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1. Introduction 

In the last two decades, dye sensitized solar cells (DSSCs) have gained extensive attention as 
a low cost alternative to conventional Si solar cells (Oregan & Gratzel 1991; Fan et al. 2008; 
Xie et al. 2009; Alibabaei et al. 2010; Gajjela et al. 2010; Xie et al. 2010; Yum et al. 2010). A 
typical DSSC is made of a TiO2 photoanode and a Pt counter electrode separated by an 

electrolyte comprising an iodide/triiodide (I/I3) redox couple. The photoanode is usually 
prepared from TiO2 nanoparticles on a transparent conducting oxide (TCO), while the 
counter electrode is a thin layer of Pt deposited on another TCO substrate. The dye 
molecules are adsorbed onto TiO2 surface. When exposed to sunlight, photoelectrons are 
generated and injected into the photoanode. Afterward, the electrons travel to counter 

electrode through an outside load. The oxidized dye molecules then retake electrons from I 

ions and oxidize I into I3. Meanwhile, the I3 is reduced into I by taking electrons from 
counter electrode. Pt counter electrode has been extensively used as an efficient 

electrocatalyst for reduction of I3 ions in DSSCs (Gratzel 2003; Sun et al. 2010). However, Pt 

is an expensive metal and can also be corroded by I/I3 redox couple (Kay & Gratzel 1996). 
Recently, various carbonaceous materials including graphite, carbon black, and carbon 
nanotubes have been studied as a low cost replacement for Pt as an electrocatalyst for 

reduction of I3 ions (Kay & Gratzel 1996; Burnside et al. 2000; Imoto et al. 2003; Imoto et al. 
2003; Suzuki et al. 2003; Murakami et al. 2006; Ramasamy et al. 2007; Fan et al. 2008; Hinsch 
et al. 2008; Joshi et al. 2009; Lee et al. 2009; Skupien et al. 2009; Calandra et al. 2010). The 
carbonaceous materials are plentiful, inexpensive, and also exhibit high resistivity to 
corrosion (Ramasamy et al. 2007). Replacement of Pt with carbon-based materials can also 
speed up DSSC commercialization (Burnside et al. 2000; Hinsch et al. 2008; Han et al. 2009; 
Skupien et al. 2009; Joshi et al. 2010). 
In this chapter, we review some carbon nanostructures including carbon nanoparticles and 
electrospun carbon nanofibers that have been successfully used as a low cost alternative to 
Pt in DSSCs. The carbon nanoparticle- and carbon nanofiber-based DSSCs showed 
comparable performance as that of Pt-based devices in terms of short circuit current density 
(Jsc) and open circuit voltage (Voc). Electrochemical impedance spectroscopy (EIS) 
measurements indicated that the carbon nanoparticle and carbon nanofiber counter 
electrodes showed lower charge transfer resistance (Rct), suggesting that carbon nanoparticle 
and carbon nanofiber counter electrodes are an efficient electrocatalyst for DSSCs. In 
addition, the series resistance of carbon-based counter electrodes was found to be a little 
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higher than that of Pt cells, leading to a slightly lower FF. Herein, we will first introduce the 
preparation and characterization of carbon nanoparticle and carbon nanofiber counter 
electrodes. Then, the fabrication of DSSC devices with these carbon-based counter electrodes 
will be described and compared with Pt-based cells. The use of carbon nanoparticle and 
carbon nanofiber counter electrodes has a great potential to make low cost DSSC technology 
one step closer to commercialization. 

2. Carbon/TiO2 composite as counter electrode 

Low cost carbon/TiO2 composite was used as an alternative to platinum as a counter-
electrode catalyst for tri-iodide reduction. In the carbon/TiO2 composite, carbon is 
nanoparticles and acts as an electrocatalyst for triiodide reduction, while the TiO2 functions 
as a binder. The carbon/TiO2 composite can be deposited by spin coating or doctor blading 
onto a fluorine-doped Tin Dioxide (FTO).  

