
This journal is©The Royal Society of Chemistry 2016 J. Mater. Chem. C, 2016, 4, 3555--3562 | 3555

Cite this: J.Mater. Chem. C, 2016,

4, 3555

Functionalized multi-wall carbon nanotubes/TiO2

composites as efficient photoanodes for dye
sensitized solar cells

Daniele Benetti,†a Kadiatou Therese Dembele,†a Jaime Benavides,b Haiguang Zhao,ac

Sylvain Cloutier,b Isabella Concina,cde Alberto Vomiero*ae and Federico Rosei*afg

We report on the effects of incorporation of different concentrations of carboxyl group (COOH)-

functionalized multi-wall carbon nanotubes (F-MWCNTs) into TiO2 active layers for dye-sensitized solar

cells (DSSCs). Standard DSSCs with bare TiO2 exhibit a photo-conversion efficiency (PCE) of 6.05% and

a short circuit current density (Jsc) of 13.3 mA cm�2. The presence of 2 wt% F-MWCNTs in the

photoanodes increases the PCE up to 7.95% and Jsc up to 17.5 mA cm�2. The photoanodes were

characterized using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy and

Raman spectroscopy. The electrochemical behaviour of the solar cells was investigated by electrochemical

impedance spectroscopy (EIS). We attribute the improved performances to the combined effect of

increased dye loading and reduced charge recombination (as clarified by dye loading and EIS

measurements), due to the conformal coverage of F-MWCNTs, which allows fast and efficient charge

collection in operating solar cells. These results can help in improving the PCE in DSSCs in an elegant and

straightforward way, minimizing the need of additional steps (e.g. pre- and post-treatment with TiCl4) for

photoanode preparation.

Introduction

Dye sensitized solar cells (DSSCs) have been studied extensively
in the last two decades because of their promising photo-
conversion efficiency (PCE), simple fabrication process, low
production costs and the use of environmentally friendly
materials.1,2 They represent a credible alternative to silicon-
based solar cells, particularly for niche markets. In the past few
years renewed interest for this kind of devices has emerged,
thanks to discoveries in the design of new dyes and electrolytes,

boosting the PCE up to 14%.3–5 The basic configuration of
DSSCs consists of three main parts: a transparent conducting
oxide (TCO) (such as fluorine-doped tin oxide, FTO) on glass, a
mesoporous metal oxide semiconductor (such as TiO2) film
sensitized by a monolayer of dye molecules grafted on the oxide
surface, and a counter electrode (CE) (usually platinum-coated
FTO). The cell is then filled with an electrolyte that serves as a
hole transport material (HTM).

The metal oxide semiconductors used as the photoanode are
critical for photovoltaic (PV) performance.6 Variations in the struc-
ture and morphology of the metal oxide can greatly affect the PCE
since it is directly related to the charge transport and dye loading.7,8

Although mesoporous photoanodes offer good performances,
largely due to light harvesting of the dye-sensitized nanocrystalline
film, there are some drawbacks: while offering an extremely high
specific surface for dye loading, mesoporous networks suffer
from a high density of grain boundaries, which promote charge
recombination in operating devices.6

Different strategies have been proposed to increase charge
collection, such as the use of various metal oxide semiconductors,
particularly one dimensional (1D) nanostructures like nanorods
(NRs),9,10 nanowires (NWs)11–13 and nanotubes (NTs)14–17 based
electrodes.

Among these various 1D nanostructures, the carbon-based
ones are particularly interesting. Since their discovery in 1991,18
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carbon nanotubes (CNTs) have played a significant role in
the development of alternative clean and sustainable energy
technologies,19 due to their extraordinary electronic and mecha-
nical properties.20 The incorporation of low-dimensional carbon
nanostructures such as CNTs21–23 and graphene sheets24–26 into
semiconductor electrodes was recently proposed to improve the
charge collection and PV performance of DSSCs. CNTs were
shown to enhance the electron transport inside TiO2 based
DSSCs.27 They are suitable to be used in combination with
TiO2, thanks to the good electron band alignment with TiO2

and the FTO conducting glass (see Scheme 1), offering a more
efficient pathway for the collection and transport of photo-
generated electrons. However, due to their high surface area,
CNTs tend to agglomerate in bundles, thereby reducing the
solubility in most solvents, which could reduce the ability to be
dispersed, when mixed with TiO2.28 A non-homogenous disper-
sion of CNTs into the TiO2 paste could negate their beneficial
effects. Therefore, the ability to homogeneously disperse CNTs
inside the TiO2 matrix as well as the ability to produce a strong
interfacial interaction are key challenges in maximizing the
contribution of CNTs for their application in DSSCs.23

