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ABSTRACT: The electrochemical properties of both pristine Single Walled Carbon
Nanohorns (SWCNHS) and their chemically oxidized form (ox-SWCNHS) spray coated onto
fluorine doped SnO, (FTO) were investigated in the framework of the fabrication of cobalt
based transparent Dye Sensitized Solar Cells (DSSCs). These new nanocarbon substrates,
evaluated in conjunction with the Co(bpy);>*** (bpy = 2,2’ bipyridine) redox mediator, are
endowed with excellent electrocatalytic properties, ease of fabrication and very promising
stability and display a great potential for replacing the best noble metal and conductive polymer
catalytic materials in the building of semi-transparent counter electrodes in new generation

photoelectrochemical devices.

1. INTRODUCTION

In the framework of renewable energies, photoelectrochemical solar devices such as the Dye-
sensitized solar cells (DSSCs), also known as “Grétzel cells, are currently subject of intense
research, being low-cost photovoltaic devices which can be produced in transparent form with
different colors and offer the possibility of integration in building facades. DSSC functioning is
based on the cooperative interplay of subsystems such as the sensitized photoanode, the electron
mediator and the catalytic counter electrode.!

Since the initial reports considerable effort has been directed towards the optimization of
sensitizers,>* redox mediators,’® photoanode surface passivation”!® and counter electrodes.'!1?

The development of stable catalytic counter electrode materials characterized by high abundance,

high electrochemical activity, tunable transparency and simple and scalable deposition routes is



relevant for the large scale applications of dye sensitized solar cells and of other emerging
photoelectrochemical technologies.'3 13

For the sake of low-cost, good stability, scalable deposition routes, morphological tunability,
the p-type conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT) has been
successfully employed as organic counter electrode material, demonstrating promising
electrocatalytic properties when investigated in conjunction with cobalt based redox mediators.!-
18

Carbon based Nanomaterials have also been used to replace Pt counter electrodes.!*?> Among
them, Single Walled Carbon Nanohorns (SWCNHS) represents a very promising class of
materials. 2 They are produced with a metal free synthesis and typically possess conical-shaped
structures having diameter between 2 and 5 nm and length ranging around 80 nm (see Figure 1).
These cones are associated in dahlia-type spherical structures with an average diameter of 100

nm.?’

SWCNHS ox-SWCNHS

Figure 1. Typical 3D structure of pristine and oxidized Single Walled Carbon Nanohorns.



SWCNHS based materials have a number of characteristics which make them attractive for
energy applications and photoelectrochemical cells.?® They have large surface area (~400 m? g'!
for the pristine materials), present semiconducting character and display magnetic properties.?®
In comparison with the other carbon nanomaterials SWCNHS are easier to disperse in organic
solvents, allowing for their facile functionalization,?® furthermore they can form porous films
with high surface area.?’ SWCNHS have been recently implemented into ionic liquid based
electrolytes® and used in composite materials mixed with cellulose and Pt clusters for the
assembly of counter electrodes in iodide/triiodide based dye sensitized solar cells.3! The surface
area of SWCNHS can be tuned by chemical oxidation in acidic environments that promotes the
opening of the horn tip preserving the conductivity and electrochemical properties (Figure 1).32
Herein we report, for the first time, the use of FTO-supported SWCNHS as catalytic
counter electrodes in dye sensitized solar cells assembled with Co(bpy);"?*3 redox mediator (bpy
= 2,2° bipyridine, Figure S1)3. Since it has been recently observed that carbon based
nanomaterials tend to weakly adhere to FTO, leading to unstable devices,®!*?! oxidized Single
Walled Carbon Nanohorns (ox-SWCNHS) were also employed. In fact, it has been described
that chemical oxidation of carbon nanomaterials, using mineral acids such as HNOj, produces a
higher amount of carboxylic functional groups?>4 that might be helpful to improve the adhesion
to transparent conductive glass (FTO or ITO), thanks to a stronger interaction with the surface
hydroxyl groups. Pedot has been selected as reference material for counter electrodes due to its
well-established superior activity towards cobalt based redox mediators, thanks to the enhanced
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electroactive surface area and the reduced charge transfer resistance.'® This work is devoted to

both the evaluation of the electrocatalytic properties of these nanocarbon materials and to the



assessment of their electrocatalytic stability in association with cobalt based electrolytes in

DSSCs.

