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Two porphyrin-based dyes with carboxylic acid tethers of differing acidity in both protonated and deprotonated
forms were examined on ZnO nanotube electrodes. All of the dyes have similar surface coverage, but only the more
acidic dye in the acid form injects electrons well; this dye is the only one that corrodes the ZnO. In control experiments on
TiO, nanoparticle electrodes, both dyes load and inject in protonated and deprotonated forms. These results are
consistent with a requirement that the dye must partially corrode the ZnO surface in order for efficient injection to occur.
Alternatively, it may possibly point to a coupling of electron injection to proton uptake.

Introduction

The overall efficiency of the best dye-sensitized solar cells
(DSSCs) has been roughly 10% for the past 15 years.' Improving
efficiency dramatically will require simultaneous changes in at
least two, if not all three, of the critical components of the DSSC:
dye, photoanode, and redox shuttle.> We are developing por-
phyrinic “superchromophores™ that absorb a wider fraction of
the solar irradiance with peak extinction coefficients of more than
an order of magnitude larger than those of extant optimized
ruthenium-based dyes. We hope that, when combined with
alternate photoanodes, these dyes will yield high efficiencies due
to enhanced photocurrent densities and photovoltages. The
photocurrent density is enhanced when the dye absorbs further
into the red, capturing more of the solar spectrum. The photo-
voltage can be enhanced in two ways: (1) Higher-extinction dyes
require fewer dye molecules and therefore a smaller effective
photoanode surface area per unit geometric surface area to
achieve high light-harvesting efficiencies. Thus, the dark-current
density will decrease because the majority carrier interception by
the redox couple is proportional to the electrode surface area. (2)
A smaller effective photoanode surface area will ultimately allow
faster redox shuttles with more positive redox potentials to
regenerate the oxidized dye with a concomitant increase in
photovoltage.
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Moving to an oligomeric superchromophore requires a change
in photoanode architecture.”> Semiconductor nanotubes with a
sufficiently gentle radius of curvature would allow efficient dye
packing while providing aspect ratios large enough to achieve the
necessary effective surface area. Motivated by the need for a better
dye and a photoanode architecture optimized to its dimensions,
we are developing prototype systems of porphyrin oligomers for
use on ZnO,* TiO,,> or SnO, nanotubes. Because ZnO is better
than TiO, in terms of ease of fabrication on nanometer scales and
its fast electron-transport property,® we use ZnO nanotubes to
screen a range of porphyrin monomers.

In this letter, we report the discovery that the nature of the
porphyrin dye’s tethering group greatly affects electron injection
efficiency on ZnO nanotubes. Acidic tethering groups that
corrode ZnO nanotubes result in surprisingly improved electron
injection efficiency and thus improved overall cell efficiency.
Deprotonated tethering groups lead to poor injection efficiency
and low overall cell efficiency. In control experiments, this tether
dependence is not seen with TiO, nanoparticle photoanodes.

Experimental Methods

Porphyrin dyes were synthesized as detailed in the Support-
ing Information. N719 dye or [BuyN]x,(Ru(mpdcbpy),(SCN),),
where mpdcbpy is monoprotonated 4,4’-dicarboxy-2,2'-bipyri-
dine, was used as received from DyeSol.

ZnO nanotube photoanodes were created on anodized
aluminum oxide (AAO) substrates.’ The 60-um-thick AAO is
penetrated by 200-nm-diameter pores that traverse the AAO,
narrowing to 20 nm diameter within 2 um of the base. The pores
were conformally coated with 11 nm of ZnO via atomic layer
deposition (ALD). In a departure from earlier work, an addi-
tional 24 nm of ZnO was deposited using nonconformal ALD
conditions across the base of the AAO to occlude the 20-nm-
diameter pores. The electrodes were fired at 450 °C for 30 min.
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Table 1. Dye Loading and Photovoltaic Performance of ZnO- and
TiO,-Based DSSCs Using Porphyrins of Differing Acidity as Sensi-
tizers versus N719 Controls

dye /semiconductor dye loading” Jo/mA cm > V.. /mV ff  5/%

1a/ZnO 130 0.11 340  0.56 0.02
1b/ZnO 390 0.07 290  0.54 0.01
2a/ZnO 390 1.3 500  0.66 0.5
2b/ZnO 390 0.34 400 0.7 0.1
N719/Zn0O 390 2.7 680  0.59 1.1
1b/TiO, 1100 5.9 650  0.66 2.5
2a/TiO, 1100 6.2 620  0.59 2.3
N719/TiO, 1100 7.7 730 0.63 3.5

“The enhanced number of molecules adsorbed on a porous surface
relative to the number adsorbed on a flat surface as measured by dye
desorption.

