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Today’s technology has significantly focused on advanced and smart materials. Electrochromism is a phenomenon wherein 
the change in optical properties of a material is induced by reversible redox process. Color change usually occurs between 
colored (darkened) state and transmissive (bleached) states or between two different colored states. In this research, we 
focused on silver (Ag) nanoparticles that exhibit various colors on the basis of their localized surface plasmon resonance 
(LSPR). The effects of step-voltage parameters on the coloration of the Ag deposition-based electrochromic device were 
investigated. Further, we report the use of graphene conductive ink (GCI)/poly(lactic acid) (PLA) as the transparent 
conductive electrode (TCE). Biopolymer film was coated with graphene ink by spin coating method. The samples were 
characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray diffractometer (XRD), energy dispersive 
spectroscopy (EDS), electrical resistance measurements , cyclic voltammetry (CV) and ultraviolet-visible (UV-Vis) 
spectroscopy. Our results primarily indicate that the novel configuration (PLA/GCI/Ag/GCI/PLA) presents an easy and 
expeditious way of preparing the multicolor electrochromic device. 
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1. Introduction 

 

Electrochromic thin films show reversible and 

persistent changes of their optical properties under charge 

insertion/extraction [1] and have many applications in 

contemporary technology such as for energy saving and 

comfort-enhancing “smart” windows and glass facades in 

buildings [2,3], high-performance information displays  

[4,5], “anti-dazzling” rear-view mirrors for cars [6,7], 

variable-emittance surfaces for thermal control [8,9], etc. 

Multicolor electrochromism systems, displaying more than 

two different colors in a single cell, have attracted 

attention because they have the potential to improve the 

resolution and color quality in full color electrochromism 

displays [10,11]. However, most of the inorganic 

electrochromic materials exhibit only a single color 

change, and in most case, inorganic electrochromic 

materials exhibit darkened and cold colors  [6,12]. A 

system that enables control of multichromatic states using 

only one type of electrochromic material has rarely been 

reported [13,14]. 

In order to obtain reversible changes among multiple 

colors by controlling the localized surface plasmon 

resonance (LSPR) band, the “voltage-step method” was 

utilized in a silver (Ag)-deposition-based electrochromic 

device. This method is based on the application of two 

consecutive different voltages. Therefore, growth of the 

Ag nanoparticles and, hence, the color of the 

electrochromic device are finely controlled by the voltages 

(-4.2 to 4.0 V) and application time [15]. Ag 

nanoparticles exhibit various optical states based on their 

LSPR, and thus they have attracted much attention for 

surface-enhanced Raman scattering [16], optical sensors 

[17], photovoltaic [18,19] and electrochromic applications 

[20]. 

Graphene has been a highlighted material in the past 

few years due to its exceptional properties. Many 

applications of graphenes, such as nanoscale molecular 

electronics, sensing devices, membranes for gas separation 

and hydrogen storage, have been reported. Graphene 

conductive ink (GCI) is of particular interest due to its 

advantages of being processed in solution which facilitates 

the low-cost development of electronic and optical devices 

[21]. The conductive ink is based on the oxygen free 

graphene ink. The compositions of GCI are 30-40 wt% 

conductive polymer, 5-15 wt% ethanol, 2-10 wt% 

diethylene glycol, and 1 wt% graphene. With the oxygen 

free graphene components, it will increase 5-7 times of the 

conductivity from the normal base polymer ink. Due to the 

quick evaporation of the solvent, the resulting dark 

solution (graphene ink) is easily coated on substrates 

(polymer and glass) than chemical vapour deposition 

(CVD) graphene [22]. 

In our work, the GCI was then coated on the 

poly(lactic acid) (PLA) supports for the use as a 

transparent conductive electrode (TCE). The fabrication 
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and evaluation of a prototype of the novel multicolor 

electrochromic device based on Ag nanoparticles structure 

with the following configuration: i.e. PLA/GCI/Ag/GCI/ 

PLA was also described. 
 

