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Solid-state Dye-sensitized Solar Cells† 
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Poly(3,4-ethylenedioxythiophene)-b-poly(ethylene glycol) (PEDOT-

b-PEG) block copolymer doped with perchlorate on FTO shows 

excellent optical and interfacial performance as a counter 

electrode (CE), such as low charge transfer resistance and low 

reflectivity for polymer electrolyte-based solid-state dye-

sensitized solar cells (DSCs), resulting in 8.45% energy conversion 

efficiency, greater than common Pt CE, via a facile room-

temperature process. 

 

Dye-sensitized solar cells (DSCs) are one of the most promising 

alternative colorful and flexible third-generation solar cells due to 

their mild fabrication process, low-cost production, and applicability 

for large-scale fabrication.
1-3

 The highest energy conversion 

efficiency (ECE) in such cells was recorded as 13% with a porphyrin 

dye and a liquid state electrolyte under 1 sun conditions.
4
 DSCs are 

commonly composed of a dye-sensitized mesoporous 

semiconductor, a liquid-state electrolyte, and a counter electrode.
5
 

In the case of the I3
-
/ I

-
 redox couple, the counter electrode (CE) 

reduces the triiodide to monoiodide by reacting with electrons from 

external circuits (I3
-
 + 2e- � 3I

-
).

6
 Therefore, the material requires 

high catalytic activity, conductivity, and physical/chemical 

compatibility with the electrolyte.  

To date, platinum (Pt) has satisfied the above requirements and 

has been frequently used as a CE material. However, it is rather 

expensive for wide application in DSCs and is  also corrosive to the 

iodide redox couple. Therefore, a large body of alternative 

materials for Pt-free CE has been developed, such as carbon 

materials, transition metal compounds, and conducting polymers, 

as well as their hybrids.
7,8

 Conducting polymers are particularly 

attractive as a Pt-free CE material because of their catalytic and 

conducting properties, competitive price, low-temperature 

processing, and easy integration into flexible devices.
9
 Among these 

materials, poly(3,4-ethylenedioxythiophene) (PEDOT) is highlighted 

for its high electrical conductivity, good catalytic properties for I3
-
 

reduction, and remarkable stability as the CE in DSCs.
10

 Additionally, 

PEDOT CEs have shown competitive or even better performance in 

comparison to Pt CEs.
7
 One-dimensional (1D) nanostructured 

PEDOT CEs (nanotubes and nanofibers) have demonstrated 

outstanding performance for efficient charge transport.
11,12

 PEDOT 

nanofibers (PEDOT NFs) produced an ECE of 9.2% with the I
-
/I3

-
 

redox couple primarily because of the highly porous network 

structure.
12

  

Solvent leakage and evaporation issues of liquid electrolyte result 

in poor long-term stability and limitations of DSC 

commercialization, which have motivated the development of 

alternative electrolytes with high stability.
13,14

 Solid-state polymer 

electrolytes (SPEs) are attractive alternatives for device 

commercialization, particularly flexible DSCs, which require strong 

durability and good mechanical flexibility.
15,16

 Even though SPE has 

exhibited lower photovoltaic performance than common liquid 

electrolytes, primarily due to its incomplete pore penetration 

through mesoporous TiO2 and low ionic conductivity,
17

 various 

efforts to complement these have been attempted.
18,19

 For instance, 

an ECE of 8.9% for solid-state DSCs employing an SPE and Pt CE at 1 

sun conditions was recently reported using the I
-
/I3

-
 redox couple.

20
 

Therefore, it would be very interesting to substitute Pt CE with 

PEDOT CE for solid-state DSCs employing a polymer electrolyte. In 

this case, compatibility between PEDOT CE and SPE will be a very 

crucial factor for improving ECE, where the SPE is mostly based on 

poly(ethylene oxide) (PEO) and its derivatives. However, even the 

few studies that have been reported on this issue have shown lower 

ECE or poorer performance than the reference data.
21-23
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In this study, a new counter electrode consisting of poly(3,4-

