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A dispersion of CeO2 nanoparticles and nanorods stabilized with nitrilotriacetic acid (NTA) and 4,4’-Azobis(4-cyanovaleric acid) (V-

501) initiator has been used to initiate the emulsion polymerization of acrylic monomers, yielding stable hybrid CeO2 nanoparticles-

nanorods/polyacrylate latexes for the first time. Films casted from these hybrid latexes are transparent due to the very homogenous 

distribution of the polymer compatibilized CeO2. Furthermore, it has been proven that the UV-Vis absorption capacity of the hybrid 10 

latexes is enhanced with the incorporation of the nanorods.  

 

Introduction 

It is well-known that inorganic nanomaterials have unique 

properties that when combined appropriately with polymers, 15 

produce hybrid materials with substantially better performance 

(mechanical, optical, electrical…)1–4. In this context, cerium 

oxide possesses interesting properties such as the high UV-Vis 

absorbance capacity5. Thus, hybrid latexes with cerium oxide 

nanoparticles are potential candidates for the outdoor coating 20 

industry and for hybrid organic/inorganic photoactive layers in 

solar cells. Several works have already reported the synthesis of 

CeO2/polymer hybrids for UV protection purposes6–8. However, 

all of them were produced with 3D CeO2 nanoparticles; namely, 

spherical nanoparticles. The use of CeO2 in photovoltaic 25 

applications has been scarce due to their wide band gap (≈3.19 

eV), but recently doping or nanostructuration of this rare earth 

oxide has led to open the path to photoelectrochemical 

applications9.  

High aspect ratio materials attract more attention due to the fact 30 

that smaller amounts of these materials are enough to obtain 

similar characteristics10. Those materials exhibit great optical, 

mechanical, catalytic, and electrical properties that can be applied 

in a wide range of applications11–13. In the last years, 1-D ceria 

nanostructures with different morphologies, for example 35 

nanorods, nanowires and/or nanotubes have been synthesized 

using a wide range of methods14–18.  

Recently, it has been reported that with the combination of 

geometrically different nanofillers in a polymeric matrix, 

synergetic effects could be achieved. For instance, carbon 40 

nanotubes (CNTs) with carbon black12, few-layered graphene 

with CNTs and nanodiamonds19, graphene and CNTs20, PbSxSe1-x 

quantum dots and nanorods 21 and also two different high aspect 

ratio materials; clay and CNTs22. In all of them a remarkable 

enhancement in the properties of the hybrids was observed. 45 

Although many synthesis and surface modification methods for 

water dispersible ceria nanoparticles have been studied23–25, there 

have been many challenges in the successful incorporation of 

ceria nanoparticles into the polymer structure26,27; for example, in 

clear coatings one of the key challenges is the stability of the 50 

paints formulated with ceria nanoparticles or in hybrid solar cells 

the power conversion efficiency is limited by the large-scale 

aggregation of the nanoparticles phase28. Therefore, the inherent 

instability of inorganic particles in the organic matrix, makes it 

rather difficult to obtain stable dispersions from the physical 55 

mixture of inorganic nanoparticles and organic binders which 

often result in hazy films due to aggregation of nanoparticles29. 

As a result, the in-situ incorporation of the ceria nanoparticles 

and other inorganic nanoparticles within the polymer particles 

during the polymerization process have been pursued in the last 60 

decade in order to homogeneously distribute the inorganic 

nanoparticles in the polymeric film30–36. 

Several approaches to produce waterborne hybrid CeO2/polymer 

coatings have been reported. We have recently shown the 

efficiency of a conventional seeded semibatch emulsion 65 

polymerization for the encapsulation of CeO2 nanoparticles in 

waterborne polymer particles7. Hydrophobic CeO2 nanoparticles 

were used and miniemulsion polymerization was employed to 

produce the seed hybrid particles. The monomer added under 

starved conditions buried the CeO2 nanoparticles incorporated to 70 

the seed particles, producing a high homogeneity of nanoparticles 

dispersion in the final polymeric film. Other authors used macro-

RAFT modified CeO2 nanoparticle dispersions to start the 

polymerization35,37,36. These modified particles were used as seed 

in an emulsion polymerization reaction that yielded an 75 

homogeneous distribution of the nanofiller in the final latex. The 

advantage of the hybrid latexes with encapsulated morphology 

with respect to hybrids produced by physically blending the bare 

dispersions of the inorganic and organic materials is that the 

possible aggregation of ceria nanoparticles during the storage 80 

period of the paint or film formation is prevented. 

