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ABSTRACT: Photon upconversion via triplet—triplet annihilation
(TTA-UC) is a promising strategy for increasing maximum
theoretical solar cell efficiencies by a factor of 1.3. However, one
factor limiting integrated TTA-UC solar cell performance is the g
transmission window between sensitizer and acceptor molecule
absorption. Here we demonstrate that the incorporation of a
singlet sensitizer (SS) into a self-assembled trilayer is an effective
means of harnessing that previously transmitted light. A record TiO,
TTA-UC photocurrent density of 0.315 mA cm™> under 1 sun
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irradiation was achieved and is attributed to directional SS-to-

sensitizer singlet energy transfer and sensitizer-to-acceptor triplet energy transfer, followed by TTA, excited-state electron
transfer into TiO,, and regeneration by a redox mediator in solution. These results demonstrate that singlet sensitization-
enhanced self-assembled trilayers are a promising strategy for enhancing broad-band light absorption and improving the

performance of TTA-UC solar cells.

atural photosynthetic systems have evolved supra-
| \ | molecular assemblies with intermolecular orienta-
tions and distances that optimize the direction, rate,
and efficiency of energy and electron transfer.' For
manufactured devices like sensors, photodetectors, and photo-
voltaics, there is increasing interest in generating metal—
organic frameworks, dendrimers,)’ multilayer assemblies,*™°
and other structures’”® to realize similar levels of static and
dynamic control. These human-made structures are not
necessarily as well-defined or efficient as natural systems, at
least not yet, but have the distinct advantage of enabling non-
natural processes like photon upconversion via triplet triplet
annihilation (TTA-UC),”"" the process of combining two low-
energy photons to generate a higher-energy excited state.'"'”
TTA-UC can increase the theoretical efficiency of a single-
junction solar cell from 33% to >43% by harnessing previously
transmitted, sub-band gap light.'>"*

While there are several strategies for harnessing sunlight
using TTA-UC,">~* metal ion linked, multilayer assemblies of
acceptor (aka, annihilator) (A) and triplet sensitizer (S)
molecules on TiO, (Figure 1) have emerged as one of the
most promising approaches for directly integrating TTA-UC
into a solar cell.”**® The layered structure enables directional
energy transfer,”” the molecular proximity is favorable for
energy migration and TTA,***" and the metal oxide surface
can extract charge from the UC state resulting in TTA-UC
photocurrent density of up to 0.158 mA cm™ under 1 sun
(AML.5).”” This photocurrent density enhancement is above
the device relevant threshold of 0.1 mA cm™2*' but given
previously reported TTA-UC efficiencies, >1 mA cm™2 is most
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certainly attainable and could increase device efficiency records
for DSSCS or perovskite solar cells by one percentage point or
more.” One factor limiting the performance of multilayer
TTA-UC films is the absorption transparency window between
A and S. Recently, Meinardi and co-workers overcame this
shortcoming by incorporating a singlet sensitizer (SS) that
absorbs in the transparency region and transfers energy to the
triplet sensitizer, increasing TTA-UC emission quantum yield
by a factor of 1.2.%*

Here we incorporate an SS into a TTA-UC solar cell as the
third component of the self-assembled trilayers on TiO,
(Figure 1). The SS harvests photons in the S-A transmission
window, initiating an S§S-to-S-to-A energy-transfer cascade
followed by TTA-UC and charge extraction from the
upconverted state. This co-operative scaffolding results in a
TTA-UC photocurrent density of 0.314 mA cm ™ under 1 sun
irradiation, a 2-fold increase on the previous record.

