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Indigo carmine doped polypyrrole embedded with gold nanoparticles nanocomposite 

(PPy/IC/Aunanop) was synthesized by insitu electrochemical polymerization of polypyrrole in 

the presence of HAuCl4. The nanocomposite was characterized by in situ 

spectroelectrochemical experiments to study the effect of embedded gold nanoparticles on the 

electrochromic properties of the material. The results show the formation of a nanocomposite 

presenting enhanced electrochromic and optical properties, higher electroactivity and 10% 

lower band-gap energies. The PPy/IC/Aunanop presented a two-fold increase in optical contrast 

when compared to PPy/IC, in addition to better optical stability. 

 

 

 

 

 

 

 

 

Introduction 

The understanding of physical and chemical properties of 

electrochromic materials has attracted the interest of academy 

and industry, due to their fundamental spectroelectrochemical 

properties and wide range of applications including controllable 

light-transmissive devices for optical information and storage, 

sunroofs, visors, anti-glare car rear-view mirrors, protective 

eyewear and “smart windows”.1-8 

 Many classes of materials present electrochromic behavior, 

such as transition metal oxides, buckminsterfullerene, 

polyoxometalates, metallopolymers, phthalocyanines and 

conducting polymers.1,6-9 The latter have received increasing 

attention in the last two decades, due to their printable 

properties and tunable nature of HOMO and LUMO, resulting 

in tunable optical and electrical properties which are dependent 

of organic or inorganic dopants.1,10-19 

 The charges generated in conducting polymers are 

stabilized by either p-doping or n-doping. However, p-doped 

conducting polymers are more interesting for application on 

electrochromic devices due to their higher stability, when 

compared to n-doped polymers.1 Polypyrrole (PPy) is one of 

the most studied p-doped polymers, presenting good 

environmental stability, high electrical conductivity, easy 

synthesis by either electrochemical or chemical methods, film 

forming ability and biocompatibility.20-22 

 In principle, any anion can act as a dopant for PPy, 

however, previous studies have demonstrated that using large 

electroactive organic molecules, result in PPy films with better 

stability, electron transfer and electrochromic properties, than 

using standard inorganic anions (e. g. ClO4
-).17,23-25 

 Indigo carmine (IC) is an interesting molecule to use as 

dopant for PPy, presenting well-known redox mechanism, high 

extinction coefficient, dianionic character, allowing to form 

smoother PPy films, with more homogeneous surface, in 

addition to improve the optical properties of PPy films.23-28 

According to the literature, indigo carmine molecules act as a 

bridge or nanochannel between PPy chains, inducing a certain 

degree of order in PPy/IC film, stabilizing the polymer on 

quinoid form.15,29 This configuration facilitates the ionic 

changes on electrochemical processes, leading to improvements 

of electrochromic properties.29-31 

 Recently, the incorporation of metallic nanoparticles into 

polypyrrole have resulted in enhanced electrical and 

electrochemical properties, improving conductivity, robustness, 

stability and electrocatalytic activity.32-35 Taking into account 

the results obtained from studies on PPy/IC and the effect of 

metallic nanoparticles on the optical properties of organic 

molecules, one should expect an interesting interaction between 

metallic nanoparticles and conducting polymers, which could 

result in improved electrochromic properties.  

 In this work, we have studied the effect of gold 

nanoparticles on the electrochromic properties of indigo 

carmine doped polypyrrole. Thin films of nanocomposite were 

characterized by Scanning Electron Microscopy (SEM), Energy 

Dispersive X-ray analysis (EDX), high-resolution SEM, 

Page 1 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Transmission Electron Microscopy (TEM), Fourier Transform 

Infrared - Attenuated Total Reflectance (FTIR), cyclic 

voltammetry and classical electrochromic measurements. 

Experimental 

MATERIALS 

Pyrrole (Aldrich) was double distilled and stored under N2 at 

ca. 4 oC. Indigo carmine, sodium citrate, potassium chloride 

and HAuCl4 (Aldrich) were used as received. All solutions were 

prepared with ultrapure water (Milli-Q). 