2. EXPERIMENTAL SECTION

2.1 Materials and equipment.

Single Walled Carbon Nanohorns (SWCNHs) were produced by Carbonium s.r.l.,
Padova (Italy) by direct graphite evaporation in Ar flow, according to a patented method and
used without purification.’® Conductive FTO (fluorine tin oxide) TECS, 2.3 mm thick substrates
(Pilkington) were carefully cleaned by several washings in ethanol, acetone, and Alconox
followed by annealing at 400 °C in air before use. TiO> colloidal paste (DSC 18NRT) was
purchased from Dyesol. The organic dye LEG4 was from Dyenamo. Absorption spectra were
collected with a JASCO V 570 UV-Vis spectrophotometer.

Thermogravimetric analyses (TGA) were performed using a TA Instruments TGA Q500
and recorded under N», upon equilibration at 100 °C, followed by a ramp of 10 °C/min up to 750
°C. Raman spectra were acquired with a Renishaw instrument, model Invia reflex equipped with
532, 633, and 785 nm lasers. After acquisition, the spectra were normalized with respect to the G
band. Transmission electron microscopy (TEM) experiments were performed using a Philips EM
208, accelerating voltage of 100 kV. Samples were prepared by sonication for 10 min and

dropwise addition (8 pL) of the sample onto a carbon coated 200 mesh Ni grid (EM Sciences,



Gibbstown, NJ) followed by solvent evaporation under vacuum. The surface morphology was
investigated by Atomic force microscopy (AFM) measurements conducted with a Digital
Instruments Nanoscope III Scanning Probe Microscope, Digital Instruments, CA, USA. The
instrument was equipped with silicon tip (model RTESP-BRUKER resonant frequency 300 kHz)
and operated in tapping mode. The scanning parameters were as follows: scan rate 1 Hz,
resolution 512, and scan size 5 x 5 um. Surface topographical analysis of raw AFM images was
carried out with the NanoScope Analysis 1.5 program.

SEM imaging was performed with a Zeiss EVO 40 electronic microscope with a
maximum acceleration voltage of 30 KV.

2.2 Typical procedure for the synthesis of ox-SWCNHS.

A 100 mg amount of pristine SWCNHS was dissolved in 100 ml HNO3 4 M and the
solution was stirred under reflux for 8 hours. The mixture was cooled to room temperature, 200
mL of water were added and the solution was filtered with Millipore apparatus. The material was
repeatedly washed with water until the pH of the filtrate changed from acidic to neutral. The
material was collected, re-dispersed in 200 mL of acetone with the aid of sonic bath irradiation
for 10 minutes, filtered again with the Millipore apparatus and washed with 400 mL of acetone.
The material was collected and dried under vacuum.

2.3 Procedure for the preparation of SWCNHS and ox-SWCNHS counter electrodes.
A suspension of the pristine SWCNHS or the oxidized 0x-SWCNHS (1 mg ml!) in ethanol was
sonicated for 30 minuts at room temperature. This suspension was sprayed over masked FTO
electrodes (area 2x2.5 cm?) placed on a hot plate at 120°C with an Air-brush (FENGDA
0.33mm) placed at distance of 15 cm from the plate, using N2 as carrier (0.5 Pa). Electrodes were

subsequently annealed at 400°C for 15 minutes.3! The typical deposition procedure can be



summarized in table S1. The pristine SWCNHS (without any pretreatment) and the oxidized ox-
SWCNHS were characterized by means of Thermogravimetric Analysis (TGA), Raman and IR
spectroscopy.

2.4 Solar Cell and Symmetric Dummy Cell Fabrication. A compact TiO» blocking
underlayer was prepared by spin-coating a 0,3 M titanium tetraisopropoxide solution in 1-
butanol (1000 rpm for 10 s, 2000 rpm for 20 s). The resulting substrates were heated at 500 °C
for 15 min and cooled to room temperature. Subsequently a mesoporous TiO; layer was prepared
by doctor blading a commercial TiO paste (Dyesol 18NR-T). The coated films were gradually
heated to 500 °C according to the following programmed temperature ramping: rt - 120°C (10
min), 120°C - 450°C (30 min), 450°C (20 min), 450°C - 500°C (10 min), 500°C (10 min). After
cooling to room temperature, the electrodes were treated with 0.4 M TiCls overnight, washed
with water and heated again at 450° for 30 minutes.

