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ABSTRACT: This paper presents the continuous-flowand single-
step synthesis of a TiO,/MWCNT (multiwall carbon nanotubes)
nanohybrid material. The synthesis method allows achieving high
coverage and intimate interface between the TiO,particles and
MWCNTSs, together with a highly homogeneous distribution of
nanotubes within the oxide. Such materials used as active layer in
theporous photoelectrode of solid-state dye-sensitized solar cells
leads to a substantial performance improvement (20%) as
compared to reference devices.

Carbon nanotube / TiO, —o— reference TiO,
: -2{—=—in situ MWCNT/TiO

2

J[mA.cm?]

00 02 04 06 08
V[V]

KEYWORDS: TiO,/MWCNT nanohybrid, carbon nanotubes, laser pyrolysis, dye-sensitized solar cells, in situ synthesis

mplementing carbon nanotubes (CNTs) into dye-sensitized

solar cells (DSSCs) is a promising strategy to improve
charge collection efficiency."” Because of their excellent
electrical properties, CNTs can indeed improve both charge
separation and electron transport in the optoelectronic devices.
They were thereby applied or incorporated in all components
of DSSCs, including counter electrodes® and electrolyte.*
Concerning the dye-sensitized porous TiO, working electrode
(WE), different types of CNTs (multiwall*>® or single wall,"
bare® or functionalized”®) were also added to reduce charge
recombination and to improve charge collection. An optimal
CNTs concentration in TiO, was found in the range 0.01” to
0.3 wt %, leading to performance improvements on the order
of 18—26% with regard to reference devices based on pure
TiO, mesoporous anode.”® However, all these studies were
carried out on liquid or quasi-solid DSSCs, and no studies have
been published on solid-state cells, despite the strong
potentialities that have been recently demonstrated for both
dye-sensitized” or perovskite-sensitized devices.'®

Such nanocomposite materials can be obtained through
varieties of methods: many studies now report mechanical
mixing of TiO, pastes with CNTs in solution,” or growth of
TiO, at the surface of CNT by sol gel chemistry.’® Some
advanced methods are also reported such as the use of virus-
templated self-assembly,’ electrospinning,” controlled phase
separation,”" modified sol—gel methods,'”> modified ultra-
sonication method,"® chemical vapor deposition,14 or hydro-
thermal synthesis..15 In most cases, the CNT surfaces are
modified to achieve better TiO,/CNTs electronic contacts and
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obtain the targeted beneficial effects. The preparation methods
that affect the CNT surface are for example chemical oxidation
treatment' "¢ or plasma-modified methods.> Most of these
methods are “non-continuous” and remain unadapted for
industrial applications. By contrast,the laser pyrolysis used here
is a gas phase method producing nanoparticles in a flow and has
already been developed at the scale of pilot plant.'”'® It already
demonstrated its versatility for the synthesis of various oxide
and nonoxide nanoparticles'’ and proved to be a relevant
technique for the production of low-cost TiO, nanoparticles
well-suited for the photovoltaic applications.' The efficient
single-step synthesis of TiO,—CNT composites described here
is a new example of this versatility.

The laser pyrolysis and the aerosol-assisted catalytic chemical
vapor deposition (CCVD) methods have already been
described for the synthesis of TiO, nanopowders’>*' and
MWCNT?* respectively. Briefly (more details are provided in
the Supporting Information), the laser pyrolysis is a flow
method based on the resonance between the emission of a CO,
laser at 10.6 pm and the absorption of a chemical precursor. In
the case of TiO, nanoparticles, crystallinity is controlled by an
adequate choice of laser power.”’ Droplets of precursor
(titanium tetraisopropoxide, TTIP) are carried to the reaction
zone together with an ethylen flow, ensuring laser absorption
and efficient production of nanoparticles collected downstream
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on metallic filters. Concerning the nanotubes, MWCNT were
synthesized as aligned carpets in a quartz reactor from a
precursor mixture of toluene in the presence of ferrocene, used
as catalytic agent. For this study and after a conventional
annealing step (removal of the residual catalyst), the MWCNT
were dispersed by high power ultrasonic probe in water
containing a dispersing agent. They were also oxidized in a
mixed solution of concentrated acids, filtered, and washed
several times before use. Figures S1 and S2 in the Supporting
Information show the efficiency of the oxidation treatment by
detection of added oxygen content and CO bonding.