ethylenedioxythiophene)-g-poly(ethylene glycol) block copolymer 

(PEDOT-b-PEG) cast on a FTO glass was developed for solid state 

DSCs employing a PEO-based SPE using a facile fabrication process 

at room temperature. This CE displayed excellent optical properties, 

such as high transparency and low reflectivity, and surprisingly good 

interfacial performance with SPE of lower charge transfer resistance, 

compared to PEDOT NF and even Pt. The resulting ECE of DSC 

employing an SPE with PEDOT-b-PEG CE was 8.45%, which was 

slightly higher than that of Pt CE (8.25%), while the ECE of PEDOT 

NF CE was 7.83%. To the best of our knowledge, this is the highest 

ECE with Pt-free CE for the I
-
/I3

-
 redox couple and a PEO-based SPE 

under 1 sun conditions (AM 1.5G, 100 mW/cm
2
). 

 

Fig. 1 (a) Chemical structure of PEDOT-b-PEG block copolymer. (b) 

Optical transmittance UV-visible spectra of Pt (black-line), PEDOT 

NF (blue-line), and PEDOT-b-PEG block copolymer (red-line) coated 

CEs. The inset shows a photograph of each film spin-coated onto 

the FTO substrate. 

 

PEDOT-b-PEG CE was fabricated by spin coating a 1 wt% PEDOT-

b-PEG solution doped with perchlorate in nitromethane on FTO 

(Pilkington, TEC-7) at 5500 rpm (Sigma Aldrich). The chemical 

structure of PEDOT-PEG is shown in Fig. 1a. PEG blocks in PEDOT-b-

PEG function as a hydrophilic adhesive to attach the hydrophobic 

PEDOT to the FTO substrate and increase the compatibility with the 

PEO-based polymer electrolyte. Therefore, the PEDOT-b-PEG block 

copolymer can make good contact with both FTO and SPE. 

Additionally, unlike the conventional fabrication method of Pt CE 

requiring a high sintering temperature (450 ℃, 30 min), PEDOT-b-

PEG CE can be formed by evaporating the solvent at room 

temperature. It is very simple, in comparison even with the 

fabrication conditions of PEDOT NF CE (drying in a vacuum oven at 

60 ℃, 2 h). This facile fabrication process of room-temperature 

evaporation of the PEDOT-b-PEG solution can also be readily 

applied to flexible optoelectronic devices.  

Figure 1b shows another interesting character of PEDOT-b-PEG CE; 

high transparency. Even though the optical transmittance measured 

from the UV-visible spectra of PEDOT-b-PEG (red) CE is nearly 

equivalent with that of the Pt CE (black) at short wavelengths, it 

continually decreased from 450 to 800 nm and reached 82% at a 

wavelength of 800 nm. An optical transmittance greater than 80% 

in the whole visible light range is considered outstanding optical 

function for a CE.
24

 After spin-coating with the PEDOT-b-PEG 

solution, the FTO glass changed to a light blue color but maintained 

high optical transparency in the complete visible region. However, 

PEDOT NF CE (blue) showed much lower transparency than the 

others. The optical transparency of PEDOT-b-PEG CE is also 

illustrated in the inset photograph in Fig. 1b. This highly transparent 

character of PEDOT-b-PEG CE originated primarily from the 

thickness of the PEDOT-b-PEG layer on the FTO. The scanning 

electron microscopy (SEM) images show a cross-sectional view 

demonstrating a 50-nm thin PEDOT-b-PEG film coated on FTO (Fig. 

S1†). This high transparency of PEDOT-b-PEG CE can provide added 

value for many useful applications of DSCs such as building and 

vehicle windows or other installations.
25,26

 The reflectance spectra 

were also measured in order to determine the optical character of 

CEs (Fig. S2†). Interestingly, except at wavelengths shorter than 400 

nm, PEDOT-b-PEG CE showed the lowest reflectivity. This low 

reflectivity of PEDOT-b-PEG CE can also be used for bifacial DSCs 

(which can collect light from two sides) and even for back-side 

illumination conditions.
26,27

 

 

 

Fig. 2 Contact angles of liquid PEG and AFM topographic images of 

(a) (d) Pt, (b) (e) PEDOT NF, and (c) (f) PEDOT-b-PEG block 

copolymer coated on FTO substrates. Polyethylene glycol (PEG, Mw: 

400) was used as the solvent in the measurements.  

