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Carbon Nanohorns as Integrative Materials for Efficient

Dye-Sensitized Solar Cells

Rubén D. Costa, Sebastian Feihl, Axel Kahnt, Sanjeev Gambhir, David L. Offfcer,
Gordon G. Wallace, Maria Isabel Lucio, Maria Antonia Herrero, Ester Vazquez,
Zois Syrgiannis, Maurizio Prato, and Dirk M. Guldi*

Implementing nanocarbons, such as fullerenes, carbon nano-
tubes (CNTs), graphene, and carbon nanohorns (CNHSs), into
photovoltaic and optoelectronic applications has exciting poten-
tial, especially to achieve important and much needed break-
throughs.l1 In this context, the use of CNTs and graphene
in the field of dye-sensitized solar cells (DSSCs) is currently
attracting major attention, resulting in a number of recent
investigations.[*al DSSCs are among the most promising solar-
energy conversion technologies, owing to their high efficiency
of up to 13%,? low cost, simple fabrication, and ease of large-
scale production.[®l However, lots of challenges remain prior to
the widespread commercialization of DSSCs. These include,
for example, the development of effective solid-state electro-
lytes, the enhancement of electronic transport in transparent
photoanodes such as TiO2 and/or ZnO, and the use of effec-
tive platinum-free counter-electrodes.[*>4 The introduction of
nanocarbons into DSSCs has emerged as a versatile strategy to
take on some of these challenges. On one hand, charge injec-
tion into the semiconducting electrodes and charge transport
processes across the interfaces have been improved by using
either doped TiOz electrodes or the introduction of interlayers
based on CNTs and/or graphene.®1 On the other hand, efficient
quasi-solid state DSSCs have been developed with nanocarbons
present in the electrolyte.ls] Importantly, several authors have
recently demonstrated that DSSCs, into which graphene-based
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counter-electrodes have been integrated, show better perfor-
mances than those using platinum-based counter-electrodes.[”]
In short, the prospects of nanocarbons, in general, and CNTs
and graphene, in particular, in DSSCs are clearly bright.

Among the wide variety of nanocarbons, single-walled carbon
nanohorns (SWCNHSs) have been largely unexplored. SWCNHSs
are of particular interest, owing to their semiconductor char-
acter, high porosity, and large surface areas.[?*¢! Their applica-
tion is appealing because of their metal-free synthesis, by way
of CO:z laser induced ablation of graphite targets, that proceeds
in high yields and high purities.[® SWCNHSs consist of tubular
structures — 2 to 5 nm in diameter and 30 to 50 nm in length
— that associate into roundish aggregates of 100 nm diameter.
To date, their application has mainly been limited to hydrogen
and methane storage, biosensing, solar thermal collectors, drug
delivery systems, and supercapacitor electrodes. [*.¢9]

It is striking that, despite their excellent properties, only a
few groups have reported on their implementation into solar
energy devices, such as photoelectrochemical cells.[*?l Moti-
vated by this and recent advances in DSSCs with nanocarbon/
TiO2 composites, we have explored the use of SWCNHSs in TiO2
films and compared the performances of the resulting DSSCs
with those containing other nanocarbons such as graphene or
SWCNTs. Our most important finding is that the presence of
SWCNHs enhances the device performance when contrasted to
devices that lack SWCNHs in a manner similar to that observed
in other carbon-doped TiO2-electrodes. Our investigations indi-
cate that the roughness of the mesoporous photoelectrode, the
quantity of dye adsorption, the charge transport across the elec-
trode interface, and the charge recombination process are all
impacted by the presence of SWCNHSs in TiO2-based DSSCs.

The different nanocarbon/TiO2 composites were prepared
by drop-wise addition of small amounts of nanocarbon suspen-
sions — graphene, partially reduced graphene oxide, SWCNTs,
oxidized SWCNTs, SWCNHs, and oxidized SWCNHs — to
realize weight percentages of 0.1, 0.2, 0.5, and 0.7 wt%. The
mixtures were continuously stirred prior to their use to ensure
homogenous mixtures of all components. These composites
were doctor bladed onto fluorine-doped tin oxide (FTO) sub-
strates and successively sintered at 400 °C for 30 min to afford
the desired nanocarbon/TiO2 photoelectrodes — see Supporting
Information (SI) Section for more details.

