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ABSTRACT

The electrochromic films of PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 were composed of the polyethyleneimine 
(PEI), polyoxometalate cluster K12.5Na1.5[NaP5W30O110]· 15H2O (P5W30) and cadmium sulfide (CdS) nanoparticles. 
They were fabricated on fluorine-doped tin oxide (FTO) glass and quartz by the layer-by-layer self-assembly 
method, respectively. The composition and growth process of the two films were characterized by ultraviolet-visible 
spectra. The electrochemical properties of the films were investigated by cyclic voltammetry and a double-potential 
step chronoamperometric experiment. The PEI/[P5W30/CdS]20 film reveals higher electrochromic performance than 
the PEI/[P5W30/PEI]20 film, whose optical contrast is up to 51.04 %, increase by 68.12 %, and shows the response 
time for coloration 2.58 s (bleaching 1.96 s). Furthermore, the PEI/[P5W30/CdS]20 film has a coloration efficiency of 
127.18 cm2/C, improve of 133.92 %. Obviously, the electrochromic performance of composite film has been 
enhanced by the addition of CdS nanoparticles.  
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1.  INTRODUCTION

Electrochromic materials (ECMs) can achieve reversible changes from 

colorless to colored with small applied potentials [1,2]. They are being 

developed for applications in smart window, anti-glare rearview mirrors, 

safety helmets, military camouflage equipment and so on [3-6]. ECMs 

could be classified into two types: inorganic ECMs and organic ECMs. The 

inorganic ECMs exhibit various advantages of optical contrast, high 

thermal stability, long durability, multi-method of processing [7,8]. 

Polyoxometalates (POMs) represent a well-known class of metal oxide 

nanoclusters with their particularly interesting structures and electrical 

properties, they have been applied in many areas such as medicine, 

catalysis and materials science [9-12]. One of the most important 

properties of POMs is that they can undergo rapid, reversible and 

stepwise multielectron-transfer reactions without changing their 

structures. The POMs could also be decorated or designed rationally to be 

obtain certain functions. Therefore, the POMs-based electrochromic (EC) 

films have fast response, good stability, and low-cost, which makes them 

become an important part of promising inorganic ECMs [13,14]. The 

[P5W30O110]15- (P5W30) is an excellent candidate for the POMs-based EC 

films, with high negative charge, wide pH stability range, reversible redox 

properties. 

The method of layer-by-layer (LbL) self-assembly has been widely used 

to fabricate multilayer films, and relied on alternately electrostatic 

adsorption of oppositely charged species [15,16]. Recent years, there 

were several groups have been devoted their efforts to the investigation 

of POMs-based EC films using the LbL method. And a number of EC 

materials based on P5W30 have been reported, which exhibited high 

optical contrast, fast response time and reversible photo/electrochromic 

properties [17-20]. 

Cadmium sulfide (CdS) nanoparticles is a versatile semiconductor 

possessing a tunable 2.4 - 4.2 eV bandgap [21]. The electrochromic 

performance of the POMs-based film would improve with the CdS 

nanoparticles based on quantum size effect and multiple excitation 

electron generation effect [22,23]. In this paper, the EC film of 

PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 composed of PEI, P5W30 and 

CdS nanoparticles were fabricated on fluorine-doped tin oxide (FTO) glass 

and quartz by LbL method, respectively. The results indicate that 

electrochromic response efficiency and reversibility of POMs-baesd film 

was enhanced by the CdS nanoparticles. 

2. EXPERIMENTAL 

2.1 Materials 

K12.5Na1.5[NaP5W30O110]·15H2O (P5W30) and CdS nanoparticles were 

prepared according to literature method and identified by ultraviolet-

visible (UV-vis) spectra, respectively [24,25]. FTO glass (Nippon Sheet 

Class) was purchased from Heptachroma (Dalian, China). Quartz was 

purchased from Hongjun optical instrument operation department 

(Jiangsu, China). Polyethelenimine (PEI) was purchased from Sigma 

Aldrich and used without further treatment. Other reagents were of AR 

grade. The water used in all experiments was deionized. 

