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Solar energy harvesting is among the best solutions for a global transition toward carbon-neutral energy
technologies. The existing solar energy harvesting technologies like photovoltaics (PV) and emerging
molecular concepts such as solar fuels and molecular solar thermal energy storage (MOST) are

rapidly developing. However, to realize their full potential, fundamental solar energy loss channels

like photon transmission, recombination, and thermalization need to be addressed. Triplet—triplet annihi-
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lation mediated photon upconversion (TTA-UC) is emerging as a way to overcome losses due to the
transmission of photons below the PV/chromophore band gap. However, there are several challenges
related to the integration of efficient solid-state TTA-UC systems into efficient devices such as: wide

band absorption, materials sustainability, and device architecture. In this article, we review existing work,

rsc.li/frontiers-materials

Introduction

The solar energy of the sun has been an external power source
to earth for 4.5 billion years. Around 3.4 billion years ago, the
earth developed a method to store solar energy in chemical
bonds through photosynthesis by cyanobacteria and later by
plants.! Since the discovery of fire, humans have been using
various forms of stored solar energy like fossil fuels or wood to
sustain life.>™* However, the rise in labour-intensive industrial-
ization of human society has exponentially increased fossil
energy consumption,’® eventually causing global warming due
to carbon emission being higher than the natural carbon
fixation cycle. Further warming of the earth can pose a danger
to the survival of various species including humans in the
imminent future. Hence, global efforts are increasing for
development of sustainable clean energy technologies with a
minimum carbon footprint. Carbon-neutral energy technology
is also the key agenda of the Paris Agreement,® 2016 on climate
change.
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identify and discuss challenges as well as present our perspective toward possible future directions.

Solar energy technologies have emerged as a sustainable
alternative to fossil energy albeit with efficiency in the range of
15-20% for commercial crystalline silicon (c-Si) solar cells.” The
maximal possible efficiency of single junction solar cell is
described by the Shockley-Queisser (SQ) limit (33% theoretical
maximum) arising due to different loss channels such as
charge recombination, transmission loss of sub-bandgap
photon, and thermalization loss of photons higher than
the solar cell band gap.® Alternatives to c-Si solar cells® such
as dye-sensitized solar cells,"®'" multijunction solar cells,"* and
perovskite solar cells’® are emerging fast but still far from
commercial utility due to many factors including conventional
band gap related loss channels. The transmission loss (33%)
can be addressed by integrating a suitable photon upconverter
into the solar cell to convert transmitted photons into the solar
cell absorption window.'* In this regard, triplet-triplet annihi-
lation mediated photon upconversion (TTA-UC) is emerging
as a promising photon upconversion process wherein two low-
energy triplet excitons combine to form one high-energy singlet
photon that can be infused into solar cells to overcome trans-
mission losses.’>'® Hence, TTA-UC has the potential to push
the solar energy conversion limit to 44%."° Similar to the PV
systems, solar fuel systems in general and molecular solar
thermal energy storage (MOST) systems in particular also face
transmission losses due to the small absorption window of
molecular systems used. Practically fabricable and efficient
MOST windows and chips could turn out to be a sustainable
energy resource for the heating/cooling of houses and thermo-
electric generators.'”'® Therefore, integration with TTA-UC
materials can enhance the efficiency of the MOST systems by
harvesting a larger amount of solar photons.
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In this regard, here we have reviewed existing studies on
TTA-UC integrated solar energy systems (PV & MOST) and
challenges associated with the realization of efficiency
enhancement. Specifically, we focus on challenges related to
the fabrication of efficient solid-state TTA-UC systems with wide
band upconversion, materials sustainability, PV, and MOST
systems with a suitable bandgap. Elaborating, for example, (1) lack
of solar thermal energy systems and TTA-UC systems with optimal
spectral overlap, (2) efficiency of both the systems in the solid/
semi-solid state, (3) physical losses due to scattering of the
upconverted photons in all directions. We have also presented
our perspective for further possible TTA-UC-PV and TTA-UC-
MOST device design improvements.

However, these improvements are subject to the efficiency of
TTA-UC near the solar irradiance which depends on many
factors discussed below.

Triplet—triplet annihilation photon
upconversion

TTA-UC is a photophysical process of generating one high-
energy singlet photon upon annihilation of two lower-energy
triplet excitons."®>" TTA-UC occurs through a series of triplet
energy transfer events in an ensemble of annihilator chromo-
phores doped with triplet sensitizer.?> The triplet sensitizer or
donor (D) upon excitation at lower energy move to the photo-
emissive triplet state either via intersystem crossing (ISC)
through S; or direct S,-T absorption.'*>* While relaxing to
the ground state, the sensitizer excites the annihilator to its
triplet state via triplet energy transfer through electron
exchange. When two sensitized annihilator triplets encounter,
they undergo TTA that results in the formation of a higher
energy singlet state through spin inversion and emit the
upconverted photon (Fig. 1)."*>° However, the efficacy of obtain-
ing the upconverted photon is subject to many factors like
distance, energetics, and specific orientation of the involved
molecules. For example, the electron exchange between sensiti-
zer-annihilator or annihilator-annihilator occurs via Dexter
energy transfer (DET).”

The rate of DET (kpgr) is inversely proportional to the sum of
van der Waals radii (L) of the sensitizer and annihilator follow-
ing eqn (1).*”

—2rp—
kper = KJ exp (%) 0

where J is the normalized spectral overlap integral, K is an
experimental factor that indicates specific orbital overlap
corresponding to the instantaneous orientations of a sensitizer
and annihilator, and r_, is the distance between the sensitizer
and annihilator with respect to the L. For DET, r,_, should be
less than 10 A since it requires an overlap of the wavefunctions
of the highest occupied or lowest unoccupied molecular orbi-
tals (HOMO or LUMO) of the involved molecules. The

View Article Online

Materials Chemistry Frontiers

Low Energy High Energy Low Energy
hd, h9;, hd,
S, S,
[ ]
i ISC TTA ISC i
c ] v <
2 T T 2
& ‘\ / I O \ ,' o
<) \ \ ! ]
@ \ H ! @
o 2
< TEr ) N <
/ 7 / \\
b Sy [ Sy $€
Sensitizer Annihilators Sensitizer

Fig. 1 The scheme of TTA-UC with indicated energy transfer processes.
ISC - intersystem crossing, TET — triplet energy transfer, TTA — triplet—
triplet annihilation.

normalized spectral overlap integral (J) can be defined by
eqn (2).

s = | oliaita @)

where (fp) and (&4) are normalized emission intensity of a donor
and normalized extinction coefficient of an annihilator,
respectively.

The performance of TTA-UC is evaluated using upconversion
quantum yield (¢yc) that is a function of many other factors
related to eqn (3).

1.
4)UC = §f¢ISC¢TET¢TTA¢FL (3)

where ¢rsc, dreT, GrTA, OrFL denote quantum yields of the
intersystem crossing in the sensitizer (ISC), sensitizer to
annihilator triplet energy transfer (TET), triplet-triplet anni-
hilation (TTA), and fluorescence of the annihilator (FL). The
factor f denotes the statistical probability of the formation
of one emissive singlet state upon annihilation of two
triplet excitons, and  indicates the emission of one photon
upon absorption of two photons, which sets the limit of ¢yc
to be 50%.