In line with previous reports, pristine and oxidized nano-
carbons present excellent thermal stability up to 450-500 °C
— Figure S4. For instance, pristine and oxidized SWCNHs,
as they were used in the current work, are known to decom-
pose around 900 and 600 °C, respectively.['d In fact, all of the


mailto:dirk.guldi@fau.de

nanocarbon/TiO2 composites reported to date were prepared
under similar conditions — vide supra.[5¢5"Kl Stjll, to ensure
that heat treatment did not induce any undesired degradation
processes and/or losses of nanocarbons, thermogravimetric
analyses (TGAs) were performed. Figure S4 depicts typical TGA
curves of composites with 0.7 wt% of nanocarbons measured in
air with a ramp rate of 10 °C min-t. Common to all of the TGAs
is a similar weight loss profile that resembles the one seen for
TiO2 pastes lacking nanocarbons. We conclude that our com-
posites are, indeed, very robust.

To confirm the successful incorporation of the aforemen-
tioned nanocarbons into the TiO2 network of the electrodes,
Raman assays were performed. Figure S5 displays the main
Raman features of the modified and pristine electrodes from
which two major conclusions were derived. On one hand, the
G- and D-bands at around 1275 and 1595 cm™!, respectively,
are observable for the nanocarbon modified electrodes corrobo-
rating the incorporation of the latter. On the other hand, Raman
peaks at 397, 517, and 639 cm™! are ascribed to anatase TiO2
nanoparticles. Importantly, no particular shifts are noted upon
introducing the different nanocarbons into the films attesting
that the nanocarbons are not interacting strongly with the TiO2
nanoparticles. Further corroboration of the latter notion came
from X-ray diffraction (XRD) experiments — Figure S6. In par-
ticular, a direct comparison of the XRD patterns documents
that the presence of nanocarbons does not affect the nature of
the anatase TiO2 nanoparticles of around 40 nm. This finding,
which is in line with the Raman experiments, strongly suggests
that the incorporation of nanocarbons goes beyond simple
blending and infers mutually interacting constituent.

Next, we investigated the microstructural changes that might
have evolved from the implementation of nanocarbons. To shed
light onto this aspect, the roughness of the different films was
studied by means of desorption experiments, diffuse reflec-
tance, and profilometry measurements, and their morphology
was analyzed by means of Scanning Electron Microscopy
(SEM). The roughness parameter (R) was derived in line with a
previously reported method by considering the number of dye
molecules adsorbed on the electrode.®12 Here, R is defined as
the total active surface area per unit substrate area as given by
Equation (1)

R = Dad X Na X Da (€]

where Dad is the quantity of the dye adsorption on each unit area
(mol nm~2), Na is Avogadro’s number, and Da is the area per
dye molecule, which is 1.6 nm?/dye molecule (i.e., N719).[%81Dgq
was obtained by absorption spectroscopic measurements.
Importantly, the dyes were desorbed from the nanocarbon/TiO2
photoelectrodes with 0.1 M NaOH aqueous solutions.

Table 1 summarizes all the fundamental data regarding
film characterization. As it is apparent, the presence of the
different nanocarbons exerts a profound impact on R. In gen-
eral, upon low nanocarbon loading R increases, while higher
additions lead to marked decreases of R. A likely rationale for
such trends is the susceptibility of nanocarbons to agglom-
erate/aggregate. This leads to irregular pore sizes (i.e., low R
values) and poor electrical properties of the resulting photoelec-
trodes (Table 1).[55¢50k12] Interestingly, our data suggest that
the oxidized nanocarbons have a more beneficial impact on R

Table 1. Characterization of the different nanocarbon/TiO, photoelectrodes.

