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Abstract
Electron lifetime and photoelectrochemical performance of carbon-doped  TiO2 electrodes are presented. Thin films of random 
disposed ribbon-like structures of C-doped  TiO2 were applied onto FTO substrates using spray and dip-coating techniques. 
The fabricated electrodes show photocurrent enhancement 20 times greater than compact  TiO2 electrode, and electron 
lifetimes 2 orders of magnitude lower than compact  TiO2 films. Enhancement in photocurrent suggests a beneficial role of 
C-doping which compensates the transport properties expected to deteriorate in disordered and thicker architectures. Due to 
its large surface area, C-doped  TiO2 electrodes can be used as matrix for the deposition of QD sensitizers for photovoltaic 
applications or as photoanode for photocatalytic applications. Still optimization on film thickness and passivation strategies 
must be implemented to increase the carrier lifetime.
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Introduction

Quantum dot-sensitized solar cells (QD-SSC) based on 
nanocrystalline  TiO2 films are still a topic of research in 
recent years, [1–4] due to the feasibility of low cost photo-
voltaic energy conversion. These cells can be constructed 
by depositing small nanoparticles (quantum dots) of chalco-
genide semiconductors (typically CdS, [5–7] CdSe, [8–10] 
and PbS [11–13]) onto a wide band gap oxide electrode such 
as  TiO2, in contact with an electrolyte containing appropri-
ate redox couples, and closing the circuit with a high effi-
cient counter electrode [14]. To increase the efficiency of 
sensitized solar cells (Dye and QD). The research focuses 
mainly on two strategies: adding an additive such as carbon 
nanotubes [15, 16] or graphene [17] to the electron transport 
layer (ETL) to improve charge collection and carriers trans-
port, as well as its surface area to absorb a larger amount 

of sensitizer [18], and Shifting the photoresponse of wide 
band gap oxides towards the visible region to increase the 
efficiency of semiconductors used as photocatalyst [19]. 
Impurities such as C and N have been known to shift the 
light absorption of  TiO2 to longer wavelengths [20]. Moreo-
ver, C and N p-orbitals show significant overlap with the 
valence band O-2p orbitals facilitating the transport of 
photogenerated charge carriers onto the mesoporous  TiO2 
film, improving the electron lifetime [21]. Electron lifetimes 
reported for solar cells based on  TiO2 films are very long in 
comparison to conventional solar cells, [22–24] and depend 
on light intensity [25]. They are controlled by the interaction 
of the photogenerated electrons with the oxide, obligating to 
a systematic study of this parameter in new materials based 
on impurity doped  TiO2. In this work, we present the photo-
electrochemical assisted determination of electron lifetime 
in novel photoelectrodes based on MWCNT-templated  TiO2 
nanoribbons. Our findings indicate that these electrodes are 
potential candidates for energy and environmental applica-
tions, although passivation and recombination studies are 
still needed.
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Experimental

Photoelectrodes were prepared by depositing multiwalled 
carbon nanotubes (MWCNT)-templated  TiO2 nanoribbons 
on ultrasonically cleaned FTO substrates (2 cm × 1 cm 
TEC7). Two dip-coating cycles based on a sol–gel solu-
tion containing titanium isopropoxide, isopropyl alcohol, 
water, and hydrochloric acid [Ti(OPri)4:IPA:H2O:HCl] 
were applied to FTO substrates to grow a compact film of 
 TiO2 (100 nm); this layer improves the adherence of sub-
sequent films and avoids contact between the FTO and the 
electrolyte. Acid-treated MWCNT were deposited by spray 
coating on the compact  TiO2 film, using a carbon load of 
0.5 mg cm−2. Templated  TiO2 nanoribbons were obtained 
by applying nine additional dip-coating cycles and air 
annealing at 550 °C for 1 h. Annealing removes most of 
the carbon nanotubes and promotes carbon doping of the 
oxide film, still it preserves the template form imposed 
by the randomly oriented MWCNT film. Compact  TiO2 
electrodes with 500 nm thickness were also fabricated by 
dip-coating (ten cycles) and air annealing (550 °C), for 
comparison.

