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ABSTRACT: The TiO2 blocking layer in dye-sensitized solar cells is the
most difficult component to evaluate at thicknesses below 50 nm, but it is
crucial for the power conversion efficiency. Here, the electrode
capacitance of TiO2 blocking layers is tested in aqueous [Fe(CN)6]

3−/4−

and correlated to the performance of photoanodes in devices based on a
[Cu(tmby)2]

2+/+ electrolyte. The effects of the blocking layer on
electronic recombination in the devices are illustrated with transient
photovoltage methods and electrochemical impedance analysis. We have
thus demonstrated a feasible and facile method to assess TiO2 blocking
layers for the fabrication of dye-sensitized solar cells.

KEYWORDS: dye-sensitized solar cells, impedance spectroscopy, blocking layer, solar cells, spray pyrolysis, electrochemical double layer,
electrode capacitance, recombination

■ INTRODUCTION

Dye-sensitized solar cells (DSCs) present a low-cost,
alternative photovoltaic technology, appealing in their
modularity, colorfulness, transparency, and, recently, photo-
chromaticity.1−3 Their first description by Gerischer4 and
realization by O’Regan and Graẗzel5 in 1991 sparked massive
research efforts across all disciplines of materials science.6 In
DSCs, molecular dyes are anchored on semiconductor
nanoparticles (Figure 1a). Upon absorption of photons, charge
carriers are injected into the semiconductor. The dye
molecules are regenerated by a redox electrolyte or solid-
state hole transport material.7,8 Given their high performance
in low and indoor lighting conditions, DSCs have recently
shown promise to make smart and autonomous sensors for the
Internet of Things independent from other external power
sources.9−11

Especially in environments of low illuminance, however,
excited and into the photoanode semiconductor injected
electrons must be carefully protected from recombination with
the oxidized redox species in the electrolyte or hole transport
material. One common procedure in this endeavor is the
deposition of a TiO2 dense layer, or blocking layer, onto the
anode substrate. The blocking layer inhibits electronic
recombination at the electrode by keeping the redox mediator
at a distance from the FTO electrode (Figure 1b).12−15 If
applied too thick, incomplete charge collection occurs, and fill
factor losses (Figure 1c) are the consequence of increased
series resistance arising in the device (Figure 1d).
At thicknesses below 50 nm, the TiO2 blocking layer is the

component in DSC devices that is most difficult to evaluate
but at the same time critical for their power conversion

efficiency.16−18 Despite having been introduced over two
decades ago,19 reproducible deposition, between batches as
well as between laboratory members, is oftentimes challenging.
The deposition of blocking layers is the first step in the process
of manufacturing DSC devices, and it is followed by several
sintering and fabrication steps. Often does one loop of
feedback on the blocking layer deposition take multiple days to
a week, making measures of quality control on the TiO2

blocking layers extremely tedious and time-consuming.
The electrochemical properties of TiO2 blocking layers in

the frequency domain have been the subject in a small number
of previous studies. Cameron et al. as well as Goés et al. probed
the blocking properties of TiO2 dense layers in conjunction
with the I−/I3

− electrolyte.20,21 Gra ̈tzel and co-workers
highlighted how the choice of the deposition method between
spray pyrolysis, electrochemical bath deposition, ALD, or
thermal oxidation of Ti causes different types of defects in the
blocking layers, as such with altered sensitivity to different-
sized redox species.22 Nevertheless, direct advice on how to
quantify the blocking properties of TiO2 dense layers to be
used in conjunction with the comparably recently introduced,
and unfortunately recombination-prone, copper electrolytes is
still lacking.
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Here, we demonstrate a systematic methodology for directly
assessing and controlling the electronic properties of TiO2
blocking layers. The electronic capacitance of TiO2 blocking
layers in aqueous [Fe(CN)6]

3−/4− (Figure 1e) directly
correlates to the blocking layers’ ability to inhibit recombina-
tion in a DSC device. Electronic recombination processes at
different locations within the DSC devices, depending on
blocking layer thickness, are then highlighted by transient
photovoltage and electrochemical impedance analysis.
Our here-introduced methodology will serve a wide range of

electrochemists eyeing to directly evaluate the electronic
properties of carrier-selective dense layers, from DSC blocking
layers to their analogues in perovskite solar cells and other
thin-film technologies, as well as potentially their hole-selective
p-type semiconductor counterparts.