 

APPARATUS 

Electropolymerization 

PPy/IC/Aunanop films (1 cm2) were electropolymerized during 

three voltammetric cycles from -0.3 to +1.3 V at scan rate of 

30 mV s-1 in a three-electrode cell, using a 

galvanostat/potentiostat Autolab 302N.  Fluorine doped tin 

oxide (FTO, Solaronix, 15 Ω.cm-2) was used as working 

electrode, a platinum wire as counter electrode and Ag/AgCl as 

the reference electrode. The synthesis solution was 0.1 mol L-1 

pyrrole, 5.0 mmol L-1 IC and 1 mol L-1 HAuCl4 solution. For 

comparison, PPy was also electropolymerized in the absence of 

HAuCl4 (PPy/IC). The temperature during synthesis was 

controlled with a thermostat SBS at 10 oC due to better degree 

of order in PPy/IC films in this temperature.15,34 For optical and 

spectroelectrochemical characterization, PPy films were also 

synthesized at 25 oC. These temperatures are within the 

optimum temperature range (from 10 to 30 oC) to form 

polypyrrole films with high conductivity.36 

 

Characterization 

Cyclic voltammetry experiments were performed within a 

potential range from – 1.0 to + 1.0 V, during 6 cycles at scan 

rate of 50 mV s-1. The electrolyte was 0.1 mol L-1 KCl solution. 

Infrared spectroscopy was carried out in Attenuated Total 

Reflectance mode (FTIR-ATR) using a Bruker equipment, 

model Alpha-P. Morphological characterization was performed 

by Scanning Electron Microscopy using an EVO50 – Carl Zeiss 

microscope at 15 kV with Energy Dispersive X-ray analysis, 

High Resolution SEM with a JEOL-7500F at 5 kV and 

Transmission Electron Microscopy with a JEOL JEM 1200 

ExII. In situ UV-Vis spectroelectrochemical experiments were 

carried out using a PerkinElmer Lambda 25 spectrophotometer 

and a galvanostat/potentiostat Autolab 302N. A quartz cuvette 

was used for a two-electrode configuration cell. Double step 

potentials of - 0.6 and + 0.4 V were applied during the 

electrochromic characterization for a period of 80 s. Time 

domain measurements were carried out by collecting one 

spectra each 0.5 s.15,29 

Results and discussion 

Structural characterization  

Fig. 1 shows FTIR spectra of pristine indigo carmine, PPy/IC 

and PPy/IC/Aunanop. One can observe the vibrational modes 

characteristic of PPy at 1527 cm-1
, assigned to N-H stretch, at 

1010 cm-1 and 960 cm-1
 assigned to angular deformations in 

plane of C-H, N-H and C-N-C bonds in the pyrrole ring.37-40 

The presence of  IC molecules in PPy matrix is characterized 

by C=O group and sulphonate anion vibrational mode at 1630 

and 1026 cm-1, C–O, C-N-C and S-O stretching at 1094 cm-1, 

900 cm-1 and 843 cm-1, respectively.
19,41-43 These vibrational 

modes are shifted in PPy/IC and PPy/IC/Aunanop, suggesting 

chemical interactions between polypyrrole, indigo carmine 

and/or gold.  

 

Fig. 1 FTIR-ATR spectra from PPy/IC; PPy/IC/Aunanop films and pristine IC dye. 

*Vibrational modes assigned to PPy. 

During electrochemical polymerization, the pyrrole monomer is 

oxidized forming a radical cation which can react either with 

another radical cation or a monomer. The cation formation is 

energetically favoured in the presence of counter ions such as 

IC molecules, acting as dopant due to their negative charges. At 

the same time, gold ions are reduced on the working electrode 

surface. Similar to previous studies of PPy-silver 

nanocomposites, the electrodeposited Au nanoparticles may act 

as adsorption centers for oxidized monomers and oligomers of 

pyrrole (cations) due to a large number of electrons around the 

gold atoms (Fig. 2).
44

  

Fig. 2 Scheme illustrating the one-step electropolymerization of PPy/IC/Aunanop. 

The growth of nanoparticles during the pyrrole polymerization 

may result in: i) formation of HOMO and LUMO with 
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topologically similar phase relationships in the interaction 

regions;45 ii) changes in polaronic/bipolaronic levels in the band 

gap58 and iii) new energy levels in the band gap,46-48 favoring 

charge separation. 

Morphological characterization  

Fig. 3 a and b show SEM images from PPy/IC and 

PPy/IC/Aunanop films. Both PPy films presented the formation 

of a homogeneous surface with small globules. The temperature 

of synthesis (SEM not shown) and the presence of gold 

nanoparticles seems not to affect significantly the morphology 

of the nanocomposite. These observations suggest the dopant as 

the main responsible for the morphological properties of the 

film.  

Fig. 3 b1 and b2 show the EDX mapping for sulphur (element 

present in indigo carmine) and gold in the PPy/IC/Aunanop film. 

In the conditions used in this work, the presence of gold does 

not affect the distribution of dopant in the PPy matrix and a 

homogenous distribution of both gold and dopant is observed.  

