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Impedance spectroscopy and electrochemical dye desorption experiments were employed to study the electrical
characteristics of nanoporous Li€lectrodes in the dark. The results show an unusual potential distribution
across the Ti@films, caused by the semiconducting nature of the ;Té#dd the ion motion through the

porous film that neutralizes applied electric fields over a short range. These results may have several
implications for the functioning of dye-sensitized solar cells: (1) The potential of much of thefilrirOwill

not necessarily correspond to the potential applied to the substrate electrode. (2) Charge carrier motion through
the TiG, is expected to occur primarily via diffusion rather than drift. (3) The transient electric field generated
upon illumination will be quickly neutralized under steady state conditions, but may be an important factor

in transient measurements. (4) Systems without excess supporting electrolyte, such as some solid state versions
of the dye-sensitized cells, may not be able to efficiently neutralize the field generated by photoinduced
charge separation, leading to enhanced charge recombination.

Introduction these electrodes has to account for differences between the

. . . applied potential and the potential that actually appears at any
Recent studies of dye-sensitized photoelectrochemical solarpoint along the electrode, it is important to explore the

cells report light to energy conversion efficiencies as high as yg|ationship between the two.
10%1-3 Although photosensitization of wide bandgap semi-
conductors has been studied since the early 1$70&jgh
efficiencies were achieved only when nanoporous ;Té@c-
trodes were introduced by Gral et al' The current increasing
research effort in this field is evident from the literature. Reports
concerning the basic understanding of the systethresearch
toward higher efficiencies and solid-state versions of these
cells 12714 sensitization of other high surface area semiconduc-
tors1516 and new applications such as self-powered electro-

i i 7,18 i _ it i s
chromic windows!"**and light-emitting diode$ have appeared results suggest that the usual models of the semicondtctor

recently.. . . ) electrolyte interface are not applicable to nanoporous,TiO
Despite the high level of activity, a comprehensive funda- gjectrodes. For example, standard Mdchottky analyses of
mental understanding_of the system has not been ach_igved Yelthese semiconductors may appear to be valid, but when the
One of the more puzzling components of the dye-sensitized cell spatial distribution of the potential is taken into consideration,
is the high surface area Tizlectrode. The low absorbance the interpretation of the results may be altered. Furthermore,
of dye monolayers and the low efficiency of dye multilayers oy results provide a better understanding of dye-sensitized solar
necessitate the use of these high surface area electrodeselis. For example, when the short-range screening of electric
However, the resulting porous geometry introduces special char-fie|ds in the TiQ film is considered, it is clear that charge
acteristics that differentiate these electrodes from Fheir compactmotion through the film should occur primarily by diffusion
analogues. The porous electrodes are strongly influenced byyather than by drift. Both the electrode characteristics and their

several factors: the open structure of the electrodes that permit§mpiications to dye-sensitized solar cells will be discussed.
electrolyte penetration through the entire electrode; the small

size of the individual colloidal particles that cannot support a
high space charge; and the low inherent conductivity of,TiO

Various studies were aimed at the characterization of nan- TiO, Electrodes. Three types of electrodes were used in
oporous TiQ electrodes. These studies addressed topics suchthis study: (1) uniform 0.59 um TiO, films deposited on
as the mobility and trapping of photoinduced electrons in the conductive Sn@glass; (2) TiQ films with a thickness gradient,
TiO, film,2°-22 pand position and depletion layer at the also coated on conductive glass; and (3) uniformnd films
semiconductorliquid interface?324optical and electrochemical  on nonconductive microscope slides with an evaporated Ag
processes at negative bi&s2” and the conductivity of porous  electrical contact at one end. Conductive glass (Libby Owens
TiO,.28:29 However, to the best of our knowledge, the potential Ford, 8 ohm/square F-doped Sp)@nd the microscope slide
distribution across the Tigelectrodes has not yet been clarified. substrates were cleaned by overnight immersion in a solution
It is often assumed that the effective potential at any point along of KOH in 2-propanol, rinsed with deionized water, and dried
the electrode is simply equal to the potential applied to the in a nitrogen stream. All electrodes were made from ;TiO
substraté®-27 Since any potential-dependent investigation of colloidal suspension (colloid preparation is reported elsewhere

that was spread over the substrate with a glass rod using
* Corresponding author. E-mail: bgregg@nrel.nrel.gov. adhesive tape as spacers. A gradient of spacers was employed
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  to produce the Ti@thickness gradient of type 2 electrodes.