2.1 Preparation of carbon/TiO2 

Carbon nanoparticles (Sigma-Aldrich) have a particle size < 50 nm and a surface area > 100 

m2/g. The TiO2 paste was prepared by dispersing TiO2 nanoparticles (P25 Degussa, average 

size of 25 nm) into water. The carbon/TiO2 composite was made by mixing 650 mg carbon 

nanoparticles with 1 ml TiO2 colloid paste at a concentration of 20 wt%. Then 2 ml deionized 

(DI) water was added, followed by grinding and sonication. 1 ml Triton X-100 was added 

during grinding. The final paste was then spin coated onto a FTO glasses to form the 

counter electrode, followed by sintering at 2500 C for an hour. 

The scanning electron microscopy (SEM) images of carbon/TiO2 composite and pure TiO2 

nanoparticle films are shown in Figure 1a and b, respectively. It can be seen that the 

carbon/TiO2 composite counter-electrode film is highly porous with a large surface area, 

which can function effectively for tri-iodide reduction. The pore size ranges from 20 nm to 

200 nm throughout the film, which is large enough for I−/I3− ions that are only a few 

angstroms to diffuse into the pores and get reduced at the carbon nanoparticle 

surface(Ramasamy et al. 2007). The particle size in carbon/TiO2 composite film (Figure 1a) is 

apparently larger than those in pure TiO2 nanoparticle film (Figure 1b). This suggests that 

the carbon nanoparticle dominates in carbon/TiO2 mixture and effectively serves as a 

catalyst for tri-iodide reduction. A cross-section SEM image (Figure 1c) shows that the 

carbon/TiO2 composite counter electrode has a thickness of about 11.2 um.  

 

 

(a) 
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Fig. 1. SEM images of (a) 11.2 um thick carbon/TiO2 composite layer and (b) pure TiO2 
nanoparticle layer on a FTO substrate. Cross section SEM image of (c) the carbon/TiO2 
composite layer. Reproduced with permission from Ref (Joshi et al. 2009). 

2.2 Calculation of series resistance, left justified  
Ramasamy et al. measured the charge transfer resistance (Rct) of carbon electrode via 
electrochemical impedance spectroscopy (EIS) and found that Rct was 0.74 Ω cm−2, two times 
less than that of the screen printed Pt (Ramasamy et al. 2007). Since the thickness of carbon-
based counter electrode is tens of micrometers that are much higher than Pt at a thickness of 
about tens of nanometers, the internal series resistance (Rse) of carbon-based DSSCs are 
found to be higher (Ramasamy et al. 2007; Joshi et al. 2009). The lower Rct counterbalances 
the higher Rse of carbon-based device. The series resistance of carbon/TiO2 composite based 
DSSCs was also studied and compared with that of platinum-based devices under multiple 
light intensities.  
Current density (Jsc) through the series resistance is as below (Matsubara et al. 2005): 

  0
exp[ ( ) / ] 1s

PH s

sh

V IR
J J J q V JA R nkT

AR


      (1) 

This equation can be modified as: 

  0
exp[ ( ) / ] 1s

PH s

sh

V JAR
J J J q V JA R nkT

AR


      (2) 

11.2 µm 

(b) 

(c) 
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Fig. 2. J-V curves of DSSC devices at different light intensity from (a) carbon/TiO2 
composite and (b) Pt counter electrode. Reproduced with permission from Ref (Joshi et al. 
2009). 

When we plot current density-voltage (J-V) curves at multiple light intensities and select the 
points of (J,V) which satisfy the following condition: 

 
PH

J J J     constant (3) 

The points should lie in the straight line and follow: 

 /J V RsA  constant   (4) 

Thus, the series resistance can be determined from the slope of a straight line. The current 
density-voltage (J-V) curves at different light intensities of the carbon/TiO2-based and Pt-
based DSSC devices are shown in Figure 2a and b, respectively.  

