
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

3/
20

26
 1

1:
12

:2
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Amide-linked ho
aEnergy Materials Laboratory, School of

Newcastle University, Chemistry, Bedson Bu

UK. E-mail: elizabeth.gibson@newcastle.ac.
bBasque Centre for Materials, Nanostructur

E-mail: pablo.docampo@bcmaterials.net

Cite this: RSC Adv., 2026, 16, 11988

Received 3rd December 2025
Accepted 16th February 2026

DOI: 10.1039/d5ra09351a

rsc.li/rsc-advances

11988 | RSC Adv., 2026, 16, 11988–119
le transporting material for solid-
state dye-sensitised solar cells

Amy Neild, a Owen Woodford,a Pablo Docampob and Elizabeth A. Gibson *a

This paper reports the first use of an amide-based hole transport material in a solid-state dye-sensitised

solar cell. A substantial improvement in solar cell efficiency from 0.04 to 2.26% was achieved through

prolonged oxidation in air and light soaking for the amide-based hole-transporting mediator, TPABT.

Time-resolved spectroscopic studies show that the oxidation state and additive concentration alter the

charge-transfer and regeneration kinetics, which are consistent with the time-dependent changes in

device properties. Our study shows that, if the oxidation state and doping are carefully controlled,

TPABT-based hole transport materials could serve as a viable, cost-effective alternative to Spiro-

OMeTAD, the conventional yet expensive hole-transporting material widely used in emerging

photovoltaics.
Introduction

Hybrid solar cells, including perovskite solar cells (PSC), dye-
sensitized solar cells (DSSCs), and organic photovoltaics
(OPVs) are printable/solution-processable photovoltaic (PV)
technologies, oen composed of earth-abundant elements.1–3

This allows for minimal, cost-effective manufacturing infra-
structure compared to traditional silicon-based PV. The opera-
tional lifetime of these devices is primarily limited by (i) the
durability of the light-absorbing and charge-transport layers, (ii)
the integrity of interfaces within the device architecture, and
(iii) the resistance to degradation at the electrical contacts.

Current research efforts in hybrid PV have primarily focused
on optimizing the light-absorbing layers, leading to major
advances in device efficiency. For instance, in organic PV, the
development of non-fullerene charge transport materials
(CTMs) has been transformative, as these CTMs now not only
facilitate charge transfer but also actively contribute to light
absorption.4,5 Despite these advancements, charge extraction
layers in other hybrid devices have attracted comparatively less
attention. Large knowledge gaps still exist for these materials
and their development lags behind effort dedicated to light
absorbing materials. In fact, present-day state-of-the-art devices
still oen employ CTMs developed over a decade ago. These
materials can be the most expensive component in hybrid PVs.6

The most well-known hole-transport material (HTM) for
solid-state dye-sensitized solar cells (ssDSSCs) and PSCs is
2,20,7,70-tetrakis-(N,N-di-4-methoxyphenyl amino)-9,90-
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spirobiuorene (Spiro-OMeTAD) (Fig. 1).7,8 Spiro-biuorene is
an expensive starting material and the cost of manufacturing
Spiro-OMeTAD is estimated to be ∼$90 g−1.9 This signicant
contribution to the total device cost, coupled with the tedious
synthesis, hinders the commercialisation of devices that
contain the material. Other proposed alternatives occasionally
compete performance-wise with Spiro-OMeTAD, but do not
address the limitation when they are also synthesised in multi-
step procedures with extensive product purication.10,11

While spiro-OMeTAD remains the benchmark CTM for
hybrid solar cells, it suffers from intrinsic instability problems
and low carrier mobility.12 Adachi et al. call it the “Achilles
heel”.13 The inclusion of additives, such as lithium bi-
striuoromethanesulfonimidate (LiTFSI) and 4-tert-butylpyr-
idine (tBP) in relatively high concentrations, to the HTM is
essential to achieve sufficient conductivity and for optimal
energy alignment at the interfaces.14–17 Such high concentra-
tions of hygroscopic and volatile dopants can lead to insta-
bility.18 These additives tend to migrate over time. This
migration promotes the formation of lm defects such as
pinholes, accelerating device ageing and degradation.19 The
search for additive-free charge transport materials that combine
high performance with stability is an emerging and rapidly
growing area of research.20 However, to date, there is no
universally accepted alternative outperforming spiro-OMeTAD
in all relevant metrics in practical device operation.21