We report here impedance spectroscopy and electrochemical
dye desorption measurements that suggest that the applied
potential is unequally distributed throughout the high surface
area TiQ—electrolyte interface. For moderate applied bias, the
effective potential was found to be equal to the applied potential
only in the conducting substrate and in the few Fi&yers next
to it. The effect of the applied bias decreases as the distance
from the substrate increases, because ion motion through the
film neutralizes the applied field over a short range. These

Experimental Section
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Figure 1. Typical real vs imaginary impedance spectra plots of high Figure 2. Capacitance of nanoporous Ti@lectrodes of different
surface area TiPelectrodes measured at 1 and.4 V (vs SCE). The  thickness as a function of the applied potential. The capacitance was
SpeCtra were measured between 10 kHz and 1 Hz in acetonltrlle, O.Sextracted from impedance Spectra measured in the dark using an

M TBAPF; solution in the dark. electrical equivalent circuit (described in the text). The nota@n,
which stands for the Helmholtz layer capacitance, will be justified later.

The films were then fired at 45TC for 45 min in air, resulting () 0.6 um; (O) 2 um; (&) 8 um.

in almost transparent electrodes.

Film thickness was measured with a computerized profilo- Single time constant is measuredequals unity and the CPE
meter (Dektak 3), and the surface area was estimated byis equal to a normal parallel RC equivalent. However, when a
measuring the amount of sensitizing dye adsorbed to the films. nonuniform electrochemical response of the electrode generates
The Ru(2,2bipyridine-4,4-dicarboxylic acid)(NCS), dye (N3 a distribution of time constants, decreases as the distribution
from Solaronix SA) was adsorbed by immersing the electrodes broadens. A distribution of time constants can result from either
overnight in a dry 0.5 mM ethanol solution of the dye. microscopic geometrical inhomogeneities or porosity that gener-

Measurements. Impedance measurements (10 kHz to 1 Hz) ates transmission line effects. _
were performed with Solartron 1287 Electrochemical Interface  1he TiQ; electrode consists of sintered-1385 nm colloids
and 1260 Impedance/Gain Phase Analyzer. Zsim software that cannot individually support a §|gn|f|ca}nt space charge
(Scribner Associates) was used to model the impedance spectrd@yer®?> However, a Helmholtz capacitance is expected at the
Other electrochemical measurements were performed with a 1iO2—electrolyte interface. In spite of the absence of a redox
PAR 173 potentiostat. Absorption spectra were measured with COUple in the electrolyte solution in our experiments, a small
a HP 8452 spectrophotometer using an undyed, Ei@ctrode amognt of charge transfer (fgradap current) may still occur at
as a reference. Scanning transmission measurements used ®is interface. A narrow distribution of time constants is
helium neon 5 mW laser (Melles Griot) tuned to 543 nm and a €XPected to arise from the somewhat rough conducting;SnO
silicon diode (UDT instruments). The beam was focused down sgbstrate, while a broader distribution is expected at the porous
to approximately 4Qum diameter. TiO,—electrolyte interface. Therefore, the chosen CPE, which

All electrochemical experiments were done in a glovebox with Mdels a parallel circuit of a charge transfer resistor and a
a helium or nitrogen atmosphere using dry electrolytes. The Helmholtz Igyer capacitor t_hat have some distribution pf time
electrolyte solution was 0.3 M tetrabutylammonium hexafluo- CONStants, is a good equivalent for this electroselution
rophosphate (TBAPJFin dry acetonitrile (ACN) except for one  Interface. ,
use of 0.3 M LiCIQ. The acetonitrile (Burdick & Jackson) _ Excellent fits of the data to the model were obtained for all
was dried and distilled over calcium hydride. All electrochemi- films. The following phenomena were observed for all scans:
cal measurements employed a three-electrode configuration.(l) the calculated solution resistance was constant throughout