2.2 Preparation of the multilayer film 

FTO glass and quartz substrates were used for preparation of the 

multilayer films. First, the surface of the FTO glass and quartz were 

cleaned according to our previous procedure, respectively, dipped into 

5×10-3 M PEI solution (containing 1 M NaCl pH = 4.0) for 12 hours, and 

followed by washing with deionized water [26]. Then the substrate-

supported precursor films were alternately dipped into P5W30 (1×10-3 M) 

for 7 min and PEI solutions for 4 min, rinsed with deionized water after 

each dipping. This process was repeated until the desired number of 

PEI/[P5W30/PEI] layers was obtained. Preparation process of the 

PEI/[P5W30/CdS] film is same as PEI/[P5W30/PEI] film, the difference is 

alternately immersed in P5W30 solution and CdS solution. All procedures 

were performed at room temperature (25 ℃). 
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2.3 Fimes characterization 

Electrochemical experiments were performed on a CHI-660D 

electrochemistry station (Shanghai CH Instrument Corporation, China). A 

conventional three electrodes system was used, with the FTO-coated by 

the self-assembled film as the working electrode, Ag/AgCl (3 M KCl) as the 

reference electrode and a Pt wire as counter electrode. 0.2 M Na2HPO4-

NaH2PO4 (pH = 6.5) buffer solution is used as an electrolyte. Visible light 

absorption spectra of the films were obtained on a TU-1901 UV-vis 

spectra. Spectroelectrochemical measurements of the composite films 

were performed by combining in UV-vis spectra with electrochemical 

analysis. 

3. RESULTS AND DISCUSSION 

3.1 UV - vis absorption spectra 

UV-vis spectroscopy was used to monitor the layer-by-layer assembling 

process of PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 films, owing to its 

facility and usefulness in evaluating the growth process of the layers. As 

shown in Figure 1, the two films exhibit absorption (Abs) peaks at 202 

and 281 nm in the UV region, which belong to the ultraviolet characteristic 

absorption peak of P5W30, and show that the P5W30 without any structural 

alteration and the assembly process of the composite film is uniform and 

stable. The inset of Figure 1 (a) and (b) display the plots of the absorbance 

values for the two films at 202 nm and 281 nm which increase linearly 

with the number of layers. Since the absorption peak of CdS is weak, the 

films growth curve was not obvious at 375 nm. However, in the same 

layer, the PEI/[P5W30/CdS]20 film has a higher Abs values, indicating that 

the CdS nanoparticles successfully incorporated into the film. 

Figure 1: (a) UV-vis absorption spectra of PEI/[P5W30/PEI]20 and (b) 

PEI/[P5W30/CdS]20 films with n= 1-10 on quartz substrate. Inset: the 

absorbance at 202 and 281 nm as a function of number of layers 

3.2 Electrochemistry 

Figure 2 gives the CV curves of PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 

films at a scan rate of 50 mV/s. It is seen that the four oxidation peaks of 

PEI/[P5W30/PEI]20 film appear at -0.85, -0.72, -0.46 and -0.13 V, and the 

reduction peaks center at -0.93, -0.80, -0.60 and -0.16 V. For 

PEI/[P5W30/CdS]20 film, the four oxidation peaks are located at -0.83, -

0.70, -0.43 and -0.12 V, whereas the four peaks appear at -0.95, -0.83, -

0.63 and -0.20 V. The reduction peak potentials of PEI/[P5W30/CdS]20 film 

are lower than the PEI/[P5W30/PEI]20, but the oxidation peak potentials, 

peak current density, and area currents are all higher than that of 

PEI/[P5W30/PEI]20 film. Therefore, the electrochemical activities were 

improved by the CdS nanoparticles has been successfully incorporated 

into the composites. 