Traditionally, molecular CTMs are designed to maximize
hole delocalization across the molecule, commonly through
fully conjugated structures. This design paradigm has restricted
the exploration of alternative materials and synthetic
approaches for many years. Signicant progress in ssDSSCs has
recently been achieved with the introduction of copper coordi-
nation complexes as CTMs. This strategy has resulted in record-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Structures of Spiro-OMeTAD and TPABT hole transport mediators, and LEG4 organic sensitising dye explored in this work. (b) Energy
level diagram of the components in the device.28,33,34
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breaking device efficiencies exceeding 15% and offers a simpler,
more cost-efficient synthesis compared to the widely-used spiro-
OMeTAD CTM.22 Further work is needed to enable scalable
manufacturing of ssDSSCs using copper coordination
complexes, however.23,24 X60 has also emerged as a CTM
showing high efficiencies of ca. 7% synthesised from cheap
commercially available starting materials.25 ssDSSCs that utilise
electronically conducting polymers as CTMs have shown
excellent operational stability with increased performance over
1000 h.26

Recently, a new generation of hole transporting materials
has been applied in PSCs, which reach power conversion effi-
ciencies comparable to Spiro-OMeTAD based devices, but are
synthesised in a simple, low-cost condensation reaction, under
ambient conditions, with water as the only byproduct and no
need for catalytic metals.27 Despite a lack of conjugation
through the molecule, when deposited as thin lms in PSCs,
they demonstrate properties such as fast hole injection rate,
reduced interfacial recombination, and improved device
stability, while keeping synthesis costs to less than $10 per gram
in the lab (costs may decrease if commercialised).9 It is possible
that the intermolecular interactions and close molecular
packing lead to good intermolecular orbital overlap and charge
transport properties, potentially giving a performance
advantage.

TPABT, (N3,N4-bis(4-(bis(4-methoxyphenyl)amino)phenyl)
thiophene-3,4-dicarboxamide (Fig. 1), has shown promising
performance in PSCs.28 Aromatic amides are attractive hole
transporting materials due to their low-cost, metal-free
synthesis under mild conditions and straightforward purica-
tion. Although non-conjugated amide bonds are typically seen
as poor for charge transport, strong intermolecular interactions
in bulk materials can compensate by enhancing orbital overlap
and improving charge mobility. The shorter hole-hopping
distance between molecules results in a good electrical
conductivity of∼8 x 10−5 S cm−1 (ca. an order of magnitude less
than Spiro-OMeTAD under similar conditions).29 However,
TPABT has a wider bandgap making it more transparent in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
visible range of the solar spectrum than Spiro-OMeTAD, which
leads to lower parasitic absorption losses.28 This suggests that
TPABT might possess the capability to exceed Spiro-OMeTAD in
terms of both performance and cost-effectiveness in a ssDSSC.
Transparency is important since, unlike planar PSCs, the HTM
is inltrated into the pores of the mesoscopic structured elec-
trode where it might otherwise compete for light with the dye.

We sought to explore the application of the aromatic amide
TPABT (Fig. 1a) as an HTM in ssDSSCs. We chose the organic
dye LEG4 (Fig. 1a), which is commercially available, has a high
molar extinction coefficient and is one of the most efficient
photosensitizers used in ssDSSCs.30,31 Previously an efficiency of
7.7% was reported by using the organic dye LEG4 with 1,1,2,2-
tetrachloroethane (TeCA) doped Spiro-OMeTAD as the HTM.32

The HOMO of LEG4 is also close in energy to that of TPABT
(Fig. 1b). We set out to optimise the concentration of additives
for new the HTMs in ssDSSCs, because they are so important for
the charge separation and transport processes, however the
results were not as initially expected. In freshly prepared
devices, the solar cell performance was poor, and it was not
possible to observe signicant improvements with the different
HTM solutions. Aer prolonged oxidation and light soaking,
improvements in performance emerged and trends appeared
that were not obvious in PSCs.28 The ssDSSC conguration
enabled us to explore, spectroscopically, the effects of the
dopants and our experiments revealed new insight into the
effects of additives and ageing on the performance of the new
HTM.
Results
Solid-state dye-sensitized solar cells

ssDSSCs were prepared according to the procedure outlined in
the SI. LiTFSI and tBP were added to chlorobenzene solutions of
the HTMs to ensure good conductivity of the deposited lm and
optimal charge transfer at the TiO2jTPABT heterojunction. The
HTM was applied by spin coating. Following evaporation of the
metal contact, the devices were stored overnight, in the dark, in
RSC Adv., 2026, 16, 11988–11997 | 11989
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an air-lled desiccator to allow the HTM to oxidise. We previ-
ously found the optimised concentration of Spiro-OMeTAD and
additives to be 100 mg ml−1 Spiro-OMeTAD, 76 mM tBP and
25 mM LiTFSI. We then explored a range of concentrations of
additives to improve the properties of TPABT. Firstly, two series
(S and T) were tested where the concentration of additives were
increased but keeping the ratio of tBP : LiTFSI constant (1 : 0.33
for S, 1 : 0.22 for T). Secondly, the tBP concentration was xed at
76 mM, to be consistent with the previously optimised Spiro-
OMeTAD recipe, and the concentration of LiTFSI was varied.
The concentration of TPABT was kept to 50 mg ml−1 for all
devices, which was the limit of the TPABT solubility in
chlorobenzene.

