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Abstract

Highly efficient all-inorganic TiO,/Nb,Os underlayers for dye-sensitised solar cell
applications were produced by the layer-by-layer technique (LbL). TiO, and
Nb,Os nanoparticles were prepared by the sol-gel method under acidic and
alkaline conditions, respectively. The LbL films exhibited a very compact and
homogeneous surface, as shown in FESEM and AFM images, which ensured a
physical barrier between the electrolyte and the FTO surface, decreasing the
dark current at this interface. Moreover, the rough film surface improved the
physical interaction between the mesoporous TiO, layer and the conductive
substrate. The Ti(IV)/Nb(V) molar ratio in the films was 1.6, as determined by
XPS, and it is controlled by the pH employed during the deposition process. The
relative concentration of nanoparticles in the film plays a major role in its
electronic properties: a higher TiO, concentration allows an efficient transport of
photoinjected electrons. Additionally, the presence of Nb,Os nanoparticles
imposes an electronic barrier for charge transfer from the FTO to the electrolyte,
as shown by electrochemical impedance spectroscopy. Thus, all the DSC
photoelectrochemical parameters increased, leading to an expressive

improvement in the overall conversion efficiency.
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1. Introduction

Dye sensitised solar cells (DSCs) are a promising technology for cost-
effective and highly efficient solar-to-electricity energy conversion." Continuous
research on materials, *®, device architecture * '° as well as on electron transfer
dynamics ""® has led to a continuous improvement in the conversion efficiency
up to 15%." Additionally, solar panels up to 6000 cm? have been reported,
establishing the basis for future large scale production and commercialisation.™

Efficient solar energy conversion in DSCs requires the control of charge
recombination at different device interfaces.'® ' In both liquid and solid-
based DSCs, charge recombination at the FTO/electrolyte interface is one of
the major charge loss pathways, which can be avoided by the deposition of
compact oxide layers. These so-called blocking layers physically prevent
contact between the oxidised species of the electrolyte and the conductive
substrate, slowing down the charge recombination. They have been prepared
by different techniques such as spray pyrolysis, sputtering and dip coating,
among others.?*?°

In previous contributions, we have described the application of the layer-by-
layer (LbL) technique to produce efficient TiO, blocking layers for DSCs. LbL is
a non-energy consumptive and easily upscalable technique that allows the
deposition of compact oxide films with fine thickness control.?6° The efficiency
of LbL compact TiO, films as blocking layers in DSCs is intrinsically related to
the thermal stability of the polyelectrolyte employed as anions in the deposition.
A lower polyanion mass loss during thermal treatment leads to a less porous
film and a more effective blocking layer. Thus, it is desirable to replace the

organic polyanion with an oxide-based material to avoid morphological changes
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during the thermal treatment. A suitable candidate for production of all inorganic
blocking layer is Nb,Os. The controlled hydrolysis of Nb(V) species at high pHs
tend to produce hexaniobate anions that can replace the polyanions in the LbL
films and will further produce Nb,OsnH,O *'. Additionally, Nb,Os does not
absorb visible light and is a more insulate material than TiO,, which is an
advantage for the blocking layer *.

In this work, we report an all-inorganic TiO,/Nb,Os film produced by the
layer-by-layer technique that exhibits suitable morphological and electronic
properties to be applied as underlayer in DSCs. The LbL TiO2/Nb,Os films were
investigated by using different surface characterisation as well as

electrochemical techniques, and successfully applied as underlayers in DSCs.

2. Experimental

All chemicals were analytical or HPLC grade and were used as received.
The N3 dye, cis-[Ru(dcbH2)2(NCS),], dcbH, = 4,4’-dicarboxylic acid-2,2’-
bipyridine, was synthesised as previously reported ** and used as a standard
sensitiser.

The synthesis of TiO, or Nb,Os nanoparticles was performed by the sol-gel
method under acidic and alkaline conditions, respectively. Positively charged
TiO, nanoparticles were prepared by hydrolysis of titanium(lV) isopropoxide
(Aldrich, 97%) in a 1 mol L' HNO3 aqueous solution, as previously reported.**
Negatively charged Nb,Os nanoparticles were produced through the alkaline
hydrolysis of niobium(V) ethoxide (Aldrich, 99%) using a variation of the method
proposed by Ozer et al. *. Under an argon atmosphere, 2 mL of niobium(V)

ethoxide (8 mmol) was slowly added to 40 mL of absolute ethanol, containing
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60 uL (1 umol) of acetic acid, cooled in an ice bath and. The mixture was stirred
for 2 h to yield a pale yellow solution, which was slowly added to 80 mL of pH =
10 NH4OH/NH4CI buffer. The mixture was left under stirring at 80°C for 8 h to
yield a stable and translucid white sol.