nanocomposite@ R®) Resistance  Trecom WF
MQ]  [ns]@ [eV]®
single layer reference TiO, 5.42 800() 36.0 4.44
SWCNH/TiOz
0.1 6.53 170 51.4 4.62
0.2 7.58 126 92.9 4.53
0.5 8.14 102 208 4.55
0.7 5.00 211 89.5 4.53
SWCNHu/TiO2
0.1 7.14 217 98.8 4.54
0.2 8.31 199 106 4.54
0.5 7.1 210 76.2 4.52
0.7 4.93 228 65.1 4.49
graphene/TiO;
0.1 6.90 115.2 146 4.55
0.2 6.35 105 57.8 4.56
0.5 6.11 78 36.8 4.55
0.7 4.63 90 36.6 4.56
grapheneo/TiO2
0.1 6.13 212 36.1 4.58
0.2 6.52 217 93.4 4.62
0.5 8.04 229 127 4.61
0.7 6.28 218 64.5 4.60
SWCNT/TiOz
0.1 7.47 219 57.9 4.49
0.2 5.79 - 38.9 4.63
0.5 5.50 - 33.0 4.67
0.7 5.60 - 33.0 4.68
SWCNTw/TiO2
0.1 8.30 220 60.4 4.53
0.2 6.62 - 37.1 4.68
0.5 5.86 - 34.0 4.75
0.7 5.94 - 36.8 4.72

@data refers to electrodes doped with 0.1, 0.2, 0.5, and 0.7 wt% of the different
carbon-materials; ®R is determined by Equation (1). The data is divided by 107%;
©value from reference ['6]; @1 om is the bleaching lifetime at 460 nm and is
related to recombination process; ©@Work function with an error of + 0.01 eV.

than non-oxidized, pristine nanocarbons. Mutually interacting
TiO2 and carboxylic groups of the nanocarbons are thought to
be responsible for the benefits during the heat treatment. The
aforementioned is further corroborated by diffuse reflectance
measurements — Figure S7, in which we are able to establish a
correlation between surface roughness and light-scattering.[-14]
Indeed, the changes in diffuse reflectance track the overall
trends observed in the desorption studies and, as such, the R
parameter calculations. Finally, the roughness average was cal-
culated based on profilometry — see Sl for more details. Here,
the values derived from a Gaussian fitting of the surface pro-
file indicate that the roughness is greatly increased by around
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TiO2 electrodes suggesting an effective incor-
poration of nanocarbons.5"<I All of the used
nanocarbons feature work functions between
the conduction band of TiO2 and the FTO
substrate.[hi5k151 Thus, a sufficient energy
offset will not block injected electrons from
diffusing to the FTO substrate. In other
words, the implemented nanocarbons serve
as acceptor and mediator by lowering the
resistance. As a proof of concept, the resist-
ance of our photoelectrodes is significantly
reduced. For instance, the resistance of TiO2
photoelectrodes with a thickness of 1 um is
~800 MQ (Table 1).['81 Thus this value might
be in the GQ range when increasing the TiO2
thickness as occurs for the nanocarbon/TiO2
photoelectrodes presented in this work. In the
latter, the resistances are in the range of a few
hundred MQs and, as such, attest the ben-
eficial effects of implementing nanocarbons.
The lower resistance is typically found in pho-
toelectrodes with graphene reaching values
as low as 78 MQ in the presence of 0.5 wt%.
Notable, the values that were gathered for the

films with 0.2, 0.5, and 0.1 wt%, respectively. The SEM image of the reference TiO: electrode

(A) is also shown for comparison.

50, 45, and 15% upon implementing SWCNHSs, graphene, and
SWCNTSs, respectively, compared to reference films.

As a rule of thumb, an increased surface roughness is
related to two key features as a means to control the device per-
formance. On one hand, it regulates the quantity of dye adsorp-
tion and, on the other hand, it increases light scattering. The
latter is likely to evolve from pores that are introduced and that
perform as light capturing centers as they increase the photon
path throughout the electrodes. Both characteristics go hand-in-
hand with an overall DSSC performance enhancement — vide
infra. Quite remarkable is the fact that the implementation of
SWCNHSs shows the most profound impact in terms of R and
diffuse reflectance features — Table 1 and Figure S7.