 

To compare the suitability of the proposed CE with a PEO-based 

polymer electrolyte, contact angles were measured with 

polyethylene glycol (PEG, Mw: 400) droplets, and atomic force 

microscopy (AFM) images were obtained to analyze the surface 

properties of the fabricated CE using Pt, PEDOT NF, and PEDOT-b-

PEG (Fig. 2). PEDOT-b-PEG shows a smaller contact angle (16
ο
) with 

the PEG droplet than the other samples (Pt: 23
ο
, PEDOT NF: 46

ο
). 

Even though PEDOT chain in PEDOT-b-PEG is not compatible with 

PEG, PEG blocks dominated the surface, resulting in the best 

wetting or highest compatibility with PEG (Fig. 2c). This illustrates 

the good compatibility between PEDOT-b-PEG CE and the PEO-

based polymer electrolyte. For PEDOT NF, despite the large surface 

area and roughness (characterized by root mean square roughness, 

Rq) (Fig. 2e), the poor wetting property  (as indicated in Fig. 2e) and 

the hydrophobic behavior of the PEDOT backbone enhanced the 

surface tension with respect to PEG (Fig. 2b). Alternatively, Rq of 
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PEDOT-b-PEG CE (81 nm) in the AFM topographic image (Fig. 2f) is 

greater than that of Pt CE (52 nm, Fig. 2d). This higher Rq could 

represent larger interfacial contact area for the improvement in the 

catalytic activity. 

Figure 3a compares the J-V characteristics of C106 dye-sensitized 

solar cells with Pt, PEDOT NF, and PEDOT-b-PEG CEs, and their 

corresponding photovoltaic parameters are summarized in Table 1. 

DSCs with PEDOT-b-PEG CE yielded an outstanding short-circuit 

current density (Jsc) and an ECE of 8.45%. To the best of our 

knowledge, this ECE is the highest recorded for the I
−
/I3

−
 redox 

couple and a solid polymer electrolyte with a Pt-free CE under a 1 

sun condition. However, DSCs equipped with Pt and PEDOT NF CEs 

showed comparatively lower Jsc and ECE values than those with 

PEDOT-b-PEG CE. 

 

Fig. 3 (a) J-V characteristics and (b) IPCE of DSCs with Pt (black-

squares), PEDOT NF (blue-circles), and PEDOT-b-PEG block 

copolymer (red-triangles) coated CEs under 1 sun illumination 

conditions (AM 1.5, 100 mW/cm
2
 solar illumination) with a 0.21 cm

2
 

active area. (c) Nyquist plots at 0.7 V according to IS measurements. 

(d) Tafel polarization curves of symmetric cells with different CEs. 

 

PEDOT-b-PEG CE also showed a higher fill factor (FF, 0.71) than the 

others (0.69), which could manifest good wetting behavior between 

the PEO-based polymer electrolyte and the PEDOT-b-PEG CE. 

Detailed analysis of the FF will be discussed later. Importantly, Jsc 

was increased in the order of PEDOT NF (16.89 mA/cm
2
) < Pt (16.93 

mA/cm
2
) < PEDOT-b-PEG (17.47 mA/cm

2
), and the ECE increased in 

the same order. Incident photon-to-electron conversion efficiency 

(IPCE) spectra (Fig. 3b) are in accordance with the Jsc tendency. Even 

though PEDOT-b-PEG CE demonstrated a smaller optical reflectance 

than Pt and PEDOT NF CEs (Fig. S2†), it exhibited the highest Jsc. 

Moreover PEDOT-b-PEG CEs employed DSCs shows the good long-

term stability up to 240 hrs stored in the dart at 60 ℃ (Fig. S3†). 

 

Table 1 Photovoltaic characteristics of DSCs with Pt, PEDOT NF, and 

PEDOT-b-PEG block copolymer CEs, and charge transfer resistance 

(Rct_T) calculated using the exchange current density of Tafel plots. 