Solar cells and symmetrical cells were assembled by sealing the electrodes with 25 um thick
hot-melt film (Surlyn, Solaronix). The redox mediator was introduced thorough a small channel
on the Surlyn frame. The active area was 0.20 cm? and 0.25 ¢cm? for solar cells and symmetrical
cells respectively. Finally the channel was sealed with epoxy resin. PEDOT based counter
electrodes were prepared by potentiodynamic anodic electropolymerization of 3,4-
ethylenedioxythiophene (EDOT) on FTO glasses, following our previously reported method.
Platinized FTO counter electrodes were prepared by screen-printing of a conductive colloidal
platinum paste Chimet (Pt-10—004F-05, batch 5738) and were annealed at 400 °C for 10 min in
air immediately before use.

2.5 Electrolyte Formulation. The electrolyte composition consisted of 0.18 M Co(1l), 0.028

M Co(Ill) of [Co(bpy)s;]*”*, 0.1 M LiCF3SOs; and 0.2 TBP in ACN for solar cell



characterization. The same electrolyte formulation in Methoxypropionitrile (MPN) was used for

stability tests in dummy cells.

2.6 Solar Cell Characterization. Current—voltage measurements were performed with an
Autolab PGSTAT 302/N potentiostat at a scan rate of 10 mV s™!. Cell performances were
evaluated under AM 1.5 illumination (ABET sun simulator).

2.7 Counter Electrode Characterization in Symmetric Cells.

Simmetric cells were investigated by slow scan rate cyclic voltammetry (SSCV) at 10 mV/s
and by electrochemical impedance spectroscopy (EIS) by superimposing a sinusoidal 10 mV
perturbation at the equilibrium potential (0 mV) of the assembled cell. Impedance data were
analysed using commercially available Z-View software and were fitted in terms of equivalent
electric circuits with relative errors < 5%.

3. RESULTS AND DISCUSSION

Among solution-processable deposition methods, such as spin coating, drop casting, dip
coating etc., the spray coating technique, recently used to prepare graphene’’ based electrodes,
was demonstrated to be a viable method for large-area fabrication of counter electrodes for
DSSCs modules.

SWCNHS and ox-SWCNHS based counter electrodes have been prepared by spray coating
the nanocarbon suspension (1 mg mL™! in ethanol, see Section 2 for further details) onto cleaned
FTO kept at 120°C on an hot plate: this technique was found to be the optimal solution in terms
of homogeneity of deposition and reproducibility. The resulting electrodes were subsequently
treated at 400° for 15 minutes to consolidate the coating. Carbon loading on the counter

electrodes was evaluated through the measurement of the optical transmittance 7% at a fixed



wavelength (550 nm) as previously reported.’®?! Since the thickness of SWCNHS or ox-
SWCNHS layers is a function of the number of cycles used during the spray coating deposition,
for convenience we label SWCNHS or ox-SWCNHS according to their 550 nm transmission:
for example SWCNHSS50 indicates a sample with 7%ss50 = 50 %. PEDOT was chosen as the
reference organic catalytic material due to its well demonstrated activity with respect to cobalt
redox mediators.!6

The amount of carboxyl groups created by oxidation of pristine SWCNHS with HNO3 can be
estimated by TGA. As shown in Figure 1, the weight loss at 300°C that has been reported to be
related to CO, emission by the decomposition of carboxylic groups®® is in the order of 1.7%,
corresponding to a carbon losses of 0.46%. This means that the fraction of carbon atoms in the
form of carboxylic functions in 0x-SWCNHS is about 1% (0.4 mmol g'), 3 as confirmed also

by acid-base titration.*
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Figure 2. a) Thermogravimetric analysis of SWCNHS and ox-SWCNHS under N»; b)

magnification of the analysis plot in the temperature interval 100°C - 350°C.

