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ABSTRACT: Detachment (desorption) of molecular
dyes from photoelectrodes is one of the major limitations
for the long-term operation of dye-sensitized solar cells.
Here we demonstrate a method to greatly inhibit this loss
by growing a transparent metal oxide (TiO,) on the dye-
coated photoelectrode via atomic layer deposition (ALD).
TiO,-enshrouded sensitizers largely resist detachment,
even in pH 10.7 ethanol, a standard solution for
intentional removal of molecular dyes from photo-
electrodes. Additionally, the ALD post-treatment renders
the otherwise hydrophobic dye-coated surface hydrophilic,
thereby enhancing photoelectrode pore-filling with
aqueous solution.

ye-sensitized solar cells (DSCs), the best of which can now
achieve light-to-electrical energy conversion efliciencies
(7) of >12%, are widely considered to be among the most
promising alternatives to conventional silicon-based solar cells."
DSCs employ an electrolyte solution (redox-active salt + organic
solvent) and rely upon the formation of a high-area solution/
semiconductor interface. One practical limitation of existing
DSC designs is the tendency, over time, for dyes to detach
(desorb) from the photoelectrode.z’3 Once detached, these
sensitizers no longer contribute photocurrent, thereby resulting
in lower cell performance. This behavior is thought to be due to
competitive adsorption of water, which may enter the cell over
time via capture of moisture from air. (A typical rate is 0.01 g/m*
day.)*® A second practical problem is a degradation of cell
performance when the conventional redox-electrolyte-contain-
ing organic solvent is replaced by water as solvent.’ The
performance shortfall is thought primarily to reflect problems in
getting aqueous solutions to completely permeate high area
photoelectrodes. Nevertheless, the ability to use water as the
solvent would reduce materials costs and make cells greener by
eliminating hazards associated with disposal or leakage. Thus, the
development of methods for preventing desorption and for
facilitating aqueous electrolyte use would clearly be desirable.
Recent DSC work that could potentially be relevant to
stabilizing dyes against desorption, includes (a) polymerization
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(cross-linking) of molecules co-adsorbed with dyes” and (b)
glass encapsulation of dyes following photoelectrode adsorp-
tion.® The second approach, while attractive for other reasons,
struck us as potentially problematic for use with aqueous DSCs
(especially under basic conditions) because of the finite solubility
of silica in water. Nevertheless, because glass encapsulation of
dyes was accomplished by using an approach closely related to
ALD, we reasoned that direct ALD of a metal-oxide material
might be a viable way of protecting molecular anchoring groups
against displacement from an electrode surface. Such a protective
layer could function by physically blocking water molecules or
hydroxide ions from reaching the anchoring site, and/or by
enabling an anchoring oxygen atom (from a carboxylate) to
interact with multiple metal cations. ALD additionally seemed
well suited due to its remarkably conformal coating behavior,” its
comparatively low deposition-temperature requirements (typi-
cally <150 °C),'® and its high resolution with regard to
thicknesses of deposited layers."”'* While our focus below is
on neutral and basic solutions, the envisaged strategy was further
supported by our recent finding that carboxylate-anchored dyes
in multi-chromophore DSCs can be protected against acid-
induced (aqueous HF) desorption by first treating dye/TiO,
photoelectrode assemblies with several ALD cycles of metal
oxide."?