Experimentally, ¢uc is calculated via relative method using
reference standard®®?° or absolute method using integrating
sphere.’® In the relative method, a reference fluorescent dye or
upconversion system having an overlapping absorption with
the triplet sensitizer of the TTA-UC system under investigation
is used as a reference standard using eqn (4).>%*°

Ri_ g (12 104 (fa') (Fuc) (muc)’ (4)
uCc = Pstd 1 — 10-4uc Tyc Faa Tstd

where duyc, Psids Aucs Astds Tues Lstas Fuc, Fsa and nuc, Mg are
quantum yield, absorbance, excitation intensity, integrated UC
emission profiles, and refractive index of the UC sample and
reference standard, respectively. While the relative method
remains suitable for ¢yc calculation in the solution state, the
integrating sphere is preferred for solid-state measurements to
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avoid thickness-related absorption errors. However, inherent
self-absorption of the UC photons and reabsorption of the
emitted UC photons reflected by the integrating sphere are
secondary loss channels that give errors in the absolute ¢yc
measured in the integrating sphere. Kimizuka and Yanai’s
group®® devised a method to address the reabsorption of the
reflected UC photons. For this, they calculated the reabsorption
probability (@) in the integrating sphere to correct absolute ¢{;.
calculation according to eqn (5).*°

bucobs = duc(l — a) (5)

where quUQobs is observed UC quantum yield and d)IUC is the UC

quantum yield corrected for reabsorption probability. The a is
evaluated by eqn (6).
j_‘(ZP%\(A)dz . ©)
Jo Pg(A)dA
where, P, and Py are UC photoluminescence spectra in
photons per wavelength normalized with integrated phosphor-
escence spectra of a sensitizer, measured inside and outside of
the integrating sphere. The UC quantum yields calculated using
this method give similar values to that calculated using a
relative method in solution.?® It was also found true for green
to blue bioplastics film*' thus validating its applicability towards
solid-state TTA-UC systems.

The inherent UC photon losses due to the secondary inner
filter effect, caused by the reabsorption of UC photons by the
sensitizer due to overlapping spectra can be corrected by the
conversion factor (F.) as per eqn (7).>?

PI(/L max,UC)

F, = —maxtc) )
7 Py(2)dA

where P; and P, are normalized photoluminescence intensity at
maximum UC emission wavelength of annihilator and normal-
ized integrated emission of annihilator at low concentration,
respectively. Consequently, the correct ¢yc can be calculated
using eqn (8).*?

puc =1t ®

However, it must be noted that only ¢yc obs Will be used upon
TTA-UC integration with the devices. The only way to avoid
inherent reabsorption losses is a suitable design of the sensi-
tizer-annihilator pairs with non-overlapping spectra and fabri-
cation of low-thickness samples.

The quantum yield of each energy transfer step within the
TTA-UC systems is of significant importance to obtain max-
imum ¢y required for efficient integration with solar energy
systems. Therefore, we will briefly discuss the state-of-art to
obtain a complete picture of the energetic requirements for
sensitizer, and annihilator molecules and the progress made to
achieve these requirements. Basically, the quantum yield (¢) is
the number of photons emitted per number of photons
absorbed by the system.’’ Therefore, when considering device
integration of TTA-UC, the sensitizer being a key absorber must

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 2297-2315 |
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Fig. 2 Illustration of the photophysical properties of an ideal triplet
sensitizer for TTA-UC.

possess the following properties (Fig. 2). First, it must have a
broad absorption cross-section in addition to a high molar
extinction coefficient (¢) to harvest maximum photons. Second,
the sensitizer must have a small energy gap between the singlet
and triplet states (AEg ) for a high rate of spin-forbidden ISC
(krsc)- Third, because of the bimolecular nature of TTA-UC, the
sensitizer must have a long triplet lifetime to meet an annihi-
lator for transferring energy in its lifetime. And fourth, it must
have a broad optical transparency window between the bands
preceding the key absorption band to avoid inherent reabsorp-
tion of the upconverted photons by the sensitizer. For example,
the region between the Q-band (S,-S;) and Soret band (S,-S,) of
the porphyrins.®*

Most of the triplet sensitizers used in TTA-UC are organo-
metallic complexes (porphyrins, phthalocyanines, or their
metal-organic) complexes,>>3® thermally activated delayed
fluorescence (TADF)***° molecules, and BODIPY dyes*>*' which
all have their strengths and challenges. For example, the red/
green light-absorbing transition metal porphyrins have a reason-
able phosphorescence quantum yield (¢r = 5% to 50%) and
phosphorescence lifetime (ty = 20 ps to 300 pus) but low ¢ of the
Q-band as compared to the Soret band. Metal phthalocyanines on
the other hand have a significant ¢ = 2 x 10> M~ " cm ™" of the
Q-band and high ¢ > 40% but low tp < 5 ps.*” The direct So-T
absorbing substituted Os-complexes have emerged as a potential
NIR sensitizers with zero energy loss during ISC and have t =
81 ps, but have low ¢ = 3.1 to 5.4%, high absorption between
the Soret and Q-band and a small Stokes shift.>>*! Due to the
toxicity of transition metals, halogenated BODIPY dyes with
high ¢ and ¢ have emerged as alternative photosensitizers.*>*"
The introduction of heavy atoms increases the ¢sc of BODIPY
due to the increased spin-orbit coupling that decreases the
AEg 1 to increase the ¢r.*" However, the application of BODIPY
in TTA-UC is mainly limited to Vis-Vis TTA-UC and realisation
of NIR absorbing BODIPY is needed for practical application in
solar energy storage systems. The TADF or multi-resonance
TADF (m-TADF) are emerging as another class of promising
sensitizers due to small AEs ¢ (20-40 meV), but the rate of
reverse intersystem crossing (RISC) is a limiting step that
should be outperformed for high kisc. However, the TADF have
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low ¢ and small optical transparency window that are essential
for solar energy harvesting applications. Apart from the organic/
metal organic sensitizers, the quantum dots*>™** and metal halide
perovskite nanocrystals® have emerged as promising triplet
sensitizers due to high ¢ and tunable absorption/emission.
However, they have many challenges for practical applications
such as complicated synthesis, high excitation intensities
(W cm?), the strong back Férster resonance energy transfer
(FRET), etc. that affects the triplet energy transfer to annihilator.
Hence, an ideal TTA-UC sensitizer must have a low toxicity,
¢ > 10°M ' em " of Q-band, broad optical transparency window
between Soret band and Q-band (for porphyrins and phthalocya-
nines), ¢t > 40%, AEs_r ~ 20 meV, and 1 > 30 ps. Additionally,
the sensitizer must have an appropriate molecular orientation
(factor K in eqn (1)) or suitable transmitter/mediator for high ¢rgr
to the annihilator.

The ¢rer between the sensitizer and annihilator molecules
is usually regarded as a challenging step in TTA-UC systems.
The TET between the molecules is accomplished via DET, that
has a distance limit of up to 1 nm and functions according to
eqn (1). In the solution state, due to the high molecular
diffusion the ¢rgr can be enhanced by increasing the annihi-
lator concentration to maximize the probability of sensitizer—
annihilator collision. However, the aggregation of polyaromatic
dyes at high concentrations can cause emission quenching in
addition to primary and secondary inner filter effects.>®*%*”

Dimeric and polymeric annihilators of DPA/perylene have
emerged as alternatives to limit the concentration factor.***° In
such systems, triplet energy can migrate intramolecularly in the
dimers or polymers to minimize the energy loss due to diffu-
sion and to increase the TTA rates, but have typically been
limited to Vis to Vis photon upconversion. Additionally, they
face challenges with aggregation quenching in the solid-state
which is key for practical applications of TTA-UC. Recently,
Congrave et al. found a synthetic route to suppress aggregation-
induced fluorescence quenching with a conjugated polymer-
strapped derivative of diphenylanthracene (DPA polymer).>
Interestingly the DPA polymer showed a similar fluorescence
quantum yield (¢¢ ~ 40%) both in solution and spin coated
solid-state films. Thus gave new synthetic directions for an
annihilator design for solid-state devices.

The ¢rer can also be increased by attaching a triplet energy
transmitter/mediator to the sensitizer. For example, the case
with a quantum dot or perovskite nanocrystal-based sensitizers.
However, these systems have been also found efficient only in
the solution state due to the phase separation of quantum dots
in the solid-state.>* Another promising way to increase the ¢rgr
is a suitable tuning of the annihilator molecular structure so
that it has triplet energy levels very close to that of the
sensitizers (AEy > 4k,T).*%

The ¢rer is generally calculated from quenching of the
phosphorescence quantum yield (¢,) or lifetime (z,) of sensitizer
with and without (¢, 7po) annihilator according to eqn (9).

