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Rotaxane-Functionalized Dyes for Charge-Rectification in

p-Type Photoelectrochemical Devices

Tessel Bouwens, Tijmen M. A. Bakker, Kaijian Zhu, Annemarie Huijser, Simon Mathew,

and Joost N. H. Reek*

A supramolecular photovoltaic strategy is applied to enhance power
conversion efficiencies (PCE) of photoelectrochemical devices by suppressing
electron—hole recombination after photoinduced electron transfer (PET). Here,
the author exploit supramolecular localization of the redox mediator—in close
proximity to the dye—through a rotaxane topology, reducing electron—hole
recombination in p-type dye-sensitized solar cells (p-DSSCs). Dye Pg i2vane
features 1,5-dioxynaphthalene recognition sites (DNP-arms) with a
mechanically-interlocked macrocyclic redox mediator naphthalene diimide
macrocycle (3-NDlI-ring), stoppering synthetically via click chemistry. The
control molecule P, has stoppered DNP-arms, preventing rotaxane
formation with the 3-NDI-ring. Transient absorption and time-resolved
fluorescence spectroscopy studies show ultrafast (211 + 7 fs and 2.92 +

0.05 ps) PET from the dye-moiety of Py, .. to its mechanically interlocked
3-NDI-ring-acceptor, slowing down the electron-hole recombination on NiO
surfaces compared to the analogue . p-DSSCs employing Pg.:.xane (PCE =
0.07%) demonstrate a 30% PCE increase compared to Pg,, .., (PCE = 0.05%)
devices, combining enhancements in both open-circuit voltages (Vo = 0.43

1. Introduction

Dyes and pigments featuring rotaxane
topologies are known in the scientific com-
munity and find application as nanoscale
switches in molecular electronics amongst
others.'>] In this work, we investigate a
supramolecular photovoltaics approach to
rectify charge propagation in solar cells
through the use of rotaxane sensitizers.
Supramolecular electronics is a nascent
sub-field of molecular electronics and has
the potential to benefit from weak, non-
covalent interactions between the compo-
nents to (pre)organize their spatial posi-
tions to promote charge transport within
molecular electronic devices.!5] While the
development of supramolecular electron-
ics is a thriving field,['*??I the topic of
supramolecular photovoltaics is scarcely ex-
plored. Recently, a self-assembled molecu-

vs 0.36 V) and short-circuit photocurrent density (Jsc = —0.39 vs —0.34 mA
cm~2). Electrochemical impedance spectroscopy shows that Py, ... devices
exhibit hole lifetimes (z,) approaching 1 s, a 16-fold improvement compared
to traditional I~ /I;~-based systems (r;, = 50 ms), demonstrating the benefits
obtained upon nanoengineering of interfacial dye-regeneration at the

photocathode.
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lar p—n junction capable of a long charge-
separated state lifetime (26 ms for the
cathode), demonstrates that supramolecu-
lar candidates have the potential to replace
silicon-based photovoltaics.[10:13.14.23.24]

The dye-sensitized solar cell (DSSC), first
reported by Gritzel and O’Regan, is a thin-
film technology for the direct conversion
of solar energy to electricity.l®*! In contrast
to a silicon solar cell, light harvesting and charge separation
events in a DSSC are decoupled and performed by differ-
ent components. State-of-the-art devices exceed power conver-
sion efficiencies (PCEs) of 15.2% for n-type DSSCs,[?! while
the complementary p-type DSSC (p-DSSCs) remain subordi-
nate with a current PCE record of 2.51%.2%%) This disparity
in performance precludes the widespread application of tan-
dem DSSCs—especially to photoelectrochemical cells for solar
fuel formation—and therefore, these efficiency losses must be
addressed.34]

Figure 1a illustrates the role of the different components in
the forward electron propagation steps (Figure 1a, processes 1-4)
(blue arrows) in p-DSSCs. Upon excitation of the dye (Figure 1a,
process 1), hole injection takes place into the valence band (VB)
of the semiconductor NiO (Figure 1a, process 2).2” The sub-
sequently reduced dye (D°") transfers an electron to the re-
dox mediator (Figure 1a, process 3), which diffuses towards the
counter electrode (CE) (Figure 1a, process 4) for regeneration and

2306032 (1 Ole) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) Schematic representation of forward electron propagation
steps (1-4) (blue arrows) and recombination pathways (5, 6) (red ar-
rows) leading to efficiency losses within p-DSSCs. FTO = fluorine-doped
tin oxide; band; CB = conduction band; D = dye; RC = redox couple. a)
Schematic representation of the benchmark system P1 dye (no mediator
interaction) and Pgegacane/Pstopper dyes comprising nanoengineered dye-
mediator interactions. Pryayane CONtains a permanently bound mediator
as a built-in regeneration system and P, is designed as a control to
study the influence of a permanently bound mediator. The 3-NDI-ring is
represented as a purple ring in the figure.