Herein, we present the results of post-assembly ALD of ultra-
thin coatings of TiO, on OrgD-sensitized, nanoparticulate TiO,
electrodes.”* (See Scheme 1; OrgDH = (E)-2-cyano-3-(5'-(5"-
(p-(diphenylamino)phenyl)thiophen-2"-yl)thiophen-2'-yl)-
acrylic acid.) TiO, was selected as the coating material due to its
extraordinary chemical stability, even under extremes of pH;'? its
known shielding/scavenging activity toward humidity and
0,;'"" and its compositional matching with the underlying
electrode. Water and titanium(IV) tetraisopropoxide were used
to grow TiO, in controlled fashion. ALD was performed at 110
°C so as to avoid thermal degradation of the dye. (We have
previously shown that under anaerobic conditions OrgD can
withstand reactor temperature excursions to at least 170 °C.%)
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Scheme 1. (a) Schematic Depiction of Post-assembly Atomic
Layer Deposition of TiO, and (b) HR-TEM Image of Post-
treated TiO,:0rgD/10 TiO, ALD Film
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With an eye toward generalizing the approach, however, we
sought to employ much lower temperatures. Details regarding
the deposition protocol can be found in the Supporting
Information (SI). Under the conditions of our experiments,
the growth rate of TiO, as determined by ellipsometry on flat
silicon platforms, was found to be ~1 A per ALD cycle (Figure
S1). High-resolution TEM measurements (Figure S9) estab-
lished that the growth rate is unchanged for dye-covered
nanoparticulate TiO, and that the coating is uniform and
conformal. Quartz crystal microbalance (QCM) measurements
corroborated that ALD occurs on OrgD-coated NP electrodes
and established that the rate of growth is uniform. (See Figure 1
(inset) and Figure S2.)

The intensity of the broad visible-region absorption spectrum
of OrgD on nanoparticulate TiO, films is not significantly altered
by subsequent ALD of additional TiO, (Figure S3)—implying
that the dye is not degraded by metal-oxide formation.”® As
shown in Figure 1, however, the OrgD absorbance wavelength
maximum, A, is affected. The peak shifts red by about 2 nm per
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Figure 1. Comparison of UV—vis spectra of untreated and post-
assembly-coated OrgD:TiO, nanoparticle film electrodes and photo-
images of control (0 cycle) and post-treated film (10 cycles of post TiO,
ALD) (inset, below left). QCM mass gain profiles acquired over 18
cycles of QCM(Au)/TiO, ALD/OrgD (inset, below right).

ALD cycle for the first ten cycles, with little additional shift
occurring thereafter. In view of the donor—acceptor character of
OrgD, significant shifts in A,,,, can be expected whenever the
polarity or dielectric strength of the local environment is
altered.”’ Indeed, in solution environments the dye is
solvatochromic (and pH dependent). In the present study the
initial environment (vacuum + neighboring dyes) is changed to
TiO,, a high-dielectric semiconductor. The spectral results
suggest that OrgD is largely encapsulated when the thickness of
the ALD coating reaches 10 A. (Notably, no spectral shift is
observed upon ALD-encapsulation with Al,O,, a low dielectric
material.) Additional experiments (cyclic voltammetry; Figure
S6) show that OrgD remains electrochemically addressable after
ALD.

With modified structures in hand (TiO,:0rgD/8 TiO, ALD)
we examined their ability to resist dye loss to solution. Although
water is the nominal culprit, the competitive adsorbate almost
certainly instead is hydroxide ion. Commonly included at high
concentration (~0.5 M) in nonaqueous electrolyte solutions for
DSCs, because of its propensity to suppress dark currents, is tert-
butylpyridine (TBP). As a reasonably effective Bronsted base,
TBP can be expected to extract protons and convert any residual
or moisture-derived water molecules in DSC solutions nearly
quantitatively to hydroxide ions. We reasoned, therefore, that
accelerated tests of dye desorption could be done by employing a
receiver solution of ethanol (desirable because of the typically
high solubility of organic dyes in this solvent) that had
intentionally been made basic by addition of NaOH. Ideally,
the acceleration protocol would cause unprotected dye
molecules to be desorbed in minutes or hours rather than
months or years. As detailed below, ethanolic solutions with
apparent pH of 10.7 proved suitable (i.e., 0.5 mM NaOH).