TiO2/Nb,Os LbL films were deposited onto cleaned FTO substrates
(Pilkington, TEC-15, 15 Q/C] per square) as describe elsewhere.*® The pre-
cleaned substrate was alternatively immersed for 3 minutes in a 10 mg mL’
suspension of positively charged TiO, nanoparticles (pH = 2) and in a 10 mg
mL™" Nb,Os sol at pH = 10.

The mesoporous TiO, layer was deposited into bare or modified FTOs by
serigraphy, using an 18NR-T TiO, paste (Dye Sol). Two sequential depositions
were performed in order to obtain c.a. 10 um thick films, which were sintered at
500°C for 30 minutes. N3 sensitisation was achieved by soaking the films in a
saturated ethanolic solution. Solar cells were assembled in a sandwich-type
arrangement using a sensitised TiO, photoanode and a transparent Pt-covered
FTO (Pilkington, TEC-15) as the counterelectrode. A solution of 0.05 mol L™ 1./
0.5 mol L™ Lil/ 0.5 mol L™ pyridine in acetonitrile (Aldrich) and 3-methyl-2-
oxazolidinone (90:10 v/v) was used as an electrolyte mediator 3" .

The as-synthesised nanoparticles were characterised by X-ray diffraction
analysis (XRD) using an XRD600 powder diffractometer (Shimadzu) operating
at 40 kV and 30 mA employing Cu Ka radiation. The diffractograms were
collected at 0.02° step in a 20-90° range. The film morphologies were evaluated
by field-emission scanning electron microscopy (FESEM) using a JSM 7401F
(JEOL) microscope, and by atomic force microscopy (AFM) using a SPM-9600

scanning probe microscope (Shimadzu). AFM images were registered under
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contact mode at a scan rate of 1 Hz. Film thicknesses were measured with an
P-16 Stylus (KLA Tencor) profilometer. X-ray photoelectron spectroscopy
experiments were carried out using an ESCALAB 220ixL spectrometer (VG
Scientific) equipped with a hemispherical electron energy analyser using Mg-Ka
radiation (hv = 1487 eV), as previously reported.** The binding energies were
measured with reference to the C 1s peak at 284.6 eV.

DSC photoelectrochemical parameters were determined from current-
voltage curves obtained under simulated 1000 W m? AM 1.5D solar radiation
(Newport/Oriel 91160) and registered with a PAR 273A galvanostat/potentiostat
(EG&G Instruments) system, as previously reported. 3 % Al
photoelectrochemical parameters are the average values measured in, at least,
three reproducible individual cells of each type of photoanode.

Electrochemical impedance spectra (EIS) of bare and modified FTOs were
registered with a VersaSTAT 4 potentiostat (PAR-AMETEK) equipped with an
impedance analyser. The measurements were performed in the absence of the
mesoporous TiO, layer and the sensitizer in order to clearly identify the effect of
the TiO2/Nb2Os bilayer on the electrochemical behaviour of the electrode. The
measurements were carried out in two-electrode mode over a frequency range
of 10%-102 Hz under a 10 mV AC amplitude signal and using the same
electrolyte and counterelectrode employed in the DSC characterisation. Data

fits were performed using Z-view software (Scribner Associates).
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3. Results and Discussion

The slow addition of Ti(IV) or Nb(V) alkoxides to, respectively, acidic and
alkaline aqueous solutions under vigorous stirring resulted in production of very
small nanoparticles, which remained stable as aqueous suspensions for 3-5
days at room temperature. As reported previously,** ' the acidic hydrolysis of
Ti(IV) isopropoxide yields 5-10 nm TiO2 nanoparticles which exhibit relatively
broad X-ray diffraction peaks characteristic of anatase nanocrystals.

For the synthesis of Nb,Os nanoparticles, the molecular precursor was
diluted in ethanol containing a small amount of acetic acid, which strongly
interacts with Nb*® centres, decreasing reactivity towards the gelation process.
The slow addition of the diluted Nb(V) ethoxide ethanolic solution to pH 10
aqueous buffer led to the production of hexaniobate anionic species such as
NbgO1s® that after continuous stirring and heating yielded NbyOsenH,0
nanoparticles.31 XRD analysis of the dried sol showed very broad halos,
characteristic of an amorphous material.