Potentials were measured vs ferrocene/ferrocenium (molar ratiot€ Potential range; (2) the interface resistance, C?Tlgylated for
1:1) and are reported vs SCE. A two-compartment cell was (e high surface area TiOwas larger than 200@/cn¥; (3)
designed for the impedance measurements. In this cell the Tio the distribution of time constants| gradually changed from
electrode was pressed against an O-ring to define its geometrical-9> at positive potentials to 0.8 when negative-di2 V; and
surface area and to avoid edge effects. The electrodes werd®) the_ calculated capacitance changed significantly during the
not exposed to UV illumination prior to the electrochemical Potential scan. _ _
measurements in the dark. These conditions were found to be Figure 2 presents the calculated capacitance of the, TiO

necessary for reproducibility, i.e., to obtain constant impedance €/€ctrodes as a function of the applied potential and the film
at all potentials over more than 8 h. thickness. When scanned negatively frobhl V, all films

showed almost constant capacitance at first, followed by an
increase of 23 orders of magnitude toward a plateau at
negative potentials. The capacitance positive-6f0.5 V was
Impedance spectra of Tihanoporous electrodes in elec- independent of film thickness and was comparable to the values
trolyte solution (0.3 M TBAPKFACN) were measured in the  of the bare conductive substrate. At potentials negative of
dark as a function of the applied potential and the ;l$0rface ~—0.5V, the measured capacitance was higher than the bare
area. Figure 1 presents two typical impedance spectra (10 kHzsubstrate, eventually increasing-2 orders of magnitude by
to 1 Hz) measured at 1 and1.4 V. The measured spectra —1.4 V. Figure 3 shows that the capacitance of the different
resemble the beginning of a large, slightly depressed semicircle.films becomes directly proportional to the films’ surface area
An equivalent electrical circuit that contained a solution resistor (expressed by the amount of dye adsorbed by these films after
in series with a constant phase element (CPE) to model thethe capacitance measureméntt —1.4 V.
electrode-electrolyte interface was used to fit the speétrahe The behavior described above can be explained by the
CPE usedZ = R/[1 + (iwRQ], is equivalent to a parallel  semiconducting nature of the Ti@nd the porous geometry of
resistor-capacitor (RC) circuit that produces a distribution of the films. Scheme 1 shows a simplified schematic view of the
time constants. This distribution is modeled by the addition of interconnected colloids represented as cross-linked columns.
an exponent (< a. < 1) to the capacitor impedance. When a Electrolyte solution is able to penetrate through the ;Tfi®n

Results and Discussion
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Figure 3. Capacitance of nanoporous ELifims at —1.4 V vs SCE
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electrolyte solution. Scheme 2c shows the expected equipo-
tential curves for a similar metallic or highly conducting column.

In the latter case, there can be no potential drop across the metal;
thus all the applied potential drops at the metsdlution
interface. In contrast, when the porous film is insulating or
semiconducting (Scheme 2a,b), the ability of the electrolyte ions
to move toward the conducting substrate forces most of the
potential to drop near the substrate. This implies that at
increasing distance from the substrate, the semiconductor
solution potential difference decreases and, correspondingly, that
the concentration of the electrons in the Ji@ecreases. Itis
important to note that the difference in potential distribution

(in the dark) as a function of the absorbance of these films when coated hetween the metallic and the semiconducting cases results from

with dye. The absorbance is a measure of the films' surface area.

SCHEME 1: Simplified Schematic View of the
Nanoporous TiO, Films on the SnQ, Substrate in Which
the TiO, Is Represented as Columris

electrons I cations

SnO

a As shown, a negative bias is applied to the galectrode resulting
in cation migration through the Tilfilm to neutralize the applied
electric field.

SCHEME 2: Simplified Presentation of the Expected
Electrical Force Lines (a) and Equipotential Curves (b)
Generated in Porous TiG, Electrodes (Represented as
Columns), When a Negative Potential Is Applied to the
SnO, Substrate. (¢) The Equipotential Curves Expected
for a Similar, but Highly Conductive Electrode

force lines

their different conductivities relative to solution. In fact, this
parameter determines the exact potential distribution for any
given film geometry.