■ EXPERIMENTAL SECTION
Materials. Unless otherwise stated, all materials were purchased

from commercial suppliers and used without further purification;
potassium ferrocyanide (K4Fe(CN)6), potassium ferricyanide (K3Fe-
(CN)6), lithium iodide, iodine, lithium bis(trifluoromethanesulfonyl)-
imide, tetrabutylammonium hexafluorophosphate, and dry acetonitrile
from Sigma-Aldrich; conductive glass substrates (TEC 15) from

Pilkington; 1,2-dimethyl-3-propylimidazolium iodide and N-methyl
benzimidazole from TCI; Cu(tmby)2TFSI1;2 and Co(bpy)3(PF6)2;3
complexes as well as the Y123 dye from Dyenamo (Stockholm).

TiO2 Blocking Layer Preparation. The TiO2 blocking layers
were deposited onto cleaned (RBS solution, water, ethanol, UV-
ozone) Nippon sheet glass (Pilkington), with 10 Ω sheet resistance.
The dense layers of TiO2 deposited via spray pyrolysis were heated to
450 °C on a hot plate; then, a 0.2 M titanium bis(isopropoxide)
bis(acetylacetonate) solution in isopropanol was sprayed onto the
glass substrates by manual repetition of spray passes over the
substrates, between which the substrates were let rest for 1 min. One
spray iteration in our experiment corresponded to the deposition of
0.21 mL of precursor per 100 cm2 substrate area. Alternatively, the
blocking layers were prepared from chemical bath deposition from a
40 mM aqueous solution of titanium tetrachloride at 70 °C and
subsequent annealing at 450 °C.

Solar Cell Preparation. Onto the prepared TiO2 blocking layers,
0.384 cm2 (7 mm diameter circles) TiO2 photoanodes were screen-
printed (Seritec Services SA, Corseaux, Switzerland) from DSL 30
NRD-T (Dyesol/GreatCellSolar, Queanbeyan, Australia) colloidal
(30 nm) TiO2 paste (4 μm). After brief drying at 120 °C, a scattering
layer (Dyesol/GreatCellSolar WER2-0, 400 nm) was screen-printed
onto of the mesoporous film (4 μm), followed by gradual heating
toward a 30 min sintering step at 500 °C. The substrates were post-
treated with a 13 mM aqueous TiCl4 solution for 30 min at 70 °C and

Figure 1. Importance of the TiO2 blocking layer in dye-sensitized solar cells. (a) Scheme of a DSC photoanode. (b) Deficiencies in the blocking
layer cause electronic recombination with the electrolyte. (c) Too thin or too thick blocking layers cause transport or recombination losses in DSC
performance. One spray iteration in our experiment corresponded to the deposition of 0.21 mL of titanium bis(isopropoxide) bis(acetylacetonate)
precursor per 100 cm2 substrate area. (d) Shunt and series resistance of DSCs by blocking layer thickness. (e) Proposed quantification of the
blocking layer via its Helmholtz capacitance.
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then sintered again at 450 °C for 30 min. After cooling, the titania
films were immersed into the sensitizer solution of 0.1 mM Y123,
0.2 mM chenodeoxycholic acid in a volumetric acetonitrile:tert-
butanol mixture for 16 h. PEDOT counter electrodes were
manufactured via electropolymerization of 3,4-ethylene-
dioxythiophene from a 0.01 mM aqueous solution with 0.1 M
sodium dodecyl sulfate.23 The redox electrolyte solution was prepared
with 0.2 M Cu(tmby)2TFSI and 0.04 M Cu(tmby)2TFSI2, 0.1 M
lithium bis(trifluoromethanesulfonyl)imide, and 0.6 M N-methyl
benzimidazole in acetonitrile. Cells were assembled by using
ThreeBond (Dusseldorf, Germany) 3035B UV glue and cured with
a CS2010 UV source (Thorlabs, Newton, NJ). The electrolyte was
vacuum-injected through a hole in the counter electrode, which was
then sealed with a thermoplastic film and a glass coverslip.
Solar Cell Characterization. Current−voltage measurements

were performed in ambient air under AM 1.5G illumination by using a
HelioSim-CL60 solar simulator (Voss Electronic GmbH). An X200
source meter (Ossila, Sheffield, UK) was used to assess the solar cell
performance (scan speed 50 mV s−1). A circular mask was employed
to confine the active solar cell area to 0.196 cm2.
Electrochemical Impedance Spectroscopy. Electrochemical

impedance spectra were recorded by using a PGSTAT12 potentiostat
(Autolab) in the frequency range from 100 kHz to 0.1 Hz, modulating
the voltage by 10 mV. The mathematical models for each circuit
element are explained in eqs S1−S5 of the Supporting Information.
The circuit models for each impedance analysis are indicated along
each experiment and drawn in Figure S1.
To assess the TiO2 dense layers, an aqueous 0.01 M K3[Fe(CN)6],

