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Abstract The structural and morphologic properties of
different carbonaceous materials were studied by X-ray
diffraction (XRD), Brunauer—Emmet-Teller (BET) poros-
imetry and transmission electron microscopy (TEM)
analyses. The electrochemical behaviour of these powders
used as counter electrode in dye-sensitized solar cells
(DSSCs) was investigated by polarization experiments and
electron impedance spectroscopy. Results were compared
with DSSC using Pt as counter electrode. All DSSCs based
on the carbonaceous materials showed conversion effi-
ciencies higher than those equipped with Pt. Among the
various carbon materials investigated, Acetylene Black in
conjunction with graphite showed the best performance.
This was interpreted from the physico-chemical analysis as
due to a compromise between pores accessibility for the
I3~ reactant presents in electrolyte and appropriate surface
graphiticity index of this carbonaceous material. A high
degree of graphitization for the carbon black was found to
enhance electron conduction and charge transfer properties.
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1 Introduction

Dye-sensitized solar cells (DSSCs) are well known as
potentially low-cost photovoltaic devices [1]; from this
perspective, the use of low-cost materials in this device is
quite important. The counter electrode is one of the active
components in DSSCs. The task of the counter electrode
(CE) is the reduction of the redox species used as a
mediator in regenerating the sensitizer after electron
injection into the photo-anode. The standard catalyst in the
CE in most of the recent publications in this field is plat-
inum [1-7] because of the high catalytic activity and high
corrosion stability against iodine in the electrolyte. As a
precious metal, Pt is subject to price variations [8]. It is
nevertheless desirable to develop alternative low-cost
materials for CEs, which should be corrosion resistant and
exhibit good catalytic activity for the reduction of the tri-
iodide ion.

Carbonaceous materials are quite attractive to replace
platinum due to their high electronic conductivity, corro-
sion resistance towards I, high reactivity for triiodide
reduction and low cost [9-19]. The lower catalytic activity
of carbon compared to platinum can be compensated by
increasing the active surface area of the electrode by using
a porous electrode structure. Porous carbon electrodes are
easily prepared from graphite powder, which consists of
platelike crystals that, on deposition from a liquid disper-
sion and drying, will preferentially align in the plane of the
counter electrodes, resulting in a high conductivity in this
plane [9, 20].

The catalytic activity of the graphite counter electrodes
for triiodide reduction as well as their conductivity may be
considerably enhanced by adding about 20% by weight of
carbon black [21] to the dispersion of graphite powder. For
good cohesion between the graphite particles and carbon
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black a binder is required. This binder should withstand
firing at 450 °C in air. A binder that is well compatible
with the other components of the dye sensitized solar cell
and adheres well to carbon is TiO,, already used as semi-
conductor at the photo-anode. Counter electrodes prepared
by spray coating of an aqueous dispersion of graphite
powder, 20% by weight of high surface area carbon black
and 15% nanocristalline TiO,, with a particle size below
20 nm, are well adherent and scratch resistant after firing in
air at 450 °C for 10 min [9].

In this work, physico-chemical properties of different
carbonaceous materials used as counter electrodes were
investigated by X-ray diffraction (XRD), Brunauer—
Emmet-Teller (BET) and transmission electron micros-
copy (TEM) analyses; the electrochemical behaviour was
investigated by current—voltage (I-V) and electrochemical
impedance spectroscopy measurements. The results were
compared with conventional Pt counter electrodes.

2 Experimental

X-ray diffraction analysis (XRD) of the carbon powders
was carried out with a Philips X’Pert diffractometer
equipped with a CuKa X-ray source. TEM analysis of the
carbon powders was carried out with a Philips CMI12
microscope. Surface area, pore size distribution and pore
volume characteristics for the different carbonaceous
materials, pure powders (Table 1) and mixtures (Table 2),
were measured by a Thermoquest analyzer. Pore specific
volume was calculated by using the B.E.T. equation
(C = 12.3839); whereas, cumulative pore volume was
determined by using the B.J.H. equation (C = 0.8).
Working electrodes and counter electrodes were pre-
pared on F-doped SnO, glass (sheet resistance: 15Q/[1)
substrates (FTO). The TiO, paste for the photo-anode was
prepared from commercial powder (Degussa P25) and
deposited by a spray technique onto the substrate. After-
wards, electrodes were sintered at 450 °C for 30 min; the
sintering process allows the titanium dioxide nanocrystals
to melt partially together, in order to ensure electrical
contact and mechanical adhesion on the glass. Dye sensi-
tization was carried out by immersing the sintered