Fluorescein (SS in Figure 1) was selected as the singlet
sensitizer because it has a carboxyl metal ion binding group
and a ~90% fluorescence quantum yield (Table S3), and its
absorption (425—525 nm) matches the S-A transmission
window (Figure 2b). The trilayer film depicted in Figure 1 was
prepared using a stepwise soaking procedure””*> by submerg-
ing TiO, in a solution of A, then Zn'L, then S, then Zn" again,
and finally SS (Figure 2a). Each step of the surface
modification procedure was monitored by absorption spec-
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Figure 1. Schematic representation of self-assembled trilayer (TiO,-A-Zn-S-Zn-SS) (ET = singlet energy transfer; TET = triplet energy
transfer; mig = triplet exciton migration; TTA = triplet—triplet annihilation; e~ inj = electron injection).
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Figure 2. (a) Stepwise soaking procedure and (b) absorption
spectra for the trilayer, bilayer (TiO,-A-Zn-S), and constituent
dyes on TiO,. The S-A transparency window is highlighted in pink.

troscopy (Figure 2b), and the fully loaded film has an A:S:SS
ratio of 3:1:0.1 (details in Experimental Methods). It is
important to note that although the structural details for the
film are not known (i.e., molecular orientation), the absence of
the second Zn" treatment yet results in minimal contribution
from SS absorption (TiO,-A-Zn-S + SS in Figure 2b),
indicating that it forms a trilayer and not simply an SS + §
codeposited layer. It is also worth noting that there was no
change in the absorption spectra for TiO,-A-Zn-S before and
after the second Zn" treatment (Figure S2), indicating that
there was most likely no dramatic change in the structure of
the bilayer film (i.e., no aggregation or coordinate network
formation).
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Singlet-sensitized TTA-UC solar cells were fabricated with
TiO,-A-Zn-S-Zn-SS as the photoanode, platinum as the
counter electrode, and 0.2 M/0.02 M Co"/Co™ tris(1,10-
phenanthroline) redox mediator in MeCN.”> ] —t (short-
circuit photocurrent density vs time) measurements of the B-
SS, A-S bilayer, and A-S-SS trilayer devices under a simulated
solar spectrum passed through a 455 nm long-pass filter, to
isolate the contribution from TTA-UC, can be seen in Figure
3a. Triphenyl-4,4'-diphosphonic acid (B)*® was used as a
photo- and electrochemically inert surrogate in B-SS to retain
the multilayer structure without the concerns of competitive
energy or electron transfer.

As can be seen in Figure 3a, there is a nearly 2-fold increase
in J. for A-S-SS trilayer relative to A-S bilayer device.
Additionally, the incident photon-to-current efficiency spectra
(IPCE) of both devices (Figure 3b) closely resemble their
respective absorptance spectra but with a 3-fold enhancement
in IPCE from 440 to 530 nm for the A-S-SS trilayer relative to
A-S bilayer device (Figure S3). Equally important is that the
trilayer J,. is more than 10 times greater than that of B-SS or
SS control (Figure S4), indicating that direct injection from SS
into TiO, is negligible and is not responsible for the improved
performance.

To gain further insights into the photocurrent generation
mechanism, J,. was measured with respect to 532 and 455 nm
excitation intensity (Figure 3c) for the A-S and A-S-SS trilayer
devices, respectively. Both films exhibit quadratic to linear
intensity dependence, which is a characteristic feature of TTA-
UC.*”*® For the trilayer, this observation directly supports
involvement of singlet sensitizer excitation in the photon-to-
current pathway via TTA-UC, again ruling out direct electron
injection from SS. In terms of excitation events per second
(excitation intensity X absorptance), the crossover intensity
between the two regimes (ie, Iy value or the minimum
excitation intensity for TTA-UC to reach maximum efficiency)
for A-S-SS (1.3 X 107" excitation s™ cm™) is nearly 2-fold
lower than for A-S (2.1 X 107" excitation s™' cm™). Both
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Figure 3. (a) Amperometric i—t curves under 1.15 equiv AM 1.5
solar irradiation passed through a 455 nm long-pass filter (V=0 V;
shutter open at t = 0 s, shutter closed at ¢t = 20 s). (b) IPCE and
absorptance spectra for bilayer and trilayer solar cells. (c)
Photocurrent density at 0 V with respect to 532 and 455 nm
laser intensity for the bilayer and trilayer, respectively.

crossover points are achieved well below AM 1.5 solar flux
integrated from 455 to 535 nm (3.12 X 107 excitation s~
cm™* assuming 100% absorptance) and still below that even
after correcting for the actual absorptance of the films (orange
lines in Figure 3c). These results indicate that the 314 & 24 yA
cm™? for the trilayer film under 455 nm long-pass filtered AM
1.5 solar irradiation (Figure SS) is due to TTA-UC and is the
highest photocurrent density yet achieved for a TTA-UC solar
cell.