2.3 Device performance of carbon/TiO2 composite counter electrode 

The active area of carbon/TiO2 composite is 0.20 cm2, while that of Pt devices is 0.24 cm2. 
The slope of the straight line AB in carbon/TiO2 composite devices is 67.81 mA/(cm2V), 

A (a) 

(b) 

B 

www.intechopen.com



 
Carbon Nanostructures as Low Cost Counter Electrode for Dye-Sensitized Solar Cells 

 

461 

with a reciprocal of 14.75 Ωcm2 . The slope of the straight line AB in Pt-based devices is 91.28 
mA/(cm2V) and its reciprocal is 11.37 Ωcm2. Apparently the series resistance of carbon/TiO2 
devices is larger than that of Pt devices. This can be possibly attributed to the much thicker 
layer and larger resistivity of carbon/TiO2 counter electrode than those of Pt (Imoto et al. 
2003). However, the carbon/TiO2 counter electrode has its own advantage that is the large 
surface area. This results in a lower Rct, which was found to be less than half of that in the Pt 
counter electrode (Ramasamy et al. 2007). The lower Rct can compensate the effects of higher 
series resistance. 
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Fig. 3. J-V curves of DSSC devices with carbon/TiO2 composite (dash line) and Pt (solid line) 
counter electrode under AM 1.5 illumination (light intensity: 91.5 mW/cm2). Reproduced 
with permission from Ref (Joshi et al. 2009). 

Figure 3 shows a comparison of J-V curves from carbon/TiO2 and Pt devices under an AM 
1.5 solar simulator at an intensity of ~ 91.5 mW/cm2. DSSCs with carbon/TiO2 counter 
electrode achieve an efficiency of 5.5 %, which is comparable to 6.4 % of Pt counter electrode 
devices. The photovoltaic parameters in terms of short circuit current density (Jsc), open 
circuit voltage (Voc), fill factor (FF) and efficiency (η) are listed in Table 1. The FF of 
carbon/TiO2 devices was found to be slightly lower than Pt devices. This may be attributed 
to higher series resistance (14.75 Ωcm2) in the former compared to that (11.37 Ωcm2) in the 
latter. Ramasamy et al. studied the robustness of carbon-based DSSCs and their results 
showed that carbon-based cells have a comparable stability as Pt-based devices (Ramasamy 
et al. 2007). 
 

Counter electrodes Jsc (mA/cm2) Voc (V) FF η  
Rs  

(Ω) 

carbon/TiO2 
composite  

12.53 0.70 0.57 5.5 % 14.75 Ωcm2 

Platinum 12.48 0.73 0.65 6.4 % 11.37 Ωcm2 

Table 1. DSSC device parameters from carbon/TiO2 composite and Pt counter electrode. 
Reproduced with permission from Ref (Joshi et al. 2009). 
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3. Carbon nanofibers as counter electrode  

Carbon nanofibers prepared by electrospinning were also explored as low cost alternative to 
Pt for triiodide reduction catalyst in DSSCs. The carbon nanofiber counter electrode was 
characterized by EIS and cyclic voltammetry measurements. The carbon nanofiber counter 
electrode exhibited low charge transfer resistance (Rct), small constant phase element (CPE) 
exponent (β), large capacitance (C), and fast reaction rates for triiodide reduction.   

3.1 Preparation of carbon nanofiber counter electrode  

The carbon nanofiber paste was made by mixing 0.1 g ECNs with 19.6 g polyoxyethylene(12) 
tridecyl ether (POETE) in a similar method reported by others (Mei & Ouyang 2009). The 
mixture was then grinded, sonicated, and centrifuged at a spin speed of 10,000 rpm to 
uniformly disperse the ECNs in POETE. Any extra POETE that floated on top of the mixture 
after the centrifuge was removed via a pipette. Afterwards, the counter electrode was made by 
doctor-blading the mixture onto FTO (~8 Ω/ and ~400 nm), followed by sintering at 200 °C 
for 15 min and then at 475 °C for 10 min. Figure 4 shows SEM and transmission electron 
microscope (TEM) images of the original carbon nanofibers prepared by electrospinning and 
the carbon nanofiber counter electrode on FTO deposited by doctor blading. In the original 
electrospun carbon nanofiber samples, the ECNs were relatively uniform in diameter with an 
average value of ~ 250 nm (Figure 4a). The TEM image in Figure 4b shows that the structure of 
ECNs was primarily turbostratic instead of graphitic; i.e., tiny graphite crystallites with sizes of 
a few nanometers were embedded in amorphous carbonaceous matrix. The nanofiber sheet 
did not show evidence of microscopically identifiable beads or beaded-nanofibers. The BET 
surface area of the carbon nanofiber sheet was measured to be ~100 m2/g via a Micromeritics 
ASAP 2010 surface area analyzer using N2 adsorption at 77 K.  
 

