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ABSTRACT: A core−shell approach that utilizes a high-surface-
area conducting core and an outer semiconductor shell is exploited
here to prepare p-type dye-sensitized solar energy cells that operate
with a minimal applied bias. Photocathodes were prepared by
coating thin films of nanocrystalline indium tin oxide with a 0.8 nm
Al2O3 seeding layer, followed by the chemical growth of
nonstoichiometric strontium titanate. Films were annealed and
sensitized with either a porphyrin chromophore or a chromo-
phore−catalyst molecular assembly consisting of the porphyrin
covalently tethered to the ruthenium complex. The sensitized
photoelectrodes produced cathodic photocurrents of up to −315
μA/cm2 under simulated sunlight (AM1.5G, 100 mW/cm2) in aqueous media, pH 5. The photocurrent was increased by the
addition of regenerative hole donors to the system, consistent with slow interfacial recombination kinetics, an important property of
p-type dye-sensitized electrodes.
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■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) and photoelectrosynthesis
cells (DSPECs) have progressed considerably in the efficient
conversion of solar energy into electrical energy and fuels.1−5

The ideal DSPEC device employs a tandem design, including a
dye-sensitized photoanode and a dye-sensitized photocathode,
both utilizing solar energy to drive the two halves of a redox
reaction.6−9 Photoanodes for DSPECs and DSSCs that utilize
traditional nanoporous TiO2, SnO2, or core−shell SnO2−TiO2
metal oxide materials have evolved considerably in this
area.10−16 The development of photocathodes, however, has
progressed at a substantially slower rate.17−19

Strontium titanate has been touted as a promising material
for photoelectrosynthetic applications due to its ability to
photo-oxidize water without an externally applied bias.20,21

Compact SrTiO3 layers have been prepared using a range of
deposition methods, including pulsed laser deposition
(PLD),22 spray pyrolysis,20,23 atomic layer deposition
(ALD),24,25 electrochemical deposition,26 radio frequency
magnetron sputtering,27,28 and spin-coating.29,30 Although
chemical deposition offers many benefits, such as solution
processing, better scale-up possibilities, and less waste,
surprisingly few studies have been conducted on the utilization
of solution-based methods in the preparation of SrTiO3.

31

Based on our experience, drop-casting of strontium titanate
precursors represents a simple but effective method to prepare
nonstoichiometric strontium titanate (STOx).

As an added advantage, the solution-based method can also
be applied to the construction of core−shell photoelectrodes.11
In the core−shell approach, a thin, semiconductor shell is
applied on a film of conductive transparent nanoparticles,
enabling the efficient transport of photogenerated carriers from
the shell to the core. The core−shell nanoarchitecture
mitigates some of the issues that commonly limit the
photocurrent and performance observed in dye-sensitized
metal oxide electrodes, e.g., the slow charge transport that
facilitates charge recombination at the interface with the dye.11

This recombination pathway is inhibited by the use of thin
shells of the metal oxide material. Poor dye uptake is a known
issue for SrTiO3 electrodes when the synthetic method is
limited to producing a planar film, including pulsed laser
deposition.21,32 The application of a conformal shell to a
mesoporous, high-surface-area core material results in a high-
surface-area version of the shell material, which substantially
increases dye loading compared to flat films of the same shell
material.

Received: January 14, 2021
Accepted: March 2, 2021
Published: March 22, 2021

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+E.+Reilly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+J.+Dillon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Animesh+Nayak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shane+Brogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taylor+Moot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+K.+Brennaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+K.+Brennaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rene+Lopez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Meyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leila+Alibabaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00933?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00933?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


Previously, nanocrystalline core−shell thin films of indium
tin oxide (nanoITO) and TiO2 have been produced by ALD of
conformal films of TiO2 that encase nanoITO particles.11 In
the present study, nonstoichiometric strontium titanate
(STOx) shells were chemically grown on nanoITO using a
simple drop-casting method. With the application of an Al2O3
seeding layer to the nanoITO before STOx growth, conformal
core−shell nanoporous electrodes were fabricated. The
resulting nanoITO-Al2O3-STOx electrodes produced using
this method exhibit p-type behavior, suggesting a modified
band structure compared to SrTiO3.

