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A low-symmetry monothiatruxene-based hole
transport material for planar n–i–p perovskite
solar cells with 18.9% efficiency†

Ellie Tanaka, ‡a Gyu Min Kim, §b Michał R. Maciejczyk,¶a Ayumi Ishii, 8b

Gary S. Nichol, a Tsutomu Miyasaka *b and Neil Robertson *a

Hole transport materials (HTMs) based on truxene cores have emerged as promising candidates in

recent years. They are noted by properties such as higher hole mobility and higher glass transition

temperature than the 2,20,7,70-tetrakis (N,N-di-p-methoxyphenamine)-9,90-spirobiflourene (spiro-

MeOTAD), as well as good hydrophobicity and energy alignment. Truxene derivatives have been studied

for application in transistors, OLEDs, lasers, supercapacitors, etc., however, there are only a few studies

on their use as HTMs in perovskite solar cells (PSCs). In this study, we synthesised a novel small organic

molecule HTM with a monothiatruxene (TrxS) core, namely TrxS-2MeOTAD, and characterised its basic

properties and ability as an HTM in n–i–p planar PSCs. The TrxS-2MeOTAD showed suitable

electrochemical, optical, structural and thermal properties for an HTM, such as a relatively high glass

transition temperature (145 1C) and stable amorphous nature when deposited as films. The PSCs using

TrxS-2MeOTAD achieved 18.9% power conversion efficiency (PCE) compared to the reference spiro-

MeOTAD at 19.3% PCE. The unencapsulated TrxS-2MeOTAD devices showed better operational stability

than spiro-MeOTAD, with a 1.5 times longer lifetime under constant AM1.5G illumination. Our results

suggest that small molecules based on the TrxS core can be a promising direction for the development

of alternative HTMs.

10th Anniversary Statement
I have been heavily involved with Journal of Materials Chemistry C as an Associate Editor for nearly nine years, hence for nearly all of its existence as a separate
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addition to the overall quality of JMCC, the attraction for me has always been the breadth across so many types of organic and inorganic materials for
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functional materials. I will complete my time as Associate Editor later this year, but am looking forward to continuing my involvement with JMCC as an author
and reader, and am sure it will continue to go from strength to strength over its second decade. Neil Robertson, January 2023.

Introduction

In recent years, perovskite solar cells (PSCs) have attracted tremen-
dous interest as a readily-processed and efficient emerging solar

technology.1–6 Organic small molecules such as 2,20,7,70-tetrakis[n,n-
di(4-methoxyphenyl)amino]-9,90-spirobifl-uorene (spiro-MeOTAD or
spiro-OMeTAD) have been the classic hole transport materials
(HTMs) in PSCs owing to the wide range of possible core/substituent
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designs, solubility and amorphous nature when deposited as thin
films.7–11 Despite the relatively high performance ca. 20% that has
been consistently achieved across many labs using spiro-MeOTAD
as the HTM in PSCs,12–14 there remain some limitations: (1) the
short lifetime of the final PSC due to the hygroscopic additives i.e.
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and tert-butyl
pyridine (tBP) in the HTM, and (2) the costly synthesis and
purification of the spiro-MeOTAD. When designing a new organic
small molecule HTM, the selection of the core structure will greatly
influence the properties and cost of the final HTM. Such examples
include the spiro[fluorene-9,90-xanthene] (SFX) core and phenothia-
zine core, where the materials showed power conversion efficiencies
(PCEs) comparable to spiro-MeOTAD with greatly reduced cost.15–18