Current density vs. voltage (J–V) scans were conducted under
AM1.5, 100 mW cm−2 illumination to investigate how varying
the concentration of additives inuenced the performance of
the devices. While the Spiro-OMeTAD devices performed as
expected, the TPABT devices had a lower open-circuit voltage
(VOC), despite having a lower HOMO level and built in potential
than Spiro-OMeTAD, and were limited by very low short-circuit
current density (JSC), ll factor (FF), and power conversion effi-
ciency (PCE). These shortcomings may result from inefficient
electron injection into the TiO2 conduction band, poor hole
extraction from the dye to TPABT, or the inherently low
conductivity of TPABT. Since LEG4 is effective in Spiro-OMeTAD
devices, the issues are most likely due to the properties of the
TPABT, and so we continued to optimise further.

The experiments with the rst series (S and T) indicated that
LiTFSI had a larger inuence on device performance than tBP
(see Table S1) and the optimum concentration of LiTFSI was
found to be approx. 75 mM (Fig. 2a and Table 1). This was three
times the concentration of LiTFSI required for Spiro-OMeTAD
devices, suggesting that the doping affect may differ. For
example, differing degrees of hysteresis depending on scan
direction were observed, despite the low current densities.
Higher additive concentrations, particularly above 75 mM
LiTFSI, were found to intensify hysteresis and cause unusual J–V
curve behaviour when scanning from OC to SC, where current
declines sharply aer reaching a peak rather than plateauing.
While most SC to OC scans appeared typical, exceptions like S2
Fig. 2 J–V curves for the first series of FTOjTiO2jLEG4jHTMjAg ssDSSCw
75mM LiTFSI and 342mM tBP (blue)) and Spiro-OMeTAD (25mM LiTFSI a
(a) 2 days (fresh) and (b) 3 months storage in an air filled desiccator (oxida

11990 | RSC Adv., 2026, 16, 11988–11997
and T3 (where LiTFSI concentration was 76 and 75 mM,
respectively, but T3 contained an additional 114 mM tBP)
exhibited the opposite behaviour at low voltages, with current
decreasing steeply as voltage increased (Fig. 2a and Table 1).
These observations are typical of hybrid solar cells at interme-
diate LiTFSI concentrations and have been attributed to ion
migration and accumulation, interfacial charge trapping, and
changes in surface electric elds.1,35–37

A second batch of experiments sought to understand the
effects of varying the LiTFSI concentration in more detail,
keeping the concentration of tBP constant (76 mM, consistent
with the optimised concentration used in ssDSSCs employing
spiro-OMeTAD). Since tBP can shi the conduction band edge
of TiO2 upward in energy (i.e., to a more negative potential),
lowering the concentration may enhance electron injection
from the sensitized dye into the mesoporous TiO2.38,39 Too
much tBP can also decrease hole conductivity and reduce effi-
ciency, since it decreases the oxidation level of Spiro-OMeTAD,
leading to lower current. It can be difficult to interpret these
effects, however, since tBP has also been found to increase the
solubility of LiTFSI in the HTM solution.40 In the context of
ssDSSCs, therefore, this adjustment not only facilitates more
efficient charge transfer at the dyejTiO2 interface but may also
improve the JSC and overall device performance by optimizing
the driving force for electron injection.41 The initial results are
provided in Table S2 and Fig. 3. Signicant hysteresis occurred
with around 75 mM LiTFSI, and the J–V curve characteristics
were consistent with the S and T series, despite the lower tBP
concentration.

While LiTFSI was expected to enhance JSC by lowering the
conduction band edge of TiO2, (accelerating charge injection)
and increasing the conductivity of the HTM,17,28,42 higher
concentrations (25–75 mM) reduced both VOC and JSC. This is
possibly due to changes in the trap state density, especially deep
traps, and enhanced recombination.42,43 At 100 mM Li-TFSI, no
photocurrent was generated, likely due to excessive p-doping
and/or ionic accumulation at interfaces and a shi in the
band alignment that hinder charge transfer, transport, and
collection. TPABT devices show much lower currents than
Spiro-OMeTAD under the same additive conditions, further
ith TPABT (50mgml−1 TPABT, 76mM LiTFSI and 228mM tBP (red), and
nd 76mM tBP and 100mgml−1 Spiro-OMeTAD (black)) measured after
tion), (c) 3 months storage in an air filled desiccator after light soaking.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Device characteristics for the best FTOjTiO2jLEG4jHTMjAg ssDSSCs from the first series (50 mgml−1 TPABT, 76 mM LiTFSI and 228 mM
tBP (S2), and 75 mM LiTFSI and 342 mM tBP (T3)), the second series (75 mM LiTFSI and 76 mM tBP and 50 mg ml−1 TPABT), and the Spiro-
OMeTAD references (25mM LiTFSI and 76mM tBP and 100mgml−1 Spiro-OMeTAD) measured after (a) 2 days (fresh), (b) 3 months storage in an
air filled desiccator (oxidation), and (c) 3 months storage in an air filled desiccator after light soaking. VOC = the open circuit voltage, JSC = short
circuit current density, FF = fill factor, PCE = solar to electrical power conversion efficiency