33,34

In this study, two dyes were used to evaluate nanoITO-
Al 2O3-STOx e lec t rodes (F igure 1) : 5 ,15 - b i s -
(pen t afluoropheny l ) -10 - (4 -me thy lpheny l ) -20 - (4 -
d ihyd roxyphospho ry lpheny l )po rphy r i n (1 ) and
[RuII(2,2′:6,2″-terpyridine)(1-(2-pyridyl)-3-(5,15-bis-
(pen t afluoropheny l ) -10 - (4 -me thy lpheny l ) -20 - (4 -
dihydroxyphosphorylphenyl)porphyrin)benzimidazole)-
(OH2)]

2+ (2). The pentafluorophenyl groups on the dye shift
their excited-state reduction potential to a more positive value,
which facilitates photoinduced hole injection. The phospho-
nate group provides a superior anchor to the semiconductor
surface under aqueous conditions (compared to a carboxylate
group).35 Whereas compound 1 functions solely as a light
absorber, compound 2 is a chromophore−catalyst assembly,
where a ruthenium-based catalyst is covalently attached to
compound 1. The catalyst moiety of 2 has shown promise in
catalytic water-splitting, CO2 reduction, and syngas applica-
tions.36−38 Here, nanoITO-Al2O3-STOx electrodes sensitized
with compounds 1 and 2 are compared by photocurrent
measurements, with and without the added redox couple, 1-(2-
hydroxyethyl)-5-mercaptotetrazole (T−) with its disulfide
dimer (DS) (Figure 1). Utilizing this porphyrin dye, the
aqueous thiolate/disulfide redox shuttle, and the core−shell
approach, dye-sensitized nanoITO-Al2O3-STOx photocathodes
demonstrate intramolecular electron transfer with photo-
current responses of up to −315 μA/cm2 upon illumination
with 1 sun (AM1.5G, 100 mW/cm2) in aqueous media at pH
5. The photocathodic performance is subsequently discussed in
terms of energetics and excited-state redox potentials to infer
the properties of the nanoITO-Al2O3-STOx band structure.

■ EXPERIMENTAL PROCEDURES
Film Preparation. Mesoporous films of nanoITO were prepared

using a previously reported method.11 Fluorine-doped tin oxide
(FTO) glass (TEC-15, Hartford glass Co. Inc.) was cut into 2 cm × 4
cm strips and cleaned through sonication in ethanol for two 20 min
periods (Branson 2510). A nanoITO suspension was prepared by

adding 1.5 g of nanoITO powder (20 nm particles, Lihochem, Inc.)
and 1.42 mL of acetic acid (glacial, Fisher Scientific) to 5.0 mL of
ethanol (Decon, 200 proof). The suspension was sonicated for 20 min
followed by ultrasonication using a digital sonifier (Branson, model
450, 30% power, 17% duty cycle; 5 min) equipped with an ultrasonic
horn outfitted with a flat microtip. Kapton tape was used to cover
more than half of each FTO substrate, leaving an exposed area of 2
cm × 1.5 cm. Spin-coating of the nanoITO suspension on the
substrates was conducted at 600 rpm for 10 s. The films were then
annealed in a furnace (Lindberg/Blue M Box Furnace) under air at
500 °C for 1 h, with a 1 h ramp to reach the set annealing temperature
to produce light-yellow nanoITO films.