Electrical contact was established across the occluded base by
sputtering 50 nm of silver. These photoanodes were illuminated
through the electrolyte by light incident on the translucent Pt/
fluorine-doped tin oxide counter electrode.

Nanocrystalline 8-um-thick TiO, photoanodes were prepared
from 20-nm-diameter TiO, anatase particles (DyeSol) atop
10-nm-thick TiO, ALD layers on fluorine-doped tin oxide plates.
The films were sintered at 500 °C for 30 min. These cells were
illuminated through the photoanode.

Porphyrin dyes were deposited on ZnO-coated AAO from
1 mM solutions in THF for 20 min to 8 h to test the corrosion
effect on cell performance. For 2a/ZnO cells with deposition times
of less than 2 h, no corrosion or significant change in cell
performance is observed. Thus, all porphyrin dye cells reported
here were deposited for 20 min on ZnO-coated AAO and for 8 h
on TiO, photoanodes. (No acid corrosion is observed on TiO,.)
N719 was deposited from 0.1 mM solutions in ethanol for 20 min
on ZnO-coated AAO and for 8 h on TiO, substrates. The loading
of porphyrin dyes was expressed as the ratio of the effective
occupied surface area over the geometrical area by measuring
desorbed dyes (in 0.1 M KOH in methanol) relative to the
theoretical number of molecules on a flat surface, thus reflecting
the enhanced number of molecules adsorbed on photoanodes
(column 2 of Table 1). The electrolyte for photoelectrochemical
measurements consisted of 0.6 M butylmethylimidazolium
iodide, 0.05 M I, 0.1 M Lil, and 0.5 M tert-butyl pyridine in
1:1 acetonitrile/valeronitrile.

Cells were illuminated through an Oriel 81092 filter at 98 mW
em 2 using a Xe lamp. Fluorescence was measured using a
Fluorolog-3 (Jobin Yvon). A CH Instruments 1200A potentiostat
was used to record current—voltage curves.

Transient absorption (TA) measurements were performed
using a Coherent RegA 9050 regenerative amplifier operating at
a repetition rate of 150 kHz and providing 50 fs fwhm pulses of
800 nm. Roughly 50% of the output was used to generate second-
harmonic 400 nm photons, which were used for pump excitation.
Another 25% of the light was passed through a sapphire window
to create a white-light continuum. TA measurements were made
on dye/ZnO films on glass without electrolyte.

Results and Discussion

System. ZnO nanotubes produced by ALD on commercially
available AAO supports are an easy-to-fabricate photoanode for
the preliminary screening of dyes. The nanotubes employed here
can be constructed on commercially available ALD equipment in
two steps and have a roughness factor of 400 times the geometric
area.” These cells are prototypes for the rapid screening of dye
loading and injection efficiencies and are not designed to maxi-
mize overall conversion efficiency. For example, there is con-
siderable loss in photon flux (roughly 20%) associated with
backside illumination through the Pt-coated conductive oxide
counter electrode in these test cells. In a similar vein, light
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Figure 1. Porphyrin dyes.
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Figure 2. TPCE measured over 10 nm intervals for 2a on 60-um-
thick ZnO nanotube photoanodes. The dye deposition time is
20 min.

scattering off of the AAO support further decreases the conver-
sion efficiency. Both of these limitations could be surmounted in a
next-generation design aimed at maximizing the conversion
efficiency.

The meso- and beta-tethered porphyrin dyes are shown in
Figure 1. The substituted aryl groups in both dyes simultaneously
serve to increase the overall dye solubility in THF and to suppress
aggregation upon adsorption. These porphyrin dyes strongly
absorb in their Soret and Q bands at ~470 and ~600 nm,
respectively (Figure S1).

Porphyrins on ZnO Nanotubes. Dyes 1b, 2a, and 2b load
equally well onto ZnO nanotube structures, but 1a does not load
as well (Table 1). Of these dyes, only 2a produces significant
photocurrents (> 1 mA cmfz); the next best porphyrin dye (2b)
produces photocurrents that are 4-fold lower. Excitation into the
porphyrin Q bands at 560 and 600 nm yields an incident photon-
to-current efficiency (IPCE) equal to that obtained by exciting the
more strongly absorbing Soret band at 470 nm (Figure 2). Even
though the light-harvesting efficiencies for the Q bands are lower
than that of the Soret band, it is known that photogenerated
electrons can be collected throughout the full 60 um depth of the
ZnO nanotube.” For comparison, IPCE for widely studied
ruthenium dye N719 on these ZnO nanotubes (not shown)
reaches a maximum of 20% at 535 nm. The lower-maximum
IPCE of 2arelative to that of N719 likely reflects a combination of
lower injection efficiency (due in part to quenching of the dye
excited state by triiodide®) and increased charge interception by
triiodide (due to a higher concentration of triiodide at the
semiconductor surface through association with the porphyrin
dye). Organic dyes are known to catalyze interception when
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Figure 3. Emission spectra of porphyrin dyes 1a, 1b, 2a, and 2b on
ZnO nanotubes with 430 nm excitation in the absence of electro-
lyte. Emission intensities are corrected to correspond to the same
dye absorbance at 430 nm.