In this work, a dispersion of semiconductor cerium oxide 

nanoparticles (NP)/nanorods (NR) has been synthesized. During 

the synthesis of the CeO2 nanoparticle dispersion in aqueous 

media, capping agents are usually added to stop the growth and 85 

hence, control the size of the nanoparticles. Generally, these 

capping agents (e.g. nitriloacetic acid, NTA; see structure in 

Figure)38 contain carboxylic groups that are adsorbed onto the 
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surface of the growing inorganic nanoparticles stopping their 

growth and providing stability to the nanoparticle dispersion. In 

this work, and in order to enhance the compatibility and 

dispersability of the inorganic material in the polymer matrix, the 

possibility of modifying the surface of the CeO2  nanoparticles by 5 

adding carboxylic acids containing initiator moieties that can 

initiate the polymerization from the surface of the CeO2 

nanoparticles was considered. Particularly, the acidic initiator 

4,4’-Azobis(4-cyanovaleric acid) (V501) was used (see Figure 1) 

together with the NTA capping agent.  10 

 
 

N

OH

O

OH

O

HO

O  
Nitrilotriacetic acid 

(NTA) 

4,4’-Azobis(4-cyanovaleric acid) 

(V501) 
Figure 1. Chemical structures of NTA and V501 molecules. 

Then, the polymerization from the surface of the CeO2 

nanoparticles was carried out in water phase in order to 15 

compatibilize the organic and the inorganic phases. Therefore the 

dispersion of the CeO2 NP/NR was used as seed and initiator to 

produce hybrid acrylic latexes by emulsion polymerization. This 

is the first time that acrylic/CeO2 nanorod/nanoparticle hybrids 

are reported in the literature. The stability of the final hybrid 20 

latexes, together with their final morphology was analyzed. 

Furthermore, the morphology and UV absorption capacity of 

hybrid polymeric films containing CeO2 NP/NR was compared to 

those containing CeO2 nanoparticles alone.  

Experimental part 25 

Materials 

Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O), ammonium 
hydroxide solution (28.0-30.0%), nitrilotriacetic acid (NTA, 
98+% ACS reagent), sodium nitrilotriacetate (Na3NTA, Sigma 
grade) and 4,4′-Azobis(4-cyanovaleric acid) (V501) were 30 

purchased from Sigma-Aldrich and together with hydrogen 
peroxide (30%, MERCK) were used for the synthesis of the 
cerium oxide dispersion. Methyl methacrylate, MMA 
(Quimidroga) and n-Butyl acrylate, BA (Quimidroga) were used 
as monomers. Dodecyl diphenyloxide disulfonate (Dowfax 2A1 35 

45%, Dow Chemicals) was used as the anionic emulsifier. 
Double distilled water was used for the synthesis of cerium oxide 
dispersion whereas deionized water was used in the emulsion 
polymerizations. 

Synthesis of CeO2 nanoparticles dispersions 40 

The synthesis of hydrophilic nanoparticles/nanorods (NP/NR) 
dispersion was carried out as follows:  