These results are supported by Raman spectroscopy, where the covalent attachment of
functionalizing groups on the SWCNHS, in the form of sp? carbon centers, can be detected from

the normalized relative area ratio of the D-band with respect to the G-band (Ap/Ag) (Figure




3).2741-43 The normalized Ap/Ag ratio for the ox-SWCNHS is 1.22 with respect to the pristine
material, showing a significant increase in the surface concentration of carboxylic groups in the

sidewall of the ox-SWCNHS after the HNO; treated material.**
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Figure 3. Raman spectra at 532 nm excitation wavelength of SWCNHS and ox-SWCNHS

showing D (1350 cm™") and G bands (1600 cm™). 27

The catalytic properties of the counter electrodes were investigated in thin layer (ca. 25 pm)
dummy cells by slow scan rate cyclic voltammetry (SSCV) and by electrochemical impedance
spectroscopy (EIS). SSCV leads to the evaluation of the limiting current Ji, expressed as Jo =
(2nFCD)/L (where L is the thickness of the spacer, C is the concentration of the redox couple, D
is the diffusion coefficient) and of the differential resistance (0n)/(0i) of the cell, calculated from
the reciprocal slope of the linear trait of the i-V characteristic at low overpotentials. EIS provides
deeper insights of the overall electrochemical process, by resolving charge transfer and mass
transfer processes in the frequency domain. Impedance spectra, generally showing in the
complex plain representation two depressed arcs (Figure 2b), were fitted with the electric

equivalent reported in Figure S5 where Rs is the serial Ohmic resistance, Rer is the charge
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transfer resistance, CPE is the constant phase element and Zw is the Nernst diffusion impedance
of the thin layer cell.*> While other authors added an additional pore diffusional impedance Zw,
pore (Figure S2)?° to describe the nature of a third high frequency semicircle observed at modified
graphene/(I37/1") interfaces, we did not observe such a feature and both a satisfactory fit and

interpretation of EIS results was always achieved with the simplified model reported in Figure 4.

—{r]— Z

Figure 4. Reduced Electrical Equivalent Circuit of the Dummy Cell, used to fit EIS data.

An optimization of the spray deposition was performed in order to yield a good compromise
between electrochemical response and optical transmissivity of the counter electrodes, required
for building-integrated applications where transparency is an issue. In Figure 5 the SSCV (5a)
and EIS plots (5b) of the dummy cells assembled with SWCNHS5-20-60 counter electrodes,

with their 7% spectra (5c) are reported.
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Figure 5. Thin layer cell characterization of SWCNHSS5-20-60 counter electrodes: a)
SSCV recorder at 10 mV s b) Nyquist plot recorded at 0 V, electrolyte composition 0.18 M
Co(11), 0.028 M Co(I1I) of [Co(bpy)3]*>"**, 0.1 M LiCF3SOs and 0.2 TBP in ACN. ¢) T% spectra

of CEs.

As can be seen in Figure 5a it is clear that the lowest limiting current and the highest overall
resistance (0n)/(0i) of the cell, are ascribed to SWCNHS60, consistent with EIS results at 0 V,
showing, compared to SWCNHS5 and SWCNHS20, larger charge transfer and diffusional arcs
and lower film conductivity, evident from the high frequency intercept with the real axis. This
indicates that, as expected, the tuning of the electroactive area, as a function of the SWCNH
loading, is critical for optimizing the counter electrode response. Although the JV response of
SWCNHS20 and SWCNHS5 was nearly superimposable, SWCNHS20 was preferred to
SWCNHSS since the former showed the lowest total impedance (Figure 5b) owing to the best

compromise between transparency, conductivity, charge transfer and mass transfer resistance.
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Similar results were obtained at comparable loading for the oxidized ox-SWCNHS (Figure S3).