0.01 M K4[Fe(CN)6], 0.1 M KCl solution was prepared, and the
measurements were taken in an ambient atmosphere. A glassy carbon
tip and a Pt wire were used as counter and reference electrode,
respectively. The exposed area on the FTO|TiO2 glasses (working
electrode) was masked to 1 cm diameter circles (0.785 cm2). The

spectra were processed with an adapted version of the impedance
fitting tool available on MATLAB file exchange.24 The blocking layer
capacitance was further probed with electrolyte solutions containing
(a) 0.02 M Cu(tmby)2TFSI and 0.004 M Cu(tmby)2TFSI, (b) 0.02
M Co(bpy)3(PF6)2, 0.005 M Co(bpy)3(PF6)3, and (c) 0.017 M 1,2-
dimethyl-3-propylimidazolium iodide, 0.01 M lithium iodide, and
0.005 M iodine (all in 0.1 M acetonitrile solutions of tetrabuty-
lammonium hexafluorophosphate).

Full DSC devices were illuminated with a white LED for
impedance analysis and the response measured at different potentials.
The total capacitance concerning electronic recombination was
calculated by transferring each constant phase element to real
capacitance according to eq 2, wherein Cel was calculated from Qel and
Rtr, Crec from Qrec and Rrec, and Ctot as the sum of the two.25

Ellipsometry. For ellipsometry, the TiO2 layers were deposited
onto SiOx|Si wafers (Inseto, Hampshire, UK) via spray pyrolysis as
described above. Spectra were collected with a J.A. Woolean Inc.
spectral ellipsometer (EC-400 M-2000F). The film thicknesses were
fitted to the Ψ and Δ response between 250 and 1000 nm directly in
the instrument software.

Transient Photovoltage and Charge Collection Measure-
ments. Electron recombination lifetimes were investigated by using a
1 W white LED (Luxeon Star). Kinetics in the solar cell were probed
by applying square-wave modulations to the light intensity. The solar
cell voltage response was tracked by a digital acquisition board
(National Instruments) and fitted with first-order kinetic models.

The accumulated charge in the photoanodes of the DSC devices
was measured by illuminating the cells at different light intensities at
open circuit; then, the light was turned off, the potential
simultaneously switched to short circuit and the current integrated
over time. The collected charge was converted to charge density
assuming a 6 mm diameter of the circular aperture, 4 μm anode
thickness and 0.63 porosity.

Figure 2. Characterization of TiO2 blocking layers with impedance spectroscopy. (a) Thickness of spray-pyrolyzed blocking layers and their
Helmholtz capacitance. One spray iteration in our experiment corresponded to the deposition of 0.21 mL precursor per 100 cm2 substrate area. (b)
Capacitance of spray-pyrolyzed (black) and TiCl4-bath-deposited (red) blocking layers. (c−e) Electrochemical impedance spectra of spray-
pyrolyzed TiO2 blocking layers by thickness.
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■ RESULTS AND DISCUSSION
Assessment of TiO2 Blocking Layers. We describe a

method of assessing TiO2 dense layers directly on conductive
glass substrates. The blocking layers were deposited by
repetitive spray pyrolysis of titanium bis(isopropoxide) bis-
(acetylacetonate).26 In our experiment, one spray iteration
consumed 0.21 mL of precursor per 100 cm2 substrate area.
For initial confirmation that the TiO2 thickness did increase
with increased number of spray cycles, the height of the TiO2
films was assessed with ellipsometry; for reasons of reduced
surface roughness, these measurements had to be performed
on SiOx|Si wafers rather than FTO glass. The TiO2 thickness
increased linearly and with little deviation with the number of
spray repetitions (Figure 2a), allowing to use the latter as a
measure for blocking layer thickness in all subsequent tests.
Masked areas (1 cm diameter circles) of blocking layers of