Here, we report a systematic investigation of the role of function-
alized multi-wall carbon nanotubes (F-MWCNTs) in a TiO2 photo-
anode. We used an acid modification to achieve F-MWCNTs, to
improve their stability in polar solution and hence increase their
homogenous dispersibility in the TiO2 matrix.29 In addition, the
functionalization introduces chemical groups (e.g. carboxylic
groups) that can increase the interaction with the TiO2 nano-
particles and enables a better coverage of F-MWCNTs with titania.

The presence of carboxylic groups on the CNTs could intensify
the interactions with TiO2 increasing their dispersibility into the
TiO2 matrix, thereby avoiding the formation of cracks even at
high loads (cracks start to appear around 3.5 wt%). In this way,
we were able to investigate the effects of F-MWCNTs in a wide
concentration range, up to 4 wt%. In previous studies, instead,
the concentration range was up to only 0.2–0.3 weight percent
(wt%)21,23,30 due to the lower dispersibility of the CNTs that
causes cracks in TiO2 starting from 0.25 wt%.27

At an optimal F-MWCNT concentration, this highly repro-
ducible process leads to more than 30% improvement in the
PCE of the DSSCs with respect to the bare TiO2 photoanode.
This result is quite remarkable since we used a standard dye
molecule (N719) and no surface modification treatments of the
photoanode and/or addition of blocking layers were performed
(such as TiCl4 to boost the open circuit photovoltage (Voc)). The
role of F-MWCNTs in the charge transfer in operating DSSC
devices was investigated by electrochemical impedance spectro-
scopy (EIS), helping us to identify the physical–chemical mecha-
nism that underpins the increase in PCE.

Experimental

The TiO2 anatase nanoparticle paste was purchased from DyeSol
and the standard MWCNTs (495% Carbon, Sigma-Aldrich, cat.
no. 698849, 10 mm average length) were functionalized following
the method described by Osorio et al.29 According to the method
described previously,27 a simple mixing approach was chosen for
addition of F-MWCNTs to the TiO2 paste. A precise amount of
F-MWCNT solution was mixed by mechanical stirring with a known
weight of TiO2 until full incorporation was achieved (this process
usually takes 5 min). The F-MWCNT/TiO2 composite and bare TiO2

were tape casted on FTO glass followed by a drying process in
ambient atmosphere and room temperature for 15 min and then
6 min at 150 1C. Afterwards, the photoanodes were annealed at
200 1C for 15 min, at 400 1C for 15 min and at 500 1C for 30 min.
The prepared photoanodes were further sensitized with the N719
dye (0.5 mM in ethanol, Sigma Aldrich) for 24 h.

Different photoanodes containing various percentages of
F-MWCNTs from 1 wt% up to 4 wt% were prepared. The final
percentage of F-MWCNTs incorporated in the TiO2 photoanodes
was estimated taking into account the photoanode weight before
and after annealing. From previous work, the weight loss of the
TiO2 paste after annealing is 80% of the original net weight.27

The DSSCs were fabricated by using the I3�/I� redox couple
electrolyte (Solaronix, Iodolyte HI-30), platinized FTO glass as
the CE (a 5 nm thin film of Pt sputter-deposited on FTO), and
a 25 mm thick plastic spacer between the photoanode and
the Pt CE.

The structure and morphology of the photoanodes with or
without F-MWCNTs were characterized by scanning electron
microscopy (SEM, FE-SEM LEO 1525 microscope) and atomic
force microscopy (AFM, Veeco Enviroscope). To investigate the
presence of F-MWCNTs after annealing, Raman spectroscopy and
diffuse reflectance Fourier-transform infrared (DRIFT) analysis
were performed. DRIFT was carried out in a Bruker Vertex 70v
Spectrometer recording 32 scans at 4 cm�1 resolution and dis-
played in Kubelka–Munk units.31,32 KBr was used as a background.
Samples with the highest nominal amount of F-MWCNTs were
chosen for both analyses.

We investigated the effect of F-MWCNTs on the optical
absorbance using UV-Visible spectroscopy.

Dye loading was quantitatively evaluated using UV-Vis spectro-
photometry after complete removal of the dye from the photoanode.