Fig. 3 SEM images and EDX mapping for a) PPy/IC and b) Ppy/IC Aunanop 

synthesized at 10 
o
C. b1) EDX mapping for sulphur (present in indigo carmine 

molecular structure). b2) EDX mapping for gold (present in PPy/IC/Aunanop films). 

 The TEM image (Fig. 4a) of PPy/IC/Aunanop shows the 

presence of gold nanoparticles embedded within the film 

(arrows indicate the nanoparticles), which corroborates the 

EDX mapping (Fig. 3). TEM as well as high-resolution SEM 

images of the nanocomposite (Fig. 4b) show spherical gold 

nanoparticles presenting average diameter of 10 nm, in addition 

to the formation of aggregates. 

Fig. 4 a) TEM and b) high-magnification SEM images of the PPy/IC/Aunanop 

nanocomposite. 

 

Electrochemical characterization  

Fig. 5 shows the voltammograms of PPy/IC and 

PPy/IC/Aunanop. One can observe slightly shifts of the redox 

potentials after incorporating gold nanoparticles into the film. 

PPy/IC presents anodic and cathodic potentials at ca. 0.28 V 

and - 0.15 V, respectively. Meanwhile, PPy/IC/Aunanop displays 

anodic and cathodic peaks at ca. 0.44 V and - 0.23 V. In 

addition, PPy/IC/Aunanop displays a couple of oxidation and 

reduction waves that could be related to a process involving a 

new bond between PPy, Au nanoparticle and electrolyte.44 For 

PPy/IC, the peak-to-peak separation �∆���and formal potential 

[(Ea + Ec / 2)] was calculated as 0.43 V and 0.06 V. For 

PPy/IC/Aunanop, ∆Ep was found as 0.67 V, and formal potential 

0.10 V. These results suggest a facilitated charge transport in 

both polymeric films.34 The ratio |Ia|/|Ic| calculated for both 

voltammograms is close to one, indicating a good reversibility 

for the systems.  

 

Fig. 5 Voltammograms on PPy/IC and PPy/IC/Aunanop synthesized at 10 
o
C in 

0.1 molL
-1

 KCl solution at scan rate of 50 mVs
-1

. Fifth cycle. 

 The wider voltammetric wave and the positive shift of the 

anodic potential observed for PPy/IC/Aunanop suggests chemical 

interactions between chain segments of PPy and the gold 

nanoparticles, as earlier suggested in the FTIR spectra 

(Fig. 1).15,49-52 The nanocomposite presents higher current and 

charge densities than PPy/IC (ca. 19% increase in charge 

density), synthesized under the same conditions. The presence 

of gold nanoparticles may avoid the charge motion limitation 

due to chain length, facilitating electrons transfer, improving 

the conduction by “hopping” due to their good conductivity,53 

increasing the conduction path and allowing a charge 

accumulation on the modified electrode surface. 
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Optical characterization  

In addition to the effect of gold nanoparticles, the effect of 

synthesis temperature on the optical properties of PPy was 

evaluated by synthesizing the films at 10 oC and 25 oC. By 

comparing the UV-Vis absorption spectra of PPy/IC and 

PPy/IC/Aunanop (Fig. 6), one can observe a redshift of the 

maximum absorption band (electronic transition for oxidized 

PPy)37 due to the presence of gold nanoparticles, for both 

synthesis temperature. According to the literature, this redshift 

can be associated to structural changes in the polymer matrix, 

leading to higher molecular ordering, caused by the dye 

molecules.54  

Fig. 6. Absorption UV-Vis spectra of PPy/IC and PPy/IC/Aunanop synthesized at 

10 
o
C and 25°C. 

 In order to further evaluate the effect of gold nanoparticles 

on the electrical and optical properties of the polymeric film we 

have calculated the energy gap (Egap) by Tauc equation:55 

 

��ℎ	
� = 	�ℎ	 −	���																						(1) 

 

where n represents the nature of the transition, K is a constant; 

hν is the photon energy and α is the absorption coefficient 

obtained from the absorbance (A) and thickness of the sample 

(d):56 

 

��	� = 2.303��	� �⁄                         (2) 

 

by extrapolating the linear part of (αhν)2 or (αhν)1/2 vs. hν to 

α = 0, one can obtain the Egap values.  