 

2. Experimental details 
  

2.1. Materials 

 

GCI (30-40 wt% conductive polymer, 1 wt% 

graphene) was obtained from Innophene Company 

Limited, Thailand. Silver nitrate (AgNO3) was purchased 

from VWR Chemical Co., USA. PLA film (Grade 4043D, 

cast sheet co-extrusion, National Metal and Materials 

Technology Center (MTEC), Thailand) was used as a 

biopolymer substrate of multicolor electrochromic device. 

All chemicals used were analytical grade reagents. 

 

 

2.2. Preparation of GCI coated PLA transparent  

      electrode 

 

PLA film was coated with GCI by spin coating 

method as follows: 0.5 mL GCI was placed on a 3 cm x 3 

cm polymer substrate. PLA film was coated with graphene 

ink by spin coating at 700 rpm for 35 s. The resulting 

graphene ink-based coating layer had a very uniform 

thickness (10 m). The PLA film coated with GCI was 

then dried at 70 
o
C for 5 min. 

 

 

2.3. Multicolor electrochromic device assembly 

 

The synthesis of gel electrolyte for the electrochromic 

cell was prepared according to the work reported by A. 

Tsuboi et al. [14]. Fig. 1 represents schematic presentation 

of the multicolor electrochromic device. It consists of 3 

layers: (1) PLA biopolymer substrate, (2) GCI-based 

transparent conductive electrode, and (3) gel electrolyte 

and electrochromic active layer. With GCI coated PLA, 

the electrochromic devices would have lower cost than 

indium tin oxide (ITO) coated glass slide. 

 

 

 
Fig. 1. Schematic diagram of multicolor electrochromic  

device consisting of Ag+ ion gel electrolyte 

 

 

 

2.4. Materials characterization 

 

The presence of various functional groups in the 

samples was measured using Fourier transform infrared 

(FT-IR) spectrometer (Model: Bruker Optics, Vertex70, 

Germany). Crystallographic information on the samples 

was obtained using a powder X-ray diffractometer (XRD, 

LabX XRD-6100, Shimadzu, Japan) with Ge(1 1 1) 

monochromatized CuK radiation ( = 1.542 Å) having a 

scanning speed of 2/min. Diffraction data were collected 

over the 2θ range from 5 to 40. The energy dispersive 

spectroscopy (EDS) was used to determine the element 

composition of manually chosen areas in the samples. The 

electrical characterization of GCI coated on PLA film was 

measured by four-point probe technique (S-302-4, Lucas 

Labs, Canada). Five measurements were performed on 

different areas of sample to ensure reproducibility. All 

electrochemistry was performed using a PGSTAT 101 

Potentiostat/Galvanostat (Metrohm Autolab B.V., 

Netherlands) for cyclic voltammetry (CV) analysis. 

Ultraviolet-visible (UV-Vis) transmission spectra were 

recorded by using an UV-Vis spectrophotometer 

(Shimadzu UV-1800, Japan) with a cubic quartz cuvette. 

The transmittance spectra at the wavelength of 400-700 

nm were carried out during CV processing. 
 

 

3. Results and discussion 
 

The FT-IR spectra of neat PLA and PLA/GCI are 

shown in Fig. 2. PLA showed typical peaks at 2950, 1750, 

1456, 1381 and 1188 cm
-1

. When GCI (30-40 wt% poly 

(3,4-ethylenedioxythiophene) (PEDOT) and polystyrene 

sulfonate (PSS)) was coated on PLA matrix, new peaks 

appeared at 3273, 1634, and 1264 cm
-1

, which were 

assigned to the conformation of conductive polymer. The 

characteristic bands of graphene at 3450, 1793 and 1641 

cm
-1

 are assigned to OH stretching vibrations, C=C 

stretching of the benzenoid rings and Ph, respectively 

[23]. An increase in the peak intensity usually means  an 

increase in the amount (per unit volume) of the functional 

group associated with the molecular bond. The results 

indicate that GCI appeared at the surface of the 

biopolymer film. Additionally, these changes of surface 

structure would be expected to facilitate the interaction 

between conductive layer and polymer matrix [24].  