closing the cycle. However, after hole injection the charge carriers
in NiO*|D*~ can also recombine (Figure 1a, process 5). Addition-
ally, the reduced mediator can react with NiO* sites (Figure 1a,
process 6). These charge recombination pathways (Figure 1a, pro-
cesses 5 and 6, red arrows) lead to efficiency losses within p-
DSSCs.2735] The low PCE in p-DSSC can be attributed to severe
electron-hole recombination caused by the extremely small hole
diffusion coefficient in NiO (4 x 10~% cm? s71)3¢] compared to 3~
4 orders of magnitude faster (10™* cm? s71)1¥7] electron diffusion
in TiO,.[3340] Therefore, fast and directional transport of charges
after separation is crucial to promote forward electron propaga-
tion.
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To compete with recombination pathways, dye—mediator inter-
actions have been introduced in p-DSSCs to promote fast-forward
electron transfer from the dye to the redox mediator by improv-
ing the proximity of this species, thereby enhancing the regener-
ation rate of the dye.[*'~*] Previously, we introduced a pseudoro-
taxane strategy to pre-organize a tetracationic mediator close to
the dye, elevating the photocurrent density (Jsc) tenfold.[*! Fol-
lowing this, we developed a new system where a neutral naph-
thalene diimide macrocycle (3-NDI-ring) forms pseudorotaxanes
with the dye via the 1,5-dioxynaphthalene recognition sites (DNP-
arms), and serves as redox mediator. After photoinduced electron
transfer (PET), the 3-NDI-ring dethreads, effectively removing
the charge away from the NiO*-D? interface (NiO*|D).*”] DSSCs
based on such molecular mechanical systems show an increase
in hole lifetime by a factor of two, enhancing the open circuit volt-
age (Vo) and improving the PCE 5-fold compared to the bench-
mark system P1 which does not facilitate dye-mediator interac-
tions.

In this work, we explore the potential of a new design approach
that includes a rotaxane topology (Figure 2) and investigate the
DSSC performance. The 3-NDI-ring is used as a redox mediator,
possibly leading to mediator pre-organizations via weak interac-
tions with the stoppered treats that have 1,5-dioxynaphthalene
recognition sites not occupied with a permanent ring. We hy-
pothesize that the Py, ... System featuring the nanoengineered
strategy for dye-regeneration inspired by former dye-mediator
interactions!*®! will lead to the inhibition of recombination path-
ways 5 and 6 (Figure 1a) with concomitant promotion of forward
electron propagation within the device.

2. Results and Discussion

2.1. Synthesis and Characterization of the Dyes

All compounds were prepared according to standard synthetic
procedures described in Section S1.2, Supporting Information.
Both the Pyyyyune @nd Py, dyes were fully characterized by
NMR (*H, BC, 'H DOSY NMR), Electrospray lonization High
Resolution Mass spectrometry (ESI-HRMS), and spectrophoto-
metric techniques. The large size of these dyes prompted the de-
termination of the diffusion coefficient by 'H DOSY NMR. Sub-
sequent calculation of the molecular radius (r, Figure S11, Sup-
porting Information) revealed Py ... is larger (r= 1.3 nm) than
Pgyopper (= 1.1 nm), ascribed to the presence of the 3-NDI-ring.
The absorption and fluorescence spectra in MeCN solutions of
Protaxane Pstopper» a1d 3-NDI-ring are given in Figure 3 and sum-
marized in Table 1. The UV-vis spectrum of reference compound
Pgiopper features an absorption maximum at 462 nm attributed
to intramolecular charge transfer (ICT) from the triphenylamine
donor to the cyanoacrylate acceptor.l’] Additionally, Py, fea-
tures absorption bands centered at 295, 311, and 326 nm, from
the DNP-arms attached to the cyanoacrylate moiety.
Introduction of the electron acceptor 3-NDI-ring into the dye
structure to yield Py, .00 results in a slight red shift of the ICT ab-
sorbance to 465 nm compared to the control compound Py
likely originating from an additional charge-transfer band (@
460 nm) upon interlocking of 3-NDI-ring and the DNP-arms.
The emergence of the charge-transfer band upon combining 3-
NDI-ring with the dihydroxynaphthalene recognition site was
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Table 1. Optical and electrochemical properties of Ppoiaane @nd Psiopper (0.2 mM) in DCM (0.1 M TBAPFg, glassy carbon working electrode, a leakless

Ag/AgCl reference electrode, Pt wire counter electrode.