¢TET:1—ﬁ Orl—T—P )
Po TPo

2300 |
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Fig. 3 Plot illustrating UC emission of annihilator (blue line) at the
expense of sensitizer's phosphorescence (red line) due to subsequent
TET and TTA processes in the solid-state bioplastic film (inset). Part of the
figure is reproduced from ref. 32 with permission from the Royal Society of
Chemistry.

An example of TTA-UC in the solid-state demonstrating an
increase in emission of annihilator at the expense of sensitizer’s
phosphorescence due to TET and subsequent TTA is shown
in Fig. 3.

Other than ¢yc, threshold excitation intensity (I,) of the
TTA-UC system is an important parameter for solar energy
applications. An efficient system with I, near the solar irradi-
ance would be more suitable for practical application. There-
fore in the coming section, we will discuss Iy, concerning solar
energy applications.

Upconversion threshold

TTA-UC is a process that depends on the excitation power
density in two stages. The first stage is a quadratic dependence
of UC emission intensity on excitation power density which
marks the non-saturation regime as the concentration of triplet
excited molecules is relatively low. In this case, the TTA process
may appear rarely as the collision of two excited molecules is
required to produce an emissive singlet state. That is why the
probability of TTA grows quadratically with excitation power
density until almost half of the molecules are excited. The
second stage of TTA-UC is a linear growth of UC emission with
excitation power density. This regime shows a saturation
concentration situation of excited molecules where each addi-
tional triplet excited state finds an already existing counterpart
to undergo TTA. As it follows, the intersection of quadratic and
linear regimes is called the UC threshold (I;) and equals
38.2%> of a maximum UC emission intensity or quantum
yield. The I, can be defined as follows:>*

2(kr)’

- P11A%(E) PrET (10

where kr is the triplet decay rate, yrra is bimolecular annihila-
tion constant, «(E) is sensitizer's absorption at excitation
energy, ¢rer is TET quantum yield.

Usually, the I, is required to be much lower than the solar
energy density of a certain region for TTA-UC to operate

Mater. Chem. Front., 2023, 7, 2297-2315 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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efficiently. The I, was previously thought to be equal to 50% of
the maximum UC quantum yield (¢gc), however, recent work
by Murakami et al.>® clarified that this point corresponds only
to 38.2% of the ¢gc. Also, authors highlighted a new way to
determine the Iy, and ¢ ¢ accurately by fitting the experimental
dependence of ¢yc on excitation intensity (Ix) even if the
saturation regime is not achieved as per eqn (11).

1— /1 +4(Iex/1th))

o/ T (11)

duc = Pic (1 +
This, in turn, allows evaluation of the statistical probability
factor (f) of the annihilator by using ¢gc of the system as
the ¢rra approaches unity, which we will discuss in the next
section.

Statistical probability factor

The statistical probability factor (f) is an intrinsic property of an
annihilator molecule that refers to the probability of a singlet
state generation through the annihilation of two triplets. The
annihilation takes place due to the coupling of the wave-
function of two triplet spin states aligned either parallel or
antiparallel to each other. It can be simply expressed in
Heisenberg’s spin only Hamiltonian, eqn (12).>>>°

H=-2J5,-S, (12)

where §; and §, are individual spin operators of the interacting
triplets and J is the magnetic exchange parameter. The J
contains all of the spatial information of the wave function
for coupling through-space and through-bond interactions
which determine the ground-state spin preferences. The triplet
coupling results in 9 spin-pair eigen states; 1 singlet, 3 triplets,
and 5 quintets which are graded corresponding to the spin
multiplicities in the ratio of 1:3:5 according to the Glebsch-
Gordan series, respectively (Fig. 4).” As specified by the spin
statistics, the limit of the fis defined as 1/9, but the possibility
to recycle a triplet state from quintet or higher energy triplet
can enlarge this theoretical value to 1/5.>®

However, this is possible only if the coupling of triplets
occurs via anti-ferromagnetic coupling (AFC), which reverses

Triplet-triplet annihilation

T, + T, «—— (17
Ly
\
Complex formation ‘,‘
in 0 5 [
Ll S /+ S + heat 19 15|
!
!
!

spint, T + So +

w’ Q + S, +

Fig. 4 The scheme of a singlet, triplet, and quintet encounter complex
formation via TTA. The statistical probabilities for each encounter are
provided. The dashed line represents the triplet state recycling process
increasing f to 1/5.

(TT) heat 3/9

heat 5/9
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the energetic order of spin states against the Hund’s rule
according to eqn (13).>

Es=—J(S(S+1)—4) (13)

where Eg is the energy of the spin-state, J is the magnetic
exchange parameter and S is the total angular momentum of
the annihilation triplets. If / > 0, similar spins of two triplets
interact via ferromagnetic coupling (FC) making the quintet the
lowest energy state, and if /] < 0 opposite spins of two triplets
interact via anti-ferromagnetic coupling (AFC), hence, the
quintet becomes the highest energy state followed by triplet
and singlet (Fig. 5a). It can be understood by putting the value
of J=+1or —1and S =0, 1 and 2 for singlet, triplet and quintet
state in eqn (13). As it can be seen from Fig. 5b, that post-TTA
events discards complete quenching of the photons of higher
energy quintet and triplet states. Hence they can participate in
TTA coupling to increase the spin statistical probability of
singlet formation beyond 1/9 via reverse intersystem crossing
(RISC)*® or spin mixing of singlet-quintet states.®®
Experimentally, f can be defined according to eqn (14) where
it depends on ¢gc and energy transfer processes within the
TTA-UC system.*®?”®* Also, the fvalue depends on bimolecular
annihilation constant (prra), annihilation radius (R) and

a)
b) ( AAAa H
| e e e e

. AQ, LT :
1 i ;
: ’: I
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1 ; |

1 i
| I

1 \
1 1Y '
I
J I
! I
! I
; I
! I
! I
Z I
: I
! I

Fig. 5 Illustration of (a) ferromagnetic (FC) and anti-ferromagnetic

coupling (AFC) of triplets, and (b) post-TTA events like UC emission and
reverse intersystem crossing (RISC), and quintet or triplet recycling to the
T,. (b) is reproduced from ref. 21 with permission from the Royal Society of
Chemistry.
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diffusion coefficient (D) of annihilator as described by Kohler
et al.® in eqn (15). Therefore, f depends on the molecular
structure, energy state distribution, and orientation of the
annihilator molecule during triplet coupling.

20
S = SscFrerbriadie (4
_ Y1TA
f= 8TRD (15)

For example,
naphthalene, etc.) have been reported to exceed 1/5
as their energy state distribution is suitable for the TTA process
(2T; > S;) and hinders other non-radiative decay channels such
as singlet-fission (SF) or high energy triplet states (T,). The 2T,
energy loss to T, was theoretically predicted to be the dominat-
ing non-radiative decay channel negatively affecting the £.>**
Recently, it was proven with diketopyrrolopyrrole (DPP) emit-
ters that decreasing the energy gap between 2T; and T, was
responsible for the decrease in £.° Hence it is essential to have
a large energy gap between 2T1 and T, energy to have high f.