HTMs based on truxene cores (Fig. 1) have emerged as
promising candidates in the last few years. They are noted by
properties such as higher hole mobility and higher glass
transition temperature than the spiro-MeOTAD as well as good
hydrophobicity and energy alignment.19 Truxene derivatives
have so far been studied for application in transistors, OLEDs,
lasers, supercapacitors, etc., however, there are only a few
studies of their use as HTMs in PSCs. Huang et al. demon-
strated a truxene (Trx3C) based HTM and achieved 18.6% in an
inverted p–i–n PSC.20 Rakstys et al. studied a number of
triazatruxene (Trx3N) based HTMs to achieve 18–19% PCE in
mesoporous n–i–p PSCs.21,22 Meanwhile, Maciejczyk et al.
reported a new monothiatruxene core (TrxS),23 which displayed
merged properties of the Trx3C and Trx3S, whereby the low
symmetry may lead to a greater potential to form uniform,
amorphous films. The oxidised form of TrxS (TrxSO2) has been
demonstrated to display exceptional properties in blue organic
light-emitting materials,24 however this remains the only appli-
cation sought for this class of materials. In this study, we
therefore explore the potential of TrxS-based materials as HTMs
in PSCs by synthesising a simple methoxydiphenylamine
(MeODPA) substituted derivative (TrxS-2MeOTAD). The design
of the molecule was chosen based on computational DFT
calculations. The newly synthesised HTM shows good solubi-
lity, high glass transition temperature, sufficient hole mobility
and stability. Planar n–i–p PSCs using the new molecule
achieved 18.9% PCE—comparable with the reference spiro-
MeOTAD at 19.3% PCE. The unencapsulated solar cell using
TrxS-2MeOTAD showed better operation stability than spiro-
MeOTAD, with a 1.5 times longer lifetime under constant
AM1.5 illumination.

Fig. 1 Molecular representation of (a) truxene (Trx3C), (b) triazatruxene
(Trx3N), (c) trithiatruxene (Trx3S) and (d) monothiatruxene (TrxS). There
have been no prior studies on (d) as the basis for a hole transport material
in solar cells.

Fig. 2 (a) Molecular representation of the TrxS core and MeODPA sub-
stituent. Variations considered in the calculations were: R1 = R2 = R3 = H
(TrxS); R1 = MeODPA and R2 = R3 = H (TrxS-1MeOTAD); R1 = R2 =
MeODPA and R3 = H (TrxS-2MeOTAD) and R1 = R2 = R3 = MeODPA
(TrxS-3MeOTAD). HOMO and LUMO of (b) TrxS, (c) TrxS-1MeOTAD,
(d) TrxS-2MeOTAD and (e) TrxS-3MeOTAD in dichloromethane, calculated
by B3LYP 6-311G(d).
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Results and discussion
Materials and synthesis

Design of the molecule. Prior to the synthesis of the new
compound, the HOMO and LUMO levels were estimated by DFT

calculation using B3LYP 6-311G(d) basis set. The HOMO energy
alignment with the perovskite in the solar cell is important to
realise efficient charge transport. The energy levels were calcu-
lated in the gas phase and in the solvent field (dichloromethane –
DCM) to allow better comparison with the solution spectro-
scopy and electrochemical results. Monothiatruxene (TrxS) with
diethyl substitution was used as the core, where the R1–R3

positions were varied from substitution by zero to three meth-
oxydiphenylamine (MeODPA) moieties (Fig. 2). Hereafter, we
will denote these TrxS derivatives as TrxS-xMeOTAD, where x is
the number of the MeODPA substituents on the TrxS core.
For example, TrxS-1MeOTAD indicates a TrxS derivative with
R1 = MeODPA R2 = R3 = H. TrxS-2MeOTAD indicates a TrxS
derivative with R1 = R2 = MeODPA and R3 = H. The calculated
energy levels are summarised in Table 1.

Table 1 shows the rise in HOMO level when the number of
MeODPA moieties increases. The wide bandgaps derived from
the liquid-state calculations suggest the compounds to be

Table 1 HOMO and LUMO levels calculated for TrxS-MeOTAD with
varying number of MeODPA moieties

HOMOa

(G)/eV
LUMOa

(G)/eV
HOMOb

(S)/eV
LUMOb

(S)/eV
Eg

c

(G)/eV
Eg

d

(S)/eV

TrxS �5.52 �1.35 �5.67 �1.47 4.17 4.20
TrxS-1MeOTAD �4.78 �1.24 �4.93 �1.43 3.54 3.50
TrxS-2MeOTAD �4.65 �1.14 �4.85 �1.37 3.51 3.48
TrxS-3MeOTAD �4.56 �1.13 �4.80 �1.40 3.43 3.40

a HOMO and LUMO levels calculated for the compound in gas state.
b HOMO and LUMO levels calculated for the compound in the
liquid state with DCM as solvent. c HOMO–LUMO gap derived from
LUMO (G)–HOMO (G). d HOMO–LUMO gap derived from LUMO (S)–
HOMO (S).