These nanotubes were then redispersed in toluene and mixed
with TTIP for the synthesis by laser pyrolysis in a single step of
in situ TiO,/MWCNT composites (referred as MWCNT/
TiO,[in situ]). In this case, the TiO, particle growth is directly
occurring “on-flight” at the MWCNT surface. A reference TiO,
powder was obtained from a mixture of TTIP with the same
amount of toluene. Finally, direct mixtures of MWCNT with
the reference TiO, powder were also prepared to achieve ex
situ composites (referred as MWCT/TiO,[ex situ]) presenting
various MWCNT contents from 0.01 to 0.3 wt %. Besides, the
MWCNT content in the in situ composite was fixed to 0.03 wt
% in this study, as this content was found to be quite optimal
regarding the photovoltaic response in terms of device
efficiencies for the ex situ devices (as reported in the
Supporting Information, and in the following discussion).
Therefore, this weight ratio was chosen for all characterizations
presented in this manuscript, except for the ex situ sample
where a higher content was used (0.1 wt %) to reach the
detection limit of some characterization techniques. Applying
this method, we are able to discuss the properties of our in situ
sample with regard to the pure TiO, reference, in order to
evaluate the relevance of CNT incorporation, and with regard
to the ex situ sample of similar CNT content, in order to
illustrate the relevance of laser pyrolysis for the application.
Data corresponding to different CNT contents for the in situ
composites are however given in the Supporting Information.

Figure la, b presents the transmission electron microscopy
(TEM) images of the in situ and ex situ synthesized
composites.

When the composite is formed in situ, the MWCNTSs are
covered with a high density of TiO, nanoparticles, leaving
almost no bare nanotube surface. In the ex situ case where
MWCNTSs are mechanically mixed with TiO, particles already
synthesized, only a partial coverage of the MWCNTSs by TiO,
nanoparticles is observed. These observations suggest that a
stronger chemical grafting occurs at the MWCNT/TiO,
interface using the in situ process, this particular morphology
remaining unchanged after 30 min of high power sonication
indicating efficient bonding between TiO, and MWCNT.
Figure S3 in the Supporting Information gives the TEM length
dispersion of the MWCNT, while the mean diameter of TiO,
was obtained from Figure S4 in the Supporting Information
and found to be 11.7 and 11.8 nm for the reference TiO,
powder and in situ composite respectively (standard deviation
2.0, counting 100 nanoparticles). The specific surface areas of
the powder samples are found to be around 122, 116, and 120
m*/g for TiO,, MWCNT/TiO,[in situ] and MWCNT/
TiO,[ex situ] (0.03 wt % CNT) respectively. The correspond-
ing diameter estimations (B.E.T. method) are around 12 nm
(see Table S1 in the Supporting Information), in good
agreement with TEM measurements and indicating that the
low amount of MWCNT does not significantly contribute to
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Figure 1. TEM images of (a) in situ and (b) ex situ MWCNTs/TiO,
nanocomposites. SEM top view images of TiO, porous layers
processed from (c) in situ and (d) ex situ composites.

the specific surface. The synthesized TiO, and MWCNT/
TiO,[in situ] powders contain more than 85% of anatase
crystal phase (the TiO, crystallite mean diameter is around 10
nm). As expected, the crystallite size appears slightly smaller
than the grain size evaluated from TEM ad BET. The XRD
patterns are shown in the Supporting Information as Figure SS5.