The TiQ, films consist of weakly doped~(10' cm™3)
colloids®2 and are therefore expected to approximate the
semiconducting behavior of the above description (Scheme 2b).
Electrons injected by the applied potential can, however,
significantly increase the Ti©conductivity. Since the effect
of the applied negative potential, and thus the electron concen-
tration, decreases across the nanoporous film as the distance
from the conductive substrate increases (Scheme 2b), a corre-
sponding gradual change in the film’s conductivity can be
expected. Under negative bias, the Ti@arest the substrate
should become electrochemically active in the impedance
measurements, while the outer part is still effectively insulating.
The border between the two zones is anticipated to move away
from the conductive substrate as the applied potential becomes
more negative and a larger portion of the Fifdm becomes
conductive. In other words, an increase in the electrochemically
active surface area is expected when the applied bias is scanned
negatively.

The impedance measurements described above show just such
an increase in the effective surface area as the potential is
scanned negatively. We attribute the measured capacitance to
the Helmholtz layer capacitanc€y ). This capacitance is
almost potential independent and is linearly dependent on the
effective surface are®. At positive potentials the Ti©films
are practically insulating, and therefore little or no contribution
from the large TiQ surface area is observed. The overall
capacitance at positive potential is due to@g of the exposed
conducting substrate and a few monolayers of;TiOnly when
the TiO, is “doped”, by application of a negative bias, does it
become conductive and therefore electrochemically active. This
results in the observed increase of the capacitance (effective
surface area) toward a plateau at the potential where the entire
surface area of the film is active. At1.4 V, when the major
part of the nanoporous film becomes electrochemically active,
a direct proportionality between the capacitance and the surface
area is observed (Figure 3).

The change in the calculated distribution of time constants
(a) during the potential scan also supports this interpretation.
The distribution broadens during the negative sweep as reflected
by the decrease af from 0.95 to 0.8. The broadening of the
time constant distribution indicates an increase of the effective
electrode roughnes8. At positive potentials when only the

(C0|umns) thus Creating, under app“ed potentiaL a potentia| conductive substrate is e|eCtTOChemica||y aCtive, a narrow time
distribution unlike that in a compact electrode. A schematic constant distribution is observed. (~ 1). However, as the

representation of this unusual field distribution for one column porous film becomes electrochemically active at negative bias,
is presented in Scheme 2. Parts a and b of Scheme 2 showthe effective roughness increases and therefore the distribution

respectively, the approximate electric field force lines and the broadensd — 0.8).

equipotential curves generated by a negative potential applied

It is important to note that in these experiments the steady-

to such a representative semiconducting column immersed instate currents, measured for the entire J#0rface area, were
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lower than 20 nA/crh even at—1.4 V, and the calculated
interface resistances were higher than 2@/dom2. These
conditions confirm that the measured phenomena do not result
from voltage drops that are caused by current flow through
resistive materialsR drops), but rather by the basic properties
of these electrodes.

An alternative interpretation of the impedance results was
considered, but eliminated. It would attribute the observed
increase in capacitance at negative potentials to the accumu-
lation layer capacitanceCf.), which has a strong potential
dependencé?

Norml. Transmission

Cy = (qZNDeeoA2/2kT)1/ 2 exp(—qVa2kT) Q) -100 100 300 500 700

; . . . Distance (Wm)
yvhﬁreq is the e'eme.“Fa.ry Charr?BlD .'S th_e Idopl_ng densityso Figure 4. Normalized transmission along dye-coated Ffins that
!S the \{acuum permittivitye is the TiC, dielectric constanti were exposed to the indicated potentials in acetonitrile, 0.3 M TBAPF
is the film surface are&T are the Boltzman constant and the  solution in the dark. The transmission was normalized by considering
temperature, anfsis the bias beyond the flat band potential. the transmission of an undyed film as 1 and the transmission of the
Since the accumulation layer is in series wh,, only the fully dyed film as 0. The transmission was measured at 543 nm with
smaller capacitance of the two can be detected. In this a 40um laser beam. A cross section of the electrode and the illumination
interpretation, the impedance results would be explained as an's S1own as an insert.
exponential increase i@a. with potential, followed by a plateau
attributed to constanty onceCa. becomes larger tha@y .
However, this interpretation could not explain four major
observations: (1) the measured capacitance is much smaller than