A shell-seeding layer of Al2O3 (0.8 nm) was deposited through
ALD (Cambridge NanoTech, Savannah S200). An exposure-mode
treatment at 130 °C was performed with trimethylaluminum as the
precursor and nitrogen gas as the flow and purge gas. Five cycles of
Al2O3 were deposited as follows: 0.02 s precursor pulse, 20 s hold, 60
s N2 purge, 0.02 s H2O pulse, 20 s hold, and 60 s N2 purge. An
aluminum oxide film thickness of 0.8 nm was measured using
ellipsometry (J.A. Woollam, Variable Angle Spectroscopic Ellips-
ometer) on flat, silicon wafers that were present in the ALD chamber
along with the nanoITO films during the ALD process. Non-
stoichiometric strontium titanate, STOx, was deposited by drop-
casting 150 μL of a solution containing strontium acetate (0.0354 g,
Sigma Aldrich), titanium (IV) isopropoxide (0.04 mL, TTIP, Sigma
Aldrich), ethyl alcohol (16 mL, Sigma Aldrich), and acetic acid (4
mL, Fisher). The nanoITO substrate was placed in a 100 mL jar and,
using a Fisherbrand Finnpipette, two runs of 75 μL of solution were
slowly dropped onto the substrate for a total volume of 150 μL. The
rate of solvent evaporation was regulated by capping the jar with a lid
featuring an 11 mm aperture. The films were dried for approximately
18 h. Postdeposition annealing was first performed under atmospheric
conditions at 500 °C with a box oven according to a heating program
(Table S1), and then at 500 °C in a 2% H2 atmosphere (98% N2,
Airgas) with a (Lindberg/Blue) tube furnace.

Compound 1 was synthesized using a previously published
procedure.35 The synthesis of compound 2 as a covalently linked
assembly of the porphyrin and the catalyst was also based on a
previously published procedure.39 Dye loading of the films was
completed by submerging the STOx films in 1 mM porphyrin, mixed-
solvent solutions composed of dichloromethane and methanol at a 9:1
(v:v) ratio for 50 min. The dye-loading process was monitored by
recording UV−vis absorption measurements at 10 min intervals until
the electrodes reached maximum dye loadings (Figure S1).40 The
UV−vis absorption spectra of the dye-sensitized electrodes before and
after loading are displayed in Figure S2. The thiolate/disulfide redox
shuttle was synthesized according to a previously published
procedure.41 DSSC devices were constructed with nanoITO-Al2O3-
STOx-1 and Pt-coated FTO electrodes using a previously reported
procedure.42

Film Characterization. Scanning electron microscopy (SEM)
was conducted using a cold-cathode, field-emission scanning electron
microscope (Hitachi, S-4700) at an accelerating voltage of 2.0 kV.

Figure 1. Chemical structures of compound 1, the porphyrin chromophore, compound 2, the porphyrin−catalyst assembly, and T−/DS, the
thiolate/disulfide redox couple.
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Films were sputter-coated (Cressington, 108 auto sputter coater) with
2.0 nm of Au/Pd (60:40 Au:Pd) before SEM imaging. SEM energy
dispersive spectroscopy (EDS) was conducted at an accelerating
voltage of 20.0 kV using an Oxford Instruments INCA PentaFET-x3
detector. Transmission electron microscopy (TEM) was conducted
using a TEM (JEOL, 2010F-FasTEM) and Thermofisher Talos
F200X at an accelerating voltage of 200.0 kV. The sample was scraped
from the substrate, redispersed in ethanol, and drop-cast on a TEM
formvar carbon grid. The imaging was done in both TEM and
scanning transmission electron microscopy (STEM) (high-angle
annular dark-field, HAADF) modes. Measurements of the shell
thickness were done on high-resolution transmission electron
microscopy (HRTEM) images with custom image processing
software made in LabView. Measurements of the lattice spacing
were done via Fourier transform of a region of interest of the HRTEM
image, also with custom LabView software. A UV−vis absorption
spectrophotometer (Varian, Cary 50) was used to record absorption
spectra at a fast scan rate by placing the film or the solution in the
path of the beam. Absorption data were collected at 1 nm intervals.
Photoelectrochemistry. Photocurrent−time measurements were

performed using nanoITO-Al2O3-STOx-1 and nanoITO-Al2O3-STOx-
2 as working electrodes in a three-electrode configuration. The
samples were immersed in aqueous 0.1 M acetate buffer at pH 5 with
1 M NaClO4. A bias of 0 V vs Ag/AgCl was applied using a
potentiostat (CH Instruments Inc., 601D) with a Pt-wire counter
electrode and an aqueous Ag/AgCl (satd. NaCl, BASi) reference
electrode. In addition to the buffer solution, 0.05 M thiolate/disulfide
and 1% (v/v) Triton X100 were also added for one series of
experiments. For all photocurrent measurements, 1 sun illumination
(100 mW/cm2) was provided by a solar simulator (Newport, 1000 W
Xe lamp & AM1.5G filter). Measurements were recorded from the
dye-loaded films in a closed cell that had previously been sparged with
argon for 10 min.