Scheme 1 (a) Schematic illustration of the concept of improved charge
collection in a photoanode based on a composite system with CNTs
embedded in a TiO2 mesoporous structure. (b) At high CNT concentration,
CNT agglomeration enables direct contact between the CNTs and the
electrolyte, adding a new recombination pathway (blue arrows). (c) Electronic
band diagram of the DSSC functionalized with CNTs.
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The photoanode was scraped off, weighed and dissolved in a
known amount of ethanol (3 mL). After sonication (30 min) and
centrifugation (15 min @ 5000 rpm), the TiO2 particles were
removed and the absorbance of the solution was measured.
Using a fitted calibration curve obtained from solutions of known
N719 concentrations the dye loading was then extrapolated using
the 500 nm peak. The volume density was calculated by dividing
the mass of the photoanode by its volume.

The current–voltage (I–V) characteristics of the fabricated
cells were measured using a Keithley 2400 SourceMeter under
simulated sunlight using an ABET2000 solar simulator at AM
1.5G (100 mW cm�2) calibrated using a reference silicon cell
and mechanical filters. The external quantum efficiency (EQE)
spectra were acquired in the dark using an EQE 200 Oriel inte-
grated system. The measurement step was 10 nm and the photo-
current was recorded using a lock-in amplifier.

Electrochemical impedance spectroscopy (EIS) was conducted
in the dark using a SOLARTRON 1260 A Impedance/Gain-Phase
Analyzer. The AC signal was 10 mV in amplitude, in the frequency
range between 100 mHz and 300 kHz. The applied bias during
measurements was between 0 and 200 mV above the open-circuit
voltage of the solar cell under illumination. All the samples were
measured inside a Faraday cage. The obtained spectra were fitted
with Z-View software (v3.0, Scribner Associate, Inc.) by applying
an appropriate equivalent circuit.

Result and discussion

The Raman spectra of the MWCNTs before and after the acid
treatment are shown in Fig. 1. The D and G bands characteristic
of CNTs are clearly observed at 1330 cm�1 and 1580 cm�1,
respectively. They can be attributed to CNT defects (band at
1330 cm�1), a disorder-induced mode, and an in-plane E2g

zone-center mode.23 As expected, after functionalization, the
ratio between the intensities of these two bands increases due
to the formation of surface defects in CNTs as a consequence of
the insertion of chemical groups and bond breaking.29,33

In Fig. 1c and d a comparison of MWCNT and F-MWCNT
dispersion in ethanol at different times is shown. MWCNTs
undergo strong precipitation, while no optical difference can be
appreciated for F-MWCNTs in solution. The presence of hydro-
xyl and carboxylic groups keep the MWCNTs stable in solution
up to 6 months (not shown here).

In Fig. 2, the AFM images of the MWCNTs are shown. The
samples were prepared by spin-coating a diluted solution of a
mixture of TiO2 and F-MWCNTs (or MWCNTs) on FTO to obtain
a thin film in which the CNTs were visible. In both cases
(Fig. 2b and c), the CNTs were conformally covered by TiO2

nanoparticles.
The SEM images of the F-MWCNT/TiO2 composite photo-

anode films are shown in Fig. 3. Typically, F-MWCNT concen-
trations up to 2 wt% are not visible by SEM imaging21 (Fig. 3a
and b) due to conformal coverage and the absence of cracks.

From our analyses, the coverage of F-MWCNTs by TiO2 NPs
is similar to what has been reported in the literature for

analogous systems:27,34 the TiO2 NPs conformally cover the CNTs
(and graphene sheets in the case of graphene addition), making
them almost invisible by SEM observation. High resolution TEM
applied to similar systems was unable to identify any difference in
the grafting of TiO2 NPs to the CNT/graphene structure. The main
difference induced by the presence of MWCNTs (or graphene) in
the composite is the variation of density/porosity (as demonstrated
below through AFM) and the formation of deep cracks at high
MWCNT concentration. We were able to detect F-MWCNTs only in
the 4 wt% sample. A high F-MWCNT load leads to a less compact
TiO2 layer and can induce some cracks in the film, as visible
in Fig. 3c–f. At this high percentage, it is possible to observe
F-MWCNT aggregates conformally covered by TiO2 nanoparticles.
Fig. 3c and d show some F-MWCTNs, covered by TiO2 nano-
particles, confirming their presence inside the metal oxide scaffold
after high-temperature annealing. To investigate the effects of
F-MWCNTs on the absorbance in the visible range, UV-Visible
absorption spectroscopy was performed on samples containing
various percentages of F-MWCNTs. The results in Fig. 4 suggest a
slight increase in absorbance from 0 to 4 wt% F-MWCNTs. The
absorbance from F-MWCNTs is in competition with the absor-
bance from the dye for charge photogeneration, as photons
absorbed by F-MWCNTs do not contribute to the photocurrent
and are lost, thus affecting the performance of the cell.