CaL calculated by eq 1; (2) the measured slope of the capacitance 100 1 T
vs potential negative of—0.5 V ranges between 255 and 458 - 15 . :1.6V
mV per decade capacitance, while eq 1 requires a slope of 120 2 T °°°°mocp vos -
mV; (3) according to eq 1 the slope of the capacitance vs applied 2 °0°%;5 4 .

bias should not be affected by a change of the electrode surface a 07T %09
area, yet the measured slopes show a strong dependence on the % 1 n

film thickness (Figure 2); and (4) no change in the distribution R % I ﬁf# N P

of time constants at the semiconduetetectrolyte interfaceq() ] ) ‘ faua
as a function of the applied potential should be observed. For 0 ' ‘ ‘ ‘ ‘
these reasons we can eliminate this alternative explanation and 0 4 8 12
conclude that the measured capacitance indeed repreggnts Film Thickness (im)

and notCh, . Figure 5. Percentage of the dye that desorbed at the indicated potentials

i ; :~1as a function of the film thickness. The electrochemical desorption was
An independent and unambiguous measure of the potent|alOlone in acetonitrile, 0.3 M TBAREsolution in the dark. The

distribution in the TiQ nanoporous electrodes is provided by ransmission was measured with a4 laser beam. A cross section
electrochemical dye desorption experiments. Dyes are desorbeqy ihe electrode and the illumination is shown as an insert.
from the TiQ film above a threshold negative potenfial,
providing a means to directly visualize the spatial variation in spot is scanned toward the region where the dye concentration
the potential distribution by absorbance measurements. If thewas unaffected by the applied potential. Since the dye desorbs
applied negative potential decreases across the film as proposednly where the TiQ reaches a sufficiently negative potential,
above, the dye should desorb only near the conductive substratehis experiment shows directly that the potential near the contact
under moderate negative bias. is more negative than the potential further away from the contact.
A special electrode was designed to enable absorbance meaThe width of the region where the dye desorbed completely
surements as a function of the distance from the electrical increases at more negative biases (Figure 4), illustrating the
contact. A 4um thick TiO; film was deposited on a noncon-  penetration of the desorption threshold potential into the film.
ductive glass and a silver contact was evaporated at one end of The regular electrodes (thin TiG@ilms deposited on conduct-
the film (see insert in Figure 4). The electrode was immersed ing substrates) behave in a similar way. Dye desorption from
in the electrolyte solution in a three-electrode cell, exposing this type of electrode is completed only 360800 mV negative
part of the silver contact to the solution. To ensure steady- of the potential required to initiate dye desorption. To ensure
state conditions, the negative potential was applied for 10 min that this behavior does not result from a distribution of dye
while the solution was stirred. After the electrochemical TiO; binding energies, an electrode with a Fifdm thickness
desorption the films were rinsed and dried, and the transmissiongradient was made (see insert in Figure 5). The absorbance of
along the electrodes was measured with atADlaser spot at the film before and after the electrochemical dye desorption
543 nm. An undyed similar film was used to define the experiments was measured, yielding the percentage of desorbed
transmission baseline. dye as a function of film thickness. Figure 5 shows that at a
Figure 4 presents the normalized transmission of the, TiO given potential there is an inverse relationship between the
films as a function of the distance from the edge of the silver fraction that desorbs and the film thickness. This observation
contact at different applied potentials. When the laser spot is is consistent with the limited penetration depth of the desorption
scanned along the metal contact, the light is fully reflected threshold potential, which reaches an increasing fraction of the
(distance< 0). Right next to the contact the transmission film as the latter becomes thinner.
approaches unity indicating that the dye completely desorbed The low conductivity of the nanoporous TiGilm plays a
in this region, followed by a transmission decay to 0 as the major role in the potential distribution described earlier. A more
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SCHEME 3: Photoinduced Charge Separation Process
Creates an Electrostatic Field between the Injected
Electrons (Shown as— in the TiO») and the Resulting
Uncompensated Cations (Shown a® in the Solution)?
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aThis electrostatic field opposes the charge separation processes.
(a) In the absence of mobile supporting electrolyte, the photoinduced
electric field promotes charge recombination. (b) Mobile supporting
electrolyte screens the photoinduced field allowing efficient charge
separation to occur.