  

  

Fig. 4. (a) SEM image of electrospun carbon nanofiber film; (b) TEM image of a typical single 
carbon nanofiber; SEM image of (c) top-view and (d) cross-section of carbon nanofiber 
counter electrode. Reprinted with permission from {Joshi et al. 2010}. Copyright {2010} 
American Chemical Society. 
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Because it was difficult to attach the original carbon nanofiber sheet onto FTO, we added 
POETE into the carbon nanofiber, followed by grinding and sonication. As shown in Figure 
4c, the nanofibers that were originally tens of microns long were broken into submicrons to 
microns after grinding and sonication. The conductivity of original electrospun carbon 
nanofibers (Figure 4a) is ~ 1538 Sm-1, but decreased to ~ 164 Sm-1 after converted to the 
counter electrode as shown in Figure 4c. This can possibly be attributed to the much smaller 
lengths of the carbon nanofibers that reduced conduction network. Also, the POETE was 
burned away at high temperature, causing additional voids between carbon nanofibers. 
However the smaller length of carbon nanofibers may increase the surface area of the 
counter electrode, which can be seen by comparing Figure 4a with Figure 4c. The thickness 
of counter electrode was about of 24 μm (Figure 4d), which is much higher than that of 
carbon nanoparticle counter electrodes. The effects of carbon nanoparticle counter electrode 
thickness on DSSC parameters including Jsc, Voc, FF and cell efficiency (η) was studied by 
others (Murakami et al. 2006). They found that the thickness mainly affects FF and the 
optimal thickness was ~ 14.5 μm for carbon nanoparticle counter electrode. A thickness of 
~11.2 μm was used in a carbon nanoparticle counter electrode DSSC device (Joshi et al. 
2009). However, Ramasamy et al. prepared a carbon nanoparticle counter electrode with a 
larger thickness of ~ 20 μm (Ramasamy et al. 2007). Here, the thickness of carbon nanofiber 
counter electrode was higher than that of typical carbon nanoparticle counter electrode. As 
shown in Figure 4c, the shorter nanofibers are loosely packed with large voids and this can 
lead to smaller surface area than that of carbon nanoparticle counter electrode. A higher 
thickness was used to make the carbon nanofiber counter electrode to ensure a significant 
surface area.  
 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-6

-4

-2

0

2

4

6

8

C
u

rr
e

n
t 

D
e

n
s
it
y
 (

m
A

/c
m

2
)

Potential (V vs Ag/AgCl)

 ECN

 Pt

 

 

 

Fig. 5. Cyclic voltammograms of carbon nanofiber (black) and Pt (red) counter electrode. 
The measurement was performed in an acetonitrile solution comprising 10 mM LiI and 
0.5 mM I2. 0.1M tetra-n-butylammonium tetrafluoroborate was used as supporting 
electrolyte. Ag/AgCl was used as reference electrode. The thickness of carbon nanofiber and 
Pt counter electrode is ~24 μm and ~40 nm, respectively. Reprinted with permission from 
{Joshi et al. 2010}. Copyright {2010} American Chemical Society. 