Table 1 Surface area and interlayer distance of the carbonaceous
materials

Carbon Surface area (mzlg) Interlayer distance (nm)
Graphite 280 0.33
Acetylene Black 60 0.35
Vulcan XC-72R 250 0.37
Ketjen Black 950 0.37
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Table 2 Surface area and pore volume of the different mixtures of
carbonaceous materials after thermal treatment

Mixture containing Surface Pore volume

area (mzlg) (g/cm3)
Acetylene Black 1114 0.25
Vulcan XC-72R 184.2 0.39
Ketjen Black 297.3 0.49

electrodes in 0.2 mM Nj solution (Solaronix) in ethanol for
about 16 h. Electrolyte consisted of 0.4 M Lil, 0.04 M I,
0.3 M 4-tertbutylpyridine (TBP) and 0.4 M tetrabutylam-
monium iodide (TBAI) in Acetonitrile. The Platinum
counter electrode was prepared by depositing the hexa-
chloro platinic acid based solution on FTO/glass substrate,
followed by sintering at 450 °C for 30 min. Carbon pow-
ders were prepared by mixing different carbonaceous
materials: high surface area (SA) graphite (Timerex Spe-
cial Graphite; SA from BET: 280 m%g) and 20% w/w
carbon black.

Three commercial carbon blacks with different surface
areas, Ketjen Black DJ-600 EC (SA from BET: 950 mzlg),
Vulcan XC-72R (SA from BET: 250 m%/g) and Acetylene
Black (Shawinigan; SA from BET: 60 mzlg), were used.
15% wiw of TiO, (Degussa P25) was added as binder to
the mixture. The powders were dissolved in ethanol.
Counter electrodes were prepared by spraying the slurry of
carbon powders onto FTO/glass substrates, then electrodes
were sintered at 450 °C for 10 min.

A spacer thick 100 pm was used to allocate the elec-
trolyte between the photo-anode and the counter electrode.
Generally, the spacing between these electrodes is about
30 um in the state-of-art DSSCs to avoid ohmic con-
straints. Yet, being the aim of this work addressed to
compare different materials in the same conditions, we
have preferred to use a suitable amount of liquid electrolyte
in between the two electrodes in order to avoid short circuit
effects and improve reproducibility of the cells.

Current—voltage curves of the devices were recorded
under simulated AM 1.5 solar illumination (Osram,
300 W) at 25 °C. The incident light intensity was adjusted
to 100 mW cm ™2 by using a photometer (3 M Photodine
Inc.). The cells operating under simulated solar illumina-
tion were connected to an Autolab Potentiostat/Galvanostat
(ECOCHEMIE) equipped with a FRA. The active area of
the cells was 0.25 cm?.

EIS measurements were carried out at room temperature
in the frequency range 100 mHz to 1 MHz at open circuit
voltage (OCV); the amplitude of potential pulse was
0.01 V. Electrochemical parameters were derived from the
ac impedance spectra by using a complex non-linear least
square fitting procedure contained in the EQUIVCRT
software [22].
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3 Results and discussion

The structure, morphology and porosity of several carbo-
naceous materials were investigated by XRD, TEM and
BET analyses.

The XRD pattern of the graphite powder is characterized
by a peak at 20 = 26.4° representing (002) reflection; it is
due to the ordered structure of graphite. For Vulcan and
Ketjen Black powders, the XRD analysis shows an amor-
phous structure; whereas, for what concerns the Acetylene
Black powder, the XRD pattern indicates a more ordered
structure compared to the other carbon blacks (Fig. 1).

TEM images of the various carbon materials are pre-
sented in Figs. 2 and 3, at different magnifications.
Disordered structures for carbon blacks, in particular for
Vulcan and Ketjen Black, are observed in these figures. A
disordered lattice characterized by the absence of large-
range order for the graphitical basal planes is typical of the
amorphous carbons. Furthermore, all carbon blacks show a
porous structure with a large presence of micro pores
mainly in high surface area amorphous carbons, as shown
in Fig. 4.

The interlayer spacing in the graphite-like lattice of the
carbon blacks allows an estimation of the graphitization
degree in these materials. In general, growing disorder in
the materials is reflected in increased values of the inter-
layer spacing. From TEM images obtained at high
magnification, it is possible to measure the interlayer
spacing for the different materials. For the graphite, the
interlayer distance value was 0.33 nm which is the typical
value for the graphite powders. For the carbonaceous
materials, the interlayer spacing are larger than graphite
powder: 0.35 nm for Acetylene Black and 0.37 nm both for

Vulcan and Ketjen Black. These values indicate that the
carbon blacks are characterized by a larger degree of dis-
order. Surface area and interlayer distance for each carbon
material are summarized in Table 1.

