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 Polyurethane (PU) thin films quickly degrade under the presence of oxygen, 

vapor, temperature, and ultraviolet irradiation. Thus, efforts have been 

dedicated to improving the properties of PU films. This study presents a simple 

synthesis route to prepare PU embedded with CeO2-SiO2 nanocomposites (CS 

NCs). At first, the CS NCs were synthesized by a gel combustion method using 

polyvinyl alcohol. Prepared nanocomposites were characterized by X-ray 

diffraction spectrometry, scanning electron microscopy. Next, the prepared 

nanocomposites were filled into PU films with the loading from 0.1 % and 2.0 

% wt. The mechanical properties of these films were evaluated following the 

DIN standards. Furthermore, these films also were subjected to a QUV 

accelerated weathering test to investigate the weather resistance capacity.  
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Introduction 

 

Polyurethane (PU) films occur in many fields such as 

transportation, furniture, automotive, and textile 

industries [1,2]. However, when exposed to an 

environment where oxygen, water, pollutant, and 

sunlight presences, coating films are affected and 

gradually degraded. As a result, the mechanical 

properties of the films reduce rapidly [3]. Briefly, direct 

sunlight reduces cohesion between substances as well 

as color, the gloss of the films after a short period of 

use. It can be understood that UV irradiations are the 

leading cause of film degradation, which can break 

organic structures [3,4], causing film aging and 

discoloration. 

In order to limit the impact of UV irradiation on the 

film, some active substances have been added, such as 

CeO2, ZnO, TiO2, Fe2O3, or graphene [5-12]. However, 

single materials often show disadvantages such as 

limited adsorption capacity, high agglomeration, and 

unstable at elevated temperature. Therefore, 

nanocomposites that can exhibit the synergy effect of 

different materials are potential candidates [5,13–17]. 

Among them, CeO2-SiO2 nanocomposites (CS NCs) 

show an excellent optical property and high stability. 

Due to the small size of CeO2-SiO2 nanocomposites 
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(i.e., < 50 nm), [18,19] the bonding force between them 

significantly affects their separation when dispersed in 

the film matrix. The ability to disperse materials into the 

film will determine the improved efficiency of the 

material. When CS NCs are not distributed properly, it 

even decreases the mechanical properties of the 

coatings.  

Herein, this study utilizes a gel combustion method 

using polyvinyl alcohol (PVA) to synthesize CS NCs 

followed a relatively simple route. Then, the prepared 

nanocomposites were dispersed into PU matrix formed 

functional films using a grinding method, which can 

apply in various fields such as the automotive industry, 

wood industry, or food industry. Besides being 

exposed to 700 h of accelerated artificial weather, 

mechanical properties of the prepared polymer film 

were examined following DIN standards (for examples, 

DIN 50324, DIN 53152). The bonding configuration of 

the coating was investigated using FTIR spectroscopy. 

This strategy offers a promising application such as 

coatings for automobiles and other industries such as 

furniture and wood.  

 

Experimental 

 

Chemicals 

 

All reagents for preparing CS NCs were used without 

any further purification, including Si(OC2H5)4 (TEOS, 99 

%, Sigma Aldrich), Ce(NO3)3.6H2O (99 %, Sigma 

Aldrich), poly(vinyl alcohol) (PVA, 99 %, Sigma Aldrich), 

30 % NH4OH solution (Sigma Aldrich) and CH3COOH 

(99 %, Sigma Aldrich).  

Chemicals employed for preparing polyurethane films 

were obtained in industrial qualities, including a 

diisocyanate (Desmodur® Z 4470 MPA/X, BASF 

Vietnam), two acrylic polyols (Acrydic AC-3252 and 

Olester AO-529, TOP solvent), and other organic 

solvents (TOP solvent). 

PVA (99%, Sigma Aldrich) was preferred to use in this 

study because of its superior properties such as 

inexpensive, biodegradable, non-toxic materials. 

