

are also of particular interest for sunscreen applica-

tion [20]. CeO2 is an attractive rare earth oxide due to

its ROS scavenging properties [24, 25]. It also features

good UV absorption and transparency in the visible

domain [26–28], and it is a large band gap semicon-

ductor as well, which makes it suitable for sunscreen

application [29–31]. Much research has been carried

out to create cerium or ceria doped ZnO with dif-

ferent nanostructures as well as nanofilms [32–37],

nanopowders [38–41], nanorods [42–46], nanoneedles

[47], nanofibers [48], and nanoplatelets [49]. Synthesis

of a CeO2–ZnO composite, ZnO/CeO2, or Ce/CeO2

nanostructures has been rarely reported. Recently a

new concept was used to reduce the photocatalytic

activity of nano-TiO2, by incorporating quantum dots

of bismuth carbonate ((BiO2)CO3) on its surface. The

photocatalytic activity of TiO2 was successfully

reduced by up to 60% through addition of (BiO2)CO3

to form a new nanocomposite material using a pre-

cipitation method [50]. In a similar way, another

work reported that a nanocomposite of iron oxide

(Fe2O3)/CeO2 fabricated via a precipitation route

showed strong, selective absorption in the UV range

and a significant reduction in crystal violet dye

degradation that was achieved by scavenging the

photogenerated hydroxyl (OḢ) radicals [51]. Based

on these reports, using CeO2 with ZnO as a core–shell

nanocomposite is expected to reduce the photocat-

alytic activity of ZnO. In this work, nanocomposites

of ZnO/CeO2 were prepared via a simple precipita-

tion method. The effects of the precursor, pH, and

amount of ceria on the ZnO photocatalytic activity

were investigated.

Experimental section

Chemicals

Commercial ZnO Nanopowder (\ 100 nm), cerium

acetate hydrate (C2H3O2)3Ce.XH2O (99.9%), ammo-

nium hydroxide (NH4OH, 28–30% NH3 basis),

hydrogen peroxide (H2O2) were purchased from

SIGMA ALDRICH and used to synthesize ZnO-

based CeO2 (ZnO/CeO2 nanocomposite).

Sample preparation

We assert a cost-effective technique, which can be

adopted for manufacturing application. In this article,

pure commercial ZnO nanoparticles and CeO2 coated

ZnO nanoparticles were produced by the precipita-

tion method.

Precipitation method

To formulate ZnO/CeO2 nanocomposite, an amount

of ZnO nanopowder of about 0.2 g was suspended in

deionized water, while a solution of (C2H3O2)3-
Ce.XH2O (Sigma Aldrich) was separately prepared.

The two solutions were mixed to obtain desired sto-

ichiometric ZnO/CeO2 ratios of 2.5 at.%, 5 at.%, and

10 at.% CeO2. These different amounts of cerium

were then precipitated from the solutions using

concentrated (NH4OH) (28–30%) in a dropwise

addition method for a total of 2 mL to reach the
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desirable pH 9 at 80 �C. After sometime, an amount

of concentrated (H2O2 30%) was added to crystallize

the precipitated products. After that, the resultant

products were washed and dried over night at 80 �C.
Finally, the products were ground for characteriza-

tion. This was following the same process reported in

[51]. Figure 1 presents a schematic diagram of the

precipitation technique.

Characterization

X-ray diffraction (XRD; MMA diffractometer, GBC

Scientific Equipment) was used to examine the crys-

tallinity and purity of the prepared nanocomposites

products as well as the commercial ZnO nanoparti-

cles. This was performed with an XPERT-PRO (9PW

3050/60) equipped with Cu Ka radiation (k = 1.54060

Å) operated at 40 kV and 30 mA at room tempera-

ture. The samples were scanned over a 20�–80� 2h
angular range with a 0.2� min-1 scan rate. In addi-

tion, a scanning electron microscope (SEM, JEOL

JSM-7500FA) and a transmission electron microscope

(TEM, JOEL ARM- 200F) were used to confirm the

product morphologies. Furthermore, the dye pho-

todegradation and UV absorbance of the fabricated

nanocomposites were tested through UV–visible

spectroscopy (Shimadzu UV-1800). The FT-IR spec-

trum of the sample was recorded using a Shimadzu

8400S spectrometer by the KBr pellet technique in the

range 400–4500 cm-1. X-ray photoelectron

spectroscopy (XPS) measurements of the elemental

compositions were also conducted via a SPECS

PHOIBOS 100 analyzer, with a high vacuum chamber

and base pressure under 10-8 mbar. XPS also was

used to analyze the Zn valence state to understand

the surface chemical configuration of the tested

products. X-ray excitation was delivered with Al Ka
radiation and photon energy, hm = 1486.6 eV at 12 kV

and 120 W. The XPS spectra to determine binding

energies were collected at 20 eV pass energy in the

fixed analyzer transmission mode. The final step in

XPS is analysis by a commercial software package

(CasaXPS 2.3.15), which was used to analyze the data

that comes from the spectroscope analyzer.