3.2 Characterization of carbon nanofiber counter electrode  
Cyclic voltammograms (Figure 5) of the carbon nanofiber and Pt counter electrode were 
performed in an acetonitrile solution that comprises 10 mM LiI and 0.5 mM I2 using 0.1 M 
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tetra-n-butylammonium tetrafluoroborate as the supporting electrolyte.  In the cyclic 
voltammetry (CV) measurements, Pt wire was used as counter electrode, Ag/AgCl as 
reference electrode, and a carbon nanofiber or Pt coated FTO as working electrode. Two 
pairs of oxidation and reduction peaks were found that are similar to those in the Pt 
electrodes. The oxidation and reduction pair on the left was from the redox reaction of 

3
2 3I e I    , while that on the right was attributed to the redox reaction of 

2 3
3 2 2I e I    

(Sun et al. ; Huang et al. 2007). The right pair from the carbon nanofiber sample exhibited a 
larger oxidation current density, but a smaller reduction current density than those of Pt 

electrode. This pair that was assigned to 
2 3

3 2 2I e I    had little effect on DSSC 

performance (Mei et al. 2010). The left pair of carbon nanofiber counter electrode showed 
both a larger oxidation and reduction current density than those of the Pt electrodes. This 

pair that was assigned to 
3

2 3I e I     directly affected DSC performance, indicating a fast 

rate of triiodide reduction.  
The catalytic properties of counter electrode are usually characterized by EIS (Papageorgiou et 
al. 1997; Hauch & Georg 2001). In order to eliminate the effects of TiO2 photoanode, a 
symmetrical carbon nanofiber – carbon nanofiber and Pt-Pt cells were fabricated for EIS study. 
These cells were prepared by assembling two identical carbon nanofiber (or Pt) electrodes face 

to face that were separated with an electrolyte of I/I3
 redox couple. The EIS characterization 

was performed using an Ametek VERSASTAT3-200 Potentiostat equipped with frequency 
analysis module (FDA). The amplitude of AC signal was 10 mV with a frequency range of 0.1 - 
105 Hz. The Nyquist plots of the symmetrical carbon nanofiber – carbon nanofiber and Pt-Pt 
cells are shown in Figure 6. Figure 6b shows the equivalent circuit that was used to fit 
impedance spectra. The equivalent circuit included charge transfer resistance (Rct) at the 
carbon nanofiber or Pt electrode/electrolyte interface, constant phase element (CPE), series 
resistance (Rs) and Warburg impedance (ZW) (Murakami et al. 2006). The Rct at the 
electrode/electrolyte interface can be obtained from the high frequency semicircle, while the 

ZW of the I/I3
 redox couple in the electrolyte can be fitted from the low frequency arc (Wang 

et al. 2009; Jiang et al. 2010; Li et al. 2010; Mei et al. 2010). The fitted results from the Nyquist 
plots were summarized in Table 2. The Rct of carbon nanofiber counter electrode was 0.7 Ωcm2, 
less than half of that (1.9 Ωcm2) of the Pt electrode, suggesting a sufficient electro-catalytic 
capability. The CPE represents the capacitance at the interface between the carbon nanofiber or 
Pt and electrolyte, which can be described as: 

 
0

1
( )

CPE
Z j

Y
   (5) 

in which Y0 is the CPE parameter, ω the angular frequency, and β the CPE exponent  
(0 < β < 1), and. The Y0 and β are constant that is independent of frequency.  
An ideal capacitance has a perfect semicircle where β is equal to 1. However, the porous 
films, leaky capacitor, surface roughness and non-uniform current distribution frequently 
cause a non-ideal capacitance that deviates β value away from 1 (Hauch & Georg 2001; 
Murakami et al. 2006). The fitted β value of the carbon nanofiber counter electrode was 0.82, 
smaller than that (0.95) of the Pt electrode. A lower β value suggested a higher porosity in 
carbon nanofiber electrode than that of Pt electrode (Murakami et al. 2006). In previous 
study, a β value of 0.81 was found in a highly porous carbon nanoparticle counter electrode 
(Murakami et al. 2006). Also, the capacitance (C) in carbon nanofiber counter electrode was 
larger than that of Pt electrode, suggesting a higher surface area in carbon nanofiber counter 
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electrode. A larger capacitance (C) was also found in other nanostructured counter 
electrodes with high porosity (Murakami et al. 2006; Jiang et al. 2010). Unfortunately, the 
fitted series resistance (Rs) of carbon nanofiber counter electrode was 5.12 Ωcm2, more than 
twice of that of 2 Ωcm2 for Pt electrode. This can be attributed to the higher thickness 
(~24 μm) of carbon nanofiber counter electrode. It was previously reported that thicker films 
increase Rs in carbon nanoparticle counter electrodes (Murakami et al. 2006). 
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Fig. 6. (a) Nyquist plots of symmetrical carbon nanofiber-carbon nanofiber or Pt-Pt electrode 
cell; (b) equivalent circuit that was used to fitted the EIS results. Rs is series resistance at the 
counter electrode, Rct charge transfer resistance, Zw Nernst diffusion impedance and CPE 
constant phase element. Reprinted with permission from {Joshi et al. 2010}. Copyright {2010} 
American Chemical Society. 