Besides, PVA helps the homogeneous distribution of 

the metal ions and inhibits their 

segregation/precipitation from the solution [20,21]. 

Furthermore, PVA was also selected as a complexing 

agent that reduces the agglomeration effect of metal 

ions. 

 

CS NCs preparation 

In this study, the nanocomposites were prepared from  

a simple route which was detailly described in our 

previous paper [14]. Briefly, 0.434 g of Ce(NO3)3.6H2O 

and 0.208 g of Si(OC2H5)4 (1:1 molar ratio) were added 

to 55.8 ml of 5.0 % PVA solution. The pH level was 

adjusted to 4.0 by adding 1M CH3COOH and 30 % 

NH4OH solutions. The mixture was stirred at 80 °C for 

4 hours until a homogeneous gel was formed. The gel 

was dried at 105 °C for 8 hours before being calcinated 

at 650 °C for 2 hours. 

 

Polyurethane films preparation 

 

Weigh a proportional amount of the synthesized CS 

NCs, then thoroughly dispersed into a mixture of 

acrylic polyols, solvents, and additives, grinding for four 

hours. When the mixture turned into a suspension, it 

was filtered through a 37-mm filter and adjusted with 

solvents to have a 100 g mixture. The amount of CS 

NCs was prepared so that the final content varied from 

0.1 wt% to 2 wt% (i.e., 0.1 wt%, 0.25 wt%, 0.5 wt%, 1.0 

wt%, 1.5 wt%, 2.0 wt%). Next, isocyanate and a mix of 

solvents were added, followed by stirring until a 

homogenous mixture with a viscosity of 12.5 m2.s was 

obtained. The mixture was sprayed onto ABS panels 

using an automotive paint gun, aged 15 mins before 

dried at 80 °C for 30 mins furnishing the 

corresponding films with thicknesses of 24.5±0.9 µm. 

 

Analytical and test methods 

 

The characteristics of the nanomaterials were illustrated 

by using X-ray diffraction (XRD) on a Bruker D8 

Advance and Scanning electron microscopy (SEM) on a 

Hitachi S-4800 microscope (Japan). The compositional 

analysis of prepared materials was performed using the 

Energy dispersive X-ray (EDX) on a 2100 HSX JEOL 

(Japan). Besides, the optical properties of prepared 

materials were determined using UV/Vis spectroscopy 

on a Cary UV-5000 spectrophotometer. Water contact 

angle (WCA) and gloss were determined on a Micro-

TRI-Gloss (Germany), applying the standard 

measurement angle of 60 °. The color deviation was 

measured on a Chroma Meter CR-400 Konica Minolta 

INC (Japan). Mechanical strengthen was assessed using 

the DIN standards. The QUV accelerated weathering 

test (AWT) was carried out according to ASTM D4587 

standard. 

 

Results and discussion  

 

Characterization of the nanocomposites 
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The crystal structures of CS NCs were characterized by 

XRD analysis (figure 1). As can be seen, typical peaks 

assigned to the cristobalite phase of SiO2 were 

observed at 21.9°, 31.4°, and 36.1° (JCPDS no. 01-077-

8627), which are at planes (101), (102), and (200), 

respectively [22,23]. In addition to SiO2, XRD results 

clearly reveal peaks assigned to the cerianite phase of 

CeO2. The peaks responsible for the CeO2 cerianite 

phase were observed at 28.7°, 33.2°, 47.4°, and 56.1° 

or planes (111), (200), (220), and (311), respectively 

[24,25]. These peaks are ascribed to the face-centered 

cubic (fcc) crystal structure of cerianite with the Fm-3m 

space group (JCPDS no. 00-054-0593) [26]. The result 

pointed that CS NCs were successfully synthesized at a 

calcination temperature of 650 °C.  