Considering that TEM gives only a very local representation
of the sample, Raman spectroscopy was used to assess the
presence of MWCNTs among the TiO, particles and their
dispersion in the powder. A typical MWCNT/TiO, Raman
spectrum shows both contributions arising from the TiO,
anatase crystal structure and the pure MWCNT (see Figure
S6 in the Supporting Information). In particular, two main
bands are associated with the nanotubes at approximately 1330
and 1575 cm™, which can be assigned to the D (disorder
mode) and G (tangential mode) bands of the MWCNTs,
respectively.>'¢ Considering the separation of the TiO, and
nanotubes active Raman modes, Raman mapping was
performed on the TiO,, MWCNT/TiO,[in situ] and
MWCNT/TiO,[ex situ] powder samples by monitoring the
intensity of the D-band over 40 X 40 square micrometers
surfaces. For almost all cases, no signal associated with carbon
phases could be detected from the pure TiO, sample, nor the
ex situ sample using only 0.03 wt % of nanotube content. Only
some random analysis gave some nanotube signatures due to
the inherent inhomogeneity of the mixing between the
synthesized TiO, powder and the nanotube sample (see Figure
S7). The analysis was thus made on the MWCNT/TiO,[ex
situ] using 0.1 wt % of MWCNT. Figure 2a, b presents the
corresponding Raman maps, as well as the 8-bit pixel
distributions (Figure 2c), including that of pure TiO, (the
Raman maps associated with the pure TiO, sample is given in
the Supporting Information as Figure S7).

A very low color level is uniformly observed for the ex situ
composite, indicating that only few carbon phases can be found
over the analyzed region. By comparing different regions
randomly selected on the sample, it is, however, possible to
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Figure 2. Raman maps over 40 X 40 square micrometers associated
with the disorder mode (D band) of MWCNTS within (a) MWCNT/
TiO,[ex situ] and (b) MWCNT/TiO,[in situ] composites, and (c)
corresponding 8-bit pixel distributions where pure TiO, is also
presented as reference. The CNT content is 0.03 and 0.1 wt % for the
in situ and ex situ composites, respectively.

observe highly intense regions (see Figure S6 in the Supporting
Information), indicating that the MWCNT dispersion remains
inhomogeneous in the sample elaborated from a direct
postmixing. At the opposite, a highly homogeneous carbon
signature is evidenced for the sample processed in situ.
Furthermore, compared to the Raman spectrum of acid-treated
MWCNT alone (see Figure S6 in the Supporting Information),
the G band associated with MWCNTSs exhibits a slight shift,
which usually results from strain effects at the TiO,/MWCNTs
interfaces."*This shift is found to be larger in the case of the
MWCNT/TiO,[in situ] sample, suggesting better local
interactions in this sample compared to the mixed ex situ
sample, which is consistent with a better grafting of the TiO,
particles at the CNT surface.

Photoluminescence (PL) spectroscopy is widely used to
investigate the electron—hole fate in semiconductor par-
ticles”* and is therefore highly relevant to monitor the
electronic interactions between MWCNT's and semiconducting
nanocrystals. Figure 3 shows the PL spectra of samples TiO,,
MWCNT/TiO,[ex situ], and MWCNT/TiO,[in situ]
(MWCNT content of 0.03 wt % in each case, excitation at
300 nm). All spectra are normalized with regard to the free
exciton emission peak of anatase at 3.15 eV (see the Supporting
Information for experimental details and complementary
photoluminescence spectra, Figure S8), allowing a direct
comparison of the absolute intensities.