[tBP] mM

(a) Fresh sample (b) Aer oxidation (c) Aer light soaking

VOC (V) JSC (mA cm−2) FF PCE (%) VOC (V) JSC (mA cm−2) FF PCE (%) VOC (V) JSC (mA cm−2) FF PCE (%)

342 (TPABT) 0.64 0.10 0.37 0.02 0.67 4.75 0.39 1.22 0.68 4.63 0.58 1.83
228 (TPABT) 0.69 0.31 0.20 0.04 0.65 2.12 0.42 0.58 0.71 4.93 0.65 2.26
76 (TPABT) 0.68 0.21 0.33 0.05 0.70 0.95 0.49 0.33 0.73 5.11 0.40 1.48
76 (Spiro-OMeTAD) 0.82 7.05 0.68 3.78 0.88 6.89 0.43 2.49 0.84 7.14 0.53 3.03
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indicating inefficient dye regeneration and high recombination,
which may be more signicant with TPABT because of a lower
hole mobility and conductivity than Spiro-OMeTAD.28 The J–V
plots of the best cells are shown in Fig. 3a. The PCE for the best
TPABT device in this series was only 0.05%.

These initial results were disappointing. However, upon
remeasuring the J–V characteristics of the same solar cells aer
storage in a desiccator for 3 months, the PCE of the TPABT
devices increased from 0.02% to ca. 1.2% for the best cells
(Fig. 2b, 3b and Table 1). We hypothesised that the oxidation
time for Spiro-OMeTAD-based ssDSSCs and TPABT-based
ssDSSCs may differ due to the closer packing of TPABT mole-
cules, driven by the intermolecular hydrogen bonding,28

requiring more time for oxygen to penetrate through the HTM.
Previously we showed that PSC were more stable with TPABT
compared to Spiro-OMeTAD due to slower diffusion of oxygen
and moisture through the HTM layer.28 Alternatively, the
packing of the TPABT may disrupt the stabilising interactions
between the Li+ and oxidised TPABT, slowing down charge-
hopping though the lm.9

The 3 months-old ssDSSCs were further studied during
exposure to a light soaking treatment (Fig. S2–S4 and Table 1).
The applied potential was cycled between open circuit (OC) and
short circuit (SC) while the devices were placed under illumi-
nation from the solar simulator. Interestingly, aer repeated
cycling, the hysteresis was observed to decrease until it was
Fig. 3 J–V curves of a second series of FTOjTiO2jLEG4jHTMjAg ssDSS
trations LiTFSI: 25mM (red), 50mM (blue), 75 mM (green) and 100mM (pu
filled desiccator (oxidation), (c) 3 months storage in an air filled desiccat

© 2026 The Author(s). Published by the Royal Society of Chemistry
almost negligible for all the devices. Combined with this, the JSC
and PCE both increased up until a certain scan number
(differing for each LiTFSI concentration), at which point they
stabilised. For the TPABT device with 75 mM LiTFSI and 76 mM
tBP, the PCE increased from 0.33% to 1.48% following the light
soaking treatment (Fig. 3). This behaviour was reproducible
across the TPABT ssDSSCs, with the most signicant enhance-
ment consistently found for ∼75 mM LiTFSI. The EQE is
consistent with this increase in current (Fig. S7) for the
optimum concentration of LiTFSI (75 mM). For device S2
(228 mM tBP, 76 mM LiTFSI) the PCE increased from 0.58%
(aer 3 months) to 2.26% aer light soaking (Fig. 2). The
observed increase in JSC, FF, and VOC in our devices is consistent
with the mechanism hypothesised by Johannson et al., where
a light soaking treatment leads to Li+ ion migration from the
TiO2 pores toward the TiO2jdye interface. Li+ ions screen or trap
conduction band electrons aer injection, inhibiting charge
recombination and increasing the Fermi level of electrons in the
TiO2.37

The S2 and T3 devices had a better ll factor than the TPABT
device with the lower concentration tBP (76 mM, Fig. 3), which
contributed to the higher efficiency. The tBP may inuence the
concentration of cations at the TiO2 surface and/or block
charge-recombination at the TiO2jHTM interface.44–46 It is also
reported to complex with Li+, reducing the ionic mobility, trap
density and capacitive charging/discharging that leads to
C with TPABT (76 mM tBP, 50 mg ml−1 TPABT and different concen-
rple)) measured after (a) 2 days (fresh) and (b) 3 months storage in an air
or after light soaking.