The proposed mechanism for the singlet-sensitized TTA-
UC solar cell is depicted in Figure 4 with select productive and
nonproductive processes highlighted in green and red,
respectively. Briefly, excitation of SS (kess)) is followed by
SS to S singlet energy transfer (kgr,). The heavy Pt atom of S

facilitates near-unity intersystem crossing (kisc) > * followed
by triplet energy transfer from S to A (krgr), TTA (y1ra), and
electron injection from the upconverted singlet state of A
(kinj(l A*)). The rate constants and efficiencies for each of these
processes were determined using comparative steady-state and
time-resolved emission/absorption measurements following
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our previously published procedure.”’***' For energy-transfer

measurements, ZrO,, instead of TiO,, is used as a substrate
because its relatively high conduction band (>2.0 V vs NHE)
hinders excited-state electron transfer, and therefore, photo-
physical events can be quantified in the absence of electron
injection.”” The results are shown in Figure 4, and the
experimental details are provided in the Supporting Informa-
tion. The fast (kgr, > 2.9 X 107 s7') and near-unity SS-to-S

energy-transfer efficiency can be attributed to a combination of
the spatial proximity and strong spectral overlap between the
absorption of S and the emission of SS (Figure S1).*"*
Following intersystem crossing, *$* to SS, nonproductive back
triplet energy transfer was negligible as the *$S* state was not
observed by transient absorption (Figure S6) presumably
because it is energetically uphill by ~200 mV,** making kper, ®
0. Similarly, following TTA-UC, fast TA*-to-SS energy transfer
(kpgr, = 4.4 X 107 s7') would be a major quenching pathway
for UC emission. However, because electron injection from
'A% into TiO, (ky; > 4.5 X 10" s7')*" is much faster than
kpgr, energy losses via this pathway are negligible in the solar
cell.

The J, of a device is proportional to the efficiency of
electron injection, dye regeneration, charge collection, and
light harvesting (LHE(1))." Assuming that only LHE(Z) is
altered by the addition of SS, the theoretical photocurrent
enhancement with singlet sensitization (J,.gs) relative to the
bilayer device (J,.;;) can be calculated using

]sc—SS = ]sc—bl.Q (1)
where Q is the gain factor determined by
%A
= 284 A 1
%Ay 1—N )

where %A, and %A, are the integrated areas of the
absorptance spectra from 455 to 535 nm for the bilayer and
trilayer, respectively. M is the productive contribution from SS

(CDETI'(l q)bET,)(l q)bETz))) and N ((DETI'(I
®pr )-Per,) represents losses due to filtering/reabsorption

by SS (details are provided in the Supporting Information).
Given that ®gr ~ 100% and @gy, is negligible, J g5 was

calculated to be 327 pA cm™ which is in reasonably good
agreement with the experimentally determined 314 + 24 A
cm™% There was also similar agreement between calculated
(1.2 x 107" excitation s' cm™') and experimental (1.3 X
107" excitation s™* cm™') Iy, values (details are provided in
the Supporting Information). Collectively these results indicate
that SS improves the TTA-UC solar cell performance by
increasing photon absorption and funneling excited-state
energy into the S-A UC process with negligible deleterious
effects.