Steady-State Emission. FTO-ZrO2-1 electrodes were placed in
an open-topped cuvette (quartz, 1 cm path length). Room-
temperature photoluminescence spectra (625−800 nm, 1 nm step
size, 0.3 s integration time, 3−5 averages, 90° geometry) were
collected using a commercial emission spectrophotometer (PTI,
QuantaMaster 4SE-NIR). Photoexcitation at 440 nm was produced
by focusing white light from a 75 W Xe lamp into a monochromator
(Czerny-Turner, ≤ 4 nm spectral bandwidth). The excitation beam
was passed through a 300 nm long-pass filter and then through a
beam splitter to direct a portion of the excitation beam onto a Si
reference detector to account for fluctuations in the Xe lamp intensity.
Emission from the electrodes was passed through a 515 nm long-pass
filter, then sent through a monochromator (Czerny-Turner, ≤4 nm
spectral bandwidth), and detected with a thermoelectrically cooled
(−20 °C) photomultiplier tube (R928P, Hamamatsu Inc.). Emission
spectra were corrected for the instrument response and transmission
of the 515 nm long-pass filter.

Electrochemistry. A potentiostat (CH Instruments, Inc., 6012D)
was used to collect cyclic voltammograms of compound 1 on
nanoITO in CH2Cl2 with 0.1 M TBAPF6 in the open air. The counter
electrode consisted of a Pt-wire and the reference electrode was either
a Ag wire pseudo-reference electrode or a Ag/AgNO3 (0.1 M
AgNO3) reference electrode. The scan rate was 10 mV/s. Potentials
recorded relative to a Ag wire reference electrode were converted to
the normal hydrogen electrode (NHE) scale by adding +0.682 V to
the potentials, with ferrocene serving as an internal standard.43

■ RESULTS AND DISCUSSION

A solution-based method for the chemical deposition of STOx
was used to prepare nanoITO-Al2O3-STOx core−shell photo-
cathodes for DSPEC evaluation. Preparation of the crystalline,
stoichiometric form of strontium titanate, SrTiO3, was not
possible without damaging the FTO substrate during the

Figure 2. Cross-sectional SEM image of a nanoITO-Al2O3-STOx film (a), STEM (HAADF) imaging and EDS elemental mapping (b−e), and
HRTEM images (f, g) of nanoparticles scraped from a nanoITO-Al2O3-STOx film. Shell-thickness measurements in (g) were performed with
custom LabView software.
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required high-temperature annealing process.21 Drop-casting
was chosen as a relatively low-temperature method for
preparing a core−shell electrode with a nonstoichiometric
strontium titanate, STOx, shell in the place of stoichiometric
SrTiO3. Similar solution-based depositions have been used
successfully for related materials, such as lead zirconate
titanate.44,45 Here, prior to drop-casting, an ultrathin (0.8
nm) Al2O3 layer was applied onto the nanoITO using ALD to
serve as a thin seeding shell for growing the STOx layer
throughout the nanoITO film. The capability of ALD to
deposit homogeneous surface coatings on mesoporous metal
oxides is well documented.46,47 Interstitial Al2O3 within core−
shell electrodes does not interfere with shell-to-core electron
transfer for sufficiently thin shells.48 The use of the controlled
evaporation method to apply the STOx precursor solution to
the nanoITO-Al2O3 film was necessary for a deposition without
loss of the film by peeling during evaporation. Shown in Figure
2a, the final nanoITO-Al2O3-STOx film produced after
annealing was intact and adhered to the FTO glass substrate,
uniform on the micrometer scale, and, most importantly,
retains the high surface area of the underlying nanoITO film.49

EDS elemental mapping, Figure 2b−e, shows the presence of
Sr and Ti throughout the material, at a ratio of 1:4, Sr:Ti (see
Figure S3 and Tables S2 and S3 for full EDS data). HRTEM
imaging, Figure 2f,g, reveals highly crystalline core nano-
particles coated with an amorphous shell layer. The lattice
spacing corresponds to (222) planes of In2O3.