RSC Adv., 2026, 16, 11988–11997 | 11991
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hysteresis.13,29 Johansson et al. observed a greater and much
slower (∼60 minutes vs. ∼2 minutes) enhancement in efficiency
under light soaking for the N,N,N0,N0-tetrakis(4-methoxyphenyl)
benzidine (MeO-TPD) HTM compared to Spiro-OMeTAD.37 They
attributed this to hindered ion migration in the MeO-TPD due
to a tighter molecular packing compared tomore open structure
of Spiro-OMeTAD. In their work, an improvement in efficiency
with increasing LiTFSI concentration was similarly observed
and this was shown to be concomitant with an increase in
electron lifetime.
Optical and time-resolved spectroscopy characterisation

The semi-transparency of ssDSSCs provides an opportunity to
optically probe the processes occurring in the device. UV-visible
spectroscopy of the lms recorded periodically over 23 days
(Fig. S8 and S9) shows the steady growth of a band at ca. 750 nm,
which is consistent with the oxidation of the triphenylamine
moiety.28,47 This feature was also present in the reectance
spectra of the complete devices (Fig. S7e) containing TPABT but
not Spiro-OMeTAD. This supports our hypothesis that the
oxidation in air continues over many days for TPABT on storage
in an air-lled desiccator. It is known that both Li+ and O2 are
required for Spiro-OMeTAD to be oxidised during storage and
the ssDSSC to function.48 The intensity of the feature at 750 nm
in the reectance spectra increased aer light soaking (Fig. S7f).

To explore the dynamics of charge-transfer in these systems,
ultrafast transient absorption spectroscopy (TAS) was per-
formed on devices which had been le in a desiccator for 3
weeks aer assembly but had not been subjected to light
soaking (Fig. 4 and S14–S26). The TA spectra for TiO2jLEG4 on
a ps timescale show the characteristic bleach for the depletion
of the ground state of the dye and formation of the transient
absorption bands at ca. 450 nm and 670 nm.49 Slight shis
within the rst 10 ps are consistent with relaxation and charge-
injection into TiO2 (forming TiO2

−jLEG4+). The bands at
670 nm and 770 nm correspond to the oxidised dye and decay
over the ns–ms timescale as expected. In the region between
750–800 nm, broad transient absorption is attributed to intra-
band transitions of injected electrons in the TiO2 conduction
band.49–51 The TA spectra for samples which included the spin-
coated Spiro-OMeTAD HTMwere quite different, even with time
delays shorter than 5 ps. The bleach was less broad and the
intensity of the transient absorption band at 670 nm was
smaller. This is consistent with rapid charge separation – either
from the dye to the HTM or from the dye to the TiO2. The
spectra agreed with the derivative of the absorption spectrum of
the dye which corresponds to the “Stark shi” caused by the
electric eld across the interface (Spiro-OMeTAD+-

jLEG4jTiO2
−).52 The absence of the transient absorption band

indicates that the ground state of LEG4 has been regenerated
through electron transfer from the HTM to the oxidised dye.
The spectra then ultimately decayed on a >50 ms timescale,
consistent with charge-recombination between the electrons in
the TiO2 and holes in the Spiro-OMeTAD HTM.

The TAS for the lms including the TPABT HTM combined
features from both the HTM-free sample and the sample
11992 | RSC Adv., 2026, 16, 11988–11997
including Spiro-OMeTAD. Interestingly, the features were
affected by the LiTFSI concentration, particularly at short (<10
ps) delay time. There was a slight (∼10 nm) red shi in the
transient at ca. 450 nm. There are slight changes in the posi-
tions of the isosbestic points on the ultrafast timescale and
these are more pronounced on a ns -ms timescale, where there is
a systematic red shi (∼30 nm) as the LiTFSI concentration is
increased. We attribute these to electronically stabilising effects
of Li+ at the dyejTiO2 interface but note that there is also an
overlap with the Stark shi caused by the electric eld across
the dye as charge-separation proceeds.49,53,54 A signicant
increase in the intensity of this transient absorption band and
a decrease in intensity of a shoulder at ca. 650 nm with
increasing Li+ concentration was observed. This is accompanied
by an increase in intensity of the transient absorption at ca.
670 nm with higher concentrations of LiTFSI which is consis-
tent with a higher concentration of oxidised dye on this short
delay time. We attribute these to (1) an acceleration of charge-
injection at the TiO2jLEG4 interface due to adsorption of Li+

at the TiO2 surface stabilising the conduction band edge and (2)
retardation of recombination on an ultrafast timescale due to
charge-screening of the electrons from the oxidised dye and
HTM by the Li+.42,55