PL contributions below the optical band gap are generally
associated with electron—hole recombination mechanisms
occurring in the presence of electronic defects.*>*® In our
case, a clear contribution at 2 eV is visible for pure TiO, as well
as for MWCNT/TiO, composites. This feature can be
attributed to interfacial self-trapped electrons®**” which are
thus found to be dependent on the local environment of the
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Figure 3. Photoluminescence (PL) spectra of TiO,, MWCNT/
TiO,[ex situ], and MWCNT/TiO,[in situ] (CNT contents of 0.03 wt
% in each case).

particles. We observe a slight but significant decrease in this
feature for sample MWCNT/TiO,[in situ] compared to pure
TiO, and the ex situ sample. This observation is consistent with
reduced radiative recombination of photoinduced electrons
trapped at the TiO, particle surface. This indicates that efficient
charge transfers to the nanotubes can occur.”**® It is worth
noting that this PL decrease is found to be even much more
pronounced for in situ samples containing 0.09 wt % CNT (see
Figure S9 in the Supporting Information). Such observations
suggest that our in situ process is highly favorable to achieve
efficient electronic interactions between the two components
compared to a postmixing process. These analyses show that
the synthesized MWCNT/TiO,[in situ] nanocomposites
exhibit improved physical properties, highly suitable for the
fabrication of efficient porous photoanodes to be used within
dye-sensitized solar cells.

We thus finally compare our materials with regard to the
photovoltaic application. To do so, porous photoelectrodes are
prepared from the three nanopowders, following conventional
paste formulation steps that have been previously developed
(see ref 19 and the Supporting Information) to achieve 2 ym
thick porous films on fluorinated tin oxide substrates.
Benchmark materials (organic indoline D102 dye, spiro-
OMeTAD hole transporter) were used as they allow a direct
comparison of the porous electrodes. Device performance are
assessed under simulated sunlight, including spectral mismatch
correction, leading to an AM1.5G equivalent power density of
100 mW cm™ on the cells. Table S2 (see the Supporting
Information) reports the photovoltaic performance of cells
based on the ex situ composites for different CNT contents.
From this set of devices, we fixed the CNT content to 0.03%
for all composites as it is associated with the highest
photovoltaic response, in accordance with the literature,” and
prepare new independent sets of devices to achieve consistent
comparisons for the composites. We thus present below the
photovoltaic performance of a representative batch of ssDSSC
based on the pure TiO, electrode, as well as our ex situ and in
situ composites.

Figure 4a presents the current density—voltage characteristics
of the cells. The photovoltaic parameters (photocurrent density
Jsc; open-circuit voltage V¢, fill factor FF, and power
conversion efficiency #) are summarized in Table 1. Figure
4b shows the spectral response, or incident photon to charge
carrier conversion efficiency (IPCE) of the devices.
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Figure 4. (a) Current density/voltage characteristics, (b) IPCE
spectra, and (c) electron lifetimes extracted from transient photo-
voltage decay measurements for ssDSSC based on pure TiO, (open
gray circles), MWCNT/TiO,[ex situ] (solid black triangles), and
MWCNT/TiO,[in situ] (solid red squares) porous electrodes.

Table 1. Photovoltaic Parameters of ssDSSCs Based on the
Pure TiO,, ex Situ and in Situ TiO,/MWCNTs
Nanocomposites (100 mW cm™ 2, AM1.5G)*

Voe (V) Jic (mA/em®)  FE (%) 7 (%)
TiO, 0.78 5.86 71 32
MWCNT/TiO,[ex situ] 0.76 6.41 67 33
MWCNT/TiO,[in situ] 075 7.57 69 39

“CNT content is 0.03 wt %.

The short-circuit current density (J.) clearly increases in the
presence of MWCNTS in the porous electrode compared to the
TiO, reference device, this increase being much more
pronounced for the in situ (~29% increase) compared to the
ex situ composite (~9%). This trend is confirmed by the
incident photon to charge carrier efficiency (IPCE) spectra.
Although all the cells show a comparable IPCE shape over the
entire spectral range (300—600 nm), the in situ cell exhibits a
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larger IPCE, indicating improved charge collection efficiency.
Accordingly, the overall power conversion efficiency is
significantly improved by about 20% by our in situ process.
However, the open-circuit voltage of the cells slightly decreases
in the presence of MWCNTs, as some shunts may occur, in
accordance with related studies.”® Further information on
device operation can be obtained using transient photovoltage
decay measurements, which is used to extract the effective
electron lifetime for each cell under realistic working conditions
(Figure 4c).