30 g of Ce (NO3)3·6H2O were added to 300 mL of H2O and 
stirred until complete dissolution. Then, 24 g of NH4OH solution 
(28 wt%) were added to precipitate Ce(OH)x. After centrifuging 45 

this mixture and eliminating the supernatant, the cerium 
hydroxide cake was redispersed in 1.5 L of H2O previously 
heated at 85 °C using magnetic stirring and Ultra-Turrax® at high 
revolutions (ca. 10 000 rpm). The temperature was set to 88 °C 
while magnetic and Ultra-Turrax® stirrings were kept. When the 50 

cake chunks were not seen any longer, 4 g of NTA and 2 g of 
Na3NTA were added to the reaction batch and it was left under 

stirring for 15 minutes. After obtaining a homogeneous system, 8 
g of H2O2 solution (30 wt%) were added to oxidize the cerium 
hydroxide (Ce(OH)x) to cerium dioxide (CeO2). 45 minutes after 55 

the addition of the peroxide, 3 g of Na3NTA were added to the 
dispersion. This way the growth of CeO2 particles was stopped by 
the NTA capping agent. During the following 15 minutes, stirring 
and temperature were maintained. Then, both heating and Ultra-
Turrax® were turned off, while magnetic stirring was kept to help 60 

cooling down the system.  

When the temperature of the dispersion was below 30 °C (to 
avoid the decomposition of the thermal initiator), 1.2 g of V501 
(acidic azo initiator) were added, followed by the addition of one 
more gram of Na3NTA. By the addition of V501, the exchange of 65 

some surface NTA units by V501 units was pursued. The final 
CeO2 content of the dispersion was 1.6 wt%. The sample was 
stored at 3-4 ºC to prevent the decomposition of the thermal 
initiator V501. The synthesized dispersion of nanoparticles was 
stable for more than one month in the refrigerator. 70 

Polymerization of the acrylic/CeO2 hybrid latexes 

The polymerizations were carried out in a 100 mL glass jacketed 

reactor fitted with a reflux condenser, sampling device, N2 inlet 

and a stirrer rotating at 200 rpm. In a typical experiment (see Run 

1 in Table 1) the CeO2 NP/NR aqueous dispersion (24.75 g) and 75 

water (74.25 g) were placed in the reactor. The feeding of the 

monomer (using a syringe pump, Fisher Scientific, 78-11001 

Series) and the temperature heating were started simultaneously. 

The temperature was set to 75 ºC. The monomer was fed for 150 

minutes with a flow rate of 0.004 g/min for Run1. After 30 80 

minutes the emulsifier was added in a shot dissolved in 2 mL of 

water. The total reaction time was of 210 minutes, namely after 

the monomer feeding, the polymerization was left to react for one 

more hour. No extra initiator was added to the polymerization 

reaction, apart from the one present in the CeO2 NP/NR 85 

dispersion.  
 

Table 1.Formulations used in the emulsion polymerization of the 

acrylic/CeO2 NP/NR hybrid latexes. 

 90 

In order to favor the initiation of the polymerization from the 

surface of the NP/NR in some experiments (not shown in Table 

1) emulsifier was not used or was used well below the critical 

micellar concentration (CMC). Unfortunately, these experiments 

yielded large amounts of coagulum and hence higher emulsifier 95 

concentration was used to get stable latexes. 

Characterization techniques 

The morphology of the nanoparticles/nanorods (NP/NR) 

dispersion as well as the hybrid latex dispersion were analyzed by 

Transmission electron microscopy (TEM), TECNAI G2 20 100 

TWIN (FEI), operating at an accelerating voltage of 200 KeV in a 

bright-field image mode. The samples were diluted to 0.5-1 wt% 

and dried in the fridge at 4 ºC. Nanoceria particle and nanorods 

size distributions were obtained using Image Pro Plus 7.0 

software on 500 particles of each kind.  105 

 

Initial reactor 

 content 

Monomer feed 

(150 min) 

Shot  

(after 30 min) 

CeO2 NP/NR 

Dispersion 

(g) 

Water 

(g) 

MMA  

(g) 

BA  

(g) 

Dowfax  

(mg L-1)a 

Run 1 24.75 74.25 1 - 67.5 

Run 2 24.75 74.25 1 - 135 

Run 3 24.75 74.25 1 1 135 

Run 4 24.75 74.25 5 5 135 
a With respect to the total amount of water 
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For the surface characterization of the CeO2 dispersion different 

analyses were carried out, lyophilizing, centrifuging and 

dialyzing the sample. Spectra/Por (MwCO: 12000-14000) was 

used as membrane for the dyalisis. The entire dialysate volume 

was changed for fresh water at least once a day. Dialysis was 5 

allowed to run until the conductivity of the dialysate was close to 

that of the DDI water (2 µS/cm). The “clean” dispersion was kept 

in the fridge at 4 ºC to avoid the decomposition of the thermal 

initiator V501. 
The supernatant water of the centrifuged samples was 10 

characterized by 13C-NMR spectroscopy. Samples were dissolved 

in deuterated water (D2O) and analyzed in a Bruker AVANCE-

400 spectrometer 400 MHz for 9 hours. 