Considering the possible importance of f in annihilator
design to achieve desired UC quantum yield, we have reviewed
the reported f values of the widely used TTA annihilators over
the UV-Vis spectral range to find possible trends or structure-
property relations (Fig. 6). The fvalues for some of the annihi-
lators have been calculated by us using the method proposed by
Murakami et al.>® from the published data of other parameters
considering ¢rra = 1, when ¢gc becomes invariant with excita-
tion intensity and has been shown as approximate value.

the f of some annihilators (DPA, TIPS-

36,49,62,63
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Interestingly, barring a few exceptions, we found a trend of
decrease in f values of TTA annihilators with an increase in
branched conjugation from UV to NIR region in solution. For
example, an average f ~ 40% was observed for the UV-B (PPT,
TP)*® and UV-A (2PI, PPO, PPF)*° region that decreased to f ~
25 to 35% in the blue region (DPA, perylene, PEAP),*9%3657¢7
[~ 10 to 15% in the green region (BPEA, DPPs-F, DPP-F),%"0>%¢
f = 10 to 20% in the yellow region (rubrene, tb-rubrene,
DPPs-Th),””**" and f ~ 5% in the red-region (DPP-PhF,
DPP-2PhF).** An exceptionally high f ~ 54%°° was observed
for TIPS-Naph showing high ¢yc = 17% highlighting the
importance of fin the final output of TTA in addition to other
energy transfer steps. It was also found true for DPA*®6%6>:66
and perylene,*®%”%® although with a lot of variations in f
observed by different research groups (Fig. 6). The f value of
perylene in particular is a bit disputed since there is a large
variation from 16%°” to 100%.°® For example, f= 100%°® seems
to be overestimated as the T, state in perylene tends to be
around 3.1 eV**®” and not at 4.0 eV as reported.®® This means
that T, is not energetically far from 2T,, hence there is an
accessible non-radiative loss channel to alter f. Interestingly, f
increased with an increase in linear conjugation from anthra-
cene (f = 36-40%)°*7° to tetracene (f = 66%)”" in crystalline
state. But there are not any available reported crystalline
systems with enhanced linear conjugation to find any trend.
Rubrene has been the leading yellow emitting annihilator in
TTA-UC. Recenlty, Bossanyi et al.”> modelled fvalues of rubrene
in different molecular orientations and showed that f changes
from 40% to 67% from perpendicular to parallel orientation
due to spin-mixing of spin-pair wavefunctions.”> The values
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are close to the experimental value (f = 60%), reported by
Schmidt et al.”® But that experiment was carried out using high
energy pulsed laser.”> Moreover, the maximum f = 15.5%
(solution) and 19.5% (solid-state) has been reported for native
rubrene®”*” that decreases further to 5.3% due to tert-
butylation in steady-state measurements.’” Hence, the lower f
could be one of the main reasons for low TTA-UC quantum
yield observed for rubrene based TTA-UC systems.*”"” However,
we strongly believe that molecular orientation during inter-
triplet coupling plays a key role in deciding the fvalue’>”* and
side chain branching or enhanced conjugation alters most
suitable orientation for effective coupling. It was also found
true for red-emitting annihilators showing low f values of
around 5%.%"

The observed trend may also be influenced by the energy gap
7576 considering the differences in achievable higher triplet
states (T,). For example, in the UV-blue region, the 2T, is able to
access the T, states leading to higher f values possibly due to
the higher T,-T; and T;-S, energy differences compared to the
lower energy emission annihilators. The higher T,-T, energy
differences may impede the internal conversion to Ty, therefore
leading to more pronounced RISC to S;. This, in turn, might
have a positive effect on f. However, in the green to red region,
the T,-T; and T,-S, energy differences are smaller and, accord-
ing to the energy gap law, may facilitate faster decay of triplets
affecting the possibility to recycle the T, states efficiently.
As follows, this cause may contribute to the reduced f values.
The trend also shows that possible far-red and NIR annihilators
may not have a significant f value to harvest photons from
below the crystalline silicon band gap to realize high UC
quantum yield for practical implementations in the far-red

law
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and NIR region if suitable molecular orientation for inter-
triplet coupling is not achieved.

Solid-state TTA-UC for solar energy
systems

While most efficient TTA-UC systems have been reported in
degassed solutions,””””® practical integration with solar energy
systems requires them to function efficiently in the solid-state.
But the fabrication of the efficient solid-state TTA-UC faces
many challenges: (1) aggregation-induced quenching of singlet/
triplet energy of chromophores; (2) triplet quenching by
molecular oxygen; (3) small upconversion windows, etc.>>%%%"
Additionally, the non-recyclability of petro-polymers used for
solid-state fabrication and the toxicity of TTA-UC chromo-
phores is another challenge that hampers the sustainability
of solid-state TTA-UC materials.®*®* Many of these challenges
have been addressed by employing various solid-state fabrica-
tion strategies. For example, by tuning the molecular structure
of sensitizer-annihilator, their concentrations, crystallization,
glassification, doping in amorphous polymers and bioplastics,
etc.”>®® From the application point of view, the solid-state
TTA-UC systems can be divided into three categories: (1) near-
infrared to Visible (NIR-to-Vis); (2) visible to Visible (Vis-to-Vis)
and; (3) visible to ultraviolet (Vis to UV). Under the current
scope of this review, we will mainly discuss the most efficient
solid-state systems (Table 1) as well as their applications in
solar energy systems. Detailed information about the develop-
ments in solid-state TTA-UC systems can be found in the papers
published elsewhere,>"8%8*

Table 1 Most efficient solid-state TTA-UC systems over UV-to-NIR spectral range. Matrix, polymer glass transition temperature (Tg), energy difference
of anti-Stokes shift (AEyc), UC threshold (Iy,) and UC quantum yield (¢yc) indicated. AEyc here is presented as difference between wavelength of

excitation and maximum of emission wavelength

Sensitizer-annihilator-emitter Matrix Ty (°C) UC range (nm) AEyc (eV) I, (W em™?) duc (%)
Near infrared sensitized TTA-UC (1ex > 780 nm)

Os(atpy)(tbbpy)Cl*-rubrene-DBP® PVA film 80 938 to 625 0.66 125 2.05
PATPTAP-rubrene®® PVA film 80 810 to 560 0.68 1.40 3.65
PASNC-rubrene-DBP®® Amorphous film — 808 to 610 0.50 — 0.53
Y6-rubrene’*® Thin bilayer — 850 to 575 0.70 — 0.52
Far-red sensitized TTA-UC (700 nm < Aex < 780 nm)

MoSe,-rubrene-DBP?” Thin bilayer — 772 to 610 0.43 0.26 1.1
PdPc-rubrene”’ Polystyrene 100 730 to 575 0.46 1.40 1.2
Red sensitized TTA-UC (620 nm < Ze, < 700 nm)

PATPBP-TIPS-anthracene*? Gelatin — 633 to 478 0.64 0.095 8.8
PATPBP-anthracene®’ Crystals — 635 to 470 0.69 0.017 5
Pd(OBu)gPc-rubrene® Polyacrylate 44-48 670 to 560 0.36 — 15
Green sensitized TTA-UC (532 nm < e < 550 nm)

PdOEP-DPA’® Polyacrylate 48-52 543 to 435 0.57 0.0014 16
PtOEP-DPA”* Polyurethane —42 532 to 430 0.55 0.022 11
PtOEP-DPA™*® LAPONITE®/PVP — 532 to 435 0.57 0.033 23.8
PtOEP-DPA®® PMMA 108 532 to 430 0.55 0.005 8
PtOEP-ANNP®? Crystals — 542 to 434 0.57 0.0007 16
PtOEP-C7-sDPA”? Crystals — 532 to 434 0.53 0.005 10
Blue to UV TTA-UC (400 nm < Aex < 532 nm)

Ir(ppy-DBP)-DBP**° Polyurethane —42 450 to 370 0.53 — 1.3
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 2297-2315 | 2303
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Most of the efficient NIR and far-red sensitized TTA-UC
systems have used rubrene as a key annihilator and dibenzo-
tetraphenylperiflanthene (DBP) as a singlet acceptor/emitter.®>%”
Since rubrene satisfies the energetic condition for singlet
fission ie. S;(E) > 2T,(E), the upconverted singlet photon
undergo singlet fission before emission, which reduces the
overall ¢gc. DBP is used to avoid this loss channel via singlet
energy transfer from rubrene to DBP because of its low-lying
singlet state compared to rubrene (AEs ~ —0.14 eV).*>%
Eventually, DBP emit the upconverted photon of rubrene at
low energy in the red-region. In such systems, the best ¢yc =
2.05% has been reported for Os(atpy)(tbbpy)Cl*-rubrene-DBP
nanoparticles doped polyvinyl alcohol (PVA) film upon 938 nm
excitation.®> Without DBP the best ¢yc = 3.65% has been
reported in Pd-tetraphenyltetraanthroporphyrin (PdTPTAP)-
rubrene emulsified mesoporous PVA films upon 810 nm
excitation.®®