different thickness (now on FTO substrates) were then
immersed in an aqueous 0.01 M K3[Fe(CN)6], 0.01 M
K4[Fe(CN)6], 0.1 M KCl solution (see scheme in Figure 1,
middle), and the frequency domain response was measured
(Figure 2a,b). In this and all subsequent graphs of electro-
chemical impedance spectra, the acquired data points are
depicted as circles, and the fits to the corresponding equivalent
circuit model as solid lines. Spectra of bare FTO were fitted to
Randle’s equivalent circuit model (R([RW]Q), Figure S1-A1
and Figure 2c). For substrates comprising a TiO2 top layer, the
(RQ) charge transfer time constant shifted to such low
frequencies that the Warburg element was no longer visible
and omitted from the circuit model (R(RQ), Figure S1-A2 and
Figure 2d,e). The value of real capacitance C of the blocking
layer was then converted from the pseudocapacitance Q of the
constant phase element through a projection of the phase angle

τ= =β βRQ RC( ) (1)

and rearranging of the time constants τ as

=
β

C
RQ

R
( )1/

(2)

where R is the resistance in parallel to the capacitor and β the
exponent of the constant phase element.
The capacitance monotonically decreased with increasing

spray repetitions, while the charge transfer resistance across the
blocking layer RCT increased. Examining the graph in Figure 2b
(black line), it seems the capacitance drops with increasing
distance, in line with the capacitor equation C = ϵA/d (with
area A, spacer dielectric constant ϵ, and distance d), implying
the blocking layer can be seen as dielectric spacer between the
electroactive FTO electrode and the [Fe(CN)6]

3−/4− redox
electrolyte. We note here that this finding directly contrasts
that of Fabregat-Santiago and co-workers, who found that the
RCT of their blocking layers even decreased with increased
thickness;21 however, their deposition by sputtering seemed to
give somewhat porous blocking layers, where an amplified
deposition would indeed increase the active electrode/
electrolyte interface and reduce RCT.
Spray-pyrolyzed TiO2 blocking layers are compared to the

other widely known technique in the literature, namely
chemical bath deposition from aqueous TiCl4 solution at
elevated temperature (Figure 2b, red line).27 In contrast to
deposition by spray pyrolysis, the capacitance of these blocking
layers did not decrease after an initial drop. This is a direct
confirmation of Liu et al.’s study, who demonstrated how

chemical bath deposition, rather than coating a dense thin
layer onto the electrode, leads to island-like crystal growth.28 In
return, the area of exposed FTO substrate remains the
dominating electrode/electrolyte interface. Their study high-
lighted the detrimental effect this has on recombination and
therefore performance of the DSCs under ambient light, which
is here underlined.
The aforementioned report of Fabregat-Santiago and co-

workers directly used an organic I−/I3
− electrolyte to record

the capacitance of their blocking layers.21 While we believe that
the here-presented aqueous method with the [Fe(CN)6]

3−/4−

couple is the more facile (and safe) experiment, we ran
comparable experiments based on the Cu(tmby)2 redox
couple, as will be employed in our DSCs below. The
concentrations of active redox species CuI(tmby)2TFSI and
CuII(tmby)2TFSI2 were kept at the same ratio but reduced 10-
fold from the solar cell electrolyte concentrations to 0.02 and
0.004 M, respectively, to allow sufficient solubility of
supporting electrolyte 0.1 M tetrabutylammonium hexafluoro-
phosphate in acetonitrile. Generally, much higher resistances
were observed for the nonaqueous redox electrolyte, readily for
bare FTO electrodes (Figure S2). This is attributed to the
increased polarizability of acetonitrile (ϵR = 33) as solvent
medium over water (ϵR = 10). The Debye screening length λD
in 1:1 electrolytes is

λ =
ϵ ϵ

−
N c z e

k T
2

D
A

0 2 2

0 R B

1/2i
k
jjjjj

y
{
zzzzz (3)

with Avogadro’s number NA, bulk concentration c0, number of
charges z, elementary charge e, vacuum and relative
permittivity ϵ0/ϵR, Boltzmann’s constant kB, and temperature
T. In acetonitrile, the electric field from the electrode is present
nearly twice as far (1.97 nm) compared to the aqueous
solution (1.07 nm), leading to larger accumulations of static
ions near the electrode and, in turn, higher charge transfer
resistance.
An additional (RQ) element at high frequency appeared in