paired with triiodide electrolyte; this effect suppresses the open-
circuit photovoltage.®’

Efficient electron injection in 2a/ZnO is suggested by compar-
ing the emission spectra of the four porphyrin dyes on ZnO
nanotubes with no electrolyte present to avoid strong scattering
and/or absorption by the Pt electrode and FTO (Figure 3). The
dye fluorescence intensity on ZnO decreases in the order 1b > 1a
> 2b > 2a, whereas the fluorescence intensity of the same dyes on
bare AAO is largely invariant (not shown). The lack of fluores-
cence quenching on the alumina surface is indicative of the
absence of a viable charge-injection pathway on this substrate,
and the quenching behavior on ZnO is indicative of increasing
charge injection into ZnO across this series of dyes, matching the
pattern of increasing current densities observed in the ZnO cells
(Table 1).

Electron injection dynamics were directly measured by mon-
itoring the excited-state decay at 800 nm using ultrafast TA
spectroscopy since the excited states of the porphyrin dyes
absorb in the near-IR region (Figure S2). Figure 4 compares
excited-state decays (in the first 100 ps) for 2a in toluene and 2a,
2b, and 1a on ZnO nanotubes excited at 400 nm.'? The excited
states of all of the dyes decay within 1 to 2 ns, which is defined as
7o, as can be seen for 2a in fluorescence upconversion measure-
ments in toluene (Figure S3). Without quenching due to electron
injection, the excited state of 2a in toluene barely decays in 100 ps.
However, an additional accelerated component, tg,, of the
excited-state decay is observed in the order 2a > 2b > la on
Zn0O when they undergo electron injection. From the relationship
1/Tinj = 1/Tgast — 1/70, the relative electron injection rates are in the
same order. Thus the injection time (7;,;) for 2a/ZnO is roughly 11
ps, and the injection time for 2b is roughly 35 ps. Because TA
measurements were made on dye/ZnO substrates on glass (not in
assembled cells with FTO and electrolyte), the absolute injection
times might be different from those in assembled cells. However,
the trend in electron injection rates corroborates the observation
of different current densities (Table 1).

The loading of 2a from a 1 mM solution in THF on ZnO
nanotubes is invariant with time between 20 min and 2 h.
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Figure 4. Excited-state decay for 2a, 2b, and 1a on ZnO nanotubes
and 2ain toluene monitored at 800 nm. Dots are experimental data,
and solid lines are fits. Excitation is at 400 nm.

A noticeable fogging of the photoanode due to the corrosion of
ZnO is observed after 2 h; after 4 h, the photoanode is opaque.
Similar behavior is observed with N719, whereas none of the
other porphyrin dyes are observed to corrode the ZnO. Attempts
to visualize corrosion on the 11-nm-thick nanocrystalline ZnO
nanotube walls with 2a via scanning electron microscopy over
short deposition times ( <2 h) were inconclusive. In the range of
2—4 h, a thinning of the walls is evident. After 4 h, gaps appear in
the tube walls.

The tendency of N719 and its fully protonated, more acidic
analogue N3 to corrode ZnO to form Zn>*/dye aggregates is well
established;!! for this reason, adsorption times for 0.1 mM N719
in ethanol on ZnO are typically limited to less than 30 min. Dyes
1a and 2a have estimated pK, values of 4.0 and 2.4,"* respectively,
whereas the pK, values for N3 have been measured to be 1.5 and
3.0 for two successive proton equilibria.'® Assuming that the pK,
of N719 and the second pK, of N3 are roughly equivalent, the
advent of corrosion of the ZnO/AAO films occurs with dyes with
pK, values between 3 and 4.

In summary, of all of the dyes examined on ZnO, both
porphyrinic and ruthenium-based, only those in the acid form
with a pK, <4 corrode ZnO and inject efficiently.