Alternate immersion of FTO substrates into TiO, and Nb,Os sols resulted in
the formation of layer-by-layer films. The FTO optical transmittance decreased
almost linearly as the number of bilayers increased (Figure 1), indicating
homogeneous growth of the film. After the deposition of 30 bilayers, the
thickness of the film, determined by profilometry, was 900 £ 70 nm. A decrease
in transmittance was also observed for TiO, LbL films employing polyanions
instead of negatively charged Nb,Os nanoparticles *°, which can be attributed to
light scattering by oxide particles. Therefore, it is critical to control the size of

both TiO, and Nb,Os nanoparticles and their agglomeration in order to avoid a
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large decrease in substrate transmittance, which should cause losses in the

DSC light harvesting efficiency.
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Figure 1. Transmittance changes in FTO as a function of the number of
deposited TiO»/Nb,Os bilayers.

The TiO2/NbyOs LbL films were sintered at 450°C after being dried at
room temperature in order to ensure mechanical stability. The XRD pattern of
the film, after thermal treatment, exhibited peaks ascribed mainly to the anatase
TiO, polymorph (Figure 2), which indicates that Nb,Os nanoparticles remained
amorphous. The relative small intensity peak at 26 = 30°C indicate the presence
of a small amount of TiO; in brookite phase. This result agrees with previous
diffraction data obtained by Da Costa et al. for Nb,Os-TiO, thin films prepared
by the sol-gel sonocatalytic method and sintered at temperatures lower than
500°C. *? Thus, it can be concluded that no crystalline new phases were formed
after the thermal treatment and that only electrostatic interactions occurred

between the TiO, and Nb,Os nanoparticles.
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Figure 2. X-ray diffractogram of 30 TiO2/Nb,Os bilayers on the FTO surface.

(* indicates peaks from FTO. The vertical lines refer to the anatase diffraction
peaks — JCPDS 21-1272).

X- ray phototelectron spectroscopy (XPS) confirmed the presence of
Ti(IV) and Nb(V) ions on the FTO surface (Figure 3). The Ti(IV)/Nb(V) molar

ratio was c.a. 1.6, which indicates the presence of more TiO, nanoparticles than

Nb,Os nanoparticles.
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Figure 3. XPS survey spectrum of 30 TiO,/Nb,Os bilayers film on FTO. /nset:

high resolution scan of Nb-3d peaks.



RSC Advances

The relative concentrations of titanium(lV) and niobium(V) oxides are
dependent on the superficial charges of each nanoparticle, which are
determined by the pH of the sols employed in the LbL deposition. The higher
concentration of TiO, nanoparticle indicates that its superficial charge at pH 2
was lower than that of Nb,Os at pH 10, and that more particles were necessary
to reach the charge equilibrium at each deposition cycle. This result agrees with
the expected production of highly charged anionic hexaniobate species during
the controlled hydrolysis of Nb(V) ethoxide. Therefore, the Ti/Nb molar ratio can
be controlled by the pH employed during the deposition process, but pH
variations are limited by the stability of the sol. As the pH approaches the
isoelectric point of the oxides (around 6 for TiO, and 4 for Nb,Os 43), the
particles tend to aggregate and precipitate.

The morphology of the TiO2/Nb,Os films was evaluated by FEG-SEM and by
AFM (Figure 4). One can observe a very homogeneous and compact film
(Figure 4a) comprised of spherical particles with diameters less than 15 nm.
The AFM images (Figure 4b) exhibit an irregular surface with RMS roughness
of 65 £ 10 nm, calculated by the microscope software. In comparison to the
previously reported LbL film prepared with acidic TiO, nanoparticles as cations
and sulphonate polystyrene (PSS) as polyanions,*® % the all-inorganic
TiO2/Nb,Os films exhibited a more homogeneous morphology, without the
characteristic plates that were observed for polyanion-based LbL films.
Additionally, there was no mass loss during the sintering step, and the

TiO2/Nb2Os film was less porous that the TiO,/PSS film.

10
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6.00x6.00[um] Z 0.00 - 320.00 [nm)
Figure 4. SEM (a) and AFM (b) images of 30 TiO,/Nb,Os bilayers deposited on
the FTO.

Application of the TiO,/Nb,Os film as an underlayer in the photoanodes of
DSCs resulted in an enhancement of all photoelectrochemical parameters
(Table 1, Figure 5). The results show the effectiveness of these films as
blocking/contact underlayer in DSCs. The relative increase in the DSC
conversion efficiency due to the application of TiO2/Nb,Os films was higher than

36, 44, 45

that previously observed for TiO, LbL films using polyanions and also for

blocking layers deposited by other techniques.?" ** 4’

11
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Figure 5. Current-voltage curves under A.M. 1.5 illumination (94.0 mW cm™) of

DSCs without the blocking layer (—) or with 30 TiO2/Nb,Os bilayers (

Inset: Electronic absorption spectra of the respective photoanodes sensitized by

N3 (absorption from bare photoanodes have been substracted).