For red light sensitized TTA-UC, thermally evaporated
rubrene on palladium phthalocyanine (PdPc) doped polystyr-
ene surface (¢pyc = 1.2%)"” and rubrene-DBP spin-coated on an
atomically thin two-dimensional (2-D) layer of MoSe, as sensi-
tizer (puc = 1.1%)*” were found to be the most efficient.
Incidentally, most efficient solid-state TTA-UC system have
been reported for Vis-to-Vis TTA-UC.*2%97%3 It could be due to
the combined effect of high statistical probabilities of the
annihilators, small anti-Stokes shifts, and suitable orientations
of sensitizer-annihilator pairs for TET and later triplet coupling
in solid-state. For example, a high ¢yc = 15% in air has been
reported for Pd(u)-octa-butoxy phthalocyanine Pd(OBu)gPc-
rubrene nanoemulsion doped polyacrylate films upon red
light (1ex = 670 nm) excitation.’® This is despite low f value of
rubrene. In the same framework the green light (1ex = 543 nm)
sensitized palladium octaethylporphyrin (PdOEP)-diphenyl-
anthracene (DPA) film showed ¢yc = 16%.°° This is due to
the higher molecular diffusion of the chromophores inside the
liquid core of nanoemulsions that fosters high TET and effec-
tive inter-triplet coupling to populate the singlet state.

However, synthetic polymers as a matrix may not be a
sustainable solution for a long period due to non-recycl-
ability. Hence, an alternative recyclable matrix is desired to
fabricate an efficient TTA-UC system. Here, recyclable TTA-UC
bioplastics, also operating via molecular diffusion mechanism
could be a viable solution. For example, TTA-UC bioplastics
comprised of chromophores doped viscous surfactant liquids
dispersed inside the biopolymer matrix have shown high ¢yc =
8.8% for red to blue,** and ¢yc = 7.8%>" for green to blue UC in
air. Moreover, chromophores used in these bioplastics could be
recycled via simple solid-liquid phase separation that enhances
their sustainability factor.

Another way to avoid synthetic plastics is the air-stable TTA-
UC crystal, which operates via triplet energy migration (TEM).
It can be achieved via a suitable molecular design of chromo-
phores and a crystallization approach. For example, molecular
engineering of anthracene to 9-(2-naphthyl)-10-[4-(1-naphthyl)-
phenyl]anthracene (ANNP) and subsequent crystallization with
platinum octa-ethyl porphyrin (PtOEP) and annealing yielded
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high-end results with ¢yc = 16.4%, I, = 0.7 mW cm ™~ in air.”?
Similarly, co-crystallization of PtOEP with cyclic diphenyl-
anthracene derivative, C7-sDPAm yielded ¢yc = 10% and Iy, =
5 mW cm™ 2 in air.>® Fabrication of crystalline mono/bilayers of
such TTA-UC crystals beneath the solar cells of suitable band
gap can certainly enhance their power conversion efficiency
(PCE) by manifold. Moreover, such molecular designs also
inspire the engineering of annihilators capable of upconverting
NIR light to increase the efficient upconversion width of
TTA-UC crystals. But the longevity of TTA-UC in crystals needs
to be established for practical integration with solar harvesting
devices.

The commercial crystalline solar cell (c-Si), has a band gap of
~1.1 eV,” that is below the longest energy-converting solid-
state TTA-UC system (1.32 eV).* Therefore, the current TTA-UC
systems are not suitable for integration with c-Si. Instead, they
are suitable for integration with high band gap solar cells,
which are currently at the development stage. However, efforts
have been made in the past decade, with several proof-of-
concept TTA-UC integrated high band gap PV devices. There-
fore, in the next section, we will review these developments
concerning the sensitizer-annihilator design, TTA-UC emission
band gap, PV band gap, and device design.

The solid-state Vis-to-UV TTA-UC systems are rather more
relevant to increase the efficiency of solar fuels, MOST
systems®® or solid-state photoswitches.’® The upconversion to
UV light can counter the low spectral irradiance of AM 1.5 solar
spectrum in the UV region, which can be exploited to enhance
the photoconversion quantum yield of photo isomers like
norbornadiene, stilbene, dihydroazulene and azobenzene,
etc.””°% Recently, there has been a great surge in research on
Vis-to-UV TTA-UC systems due to the discovery of TIPS-
naphthalene.” However, the most efficient systems (¢uyc =
10% to 17%)°*7° are limited to degassed organic solutions that
are mainly exploited for photo-catalysis applications.”®
However, if such high efficiency Vis to UV TTA-UC could be
translated to solid-state it would create opportunities in several
applications. Surprisingly, there is a big void in solid-state Vis
to UV TTA-UC research. And the most efficient system (¢yc =
1.2%) was last reported in 2016 in the form of Ir(ppy-DBP)-2,7-
di-tert-butylpyrene (DBP) doped polyurethane films.'*® There-
fore, in the coming section we will also discuss implications of
solid-state Vis to UV TTA-UC systems and our perspective for
future directions.

TTA-UC driven photovoltaic devices

Photon upconversion can overcome the transmission losses in
PV devices, but practically that is needed to happen near the
solar irradiance or one sun ~100 mW ecm > of AM 1.5 solar
spectrum. That is where TTA-UC which functions efficiently
around solar irradiance is useful compared to other UC pro-
cesses like energy transfer upconversion (ETU), excited state
absorption (ESA), and photon avalanche (PA), etc. Most of the
earliest TTA-UC systems were efficient in the deaerated organic
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Table 2 Photocurrent enhancement in UC solution integrated solar cells. UC emission bandwidth, solar cell bandgap, excitation wavelength (/ey),

excitation power density (/o) and short circuit current density due to UC (AJs.). Here 1 sun of 670 nm laser ~3.89 mW cm™

~9.81 mW cm™2

2 and 720 nm laser

Sensitizer-annihilator (UC solution) ~ UC emission bandwidth (eV)  Solar cell Bandgap (eV) /e (laser) (nm) Sun  AJs (mA cm?)
PQ,Pd-rubrene’* 2.25-2.06 a-Si:H 1.7-1.8 670 1 0.00042
PQ,PdNA-rubrene** 2.25-2.06 a-Si:H 1.7-1.8 720 1 0.0125
PQ,PdNA-rubrene'’ 2.25-2.06 a-Si:H 1.7-1.8 720 1 0.035
PQ,PdNA-rubrene'® 2.25-2.06 a-Si:H 1.7-1.8 670 1 0.0144
PQ,PdNA-rubrene'®® 2.25-2.06 P;HT:ICBA  2.1:1.72 670 1 0.0028
PQ,PdNA-rubrene*** 2.25-2.06 a-Si:H 1.7-1.8 670 1 0.0075
PQ,PdNA-rubrene®® 2.25-2.06 D149/TiO, 2.43/3.2 670 1 0.0037
PQ,PdNA-rubrene-BPEA'* 2.25-2.06 a-Si:H 1.7-1.8 670 1 0.036
PQ,PdNA-rubrene-BPEA'%® 2.25-2.06 D149/TiO, 2.43/3.2 670 1 0.068
PQ,PdNA-rubrene** 2.25-2.06 D149/TiO,  2.43/3.2 670 1 0.0046

solvents. As a result, they were tested as a proof-of-concept for
photocurrent enhancement of high band gap solar cells. The
summary of this is provided in Table 2.

Schmidt’s research group contributed to the earliest devel-
opments of TTA-UC-PV devices with high band gap (1.7 to
3.2 eV) solar cells (a-Si:H) (p-i-n), P;HT:ICBA (OPV), D149/TiO,
(DSSC)**'°71% and worked on the device design to improve the
short circuit current density (Js.) and upconversion figure of
merit ({). For this they mainly used TTA-UC solution of
PQ,PdNA/rubrene, that was placed behind the solar cells to
capture the back-reflected UC photons upon 670 or 720 nm
laser excitation. This is because rubrene’s UC emission (550-
600 nm) corresponds to the band gap of the solar cells or the
dye used in the case of dye-sensitized solar cells (DSSCs). The
UC-enhanced short circuit current density (AJsc) of the solar
cell was calculated using eqn (16).