Photocatalytic and sun simulator tests

Commercial naked ZnO and our fabricated ZnO/

CeO2 nanocomposites with different amounts of ceria

were used with crystal violet as a chemical indicator.

The experiment was conducted as follows: firstly, to

prepare the dye stock solution, 2.61 g of crystal violet

powder dye (Tris (4-(dimethylamino) methylium

chloride, 99% anhydrous, Sigma Aldrich) was sus-

pended in 1L of distilled water using a volumetric

flask at the concentration of 6.4 mmol L-1. Secondly,

a 5 mg amount of naked commercial ZnO and 5 mg

amounts of the as-prepared samples were, respec-

tively, mixed under magnetic stirring in crystal violet

solution with a volume of 100 ml. This was

Figure 1 Schematic diagram

of the preparation of ZnO/

CeO2.
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performed in the dark for 30 min. Moreover, an RPR-

200 photocatalytic reactor (Rayonet) reactor lined

with a set of 300 nm and 350 nm Hg lamps 20 cm

away from the reaction mixture was used as the

irradiation source. An exposure period of 30 min was

used, with aliquots of the reaction mixture collected

every 5 min. Finally, a UV-3600 Shimadzu was used

to collect the UV- Vis spectra of the irradiated ali-

quots obtained and to assess the degree of dye

degradation at its major absorbance peak at

k = 590 nm. The same procedure was used to test the

materials for their response to an LCS—100TM solar

simulator, with 1 sun solar irradiation.

Results and discussion

Materials characterization

X-ray diffraction (XRD) was used to investigate the

crystallinity of the nanocomposites, which resulted

from the precipitation procedure. Figure 2 presents

the diffraction patterns of the synthesized nanocom-

posites. The patterns were indexed and were

assigned to the hkl planes (100), (002), (101), (110),

(102), (103), (200), (112), (201), (004), (202) which

match very well with hexagonal wurtzite ZnO. These

peaks show a favorable zinc oxide space group [P63

mc, (186)/amd, JCPDS No. 96-230-0116]. The peak at

28� in the ZnO/CeO2 nanocomposites was assigned

to the cubic fluorite phase of CeO2, and it is closely

matched with the corresponding PDF card (96–900–

9009). This peak of CeO2 represents the (111) plane

reflection for this phase. The CeO2 peak intensity

varied according to the ceria content whereby the

nanocomposite with a low amount of ceria (2.5 at.%)

presented a very small peak of CeO2, the 5 at.%

sample exhibited a broad peak, and the 10 at.%

sample an even broader peak related to ceria. Thus,

increasing the cerium acetate (C2H3O2)3Ce�XH2O

concentration led to an increased amount of ceria in

the nanocomposite, resulting in broad ceria peaks.

This was strong evidence that the preparation was

successful. According to Fig. 2, the full width at half

maximum (FWHM) and intensity of the small CeO2

peak in the XRD patterns of the prepared samples, as

compared to the ZnO pattern, indicate the amount of

CeO2.

The effects of the ceria loading on the cell param-

eters and particle size of the core ZnO nanoparticles

were also assessed. The XRD patterns reveal that the

nanocomposites of ZnO/CeO2 do comprise ZnO and

CeO2. The cell parameters, average crystallite size, d-

spacing, amount of ceria, peaks, and corresponding

phase angles are presented in Table 1.

Figure 3 shows the ultraviolet–visible absorbance

of the manufactured nanocomposites and the com-

mercial uncoated ZnO. A suspension concentration

of 25 mg mL-1 was used to perform the experiments.

In general, the samples show selective absorbance

across the UVA wavelength region. The absorbance

increased gradually when the precipitated amount of

ceria increased up to 10 at.%. Thus, the improvement

in the absorption features of the new ZnO/CeO2

nanocomposite is due the CeO2 added to the com-

mercial ZnO, in particular with the increasing

amount of ceria up to 10 at.%.