Visual corroboration of this notion came from SEM images
taken for the different nanocarbon/TiO2 photoelectrodes that,
indeed, nicely confirm the differences in surface morpholo-
gies correlated with the aforementioned data. Incorporating
any of the nanocarbons clearly enhances the surface porosity
of the resulting films when compared to TiO2 reference pho-
toelectrodes — Figure 1. Noteworthy, the use of oxidized nano-
carbons seems to have a stronger impact on the photoelectrode
morphology with larger roughness factors than the addition
of non-oxidized, pristine nanocarbons — Figure S8. The small
crystalline size of TiOz particles is likely to be responsible for
strong interactions with the oxidized nanocarbons and, as a
consequence, films with high porosity evolve — Figure 1.

One of the major rationales for implementing nanocarbons
into TiO2 photoelectrodes is their impact on the electronic
properties such as resistance and/or resistivity as well as on
the work function.[®™X The latter was investigated using the
Kelvin Probe technique — Table 1. The work function of the
modified electrodes is increased with respect to the reference

resistance of TiOz photoelectrodes with non-

oxidized pristine SWCNHs were moderately

low compared to those of graphene-doped
electrodes — Table 1. This resistance decrease highlights the
usage of graphene and SWCNHs as versatile dopants in DSSCs,
since they are excellent semiconductor materials.[*] In fact, gra-
phene and SWCNH TiO2 composites behave similarly, that is,
pristine derivatives show a resistance decrease until 0.5 wt%
then an increase when amounts of 0.7 wt% are reached. In the
latter case, agglomeration sets in, as R and diffuse reflectance
indicate — vide supra. In the case of the oxidized derivatives, the
film resistance remains lower than in the TiO2 reference pho-
toelectrodes but overall constant upon increased amounts of
nanocarbons. It is likely that due to the large number of struc-
tural/electronic defects in the conjugated system, the electronic
conductivity of the oxidized species is limited.[>"18] Please note
that the resistance values of SWCNTs TiO2 composites at high
implementation exceeded the detection limit of our setup. Nev-
ertheless, our experiments indicate that an amount higher than
0.1 wt% increases the resistance, which might relate to agglom-
eration as previously discussed for graphene and SWCNHs.

To provide a final proof that the implementation of nano-
carbons into the electrode leads to a continuous electron-
conducting network that facilitates the transport of photoin-
jected charges and diminishes the probability of recombination
process, we probed the charge recombination dynamics by
means of transient absorption measurements of the different
dye/electrodes in the nanosecond regime — see Sl for more
details. It is known that charge recombination processes are
conveniently followed by monitoring the bleaching recovery at
460 nm upon 355 nm excitation.[®21% The spectral characteris-
tics were similar for all the dye/electrodes with transient absorp-
tion features that agree well with the differential absorption
spectrum of N719 that is attached to TiO2 and that is oxidized,
with a bleaching of the ground state metal-to-ligand charge
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transfer (MLCT) and a transient absorption band at around
750 nm — Figure S9.5219 Importantly, the lack of emission
during the experiments and the above mentioned positive

Table 2. DSSC parameters of the different nanocarbon/TiO;
photoelectrodes.

absorption band indicate effective electron injection from the
excited dye. The bleaching recovery was analyzed by employing
monoexponential fitting functions and the corresponding
lifetimes (trecom) are listed in Table 1. In general, longer life-
times and slower charge recombinations reflect trapping of
injected electrons within the nanocarbon and, in turn, efficient
transfer to FTOs. In this sense, the slow charge recombination
dynamics observed in nanocarbon doped electrodes compared
to TiO2 reference devices further corroborates all of the above-
mentioned trends. This finding is further corroborated by
impedance experiments — vide infra.