 

Figure. 1: The XRD pattern of the CS NCs prepared at 

650 °C calcination temperature. In the figure, the circle 

( ) represents for SiO2 phase while the triangle ( ) 

represents for CeO2 phase 

The morphology of the nanocomposites was shown in 

figure 2 below. The measurement was performed by 

the Vietnam Academy of Science and Technology. 

Analysis results show that the CS NCs nanocomposites 

have a highly porous structure with an average pore 

size is about 50nm. The prepared materials were used 

directly in the preparation of PU thin films. 

 

Figure  2: SEM image of CS NCs which calcined at 650 °C 

 

Figure 3: Compositional analysis of prepared CS NCs 

According to the EDX compositional analysis, Ce, Si, 

and O atoms were presented similar to the theoretical 

calculation in the nanocomposites (figure 3). This 

implies the material was successfully synthesized. 

 

Performance of CS NCs embedded PU thin films 

 

Figure 4A shows SEM images of pure PU coating, 

whereas figure 4B corresponding to composites with 

0.5 wt% contents of CS NCs. One may notice from 

figure 4A, the presence of CS NCs reduces fractures of 

the PU hybrid coatings. The coatings exhibited a much 

smoother structure with little evidence of microscopic 

cracks at any content of nanocomposites. Since the 

bonding force between PU is very weak, micro-cracks 

start to occur at the interface junction and continue to 

extend under the action of weathering pressures (i.e., 

oxygen, UV, temperature, water) [27]. The propagation 

of cracks results in cracking or delamination of the 

coating (figure 4A). When the coat has the presence of 

CS NCs, the strong interfacial interaction between CS 

NCs and PU could enhance the tensile strength. The 

interaction happens because the CS NCs have high 

surface polarity making it easy to form aggregation in 

the PU. However, adding too many CS NCs would 

cause it to agglomerate heavily in the PU, which leads 

to a decrease in tensile strength [17]. 

As clearly seen from Figure 4C and Figure 4D, after 

700h of UV irradiation, a major surface changes of 

pure PU film occurred without the presence of CS NCs. 

On the other hand, with only 0.5 wt% of CS NCs, the 

change on the coating surface was relatively small.  

The prepared coatings were named according to their 

content in the films 0 %, 0.1 %, 0.25 %, 0.5 %, 0.75 %, 

1.0 %, 1.5 % and 2.0 % (i.e., F0, F0.1, F0.25, F0.5, F0.75, 

F1.0, F1.5 and F2.0, respectively). Some mechanical 

properties of PU film with and without nanomaterials 

were presented in table 1. 

From table 1, the physical properties of the 

polyurethane material system after dispersing the 
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material were still maintained. The addition of an 

amount of material between 0.1 % and 2 % has no 

effect on the mechanical and physical properties of the 

material. This promises good applicability of the 

material in polyurethane substrates. Previous studies 

pointed out in some cases, the presence of 

nanomaterial, mechanical properties of the PU coating 

can be enhanced [28-30]. In addition, after 700 h of 

AWT, the films confirmed the same most of PU 

properties such as appearance, adhesion, flexural 

strength. Only pencil hardness is changing from HB to 

3B for all materials. These results indicate that there is 

also a slight change in the hardness of the material 

after 700 h under the influence of the weather. 

 

Figure 4: The SEM images of pure PU thin film (A), PU embedded with 0.5 wt% of CS NCs (B), pure PU thin film 

after 700h of UV irradiation (C), and PU embedded with CS NCs after 700h of UV irradiation (D). 

Table 1: Some of the mechanical properties of PU films prior to being illuminated in the QUV testing according to 

BEVS 1601/3 Sheen standard. 