Table 1. Photoelectrochemical parameters of DSCs with and without the

TiO2/Nb,Os underlayer (30 bilayers); AM 1.5 radiation; 94 mW cm™.

Photoanode jsc (MW cm™) Voc (V) FF n (%)
MesoTiO, 8.3+0.5 0.67 +0.01 | 0.57+0.01 | 3.3+0.2
TiO2/NbyO5-MesoTiO, 13.9+0.2 0.70+0.01 | 060+ 0.01 | 6.2+0.1

The blocking effect due to the presence of the LbL TiO2/NbyOs

underlayer was confirmed by the increase in the open-circuit voltage (Voc) in

relation to DSCs employing bare FTOs and also by the decrease in the DSC

dark current (Figure 6). The so-called dark current corresponds to triiodide

reduction at the photoanode surface at a given potential. It can be observed that

higher potentials were required to observe charge transfer from the photoanode

to the I3” species in DSCs with the TiO,/Nb,Os underlayer.

12
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Figure 6. Dark current-voltage curves for DSCs without (—) and with (------ )
the TiO2/Nb,Os film (30 bilayers).

It is also noteworthy to observe the enhancement in the short-circuit current
due to the application of the LbL TiO2/Nb2Os underlayer. The Incident light-to-
current conversion efficiency (IPCE) spectrum of a DSC with the TiO2/Nb,Os5
bilayer confirms the improvement in the photocurrent in relation to the a solar

cell without the underlayer, Figure 7.
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Figure 7. IPCE spectra of DSCs with (-[-) and without (-o-) the TiO2/Nb20s5

bilayer.
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This improvement can be partially explained by the c.a. 14% increase in the dye
adsorption (Figure 5 inset). However, the light harvesting improvement due to
the higher N3 concentration at the photoanode surface cannot be the only
reason for the higher Jsc observed, since the presence of TiO,/Nb,Os also
decreased the FTO optical transmittance (see Figure 1). Thus, the LbL compact
TiO2/Nb,Os layer prevented electron recombination under open-circuit
conditions as well as enhanced the electron collection efficiency on load and
under short-circuit conditions. This behaviour was also observed by Lee et al.
for Nb-doped TiO, compact layers produced by pulsed layer deposition * and
for other compact underlayers, such as those produced by TiCly treatment.*’
The beneficial improvement in the photocurrent due to the application of an LbL
TiO2/Nb,Os film can be related to its greater roughness in relation to the
unmodified FTO surface. The rougher surface increases the interaction with the
TiO, mesoporous layer promoted by the sintering step and, consequently,
enhances the electron collection efficiency at the FTO/TiO; interface.
Electrochemical impedance spectroscopy (EIS) was employed to achieve a
better understanding of the role of the TiO,/Nb,Os compact film in the electron
transfer processes. Bare or modified FTOs were set as working electrodes and
a platinised FTO was used as the counter-electrode. As the electrolyte, the
same composition was used as that employed in the J-V curve measurements.
Figure 8(a) shows the Nyquist plots for FTO electrodes modified with 30
TiO./Nb,Os bilayers at different bias. As expected, the system exhibited a
strong capacitive behaviour at low applied potentials and became more
conductive as the bias was increased. At -0.7 V, three distinct processes can be

observed: the small semi-circle at high frequency is attributed to charge transfer

14
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at the counterelectrode (RCce).49-52 A more capacitive response in the middle

frequency range is ascribed to the working electrode (RCye) and, finally, lower

frequency signals refer to Nernstian diffusion in the electrolyte (Wq).*° The

unmodified FTO spectra (Figure 8(b)) exhibit similar features with an overlap of

the working and counterelectrode responses. Thus, the presence of the

TiO2/Nb,Os bilayer shifted the working electrode signals to lower frequencies,

as can clearly be seen in the Bode plot (Figure 9).
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Figure 8. Nyquist plots of FTO electrodes with (a) and without (b) 30 TiO2/Nb,Os

bilayers at different applied bias.
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Theta (degrees)

Frequency (Hz)

Figure 9. EIS spectra (Bode plots) of FTO electrodes with (o) and without (e) 30
TiO2/Nb,Os bilayers at -700 mV applied bias. The lines are the fits for the circuit
shown as inset.

EIS data were fitted to the equivalent circuit shown as an inset in Figure
8. In the circuit, Rs is related to the working electrode sheet resistance that
remained nearly the same for the bare and modified FTO. The shift of the
working electrode phase angle peak to lower frequencies due to the presence
of the TiO,/Nb,Os underlayer indicated a lower current exchange rate for the
modified FTO electrode. Based on the proposed equivalent circuit, the working
electrode resistance (Rye) and capacitance (Cye) were determined as a function

of applied bias, allowing us to estimate the associated electron exchange time

constant (twe = CweRwe) (Figure 10).