 

Counter 

Electrode 
Rs (Ωcm2) Rct (Ωcm2) 

C 

(Fcm-2)
β 

ECN 5.12 0.70 5.6×105 0.82 

Pt 2.00 1.89 2.0×105 0.95 

Table 2. Fitted results extracted from Nyquist plots of the respective symmetrical cells using 
carbon nanofiber or Pt as electrode. Reprinted with permission from {Joshi et al. 2010}. 
Copyright {2010} American Chemical Society. 

3.3 DSSC performance using carbon nanofiber counter electrode  

The TiO2 photoanode contained a blocking layer, a TiCl4-treated nanocrystalline TiO2 layer 
(Solaronix Ti-Nanoxide HT/SP) and a light scattering layer (Dyesol WER4-0). After 
sintering, the photoanode was soaked in a dye solution made of 0.5 mM Ruthenizer 535-
bisTBA dye (Solaronix N-719) in acetonitrile/valeronitrile (1:1). The photoanode was then 
assembled with carbon nanofiber counter electrode using a thermoplastic sealant. The I/I3

 
electrolyte was finally injected into the cells. The reference DSSC devices with sputtered Pt 
layer (40 nm) as counter electrode were also fabricated for comparison in the same method.  

(a) 

(b) 
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Fig. 7. (a) The J-V curves and (b) IPCE spectral action responses of carbon nanofiber (blue) 
and Pt (green) counter electrode DSSCs. Reprinted with permission from {Joshi et al. 2010}. 
Copyright {2010} American Chemical Society. 

The J-V curves of carbon nanofiber and Pt DSSCs are shown in Figure 7a, tested under AM 
1.5 solar simulator illumination at 100 mWcm-2. Table 3 summaries the device parameters 
from these two different types of cells. The carbon nanofiber counter electrode DSSCs 
achieved a Jsc of 12.6 mAcm-2, a Voc of 0.76 V, a FF of 0.57, and efficiency (η) of 5.5 %. The 
corresponding parameters (Jsc, Voc, FF, and η) of Pt counter electrode DSSCs were 
13.02 mAcm-2, 0.75 V, 0.71, and 6.97 %, respectively. The Vocs of carbon nanofiber and Pt 
counter electrode DSSCs were very close. The reverse saturation current (J0) of carbon 
nanofiber counter electrode DSSCs was 4.47×10-9 mAcm-2, comparable to that of 3.58×10-9 
mAcm-2 for Pt counter electrode devices. J0 is usually regarded as a measure of 
recombination in solar cells. The comparable value to J0 suggested that carbon nanofiber 
counter electrode DSSCs had a comparable recombination as that of Pt counter electrode 
devices. It was previously reported that charge recombination at FTO/TiO2 and 
TiO2/electrolyte interfaces in DSSCs led to a Voc loss (Huang et al. 1997; Gratzel 2000; Xia et 
al. 2007). The comparable Voc in carbon nanofiber and Pt counter electrode DSSCs further 
conformed that the former did not affect the charge recombination in the DSSCs. However, 
the Jsc is lower in carbon nanofiber counter electrode DSSCs than that of Pt counter electrode 
DSSCs. Figure 7b shows incident photon-to-current conversion efficiency (IPCE) spectral 
action responses of the two devices. It was found that IPCE of carbon nanofiber cells was 
slightly smaller than that of Pt devices in the 550–750 nm spectral range, consistent with the 
relatively lower Jsc. This was probably caused by that the Pt counter electrode can reflect 
unabsorbed light back to TiO2 photoanode for re-absorption by the dye (Fang et al. 2004; Lee 
et al. 2009; Wang et al. 2009). However, carbon nanofiber counter electrode cannot reflect 
such unabsorbed light. However, the reduction of Jsc was insignificant and the real reason 
for lower η in carbon nanofiber cells was the lower FF.  
 