Figure 5 shows the photocurrent—voltage characteristics
of DSSCs using the graphite—carbon black mixtures and Pt
as counter electrodes. The carbon materials in the present
work show higher performance than Pt as counter elec-
trode. This is probably due to the high surface area of
carbon blacks that compensates the lower catalytic activity
of these materials compared to Platinum. Furthermore, the
Pt layer was treated at 450 °C for longer times than
the carbon black based electrode to favour the adhesion to
the substrate. This may have reduced the active surface
area by effect of sintering. The electrode using graphite—
Acetylene Black mixture shows the best performance in
terms of conversion efficiency (7), open circuit voltage
(Voc) and fill factor (FF).

The conversion efficiency is defined as follows:

Vocjsc FF
(%) = —p —
s

where Pg stands for the power density of the incident
illumination, and the fill factor is calculated by:

FF = Y in
Vocjsc

where j, and V,, are respectively current density and
voltage for maximum power output. The conversion effi-
ciencies, FF, short circuit current density (jsc) and Voc of
the different materials are summarized in Table 3.

A good electrochemical behaviour was also recorded for
the DSSC based on pure graphite as counter electrode; in
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Fig. 2 TEM images of different
carbon blacks: a Graphite,

b Acetylene Black, ¢ Vulcan
XC-72R, d Ketjen Black

Fig. 3 High magnification
TEM images of different carbon
blacks: a Graphite, b Acetylene
Black, ¢ Vulcan XC-72R,

d Ketjen Black. Graphite basal
planes are showed in the
micrographs

particular, the highest jsc was observed for this cell. Also
the conversion efficiency is quite promising (n = 1.8%).
By mixing the graphite powder with high surface area
carbon blacks such as Vulcan and Ketjen Black, the per-
formance decreased compared to pure graphite. This could
be due to the high presence of micro pores in the carbon
blacks that are not accessible for the I3~ reactant [23]. The

@ Springer

mixtures of graphite with Ketjen Black or Vulcan show a
similar cumulative pore volume, which is about twice that
observed for the mixture of graphite and Acetylene Black
(Fig. 4). The presence of Acetylene Black in conjunction
with graphite powder produced the best performance as a
compromise between amount of available pores for the
reaction and graphitic characteristics. In fact, Acetylene
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Fig. 4 Pore size distribution and cumulative pore volume in different
mixtures

Black shows a higher graphitization index with respect to
the other carbon blacks, which appears to reduce the charge
transfer resistance of the cell (see impedance spectra in
Fig. 6). Electron transfer should be favoured by a highly
conjugated sp> electronic configuration for the carbon
black based counter electrode [20]. Furthermore, this car-
bon black is essentially characterized by mesopores which
are accessible to I3~ ions. On the contrary, Vulcan and
Ketjen Black contain mainly micro pores.
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Fig. 5 I-V curves for DSSCs using different counter electrodes. (<)
Pt, (x) Graphite + Acetylene Black, (M) Graphite + Vulcan, (e)
Graphite + Ketjen Black, (A) Graphite

Table 3 Performance characteristics of DSSCs with different counter
electrodes

Counter electrodes Voc (V) Jjsc (mA/cm?) FF n (%)
Acetylene Black and graphite 0.69 543 0.57 2.15
Graphite H.A. 0.63 5.70 0.50 1.80
Vulcan and graphite 0.63 4.00 0.57 1.48
Ketjen Black and graphite 0.61 4.36 0.50 1.36
Pt 0.66 3.20 0.55 1.18

Electrochemical Impedance Spectroscopy (EIS) has
been widely used to investigate the interfacial charge
transfer processes occurring in DSSCs [24]. The Nyquist
plots reported in the literature for DSSCs consist of two
[25] or three [24] semicircles. These are generally related,
in order of decreasing frequencies, to counter-electrode/
electrolyte interface, TiO,/electrolyte interface and ionic
diffusion of I3~ species in the electrolyte. Our ac-imped-
ance spectra essentially show two semicircles (Fig. 6). In
addition, at very low frequencies, the onset of a linear
behaviour with a slope of about 45 °C is observed for all
cells (Fig. 6). This is indicative of a Warburg-like diffusion
component possibly related to the diffusion of ionic species

30

25 1 10 Hz
20

15 4 100KHz

10 |

-Z"/0Ohm cm?