In conclusion, we have incorporated singlet sensitization
into an integrated TTA-UC solar cell via self-assembled
trilayers. This four-component photoanode (TiO,, A, S, and
SS) plus redox mediator is arguably the most complex,
structured, energy and electron management scheme generated
by humans to date. It facilitates directional SS-to-S singlet
energy transfer and S-to-A triplet energy transfer, as well as
cross surface energy migration, TTA, excited-state electron
transfer from 'A* to TiO, followed by dye regeneration by a
redox mediator in solution. The increased absorption
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Figure 4. Productive (green) and nonproductive (red) dynamic events that occur in the TiO,-A-S-SS trilayer with their associated

experimentally determined rate constants (all units in s’

, except yrra which is in cm® s7").

combined with directional energy transfer results in the highest
reported TTA-UC photocurrent yet achieved under solar
irradiance. These results demonstrated that singlet sensitiza-
tion-enhanced self-assembled trilayers are a promising strategy
for enhancing broad-band light absorption and improving the
performance of TTA-UC solar cells. Increasing the absorp-
tance (e.g., increased SS concentration or extinction
coefficient) will be critical for realizing the full potential of
the singlet sensitization scheme. However, it is important to
note that in addition to increased absorptance, the system must
retain high S$S-to-S energy-transfer yields and SS should not
inhibit dye regeneration by the redox mediator.

B EXPERIMENTAL METHODS

Sample Preparation: Cell Fabrication. DSSCs were prepared
similarly to our previously published procedure for electro-
chemical cells.””** Briefly, FTO glass was cut into 2 cm X 2.5
cm pieces, and an active area of 1 cm’ metal oxide was
prepared by doctor blading TiO, (1 layer of Scotch tape) and
sintering.*> Dyes were then loaded onto the metal oxide as
described below. To generate the counter electrode, a small
hole (d = 1.1 mm) was drilled into the corner of the 2 cm X
2.5 cm glass slide, and then H,PtCl solution (50 xL, S mM in
ethanol) was drop-cast onto the slide that was then heat-dried
at 400 °C for 20 min. A 2 mm wide 2 cm X 2 cm Meltonix film
was placed between the two glass slides, and the entire
ensembles were heated to ~150 °C for 7 s using a home-built
heating/sealing device described previously.”® The cells were
then transferred to a glovebox (VTI Universal purified
glovebox, N, atmosphere) where the Co"/Co™(phen),
mediator electrolyte, dissolved in dry and oxygen-free
MeCN, was injected using a Vac'n Fill Syringe through the
1.1 mm diameter hole. A Meltonix film and small piece of a
micro glass cover slide were then heated to seal the hole used
for electrolyte injection.

Samples for emission measurements were prepared in a
similar fashion. Briefly, glass was cut into 2.2 cm X 22 cm
pieces, and an active area of 1 cm® metal oxide was prepared by
doctor blading ZrO, (1 layer Scotch tape) and sintering. A
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small hole was drilled into the corner of the 2.2 cm X 2.2 cm
glass slide. A 2 mm wide 2.2 cm X 2.2 cm Meltonix film was
placed between the two glass slides and then assembled. Dry
and oxygen-free MeCN was injected to fill the interior of the
cells in the glovebox, and then the cells were sealed with
Meltonix film and a micro glass cover.

Dye Loading. The TiO, films on FTO glass were
functionalized with monolayer of A or B by soaking in their
respective loading solutions of A in DMSO (200 yM) and B in
DMSO (400 uM) for 12 h. The TiO,-A/B films were then
soaked in a loading solution of Zn(CH;COO), in MeOH (400
uM) for 2 h, followed by a 200 M § solution of DMSO for 2
h with N, bubbling, resulting in TiO,-A/B-S. TiO,-A-S-SS was
achieved by soaking TiO,-A-S for 12 h in Zn loading solution
then 300 M S8 solution of MeOH for 30 min. The ZrO, film
on glass was prepared by the same stepwise soaking method.

Surface Coverages. In accord with our previously published
procedure,”® surface coverages (I in mol cm™) are estimated
with the expression I' = (A(4)/e(4))/1000, where ¢ is the
molar extinction coefficient of A and § in DMSO*” and SS in
MeOH (Table S3) and A(A) is the absorbance of each
component on the fully loaded slides.
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