However, the slight increase of absorbance even in the
sample with a higher F-MWCNT concentration calls for a minor

Fig. 1 Raman spectra of the (a) MWCNTs and (b) F-MWCNTs. In (c) and
(d) is reported a dispersion of MWCNTs and F-MWCNTs in ethanol solution
at 0 h and after 6 h, respectively.

Fig. 2 AFM images of (a) F-MWCNTs on FTO, (b) F-MWCNT/TiO2 and
(c) MWCNT/TiO2. The dashed squares highlight the presence of the CNTs.
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contribution of this effect in impairing PCE. Further confirma-
tion of the presence of F-MWCNTs inside the titania matrix
after the annealing process was obtained from DRIFT and
Raman spectroscopies.

The Raman spectrum of a typical TiO2/F-MWCNT nano-
composite is shown in Fig. 5a. Similar results are obtained,
independent of the F-MWCNT concentration. The three intense
bands at 394.7, 514.5 and 637.2 cm�1 are ascribed to the the B1g,
A1g + B2g and Eg modes of anatase TiO2, respectively.35

The D (disordered carbon induced) and G (graphite carbon
related) bands are represented respectively at 1200 cm�1 and
1650 cm�1, indicating the co-existence of TiO2 and F-MWCNTs
in the nanocomposite. These bands can be attributed to CNT
defects and a disorder-induced mode as well as an in-plane E2g

zone-center mode.23

The DRIFT spectrum (4000–400 cm�1) of a typical photo-
anode containing F-MWCNTs is shown in Fig. 5b. Similar
results are obtained, independent of the F-MWCNT concen-
tration. The stretching modes of C–H bonds are clearly visible
in the region 3000–2800 cm�1, where asymmetrical and sym-
metrical stretching vibrations of –CH2 and –CH3 groups can be
observed. The region from 3500 to 3000 cm�1 is dominated by
the stretching vibration of –OH groups: the associated band is
relatively sharp and the typical, very broad shoulder usually
associated with the stretching vibration of hydroxyls in carboxylic
acids is absent. This suggests that the –COOH groups generated
in the functionalization process of MWCNTs are no longer
present, while the carbon materials are inserted in the TiO2

scaffold. This hypothesis is also confirmed by the analysis of
the fingerprint region (inset in Fig. 5b), where, together with the
stretching mode of CQO (1649 cm�1), symmetrical and asym-
metrical stretching vibrations of O–C–O groups are recorded
(1488 cm�1 and 1405 cm�1, respectively).

To further analyze the effect of the addition of F-MWCNTs,
we investigated the surface morphology of the samples by AFM.
A variation in film roughness is clearly visible from the AFM
images reported in Fig. 6, in which three samples at different
F-MWCNT concentrations are analyzed: 0, 2 and 4 wt%, respec-
tively. A different dimension of the pores visible at the surface
of the TiO2 film is apparent, and it is observed to increase with
the increasing of the percentage of F-MWCNTs.

The previous work reported that the introduction of F-MWCNTs
into a TiO2 matrix generally induces better separation of TiO2

particles, consequently resulting in a structure with a higher
porosity and surface area.21,28,36

The addition of F-MWCNTs up to a medium load (2 wt%)
enlarges the network of TiO2, thus leading to larger surface
pores. It is likely that increased porosity reflects not only at
the surface of the film, but also in its bulk, leading to a larger
surface area, as also confirmed from the dye loading quantifi-
cation reported below. Further increase of the amount of CNTs
leads to the formation of agglomerates resulting in irregular
and large pore sizes that can affect the roughness of the

Fig. 4 Absorbance spectra of various samples containing different percen-
tages of F-MWCNTs. The increase in absorbance is highlighted in the inset
that reports the change in absorbance at 500 nm for different F-MWCNT
concentrations.