Dye Amax [NM] ex 104 M~ ecm™ Eo.o [€V] Eopo* Eojo- Dye coverage X 1077 [mol cm™2]
Psiopper 462 6.6 2.29 1.10 ~0.89 158
PRotaxane 467 4.2 2.30 1.17 -0.89 1.07

3 Ferrocene/ferrocenium (Fc/Fc+) was added as an internal redox standard to determine the redox potentials versus NHE (E1/2 Fc/Fc+ = 630 mV vs NHE in MeCNI[“8] and
700 mV vs NHE in DCM).[4°] ) Eq (eV) determined from the intersection between the normalized absorption and fluorescence spectra.
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Figure 2. Molecular structures of the benchmark dye P1, the macrocyclic

redox mediator 3-NDI-ring, Pyoiayane, and Psyopper.

established in previous work,*’l where the mixing of 3-NDI-ring
and Pgpypon prompts both broadening and red shifting of the
UV-vis spectrum as a result of pseudorotaxane formation. In this
work, we observe the same broadening/red shift phenomenon
upon comparing the spectrum of Pg,yane With Py, This sim-
ilarity gives strong evidence for CT-band formation at 460 nm
upon rotaxane formation. An additional absorption band in the
P spectrum centered at 378 nm is ascribed to the mechan-

Rotaxane
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Figure 3. UV-vis spectra in MeCN of Ppyypyane (solid violet line), Ps;oqner

(solid orange line), and compound 3-NDlI-ring (red solid line) along with
the normalized fluorescence spectrum upon excitation at .y (Protaxane:
violet dashed line, Ps;op0c,: orange dashed line, 3-NDl-ring: red dashed
line). Fluorescence spectra are normalized with respect to the fluorescence
intensity of Pg;op0e, at 295 nm.

ically interlocked 3-NDI-ring. These new absorption features in
Proxane Coincide with a reduction (x30%) in molar absorptivity
(€), ascribed to the mechanically interlocked 3-NDI-ring, and con-
sistent with the earlier observation that host-guest complex for-
mation can attenuate the molar absorptivity of the host.[>]

Insight into the redox properties of the Pyyuunes Psioppers 20
3-NDI-ring were obtained by cyclic voltammetry with the re-
sults summarized in Table 1. The reduction potential of Py,
(—0.89 vs NHE, Figure 4a) is typical for P1-derived dyes (P1 =
—0.77 V vs NHE in MeCN).[*’] The small difference in potential
is attributed to the respective acceptor strength (i.e., cyanoacrylate
in Progaxanes a0d Pgioper VS (dicyano)vinyl in P1). The electrochem-
istry of 3-NDI-ring includes four reduction events (Figure 4b), at-
tributed to two, individual double-reduction events at the NDI (at
—0.35 and —0.71 V vs NHE) and pyromellitic electron-accepting
moieties within 3-NDI-ring (at —0.81 and —-1.3 V vs NHE).
The cyclic voltammogram of Py, ... displays multiple reduc-
tion events between -0.5-1.4 V, ascribed to both the presence of
the dye and the 3-NDI-ring. The reduction events observed for
Protaxane are clearly shifted in comparison to the free 3-NDI-ring.
The reduction events of the 3-NDI-ring moiety within Pg,,..... in-
clude double-reduction events at the NDI (at —0.50 and —0.80 V
vs NHE) and pyromellitic electron-accepting moieties within 3-
NDI-ring (at —0.92'V, fourth reduction not visible with a CV butis
clearly demonstrated by DPV to appear at —1.4 V vs NHE, Figure
S23, Supporting Information).

2306032 (3 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Cyclic voltammograms (0.1 M TBAPF, in DCM, 0.1V s7') of
Psiopper (0range line), Progagane (violet solid line) (0.2 mM each), and 3-
NDI-ring (red line) (0.5 mM). The arrow indicates the scanning direction.
Note: The last reduction of 3-NDI-ring of Pggiaane Cannot be discerned
through CV but is visible through differential pulse voltammetry (DPV,
Figure S23, Supporting Information).

2.2. Ultrafast Spectroscopy Studies

Photoinduced charge propagation in Py.,,..... that occurs upon in-
stalling a permanently-bound redox mediator was further inves-
tigated by time-resolved fluorescence and femtosecond transient
absorption (fs-TA) spectroscopy measurements using FTO glass
substrates with layers of the Py, and P, dyes on ZrO, and
NiO immersed in a supporting electrolyte (1.5 mL, 1 M LiTFSI
valeronitrile/MeCN, v/v, 15:85).

To study the occurrence of intramolecular electron trans-
fer from Pp ... to the interlocked 3-NDI-ring on solid sub-
strates, we conducted time-resolved fluorescence experiments
(Aexe. = 532 nm) on ZrO,|Pyyype and ZrO,|Pg,,,..,. Figure 5
demonstrates the decay of the normalized fluorescence signal
at 615 nm for both ZrO,|Pg,,,.., and Zr0,|Pyym.. Compared
t0 Z1O,|P e, the fluorescence of ZrO,|P, .. is quenched,
demonstrating that fast electron transfer from the dye part of

Adv. Sci. 2023, 2306032
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Figure 5. Decay of the normalized fluorescence signal at 615 nm (A, =
532 nm) and fits for both ZrO,|Ps,pper and ZrO;|Prygaxane- Note that the
fluorescence of the latter is quenched, negatively affecting the signal-to-
noise ratio and quality of the fit.