At the highest Li+ concentration, a sharper absorption
feature at ca. 700 nm was observed, which is consistent with
oxidised triphenylamine.56,57 Asmentioned above, this feature is
present in the wavelength-dependent reectance spectra
(Fig. S7), but it is absent in the EQE, which, instead, only
matched shape of the absorption spectra of the LEG4 dye which
is transparent >700 nm). This agrees with the assignment of the
absorption feature as the product of TPABT oxidation, either by
reaction with air or by light-induced electron transfer.58 The
presence of the oxidised HTM at such short timescales is
consistent with previous studies with ssDSSCs incorporating
Spiro-OMeTAD.59 Either rapid regeneration occurs (forming
TiO2

−jLEG4jHTM+) or there is an alternative reductive
quenching of the excited dye by the HTM rather than oxidative
quenching by the TiO2.53,60 The complexity of the transient
absorption spectra with overlapping signals in the <100 ps
timescale makes it challenging to distinguish between the two
potential routes. We anticipate that increasing the LiTFSI
concentration would lead to a preference for electron injection
into TiO2 rather than TPABT. The data broadly agree, since
three components were required to t the ultrafast TAS using
global analysis for 25–50 mM LiTFSI but only two components
were required for 75–100 mM LiTFSI (see SI). However, the
increase in apparent concentration of oxidised TPABT with light
soaking would be consistent with an oxidation process which
does not contribute to the photocurrent (i.e. irreversibility). We
note that the heterogeneous behaviour across all timescales of
the experiment is partly complicated by the competing impacts
of electron accumulation in TiO2 (leading to a blue shi in the
transient absorption of the dye) and the subsequent Li+ accu-
mulation at the TiO2 surface (leading to a red shi), in addition
to the likelihood that not all the pores are lled with HTM.49 The
presence of steps in the IQE spectra are consistent with
incomplete pore lling.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09351a


Fig. 4 Transient absorption spectra of TiO2jLEG4 (black solid line) and TiO2jLEG4jSpiro-OMeTAD with 25 mM LiTFSI (black dashed line) and
FTOjTiO2jLEG4jTPABTwith different concentrations of LiTFSI (red= 25mM, blue= 50mM, green= 75mM, purple= 100mM) at (a) 5 ps, (b) 5 ns,
(c) 5 ms, and (d) 200 ms after excitation. All samples had a tBP concentration of 76 mM.
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For Spiro-OMeTAD, the dye regeneration was completed
within 5 ns. In contrast, fairly little change in the intensity of the
spectral features was observed on a ps–ns timescale for TPABT,
except for a slight attening of the transient absorption above
670 nm. By 5 ms, the spectra decayed in intensity and evolved to
two groups of features. For 25 mM LiTFSI and HTM-free
samples, a residual signal for the oxidised dye persisted at
670 nm, which is accompanied by a transient absorption band
with a maximum at 440 nm. For high concentrations of LiTFSI,
a peak at 760 nm accompanied by a transient with a maximum
at 460 nm grew in, which we attribute to the oxidised TPABT,
which overlapped with the Stark shi described above. There
was a clear isosbestic point between the two at 710 nm. These
features decay almost to the baseline in the duration of the
experiment. At a time delay of 200 ms, the spectra for the high Li+
© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration are very similar in structure and amplitude. At
lower concentration of Li+ (TPABT, Spiro and HTM-free) the
spectra were similar amplitude to each other, with residual
oxidised dye in absence of HTM. By the end of the experimental
window, a similar residual concentration of charge-separated
carriers is present. From the global analysis (Table S5), it was
clear that at the same concentration (25 mM) LiTFSI, dye-
regeneration with TPABPT (42.9 ps ± 4.4) was slower than
with Spiro-OMeTAD (2.68 ps ± 0.31).

To further investigate how the dye-regeneration step, where
charge is transferred from the HTM to the photooxidised dye,
might have been affected by the different additive concentra-
tions and degree of oxidation, photoinduced absorption (PIA)
measurements were conducted by exciting the lms with
a 405 nm diode laser (Fig. 5 and SI, S10–S13). The PIA spectrum
RSC Adv., 2026, 16, 11988–11997 | 11993
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Fig. 5 (a) Photoinduced absorption spectra of FTOjTiO2jLEG4 (black) and FTOjTiO2jLEG4jSpiro-OMeTAD (red) after oxidation. (b) Photoinduced
absorption spectra of FTOjTiO2jLEG4 (black) and FTOjTiO2jLEG4jTPABT (blue) before and (red) after oxidation. The HTM contained 75 mM
LiTFSI, 76 mM tBP and 50 mg ml−1 TPABT.
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for TPABTjTiO2 shows no signicant change in transmittance,
as expected. The PIA spectrum for LEG4jTiO2 contains a nega-
tive band (bleach) corresponding to depletion of the ground
state (ca. 580 nm) and a positive transient absorption (ca. 680
nm) corresponding to the formation of the photo-oxidised dye
(i.e. LEG4+jTiO2