In light of the unique electronic and morphological features
of the different nanocarbon/TiO: films, the corresponding pho-
toanodes emerged as promising photoelectrodes to achieve
important breakthroughs in DSSC performances. To test this
hypothesis, a series of DSSCs with different content of nano-
carbons were fabricated and analyzed under AM 1.5 conditions
— see Sl. Their main characteristics are summarized in Table 2
and depicted in Figure 2. A closer look at Tables 1 and 2 reveals
that all of the relevant device performance features such as
short-circuit current density (Jsc), open-circuit voltage (Voc), and
efficiency (n) are in line with the best aforementioned photo-
electrodes. For instance, the Jsc trends upon nanocarbon imple-
mentation correlate with the R changes and/or the quantity
of dye absorption as well as the enhancement of light scat-
tering as these parameters partially govern the photocurrent
generation.[5141 In addition, improved Js’s are also reflected in
better incident monochromatic photon-to-current conversion
efficiency (IPCE) performance — Figure 2. Compared to the refer-
ence devices, the IPCE response is enhanced in all of the doped
electrodes leading to the same trends in the estimated short-cir-
cuit current from 11.9 to 15.7, 13.3, and 12.1 mA cm~2 for the
reference and the doped electrodes with SWCNHSs, graphene,
and SWCNTSs, respectively. In contrast, Voc’s do not follow a
clear trend and they are lower than those seen in TiO2 reference
devices. According to Kelvin Probe measurements (Table 1),
this finding is not unexpected, especially considering that
higher work functions are seen to evolve for modified electrodes
relative to reference electrodes. Indeed, this is in line with ear-
lier studies.[5259-K Importantly, parameters such as adsorption
of additives present in the electrolyte onto the surface as well
as morphological changes of the electrodes must be taken
into consideration to fully understand the trends in Voc.[14220]
Nevertheless, more fascinating is the examination of the device
efficiencies that are typically higher than in TiO2 reference
devices for all cases. The best values evolve for photoelectrodes
doped with SWCNHs reaching efficiencies of 6.22 and 6.19%
for non-oxidized, pristine and oxidized SWCNHs, respectively.
Very similar are the efficiencies of 5.85 and 5.55% noted for the
best devices with oxidized and pristine graphene, respectively.
To verify the prospect of the best above-mentioned compos-
ites, double-layer TiO2 electrodes were prepared to enhance the
overall device performance — see SI. As a matter of fact, higher
Jsc and FF values led to higher efficiencies. More specifically,
efficiencies of 6.63, 7.98, 7.76, 7.64, and 7.45% were obtained
when reference, pristine SWCNHSs, oxidized SWCNHs,

photoanode® Je Voc n FF
[mA cm?] U (%]
single-layer TiOz 10.86 0.75 4.64 0.57
double-layer TiO, 12.81 0.75 6.63 0.69
SWCNH/TiOz
0.1 12.14 0.68 4.87 0.59
0.2 13.47 0.71 5.55 0.58
0.5 14.68 0.73 6.22 0.58
0.5(®) 16.10 0.74 7.98 0.67
0.7 9.81 0.73 4.37 0.61
SWCNH,/TIO,
0.1 14.68 0.74 6.19 0.57
0.10) 15.20 0.74 7.76 0.69
0.2 14.82 0.74 6.14 0.56
0.5 12.35 0.73 5.41 0.60
0.7 9.87 0.72 4.19 0.59
graphene/TiO,
0.1 12.44 0.72 5.55 0.62
0.10) 15.01 0.76 7.64 0.67
0.2 11.19 0.71 4.69 0.59
0.5 8.78 0.71 3.86 0.62
0.7 717 0.7 2.86 0.57
grapheneo/TiO2
0.1 11.91 0.7 4.84 0.58
0.2 13.65 0.69 5.37 0.57
0.5 14.11 0.69 5.85 0.60
0.5®) 14.70 0.74 7.45 0.69
0.7 12.95 0.69 5.27 0.59
SWCNT/TiO2
0.1 12.01 0.75 5.04 0.56
0.2 5.29 0.67 2.09 0.59
0.5 4.53 0.65 1.74 0.59
0.7 4.1 0.63 1.55 0.60
SWCNTo/TiO2
0.1 12.68 0.71 5.13 0.57
0.2 8.99 0.61 3.24 0.59
0.5 4.88 0.58 1.59 0.56
0.7 3.68 0.57 1.20 0.57

@photoanodes were prepared using one layer of a 0.1, 0.2, 0.5 or 0.7 wt% solution
of the nanocarbon/TiOz composites unless otherwise stated; ®DSSCs parameters
of double layer devices.