Protaxane t0 the 3-NDI-ring indeed takes place. The associated time
constant (listed in Figure S27 and Table S2, Supporting Informa-
tion) for 7, is ~30 ps, while the small fluorescence signal that re-
mains (Figure S27d, Supporting Information) is most likely due
to the emission of Py ,..... that has not undergone electron trans-
fer (r, ~800 ps). In the case of ZrO,|Pg,y.,, the slower fluores-
cence decay indicates that the fluorescence is not quenched and
no fast photoinduced electron transfer takes place (r; = 25.2 +
0.1 ps; 7, =166.6 + 0.2 ps; 7; = 823.6 + 0.8 ps).

To further understand the electron propagation upon photoex-
citation of Pyy,une and P, dyes on the metal oxide substrates,
we also conducted fs-TA experiments. Previously, we established
that the transient behavior of P1 as a benchmark system un-
der analogous conditions is consistent with reports from the
literature.[*>153] In the case of NiO|P1, four distinct time con-
stants are apparent from photophysical modeling, indicating that
biphasic photoinduced hole injection (ultrafast, i.e., within a few
hundred fs, and in 1-2 ps) is followed by a fast (=5-10 ps) and
a slow (>100 ps) charge recombination step.>'53] The fs-TA data
Of Proaxane a01d Py, in solution (Figure S25, Supporting Infor-
mation) and on ZrO, (Figure S26, Supporting Information) are
discussed in Section S2.2 of the Supporting Information.

The fs-TA spectra of NiO|Py.uane at various time delays after
480 nm excitation are presented in Figure 6a, and further detailed
in Section S2 of the Supporting Information. Analogous to the
NiO|P1 benchmark system,>-53] the negative signal < 560 nm is
due to ground state bleach, while the photoinduced absorbance
around 575 nm (black dashed line) can be assigned to Py iane
and Pypane””. The latter likely has a slightly red-shifted absorp-
tion band relative to P,,,.... and is formed due to photoinduced
hole injection into NiO, either within a few hundred fs or in
1-2 ps.513] This assignment is in line with the spectroelectro-
chemical measurements of Py, ... that show a 22 nm red- shift
Of Pryjaxane .~ compared to P Figure S24, Supporting Infor-
mation).

Rotaxane (
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Figure 6. Transient absorption (TA, A.,. = 480 nm) data and fits (see Section S2, Supporting Information for details) of Pgytaxane 0N NiO in supporting
electrolyte (1.5 mL, 1 M LiTFSI valeronitrile/MeCN, 15:85) in absence and presence of the 3-NDI-ring (5.9 mM). a) TA spectra at given time delays
in the absence of the 3-NDI-ring. The photoinduced absorbance of NiO|Pgytaxane around 575 nm is indicated with a black dashed line and indicative
of a combination of Ppyyzane” aNd Proaxane® ~; b) TA spectra at given time delays in the presence of the 3-N Dl-ring; c) Spectroelectrochemistry of the
3-NDl-ring (dotted green line), which shows an absorption band around 608 nm when the 3-NDI-ring®" is formed (solid red line); d) Kinetic traces at
575 nm with (red) and without 3-NDI-ring present in the electrolyte (black); e) Kinetic traces at 620 nm with (red) and without 3-NDI-ring present in the
electrolyte (black); f) Schematic representation of charge transfer processes following excitation of the Pp ., . dye in absence of free 3-NDI-ring.
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The fs-TA spectra of NiO|Pg i.ne it the presence of the 3-
NDI-ring shown in Figure 6b diverge significantly from the data
presented in Figure 6a, with a more intense photoinduced ab-
sorbance around 620 nm. Based on the fluorescence quenching
demonstrating photoinduced reduction of the ring (Figure 5) and
the spectroelectrochemistry data (3-NDI-ring®~ A,, ~608 nm,
Figure 6c¢, green dashed line), we assign this additional TA signal
to the 3-NDI-ring®~. The observed ~12 nm red- shift of the in-
terlocked 3-NDI-ring®~ moiety in NiO|Pg.une”~ (With respect to
free diffusing 3-NDI-ring*~) is likely due to photoinduced charge
separation with the NiO, and could also be a consequence of the
interlocked 3-NDI-ring*~ (vs free 3-NDI-ring®~).5¢

The TA signal at 620 nm fully develops within 150 fs after
photoexcitation, indicating that ultrafast hole injection from the
Ppoxane dye into the valence band of NiO coincides with the for-
mation of the 3-NDI-ring®~. Intramolecular charge transfer to-
wards the ring is hence likely also an ultrafast process, photo-
physical modeling gives a time constant of 210 + 7 fs. The in-
tensity of the photoinduced absorbance at 575 nm decreases
over time relative to the photoinduced absorption at 620 nm,
which can be ascribed to slow (2.92 + 0.05 ps) hole injection from
Protaxane in1to the NiO coupled to electron transfer to the 3-NDI-
ring. The ground state bleach beyond these times indicates that
not all excited complexes give both hole injection and electron
transfer with these time constants, which may be a result of struc-
tural inhomogeneity of the Py ... dye, as further explained in
Section S2.2, Supporting Information. Subsequent decay of the
575 and 620 nm photoinduced absorption bands, further illus-
trated by the kinetic traces in Figure 5d,e, indicates charge recom-
bination. Details regarding the photophysical modeling, result-
ing in the fits included in Figure 6, are given in Section S2, Sup-
porting Information. In this model, photoinduced hole injection
partly occurs simultaneously with 3-NDI-ring reduction, while
the other dye radical anions give slower ring reduction (time con-
stants in Section S2.2, Supporting Information), possibly due to
structural inhomogeneity. The obtained charge transfer times are
illustrated in Figure 6f.