 For a direct transition (n = 2), Equation 1 becomes: 
 

��ℎ	
� = 	�ℎ	 −	���                       (3) 

  

 For an indirect transition (n = 1/2), Equation 1 becomes: 
 

��ℎ	
�/� = 	�ℎ	 −	���                     (4) 

 Table 1 shows the estimated direct and indirect band-gap 

energies obtained through (αhν)2 and (αhν)1/2 versus hν plots 

(not shown), respectively.57 

 

Table 1. Direct and indirect band-gap energies of the polymeric films 

synthesized at different temperatures. 

Film  Egap
direct (eV) Egap

indirect (eV) 

PPy/IC 10°C 1.84 1.68 

PPy/IC 25°C 1.83 1.66 
PPy/IC/Aunanop 10°C 1.68 1.50 

PPy/IC/Aunanop 25°C 1.66 1.43 

 

By comparing the results presented in Table 1 to the literature, 

one can observe that the presence of IC dopant allows for the 

synthesis of PPy presenting lower direct energy band gaps than 

using inorganic ions, which can be associated to higher 

molecular ordering, caused by IC molecules.15,54,58-60 In 

addition, a very interesting result is the effect of gold 

nanoparticles resulting in a decrease of both direct and indirect 

energy gap. Embedding gold nanoparticles into PPy matrix 

seems to have a more significant effect on the indirect 

transition, resulting in a decrease in Egap up to 14%. There 

results strongly suggest that the metallic nanoparticles promote 

structural changes in the polymer, improving molecular 

ordering, and also affects the band gap of  PPy resulting in a 

redshift of the absorption band.  

 The synthesis temperature seems to have no effect on the 

band-gap energies of PPy. Only the nanocomposite presented a 

5% decrease of indirect Egap with the increase of temperature. 

The hypothesis for this behavior is based on a kinetic effect, 

where the increase of temperature lead to a higher amount of 

gold nanoparticles dispersed in the PPy matrix due to a higher 

nucleation / growth rate. Nevertheless, it is important to 

highlight that the polymer films synthesized at lower 

temperatures are thinner, present better adherence to the 

substrate, in addition to higher level of chain organization.15 All 

these characteristic are important for the electrochromic 

properties of the film.5,10 

Electrochromic characterization 

OPTICAL CONTRAST (∆%T) 

The optical contrast (chromatic contrast) is an important 

property to evaluate the nanocomposite electrochromic 

behaviour, as it is a measure of the transmittance variation 

(∆%T) at a specified wavelength. In this work, we have used -

0.6 V and + 0.4 V as redox potentials and have monitored the 

optical contrast at 700 nm, in order to compare this study to 

other works in literature.12,15,29 Considering the 
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polaron/bipolaron model, under positive applied potential the 

polaron formation is evidenced by the absorption band at ca. 

530 nm and the bipolaron by the absorption band at ca. 700 nm. 

 According to Fig. 7, the synthesis temperature affects the 

optical contrast as higher values was achieved for PPy/IC and 

PPy/IC/Aunanop synthesized at 10 oC (Table 2). The lower 

synthesis temperature allows better chain ordering, higher 

adherence to the substrate and lower thickness, allowing better 

charge transport during the doping/undoping process.1,15 In 

addition, PPy/IC/Aunanop always presented higher optical 

contrast than PPy/IC, suggesting the dependence of the 

electrochromic properties with the presence of gold 

nanoparticles. These behaviours were observed for both visible 

(530 nm) and NIR (700 nm) regions of electromagnetic 

spectrum. 

 

Fig. 7. Optical contrast of PPy/IC and PPy/IC/Aunanop synthesized at 10 
o
C (top) 

and 25 
o
C (bottom). The redox potentials (- 0.6 V and 0.4 V) were applied for 

80 s. 

Table 2. Optical contrast at 530 and 700 nm of PPy/IC and 

PPy/IC/Aunanop synthesized at different temperatures. 

Material Synthesis Temperature (oC) ∆%T(λnm) 

PPy/IC 10 35 (700) 

PPy/IC 10 15 (530) 

PPy/IC 25 17 (700) 

PPy/IC 25 7 (530) 

PPy/IC/Aunanop 10 44 (700) 

PPy/IC/Aunanop 10 22 (530) 

PPy/IC/Aunanop 25 38 (700) 

PPy/IC/Aunanop 25 19 (530) 

 

Table 3 shows the optical contrast from different 

electrochromic materials based on conducting polymers. One 

can observe that PPy/IC/Aunanop presents larger optical contrast 

than all other materials which do not present metallic 

nanoparticles. Therefore there is an interaction between gold 

nanoparticles and PPy, which result in improved optical 

properties. 

 

Table 3. Optical contrast of different conducting polymers based 

materials. 

Material ∆%T(λnm) Ref. 