The electrocatalytic behavior of SWCNHS20 and ox-SWCNHS20 were compared with

electrodeposited PEDOT?®, taken as reference organic catalytic material, (Figure 6 (a)-(c) and

Table 1). SWCNHS20, ox-SWCNHS20 and PEDOT exhibit JV curves having similar slope as

well as limiting currents, ranging between 21 mA cm™ for ox-SWCNHS20 and 23 mA cm™ for

PEDOT, consistent with the resistive contributions extracted from the EIS analysis. It is

interesting to observe that the SWCNH electrodes are generally better suited than PEDOT for

transparent applications, providing comparable electrochemical response with a significantly

superior transmittance, particularly in the NIR region (Figure 6¢).
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Figure 6. a) SSCV (10 mV s™') in thin layer cell: SWCNHS20 (black), ox-SWCNHS20 (red)
and PEDOT (blue) b) Nyquist plots recorded at 0 V: SWCNHS20 (black), ox-SWCNHS20
(red) and PEDOT (blue), electrolyte composition 0.18 M Co(ll), 0.028 M Co(Ill) of
[Co(bpy)s]**3*, 0.1 M LiCF3SOs3 and 0.2 TBP in ACN; ¢) 7% spectra of CEs and d) counter
electrodes picture.

charge transfer kinetics. Indeed clectrochemical stability tests in sealed dummy cells containing
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Figure 7. Charge transfer (A) and diffusional resistance (B) extracted from fits of

Rd and Rct showing that diffusion is the major component of the cell resistance. The
charge transfer resistance is essentially constant, while the diffusonal resistance
undergoes a fast increase as the limiting current is approached. The apparent increase in
the Rct of NHox is probably an artifact caused the by the difficult deconvolution of the
small Ret from the very large Rd.

Table 1. Relevant Parameters Extracted from the EIS Study in Dummy Cells (0.25 cm?
Active Area) at 0 V.

o Slope (slope)! Rs Rer Rp Rt

(mAcm?) | (mA VY ((9)] ©@ | © [(9)] Q)

SWCNHS20 214 35.6 28.1 155 0.21 12.0 279
0x-SWCNHS20 21.0 322 31.0 152 0.75 13.6 30.3
PEDOT 22.7 358 279 16.7 0.18 11.5 28.7

While SWCNHS20 and PEDOT exhibit very similar Rcr and Rp, of the order of 0.2 Q and 12

Q) respectively it can be observed that 0x-SWCNHS20 is characterized by higher Rcr and Rp.

The surface morphology of the electroactive material is usually the determinant factor in

explaining such differences. Scanning electron microscopy (SEM), atomic force microscopy
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(AFM) and Transmission Electron Microscopy (TEM) analysis have been used to explore the
morphological properties of the two different types of carbon nanohorn based substrates. SEM
imaging (Figure 7) shows that SWCNHS20 exhibits a very homogeneous and porous “sponge-
like” surface with cavities of the order of 100-250 nm, whereas the morphology of ox-

SWCNHS20 is clearly less porous, presenting larger aggregates with diameters up to ca lpm,

irregularly distributed on the surface.

o
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Figure 7. SEM micrograph of (a), (b), (c¢) SWCNHS20 and of (d), (e), (f) ox-SWCNHS20.
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AFM analysis (Figure 8 and Table 2) substantially corroborated the qualitative observations
carried out by SEM, showing a slightly higher surface roughness in ox-SSWCNHS20 compared
to SWCNHS20 (Rq = 101 nm Vs 77 nm for SWCNHS20) indicating a less regular surface
coverage. This is particularly evident in the 3D AFM view: the higher Rmax (i.e. the average
vertical distance between the deepest valley and highest peak) observed for 0x-SWCNHS20, is
indeed affected by the presence of big carbon lumps irregularly distributed on the surface. This
observation is consistent with TEM imaging showing, in ox-SWCNHS20, the formation of
spherical aggregates with diameter in the order of 500 nm. On the contrary, pristine SWCNHS20
preserve a more homogeneous distribution with smaller interconnected aggregates (ca. 100 nm)
exhibiting a higher content of tips on the borders, contributing to enhance the electroactive area

of the catalyst (Figure 8).
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Figure 8. AFM imaging of (a), (b) SWCNH20 and (d), (¢) 0x-SWCNH20. TEM micrograph of
(c) SWCNH20 and (f) SWCNH20.
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Table 2. Surface Morphology Parameters for SWCNHS20 and ox-SWCNHS20 films
obtained from AFM Analysis.?