.
AJYC = eJ; Pamis - fo(2) x (EQEyc — EQEg)(2)dA  (16)
where EQE is external quantum efficiency, which is the number
of charge careers extracted from the solar cell per incident
photons; e is the elementary charge; f. is the solar concen-
tration factor; ¢gam s is solar flux in photons per unit area time
per wavelength. The { is calculated using eqn (17) by dividing
AJSC with a square of f;.

AJYC
fcz

A typical device structure of TTA-UC integrated bifacial p-i-n,
a-Si:H solar cell used by Schmidt’s group is shown in Fig. 7a.***

In many papers device performance is expressed as {.>*1017103
But for clarity, in this paper, the current enhancement due to
TTA-UC integration has been presented as change in short
circuit current density only (AJs). Other than changing the
solar cells, they also worked on the optical design of the device
to reflect a maximum number of UC photons toward the solar
cell. For example, the use of silver-coated glass spheres or
silver-coated PTFE as a back reflector led to a 3'°* to 18" fold
enhancement in AJy. (Table 2).'°%1%>1%* purther, they reported
around 5-fold enhancement of Aj,. for p-i-n, a-Si:H by
changing the thickness of a-Si:H layer to 150 nm and
adding annihilator, 9,10-bis(phenylethynyl)anthracene (BPEA)

P

(17)
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TTA-UC integrated thin film solar cells
a) b)
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Fig. 7 lllustration of the device structure of TTA-UC solution integrated
thin film solar cell, (a) a-Si:H p—i—n solar cell and (b) P3HT:ICBA organic
photovoltaic solar cell (OPV). The TTA-UC solution on both sides of OPV
indicates that it can be placed either below the ITO cathode or below the
Ag anode. Transmitted red light is injected back into the solar cell in the
form of upconverted to yellow light.

in PQ,PdNA/rubrene solution to avoid parasitic triplet loss
channel (Table 2).'%°

The solution state TTA-UC integrated solar cells gave useful
early proof-of-concept insights for PV applications of TTA-UC.
However, practical PV devices require their integration in the
solid-state. Moreover, they were based on the absorption of UC
photons by the semiconductor or dye to increase the photo-
current. Schmidt and co-workers'®® showed that the singlet
state of anthracene could also act as an electron donor to the
conduction band of semiconductor (TiO,) in the DSSC setup.
It is due to the suitable oxidation potential of anthracene. They
demonstrated a heterogenous DSSC device design where an
annihilator, 4,40-(anthracene-9,10-diylbis(ethyne-2,1-diyl) diben-
zoic acid) (BDCA) was adsorbed on the surface of a semiconductor
(TiO,) and sensitizer platinum(u) tetrabenzotetraphenylporphyrin
(PtTBTPP) was dissolved in the electrolyte solution along with
Co*"/CO*" as a redox mediator. A Afyc = 0.11 pA ecm ™2 of could be
achieved for this device upon excitation with AM 1.5 spectrum
between 560-640 nm (Fig. 8a).'*®

Hanson’s research group went one step further and devised
a fully solid-state TTA-UC integrated DSSC in the form of
annihilator-sensitizer bilayers linked with Zn ion and fabricated
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DSSC with annihilator as an upconverter and sensitizer dye
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Fig. 8 (a—f) Illustration of the development in TTA-UC integrated DSSC

where an annihilator acts as an electron donor dye to the semiconductor
(TiO,), and Co?*/CO3* or I37/I- as redox mediator. A = annihilator,
S = triplet sensitizer, CdSe = quantum dot sensitizer, and SS = singlet
sensitizer.

on TiO, or ZrO, semiconductors.'®”**° The 4,4’-(anthracene-9,10-
diyl) bis(4,1-phenylene)diphosphonic acid (DPPA) and Pt(u)
tetrakis(4-carboxyphenyl)porphyrin (PtTCPP) were fabricated on
to TiO, or ZrO, with a spatiotemporal control as anode electrode.
The upconverted singlet state of DPPA injected the electron to the
conduction band of TiO, to start the electron flow to induce
photocurrent upon absorption of the green light of solar spectrum
by the PtTCPP and Co-(bpy)s;(PFe), as redox mediator to this
device. The resulting device showed J;. = 0.009 £ 0.002 mA cm ™2
upon one sun excitation of AM 1.5 solar spectrum (Fig. 8b).'*®
To further broaden the absorption range of the solar spectrum
they introduced a dual sensitizer approach ie. TiO,-DPPA-
PATCPP-PtTCPP trilayer (Fig. 8d). Due to higher photon absorp-
tion by the sensitizers, the J;. = 0.0741 mA cm ™2 was recorded
under one sun excitation of AM 1.5 solar spectrum.'’® Recently,
they reported S, to T; sensitizer, carboxylated osmium(u) poly-
pyridyl (Os) and phosphonated bis(9,10-diphenylethynyl)-
anthracene annihilator (PBPEA) based DSSC to harvest NIR
photons up to 950 nm. The TiO,-PBPEA-Zn-Os bilayered DSSC
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with I,7/3I as redox mediator showed AJsc ~ 3.5 pA cm™?
under AM 1.5 solar excitation."*® The low AJsc despite broad
absorption range was attributed to slow sensitizer to annihila-
tor triplet energy transfer, a low injection yield for the annihi-
lator, and fast back energy transfer from the upconverted state
to the sensitizer."'® To avoid the sensitizer’s aggregation on the
annihilator-TiO, film Nagata’s research group co-adsorbed the
sensitizer (PtTPO) on TiO, with a long alkyl chain spacer
(Fig. 8c). The TiO,-4,4'-(anthracene-9,10-diyl)bis(4,1-phenylene)-
dicarboxylic acid (ADDA)-PtTPO co-adsorbed film showed AJ;. =
0.036 mA cm > upon 1 sun excitation with simulated AM 1.5G
radiation."™

Schmidt et al. reviewed these developments in 2017 and
suggested Afs. = 0.0741 mA cm 2 still short of device-relevant
figure of merit ie., AJf, = 0.1 mA cm > under 1 sun
excitation."'? They suggested a roadmap to achieve the AJ;, >
0.1 mA cm > by improving the device design, transparency of
solar cell, solid-state upconverter, broadening of sensitizers
absorption cross-section by new sensitization approach like
semiconductors quantum dots, etc.

Semiconductor quantum dots are emerging as new triplet
sensitizers due to their size and tunable spectrum because of
the quantum confinement effect."*> The delocalization of their
frontier molecular orbital over several nanometres results in a
small singlet-triplet energy gap. Due to the long-lived triplet
energy on the surface of the nanocrystals, it can be transferred
to the surface-attached annihilator/acceptor via electron
exchange. The annihilator can then transfer energy to the
semiconductor of the solar cell. Hanson’s research group
explored this possibility and fabricated CdSe quantum dots
over the TiO,-DPPA surface as a photoanode (Fig. 8e).'** The
resulting DSSC showed AJ;. = 0.029 mA cm > upon 1 sun
excitation with simulated AM 1.5G radiation. However, the
obtained AJ,. is lower than that of DSSC with molecular
sensitizer, due to the multiple factors.

For example, (1) lower sensitizer surface loadings, (2) low
triplet energy transfer yield (~40-80%), (3) slow regeneration
kinetics and (4) competitive quenching of triplet excited CdSe
by the Co(u)/Co(m)(phen); redox mediator. In an interesting
development, Hanson and co-workers exploited Monguzzi’s
singlet sensitization approach to increase TTA-UC quantum
yield to increase A/, of DSSC. The singlet sensitizer absorbs the
photons in the transparency window between the sensitizer and
annihilator and transfers the energy to the triplet sensitizer to
increase the absorption cross-section. Fluorescein was used as
a singlet sensitizer (SS) in a tri-layered TiO,-DPPA-PtCCP photo-
anode (Fig. 8f)."*® The resulting device showed a record AJ,. =
0.315 mA cm™ 2 under 1 sun.