Shown in Figure 2a,b are visible-region absorption spectra for
TiO,:0rgD/8 TiO, ALD and TiO,:0rgD, respectively,
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Figure 2. Left: visible-region spectra of TiO,:OrgD (control) after
exposure for 0—72 h (a) and TiO,:OrgD/8 TiO, ALD (b). The
thickness of each film was 3 um. Right: relative A;/A, absorbance of
TiO,:0rgD (black) and TiO,:0rgD/8 TiO, ALD (red) at 460 nm after
soaking in ethanol containing 0.5 mM NaOH and photos of films after
soaking both types for 24 h.

following soaking basic for times ranging from 0 to 72 h. Figure
2¢ shows the absorbance at various times ¢ relative to the initial
absorbance (i.e., A,/Ay). To facilitate comparisons, the relative
absorbance is presented on a log), scale. Even on this scale, the
unprotected dye can be seen to desorb much more rapidly than
the ALD-protected version. As the photograph in the inset to
panel ¢ shows, after 24 h the initially intense orange TiO,:OrgD
electrode has become pale yellow, while TiO,:0rgD/8 TiO,
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ALD assembly remains strongly colored. A comparison of
approximate half-lives for dye loss shows that treatment of an
electrode with eight ALD cycles (TiO,) slows desorption process
by about 1.5 orders of magnitude, ie., roughly S50-fold.
Nevertheless, after three days in basic EtOH, significant
desorption of even the ALD-protected dye is evident. It would
be interesting to see if desorption rates are similarly slowed for
dyes that are much more strongly and persistentlgr adsorbed, for
example, dyes that utilize phosphonate,'***™>> acetyl aceto-
nate,”*™® or hydroxamate® as anchors.

As shown further by data in the SI, the stabilizing effect of ALD
TiO, extends to the ruthenium-based dyes, N719 and Z907, in
water as the solvent—albeit, to a lesser degree than observed
with OrgD in basic EtOH (see Figures S15, S16, and S18).

It is notable that the surface energy of TiO,:OrgD
photoelectrodes, as gauged by water contact-angles (6,.), is
significantly changed by post-assembly ALD of TiO,. As shown
in the photos in Figure 3, prior to ALD the surface is

a)

8, = 118°

Figure 3. Photos and idealized cartoons (limiting cases) of water droplet
shape on (a) TiO,:OrgD film with a contact angle of 118 + 0.9° and (b)
TiO,:0rgD/8 TiO, ALD film with a contact angle of 46 + 1.5°. Photos
of (c) water and (d) water-based electrolyte used in actual DSC droplet
shape on ALD-free and ALD-post-treated electrode films.

hydrophobic, but after ALD it is hydrophilic. The initial
hydrophobicity is to be expected, given the phenyl terminating
groups of adsorbed OrgD. As suggested by the cartoons in Figure
3a,b, and supported by the observations above regarding
asymptotic OrgD spectral shifts with increasing numbers of
ALD cycles, we interpret the hydrophilic behavior of the
modified electrode as arising from extension of TiO, to near the
dye termini via ALD-based filling of dye-layer interstices. Thus,
the aqueous solution is able to contact the metal-oxide without
first penetrating the dye layer. Based on the model and
experimental observations of O’Regan and co-workers,® (a)
local hydrophilicity should engender solution permeation of
photoelectrode mesopores but (b) local hydrophobicity should
constrain dye/aqueous solution and electrode/aqueous solution
contact, and limit photocurrent output.

With these differences in mind, we compared the performance
of DSCs containing either ALD-treated or ALD-free photo-
anodes in aqueous electrolyte solution (0.05 M I, 2 M 1-butyl-3-
methylimidazolium iodide (BMII), 0.1 M guanidinium thio-
cyanate (GuSCN), and 0.5 M TBP). (The higher-than-typical
concentration of BMII was used to ensure dissolution of other
components in water.é) For simplicity, we examined compara-
tively thin photoelectrodes (6 ym, rather than the 10—12 ym
thickness typically used when seeking maximum DSC
efficiencies). Additionally, we omitted the TiO, light-scattering
layer (large-particle layer) typically used to enhance red-edge
photocurrent, since our goal here is not to produce a champion
DSC, but to understand what limits DSC performance. In the
aqueous DSCs, the untreated TiO,:0rgD electrodes gave a
short-circuit photocurrent density (J,.) of 3.66 mA/cm? an
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open-circuit photovoltage (V,.) of 640 mV, an overall cell fill-
factor (FF) of 0.61, and # = 1.44%. Under the same conditions,
the post-assembly ALD-treated photoelectrodes (8 cycles)
yielded significantly better performance: Jsc = 4.41 mA/cm?,
V.. = 660 mV, FF = 0.70, and # = 2.05% (Table 1). (Similar
results were obtained with 10 and 12 ALD cycles.)