Ry Ra Rimax

CEs (nm) (nm) (nm)
SWCNHS20 96.1 77.4 693
0x-SWCNHS20 127 101 810

Ry: Root mean square: average of height deviations taken from the mean image data plane; R.:
Arithmetic average of the absolute values of the surface height deviations measured from the
mean plane; Ruq: Maximum vertical distance between the highest and lowest data points in the
image following the planefit.

The stability of SWCNHS20, ox-SWCNHS20 and PEDOT based counter electrodes has been
evaluated in sealed dummy cells based on the Co(bpy);'?* redox mediator in
methoxypropionitrile (MPN) having a better long term stability with respect to acetonitrile,
commonly used in record cells (Figure 9 and S5).%¢ The higher viscosity of MPN explains the
lower limiting current (10-15 mA cm?) observed with the nanohorn modified electrodes. The
assembled cells were monitored by both SSCV and EIS at room temperature, finding a
progressive increase in the electrochemical performance of the nanocarbon coated electrodes
during the first 10 days, until attaining a stable response which is then stably maintained. The
EIS analysis show a progressive decrease of the resistance associated to the diffusional arc,
which is consistent with a progressive and more intimate permeation of the carbon film by the
redox mediator, leading to the consequent enhancement in limiting current. Similar results were
observed for graphene based counter electrodes during ageing tests.?! By contrast, although
freshly prepared PEDOT films show excellent performance, a progressive decay of their
electrochemical response is observed over the first 10 days, both due to an increase of the
diffusional resistance and of the series ohmic resistance, which can be appreciated from the shift
of the high frequency intercept of the arc on the real axis. These results could be motivated by a

loss of adhesion of the conducting polymer from the underlying FTO contact and by adsorption
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of the redox mediator or of other electrolyte additives at the polymer surface, constituting local
blocking layers for both the electron transfer and mass transfer. The increase of the PEDOT
interfacial charge transfer resistance from ca. 7 Q in the freshly sealed cell to ca. 12 Q also

corroborates this latter effect.
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Figure 9. Long term electrochemical response evaluated in sealed dummy cell at room
temperature: cells were first cycled to attain a steady electrochemical response (superimposable
curves), and subsequently analyzed by EIS at OV after 10 s relaxation (at 0 V). Electrolyte
composition 0.18 M Co(II), 0.028 M Co(III) of [Co(bpy)s]*>"**, 0.1 M LiCF3SOs and 0.2 TBP in
MPN.

The nanohorn counter electrodes have been tested in solar devices assembled with the
carbazole based organic dye LEG4 (Figure S6) whose sterically hindered structure efficiently

blocks recombination involving conduction band electrons and Co(bpy)s**.3 Consistent with the
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dummy cell results, the nanohorns electrodes exhibit comparable efficiency with PEDOT based
CEs (0> 6.7 % in all cases) ( Figure 10 and Table 3), however, they offer the additional benefits
of a higher reproducibility in performances (Figure S7) and can be prepared through spray
coating, which represents the ideal method for the fabrication of large-area DSSCs. Among the
counter electrode materials selected for this study, the use of platinum results in the lowest

performances, ascribable to the highest charge transfer resistance, as discussed before.
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Figure 10. Current-voltage characteristics of DSSC with LEG4 sensitized TiO> photoanodes
under AM 1.5G. Electrolyte composition: Co(bpy)s*** 0.18M/0.028M, LiCF5SOs 0.1M, TBP
0.2M in ACN.

Table 3. Efficiency parameters obtained from the JV curves reported in Figure 6.

CEs (mAsz'z) X/O; e
SWCNH 12.91 0.82 | 0.64 | 6.76
ox-SWCNH 12.84 0.80 | 0.66 | 6.75
PEDOT 12.58 0.83 | 0.64 | 6.73
Pt 11.46 0.82 | 0.61 | 5.74
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4  CONCLUSIONS

In summary, counter electrodes built by spraying Single Walled Carbon Nanohorns on FTO
electrodes were prepared and their electrocatalytic properties were for the first time investigated
in conjunction with the Co(bpy);**3 redox mediator. These new substrates coupling excellent
electrocatalytic properties, ease of fabrication and very promising stability might constitute a
viable replacement to noble metal and conductive polymer based materials for building counter

electrodes for new generation photoelectrochemical devices.
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