XPS composition data and spectra were acquired on SPECS 

(Berlin, Germany) instrument equipped with Phoibos 150 1D-15 

DLD analyzer and a monochromatic Al Kα X-ray source. 

Compositional survey and detail scans were acquired using pass 

energy of 80 eV. High resolution spectra were acquired using 

pass energy of 30 eV. The above data were taken at 90º takeoff 

angle. Data analysis was performed with Casa XPS 2.3.16 20 

Software to fit the signals to Gauss-Lorentzian curves, after 

removing the background (Shirley). Energy correction was 

performed by using the C1s peak at 284.6 eV as reference. ATR-

IR spectroscopy of the CeO2 dispersion was carried out in a 

FTIR-ATR Perkin-Elmer RX1 Spectrometer. 25 

The UV-Vis absorption measurements were carried out using a 

Shimadzu spectrophotometer (model UV-2550 230V). The 

measurements in the 250-600 nm range were done at room 

temperature on 50 µm films casted in Teflon panels at 23 ºC and 

55% of humidity. The thermal properties of the hybrids were 30 

analysed by Differential Scanning Calorimetry (DSC, Q2000, TA 

Instruments) and Thermogravimetric Analysis (TGA, Q500 V6.5 

build 196 TGA instrument) measurements. 

 

Results and discussion 35 

Morphology and surface characterization of the CeO2 NP/NR 
dispersion 

In Figure 2 TEM micrographs of the aqueous CeO2 nanoparticles 

dispersion are presented. It can be observed that both, spherical 

CeO2 nanoparticles and nanorods were formed during the 40 

synthesis, and they were homogeneously dispersed in the aqueous 

phase.  

The dimensions of 500 nanorods and nanoparticles were 

independently measured from the TEM images to compute the 

particle size distributions (PSDs) of each population (Figure 2 45 

and Supporting Information for the detailed PSDs). Nanorods 

dimensions were in the range 25-275 nm in length and 1-15 nm in 

width, with an average aspect ratio of 16. Nanoparticles sizes 

between 1-15 nm were measured with a volume average diameter 

of 6 nm.  50 

Figure 3 describes the different steps carried out to characterize 

the surface of the NP and NR. In a first step, the CeO2 dispersion 

was lyophilized and analyzed by XPS. It should be mentioned, 

that this sample was used as a reference because it should contain 

all the V501 initiator. The powder was redispersed in water and it 55 

was seen that it initiated the polymerization of MMA (see details 

in next sections).  

On the other hand, in order to check if the initiator was adsorbed 

on the surface of the NP and NR, a fraction of the NP/NR 

dispersion was centrifuged at 10 ºC, 20000 rpm and for 30 60 

minutes. A fraction of the precipitated sample was analyzed by 

XPS and the supernatant of the centrifugation was analyzed by 
13C-NMR.  

 

 

 

65 

Figure 2. TEM micrographs of the CeO2 nanoparticles dispersion 

containing spherical nanoparticles and nanorods. 

 

 
Figure 3. Experimental procedure followed to analyze the NP/NR 70 

dispersion. 

Figure 4 presents the XPS analysis of the reference and the 

centrifuged sample, together with the pure V501. For the sake of 

clarity only the carbon and nitrogen component spectrum are 

displayed in Figure 4. 75 
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Figure 4. Normalized XPS spectra for the carbon and nitrogen 

components of the lyophillized CeO2 dispersion, the centrifuged sample 
and V501. 