In the 3-NDI-ring containing electrolyte (Figure 6b), the fs-
TA spectra are nearly identical to those in the electrolyte with-
out added 3-NDI-ring (Figure 6a), featuring two photoinduced
absorbance bands centered around 575 and 620 nm. The compar-
ison of kinetic traces indicates that in the 3-NDI-ring containing
electrolyte the transient signals at 575 nm (Figure 6d) and 620 nm
(Figure 6e) decay a little bit faster. Photophysical modeling seems
to suggest slightly faster ring reduction and charge recombina-
tion (Table S4, Supporting Information, z, t;, 7,). Though the
differences are small, they may originate from the 3-NDI-ring in
the electrolyte acting as an electron acceptor, that is, the respec-
tive intra- and inter-molecular electron transfer processes cannot
be decoupled and direct transfer to the unbound redox mediator
cannot be excluded.

2.3. Proposed Electron Propagation within NiO|Pg .. ane
With the photophysical properties and electrochemical data in
hand, we can construct an energy diagram and predict how

the electrons propagate within the Pp,.... system (Figure 7).
The electrochemical studies reveal that the thermodynamics of
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Figure 7. a) Schematic representation of charge propagation of the
rotaxane-based p-DSSC. b) Schematic energy diagram for the p-DSSC
based on the Pgotagane/Pstopper dyes. Upon excitation of the Pryyayane hole
injection takes place (process 1a) and simultaneously the mechanically
bound 3-NDI-ring@ Protaxane IS reduced (process 1b). Then, the reduced
3-NDI-ring®~ @Pgotaxane is able to reduce the 3-NDl-ring present in the
bulk solution (process 2). Energy levels are represented in V versus NHE.

the rotaxane-dye support electron transfer from the reduced dye
Protaxane~ to the interlocked 3-NDI-ring. As the redox potential
of the “free” 3-NDI-ring is less negative than of the interlocked
3-NDI-ring, electron transfer is exergonic from the anionic inter-
locked 3-NDI-ring*~ and freely diffusing 3-NDI-ring in the bulk
electrolyte. Furthermore, fs-TA results demonstrate the fast ki-
netics of electron transfer from the reduced dye Py ., .ne”~ to the
interlocked 3-NDI-ring and the effect of a second “free” 3-NDI-
ring possibly acting as an electron acceptor.

Figure 7a illustrates the proposed rotaxane-based p-DSSC con-
sisting of the Py, .ne dye. The molecular structure of Py i, ..
(Figure 2) contains one DNP-arm that is mechanically bound
to the 3-NDI-ring as the tris(4-t-butylphenyl)methyl stoppers
prevent slippage of the macrocyclic 3-NDI-ring. The qualitative
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Figure 8. Photovoltaic performances of the devices based on the Py, (orange line) and the Pryyaane dye (violet line) with the 3-NDI-ring as redox

mediator (25 mM 3-NDI-ring/3-NDI-ring®~ 1:1 in 1T M LiTFSI valeronitrile/MeCN, 15:85). a) J-V curves of the on the P

stopper (Orange line) and the

Protaxane dye (violet line). b) Photocurrent action spectrum. c) Chopped light amperometry at different light flux varying from 0.05-1.3 W cm~2 with
on/off cycles of 10 s. d) Zoom of chopped light amperometry at 80, 90, and 100 mW cm~2 clearly showing tailing behavior indicative of mass transfer

limitation.

binding studies described in Section S1.5, Supporting Informa-
tion estimated from UV-vis and 'H NMR binding data, suggest
that the other DNP-arm could be available for an interaction with
a second 3-NDI-ring by an alternate binding mode (vide supra).
The interaction of the second 3-NDI-ring might be based on #-
stacking between the DNP-arm and the naphthalene diimide. Ac-
cording to our fs-TA studies, upon photoexcitation of the dye,
the electron is transferred very quickly to the proximal 3-NDI-
ring within the Py ., .. . structure (Figure 7a, step 1). This process
likely occurs simultaneously with the hole transfer to the NiO
(process 1a). The interlocked 3-NDI-ring®~ anion is able to reduce
a 3-NDI-ring from solution, that may be preorganized via weak
interactions with the adjacent DNP-arm (Figure 7a, step 2). This
free 3-NDI-ring®~ (Figure 7a, step 3) is subsequently regenerated
at the counter electrode (Figure 7a, step 4). The Py, refer
ence dye features both DNP-arms for binding with 3-NDI-ring via
z—interactions but no rotaxane-bound 3-NDI-ring allowing it to
function as a reference to investigate the role of the mechanically-
bound mediator in Py,..... Having established that both the
thermodynamics and kinetics are in favor of forward electron
propagation, the influence of the rotaxane design can be inves-
tigated in the p-DSSC.