Fig. 5 (a) Raman spectrum and (b) FTIR spectrum of a typical MWCNT/
TiO2 photoanode. The insets are magnified view of the dashed regions.

Fig. 3 SEM images at different magnifications of 2 wt% F-MWCNT/TiO2

photoanode (a and b), and 4 wt% F-MWCNT/TiO2 photoanode (c–f). Red
arrows indicate the F-MWCNTs, partially covered by TiO2 NPs.
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photoanode and reduce the specific surface area (decreasing
consequently the dye loading).

A further confirmation of this phenomenon comes from the
analysis of dye loading (Fig. 7a). Both dye loading and volume
density increase with the increase of the F-MWCNT amount
(up to 2 wt%) and then start to decrease again upon further
F-MWCNT addition. The data indicate that at an optimum
F-MWCNT loading (2 wt%) an electrode with the maximum
porosity and specific surface area is formed, which maximize
the dye loading and optical density of the photoanode. The
quantitative parameter to estimate the available surface for a
certain photoanode is the so-called roughness factor, which is
defined as the total available surface per sample area. It can be
calculated by taking into account the measured dye loading and
film thickness, under the hypothesis of monolayer dye absorp-
tion on the TiO2 surface. Fig. 7b displays the values of the
roughness factor as a function of F-MWCNT concentration for
samples with the same thickness (mandatory for a fair compar-
ison of different samples). A value of 1.6 nm2 per dye molecule
was used to estimate the roughness factor.37 This estimation
indicates that the photoanode surface roughness increases with
the incorporation of F-MWCNTs up to 2 wt%, while it decreases
at higher loads.

We investigated the effect of different F-MWCNT loadings on
the functional properties of DSSCs. The J–V curves of selected
cells under AM 1.5G simulated sunlight and the external quan-
tum efficiency (EQE) are reported in Fig. 8a and b. Table 1 reports

the PV parameters (Voc, short circuit current density ( Jsc), fill
factor (FF), and PCE). The trend of PV parameters as a function of
F-MWCNT loading is reported in Fig. 8c–f.

Compared with bare TiO2, the F-MWCNT/TiO2-based DSSC
with concentrations up to 2 wt% showed a higher PCE. At an
optimum concentration of 2 wt%, we obtained the maximum
increase resulting in a PCE as high as 7.95%, with an enhance-
ment of around 30% with respect to pure TiO2 (6.05%).

The presence of F-MWCNTs in the concentration range up to
2 wt% significantly boosts Jsc compared to pure TiO2 photo-
anodes, while the other cell parameters (Voc, FF) do not play a
major role in altering PCE.

The Jsc value reaches its maximum in the 2 wt% sample and
then suddenly decreases at higher F-MWCNT concentrations:
2.5 wt% of F-MWCNTs results in a Jsc almost equal to the pure TiO2

sample. The EQE on selected samples (0 wt%, 2 wt% and 4 wt%)

Fig. 6 AFM images of sample with different concentrations of F-MWCNTs:
(a, b and c) 0 wt%, 2 wt%, 4 wt% on 5 mm � 5 mm; (d, e and f) 0 wt%, 2 wt%,
4 wt% on 10 mm � 10 mm.

Fig. 7 (a) Dye loading (left) and volume density (right) of samples at different
loads of F-MWCNTs. The optimum value of F-MWCNTs (2 wt%) corresponds
to the maximum of dye loading and volume density. (b) Roughness factor
calculated for different loads of F-MWCNTs.

Fig. 8 (a) J–V curves of DSSCSs at six different percentages of F-MWCNTs
under simulated sunlight (AM 1.5G, 100 mW cm�2). (b) EQE of the most
representative samples. (c–f) Variation of functional parameters (Voc, Jsc, FF,
and PCE) as a function of the F-MWCNT loading. Red lines are a guide
for the eye.