Compared to the pure and ex situ cells, a larger electron
lifetime is evidenced using the in situ composite, especially for
high bias induced open-circuit voltages, hence under high
incident light intensities. The positive influence of CNTs on
device performance can results from several effects. First, the
better electronic interfacial interactions between the TiO,
particles and the nanotubes induced by the in situ process
can be accompanied by efficient charge injection from the metal
oxide to MWCNT. This mechanism can efficiently improve the
charge collection efficiency, leading to improved short-circuit
current density and device overall performance. In this context,
our analyses suggest that the in situ process can reduce the
amount of interfacial trap states associated with the metal oxide
particles compared to the mixed composite processed ex situ, as
well as to the pure TiO, cell, and is therefore highly beneficial
for charge lifetime and charge extraction. At the opposite, for
the ex situ cell, the electron lifetime is found to be similar to
that of the pure TiO, cell. This can arise from the low surface
coverage of MWCNTs by TiO, particles observed in the
porous layer (Figure 1d), which can cause some leakage of the
photogenerated electrons to the electrolyte.® Moreover, poor
TiO,/MWCNTs electronic interactions, which result in a lower
ability for TiO, surface passivation in the ex situ compared to
the in situ case, are associated with intense interfacial
recombination events. Such recombination is found to be
further enhanced when the MWCNT's doping amount reaches
1 wt % in the ex situ composite (see Figure S10 in the
Supporting Information), indicating that surface traps are also
introduced by the MWCNTSs when the grafted surface is weak.
Therefore, the benefit of improved charge extraction is offset by
the enhanced recombination in the ex situ case. In parallel, for a
higher CNT content up to 0.09 wt %, the performance of the in
situ device start to decrease (see Table S3 and Figure S11 in the
Supporting Information), associated with a significant reduction
in electron lifetime (see Figure S12 in the Supporting
Information). This trend is likely to results from the occurrence
of additional CNT/electrolyte interfaces at high nanotube
contents, which favor detrimental electron back reactions. The
direct optical absorption of the CNT can also screen the dye,
leading to a reduced photocurrent for high nanotube loadings.”

Another beneficial effect that can be associated with the
presence of CNT in the porous electrodes relates to the
extraction of charges to the FTO electrode. Some studies
devoted to carbon nanostructures associated with TiO,
evidence the possibility to achieve stronger photocurrent
because of a better charge extraction at this interface.” This
effect, which can be observed below the percolation threshold,
can also explain the improved charge lifetime in the devices.
Further investigations are required in order to identify the
relative contribution of this effect.
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B CONCLUSIONS

In summary, TiO,/MWCNT nanocomposites were synthe-
sized in situ and in a single step by laser pyrolysis. Compared to
a direct postmixing of MWCNT with TiO,, a dense coating of
the nanotubes by metal oxide particles is evidenced, leading to
enhanced electronic interactions between the two components.
The nanotube dispersion in the TiO, powder is also found to
be strongly improved by the in situ process. Efficient
photoinduced electron transfers from the TiO, particles to
MWCNTSs are evidenced in this latter caseusing photo-
luminescence spectroscopy. Solid-state dye-sensitized solar
cells based on in situ MWCNT/TiO, porous electrodes exhibit
an enhanced efficiency associated with a larger short-circuit
current density than that of cells based on ex situ postmixed
MWCNT/TiO, composites. The intimate electronic inter-
action between the TiO, particles and MWCNTs is
accompanied by a reduced charge recombination, resulting in
an improved charge extraction to the electrode. This study
demonstrates the relevance of laser pyrolysis for the synthesis
and fine-tuning of the electronic properties of advanced
composite materials, especially suitable for efficient photo-
voltaic energy conversion.
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