 

Tafel polarization curves (Fig. 3d) from symmetric cells with the 

polymer electrolyte were obtained to evaluate the charge transfer 

resistance of the CEs.
28

 The extrapolated intercepts of the anodic or 

cathodic branches in the Tafel curves indicate the exchange current 

density (J0), which is directly related to the charge transfer 

resistance of the counter electrode.
29

 In Fig. 3d, PEDOT-b-PEG CE 

shows the highest J0, indicating better electrocatalytic activity than 

other CEs. Using J0, the charge transfer resistance (Rct_T) between CE 

and electrolyte can be calculated,
30 

as listed in Table 1. These 

results are in good agreement with the Nyquist plot tendency 

measured using DSCs devices (Fig. 3c). Consequently, from the 

electrochemical analysis, PEDOT-b-PEG CE has a lower charge 

transfer resistance than Pt and PEDOT NF CEs, which is very 

consistent with the order of Jsc. 

 

 

Fig. 4 Charge transfer resistance (Rct) between CE and solid polymer 

electrolyte with respect to various bias voltages (Vbias) by varying 

CEs for DSCs estimated from the IS data at 1 sun conditions. 

 

FF is also a very important photovoltaic parameter, which directly 

affects the performance of the DSCs. A bad CE increases the total 

series resistance (Rseries) in DSCs, which causes an increase in 

overpotential and consequently decreases FF.
31

 The Rseries is 

composed of three parameters as:
6,11

 

 

Rseries = Rs + Rct + Rd                                     (1) 

 

Here, Rs is the sheet resistance of CE, Rct is its charge transfer 

resistance, and Rd is the diffusion resistance through the 

electrolyte. 

Because the same electrolyte is used for the three different CEs in 

this work, Rd effects can be ignored when comparing Rseries. The 

three CEs showed nearly the same Rs value, based on impedance 

spectroscopy (IS) at various bias voltage (Fig. S4a†), regardless of 

the polymer layer used for CE. The bias voltage range is designed 

not to be flat (Fig. 3(a)) where Rseries affects FF.
11

 Nearly the same Rs 

value could be due to the fact that a thin, good attachment of the 
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polymer layers might complement the additional layer resistance 

on FTO.
6  

The charge transfer resistance Rct was also estimated and plotted 

as a function of the bias voltage as shown in Fig. 4 with Pt (black 

squares), PEDOT NF (blue circles), and PEDOT-b-PEG (red triangles) 

CEs voltages under 1 sun illumination conditions. The Rct value of 

PEDOT-b-PEG CE was smaller than those of the other CEs, 

suggesting that the PEDOT-b-PEG layer has better electrocatalytic 

activity with I3
-
, which verifies the Tafel curves shown in Fig. 3c. The 

other reason for a lower Rct with PEDOT-b-PEG CE is the excellent 

interfacial compatibility with the PEO/PEGDME polymer electrolyte, 

as previously shown in Fig. 2. Thus, PEDOT-b-PEG CE shows a lower 

Rseries (Rs+Rct) than the others as shown in Fig S4b†, thus producing 

the highest FF. These results are in a good agreement with Rct_T 

obtained from the Tafel plots and summarized in Table 1. 

Therefore, PEDOT-b-PEG is a good candidate as a new CE material 

for a PEO-based polymer electrolyte in the effort to achieve high 

device performance. 

In summary, PEDOT-b-PEG CE yielded an ECE of 8.45% for DSCs, 

which is greater than those with PEDOT NF and Pt CEs (8.25%). Such 

high photovoltaic performance with PEDOT-b-PEG CE is primarily 

based on high Jsc and FF values due to the low charge transfer 

resistance between PEDOT-b-PEG and PEO of the polymer 

electrolyte, in addition to its excellent transparency and low 

reflectance. The low charge transfer resistance is, in turn, 

associated with outstanding electrocatalytic activity of PEDOT-b-

PEG and its compatibility with PEO of the polymer electrolyte. In 

addition, the facile fabrication process of PEDOT-b-PEG CE, along 

with its remarkable performance with polymer electrolyte, has 

great potential for roll-to-roll production of flexible DSCs. 

This work was financially supported by the Korea Center for 

Artificial Photosynthesis (KCAP) (Number 2009-0093883). 
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