Other than the annihilator as an electron donor, conven-
tional DSSC with a separate electron donor dye with I* /I as a
redox mediator was also integrated with both TTA-UC solution
and solid-state film (Fig. 9a and b).?***®

To harvest the maximum photon an Al,O; reflector was
placed behind the TTA-UC solution or film in these devices.
The upconverted photons emitted by the annihilator were
absorbed by the dye that transferred the electron to the TiO,
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Fig. 9 (a and b) lllustration of the development of the solution to solid-
state TTA-UC integrated DSSC where UC photons of annihilator are
absorbed by dye (D149 or D131) that acts as a sensitizer dye to inject an
electron into the conduction band of a semiconductor.

conduction band. It is due to the overlap of the absorption
spectrum of dye with the emission spectrum of the annihilator.
For example, the TTA-UC solution (rubrene/PQ4PdNA) inte-
grated DSSC with D149 as an electron donor dye and rear
reflector showed AJs. = 0.0046 mA cm ™2 at 1 sun excitation of
670 nm laser (Fig. 9a).>* They suggested poor device design for
low AJs.. However, integration with TTA-UC film (perylene/
PATPBP doped polyurethane) with TiO,-D131 dye as electron
donor showed enhancement of AJy. = 1.65 mA cm™ 2 under
7 mW cm ™2 (1 sun) of 635 nm laser excitation (Fig. 9b)."*® They
attributed enhancement to better device design with a back-
ground reflector, solid-state upconverter, and higher TTA-UC
quantum yield. This number fits well into the device relevant
AJsc = 0.1 mA cm ™2,

Other than thin film and DSSC, metal halide perovskite-
based solar cells (PVSCs) are fast emerging as a cheap and
sustainable alternative to c-Si solar cells.""” This is due to their
exceptional properties like high extinction coefficient in the
visible spectrum, the large diffusion length of charge carriers,
and long excited state lifetimes."'® As a result, PVSCs have
witnessed solar power conversion efficiency of 25% in a
decade."'”'"® However, it is still lower than the Shockley-
Queisser limit.® It is due to many factors, including crystal
packing of perovskites, oxygen quenching, absorption limited
to the visible region, etc. Hence, the upconversion of NIR
photons by integration with TTA-UC materials can increase
their efficiency. Since the maximum upconversion wavelength
of TTA-UC materials is limited to 1140 nm, they are suitable for
integration with PVSCs having bandgap in the visible region.*"**°
Kimizuka, Yanai, and co-workers, integrated PVSC’s Cs.05FA¢ 54
MA 41Pb(Ip.05Bro.02); With Os(atpy)(tbbpy)Cl*-rubrene-DBP doped
PVA TTA-UC film with spiro-OMeTAD as a hole transport layer
(Fig. 10a). TTA-UC integrated PVSC showed quadratic dependence
of AJi. with the 938 nm laser excitation arising due to the
absorption of UC photons by the perovskite solar cell (Fig. 10a).%>

They observed AJ,. = 0.1 mA cm™ > but at very high excitation
intensity (4 W em ™ ?).

Further working in this direction, Tan, Chen, and co-workers,
reported an enhancement of AJ,. = 2.38 mA cm™ > of MAPbI; solar
cell fabricated on rubrene-DBP layers at AM 1.5G illumination
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TTA-UC integrated Perovskite solar cells
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Glass Bless
Fig. 10 Illustration of the TTA-UC integrated perovskite solar cells.

(a) Perovskites Csg gs5FAg54MAG 41Pb(lg 0gBro02)s as semiconductor absorber
integrated to Os(atpy)(tbbpy)Cl"-rubrene-DBP doped PVA TTA-UC film.
(b) Perovskites, MAPbIz as triplet sensitizer and semiconductor absorber
crystallized on rubrene-DBP layer.

(Fig. 10b)."*" Unlike the other TTA-UC integrated solar cell devices,
they deposited TTA-UC layers between the electron transport layer
(Sn0O,) and hole transport layer (Spiro-OMeTAD). Interestingly, they
suggested the MAPDI; layer acting both as a triplet sensitizer and
solar cell. However, the exclusive contribution of TTA-UC to the
total AJ;. enhancement is still disputed for this solar cell. It is
because, the rubrene-DBP doping could have promoted perovskite
growth owing to the formation of n-conjugated agglomerates, that
served as suitable nuclei for better perovskite crystal packing.
Hence, such a large enhancement in AJ,. can be partly attributed
to better crystal packing of perovskite leading to enhanced AJg.
To shed doubts over the exclusive contribution of TTA-UC in
AJse Tan, Chen, and co-workers reported a dual sensitization
approach, where in addition to perovskite as sensitizer they
doped the rubrene-DBP with NIR sensitizer, copper-2,3,
9,10,16,17,23,24-octa-fluoro phthalocyanine (FgCuPc). The
resulting device (Fig. 11) showed enhancement of AJg. = 2.96
mA cm ™ * compared to the reference perovskite film and AJ,. =
1.14 mA cm™ 2 compared to the perovskite-rubrene-DBP film.'?
Hence validating their claims. Additionally, the hydrophobic
nature of FgCuPc acted as a moisture barrier against humidity.
While PVs can convert solar energy into electricity, storing
electricity in PV modules for a long period has been an issue.

Dual sensitized TTA-UC integrated perovskite solar cells

AM 1.5G
Q

Glass / A
ITO
NiO,
MAPDbI,
FgCuPc-Rub-DBP
PCB
PCBM
Ag electrode

AJ, (1sun)

MAPbDl,: FgCuPc-Rub-DBP | 23.85 mA cm™?

MAPDI;: Rub-DBP [ 22.03 mA cm™

MAPbI; [ 20.89 mA cm2
Glass

Fig. 11 Illustration of the dual sensitized TTA-UC integrated perovskite
solar cell and consequent AJds. enhancement.
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Instead, the generated electricity can be stored in an electric
battery bank. However, alternative technology, i.e. molecular
solar thermal energy storage systems (MOST) can store solar
energy in chemical bonds for a long period. The stored photon
energy can be later released in the form of heat as per require-
ment. Hence, in the next section, we will discuss the potential
of MOST and its implications with TTA-UC to increase the
efficiency of storage.

Photochemical energy storage driven
by TTA-UC

A typical MOST showing photo-thermal switching of Norbo-
rnadiene (NBD) < Quadricyclane (QC) system is shown in
Fig. 12a.'*

Here the parent NBD undergoes photoisomerization to QC
upon absorption of photon energy (hv;). The QC stores the
photon energy in chemical bonds and releases it as thermal
energy (AHgiorage) in a process of converting back to NBD
activated by light (hv,), heat, or catalyst (Fig. 12a and b). The
energy stored by photo-isomer can primarily be used for;
(1) heating/cooling of houses in winter in temperate regions,
and (2) electrical power generation upon integration with
thermoelectric generators (Fig. 12c and d)."”'®

Similar to PV devices, where solar cells have small bandgap
limitations, the organic molecules used in MOST systems also
have a small solar absorption window. Most of the organic
molecules used in MOST systems absorb in the UVB-to-blue
region which is a small part of the AM 1.5G solar spectrum and
has a low spectral irradiance.’® Integration with TTA-UC
materials can increase the solar flux due to the upconversion
of a visible photon to UV photons (Fig. 13a). Hence, the Vis to
UV TTA-UC materials are most relevant for MOST applications.
However, not much work has been done in these directions due
to many photophysical and device fabrication issues. Among
the key issues is the overlap of the absorption/emission

a) b) Pa‘rent*
n. hy, =
wﬂ 1 B,
I -~ 2 .
A, hvy,, cat. w ; Photo-isomer
Norbornadiene o Quadricyclane ) DHorage
(NBD) (Qc) Parent

| Parent = @
Reaction coordinate

c) d)

:
gb :
Cold Hot .
| Water Water .