16
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Figure 10. Semilogarithmic plots of the associated electron exchange lifetime
(twe) @s a function of the applied potential for the bare (o) and TiO,/Nb,Os5
modified (o) FTO electrodes (30 bilayers).

In the unmodified FTO electrode, the electron exchange lifetime
decreased as the applied potential became more negative, which means that
electron transfer from the electrode to the electrolyte was faster. In the
presence of the TiO,/Nb,Os film, 14 exhibited an initial decrease as the
potential changed from 0 to -0.4 V, and remained almost constant at more
negative potentials. This behaviour is consistent with the expected blocking
effect due to deposition of the compact TiO2/Nb,Os layer.

The all-inorganic TiO,/Nb,Os blocking layer exhibited better
electrochemical behaviour than the TiO»/PSS layer previously reported.** The
polyanionic-based layer also increased the electron exchange lifetime in
comparison to the bare FTO, although the layer was sufficiently conductive and
Twe decayed exponentially at potentials more negative than -0.5 V. The better
performance of the TiO2/Nb,Os bilayer as a blocking/compact layer may be

associated to the electronic properties of niobium(V) oxide. The conduction

17
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band potential of Nb,Os is c.a. 0.1-0.3 V more negative than that observed for
anatase TiO, %*°°. Thus, in the TiO./Nb,Os compact film, the energy barrier for
the electron transfer from the FTO to the electrolyte should be c.a. 200-400
meV higher than in pure TiO3 films. The more capacitive behaviour observed for
the TiO2/Nb,Os modified FTOs in electrochemical impedance spectroscopy is in
agreement with such a prediction. Therefore, TiO2/Nb,Os blocking layers not
only physically prevented contact between the electrolyte and the FTO surface,
but also caused an electronic blocking for the charge recombination process at
the FTO/electrolyte interface.

The electronic blocking effect was also observed by Xia and co-workers for
pure Nb,Os thin layers deposited by radio frequency magnetron sputtering.32' %6
Interestingly, the authors observed that only the application of very thin (<10
nm) Nb2Os layers resulted in an improvement in the DSC conversion efficiency.
If thicker films were employed, the conversion efficiencies decreased
significantly due to the reduction in electron transport efficiency caused by the
highly capacitive Nb,Os layer. For LbL TiO2/Nb,Os films, the high Ti(IV)/Nb(V)
ratio ensured an efficient electron transport even in thicker films, as can be
observed from the high photocurrent determined for the DSCs employing 900
nm thick LbL films. Further experiments on the influence of number of
TiO2/Nb,Os bilayers on the DSC efficiency and in the electrochemical properties
of the electrodes are going to be helpful to better understand the role of
thickness on the LbL films effectiveness. Nevertheless, by the layer-by-layer
assembly of TiO, and Nb,Os nanoparticles, it was possible to combine efficient
physical blocking with an electronic barrier to produce highly efficient compact

underlayers for dye-sensitised solar cells.

18
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4. Conclusions

All-inorganic TiO,/Nb,Os thin films were prepared by the layer-by-layer
technique and efficiently applied as a blocking/contact underlayer in dye-
sensitised solar cells. The relative amount of TiO, and Nb2Os in the films is
dependent on the pH of the sols employed during deposition. Surface
characterisation showed that the LbL TiO2/Nb,Os exhibited a very
homogeneous and compact surface, which provided a physical barrier to the
contact between the oxidised species in the electrolyte and the FTO surface.
Moreover, the application of TiO2/Nb,Os bilayers increased the roughness of the
electrode surface, allowing a better interaction with the mesoporous layer. The
high Ti/Nb molar ratio ensured efficient electron transport even for thicker films.
As a result, higher Jsc and Voc were achieved and an 87% improvement in the
overall conversion efficiency was observed.

Electrochemical impedance measurements showed that the TiO,/Nb,Os
bilayers also exhibited an electronic blocking effect for charge recombination at
the FTO surface due to the more negative potential of the Nb,Os conduction
band. The electron exchange rates at the FTO decreased by at least one order
of magnitude due to the presence of TiO2/Nb,Os, which is in agreement with the
higher open-circuit voltages observed for the DSCs with this blocking layer.
Thus, the all-inorganic TiO,/Nb,Os compact films prepared by a relatively simple
and non-energy consumptive technique are a viable option for the production of

highly efficient dye-sensitised solar cells.
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