the electrochemical impedance response of the electrodes in
nonaqueous electrolytes (Figure S1-A3). For large blocking
layer thicknesses, only the initial onset of the low-frequency
semicircle was visible, potentially to be mistaken for a 45° line
characteristic of ion diffusion (open-circuit Warburg, Figure
S3); however, fitting equivalent circuit models showed a
mismatched phase angle for ion diffusion and confirmed that
this feature indeed was the onset of the increasingly large
charge transfer element (RQ).
To keep all electrodes at equal potential and avoid polarizing

interfaces, all above-discussed experiments were performed in a
three-electrode setup without true reference electrode; instead,
a glassy carbon tip and a Pt wire were used as counter and
reference electrode, respectively. Assuming the density of states
in the FTO substrate quasi-continuous and the TiO2 blocking
layer as dielectric spacer, the capacitance of the Helmholtz
double layer is independent of the redox potential of the
electrolyte solution and therefore the electrode potential. This
assumption holds as long as the electrochemical potential of
the electrode (for I−/I3

−, [Fe(CN)6]
3−/4−, [Co(bpy)3]

3+/2+,
and [Cu(tmby)2]

2+/+ 0.35, 0.370, 0.56, and 0.87 V vs SHE,
respectively) does not approach either the conduction
(−0.4 V) or valence band (2.8 V vs SHE) of TiO2. Still, we
did investigate applying potentials across the blocking layer|
electrolyte interface. In either direction of potential, RCT
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increased (Figure S4), owing to solvated [Fe(CN)6]
3−/4− ions

forming a Helmholtz electrochemical double layer at the
electrode. Larger RCT values, however, are generally unfavor-
able for the assessment of blocking layers as they constrain the
measurement accuracy at low frequency. Interestingly, different
behavior of RCT depending on the applied potential was
observed for the different electrochemical redox couples; we
report these scans in Figures S4−S7 for completeness.
Performance of TiO2 Blocking Layers by the

Deposition Technique. To verify if the electrode capaci-
tance can serve as calibration toward device performance, dye-
sensitized solar cells were prepared based on either spray-
pyrolized or TiCl4-bath-deposited TiO2 blocking layers.
Evident from Figure 3a,b, clear maxima in power conversion
efficiency are visible for blocking layers by either deposition
method. For DSCs based on blocking layers from spray
pyrolysis, exemplary J−V scans of cells of zero, three, and six
spray repetitions are shown above in Figure 1c, and the
importance of balancing Rseries and Rshunt is pointed out (Figure
1d). The performance parameters of this cell series are
summarized in Table S1. The best device at three spray
repetitions attained 9.2% power conversion efficiency (average
8.98 ± 0.19%). Notably, this somewhat lower device
performance compared to Saygili et al.’s 10.3% obtained with
similar devices29 is attributed to deficiencies in the open-circuit
voltage, owing to losses from additional recombination
pathways aside from the TiO2 blocking layer.
The blocking layer capacitance assessed with aqueous

[Fe(CN)6]
3−/4− appears an accurate measure to determine

the correct thickness needed for high-performance DSCs with
the Cu(tmby)2 electrolyte. Blocking layers by spray pyrolysis

need to exhibit capacitances of 4.11 ± 0.17 μF cm−2 to
perform best in DSC photoanodes; in fact, this value was
confirmed from spray pyrolysis deposition performed by a
different member of our laboratory. This confirms our
proposition to use the aqueous capacitance as an accessible
tool to verify the blocking layer quality. Still, it should be
underlined that this value is not to serve as a global reference;
indeed, in our experience, already a switch of the type or
supplier of the FTO substrate potentially offsets the values of
capacitance. In previous reports quantifying blocking layers in
DSCs, Ito et al. and Yoo et al. increased the efficiency of their
N719 I−/I3

− DSCs by up to 1% by optimization of spray
pyrolysis and the TiCl4 precursor concentration, respec-
tively.12,14 Goes et al. noticed an efficiency drop by 1.8% for
similar systems at too thick blocking layer distances owing to
increased series resistance.21 In our study, the efficiency gain
from an optimized blocking layer thickness was more than 1.4-
fold or an absolute 2.6% in power conversion efficiency under
1 sun. It seems therefore that the suppression of electronic
recombination is of much greater importance for the use of
high-performing metal redox shuttles such as [Cu(tmby)2]

2+/+

compared to the kinetically hindered I−/I3
− two-electron redox

couple.30−32

A maximum in power conversion efficiency was also
observed for blocking layers by TiCl4 bath deposition
(Figure 3b). At long times at elevated temperature, TiO2
aggregates grow in the bath solution and only subsequently
attach to the electrodes. However, because of the above-
discussed mechanics of the TiCl4 bath depositing islands rather
than forming a thin film, this type of blocking layers does not
seem suitable for capacitive assessment by [Fe(CN)6]

3−/4−.