Energy Energy Storage
Extraction Reservoir

‘
p=

Fig. 12 Illustration of (a) photothermal switching of norbornadiene—
quadricyclane system, (b) energy diagram of photo-thermal switching,
and application of MOST systems for (c) heating or cooling of homes and
(d) electrical power generation. (b and c) is reproduced from ref. 17 with
permission from the Royal Society of Chemistry. (d) is reproduced from ref.
18 with permission from Cell Press.
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Fig. 13 (a) lllustration of the microfluidic flow reactor comprising of TTA-

UC fluidic chip integrated into molecular solar thermal energy storage
fluidic chip (MOST). (b) Illustration of photothermal switching of fulvalene
diruthenium derivative (green/black; R = 1,1-dimethyltridecyl) system
(MOST), and molecular structures of the TTA-UC sensitizer (PdOEP) and
annihilator (DPA).

spectrum of the photo-switch with the sensitizer/annihilator
pair. Therefore, the foremost challenge is to find suitable
photoswitch/TTA-UC pair that does not interfere with each
other. For example, in one such proof-of-concept demonstra-
tion, our research group integrated fulvalene diruthenium
(FVRu,) derivative-based photothermal switch with palladium
octa-ethyl porphyrin (PdOEP) and diphenyanthracene (DPA)
based TTA-UC solution."*® The low energy FvRu, has an absorp-
tion maximum at around 400 nm with a tail extending into the
blue region that overlaps with the emission spectrum of DPA.
Incidentally, the high-energy photo-isomers of FvRu, do not
absorb at all in the visible region.

Due to this optical transparency, the green photons could be
upconverted to blue photons via TTA-UC using PdOEP as a
sensitizer (Fig. 13b). Hence the conversion efficiency of FvRu,
could be increased by 130% due to the enhanced photon flux.
Baluschev’s research group has proposed the barium metal
complexed Z isomers of crown ether functionalized hemicya-
nine dyes as a suitable candidate for photon energy storage
upon E to Z photoisomerization with blue light excitation. To
enhance the blue photon flux or shift the action spectrum
toward a low energy, they integrated this system with a
Perylene-PdTPBP-based TTA-UC solution that resulted in E-Z
isomerization upon excitation with 635 nm laser (Fig. 14)"*°
However, they did not report back conversion of the Z isomer to
release the stored photon energy. Such systems could become
practically more relevant if designed in the solid-state (Fig. 12c
and d). However, the small photon conversion quantum yields
of these photos-witches are a limiting factor. Hence, photo-
thermal switches with ¢ ~ 100% could be a game changer.'?®
And specifically for TTA-UC integration there must be optical
transparency for one of the photo isomer in the TTA-UC region.

Summary and future perspectives

The progress in TTA-UC enhanced solar energy conversion
systems is on a slow rise. The actual reason for the slow
progress is the requirement of transparent high band gap solar
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Fig. 14 Illustration of the TTA-UC assisted E to Z isomerization of the
barium complexed crown ether functionalized hemicyanine dyes upon
635 nm laser excitation.

cell devices, which themselves are at the early developmental
stage. Therefore, research on finding an efficient solid-state
broadband TTA-UC upconverter and corresponding suitable
band gap solar cells are moving side by side. Therefore, the
majority of the earliest work has been done by integrating
liquid upconversion solution below the thin film solar cells
(a-Si:H, P;HT:ICBA)."*"'%° Later annihilator adsorbed on TiO,
as an electron donor dye in DSSCs,'*®" 0% 1137115 g Jiquid/
solid upconverter integrated conventional DSSCs were
developed.”*'® Among these systems a maximum short circuit
current density, AJs. = 1.65 mA cm™> has been recorded with
solid-state photon upconverter (PATPBP-perylene doped poly-
urethane film) upon 635 nm laser excitation equivalent to
1 sun.""® Well, it is greater than the threshold limit for PV’s
applications i.e. AJc = 0.1 mA ecm™2*? Hence, it highlighted
the importance of solid-state photon upconverters for PV
devices. Of late, perovskites solar cells have been integrated
with TTA-UC upconverter either by placing TTA-UC film below
the solar cell® or fabricating them between hole and electron
transport layers."”"'** The latter device design has yielded a
maximum AJ,. enhancement of 2.96 mA cm ™2 due to TTA-UC.
Interestingly in addition to photon upconversion, TTA-UC
layers assisted in better crystal packing of perovskites and
improved moisture stability. This, show the importance
of crystalline TTA-UC systems for PV integration to improve
longevity. The performance could further be improved by co-
crystallization of broad-band sensitizer-annihilator pairs for
maximum harvesting of transmitted photons. Further develop-
ment of efficient perovskite solar cells working above 1.62 eV in
the visible region would exponentially increase their applications
with efficient crystalline TTA-UC photon upconverters.®9:9%%3
But important consideration over here is the annihilator design
with a high statistical probability factor in addition to triplet
exciton diffusion length and lifetime in the crystalline state.
We found that f is highly dependent on the emission wave-
length and derivatization of the parent acene. However, in a
suitable crystalline framework, it can be increased by recycling
quintet and high-energy triplets via quintet-singlet spin mixing
and reverse intersystem crossing.®®

While PV technology is seen as a sustainable energy
approach, commercial crystalline solar cells have a typical life

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 2297-2315 |

View Article Online

Review
of ~25 years."” In the past decade the cumulative PV capacity
worldwide has boomed from 48 GW to 700 GW, which is also
increasing the number of end-of-life (EOL) solar panels. Going
by the current expansion of PV technology, the world will see
~ 78 million tons of solar panel waste by 2050."*® In addition to
the possible waste, the PV modules occupy a lot of space which
adds to the cost. To address such issues, research on their
recycling (down or upcycling) is already underway'>*'*° and
alternative fabrication frameworks in the form of thin film
plastic solar technologies are already in the market."*" But they
may also face a similar fate regarding environmental waste
since they are generally fabricated on polyester or polyimide
sheets which are synthetic plastic.*> Therefore, replacing the
fabrication material with robust biomaterial can enhance the
sustainability factor since it could degrade in the natural
environment after recycling chemicals at the EOL. We have
demonstrated such a possibility by fabricating efficient broad-
band solid-state TTA-UC bioplastics using protein as an encap-
sulator to synthetic chromophores and their consequent
recycling at the EOL.*™*> Such biopolymers can also be used
to fabricate solar cell materials to replace polyester or poly-
imide sheets. For example, most earth-abundant biopolymers
like cellulose and chitosan possess suitable dielectric and
mechanical properties as that of polyester required for solar
cells."***> Moreover, coating these biopolymers with Nylon 11
which is a natural polyimide derived from castor beans can
decrease the water vapor permeability. For example, recently
Gao et al. used flexible nanocellulose coated with acrylic resin
as a back-sheet substrate for the fabrication of perovskite solar
cells that showed a power conversion efficiency of 4.25%.%°
We believe that the fabrication of more such bio-fabricated
solar cells and further integration with TTA-UC bioplastics
would pave the way for future bioplastic solar cells that our
research group is committed to achieving.

Regarding TTA-UC integrated MOST systems, there has not
been great progress due to many spectral factors related to both
photo-switch and TTA-UC systems. Over the years our research
group has developed various MOST devices with several NBD,
azobenzene, and dihydroazulene derivatives-based photo-
switches to harvest maximum solar photons.’****” The
NBD < QC system has a high ¢, in addition to the transparent
visible spectral window beyond 400 nm that could be utilized for
integration with an efficient Vis to UV TTA-UC system. Because
NBD and its derivatives typically absorbs between 320 to 450 nm, its
photo-isomerization yield can be increase by increasing solar flux
in this region by upconverting 400-550 nm light using suitable
sensitizer-annihilator pair. However, low UC efficiency of Vis to UV
systems over the years has been a big obstacle that has now been
sorted with the discovery of highly efficient TIPS-naphthalene
based TTA-UC systems near the sub-solar irradiance.*®”® The
TIPS-naphthalene emits between 300-400 nm which is in the
absorption range of NBD. Hence are suitable for efficiency
enhancement of the NBD « QC systems in ambient conditions.
However, such systems need to be developed in the solid-state for
practical fabrication with the solid-state MOST devices, which our
research group is committed to achieving.
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