Counter 

Electrode 

Jsc 

(mAcm-2) 

Voc 

(V) 
FF 

η 

(%) 

J0 

(mAcm-2) 

RStot 

(Ωcm2) 

Carbon Nanofiber 12.60 0.76 0.57 5.5 4.47×10-9 15.5 

Pt 13.02 0.75 0.71 6.97 3.58×10-9 4.8 

Table 3. The comparison of device parameters of carbon nanofiber and Pt counter electrode 
(RStot: total series resistance, and J0: reverse saturation current). Reprinted with permission 
from {Joshi et al. 2010}. Copyright {2010} American Chemical Society. 
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The reduced FF may be caused by the increase of overall series resistance (RStot) of the cells. 
The RStot of carbon nanofiber counter electrode was 15.5 Ωcm2, much larger than that 
(4.8 Ωcm2) of Pt devices. Two possible reasons can explain the larger RStot in carbon 
nanofiber counter electrode DSSCs. First, the thickness of carbon nanofiber counter 
electrode (~24 μm) was much thicker than that (40 nm) of Pt electrode. Although the larger 
thickness provided a larger surface area for triiodide reduction with a reduced Rct, it may 
increase electron transport length before reaching triiodide reduction sites and lead to 
higher internal series resistance (Murakami et al. 2006).  
 

  
 

 

Fig. 8. (a) Simulated J-V curves of carbon nanofiber DSSCs with RStot at 15.5 Ωcm2 (blue), 
12.8 Ωcm2 (dark), 11.2 Ωcm2 (purple), 8.3 Ωcm2 (red), 4.8 Ωcm2 (green); (b) Relationship 
between FF (black), η (blue) and RStot. Reprinted with permission from {Joshi et al. 2010}. 
Copyright {2010} American Chemical Society. 

The larger internal series resistance was consistent with the higher Rs in carbon nanofiber 

counter electrode, which was more than twice of that of Pt electrode obtained in 

symmetrical cells via EIS measurements. Second, carbon nanofiber counter electrode may 

have a higher ZW of triiodide ions than Pt electrode because the thicker porous carbon 

nanofiber film increased the diffusion length of triiodide ions. This can also lead to a larger 

internal series resistance (Lee et al. 2009). A higher ZW was also reported previously in other 

nanostructured counter electrodes including surface-nitrided nickel (Jiang et al. 2010), 
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carbon nanotubes (Lee et al. 2009; Li et al. 2010), and carbon nanoparticles (Murakami et al. 

2006). A series of J-V curves at different RStot were simulated in order to quantitatively study 

the RStot effects on carbon nanofiber counter electrode DSSC performance. The dependence 

of FF and η on RStot in carbon nanofiber counter electrode is plotted in Figure 8b. When 

decreasing RStot from 15.5 to 4.8 Ωcm2, FF and η can be significantly improved and approach 

that of Pt DSSCs. A promising approach to decreasing RStot is to reduce the thickness of 

carbon nanofiber counter electrode via a thinner and more porous carbon nanofiber sheet.  

4. Conclusion  

The carbon/TiO2 composite and carbon nanofiber were used as low cost alternative to Pt 
counter electrode for DSSCs. Although the efficiencies of carbon/TiO2 composite and 
carbon nanofiber DSSC devices were lower than that of Pt devices, some of the parameters 
including Jsc, Voc or FF are comparable. The carbon/TiO2 composite and carbon nanofiber 
counter electrodes have shown potential as an efficient electrocatalyst with low charge 

transfer resistance (Rct) and large surface area for reduction of I3
 ions.  
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