Figure 3. Relation of solar cell performance and blocking layer capacitance. (a) Blocking layers from spray pyrolysis (one spray iteration in our
experiment corresponded to the deposition of 0.21 mL of precursor per 100 cm2 substrate area) and (b) from TiCl4 bath. (c) Current−voltage
sweeps of Y123-DSCs under 1000 lx illumination from a fluorescent tube by blocking layer thickness. (d) Performance statistics.
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Yella et al. had proposed that a better TiO2 dense layer could
be obtained by raising the concentration of the TiCl4 solution
up to 200 mM (from commonly 40−70 mM),33 which was last
year verified by Kavan et al.34 This methodology may give
blocking layers suitable for capacitance analysis; however, it has
yet to see extensive tests in DSC devices.
Consequently, the devices were tested in ambient settings

(Figure 3c and Table S2). The best cell (at two spray cycles)
achieved 26.9% PCE. The performance of devices with no or
too thin blocking layer is constrained by large shunt losses: Up
to a third of the devices’ power output is compromised due to
insufficient inhibition of recombination at the anode substrate,
and the PCE dropped to just 18.%. In contrast to observations
under sunlight, however, at (too) large blocking layer
thicknesses, any performance drops due to series resistance
are near-negligible: With current densities of only <150 μA
cm−2 passing through the blocking layer, the voltage drop
across the dense TiO2 is much less than under sunlight.
In most reports in the literature, device performances are

higher for sprayed TiO2 blocking layers compared to their

TiCl4-bath analogues; therefore, subsequent analysis focuses
on the former.

Correlation of Capacitance to Recombination. The
charge transfer resistance RCT with the aqueous [Fe-
(CN)6]

3−/4− couple directly relates to the Rshunt from J−V
sweeps of the DSCs with the [Cu(tmby)2]

2+/+ redox shuttle:
Both parameters increase with repetitions of spray cycles
(Figure 4a). At very large blocking layer thicknesses, this effect
even becomes visible in the devices’ series resistance
(Figure 1d and Figure S10a). Notably, an exemption to this
trend is the series resistance in the absence of any TiO2 dense
layer.
In more in-depth analysis, the electronic recombination

lifetimes in DSC devices were examined by transient
photovoltage analysis (Figure 3b). At higher light intensities,
and thus larger charge density in the (mesoporous) TiO2, the
recombination lifetime of electrons decreases, independent of
blocking layer thickness. As expected, no significant differences
by blocking layer thickness in this measurement demonstrate
that the recombination in these settings (around VOC)

Figure 4. Electron transfers and recombination in DSCs by blocking layer thickness. (a) Charge transfer resistance from capacitance assessment in
[Fe(CN)6]

3−/4− electrolyte and shunt resistance in DSCs with the [Cu(tmby)2]
2+/+ redox shuttle. One spray iteration in our experiment

corresponded to the deposition of 0.21 mL of precursor per 100 cm2 substrate area. (b) Electron recombination lifetimes (around VOC). (c)
Chemical capacitance of the FTO|TiO2|dye|electrolyte interface versus potential by blocking layer thickness. (d) Electronic recombination
resistance versus density of electronic states; horizontal errorbars are omitted for visibility here, shown in Figure S9.
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dominantly occurs across the mesoporous-TiO2|dye|electrolyte
interface.
To target an examination of the recombination at the FTO|

blocking-TiO2|electrolyte interface, electrochemical impedance
spectra of full DSC devices under illumination were recorded
(Figure S8). At high potentials, the spectra were fitted to
Bisquert’s transmission-recombination line (Figure S1-B1);35