Morphological characterization of the compact and 
porous electrodes was carried out by scanning electron 
microscopy (SEM), using a field emission microscope 
HITACHI S-5000. Optical characterization was performed 
using an UV–vis-NIR spectrophotometer Shimadzu UV-
3101PC. Crystalline phases and particle size were deter-
mined with a Rigaku DMAX 2000 system. The crystal 
size was obtained from the Scherrer equation, using the 
peak at 2θ = 25.2°. The thickness of the  TiO2 films was 
measured using a Profilometer Sylus XP-200. The electro-
chemical and photoelectrochemical characterization was 
performed in a BAS CV50 electrochemical system coupled 
to a 100 W QTH Apex illuminator attached to a 1/8 m 
cornerstone 130 monochromator, with 350 nm blaze grat-
ing and 1.56 mm slits (10 nm bandpass). Cyclic voltam-
metry under pulsed illumination was carried out in 0.1 M 
 Na2SO4, using a three-electrode cell, with Ag/AgCl as the 
reference electrode and graphite as the counter electrode. 

Impedance studies (EIS) were carried out in a potentiostat/
galvanostat AUTOLAB AUT84897 system.

Results and discussion

Figure 1a shows FE-SEM images of the ribbon-like struc-
ture of C-doped  TiO2 electrodes. At higher magnification 
(Fig. 1b), it is possible to observe a semi-rolled ribbon 
structure produced by the combustion of the carbon nano-
tubes due to the high annealing temperature in air (550 °C). 
Crystal size of the agglomerated elliptical particles is in the 
range of 13–16 nm, and the thickness of the  TiO2 shell is 
estimated in 20 nm. Thickness of  TiO2 and C-doped  TiO2 
films obtained by profilometry was 0.5 and 15 microns, 
respectively.

XRD patterns for porous C-doped  TiO2 and compact 
 TiO2 electrodes are shown in Fig. 2a. Diffraction peaks for 
compact  TiO2 films correspond only to anatase, since no 
other phases are evident. Anatase (101) is also the dominant 
plane in C-doped  TiO2, although  SnO2 (110) plane is also 
present at 2θ = 26.4° and corresponds to the TCO substrate; 
graphitized planes are not evident, confirming the complete 
combustion of CNTs. Average crystallite size of anatase was 
estimated in 15 and 17 nm in compact and porous C-doped 
films, respectively. Figure 2b shows the determination of 
indirect band gap (Eg) estimated from the absorption coeffi-
cient spectra (α) obtained from Eq. (1), in terms of transmit-
tance and reflectance spectra (not shown) assuming multiple 
reflections; Eg was estimated on 3.18 eV for compact  TiO2 
electrode and 2.83 eV for C-doped  TiO2 electrodes. The 
photoresponse of these electrodes was measured at positive 
bias (0 V vs Eref) and 25 mW cm−2 of illumination intensity, 
making evident a 20× increase in porous C-doped films rela-
tive to compact films (Fig. 3). Apparently, the improvement 
in photocurrent is due to the enhancement in surface area 
that occurs without detriment of the oxide crystallinity. It 
can also be intuited by the way in which the photocurrent 
curve falls that there is a faster electron–hole recombination 
in C-doped  TiO2 relative to  TiO2 electrode; this will be cor-
roborated later with the determination of electron lifetimes.

Fig. 1  a FE-SEM image of 
porous C-doped  TiO2 film 
annealed at 550 °C. b FE-SEM 
image of the agglomerated 
particles forming the open shell 
 TiO2 structure
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Figure 4 shows the spectral response and the incident 
photon to current efficiency (IPCE) of C-doped  TiO2 and 
compact  TiO2 electrodes under illumination. Higher pho-
tocurrent intensity and a red shifted spectral response are 
observed in C-doped material (Fig. 4a), confirming the 

(1)∝ d = ln
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√

(1 − R)4 + 2RT2

2T

�

sensitization expected from C-doping. At 350 nm, IPCE 
is 8 and 2.7% for C-doped  TiO2 and compact  TiO2 elec-
trodes, respectively.