50−52 The sharp
distinction between the crystalline core and amorphous shell is
utilized to measure the thickness of the latter, which is 1.0 ±
0.2 nm. Given the initial Al2O3 layer is 0.8 nm, the STOx layer
is an ultrathin ∼0.2 nm.
The shortcomings of solution-based methods to uniformly

coat mesoporous materials have been reported previously.53

While EDS mapping shows Sr and Ti are distributed
throughout the material, the uniformity of the STOx layer is
inconclusive owing to its extreme thinness, which is within the
error of the measurements used to evaluate it. The 1:4 ratio of
Sr:Ti calls into question whether some regions of the shell are
predominantly composed of TiO2. However, as shown below,
photoanodic currents expected for dye-sensitized TiO2 are not
observed, even for large positive applied potentials.35 More-
over, the presence of STOx is absolutely critical for the
functioning of the photoelectrodes with dye-sensitized samples
without STOx exhibiting negligible photocurrents (Figure S4).
Electrodes composed of nanoITO-Al2O3-STOx-1 and nano-

ITO-Al2O3-STOx-2 immersed in aqueous pH 5 electrolyte
were illuminated with 1 sun (Figure 3a). The photoresponse of
nanoITO-Al2O3-STOx without a dye was negligible (“blank” in
Figure 3a), as was for the dye on nanoITO or nanoITO-Al2O3
without STOx (Figure S4). A cathodic photocurrent was
observed for nanoITO-Al2O3-STOx-1 with a peak photo-
current density of −21 μA/cm2 (Figure 3a). The observed
photocurrent exceeds the nanoamp photocurrents observed in
a previous study on flat SrTiO3 (fabricated via PLD) sensitized
with a similar porphyrin dye and is similar to the performance
of RuII polypyridyl dyes on mesoporous NiO.21,54 The
photocathodic response observed for nanoITO-Al2O3-STOx-
1 is consistent with net, photoinduced hole transfer from the
porphyrin ring to the nanoITO-Al2O3-STOx substrate, as
summarized in eq 1a. Photoexcitation of nanoITO-Al2O3-
STOx-1 generates the porphyrin excited state, Porph*, eq 1a,
followed by hole injection from Porph* to the STOx layer to

produce STOx(h+) and Porph−, eq 1b. The ground state is
restored via interfacial electron−hole recombination, eq 1c.

STOx Porph STOx Porph
hv

− → − * (1a)

STOx Porph STOx(h ) Porph− * → −+ −
(1b)

STOx(h ) Porph STOx Porph− → −+ −
(1c)

Incorporation of the dye-catalyst assembly in nanoITO-
Al2O3-STOx-2 resulted in a photoresponse that decayed over
time following a peak photocurrent of −104 μA/cm2, a value
that is 5 times greater than for the dye alone (Figure 3a). The
increase in photocurrent is not attributable to a difference in
loading; the loading of 2 is actually slightly less than that of 1,
by a factor of 1.2 (Figure S2). Here, the use of compound 2 in
nanoITO-Al2O3-STOx-2 was designed to evaluate the
chromophore−catalyst assembly as a “push−pull” chromo-
phore as a way to explore its performance without the
mechanistic and kinetic constraints of catalysis. Push−pull
chromophores with electron-accepting moieties designed to
shepherd and shelter excited-state electron density are
frequently employed in p-type systems, particularly those
based on NiO, and increase device performance by prolonging
the lifetime of the charge-separated state.55,56 Photocathodes
of NiO derivatized with dyes without a push−pull design often
exhibit interfacial recombination kinetics on the sub-pico-
second time scale, which substantially inhibits photoelec-
trochemical performance.54,57−60 The increased yet unsus-
tained photocurrent of nanoITO-Al2O3-STOx-2 suggests a
related but more complex sequence of photoelectrochemical
events for the assembly-derivatized electrode compared to the
dye-only system, and a kinetically limiting return to the initial
state. A hypothetical mechanism is given in eq 2:

STOx Porph Ru STOx Porph Ru
hvII 2 II 2− [ − ] → − [ * − ]+ +

(2a)

STOx Porph Ru

STOx(h ) Porph Ru

II 2

II

− [ * − ]

→ − [ − ]

+

+ − +
(2b)

STOx(h ) Porph Ru

STOx(h ) Porph Ru

II

I

− [ − ]

→ − [ − ]

+ − +

+ +
(2c)

Figure 3. Photocurrent−time traces observed upon 1 sun illumination
of nanoITO-Al2O3-STOx without dye (green) and loaded with
compounds 1 (red) and 2 (black) in the absence (a) and presence of
the thiolate/disulfide redox shuttle (b). Electrodes were immersed in
argon-saturated, 0.1 M acetate buffer, pH 5, in 0.5 M LiClO4.
Photoelectrochemical data were collected with Ebias = 0 V vs Ag/
AgCl.
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As for nanoITO-Al2O3-STOx-1, visible light excitation of
nanoITO-Al2O3-STOx-2 generates the porphyrin excited-state
Porph* (eq 2a), followed by hole injection from Porph* to the
STOx layer to produce STOx(h+) and Porph− (eq 2b). In
nanoITO-Al2O3-STOx-2, the Ru-catalyst moiety of compound
2 serves as a hole donor positioned on the opposite side of the
phosphonate anchoring group of the assembly. After hole
injection, rapid intra-assembly electron transfer from Porph− to
the RuII catalyst further separates the electron from the
photoinjected hole on the STOx surface and regenerates the
porphyrin ground state, Porph (eq 2c). Interfacial charge
recombination is presumably inhibited for nanoITO-Al2O3-
STOx(h+)-[Porph−RuI]+ (eq 3) relative to that for nanoITO-
Al2O3-STOx(h

+)-Porph− due to the increased charge-separa-
tion distance as evidenced by the higher photocurrent
observed for the assembly-based system.

STOx(h ) Porph Ru

STOx Porph Ru

I

II 2

− [ − ]

→ − [ − ]

+ +

+
(3)

Diminished interfacial charge recombination results in the slow
recovery of compound 2 (eq 3) and is favorable for catalytic
applications. From eq 2c, the return of the porphyrin moiety to
the neutral ground state primes the system for a second
photoinduced hole-injection event in competition with the
recovery of the initial state. The faradaic efficiency of the
catalyst for water reduction is low, however, decreasing its
return to the initial state and is the probable origin for the
decrease in photoresponse decays over the course of
illumination.36−38,61

The photocathodic current for nanoITO-Al2O3-STOx-1
doubles to −42 μA/cm2 upon the addition of thiolate/
disulfide (Figure 3b). The simplest explanation for this
phenomenon is a rapid reaction of the transiently reduced
dye with the redox shuttle to regenerate the ground-state
chromophore (eq 4).

DS TSTOx(h ) Porph STOx(h ) Porph− + → − ++ − + −

(4)

Similarly, 1 sun illumination of nanoITO-Al2O3-STOx-2 with
the T−, DS redox shuttle added to the pH 5 electrolyte resulted
in a sustained photoresponse over the 30 s illumination interval
with a substantial peak photocurrent of −315 μA/cm2 (Figure
3b). The increase and change in the shape of the photocurrent,
from decaying to sustained, for nanoITO-Al2O3-STOx-2 in the
presence of T−, DS suggest reaction of DS with reduced
form(s) of the assembly.
An alternative explanation is that the increase in photo-

current upon addition of the redox shuttle is a photogalvanic
mechanism in which the photoexcited dye reacts with the
preassociated redox electrolyte (eq 5a).62,63

DS TSTOx Porph STOx Porph− * + → − ++ −
(5a)

T TSTOx Porph STOx(h ) Porph− + → − ++ − + −

(5b)