toward JSC, the charge transfer resistance RCT outgrew
contributions of both transmission line Rtr and the Warburg
diffusion response ZW, so that a simplified equivalent circuit
model was applied (Figure S1-B2), in accordance with the
literature.36,37 The chemical capacitance of the devices can be
interpreted as electrons in the photoanode in vicinity of the
electrolyte and, as such, at risk of recombining with the
oxidized redox species in the electrolyte solution. At high
voltages, no differences in chemical capacitance are visible
depending on the blocking layer thickness (Figure 4c). This is
in accordance with expectation and observations from transient
photovoltage tests in Figure 4b, as the vast majority of
electrons populate the mesoporous TiO2 under these
conditions, and the TiO2 blocking layer plays only a minor
role. Contrarily, when the potential across the DSCs was
lowered and the TiO2 conduction band was depopulated, the
chemical capacitance dropped sharply in all devices except
those lacking any TiO2 blocking layer. At low potentials, this
capacitance now directly corresponds to the FTO|blocking-
TiO2|electrolyte interface, and it is possible to estimate the
amount of charge directly exposed to the electrolyte at the
anode substrate, which remained around 1 order of magnitude
increased in devices lacking a TiO2 blocking layer (Figure 4c).
This gives evidence that electrons in the FTO substrate are not
sufficiently shielded from the redox electrolyte.
The density of states in a DSC photoanode D at potential E

is calculated from the capacitance C of the photoanode as

=
−

D E
C E

ed p
( )

( )
(1 ) (4)

as proposed by Durrant and co-workers,38 with the elementary
charge e, the thickness of the TiO2 film d (here 4 μm), and the
porosity p (assumed 0.63 after Wang et al.39). Visible in
Figure 4d (graph magnified with horizontal errorbars in Figure
S9) is the growing recombination resistance with decreasing
density of electronic states in vicinity of the redox electrolyte.
At low potentials (and therefore low charge density), the
recombination resistance rises to similar values for all cells
based on two or more spray pyrolysis cycles. The mesoporous
TiO2 is depopulated and nearly insulating; as such, this
recombination resistance at low potentials translates to charge
transfer across the FTO|blocking-TiO2|electrolyte interface.
Notably, in devices based on the thinnest blocking layer of just
one spray pyrolysis cycle, a similar conduction band
depopulation was reached, yet the recombination resistance
was still somewhat lower. In the absence of any blocking layer,
the density of electronic states does not drop below 1019 cm−3

V−1, and the recombination resistance does not exceed
hundreds of ohms, as such not sufficient to effectively shield
electron recombination in DSCs. The recombination resistance
toward short-circuit (the leftmost points) now directly
correlates to the shunt resistance obtained from J−V curves
(Figure S10b). Comparing Figures 4d and 3a, the conclusion is
reached that the ideal blocking layer thickness is reached when
the recombination resistance at low charge density converges.

Electrochemical impedance spectra of the DSC devices were
recorded in the dark (Figure S10c,d). While similar resistances
for charge transfer across the meso-TiO2|dye|electrolyte
interface of tens of ohms are observed at high voltages, the
mesoporous TiO2 rapidly becomes insulating as it is
depopulated and no photoexcited electrons are injected.
Therefore, the resistance grows above 1 MΩ within 0.4 V.
Similar to observations under sunlight, in the absence of any
blocking layer, the FTO is directly involved in the electro-
chemical cell. The observed density of states remains high, and
the “recombination” resistance is an order of magnitude higher.
The charge transfer time constant τ = RrecCrec = (RrecQrec)

β

decreases with increasing charge in the TiO2 (Figure 3c).
Notably, at high charge densities, the charge transfer
approaches the lifetime constant observed from photocurrent
transients.

■ CONCLUSION AND OUTLOOK
The electrochemical properties of TiO2 blocking layers were
investigated in aqueous [Fe(CN)6]

3−/4− solution. Their
capacitance dropped monotonically with the repetitions of
spray pyrolysis, indicating electronic protection of the FTO
electrode. In return, a desired capacitance of 4.1 μF cm−2 was
determined to be required for optimal performance (9.2%) of
photoanodes in DSC devices based on the Cu(tmby)2
electrolyte. Deposition by TiCl4 treatment did not provide
sufficient electronic shielding. The effects of the blocking layer
on electronic recombination in DSCs were probed with
transient photovoltage methods and electrochemical impe-
dance analysis: To provide sufficient shielding of the FTO
anode, the blocking layer is critical and lowers the chemical
capacitance of the photoanode below 100 μF cm−2 at
potentials toward JSC. If this criterion is met, the recombination
resistance increases over 1 kΩ and devices exhibit the highest
performance.
We have here demonstrated a feasible and facile method to

assess TiO2 blocking layers at an early stage during the
fabrication of dye-sensitized solar cells. This methodology will
allow for the direct evaluation of carrier-selective dense layers,
ranging from DSC blocking layers to their analogues in other
thin-film technologies.
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