Figure 2: CV curves of PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 films 

in 0.2 M Na2HPO4/NaH2PO4 (pH = 6.5) buffer solution at a scan rate of 

50 mV/s 

The electrochromic properties of PEI/[P5W30/PEI]20 and 

PEI/[P5W30/CdS]20 films are studied by measuring the optical absorbance 

in the visible region under various potentials. From Figure 3 (a) and (b), 

the Abs values of the two films increases gradually, and the corresponding 

extrinsic color transitions from colorless to blue with the decreasing 

potential. Under the same applied potential, the PEI/[P5W30/CdS]20 film 

has a higher Abs. It indicates that the successfully incorporating of CdS 

nanoparticles has improved the EC property of multilayer film. When an 

oxidation potential of 1.0 V was applied, the absorption peak of the film in 

the visible region disappeared, and it returned to colorless. The composite 

film has a reversible electrochromism. 

Figure 3: (a) UV-vis absorption spectra of PEI/[P5W30/PEI]20 and (b) 

PEI/[P5W30/CdS]20 films under applied different potentials 

To evaluate the performance of the two films, a double-potential step (-

1.0 V and +1.0 V) chronoamperometric experiment was conducted at 650 

nm. As shown in Figure 4, the optical contrast of the PEI/[P5W30/CdS]20 

film is 51.04 %, which is higher than the PEI/[P5W30/PEI]20 film (30.36 %). 

Figure 4: Coloration and bleaching time extracted for a 90 % 

transmittance change for the PEI/[P5W30/PEI]20 (a), and 

PEI/[P5W30/CdS]20 (b) EC flims at 650 nm 

The coloration time (tc, 90%) or bleaching time (tb, 90%) extracted for a 90 % 

transmittance change was an important criterion for judging an 

electrochromic film [27]. The PEI/[P5W30/CdS]20 EC film were detected to 

be 2.58 s (tc, 90%) and 1.96 s (tb, 90%), whose coloration time were longer 

than the PEI/[P5W30/PEI]20 EC film with tc,90 % = 2.00 s and tb, 90% = 1.79s. 

Which may be due to after CdS incorporated into the PEI/[P5W30/CdS]20 

film, the thickness of the film and the amount of substances involved in 

the reaction are increased. The beaching time of the both films are less 

than coloration time, and the response time of the two films are all within 

3 seconds. It indicates that adding of CdS nanoparticles can improve the 

optical contrast of the composite film. 

Figure 5: Plot of optical density versus charge density for the 

PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 EC films 

At the same time, the coloration efficiency (CE) is also a crucial parameter 

to judge an EC film [28]. The comparison of the CE of two types of EC films 
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is illustrated in Figure 5. The calculated CE values are 127.18 and 54.37 

cm2/C. The higher CE value indicated that the PEI/[P5W30/CdS]20 EC film 

exhibited a large optical modulation with a small charge introduced or 

extracted. Obviously, the addition of CdS nanoparticles can improve the 

electrochromic activity of the composite film. 

4. CONCLUSIONS

The mutilayer films of PEI/[P5W30/PEI]20 and PEI/[P5W30/CdS]20 had 

been successfully prepared by LbL method. The PEI/[P5W30/CdS]20 film 

exhibits well electrochromic with reversibility, high optical contrast and 

suitable response time. The optical contrast of the PEI/[P5W30/CdS]20 film 

is up to 51.04 %, higher than the PEI/[P5W30/PEI]20 film (30.36 %), and 

the response time for coloration and bleaching is 2.58 s and 1.96 s, 

respectively. The two films display reversible electrochromic behavior 

from colorless to blue over the potential range from -1.0 V to +1.0 V. The 

corresponding extrinsic color of the PEI/[P5W30/CdS]20 film would 

become deeper than PEI/[P5W30/PEI]20 film by the same negative applied 

potential. Furthermore, the CE values of the PEI/[P5W30/CdS]20 and 

PEI/[P5W30/PEI]20 are 127.18 and 54.37 cm2/C. Obviously, the 

electrochromic performance of composite film has enhanced by the 

addition of CdS nanoparticles. 
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