Nonetheless, a mechanism of this kind appears to be unlikely.
The dye exhibits a photocathodic response in the absence of
the redox shuttle, which is strong evidence for hole injection in
the STOx surface. Moreover, preassociation of the redox
shuttle with the dye sensitizer is typically the product of ionic
attraction, for example I−/I3

− associating with the Ru2+ core of
a RuII polypyridyl dye.64−66 In this study, the relevant form of

the redox shuttle, DS, is neutral and is not expected to
associate with 1 or 2.
Dye-sensitized solar cell devices were constructed of

nanoITO-Al2O3-STOx-1, with Pt-coated FTO electrodes in
0.1 M acetate buffer at pH 5 in 0.5 M LiClO4, using the 0.05 M
thiolate/disulfide and 1% (v/v) Triton X100 redox shuttle.
The incident photon-to-current efficiency (IPCE) and J−V
curves are presented in Figure 4. The shape of the IPCE curve

corresponds well with that of the absorption spectrum of the
porphyrin, but the efficiency is low, only 2.3% at the Soret
band maximum. From the J−V curve, Jsc was 59 μA/cm2, the
Voc was 132 mV, the fill factor was 28%, and the efficiency was
0.002%. Despite these lackluster performance characteristics,
the results are nevertheless notable in that they are on par with
the results reported previously for NiO DSSC electrodes
sensitized with porphyrin dyes.2,67

In considering cell efficiencies and the photomechanics of
hole injection, we focus on the redox potentials and excited-
state energetics of compound 1. From cyclic voltammetry
(Figures S5 and S6), the ground-state oxidation, E°′(1+/0), and
reduction potentials, E°′(10/−), of compound 1 are 1.78 and
−0.22 V vs NHE, respectively. The free energy of the excited
state, ΔGES°, of compound 1 was determined to be 1.95 eV by
extrapolating the high-energy side of the corrected emission
spectrum (Figure S7) of compound 1 anchored on insulating
ZrO2.

55,56

E E G F(1 ) (1 ) // /0
ES= − Δ◦′ + * ◦′ + ◦

(6)

E E G F(1 ) (1 ) // 0/
ES= − Δ◦′ * − ◦′ − ◦

(7)

From eqs 6 and 7, where F is the Faraday constant, the excited-
state oxidation, E°′(1+/*), and reduction, E°′(1*/−), potentials
for compound 1 are −0.17 and 1.73 V vs NHE, respectively.
The redox potential of the thiolate/disulfide redox couple is
0.325 V vs NHE, according to the literature.41

As both the excited-state oxidation and reduction potentials
of compound 1 are within the SrTiO3 band gap, photoinduced
electron injection and hole injection should not be energeti-
cally feasible.68 Based on these energetics, the observation of a
photocurrent from the dye on nanoITO-Al2O3-STOx is
notable. The observation of photocathodic behavior indicates
a modified band structure for STOx, one that includes internal
redox states that deviate from SrTiO3. One explanation is the
presence of intragap states in the nonstoichiometric STOx
films. Related studies have observed a potential role for these
states in dictating the photophysical processes of dye-sensitized

Figure 4. IPCE spectrum (a) and linear sweep voltammetry (b) in the
dark and illuminated (1 sun, 100 mW/cm2) for a DSSC consisting of
nanoITO-Al2O3-STOx-1 and Pt-coated FTO electrodes, in a 0.1 M
acetate buffer at pH 5, in 0.5 M LiClO4, and 0.05 M thiolate/disulfide
and 1% (v/v) Triton X100 redox shuttle.
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metal oxide films.54,69 In SrTiO3-based systems, intragap states
have been attributed to various sources, including chemical
disorder and electron correlation effects.70

Figure 5a shows the photoresponse of nanoITO-Al2O3-
STOx-1 in argon-saturated, 0.1 M acetate buffer, pH 5, with