Table 1. Photovoltaic Performance of DSCs

sample Joc [mA/cm?] V,. [V] FF n [%)]
control (water) 3.66 0.64 0.61 1.44
post-treated (water) 4.41 0.66 0.70 2.05
control (CH;CN) 2.55 0.58 0.53 0.79
post-treated (CH,CN) 3.75 0.57 0.72 1.56

At first glance, the findings seem to mirror those of
O’Regané—implying that the increased Jgc in ALD-treated
cells can be understood in terms of enhanced access of the
aqueous electrolyte to the highly porous, but initially hydro-
phobic, photoelectrode surface. However, in contrast to the
findings of Law et al. who examined a more hydrophobic dye,’
further studies of OrgD (Jsc vs light intensity, Figure $12)
showed that transport limitations on Jsc are negligible at 1 sun
and become significant only at ca. 1.25 and 1.75 sun (for ALD-
free and ALD-treated electrodes). Additional measurements of
0 yater Showed that both types of electrodes are wetted by water
once BMII (a known surfactant) is included in cell solutions.
Finally, measurements in CH;CN as solvent (Table 1) show
similar enhancements of Jsc and # following ALD treatment,
thereby ruling out hydrophobic/hydrophilic effects as the cause
of the enhancements.

In an effort to understand how ALD post-treatment enhances
cell efficiency, we examined back electron-transfer (ET)
reactivity. To our surprise, back ET, and therefore the efficiency
of current collection, is unaffected by ALD treatment. Ultimately
we traced the efficiency effects to increases in the efficiency for
electron injection. We intend to report in detail on this behavior
elsewhere. Briefly, however, ALD post-treatment serves to break
up poorly electron-injecting aggregates of OrgD.

Returning to stability studies, the consequences of accelerated
thermal aging (60 °C, aqueous electrolyte, dark with periodic
illumination to measure #77) were examined. After 150 h, 7 values
of untreated DSCs dropped by ca. 50% (mainly due to lower Js¢;
Figure 4a). The decreases are ascribed to dye desorption. In
contrast, # and Jsc values for the ALD-treated cell are little
affected, even after 200 h (Figure 4).

In summary, functional encapsulation of carboxylate-anchored
molecular sensitizers on high-area TiO, photoelectrodes is
achievable via post-assembly ALD of additional TiO,. The ALD
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Figure 4. Time evolution of Js: (a) and 5 (b) for TiO,:0rgD (black)
and TiO,:0rgD/8 TiO, ALD (red) DSCs in aqueous electrolyte. These
cells were aged at 60 °C in the dark.
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treatment serves to isolate and protect dye-anchoring groups
from displacement by water molecules or hydroxide ions. As a
consequence, under conditions designed to achieve rapid dye
desorption (i.e., accelerated stability testing) the rate of
desorption is slowed by ca. 50-fold. Similarly, accelerated thermal
aging studies of water-based DSCs show that post-assembly ALD
may be a solution to the broader problem of long-term DSC
instability.

The ALD treatment additionally serves to make the initially
hydrophobic surface of a representative organic-dye/TiO,-
photoelectrode assembly significantly hydrophilic. Such change,
in turn, suggests that the post-assembly TiO, ALD treatment
could facilitate permeation of the assembly’s mesopores by
aqueous electrolyte, boost the fraction of adsorbed dyes that are
redox accessible, and enhance the ability of the DSC to function
with water as solvent. Stabilization of DSCs via ALD of other
metal-oxides as well as application to different types of dyes is
currently being investigated.
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