Fig. 3 Synthesis scheme of TrxS-2MeOTAD. Full details are given in the Experimental section. The percentage in brackets is the synthesis yield.
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optically transparent in the visible, which is advantageous for
an HTM since it will not absorb any of the light that should be
harvested by the perovskite. The HOMO level of the HTM
should be assessed based on the valence band edge energy of
the lead-halide perovskite, typically in the range of ca. �5.9 eV
to �5.3 eV (CsPbI3: �5.3 eV;25 MAPbI3: �5.4 eV;26 (FAPbI3)0.95

(MAPbBr3)0.05: �5.5 eV;27 CsPbI2Br: �5.8 eV;28 CsPbBr3:
�5.9 eV).25 The HOMO of the HTM should be higher than
the valence band energy of the perovskite, therefore TrxS with
predicted HOMO (L) = �5.67 eV would possibly work for some
of the perovskite materials studied but probably not with the
commonest perovskite formulas such as MAPbI3. The energy
levels in general are seen to shift to lower values when the
solvent field is applied. This can be explained by the enhanced
stability of the more polarizable state by DCM solvent. The
energy levels are expected to lower further in the solid state.
The 40.7 eV upward shift in HOMO level from TrxS to
xMeOTAD (x from 1 to 3) can be explained by the extended
HOMO over the MeODPA moiety once substituted. HOMO/
LUMO locations for TrxS, TrxS-2MeOTAD and TrxS-3MeOTAD
are shown in Fig. 2. When MeODPA is substituted, the HOMO
evenly distributes over the MeODPA, bridged by the TrxS core,
while the LUMO is concentrated on the TrxS core.

TrxS-2MeOTAD with two MeODPA substituents was selected
as the target molecule in this study, based on the predicted
energy levels and predicted simplicity of the synthesis. The
overall synthesis scheme is described in Fig. 3.

Synthesis of TrxS-2MeOTAD

The synthesis of TrxS is based on the reports by Maciejczyk
et al.23,24 TrxS-2Br and TrxS-2MeOTAD were synthesised for the
first time in this study. The bromination of TrxS resulted in an
excellent yield of 99% and further purification of TrxS-2Br was
not required before the synthesis of TrxS-2MeOTAD. The final
TrxS-2MeOTAD was synthesised by Buchwald–Hartwig amina-
tion of the TrxS-2Br with 4,40-dimethoxydiphenylamine. Details
of the syntheses are provided in the ESI.†

Electrochemical analysis

The electrochemical properties of TrxS-2MeOTAD were investi-
gated by cyclic voltammetry (Fig. 4(a)) in DCM solution, with
ferrocene used as internal standard.29 Two oxidation peaks
with a difference of 90 mV were detected as presented in the
square wave voltammogram in Fig. 4(b). For the first oxidation
peak the proportionality of I1/2 (mean of Ipa and Ipc) against the
square-root of the scan rate (n0.5) (Fig. 4(c)); the negligible
difference between Ipa and Ipc; the scan rate independence of
E1/2; and DEp values around 60 mV (Fig. 4(d)) indicate good
chemical and electrochemical reversibility, important for good
stability of the HTM in the PV cell, and rapid electron transfer,
important for high hole mobility.