To investigate the electron lifetime of C-doped  TiO2 
electrodes, electrochemical impedance spectra (EIS) were 
obtained in the frequency range of 40 kHz to 0.1 Hz and 
perturbation amplitude of 10 mV. To induce a change 
in the Fermi level of the analyzed electrodes, a DC-bias 
was applied in the range of 0–0.4 V vs OCV (open circuit 
voltage). Electron lifetime (τn) can be determined from 
Eq. (2), using the measured recombination resistance Rrec 
and chemical capacitance Cμ described by Eqs. (3) and 
(4) [25].

where kB is the Boltzmann’s constant, T is the temperature, 
q is the electron charge, L is the film thickness, A is the elec-
trode area, τn is the electron lifetime and nc is the conduction 
band electron density as a function of applied bias.

Figure 5 shows the Nyquist plots for C-doped  TiO2 elec-
trodes, recorded from 0 to 0.4 V applied potential. Imped-
ance spectra were fitted using the equivalent circuit model 
reported by Bisquert et al. [25]. C-doped  TiO2 electrodes 
(Fig. 5b) show two RC semicircles (i.e., a resistor and con-
stant phase element in parallel); the high frequency arc is 
related to the process taking place at the counter electrode 
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Fig. 2  a XRD patterns of 
analyzed electrodes. b Indirect 
band gap determination from 
absorption coefficient spectra, 
C-doped  TiO2 (black), compact 
 TiO2 (red)
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Fig. 3  Photoresponse measured at 0 V under 25 mA cm−2 illumina-
tion intensity, C-doped  TiO2 (black), compact  TiO2 (red)
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and the middle frequency arc to transport and electronic 
recombination in the porous  TiO2 electrode. Compact  TiO2 
films show a single RC arc (Fig. 5a); interestingly, its low 
surface area causes little polarization in the counter elec-
trode making the high frequency arc disappear.

Recombination resistance and chemical capacitance 
of C-doped and compact  TiO2 electrodes are presented 
in Fig. 6. Difference between recombination resistances 
is not significant in both electrodes (Fig. 6a), indicating 
similar recombination rates regardless of the different 
geometry and doping effect imposed by carbon. Figure 6b 
shows chemical capacitances that are almost insensitive 
to the bias applied in C-doped  TiO2, warning about the 

validity of the model in this material. Nevertheless, as a 
first approximation, we can consider a lower chemical 
capacitance for C-doped electrode relative to the compact 
film.

Life times as a function of the potential applied are 
shown in the Fig. 7. They are in the order of ms in C-TiO2 
electrodes and s for compact film  TiO2, to improve the 
low τn in nanoribbon  TiO2, a blocking layer or passivating 
film is suggested to decrease the recombination rate and 
enhanced the photovoltaic performance. Similarly, optimi-
zation of the carbon film used for C-TiO2 electrodes has 
been reported to be critical for photocatalytic applications 
and could also be relevant for improving electron lifetime.

Fig. 4  a Spectral response of 
the analyzed electrodes carried 
out in 0.1 M of  Na2SO4. b IPCE 
of C-doped  TiO2 (black) and 
compact  TiO2 electrodes (red)
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Fig. 5  Nyquist plots of impedance spectroscopy recorded from 0 to 0.4 V. a compact  TiO2 and b C-doped  TiO2
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Conclusions

Synthesis of porous C-doped  TiO2 electrodes by low 
cost methods is reported. High values of photocurrent in 
C-doped  TiO2 electrode are correlated with the increase 
in surface area that does not compromise  TiO2 crystal-
linity. C-doped  TiO2 electrodes and compact  TiO2 films 
show electron lifetimes in order of ms and s, respectively. 
The low value of electron lifetime in C-doped  TiO2 is 
due to the low value of chemical capacitance obtained 
as a first approximation. Nevertheless, passivation and 

recombination studies are in progress to increase the 
potential of C-doped  TiO2 matrix as a viable option for 
photo-anodes in solar energy conversion due to its large 
photocurrent and recombination resistance.
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