The charge transfer O 2p to Ce 3dguarantees that

there are some ions of Ce4? with several coordination

states, which can result in switching between 4 and 8

in the fluorite cubic system of CeO2 [26].

FE-SEM was used to confirm the morphologies of

the fabricated ZnO/CeO2 nanocomposites as well as

that of pure commercial ZnO. Figure 4 clearly shows

the respective surface morphologies at different

magnifications. The corresponding images of uncoa-

ted ZnO, which are represented by Fig. 4 (a and b),

show the irregular morphology of pure ZnO. Fig-

ure 4c–h shows that the particle sizes and morphol-

ogy of the prepared nanocomposites were affected by

CeO2 addition to the commercial ZnO, because the

size was reduced with increasing amounts of ceria.

With the high amount of 10 at.%, agglomerated

Figure 2 XRD patterns of commercial ZnO and ZnO/CeO2

nanocomposite particles at 2.5, 5, and 10 at.%. CeO2 peaks were

referred by filled star symbol, and ZnO peaks were referred by

filled circle symbol.
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spherical nanoparticles were produced, composed of

smaller ZnO crystallites. Figures 5 and 6 also

demonstrate this change, which might be related to

the nucleation and synergetic impact between CeO2

and ZnO [52–54].

Figure 5 presents TEM images of the commercial

uncoated ZnO and the synthesized nanocomposites.

High-resolution TEM analysis was performed using a

JEOL-JEMARM200F microscope. The results confirm

that the commercial uncoated ZnO and resulted

ZnO/CeO2 (2.5 at.%) nanocomposite have exposed

ZnO (100) and CeO2 (111) planes, with d-spacings of

2.635 Å for ZnO and 3.17 Å for CeO2, respectively.

The images in Fig. 5(a, c) demonstrate these results.

Generally, the practical values of the d-spacings

related to ZnO and CeO2 phases are 2.614 Å and 3.17

Å, respectively. Therefore, the high-resolution (HR)-

TEM analysis is in agreement with the XRD patterns,

although a hexagonal structure is displayed by ZnO

and a cubic structure by CeO2, as well as the different

lattice planes. Throughout the formation of the

nanocomposites, nucleation and synergetic effects

between ZnO and CeO2 were corroborated, and the

nanocomposites were defect-rich.

Other TEM images related to commercial ZnO and

the fabricated ZnO/CeO2 nanocomposites are pre-

sented in Fig. 6, from which the morphology and

particle sizes of the samples could be investigated. It

was found that * 93 nm is the average size for pure

ZnO, while the averages sizes for the nanocomposites

with different amounts of ceria were * 90 nm for 2.5

at.%, * 79 nm for 5 at.%, and * 41 nm for 10 at.%.

The sample of ZnO/CeO2 10 at.% shows agglomer-

ation and aggregated particles as in the SEM images.

Some of these particles were relatively big spherical

agglomerates around 200–300 nm in size, and there

were also small spherical particles with an average

size of 41 nm. This morphology may have occurred

due to the synergetic effects mentioned above.

Additionally, the ZnO size was reduced effectively

with increasing ceria content.

High-resolution energy dispersive spectroscopy

(EDS) mapping was used to measure the elemental

composition of the synthesized nanocomposite sam-

ples to confirm the presence of ceria. The EDS map-

ping for the commercial ZnO and the

nanocomposites can be seen in Figs. 7 and 8. The

images in Fig. 7 show the composition of pure com-

mercial ZnO, which contains only Zn and O. Fur-

thermore, the images in Fig. 8 can show the

compositions of the prepared ZnO/CeO2 nanocom-

posites (2.5, 5, and 10), and they reveal that the

resultant materials consist of Zn, Ce, and O. A sec-

ondary Ce phase was identified via TEM analysis,

and it proves that there was a perfect dispersion of

ceria on top of the pure commercial ZnO. There were

no impurities detected in the naked ZnO or the

nanocomposites, according to the EDS analysis.

Finally, EDS analysis confirmed the successful fabri-

cation of our ZnO/CeO2 nanocomposites with dif-

ferent amounts of ceria.