As it can be seen in Figure 4, the peaks of V501, original 

dispersion and centrifuged samples, for C and N signals, are very 5 

similar. Although the peaks of the centrifuged sample were 

slightly shifted, the components detected in V501 were in good 

agreement with the peaks of the original dispersion and 

centrifuged samples (the binding energies of each component 

together with the deconvoluted spectra are shown in the 10 

Supporting Information), which means that the initiator was at 

least partially associated with the NP/NR surfaces.  

The precipitated sample was redispersed in water and used to 

initiate the polymerization of MMA. The sample was still able to 

polymerize MMA (19% of conversion was achieved). This 15 

further supports our XPS results and confirms that a fraction of 

the initiator was present in the NP/NR surface after 

centrifugation.  

The composition of the supernatant obtained after the 

centrifugation was analyzed by NMR. Figure 5 shows the 13C-20 

NMR spectra and the chemical structures of the NTA and V501 

species. The assignments of the peaks are described in detail in 

the Supporting Information. The spectrum confirms the presence 

of both, NTA and V501 in the aqueous phase after the 

centrifugation.  25 

 
Figure 5. 13C-NMR spectra corresponding to the supernatant water of the 

centrifuged CeO2 dispersion sample. 

These results indicate that the V501 initiator might be partitioned 

between the surface of the NP/NR and the aqueous phase since it 30 

was detected in both phases; the centrifuged solid (XPS, MMA 

initiation) as well as in the supernatant (NMR). 

 

In order to check this partition, the equilibrium of V501 was 

shifted to the aqueous phase by dialysis (Figure 3). The XPS 35 

spectrum of the dialyzed and initial sample is presented in Figure 

6. It can be said that the V501 signals in the dialyzed sample were 

weaker and with more noise than those presented before. 

Moreover, it was confirmed that this sample was not able to 

initiate the polymerization of MMA. It can be concluded that 40 

there was no initiator left on the surface of the CeO2 NP/NR after 

the dialysis.  
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Figure 6. Normalized XPS spectra for the carbon and nitrogen 

components of the lyophilized CeO2 dispersion and the dialyzed sample. 

In order to better characterize the association of V501 with the 45 

CeO2 surface, the Attenuated Total Reflectance Fourier 

transformed Infra Red spectroscopy (ATR-FTIR) was performed 

for the NP/NR dispersion and for pure NTA and V501. Figure 7 

presents the results obtained. It can be seen that as already 

presented for the adsorption of NTA38, the C=O band of the 50 

carboxylic groups from NTA and V501 (1720, 1708 cm-1) are 

shifted to lower wavelengths (1565 cm-1), demonstrating their 

chelation to the CeO2 surface. Only a small fraction of carboxylic 

groups appear unshifted, which supports the amount of NTA and 

V501 found by NMR in the supernatant. 55 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

80010001200140016001800

V501
NTA
Diserpsion NP/NR

T
ra
n
s
m
it
ta
n
c
e
 (
%
)

Wavelength (cm
-1
)  

Figure 7. ATR-FTIR (Attenuated total reflectance-Fourier Transformed 

Infra Red spectroscopy) measurements for pure V501 and NTA, and for 
the NP/NR dispersion. 

Therefore the characterization of the NP/NR indicates that V501 60 

was associated in the surface of the NP/NR and that it is 

sufficient to start the polymerization of MMA without adding 

further initiator. The results also confirm that there exists an 

equilibrium between the acidic species (NTA and V501) at the 

surface of the nanoparticles and in the aqueous phase.  65 

Emulsion polymerization in the presence of the V501 
modified CeO2 NP/NR dispersion 

Semibatch emulsion polymerization reactions using the NP/NR 
dispersions and MMA or MMA/BA mixtures as monomers 
without further addition of initiator were carried out. The 70 

surfactant amount added in Run 1 was just below the cmc 
(critical micellar concentration, 70 mg/L39) to minimize 
nucleation of particles and favor initiation from the surface of 
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CeO2 NP/NRs. However, it was observed that under this 
condition unstable latexes were obtained. Only when the amount 
of surfactant was twice the cmc, stable latexes could be obtained 
(see runs 2-4 in Table 1).  