 

 
 

Fig. 2. FT-IR spectra of neat PLA and PLA/GCI 
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XRD measurement was performed to evaluate the 

crystalline structures of samples. The changes induced by 

GCI in the crystal structure of PLA were analyzed further 

from the XRD patterns of PLA and PLA/GCI samples 

given in Fig. 3. The characteristic diffraction peak of GCI 

appears at 26.19 due to the introduction of functional 

groups on graphene ink. Different from neat PLA, an 

exceptionally wide diffraction from 10° to 25° is caused 

by the scattering of PLA biopolymer matrix [25]. The 

diffraction peak is shown an amorphous of PLA.  

 

 
Fig. 3. FT-IR spectra of neat PLA and PLA/GCI 

 

The EDS results of PLA and PLA/GCI were 

illustrated in Table 1. As shown, the neat biopolymer has a 

mean carbon (C) contents around 54 at% and an oxygen 

(O) contents around 44 at%. In the PLA/GCI sample, the 

C and O contents have mean around 97 and 1 at%, 

respectively. The remaining 2 at% consists of other 

elements and impurities, possibly coming from the 

inadequate purification of raw materials and laboratory 

(each of them below 0.2 at%). The results indicate that the 

functional groups of PLA no exist on the surface of 

PLA/GCI sample. 

 Table 2 shows the sheet resistance of neat PLA and 

PLA/GCI. PLA has excellent electrical insulation 

properties at temperatures ranging from room temperature 

to around 70 
o
C. At temperatures higher than 70 

o
C, 

however, the insulation performance of PLA deteriorates 

due to its poor heat resistance [26]. The values of sheet 

resistance decreased after the spin coating of GCI and 

when the number of cycles is increased. The electrical 

conductivity of all materials depends on the density; 

denser materials have higher electrical conductivity. In 

addition, the number of times a film is spin-coated results 

in a significant and controllable change in sheet resistance 

[21]. Based on the electrical resistance measurements, 3 

cycles of drop-coating (17 /sq) were selectively 

performed throughout the experiment. 

 

 
Table 1. EDS results of neat PLA and PLA/GCI 

 

Sample 
Element content (at% ) 

Carbon (C) Oxygen (O) Other elements 

Neat PLA 54.33 44.07 1.60 

PLA/GCI 97.08 1.02 1.90 

 

 
Table 2. Sheet resistance of neat PLA and PLA/GCI 

 

Sample Neat PLA  PLA/GCI  

  1 cycle 2 cycles  3 cycles  

Sheet resistance (/sq) Not Detected (Insulator) 109 38 17 

 

 

The electrochromic device investigated is a cell with 

two GCI/PLA transparent conductive electrodes 

sandwiching a Ag
+
 ion gel electrolyte. Fig. 4 shows the 

cyclic voltammogram for this novel device. As the voltage 

was scanned from 0 V in the negative direction, an 

apparent cathodic current was observed from -1.1 V. This 

current can be attributed to the current used to 

electrochemically reduce the Ag
+
 dissolved in the gel 

electrolyte. When the voltage was swept from -2.5 V in a 

positive direction, the cathodic current disappeared at -1.0 

V. The cathodic current observed is due to the growth of 

the Ag particles. On the other hand, as the voltage was 

swept in a more positive direction, an anodic current 

appeared beginning at -0.8 V. This anodic current reflects 

the oxidation of the electrodeposited Ag [15,20]. These 

changes in the hysteresis current were all reversible. The 

current change was stably maintained even after 20 test 

cycles. As a preliminary repetition stability test, we 

confirmed stable current changes between cathodic and 

anodic over 20 cycles of voltage application.  
The novel PLA/GCI/Ag/GCI/PLA electrochromic 

device can be switched from the transparent state (before 

step voltage application) to the black state (step voltage 

application -4.0 V for 1 s) and yellow state (step voltage 

application -4.0 V for 1 s and -1.6 V for 7 s). Both colored 

states returned to transparent state following application of 

the oxidation voltage for electrodeposited Ag (0.5 V). 