2.4. Photovoltaic Performance
Next, we explored the effect of the rotaxane topology on the perfor-

mance of the p-DSSC. The p-DSSCs were prepared using screen-
printed NiO photocathodes (3.5 pm, 0.2 cm™~2) that were sensi-

Adv. Sci. 2023, 2306032

tized with Py, ., Of Poyane in MeCN solution (0.15 mM) for 16
h. Dye uptake experiments (Section S1.6, Supporting Informa-
tion.) revealed that the surface coverage of Py, (I' = 1.58 X
1077 mol cm2) is &#50% higher than that of Pr,,0e (= Protane
1.07 x 1077 mol cm™2), which is expected based on the increase
molecular size incurred by Py,.an. UpOn rotaxane formation with
3-NDI-ring (r = 1.1 nm for Py, .. vs r = 1.3 nm for P
Figure S11, Supporting Information).

Initial assessment of p-DSSC devices was performed using the
I~ /1,~ redox electrolyte (1 M Lil and 0.1 M L, in MeCN). We also
fabricated p-DSSCs with the dye P1 as a benchmark system p-
DSSC affording a PCE (0.061% =+ 0.002%), comparable to the
best performing analogous devices literature (0.075%) (see Sec-
tion 3.6, Supporting Information).>”] The small discrepancies be-
tween our P1 cells and literature values are ascribed to the quality
of the NiO, which is well known to vary based on several factors,
such as nanoparticle size and Ni** impurities.l”>®]

The p-DSSCs were prepared employing the 3-NDI-ring elec-
trolyte (25 mM 3-NDI-ring/3-NDI-ring*~, 1:1 in 1 M LiTFSI
valeronitrile/MeCN, 15:85) with a 60 um thermoplast frame.
Poly(3,4-ethylenedioxythiophene) (PEDOT) counter electrode
was employed instead of the typically used Pt, to take advantage
of its lower charge transfer resistance against organic radical re-
dox couples.®l The photocurrent-voltage (J-V) characteristics
(Figure 8a) of the p-DSSCs based on Pr,yane and Py, with
the 3-NDI-ring electrolyte were measured under AM 1.5G illu-
mination (100 mW cm~?), with the data summarized in Table 2.
The p-DSSCs sensitized with Py,,.... demonstrate an increase
in performance compared to the analogue based on the Py,

Rotaxane?
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Table 2. Summary of the photovoltaic performance data for p-DSSC based on Pg;q0er and Ppotayane Under AM 1.5G illumination (0.1W cm~2) employing
the 3-NDl-ring electrolyte (25 mM) in 1 M LiTFSI valeronitrile/MeCN, (15:85). The average performance (N = 9) is provided with the best-performing

cell in brackets.

Dye Voc M Jsc [mA cm2] FF PCE [%]

Pstopper 0.36 = 0.05 (0.41) —0.34 +0.08 0.41 = 0.04 (0.45) 0.05 + 0.02 (0.07)
(~0.42)

Protaxane 0.43 = 0.04 (0.47) —0.39 +0.03 0.40 = 0.03 (0.43) 0.07 +0.01
(~0.40) (0.08)

system demonstrating that the permanently present redox me-
diator as a dye design feature has an overall positive effect on
the p-DSSC performance. Not only does Py,..... demonstrate a
higher Vi than Py, (0-43 vs 0.36 V, respectively), accompany-
ing improvements to Js- (0.39vs 0.34 mA cm~2, respectively) re-
sult in a better PCE (0.07% vs 0.05% respectively). Furthermore,
the incident photon-to-current efficiency (IPCE) of Py ,.....-based
p-DSSC (IPCE,,, = 4.49% at 471 nm) is greater across the whole
spectrum compared to Pg,,,,... analogue (IPCE,,, = 3.88% at 474,
Figure 8b). The difference between the p-DSSCs was further char-
acterized by their photocurrent response upon varying light in-
tensity, through chopped-light amperometry (Figure 8c,d). The
p-DSSCs based on the Pg,..... demonstrate a higher J. upon
illumination at every light intensity from 414-700 compared to
Pgyoppers Which is which is in line with the J-V characterization
(Figure 8a). The shape of the photocurrent response exhibits tail-
ing where the signal decays, especially at higher J, indicative of
mass transfer limitations in the device from slow diffusion of the
redox mediator hampering current generation.[60:61]

As the association of the 3-NDI-ring-mediator to Pp iane 1S
weak (i.e., < 10 M™), diffusional processes dominate the be-
havior of the electrolyte, leading to a decrease in the amount
of dye-mediator pre-organization. This tailing behavior was
also observed in a former study where P1 was combined with
3-NDI-ring, having no supramolecular interaction. In case a
supramolecular interaction is established between the dye and
3-NDI-ring by means of pseudorotaxane formation, the tailing
behavior disappears by pre-organization of the mediator to the
dye.[*”]