−). When a layer of Spiro-OMeTAD was added,
there was a red-shi of the bleach due to the presence of the
HTM and additives. The spectra agreed with TAS on a ms
timescale, showing the formation of Spiro-OMeTAD+-

jLEG4jTiO2
−.52 The absence of the transient absorption band

indicates that the ground state of LEG4 has been regenerated
through electron transfer from the HTM to the oxidised dye.

The steady-state PIA spectra of the freshly prepared samples
(Fig. S11) show a dependence of the intensity of the signal with
the composition of the HTM. The signal is enhanced for TiO2-
jLEG4jTPABT with the lowest concentration of LiTFSI compared
to TiO2jLEG4, probably due to more efficient electron injection
into the TiO2 conduction band or slower charge-recombination
due to enhanced trapping of the electrons at the TiO2 inter-
face.52 There is a general trend that the intensity decreases with
increasing concentration of LiTFSI and increasing concentra-
tion of TPABT. The latter is likely to be due to improved pore
lling with the higher concentration of HTM, leading to more
complete dye-regeneration. The residual signal for all samples
shows that some oxidised dye remains in the ms resolution of
the experiment. The amount of oxidised dye remaining is
reduced when higher concentrations of LiTFSI are present.

The PIA spectra for TPABT devices measured 3 days aer
device fabrication (Fig. S12) show a bleach with a minimum
between 600–620 nm (assigned to the loss of the ground state dye
– D) and a positive absorption feature with maxima at 670 nm
and 770 nm (assigned to the oxidised dye state – D+).30,52 This
indicates that not all of the dye molecules were “regenerated” by
the HTM on this timescale. For the lower concentrations of
LiTFSI, the bleach at 620 nm and a transient with a maximum
centred around 750 nm were more intense. This is consistent
11994 | RSC Adv., 2026, 16, 11988–11997
with enhanced dye regeneration. For these devices measured 23
days aer fabrication (Fig. S13), a quenching of the oxidised dye
state was observed for all but one concentration of additives (T5
device). This indicates that dye regeneration is more efficient for
devices following a prolonged duration of oxidation.

These results are consistent with the observation that the
time required for sufficient oxidation of TPABT is much longer
than for Spiro-OMeTAD, which is shown to quench the oxidised
dye state aer only 3 days. The reason that dye-regeneration is
enhanced aer increasing the concentration of oxidised HTM is
not obvious, but we note that the offset in potential between the
HOMO of the dye and TPABT is small (the values Fig. 1 are
estimates extrapolated from electrochemical experiments) and
are likely to change under the different operational conditions.
Kroeze et al. showed that additives such as LiTFSI and tBP affect
the hole-transfer (dye-regeneration) yield in ssDSSCs with non-
Spiro-OMeTAD HTMs by altering the local electrostatic inter-
actions and energetics (including the TiO2 density of states and
the dye and HTM ionisation potentials).44 For TPABT, we
propose that there is an increase in thermodynamic driving
force or a better overlap between the density of states across the
interface for charge-transfer to the HTM which increases the
efficiency of the dye-regeneration process.
Discussion

Our study highlights the potential for amide-based HTMs,
which are straightforward to assemble and easy to modify, to
replace Spiro-OMeTAD in ssDSSCs. However, TPABT oxidises
slowly in air over three weeks (much slower than Spiro-
OMeTAD, which oxidises in a few days) and its oxidation state
strongly inuences device behaviour. This prolonged oxidation
alters charge-transfer and regeneration kinetics and explains
time-dependent changes in device performance.

It is well understood that LiTFSI and O2 is needed for
oxidation and doping of small molecule HTMs such as Spiro-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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OMeTAD.15 Cappel et al. proposed that light induced processes
at the TiO2jDyejHTM interface at the photoanode accelerate
oxygen induced doping of Spiro-OMeTAD where Li+ participates
by stabilising the reduced products.48 Previously, the polar-
isable amide bonds in TPABT and related HTMs were expected
to facilitate a homogeneous distribution of the ions throughout
the HTM due to the interactions between Li+ ions and carbonyl
oxygen.9,61 Qi et al. showed that Li+ accompanies the oxidised
Spiro-OMeTAD and migrates to the opposite (Ag electrode)
surface where the HTM is oxidised at the interface with air.62