55

Z'/0Ohm cm?

Fig. 6 Electrochemical Impedance Spectra for DSSCs using different
counter electrodes. (&) Pt, () Graphite + Acetylene Black, (x)
Graphite + Vulcan, (O) Graphite + Ketjen Black, (A) Graphite
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Retz Recu Table 4 Resistance values of DSSCs with different counter

—@— electrodes
AR,\ SA Counter electrodes Rg (Ohm sz) R (Ohm sz)

CPE,

Fig. 7 Equivalent circuit of the investigated DSSCs

at the TiO, interface. The ac response due to the diffusion
of ionic species in the bulk electrolyte should occur at
lower frequencies. This effect is possibly not recorded in
the present spectra characterized by a low-frequency limit
of 0.1 Hz (a large scattering was recorded below this fre-
quency). The main representative elements of the
equivalent circuit are reported in Fig. 7. The Warburg-like
diffusion element due to the transport of ionic species
towards the TiO, pores is in series connected with the
charge transfer resistance R, at the TiO,/electrolyte
interface. This two elements being in parallel with the
capacitive element (constant phase element) mainly related
to the double layer capacitance originated at the porous
TiO, electrode/electrolyte interface. Similarly, a parallel
connection between the charge transfer resistance R, and
constant phase element CPE2 represents the counter elec-
trode. The series resistance (Rg) is related to the ohmic
effects (see below).

Since the performance of the counter electrode may
affect also the electrochemical behaviour of the working
electrode, we have considered in our analysis the
total contribution to the charge transfer resistance
R¢ = Rey + Reo. This was derived by the low frequency
impedance by subtracting the high frequency intercept on
the real axis due to Rs and the lower frequency contribution
of the Warburg diffusion element. R is, thus, the charge-
transfer resistance of the electrochemical reactions at the
photo-anode and the counter electrode. It is observed that
the photo-anode is the same in all cells, thus the R reflects
the contribution for the counter electrode. The high fre-
quency intercept measured under open circuit condition is
related to the series resistance (Rg). It accounts for the
resistance of the conductive materials in the cell with
contributions from the FTO substrate layer, porous elec-
trode material, current collector and resistivity of the
electrolyte. Electrochemical impedance spectra for DSSCs
using several counter electrodes are showed in Fig. 6.

Rg and R, values are summarized in Table 4. It seems
that there is not a strict correlation between Rg values,
which represents the ohmic contribution, and conversion
efficiencies. On the contrary, conversion efficiencies are
more influenced by reaction kinetics (R.). The reaction
rate on the counter electrode is strictly related to the
morphology and charge transfer properties of the carbon
black used in the powder mixture. Thus, it is related to their
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Acetylene Black and graphite 8.5 14.8
Graphite H.A. 8.5 14.0
Vulcan and graphite 7.8 16.6
Ketjen Black and graphite 11.1 38.8
Pt 9.2 30.8

surface area values, porosity, in terms of accessibility for
the I3~ reactant, and graphiticity index [20]. The latter
determines the electronic conductivity in the material and
influences the rate of charge transfer at the interface [26].
The cell conversion efficiencies, for the different carbon
mixtures, reflect all these aspects. The carbonaceous
material that shows the best compromise between elec-
tronic conductivity, as determined by the degree of
graphitization, and amount of mesopores available for
reduction of I3~ ions provides the best results. It is pointed
out that further optimization of the cell in terms of elec-
trolyte thickness may enhance the conversion efficiency.

4 Conclusions

Different carbonaceous materials were used as counter
electrode in dye-sensitized solar cells and compared with
Pt. High surface area graphite and various carbon black
powders with different surface area were investigated by
XRD, BET and TEM analyses. Electrochemical investi-
gation on DSSCs were performed by -V polarizations and
EIS. Graphite—carbon black mixtures gave cell perfor-
mance better than Pt due to the high surface area of carbon
blacks that compensates the lower catalytic activity of
these materials compared to Platinum. Accordingly car-
bonaceous materials appeared to be valid alternatives to
noble metals as cathodes. Electrochemical impedance
spectroscopy showed a correlation between the cell per-
formance and the powder morphology, evidenced by
physical-chemical characterizations. The counter electrode
using graphite—Acetylene Black mixture produced the best
performance, showing a good compromise between
amount of available pores and graphitic characteristics.
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