graphene, and partially reduced graphene oxide doped TiO:2
electrodes were utilized, respectively. These values highlight
the benefits of implementing nanocarbons regarding the device
performance, owing to the increase of roughness, decrease of
electrical resistivity, and slow recombination dynamics — vide
supra. Still, questions about the effect of the nanocarbons on
the device mechanism under operation arises. To this end, we
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Figure 2. Upper part - J-V characteristics for DSSCs prepared with the dif-
ferent nanocarbon/TiO; photoelectrodes - reference (black solid), 0.5 wt%
SWCNH (black dashed), 0.2 wt% SWCNH.x (black dotted), 0.1 wt% gra-
phene (dark grey solid), 0.5 wt% grapheneox (dark grey dashed), 0.1 wt%
SWCNT (dark grey dotted), and 0.1 wt% SWCNTo (light grey solid). Cen-
tral part - Incident monochromatic photo-to-current conversion efficiency
(IPCE) of the different nanocarbon/TiO; photoelectrodes - reference
(black solid), 0.5 wt% SWCNH (black dashed), 0.2 wt% SWCNHox (black
dotted), 0.1 wt% graphene (dark grey solid), 0.5 wt% grapheneox (dark grey
dashed), 0.1 wt% SWCNT (dark grey dotted), and 0.1 wt% SWCNTo (light
grey solid). Lower part - Bode phase plot of the different nanocarbon/TiO:
photoelectrodes under 1 sun illumination at open-circuit conditions - ref-
erence (light grey), 0.5 wt% SWCNH (grey), 0.2 wt% SWCNHox (brown),
0.1 wt% graphene (black), and 0.5 wt% grapheneo (dark grey).

have probed the aforementioned highly efficient electrodes by
means of impedance spectroscopy — more details are provided
in the SI. Table S1 as well as Figures 2 and S10 summarize the

most relevant figures-of-merit derived from these investigation.
On one hand, studies under illumination provide information
about electron transport resistance (Rw), capacitance (C), and
electron lifetime (t) and, on the other hand, studies under dark
conditions shed light onto the resistance for the recombination
process (Rk).[?Y1 The combination of the Rw and Rk parameters
are further used to calculate the charge collection efficiency
(Meon) by using the following equation:[2]

Ocol = 1 — (Rk/Rw) (2)

As a matter of fact, nanocarbons as semiconductors seem to
serve as electron acceptors and mediators. The latter is reflected
in a reduction of Rw of around 25% as well as the increase
of C by a factor of around 2.5 in the doped electrodes with
respect to the reference electrodes — Table S1. As such, we
conclude that the most prominent electron loss mechanism,
that is, recombination, is less effective in the doped devices.
This is, indeed, attested by the t value, which increases from
2.78 (reference electrodes) to 3.6-3.9 ms (doped electrodes)
— Figure 2 and Table S1 — and the Rk value, which increases
from 40 (reference electrodes) to 50-60 Q (doped electrodes)
— Figure S10 and Table S1. The value of nanocarbons in the
devices is also reflected in the charge collection efficiency (neolr),
which increases from =60% for the reference electrodes to
~T7% for the doped electrodes. The changes in ncon point to the
synergetic effects evolving from a better electron transport and
a slower recombination upon implementing nanocarbons.

In summary, different nanocarbons such as SWCNTSs, gra-
phene, SWCNHs, and their respective oxidized products have
been used to fabricate novel nanocarbon/TiO2 photolectrodes
for DSSCs. Our results, which are based on evaluating the
roughness factor via desorption studies, diffuse reflectance,
and profilometry, characterizing the morphology by means of
SEM, measuring the electric resistance, assessing the dynamics
for the charge recombination processes, and, ultimately, deter-
mining the device characterization and mechanism by means
of impedance studies, clearly demonstrate that all of the nano-
carbons significantly enhance the TiO:2 electrode characteristics
and, subsequently, the photoresponse of the device with respect
to standard TiO2 electrodes. The most outstanding finding of
the current work is that SWCNH derivatives are also a valuable
dopant for fabricating highly efficient DSSCs.
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