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Electrochemical quartz crystal microbalance (EQCM) experiments have been performed on dye-functionalized
nanocrystalline titanium dioxide electrode/solution interfaces. The experiments show that reversible, potential-
induced dye desorption occurs in both aqueous and nonaqueous environments at potentials close to the
conduction band edge. Previous experiments have reported that potentiostatic filling of empty conduction
band or near-band-edge surface states has dramatic effects on the corresponding photophysical and
photochemical behavior of surface-bound dyes. Most notably, apparentdecreasesin the efficiencies of charge
injection andincreasesin dye luminescence yield were found to accompany potential changes. Detailed analyses
have emphasized the role of surface-state filling in decreasing the driving force for injection processes and
thus, increasing the luminescence quantum yield. The electrochemically stimulated dye detachment phenomenon
reported here provides a compelling alternative or additional mechanistic explanation for the profound potential
dependence of the interfacial luminescence responses.

Introduction

Light-induced charge transfer at wide band gap semiconduc-
tor/solution interfaces is a starting point for a number of
technologically interesting catalytic processes including envi-
ronmental contaminant degradation,1 chemical fuel production,2

and electrical power generation.3 For electricity generation, the
most efficient devices rely upon (1) nanocrystalline semicon-
ductor electrode surface functionalization via visible-light-
absorbing molecule (“dye”) attachment, (2) photoexcitation of
the attached dye, and (3) an ensuing cascade of redox processes,
beginning with dye-to-semiconductor electron injection. The
crucial electron injection process has been examined via
photocapacitance techniques,4 transient absorbance methods,5

time-resolved and steady-state luminescence methods,6 photo-
current yield measurements,7 and other experimental methods.

Among the more compelling general findings are correlations
and inverse correlations between photocurrent yield, lumines-
cence intensity, injection yield, and externally applied electrode
potential. Most notably, when a dye-functionalized semiconduc-
tor electrode is increasingly negatively biased, the molecular
(dye) luminescence intensity systematically increases while both
the photocurrent yield and the injection yield systematically
decrease.6b,7 The variations are most pronounced at potentials
near the electrode’s conduction band edge (Ecb).

Advantage has been taken of these observations and related
time-resolved luminescence measurements to infer rates for
electron injection.7a The rates display a remarkable potential
dependence, decreasing by orders of magnitude asEcb is
approached from more positive potentials.7a Typically, the
potential dependence has been interpreted in terms of poten-
tiostatic electron addition to the electrode. The addition evidently
leads to near-band-edge surface-state filling, negative shifts in* Author to whom correspondence should be addressed.
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the electrode’s Fermi level, and a systematic diminution of the
thermodynamic driving force for electron injection.7a From
conventional electron transfer theory, exponential decreases in
injection rate are expected to accompany decreases in driving
force, provided that injection occurs in the Marcus normal
region. Finally, the decrease in injection rate apparently permits
excited state deactivation via an internal radiative pathway to
become kinetically competitive.

We report here on an electrochemical quartz crystal micro-
gravimetry (EQCM) study of dye-functionalized metal-oxide
semiconductor/solution interfaces under conditions of negative
bias (potentiostatic electron addition). The study was motivated
by recent EQCM and photochemical QCM studies of naked
TiO2, SnO2, and ZnO electrodes in aqueous and nonaqueous
environments.8 Those studies showed that electron addition
(surface reduction) is accompanied by mass increases corre-
sponding to charge-compensating proton intercalation (aqueous
environments), alkali metal ion intercalation (nonaqueous
environments), or alkylammonium cation adsorption (nonaque-
ous environments). We reasoned that an analogous investigation
of dye-functionalized electrodes might provide complementary
information. As shown below, we find that negative biasing of
functionalized electrodes stimulates electrode massdecreases
that are interpretable in terms of dye detachment. Notably, the
detachment phenomenon provides an alternative mechanism for
luminescence generation and suggests an alternative or ad-
ditional interpretation for the profound biasing effects upon
luminescence responses reported previously.

Experimental Section

Nanocrystalline titanium dioxide films were prepared as
previously reported.8a,b,d Briefly, 22 g/L TiO2 colloids were
prepared by the acidic hydrolysis of titanium(IV) isopropoxide
(Aldrich, 97%). The resultant sols were dialyzed against distilled
water until their pHs were approximately 2. Sols were then
concentrated by rotary evaporation to yield slightly viscous sols
of 50-100 g/L TiO2. Triton X-100 (Aldrich, 1 drop/mL sol)
was added to the sols to facilitate film formation; films were
formed by spin-coating the sols (2000 rpm, 1 min, 5-10 coats)
onto masked gold-coated quartz crystal resonators (ICM,
Oklahoma City, OK). Sintered, nanocrystalline films were
formed by firing the electrodes in air at 450°C for ca. 1.5 h.
The sensitizing dye, Ru(dcb)3

4- (dcb ) 2,2′-bipyridine-4,4′-
dicarboxylic acid), was introduced to the film by soaking in a
buffered (pH 3) solution of dye overnight.9

EQCM measurements were performed as previously de-
scribed on an apparatus previously described.8 Electrolyte
solutions consisted of 0.1 M LiClO4 in pH 3 buffer (Fisher) or
acetonitrile (distilled from CaH2) and were deoxygenated by
bubbling with nitrogen prior to each experiment. Electrochemi-
cal measurements were made in a one-compartment cell using
a platinum wire counter electrode and an ssce, Ag/AgCl, or
silver wire pseudoreference. Potentials are reported versus ssce.