2.5. Electrochemical Impedance Spectroscopy

To further understand the suppression of recombination in de-
vices based on Py, €lectrochemical impedance spectroscopic
(EIS) measurements were carried out at different light intensi-
ties. The results were analyzed using the transmission line model
with the addition of a Warburg element to simulate electrolyte dif-
fusion (See Section $3.7, Supporting Information).[®”l The chem-
ical capacitance C, reveals a slight upwards (28 mV) shift of the
valance band for Py ... (Figure S35, Supporting Information),
which can be assigned to the difference in dye loading, leav-
ing less NiO sites exposed to interact with ions present in the
electrolyte.263] The recombination resistance (Rygc) is double
for Pymane devices (40.8 x 10° Q cm~2 at 100 mV) compared to
those based on P, .., (21.8 x 10° Q cm™ at 100 mV) implying

Adv. Sci. 2023, 2306032

less recombination occurs at the NiO-dye interface in the Py, . ..
p-DSSCs. This difference in Ry (at any given voltage) trans-
lates into a 50% increase in hole lifetime for Py, ... p-DSSCs
(811 ms at 100 mV) compared to devices based on Py, ..., (527 ms
at 100 mV). The decrease in recombination in the Py, ... system
compared to Py, translates into an extended hole lifetime,
leading to a higher V., Jsc, and PCE.

To demonstrate the effect of the rotaxane-based dye design
on the charge recombination, the hole lifetimes (at 100 mV) of
the devices based on the different P1-derived dyes Py,..... and
Pgiopper ar€ summarized together with PCE and dye loading in
Table 3. The p-DSSC devices using I7/I;~ electrolytes were also
assessed to serve as a point of reference, being a system exhibit-
ing no diffusional limitation.

The benchmark p-DSSC employing P1 and I7/I;~ electrolyte
affords a 7}, of 113 ms, which is close to that reported in literature
(356 ms in literaturel®}]), the difference ascribed to the quality of
the NiO, which is known to vary based on several factors, such
as nanoparticle sizel*’l). In comparison, the Pg,,ne and P,
dyes combined with I7/I,~ electrolytes demonstrate shorter hole
lifetimes (50 and 29 ms respectively). These low 7, values indi-
cate severe recombination at the Dye—NiO interface, in line with
the lower dye loading in these cells, leaving many NiO*-sites ex-
posed (I'=1.58 x 1077 and 1.07 x 1077 mol cm~2 for Py ... and
P opper TESPectively, compared to I' = 3.24 x 1077 mol cm~? for
P1). While these hole lifetimes are much lower compared to the
electron lifetimes observed for typical n-DSSCs (3500 ms!®%)),
the discrepancy in charge carrier lifetime is expected given the
severe charge recombination in these p-type DSSCs using I7/I,~
as an electrolyte.

Due to the limited solubility of the 3-NDI-ring, the p-DSSCs
based on this mediator were prepared with a 40 times lower re-
dox mediator concentration compared to those based on I7/I;~
as electrolyte. The p-DSSCs employing the 3-NDI-ring (25 mM)
as electrolyte demonstrate much longer hole lifetimes compared
to cells with the 1 M I~ /I, as electrolyte. We observe that a short
hole lifetime results in a lower PCE, consistent with the data of
P1 devices using 25 mM I7/I;~ electrolyte.

A trend in the hole lifetime P1 < Pgipner < Propaxane Was ob-
served in all devices, attributed to the supramolecular localiza-
tion of the redox mediator in close proximity to the dye through
a rotaxane-topology, increasing the sensitizer regeneration rate
during device operation. The hole lifetimes increase by a factor of
16-18 compared to the I7/I;~ cells, despite the lower electrolyte
(25 mM for 3-NDI-ring vs 1 M for I~ /I, ) concentration. A direct
comparison between the 1 M I7/I, electrolyte and 3-NDI-ring
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Table 3. Overview of hole lifetimes (z},) of different systems at 100 mV. The higher hole lifetime of the systems in this study originates from the suppression

of charge recombination at the NiO|Dye interface.

Dye Dye loading Electrolyte PCE [%] 7y, [ms, at 100 mV]
[[', x 1077 mol cm™?]

Psiopper®) 1.07 25 mM 3-NDl-ring 0.05 527
TMI7/l3~ 0.03 28.5
Protaane” 1.58 25 mM 3-NDl-ring 0.07 81
TM I /1y~ 0.04 49.7
p1b) 3.24 25 mM 3-NDl-ring 0.01 324
TMI7/13~ 0.06 113
25mM 1=/1;~ 0.01 N/A

) This work ) Former work.[47]

(25 mM) is inadequate, because of the difference in electrolyte
concentration and molecular size. However, we do observe a gen-
eral trend when moving from 1 M I7 /1, electrolyte to 3-NDI-ring
(25 mM) in higher 7,, leading to improved V. and enhanced
PCE (Table 3).