Similarly Schölin et al. showed, using photoelectron spectros-
copy, that LiTFSI dominates at the interface between the spiro-
OMeTAD lm and the air/counter electrode.17 Ageing can lead to
diffusion and distribution of the LiTFSI throughout the HTM
layer.35 Others have shown the positive effect of light-soaking on
device performance in PSCs where undoped HTMs are used.63

The effect is suppressed in devices with fully optimized, doped,
or heavily engineered HTMs, typically leading to a marginal
response in spiro-OMeTAD. In such PSCs, the light soaking can
be attributed to ion migration in the absorber layer and
interfaces.64

TAS and PIA show that increasing LiTFSI concentration
causes electronic stabilisation of the TiO2 conduction band,
indicated by the spectral shis, increased intensity of signals
assigned to the oxidised dye (especially at short delay times <10
ps), faster injection from the dye into TiO2, and slower recom-
bination with increasing concentration of Li+. These ndings
are consistent with previous studies which show that small
cation (such as Li+) adsorption modies conductivity/charge
screening and can change ll factor/series resistance.37 The
Li+ balances and screens the charge introduced into the TiO2

nanoparticles following light-induced charge-transfer from the
dye molecules and Li+ adsorption shis the TiO2 conduction-
band edge (increasing the driving force for injection) and
alters the density of trap states, effects that are partly modulated
by tBP. In ssDSSCs the situation becomes even more compli-
cated, because the Li+ also affects the energy of the electronic
states in the HTM.65

The results also highlight the HTM-dependence of the dye-
regeneration (Spiro-OMeTAD regenerates the dye very rapidly
(approx. 2–5 ps); TPABT regenerates much more slowly (approx.
40 ps)), which, for TPABT, become more efficient with higher
LiTFSI concentration and increased HTM oxidation. It has been
shown that electron injection creates a local electric eld at the
TiO2jDye interface, which attracts the Li+ ions, altering the
space-charge and screening the electrons from the oxidised
HTM cations.37,66 This screening may supress charge recombi-
nation, increasing the electron lifetime, and enhance the
photocurrent and solar cell performance.46 TPABT requires
substantial oxidation to reach high efficiency. Higher LiTFSI
concentrations led to improved dye-regeneration (which was
enhanced over ca. 23 days, consistent with the gradual accu-
mulation of oxidised TPABT) and less residual oxidised dye on
the ms timescale (i.e. more complete regeneration) and
improved pore lling at high HTM loadings led to reduced
recombination. Oxidation also increases conductivity of the
HTM, leading to the improved device performance.28 Too much
© 2026 The Author(s). Published by the Royal Society of Chemistry
Li+ can increase recombination paths, however. For the highest
concentration (100 mM LiTFSI), the devices did not work.

In this work, the results are consistent with the oxidation and
light soaking treatments altering the distribution of the ions in
the lm and electric elds at the photoanode and cathode. This
modulation of the energy level alignment at the interfaces affects
the efficiency of charge transfer. Less recombination occurs at
the dye–TiO2 interface aer oxidation and less recombination at
the TiO2jHTM interface occurs aer light soaking and Li+

migration. Spiro-OMeTAD has a fairly open structure due to the
inhibition of intermolecular p–p stacking in the lm. Therefore,
the ions can freely move throughout the lm in response to an
applied electric eld or change in concentration due to a chem-
ical reaction. The close packing of TPABT may inhibit the
movement of ions and oxygen through the lm, leading to the
slow response and substantial effects observed in this work.
However, the transient absorption spectroscopy did not reveal
a limitation due to the kinetics of charge injection, regeneration
or recombination. The sharp features in the TAS and PIA for
higher LiTFSI concentrations may indicate a localised charge-
separated state. The uneven distribution of oxidised HTM and
accompanying Li+ may limit charge-transport. Before prolonged
oxidation and light soaking, there may be a relative depletion of
Li+ at the photoanode surface. On prolonged oxidation and
subsequent light soaking, an increase in Li+ concentration at the
photoanode surface may improve charge separation and a more
consistent distribution of oxidised HTM may improve mobility
through the bulk of the HTM.

Conclusions

Overall, these results highlighted that the alternative HTM,
TPABT, required much longer to oxidise than state-of-the-art
Spiro-OMeTAD, which was important for dye regeneration.
However, the optimal oxidation time is yet to be determined.
Additionally, a light soaking treatment was essential for TPABT-
based ssDSSCs to minimise J–V hysteresis and improve PCE
from 0.58% to 2.26%. Therefore, this investigation has under-
scored several parameters that need to be considered for new
HTMs, that may not apply to the benchmark system. In future,
we propose to explore these effects following accelerated doping
of new HTMs through partial chemical oxidation, rather than
air.67
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