Table 1. Stability, final solids content (referred to the polymer) and CeO2 5 

content for different hybrid acrylic/CeO2 latexes obtained by emulsion 

polymerization. 

 
Final SC 

(%) 

CeO2  

(wbp %)a 
dp (nm)b Dowfax Stability 

Run 1 - 18.7  < cmc Unstable 

Run 2 1 18.7 31 > cmc Stable 

Run 3 2 9.4  > cmc Stable 

Run 4 5 3.7 83 > cmc Stable 
a Weight based in polymer 
b Volume average polymer particle size measured by TEM 

In Run 2 (MMA) total conversion was achieved even if no extra 10 

initiator was added apart from the one present in the CeO2 

dispersion, whereas in Run 3 (MMA/BA) 90% conversion was 

reached. On the other hand, in Run 4, 50% conversion was 

attained. The volume average polymer particle size measured by 

TEM was 31 nm for Run 2 was 31 nm and 83 nm for Run 4 (see 15 

Supporting Information). The size difference is related to the 

higher solids content of Run 4. Furthermore, the molecular 

weight distribution of Run 4 has also been measured, presenting a 

weight average molecular weight of 5.1x105 g/mol with a 

polydispersity of 4.1, which are in the typical range of polymers 20 

produced by emulsion polymerization. Therefore, stable hybrid 

acrylic/CeO2 NP/NR latexes with low solids content and CeO2 

contents between 3.7 and 18.7 wt% with respect to the polymer 

were successfully produced by this approach.  

Morphology of the hybrid latexes containing CeO2 NP/NR 25 

Figure 8 presents the TEM micrographs of Run 2 and Run 4 

hybrid latexes containing CeO2 NP/NR. It can be clearly 

distinguished that the NP/NR concentration was higher in Run 2 

(18.7% with respect to the polymer) than in Run 4 (3.7% with 

respect to the polymer).  30 

 

 

Run 2                            Run 4 
Figure 8. TEM micrographs of the hybrid latexes for Run 2 and Run 4. 
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With regards to the location of the polymer particles, it seems that 

a large number of them are not associated to CeO2 NP/NR, while 

there are others closer or attached to CeO2 NP/NR. In the latter 

case the images are not conclusive to elucidate whether the 

polymerization initiated from the surface of the NP/NRs or the 5 

attachments of the polymer particles and NP/NRs occurred during 

the sample preparation for TEM. 

Nonetheless, the TEM images are conclusive with regards to the 
occurrence of homogeneous or micellar nucleation, since a large 
number of free polymer particles (85%, counting 200 polymer 10 

particles), which apparently did not contain any CeO2 moieties 
were identified. It seems that the concentration of emulsifier 
(above the CMC to ensure stability of the latex) and the partition 
of V501 initiator between the CeO2 surface and the aqueous 
phase were significant enough to produce CeO2-free polymer 15 

particles. Note that the only initiator present was the one used in 
the synthesis of the CeO2 dispersion. 

 

Films morphology and properties 

In order to check the film forming properties of the hybrid 20 

latexes, films for Run 3 and Run 4 (MMA/BA, 50/50 wt%) were 

casted at room temperature for 24 hours (Figure 9). Good quality 

films (crack and voids free) were formed despite the low solids 

content. The films obtained were yellowish but transparent and 

the color increased with the CeO2 content.  25 

 

 
a) b) 

Figure 9. Films of a) Run 3 and b) Run 4 both casted at room 
temperature. 

 30 

A TEM image of the hybrid film for Run 4 is presented in Figure 

10. It can be seen that after film formation the NP/NR are still 

well dispersed and they did not tend to form aggregates. This is 

one of the main reasons to obtain transparent films. Therefore the 

main objective of the work was fulfilled as by the modification of 35 

the surface of the CeO2 nanoparticles and nanorods, a good 

compatibility between the inorganic and the polymeric phase was 

achieved, obtaining a good dispersion of the inorganic material in 

the polymeric film. It must me pointed out that Runs 2-4 showed 

much higher stability than a physical blend of the CeO2 40 

dispersion and a blank latex (see Supporting Information), 

indicating that even if the amount of polymer grown from the 

surface of the CeO2 nanoparticles was not large, it was enough to 

enhance the inorganic/organic compatibility. 