The elemental composition of the prepared

nanocomposites was also investigated using X-ray

photoelectron spectroscopy (XPS) survey spectra, as

shown for ZnO/CeO2 (10 at.%) in Fig. 9. The ZnO/

CeO2 nanocomposite XPS survey spectra consist of

Table 1 ZnO cell parameters, average crystallite size, d-spacing, amount of ceria, peaks, and the corresponding phase angles

Ce (at %) Sample Peak d-spacing (Å) h (�) a (Å) c (Å) Crystal size (nm)

0 Pure commercial ZnO 100 002 2.7777 2.5781 32.20 34.77 3.207 ± 0.003 (ZnO) 5.116 ± 0.003 (ZnO) 93 ± 4 (ZnO)

2.5 S1 100 002 2.7811 2.5802 32.16 34.74 3.211 ± 0.002 (S1) 5.160 ± 0.001 (S1) 90 ± 4 (S1)

5 S2 100 002 2.7844 2.5809 32.12 34.73 3.215 ± 0.003 (S2) 5.162 ± 0.006 (S2) 79 ± 2 (S2)

10 S3 100 002 2.7929 2.5947 32.02 34.54 3.225 ± 0.002 (S3) 5.189 ± 0.007 (S3) 41 ± 6 (S3)

Figure 3 UV visible spectra of the synthesized nanocomposites

with 2.5 at.%, 5 at.%, and 10 at.% ceria, with pure commercial

ZnO as a reference material.
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Zn, Ce, O, and C regions. The Zn 2p3/2 and Zn 2p1/2

orbitals are centered at peaks with binding energy

values of 1021.5 eV and 1044.6 eV, respectively, as

shown in Fig. 9b. The spectra show that Zn is in the

2 ? oxidation state. Furthermore, the high-resolution

XPS spectrum of Ce in Fig. 9c shows that the Ce

peaks consist of a mixture of Ce3? and Ce4? ions, as

has previously been shown for nanocrystalline CeO2.

Generally, the Ce oxidation states look alike and are

close to each other, as shown in the XPS spectrum.

Some Ce3? defects can be formed around the

nanocomposite surface, particularly as the size of the

Figure 4 FE-SEM images of

(a, b) ZnO, (c, d) ZnO/CeO2

(2.5 at.%), (e, f) ZnO/CeO2 (5

at.%), (g, h) ZnO/CeO2 (10

at.%). At two deferent

magnifications, respectively.
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CeO2 nanoparticles decreases due to an increase in

lattice strain and the formation of defects [55]. The

ratio of Ce3?/Ce4? is also important in regard to its

ROS scavenging properties and has been shown to be

closely linked to the size of the nanoparticles [56, 57]

and can be formed due to the synergetic interaction

between CeO2 and ZnO. The presence of Ce3? is

generally accompanied by the localized formation of

amorphous Ce2O3, which might not be detected by

XRD because its concentration or amount is too small

in the nanocomposite relative to both ZnO and CeO2.

The peaks with energies of 532.5, 531.6, 530.4, and

534.2 eV represents O 1s, and it can be found that

these four binding energies are related to and linked

with the ZnO and CeO2 lattice oxygen (Zn2?, Ce3?,

Ce4?) and the hydroxyl group OḢ [52], as shown in

Fig. 9d. Therefore, the XPS analysis confirms the

presence of Ce3? in the ZnO/CeO2 nanocomposite.

FT-IR spectroscopy was used to examine the

chemical composition of pristine CeO2, ZnO and ZnO

coated CeO2 nanostructures, as shown in Fig. 10. The

existence of the nanostructures of the metal oxides in

Figure 5 HR-TEM images of

(a) ZnO and (c) ZnO/CeO2

(2.5 at.%); TEM images for

(b) ZnO, (d) ZnO/CeO2 (2.5

at.%), (e) ZnO/CeO2 (5 at.%),

and (f) ZnO/CeO2 (10 at.%),

respectively.
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the sample can be elucidated in the lower wavelength

region of the FT-IR spectra. The peak at 870 cm-1 is

attributed to Zn-OH bending vibrations [58, 59].

Absorption bands from 800 to 4000 cm-1 were

observed in the FT-IR spectrum of the prepared CeO2

nanoparticles, whereby, bands positioned at

450 cm-1 and 824 cm-1 correspond to the Ce–O

metal–oxygen bond [60–62], and significant vibration

band ranging from 400 to 500 cm-1 assigned to the

characteristic stretching mode of the Zn–O bond

according to [63], were not covered in our experi-

mental setup due to equipment range limitation.