Therefore, changes between the transparent state and each 

colored state were reversible. Furthermore, when Ag 

nanoparticles were electrodeposited uniformly on the 

PLA/GCI transparent conductive electrode using the 

voltage-step method described above, the electrochromic 
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device turned black or yellow depending on the time and 

step voltage application (Fig. 5). All optical changes in 

this device are based on the same mechanism of Ag 

deposition. Ag nanoparticles have the ability to interact 

with visible light through LSPR effects. Furthermore, the 

optical properties of Ag nanoparticles are affected by their 

sizes and shapes [14]. Therefore, this method of applying 

two different voltages is  expected to be effective for 

producing Ag nanoparticles with controlled size and shape 

and actualizing clear multicolor representation in LSPR-

based electrochromic devices. 

In transparent state, the optical transmittance at   

633 nm for PLA/GCI/Ag/GCI/PLA electrochromic device 

is 48.03%, while this value in 2 colored states are 5.62 and 

34.13%. The decrease of optical transmittance in colored 

state is achieved by increasing the size of Ag nanoparticles 

in smart film due to LSPR effect [27]. The optical 

transmittance differences (T) are calculated between 

colored and bleached modes at wavelength of 633 nm in 

each sample. The obtained values for T are reported in 

Fig. 6 and are equal to 13.89, 28.51 and 42.40%. The 

response times for bleached and 2 colored states are 

considered as 0.95 s/6.90 s. Similar results were found in 

earlier works [14,15,20,27,28]. Coloration efficiency is 

recognized as a key criterion for measuring and comparing 

the performance of an electrochromic behavior of an 

electrochromic device. The use of this novel configuration 

can be used in smart windows with high coloration 

efficiency and acceptable switching time. 

 
 

      
 

 

Fig. 4. Cyclic voltammogram of the novel PLA/GCI/Ag/GCI/PLA electrochromic  

device at 1 cycle and 20 cycles 

 

 

 

   
 

Fig. 5. Photographs of the PLA/GCI/Ag/PLA/GCI electrochromic device showing different colors at  

different step voltages application: transparent state, black state, and yellow state 
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Fig. 6. UV-Vis spectra of the PLA/GCI/Ag/PLA/GCI electrochromic device showing different %transmittance at different step 
voltages application: transparent state, black state, and yellow state. Response times of multicolor electrochromic device in  

transparent state and 2 colored states between -4.0 V and -1.6 V switched voltages at   633 nm for 20 cycles 

 

 

This novel configuration presented an easy, 

expeditious and green way of preparing electrochromic 

device. It was fabricated using a single-layer gel 

electrolyte. The GCI coated on PLA in the electrochromic 

device demonstrated a potential for replacing ITO coated 

glass slide in smart windows. The demand for polymer 

based electrochromic device is increasing in recent years 

due to not only the advantages of conjugated 

electrochromic polymers such as high color versatility, 

large optical contrasts, but also their potential applications 

in flexible devices [29]. Therefore, we can expect more 

attempts for the commercialization of polymer-based 

electrochromic devices in the near future. 
 
 

4. Conclusions 
 

In this study, the PLA/GCI transparent conductive 

electrode was used as the supporting electrode of Ag 

multicolor electrochromic device for the first time. In 

addition, the effects of step-voltage application on the 

coloration of the Ag deposition-based electrochromic cell 

were investigated. The electrochromic device turned black 

or yellow depending on the time and step voltage 

application. Both colored states returned to transparent 

state following application of the oxidation voltage for 

electrodeposited Ag. Furthermore, the current change was 

stably maintained even after 20 test cycles. In particular, a 

significant optical modulation (48.03%, 5.62 and 34.13%) 

at 633 nm, fast switching speed (0.95 s/6.90 s) for colored-

bleached states and high coloration efficiency are achieved 

for samples. Overall, this novel configuration presented an 

easy, expeditious and green way of preparing 

environment-friendly multicolor electrochromic devices 

and smart windows. 
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