PPy/RB 41 (795) 12 
PPy/DR 23 (795) 12 

PPy/DS/IC 37 (700) 15 

PPy/ECR 27 (800) 29 
PANI/WO3 19 (633) 61 

P(DTTP-co-EDOT) /EDOT 20 (487) 62 

PPy/IC 35 (700) * 
 15 (530) * 

PPy/IC/Aunanop 44 (700) * 

 22 (530) * 

* presented in this work 

 

WRITE-ERASE EFFICIENCY 

The electrochromic efficiency (η) or write-erase efficiency was 

calculated by Equation 5, which relates the optical contrast 

(∆%T at 700 nm) with the total charge (Q) of oxidation or 

reduction, identified as anodic and cathodic efficiencies, 

respectively. These charges are determined from the integration 

of the chronoamperograms plots (current vs. time, not shown). 

The anodic (Qa) and cathodic charge (Qc) allows for calculating 

the oxidation (darkening) and reduction (bleaching) 

electrochromic efficiencies, respectively. 

 

���� = 	 ��%!� "⁄                                  (5) 

 

 According to the results showed in Table 3, films 

synthesized at 10 °C presented higher electrochromic 

efficiencies. In addition, the cathodic efficiency (ηc) was 

always higher than the anodic (ηa) probably due to a higher 

chain ordering (intramolecular interaction: π-packing) at the 

reduced state, favoring mass motion at the polymer/electrolyte 
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interface. At the oxidative state, local geometric distortions of 

polymeric chains does not favor mass motion at the interface.15 

The fact that Qa > Qc indicates an uncompleted reduction 

process at this potential. 

Table 4. Electrochromic efficiencies of PPy/IC/Aunanop synthesized at 

10 and 25 oC. 

Film  ∆%T Qa
* Qc

* 
ηa

# ηc
# 

PPy/IC/Aunanop 10°C 44 3.4 1.5 12.9 29.3 

PPy/IC/Aunanop 25°C 38 7.7 5.0 4.4 6.8 

*
mC s-1;

#
S mC-1 

RESPONSE TIME 

The electrochromic response time or optic response time is the 

shortest time required for a material to reach minim 

um or maximum transmittance under external voltage. The 

response time is dependent on temperature, dopant 

concentration, polymer film thickness and method of 

synthesis.1,10 Fig. 8 shows the in situ UV-Vis 

spectroelectrochemical analysis of the films synthesized at 

10 oC, as they presented better optical contrast and 

electrochromic efficiency. PPy/IC and PPy/IC/Aunanop presented 

similar cathodic (ca. 12 and 10 s) and anodic response time 

(3 and 4 s), respectively. The nanocomposite, reached higher 

values for transparency and opacity, which corroborates the 

results presented in Fig. 7.  

Fig. 8. Response time to optical contrast at 700 nm of PPy/IC and PPy/IC/Aunanop 

synthesized at 10 
o
C. The redox potentials (- 0.6 V and 0.4 V) were applied for 

80 s. 

OPTICAL STABILITY 

The plots presented in Fig. 9 show that PPy/IC film presents a 

dramatically drop in optical contrast reaching around 2% after 

the cycling. On the other hand, the nanocomposite presented 

fairly stable optical contrast during charge/discharge cycling. 

 It is well discussed in the literature that polaron and 

bipolaron states are associated to intermediary energy levels 

within the electronic band gap region of conducting polymers 

due to oxidation.63,64 The ionized states are stabilized by 

geometrical chain distortion, once the polymeric chain has to 

accommodate the charges created by the oxidation process. The 

accommodation of these extra charges involves conformational 

and structural changes, which might lead to a leaching of 

dopant during the doping/undoping process, affecting the 

stability of optical contrast as observed for PPy/IC. In the 

nanocomposite, the more stable behavior might be related to 

adsorption of indigo carmine on the nanoparticles, remaining 

trapped into the film during the doping/undoping cycling.  

Fig. 9. Transmittance as a function of time during charge/discharge cycles on a) 

PPy/IC and b) PPy/IC/Aunanop synthetized at 10 
o
C 

Conclusions 

We demonstrated the enhancement of electrochromic properties 

of a dye doped polypyrrole film, provided by growing gold 

nanoparticles into the polypyrrole matrix during 

electrochemical polymerization. This one-step procedure allows 

decreasing the energy-band gap, which is well known for 

modulating optical and electrical properties of conducting 

polymers. The simple electrochemical polymerization method 

used in this work can be extended to investigate a wide range of 

dye doped conducting polymers nanocomposites, leading to 

further improvements on the development of flexible and low 

cost electrochromic devices.  
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