The diffusion (D,) of redox mediators in devices employing
macrocycles (25 mM 3-NDI-ring, D, = 1.4 X 107® m? s7!) is ap-
proximately four times slower than for I /I, (1 M, D, = 4.85 x
1071 m? s71) (see Section S3.11, Supporting Information). This
difference in diffusion is in line with the mass-transfer limita-
tions observed in the chopped light experiments (Figure 8c). Fur-
thermore, as the r of iodide (r = 0.2 nm)[® is 3.5 times smaller
than 3-NDI-ring (r = 0.7 nm, Figure S11, Supporting Informa-
tion) the former is expected to experience faster diffusion kinet-
ics.

Despite the slow diffusion kinetics, the 3-NDI-ring-based p-
DSSCs using the Pgune System show astonishing 7, values
of #1000 ms, which compares to electron lifetimes found in n-
DSSC. This trend in 7, is also reflected in the differences in
PCEs, with the Py ... 3-NDI-ring (25 mM) system showing
an increased PCE compared to P1 p-DSSCs using 1 M I7/I;~
(0.07% vs 0.06%). Hence, despite the 40x lower concentration
of 3-NDI-ring the current device has an increased performance
compared to that based on the benchmark I7/I;~ electrolyte. The
increased PCE for the P, ... 3- NDI-ring p-DSSC implies that
recombination-dominating losses in P1-based p-DSSC are ad-
dressable by invoking a supramolecular electronic approach. The
results of the increased performance of Py,....-based p-DSSC
are consistent with the fs-TA results that suggest that an addi-
tional 3-NDI-ring in the electrolyte possibly acts as an electron
acceptor. Although the difference in time constants relative to
the system in electrolytes without an additional 3-NDI-ring is
small, the effects can be significant. Beneficial effects possibly
arise from the 3-NDI-ring in the electrolyte promoting hole in-
jection by Pp ... into the NiO or accepting an electron from
Protaane .- In all cases, the implementation of dye-mediator in-
teractions leads to extended hole lifetimes.

2.6. Inhibiting Recombination
To demonstrate that we inhibited the recombination, we are de-

termining the theoretical maximum current that we can expect
in our device (J;,,,) based on the redox mediator of choice and its

Adv. Sci. 2023, 2306032

concentration. From the concentration and diffusion coefficient
of the redox mediator, we can determine the mass transfer. The
Jim is independent of the dye system and is solely dictated by
the properties of the electrolyte, (thus J,,, is not photocurrent,
just current). The calculated J,, is compared with the photocur-
rents at short circuit that we observe (Jc) in our supramolecu-
lar dye-system (3-NDI-ring/3-NDI-ring*~) and traditional iodide-
systems (I7/I;7). (see Section S3.10, Supporting Information)
based on the I7/I,~ and the 3-NDI-ring electrolyte.

By approximation, the solar cells based on the 3-NDI-ring elec-
trolyte (12.5:12.5 mM, 3-NDI-ring/3-NDI-ring®~) have maximum
photocurrent densities of Jy;,, 5 yprring) = 0-6 MA cm™ while that
of the I"/I,~ cells are around Jj;,,;3, = 95 mA cm2.I%] This
means that under these conditions the p-DSSCs employing the
3-NDI-ring reach as much as 60-70% of the theoretical current
for the devices based on Py, and Py, Tespectively, while
for cells based on the I7/I;~ (0.9:0.1 M) this is only 1.6%. The
fact that the obtained photocurrents approach the limited cur-
rent, implies that recombination has been suppressed to a min-
imum and the system based on supramolecular interactions is
mostly limited by slow diffusion of the large macrocyclic medi-
ator. This improvement in maximum photocurrent densities is
not just an improvement as a result of surface shielding by using
a bigger electrolyte as P1 combined with 3-NDI-ring approaches
20% of the theoretically achievable current. Despite Py ... dye
loading being 50% less than that of P1, the rotaxane system man-
ages improvements in approaching the J;.. Both the measured
7y, and the calculated maximum photocurrent demonstrate that
recombination is suppressed to a minimum, implying that the
system is mostly limited by low solubility and slow diffusion of
the large macrocyclic mediator.

3. Conclusion

In conclusion, we report a nanoengineered dye-regeneration sys-
tem Ppavanes Where a macrocyclic electron acceptor is perma-
nently bound via rotaxane formation in close proximity to the
dye. Femtosecond transient absorption spectroscopy revealed ul-
trafast (211 + 7 fs and 2.92 + 0.05 ps) charge transfer from the
Prowxane dye to the permanently bound mediator (3-NDI-ring).
Utilization of rotaxane topologies leads to p-DSSCs with un-
precedented hole lifetimes, suppressing charge recombination
to a large extent, and providing photocurrents up to 70% of the
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theoretical maximum. We are currently pursuing the integra-
tion of this strategy with broader absorbing, high-efficiency dyes,
which should lead to a new generation of supramolecular p-n
junctions that engender charge rectification in photovoltaics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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