Table 1 Functional characteristics of the DSSCs

[F-MWCNTs]
(wt%) Voc (V) Jsc (mA cm�2) FF PCE (%)

0 0.710 � 0.01 12.9 � 0.4 0.65 � 0.02 6.05 � 0.05
1 0.690 � 0.01 14.80 � 0.55 0.63 � 0.01 6.55 � 0.05
1.5 0.695 � 0.01 16.85 � 0.01 0.62 � 0.01 7.15 � 0.15
2 0.690 � 0.01 17.50 � 0.05 0.66 � 0.01 7.85 � 0.10
2.5 0.685 � 0.005 13.2 � 0.1 0.66 � 0.01 5.95 � 0.05
3 0.670 � 0.005 12.8 � 0.4 0.66 � 0.01 5.70 � 0.20
3.5 0.685 � 0.005 12.00 � 0.05 0.67 � 0.01 5.50 � 0.20
4 0.675 � 0.005 12.15 � 0.05 0.64 � 0.05 5.30 � 0.20
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confirms the trend with higher values for the samples at 2 wt%.
Voc is slightly but systematically affected by the presence of
F-MWCNTs. As pointed out by several recent studies,25–27,38 the
addition of carbonaceous materials results in a decrease of Voc,
most probably due to the downshift of the conduction band in
the composite system, compared to pure TiO2,25 as the Voc is
determined by the difference between the redox potential of the
electrolyte and the Fermi level of TiO2.39,40 The larger the
F-MWCNT concentration, the larger the expected Voc decrease,
as found in our cells. The decrease is of the order of a few tens
of mV (32 mV between the pure TiO2 and the 4 wt% sample),
which does not significantly affect the increase in PCE which is
prompted by the current density increase. This result is in contrast
to that observed by Kamat in 2008.41 In that case, however, the
CNT concentration was much larger, as the photoanode was
essentially composed of CNTs covered by TiO2 nanoparticles.
Therefore, the Voc decrease was much more pronounced and led
to a strong decrease of PCE. Another possible concurring reason
for this behaviour at high MWCNT concentrations could be the
partial coverage of the surface of the F-MWCNTs by the TiO2

nanoparticles, which leave CNTs in direct contact with the electro-
lyte.24,42 This creates a preferential path for charge recombination,
which results in charge loss and a decrease in Voc.

We applied EIS to gain insight into the changes induced by
the presence of F-MWCNTs on the physical and chemical pro-
cesses which take place in the operating device. In particular, we
focused on the recombination resistance Rrec and the chemical
capacitance Cm. We could not observe the transport resistance
due to the large conductivity of the samples.43,44

Fig. 9a compares the Nyquist plots of three different cells
(bare TiO2, 2 wt% and 4 wt%) at a bias voltage equal to Voc. Three
semicircles are clearly observable in the measured frequency range
from 100 mHz to 300 kHz and are located in the high, inter-
mediate and low frequency regimes, from left to right, respectively.
The arc at high frequencies is assigned to the impedance of the
electron transfer at the Pt CE, the one at intermediate frequencies
corresponds to the recombination at the TiO2 surface, and the last
one at low frequencies represents the ionic diffusion process
inside the electrolyte.43,45,46 The most remarkable feature is that
the 2 wt% cell leads to the smallest arcs at midfrequencies, related
to the recombination at the TiO2 surface. The medium arc takes
into account the recombination resistance of the mesoporous
layer: for the cell exploiting 2 wt% F-MWCNTs this feature is
much smaller compared to the others. This behaviour indicates
that the presence of an optimum amount of F-MWCNTs promotes
efficient electron transport, thereby increasing the overall conduc-
tivity of the TiO2 matrix.

The peak frequency of the central arc (omax) in a Nyquist plot
gives a simple relationship with the reaction rate constant for
recombination.46 A lower value indicates a lower recombination
rate. By extrapolating the omax value of the central arc for the
three cells, we observe that the smallest one corresponds again to
the 2 wt% cell, while the others exhibit values that are 3–4 times
higher: 15 Hz (2 wt%) versus 60 Hz (4 wt%) and 75 Hz (0 wt%).
This means that the recombination rate constant for the cell at
2 wt% is smaller than the other cell. The slower recombination

rate indicates a larger recombination resistance within the
photoanode, resulting in a much slower back-reaction, confirm-
ing the beneficial effect of the addition of F-MWCNTs.

A further confirmation of this behaviour is visible in Fig. 9b
and c, which reports the Rrec of five samples at different F-MWCNT
concentrations. Fig. 9b displays the Nyquist plots of three cells at a
low voltage bias (250 mV): only a high resistance arc due to the
charge recombination and capacitance of the back layer can be
appreciated, while the counter electrode contribution is hidden.
The increase in recombination resistance in this range is attri-
buted to the reduction of the back reaction between the FTO, the
TiO2/F-MWCNT composite and the electrolyte.44 In Fig. 9c in the
region at low potentials (up to 550 mV), where the main contri-
bution comes from the charge transfer from the uncovered FTO
substrate at the bottom of the porous film (also called back
layer),47 the resistance follows the same trend as the efficiency:
Rrec increases from 0% to 2 wt%, while it decreases again at higher
F-MWCNT concentrations. Increasing further the amount of
F-MWCNTs leads to a decrease of Rrec associated with the back
reaction. This kind of behaviour can be due to local agglomeration
of F-MWCNTs that can create traps and surface defects.