0.5 M LiClO4 upon 1 sun illumination as a function of the
applied bias. As the bias voltage was increased in small
increments, the photocurrent response was significantly
diminished. Cyclic voltammetry experiments were conducted
under the same conditions with and without 1 sun illumination
(Figure 5b) and revealed that the onset of the photoresponse
occurred at approximately 0.5 V (vs Ag/AgCl). This value is
consistent with what is expected from extrapolating the
photocurrent responses in chronoamperometric experiments
(Figure 5b, inset). The data of Figure 5 were analyzed to
construct a photophysical picture of photoelectrode behavior
based on a qualitative understanding of the STOx density of
states described in a previous study and the experimental
photocurrent response with applied bias.70 Experimental
measurements of the density of states for the STOx films
were not conducted.
The proposed mechanism for the photocathodic behavior of

compound 1 on STOx with a 0 V (vs Ag/AgCl) applied bias is
illustrated in Scheme 1. With the application of the
electrochemical bias, a portion of the intragap states is
electronically occupied. Following the photoexcitation of the
dye, electrons present in the intragap states are energetically
able to reduce the photoexcited dye. The reduced dye is then
regenerated by the thiolate/disulfide redox shuttle, if present. A
band structure in which the intragap states extend downward
from the conduction band rather than upwards from the
valence band is supported by the disappearance of the
photocurrent at applied potentials ≥0.5 V (vs Ag/AgCl).
The excited-state reduction potential is much more positive
than 0.5 V, and thus hole injection is energetically feasible
beyond (more positive than) this potential. The absence of
hole injection, however, suggests a lack of intragap states above
0.5 V.
An additional mechanistic consideration for nanoITO-

Al2O3-STOx-1 is the possibility of competing for photoanodic
behavior. Photoexcitation of compound 1 on n-type metal
oxides, such as TiO2 and SnO2, has been shown to produce
photoanodic currents.39 Electron injection into STOx by the
photoexcited dye is thermodynamically feasible because the

excited-state oxidation potential of compound 1 is −0.17 V vs
NHE and empty intragap states extend below the conduction
band. The observation of overall photocathodic currents for
nanoITO-Al2O3-STOx-1 suggests that a competing electron
injection process must be minimal, if it plays a role. In a similar
p-type system, dye-sensitized NiO, electron injection into
unoccupied intragap states is not observed, despite favorable
thermodynamics.54

■ CONCLUSIONS
Dye-sensitized p-type photoelectrodes that operate with a
minimal applied bias by integrating nonstoichiometric
strontium titanate, a porphyrin dye, and a dye-catalyst
assembly are described here. The high surface area, core−
shell nanoITO-Al2O3-STOx electrodes were prepared with the
STOx layer formed by a simple drop-cast solution method.
The 1 sun illumination of the dye-sensitized core−shell
nanoITO-Al2O3-STOx results in cathodic photocurrent
responses that are 2−3 orders of magnitude higher than
those observed for electrodes based on flat SrTiO3, as
previously reported.21 Photocurrents for dye-sensitized nano-
ITO-Al2O3-STOx electrodes are enhanced by the addition of
regenerative hole donors, indicating slow interfacial recombi-
nation kinetics. These results establish the nanoITO-Al2O3-
STOx-based electrodes presented here as promising candidates
for p-type dye-sensitized applications.
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Figure 5. Photocurrent−time traces upon 1 sun illumination of
nanoITO-Al2O3-STOx-1 for 30 s at increasingly positive applied
potentials vs Ag/AgCl (a) and cyclic voltammograms of nanoITO-
Al2O3-STOx-1 with and without 1 sun illumination (b). The inset in
(b) shows the peak photocurrent observed in (a) vs the bias voltage
(vs Ag/AgCl). Data in (a) and (b) were collected consecutively on
the same electrode immersed in argon-saturated 0.1 M acetate buffer,
pH 5, in 0.5 M LiClO4.

Scheme 1. Energy Diagram and Photomechanics of
Compound 1 on STOxa

aArrows are drawn illustrating hole transfer. The dashed green line
indicates the 0 V (vs Ag/AgCl) applied bias utilized in the
photocurrent experiments (+0.206 V vs NHE). The STOx band
structure has been qualitatively drawn based on the literature and
experimental results obtained in the present study.70
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