potential. The capacitance was extracted from impedance spectra Upon illumination of a dye-sensitized solar cell, an electron

(measured in the dark) using the electrical equivalent circuit described
in the text.

conductive semiconductor is expected to show a behavior
approaching that in Scheme 2c. Ultraviolet illumination can
increase the Ti® conductivity by more than 6 orders of
magnitudé® enabling examination of the effect of the conduc-
tivity on the potential distribution. Figure 6 presents the
capacitance of a film at different potentials, before and during
illumination. The threshold potential for capacitance increase
is shifted positively by approximatell V upon illumination,

and a clear plateau over a range of 0.8 V is observed. Figure

6 clearly shows that when a given bias is applied, the effective
surface area is determined by the conductivity of the porous
electrode. For example, at0.5 V when the electrode is

nonconductive (dark), only the conductive substrate and the

nearest layers of TiQappear electrochemically active. How-
ever, under the same applied bias, when the electrode is mad
conductive by ultraviolet illumination, the electrochemically

active surface area of the electrode is equal to the geometrical

surface area.
The presence of lithium ions in the electrolyte solution also
seems to make the Tpdnore conductive at a given potential.

Figure 7 presents the capacitance vs voltage curve of an

electrode first measured with 0.3 M TBAPRIh acetonitrile
followed by a measurement in 0.3 M LiClGolution. As in
the case of UV illumination, we attribute the positive shift of
the threshold potential to the increase in the JoOnductivity
upon exposure to LiCl@solution. This may result from either
a positive shift of the conduction band or from lithium
intercalation3®

Implications for Dye-Sensitized Solar Cells

In the previous section the unusual potential distribution

is injected from the dye into the TiOfilm and a hole is
transferred to the electrolyte. The injected electrons have to
cross the TiQ film and reach the conducting substrate, while
the oxidized ions diffuse toward the back electrode where they
are rereduced. The mechanism by which injected electrons
move through the Ti@ film is important to the overall
understanding of the system. Models describing electron motion
as a diffusion process have been developed in some stidfes,
and good agreement with the experimental current response to
light modulation was obtained. However, these studies did not
provide a clear rationale for the assumption of diffusion as the
transport mechanism.

The results described above provide this rationale. Because
of the porous nature of the T§dilm, ions can migrate through
the film to neutralize any electric fields (including those caused
by photo injected electrons) over very short distances. There-

éore, under normal operating conditions, there should be

essentially no macroscopic electric fields (of range longer than
about 26-50 nn?3) in the TiG; film, depending on the electro-
lyte concentration and composition. Accordingly, during steady-
state illumination, the injected electrons will experience little
or no electric field, so their motion will be governed primarily
by concentration gradients; that is, it will be diffusional.

Since there are essentially no electric fields present in the
dark, a transient electric field (image force) will be created by
the photoinjection process upon illumination. Scheme 3a
illustrates these electric fields which result from the opposing
movement of electrons and holes (oxidized ions). The photo-
induced field will oppose further charge separation and promote
charge recombination. The presence of mobile ions in the film,
however, can mitigate this field-induced recombination process.
As discussed earlier, the mobile ions can constantly rearrange
to screen these photoinduced electrostatic fields. Scheme 3b
illustrates the anticipated steady-state system configuration, in

across the porous semiconducting electrode was discussed. Inwhich the photoinduced fields are screened by the electrolyte,
this section, we discuss some implications of this result to the that enables the efficient charge separation achieved in recent
operation of dye-sensitized solar cells. dye-sensitized solar cefs.
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