In addition, at high F-MWCNT concentrations, when agglo-
merates are formed, a direct contact between F-MWCNTs and
the electrolyte can occur, which boosts electron loss directly
from F-MWCNTs to the electrolyte, further reducing Rrec.

Fig. 9 EIS analysis of DSSCs at different F-MWCNT concentrations.
(a) Nyquist plot in the dark at a bias equal to Voc; (b) Nyquist plot in the
dark at a low bias (Vbias = 250 mV) and an equivalent circuit used for fitting
the data. The inset is a zoomed-in Nyquist plot of the sample at 4 wt%;
(c) recombination resistance and (d) chemical capacitance from EIS measure-
ments in the dark; (e) real part of the capacitance at several applied potentials
for the cell with 2 wt% of F-MWCNTs; (f) real part of the capacitance at
Vbias = Voc for four different concentrations of F-MWCNTs: 0 wt%, 1.5 wt%,
2 wt%, 4 wt%.
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A confirmation of the presence of surface defects can be seen
in Fig. 9d that reports the chemical capacitance as a function of
the applied bias. The samples with high F-MWCNT concentra-
tions (3 wt% and 4 wt%) exhibit a peak at around 750 mV. This
peak is assigned to sub-bandgap-localized states due to defects
in the surface, causing a decrease in the efficiency of the cell.48,49

Fig. 9e shows the real part of the capacitance versus frequency
in the 2 wt% cell for several values of the applied biases. The
different contributions to the overall capacitance are clearly
observable. At a low bias the low frequency limit of the capaci-
tance is due to the contribution of the back layer and the counter
electrode. When the bias is increased, the contribution of the
chemical capacitance becomes dominant and the contribution
from the diffusion in the electrolyte appears at a higher bias. The
dominant contribution of the chemical capacitance to the overall
capacitance is clearly visible for the cell with 1.5 wt% and 2 wt%
of F-MWCNTs as shown in Fig. 9f, while for lower/higher
concentrations it is not as prevalent as for the others.

An optimum concentration of F-MWCNTs (2 wt%) exists that
maximizes PCE. At higher F-MWCNT loads, nanotube agglo-
meration tends to be prevalent, compared to the phenomenon
of increasing surface area, resulting in a net decrease in PCE. In
fact, as highlighted by AFM and dye loading measurements, the
presence of conglomerates leads to the formation of large pore
sizes above 2 wt% of F-MWCNTs that can reduce the specific
surface area. This pore enlargement can bring the F-MWCNT
agglomerates in direct contact with the electrolyte, thereby
increasing the recombination of the photo-generated electrons
(as shown by the EIS analysis), which causes a reduction in the
overall efficiency of the cell.

Conclusions

We demonstrated a fast and highly reproducible methodology
to fabricate high performance DSSCs by simple addition of
F-MWCNTs into a commercial TiO2 paste. Our results show
that incorporating F-MWCNTs into a TiO2 working electrode
during the synthesis efficiently improves the physical/chemical
properties of the cell, achieving a PCE of 7.95%, which represents
more than a 30% increase compared to that in the bare TiO2

sample. The main role of F-MWCNTs is to boost electron injection
from the photoanode to the front contact, thereby significantly
increasing the collection of photogenerated charges and reducing
charge recombination. The enhanced efficiency is also due to the
improvement in dye uptake: the presence of F-MWCNTs influ-
ences the morphology of the titania matrix, increasing the surface
area available at optimal loading values. An excess of F-MWCNTs
reduces the open circuit photovoltage, thereby increasing drama-
tically the charge recombination through direct charge transfer
from the photoanode to the electrolyte as shown by EIS analysis.
To optimize the amount of F-MWCNTs incorporated into the TiO2

matrix, we used an easy procedure for achieving high dispersi-
bility of CNTs in TiO2. Finally, the proposed methodology is very
fast and avoids any surface treatments, which are typically used to
boost PCE in standard fabrication procedures of DSSCs.
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