Samples 
Content of CS NCs in the PU films 

0 % 0.1 % 0.25 % 0.5 % 0.75 % 1.0 % 1.5 % 2.0 % 

Film-forming ability Good  Good Good Good Good Good Good Good 

Film appearances Good  Good Good Good Good Good Good Good 

Hardness* HB HB HB HB HB HB HB HB 

Adhesion 100/100 100/100 100/100 100/100 100/100 100/100 100/100 100/100 

Solvent resistance 100DR 100DR 100DR 100DR 100DR 100DR 100DR 100DR 

Flexural strength 2T 2T 2T 2T 2T 2T 2T 2T 

*The only parameter that changes after 700 h of accelerated weathering test, the value changes from HB to 3B for 

all content of CS NCs. 
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Figure 5: PU thin film’s parameters before and after 700 h of the QUV accelerated weathering test A) Gloss B) Color 

difference C) Water contact angle D) Impact resistance E) Dry thickness E) Scratch resistance. 

Besides, the mechanical properties, figure 5 shows 

other physical properties change after the weathering 

test, including color differences, water contact angle, 

impact resistance, dry thickness, scratch resistance, and 

gloss of the PU coatings embedded with different 

concentrations of CS-NCs. 

Yang et al. explained that the loss of gloss increases 

along with the change of surface roughness which 

causes by the formation of surface damages.[31] figure 

5A shows the gloss of PU films before and after 

subjecting to a 700h AWT. As we can see, before the 

AWT, the gloss is comparable for all PU films even 

though the CeO2 itself has light yellow color because 

of the relatively small amount of the nanomaterial in 

the films.[11] Without the presence of CS NCs, the film 

degrades quickly, and failures happen inevitably. 

Similar observations are also illustrated in figure 5B, C, 

D, F for all other properties (i.e., color difference, water 

contact angle, impact resistance, and scratch 

resistance, respectively). However, the advantages of 

CS NCs only remain at a certain loading level. This 

conclusion can be pointed out from the loss of gross. 

For example, the blank PU film (i.e., F0) showed the 

fastest loss, followed by F2.0 (figure 5A) or the water 

contact angle the F0, F1.5, and F2.0 have comparable 

level of decreasing (figure 5C). The possible 

explanation for this might be related to the UV 

absorption capacity of the films. On one hand, the 

conventional PU films, under the weathering pressure 

(i.e., UV irradiation, water, temperature), ages rapidly. 

On the other hand, large amount of the nanomaterial 

can cause a high self-agglomeration. Besides, CS NCs 

also can produce electron-hole pair which reacts with 

water, oxygen to form free radicals. When the formed 

free radicals are over the capability of the film can 

relax, they make a fast degradation. This study result 

indicated that adsorption capacity linearly increases as 

the content of CS-NCs from 0.25 wt% to 1.0 wt% (i.e., 

F0.25 and F1.0). The results of all properties well agreed 

with the statements. 

One of the interesting results can be obtained from 

figure 5, which is about the color difference. The color 

of the polymer deviated gradually, which was caused 

by the slow deterioration of the film’s surface [32]. 

Figure 5 indicates that PU films show an exceptional UV 

resistance against discoloration during AWT. For 

example, in 2009, Jalili and Moradian reported 

ΔE values of 2–4.8 for nano-silica embedded PU coats 

under 200 h of QUV weathering or more recently, 

Saadat-Monfared et al. said ΔE values of 1-1.2 for 
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nano-ceria embedded PU coats in 700 h of weathering 

exposure [33,34]. This difference is a strong indicator of 

the efficiency of CS-NCs as a UV absorber in the PU 

coat. 

 

Conclusion 

 

To summarize, the dispersion of CS NCs materials in 

PU films using a simple, safe, and effective method was 

successfully reported. The incorporation of CS NCs in 

PU films introduces several beneficial impacts such as 

appearance, pencil hardness or adhesion. Those 

mechanical properties are not affected during the 

weathering test. Interestingly, the prepared PU films 

show a low value of color difference at all loading 

levels. Besides, the presence of CS NCs reduces the 

effect of UV irradiation on the roughness of the PU 

coating. Overall, the nanoparticle’s optimal 

concentration in the polyurethane film was in the range 

of 0.25-1.0 wt%. 
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