Due to the high UV absorbance capacity of the CeO2, the UV-Vis 45 

absorption of these films could not be measured directly because 

at the minimum achievable thickness of the films the 

transmission of UV-Vis light was completely blocked in the 

spectrophotometer. Alternatively, and in order to check if the 

CeO2 particle shape has any effect on the UV absorption 50 

capacity, the hybrid latex synthesized in this work, Run 4, was 

blended (magnetically stirring for 1 h) with a blank latex to yield 

a hybrid latex with a final CeO2 content of 1 wt% (Hybrid latex 

NP/NR). The absorption of this film was compared to the blank 

film (0% CeO2) and to a hybrid film containing only spherical 55 

CeO2 nanoparticles (1 wt% CeO2, Hybrid latex NP) prepared in a 

precious work7. 

 

 
Figure 10. TEM micrograph of the film from Run 4. 60 
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Figure 11. UV-Vis absorption capacity for the hybrid latexes prepared 

with 1 wt% of CeO2 NP or NP/NR, compated to a blank latex. 

Figure 11 presents the UV absorbance of the hybrids and the 65 

pristine latex films. It was observed, that the films containing 

CeO2 performed considerably better than the pristine latex. 

However, in the dispersion that contained the nanorods, the UV 

absorption was enhanced at wavelengths above 350 nm, with 

respect to the dispersions that only contained spherical CeO2 70 

nanoparticles. In both of them the CeO2 percentage was 1 wt% 

and therefore, the difference must come from the CeO2 rod-like 

structures prepared in this work.  

 

Furthermore the thermal properties of the films were also 75 

measured by DSC and TGA. Three different sample types have 

Page 6 of 9Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

been analyzed in order to check the effect of the amount and 

aspect ratio of the CeO2 in the hybrids: a blank polymer (obtained 

from a blank latex without CeO2), nanocomposites obtained by 

in-situ polymerization with 1 and 2 wt% of spherical40 and the 

nanocomposite from Run 4, which contains 3.7% of NP/NR. It 5 

was observed that the glass transition temperature (Tg) of the 

three samples was within the range 14-16ºC, which suggests a 

negligible effect of the amount and aspect ratio of the CeO2 in the 

range studied (see the Supporting Information). The TGA showed 

that the thermal stability decreased slightly with the CeO2 10 

content. However, there were not big differences between the 

films containing NP or the one with NP/NR. The T50 

(temperatures for 50% of degradation) for the three samples were 

350ºC for the blank sample, 343ºC for the hybrid containing 1 

wt% of CeO2 NP, 341ºC for the hybrid containing 2 wt% of CeO2 15 

NP and 332ºC for the hybrid containing 3.7 wt% of CeO2 NP/NR 

(see the Supporting Information). 

Conclusions 

The emulsion polymerization of the dispersion of CeO2 NP/NR 

with acrylate monomers, without further addition of initiator, led 20 

to stable hybrid latexes when the amount of emulsifier was above 

the cmc. Therefore, a hypothetical nucleation mechanism was 

proposed in which the polymerization could be started from both, 

the surface of the NP/NRs or from the aqueous phase.  

This is the first time that high aspect CeO2 nanoparticles have 25 

been incorporated in polymer hybrids. Furthermore they 

produced good quality and transparent films at room temperature, 

due to the enhanced compatibility between the CeO2 and the 

polymer, which prevented the CeO2 aggregation during film 

formation. In addition, it has been proven that the UV-Vis 30 

absorption capacity was enhanced with the use of a mixture of 

different aspect ratio CeO2, with no significant changes in the 

thermal properties. Furthermore this hybrid morphology with a 

opens also the way to new applications in the field of hybrid 

photoactive layers in solar cells, if the CeO2 band gap is 35 

accordingly engineered.  
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High aspect ratio CeO2 nanoparticles have been incorporated in waterborne acrylic 

polymer hybrids for the first time.  
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