Comparison with TiO, Nanoparticles. Cells assembled
from dyes adsorbed on 8 um thick TiO, nanoparticle photo-
anodes provide additional information on dye injection efficien-
cies. Both dyes 1b and 2a on TiO, nanoparticles yield essentially
identical efficiencies of ca. 2.4% (Table 1). Thus 1b s a viable dye
on TiO,, but not on ZnO. Dye desorption measurements show the
surface coverage to be similar, with overall loading analogous to
that of N719. The IPCEs track the absorbance spectra of the dyes,
with 1 showing red-enhanced Q bands due to the asymmetric
pattern of extended conjugation present in the porphyrin struc-
ture (Figure 5). IPCE tops out at roughly 40% for the porphyrin
Soret bands, with lower values for the Q bands. For comparison,
the IPCE for N719 (not shown) approaches 50% in these
nonoptimized cells that do not employ scattering layers. The
8-um-thick photoanodes are nearly opaque when loaded with
porphyrins: the light-harvesting efficiency exceeds 0.75 for the
Soret and Q bands. The decrease in IPCE in the Q bands relative
to the Soret bands suggests a difference in injection efficiency in
this configuration. This decrease in IPCE with band as well as the
slightly lower maximum IPCE relative to N719 is symptomatic of
the lower sensitizing efficiency of the porphyrin dyes. The lower
porphyrin photovoltages relative to N719 on TiO, correlate with
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Figure 5. TPCE measured over 10 nm intervals for 1b (O) and 2a
(®) on 8-um-thick TiO, nanoparticle photoanodes.

the much larger dark currents observed for the porphyrins (not
shown). Acid 1a does not load as effectively as potassium salt 1b.
The reasons for this loading disparity on TiO, are unclear but may
be solubility-related. Although there is ample precedent for
overall efficiencies varying with the carboxylate counterion,'
the efficiency obtained with potassium salt-based 1b in this
configuration is notable for its high value relative to its acid form.

The lower IPCE at any given wavelength for the ZnO cells
(Figure 2) relative to the that of the corresponding TiO, cells
(Figure 5) is ascribed to three effects: (1) the smaller amount of
dye present in the nanotube photoanodes because of the smaller
roughness factor; (2) the fraction of light lost through scattering
by the AAO; and (3) reflective and absorption losses associated
with illumination through the counter electrode and electrolyte in
this simple AAO-supported configuration.

Dye/Photoanode Interactions. The most striking difference
in the behaviors of the porphyrin dyes in ZnO- and TiO,-based
cells is the inability of 1b to inject efficiently into the ZnO devices.
The two dyes that inject efficiently into ZnO, 2a and N719, share
the ability to corrode ZnO at long deposition times. This corrosive
ability correlates with the pK, of the acid tether.

A recent study using single-crystal ZnO in aqueous electrolyte
demonstrated that the dissolution of the oxide surface starts at pH
5.5 and occurs selectively at pre-existing step edges, which consist
of nonpolar surfaces. In comparison, oxide dissolution along the
ZnO(0001) direction proved to be effectively inhibited above a pH
of 3.8."° All of this occurs at pH values well below the point of
zero charge for ZnO, which is 8.7. While our polycrystalline
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11-nm-thick films (nanotubes) in THF or ethanol are clearly
different from a single-crystal ZnO system in aqueous electrolyte,
the empirical correlation of film stability with dye acid strength
suggests that effective adsorption and subsequent electron injec-
tion may require a preliminary, dye-based corrosion of the ZnO
substrate.

There are alternative explanations. For example, a pH-depen-
dent photocurrent has been observed for porphyrin dyes on TiO,
films in aqueous electrolyte.'® This effect was attributed to a pH-
dependent charge collection efficiency wherein the protonation of
a surface site is required for the effective charge compensation of
injected electrons.'” The magnitude of the sensitized photocurrent
is determined by surface protonation—deprotonation equilibria.
Additional work supports the charge-compensation-based ad-
sorption/intercalation phenomenon playing a key role in defining
the conduction band edge energetics of titanium dioxide'® and
other metal oxides'” in solution environments.

Conclusions

Porphyrin and ruthenium dyes with pK, <3 have been shown
to corrode thin films of ZnO produced via ALD in a nanotube
architecture. These dyes inject efficiently, whereas porphyrin dyes
with pK, >3 may load to a similar extent and inject on
nanoparticulate TiO, but do not inject on ZnO. We surmise that
in order for efficient electron injection into ZnO films to occur the
films must (a) be partially corroded by the dye and/or (b) couple
the injection to interfacial proton adsorption or intercalation.
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