Additionally, the ZnO coated CeO2 nanoparticles

showed peaks at 1390 and 1514 cm-1 [64] which are

correlated to the acetate ion residuals of the starting

materials [59]. Furthermore, the 1630 cm-1 and

3440 cm-1 bands correspond to the hydroxyl (O–H)

group stretching and bending vibrations, respec-

tively, which are associated with the residual water

molecules and/or physically adsorbed OH groups on

the surfaces of the CeO2 and ZnO coated with CeO2

samples [65]. In general, for the ZnO coated CeO2

samples it can be seen that the intensity and the

broadening of the metal oxides peaks (band from 800

to 900 cm-1) decreases with decreasing CeO2

loading.

UV photocatalytic characterization

Figure 11 shows the photocatalytic measurements for

the prepared nanocomposites as well as the com-

mercial naked ZnO. The measurements were repli-

cated three times to establish the error margins and

standard deviation. Crystal violet dye was used as a

colorimetric indicator for photodegradation based

upon the production of ROS sufficient in reactivity to

mineralize the dye and O2
�- superoxide radical indi-

cator. These superoxide radicals might be created

because of ZnO exposure to UV-rays. As a result, a

colorless derivative of crystal violet will be produced

[57, 66]. In comparing the commercial naked ZnO

with the samples capped with ceria, it is clear that the

Figure 6 TEM images of

(a) ZnO, (b) ZnO/CeO2 (2.5

at.%), (c) ZnO/CeO2 (5 at.%),

and (d) ZnO/CeO2 (10 at.%).

Figure 7 High-resolution

TEM and EDS mapping of

(a) uncoated commercial ZnO,

highlighting the distribution of

(b) Zn and (c) O.
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ceria loading in the nanocomposite samples drasti-

cally reduces the degree of dye degradation over the

exposure period tested.

It can be seen that the highest level of dye degra-

dation was achieved with the uncoated commercial

ZnO, while a substantial decrease in dye degradation

was achieved for the nanocomposite samples. ZnO is

a semiconductor material that nominally displays a

wide band gap value of 3.27 eV for the wurtzite

phase [67] and is primarily an absorber of UVA

radiation, as evidenced in Fig. 3. Illumination of the

uncoated ZnO nanoparticles with wavelengths of

light greater than this band gap is sufficient in gen-

erating photoexcited charge carriers. Excitation

results in the promotion of an electron (e-) from the

valence band to the conduction band, which in turn

leaves behind a positively charged hole (h?). These

photoexcited charge carriers can migrate to the sur-

face of particle and interact with chemically adsorbed

species. In this instance, the aqueous medium of the

reaction mixture enables the generation of ROS

through surface mediated redox reactions between

photoexcited charge carriers and adsorbed water

(H2O). The resulting ROS, which typically includes

the powerful hydroxyl radical, can then go on to

oxidize the crystal violet dye and cause irreparable

damage to its chemical structure. Over the exposure

period tested, the continual generation of ROS grad-

ually results in the de-colorization of the reaction

mixture due to degradation of the colored dye

molecules to colorless photoproducts, as evident by

the gradual decrease in relative absorbance (C/Co)

(Fig. 10). In the case of the nanocomposite samples, a

substantial reduction in the photocatalyzed degra-

dation of the crystal violet dye while under UV

irradiation is observed as compared to the uncoated

commercial ZnO. With increasing ceria loading, up to

10 at.% it can be seen that the dye degradation is

reduced by 97% in UV light. Considering that no

significant change was observed in the absorption

Figure 8 High-resolution TEM and EDS maps of the synthesized

ZnO/CeO2 nanocomposites. Each column corresponds to a set of

images for the following given ceria loadings: a, b 2.5 at.%, c, d 5

at.% and e, f 10 at.%. The distribution of Zn (pink), Ce (green) and

O (red) are shown below each corresponding gray-scale TEM

image.
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band position of the nanocomposite samples relative

to the uncoated ZnO, and that the absorption prop-

erties improved with increasing ceria loaded, it

would have ordinarily been expected that some

improvement in the photocatalysis would be

achieved. One possible reason this is not observed

could be due to the deposition of CeO2 on the surface

of the ZnO nanoparticles, resulting in an inhibition of

the free radical production or scavenging of the ROS

produced. CeO2 nanoparticles have been previously

reported to display prominent antioxidant properties,

particularly when a large number of surface defect

sites exist [56]. These surface defect sites are often

Figure 9 XPS spectra of

ZnO/CeO2 (10 at.%): a survey

spectrum, b Zn 2p, c Ce 3d,

and d O 1s.