Results

EQCM experiments were performed on dye-coated, nanoc-
rystalline films of TiO2. Figure 1a shows the current versus
potential plot from an aqueous EQCM scan. As the TiO2 film
is scanned to potentials negative of the conduction band edge,
cathodic current arises from reduction of the TiO2 film. The
voltammetric response is similar to that reported previously for
naked (underivatized) electrodes, implying that the response is
electrode based rather than dye based. Monitoring the funda-
mental frequency of the quartz crystal substrate versus potential

(Figure 1b) reveals a positive frequency shift, indicating a loss
of mass from the functionalized electrode. At 50 mV/s (and
faster), the mass loss appears irreversible. This phenomenon
takes place in both aqueous (water/buffer/electrolyte, Figure 1)
and nonaqueous (acetonitrile/electrolyte) solutions. Furthermore,
the onset potential for the frequency increase is, in both
environments, slightly positive of the apparent conduction-band-
edge energy. Repeated cyclings result in cumulative dye
desorption, the magnitude decreasing slightly with each suc-
cessive scan (Figure 2). Unlike previous experiments on SnO2

and ZnO, the TiO2 electrodes proved stable to repeated cyclings,
displaying unchanging electrochemistry after many cycles.

Discussion

The mass loss in Figures 1 and 2 is notable in that it (1)
coincides with the potentials measured for induced fluorescence
noted in previous studies, (2) is reversible or irreversible,
depending upon the scan rate, similar to the luminescence
responses reported earlier, and (3) occurs only with dye-coated

Figure 1. Plots of (a) current versus potential, and (b) QCM crystal
frequency versus potential for a Ru(dcb)3

4- -functionalized, nanocrys-
talline TiO2 electrode/water interface. Scan rate: 50 mV/s.

Figure 2. Plot of QCM crystal frequency versus time for a Ru(dcb)3
4- -

functionalized, nanocrystalline TiO2 electrode/water interface. Scan
conditions:-50 to -750 mV vs SSCE; 50 mV/s; 5 scans.
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semiconductor electrodes.Nakedfilms of TiO2, SnO2 and ZnO
display only mass uptake due to charge-compensating cation
intercalation.8 We conclude that the mass decrease is associated
with dye desorption.10

The observation of dye desorption has interesting implications
in the context of “interfacial” luminescence behavior. If TiO2

surface-site reduction results in dye desorption, dye lumines-
cence can arise from desorbed Ru(dcb)3

4- as shown in Scheme
1.

Dye readsorption appears to be a relatively slow process: fast
surface reduction and reoxidation (cyclic voltammetry performed
at 50 mV/s and faster) of the TiO2 films evidently releases dye
molecules that do not re-adsorb within the time frame of the
electrochemical scan. Slower electrochemical scanning (e10
mV/s) allows the dye time to re-adsorb within the measurement
window. This compares favorably with the known potential-
dependent luminescence behavior of Ru(dcb)3

4- on related
SnO2

7a and TiO2
7b electrodes. We speculate that in both types

of experiments (EQCM and luminescence) eventual dye re-
attachment is facilitated by the mesoporous nature of the
electrode material. Thus, dye molecules can likely be desorbed
from the electrode surface without escaping from the porous
metal-oxide network and entering the surrounding electrolyte
solution. Such an interpretation, if correct, might account for
the previously observed potentiostatic dependence of the
Ru(dcb)34- (or the related sensitizer, Ru(dcb)(bpy)2) excited-
state lifetime.7 A desorbed dye molecule would still be subject
to energy- or electron-transfer quenching by any remaining
proximal bound dye molecules. Time-resolved luminescence
measurements would thus report on the rates of these processes
rather than the direct electron injection process.

Finally, it is important to note that Scheme 1 doesnotaccount
directly for the potential-induced loss of photocurrent and the
decrease in injection yield encountered in functioning photo-
electrochemical cells;7a,7b too small a fraction of the chro-
mophoric material is desorbed to accommodate either obser-
vation. For example, the+80 Hz frequency shift recorded in
Figure 2 corresponds to a mass loss of∼300 ng or 1.4µg per
cm2 (geometric electrode area). This, in turn, corresponds to
only ∼3 × 10-10 moles of dye (13( 5 monolayers of dye on
a hypothetical flat surface) or approximately 7% of the dye
initially present in our experiments. We suggest, however, that
Scheme 1 does likely account for the potential-induced dye
luminescenceeffect. Absolute luminescence intensity informa-
tion is lacking in the various literature reports, thereby preclud-
ing a quantitative comparison to the EQCM experiments.
Nevertheless, we find that dissolution (in water) of a quantity
of dye equal to that desorbed in a typical EQCM experiment
yields a readily observable luminescence response, i.e., a
response that is orders of magnitude above the detection limit
for a standard spectrofluorimeter such as a Spex Fluorolog 3.11

Conclusions

EQCM measurements involving dye-functionalized nanoc-
rystalline TiO2 electrode/solution interfaces show that potential-

induced dye desorption occurs in both aqueous and nonaqueous
environments. The desorption effects are reversible under slow
scan conditions and are most prominent in the vicinity of the
conduction band edge. As such, they provide a compelling
alternative or additional explanation for the observation of
reversible, potential-induced photoluminescence6,7 from such
interfaces. We hope to investigate the effect of substituting
phosphonate (PO32-) anchors for the carboxylates; presumably
stronger surface binding will inhibit dye desorption and alter
the luminescence behavior.
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