Figure 10 FT IR spectrum of commercial ZnO, pristine CeO2

and ZnO/CeO2 nanocomposite particles at 2.5, 5, and 10 at.%.
Figure 11 Photocatalytic activity toward crystal violet dye (CV)

of uncoated commercial ZnO, synthesized 2.5 at.%, synthesized 5

at.% and synthesized 10 at.% nanocomposite in terms of relative

dye degradation over time. Error bars shown derived from

standard deviation of triplicate experiments.
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increased with decreasing particle size and enable the

interchangeable redox of Ce3?/Ce4? with chemically

adsorbed species [51, 57]. Thus, it could be suggested

that the application of such fine CeO2 nanoparticles

with existing surface defects in the nanocomposite

samples could impart some form of ROS scavenging

property, resulting in the gradual decrease in dye

degradation with increased ceria loading as

observed. Furthermore, the performance of the 10

at.% nanocomposite in particular is a vast improve-

ment on our previous work with Na-doped ZnO [68],

in terms of reducing photocatalysis while also

maintaining UV absorption.

The suppression of dye photo degradation is also

higher compared to the effect of Co and Mn doping

of ZnO reported in [69, 70] where the decomposition

of Rhodamine-B dye under simulated sunlight is

from 10% (for Co doping) to 30% in case of Mn

doping and similar exposure time. In addition, both

elements are applied in higher doping concentra-

tions. Similarly, the suppression of photodegradation

through Ni doping of ZnO films [71] reveals lower

values—in 30 min the degradation C/C0 values are

typically between 70% and 80%.

Solar simulated light photocatalytic characterization

To verify the photostability of the synthesized ZnO/

CeO2 nanocomposite particles, a solar simulator LCS-

100TM light source was used to replicate real envi-

ronmental conditions these materials may face if

incorporated into a sunscreen formulation. A (1 sun)

solar simulator for visible and UV light was provided

to conduct this measurement. Figure 12 highlights

the results of these solar simulated light pho-

todegradation experiments. It can be seen that, as

with the UV photodegradation results, the uncoated

commercial ZnO induced the highest level of dye

degradation, followed by the 2.5 at.%, 5 at.% and 10

at.% nanocomposite samples. The dye degradation is

reduced by 99% for ceria amount of 10 at.% in the

composite. In a similar manner to that outlined for

the UV photodegradation experiments, the deposi-

tion of CeO2 in the nanocomposite samples provides

dye protection by mitigating dye degradation

through efficient scavenging of generated ROS by the

core ZnO. The low degree of photocatalytic activity

demonstrated by the nanocomposite samples under

solar simulated light irradiation is particularly

important if applied in sunscreen formulations as a

UV filter. Normally, sunscreen formulations consist

of a combination of both organic (various including

oxybenzone and octocrylene) and inorganic UV fil-

ters (TiO2 or ZnO). Incorporation of uncoated ZnO

into such formulations can impact the efficacy of the

cream when applied to the skin due to the potential

photodegradation of the organic components by

photoexcited ZnO and ROS generation. In the case of

the ZnO/CeO2 nanocomposites produced in this

work, the low photocatalytic performance of the

materials under simulated conditions highlights their

effective potential for application in such products.

Conclusion

In this article, we have demonstrated that photocat-

alytically active commercial ZnO was encrusted with

CeO2 nanodots to build nanocomposite particles

using cost-effective simple precipitation procedure.

The composite materials show excellent absorbance

capabilities with low photocatalytic activity, as well

as high photostability with increasing amounts of

ceria up to 10 at.%, whereas the photocatalytic

activity of commercial nano-ZnO was reduced by

around 97% under UV and visible light, and 99%

under solar simulation in 30 min. These novel

nanocomposites can be used as efficient inorganic UV

filters in sunscreens.

Figure 12 Degradation of crystal violet dye (Cv) over time with

exposure to simulated 1 sun solar irradiation in conjunction with

uncoated commercial ZnO, ZnO/CeO2 (2.5 at.%), ZnO/CeO2(5

at.%) and ZnO/CeO2 (10 at.%) nanocomposite. Error bars shown

derived from standard deviation of triplicate experiments.
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