The HOMO level of TrxS-2MeOTAD is similar to the value
reported for spiro-MeOTAD (�5.22 eV vs. �5.14 eV)15,30 and is
in a suitable range for most common perovskites for PSCs.
However, the experimental HOMO value turned out to be lower

Fig. 4 (a) Cyclic voltammogram of TrxS-2MeOTAD at different scan rates ranging from 0.05 V s�1 to 0.70 V s�1. (b) Square wave voltammogram of TrxS-
2MeOTAD at a scan rate of 0.05 V s�1. (c) Ipa, Ipc and I1/2 versus square-root of the scan rate n0.5 derived from (a); R2 = 0.992 for the linear fitting of I1/2.
(d) E1/2 and DEp versus scan rate, derived from (a).
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than the calculated value by 0.37 eV, which may be too low for
some perovskites and in such cases the HOMO level of TrxS-
3MeOTAD may be in a more suitable range.

Optical properties

The absorption and emission properties of the TrxS-2MeOTAD
are shown in Fig. S1(a) (ESI†). The absorption peak (lmax) and
emission peak (lem) do not shift from solution to film, which is
an indication of the amorphous nature for the film. Compared
to the solution, the TrxS-2MeOTAD film shows a tail at lower
energies for both absorption and emission, which could be
interpreted as some intermolecular interaction. The film is
colourless, which is confirmed by the absence of any absorp-
tion in the visible. The experimental values for the electroche-
mical and optical data are summarised in Table 2.

Thermal properties

The thermal properties were assessed by thermo gravimetric-
differential thermal analysis (TG-DTA) (Fig. 5(a)) and differen-
tial scanning calorimetry (DSC) (Fig. 5(b). The properties are
summarised in Table S1 (ESI†). TrxS-2MeOTAD displays an
endothermic peak at 223 1C (or 221 1C from the DSC), accom-
panied by a small endothermic peak at 260 1C (or 261 1C from
the DSC). With both points having no weight losses, the first
prominent peak at 223 1C is apparently the melting point (Tm),
while the small peak could be related to some polymorphic
change of the material. The TG curve shows one step of weight
loss from 333 1C (0.5% weight loss at ca. 400 1C) with an
exothermic peak at 460 1C, assignable to decomposition. 45%
of the initial weight was lost during this step until the end of

Table 2 Experimental values of electrochemical and optical properties of TrxS-2MeOTAD. Literature data for spiro-MeOTAD are shown as a reference

HTM lmax
a/nm (e/105 M�1 cm�1) lem

b/nm Eox
c/V EHOMO

d/eV ELUMO
e/eV Eg

f/eV

TrxS-2MeOTAD 360a (7.37) 440 0.761 (0.764) �5.22 (�5.22) �2.20 3.02
Spiro-MeOTADg 385 424 — �5.14 �2.16 2.98

a Absorption peak from UV/Vis absorption (molar extinction coefficient in parenthesis). b Emission peak detected by excitation at lmax. c Half-wave
potential (E1/2) from CV (peak potential from SWV in parenthesis), referenced to NHE. d Calculated from EHOMO [eV] = �EOX [V]� 4.456 (value from
SWV in parenthesis).30 e Calculated from ELUMO = EHOMO + Eg. f Optical gap derived from UV/Vis absorption and PL measurements. g Data from the
literature.15

Fig. 5 (a) TG-DTA curves of TrxS-2MeOTAD. The blue curve indicates the TG, with a decomposition onset at 333 1C. (b) Second heating profile of the
DSC to determine the glass temperature (Tg). (c) The crystal structures of TrxS-2Br (CCDC 2235428†) and (d) that of TrxS-2MeOTAD (CCDC 2235429†)
from the SXRD analysis. The images were created by the Vesta software.37 White spheres are marked in the TrxS-2Br image because the recrystallised
crystal was found to contain ca. 5% of tribrominated TrxS-3Br. This, we believe, does not affect the interpretation of the SXRD analysis.
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the measurement at 590 1C. In Fig. S2 (ESI†), a shift of the
baseline before the melting point suggests that TrxS-2MeOTAD
has a glass transition temperature (Tg) at 145 1C. This is higher
than that of spiro-MeOTAD at 122 1C, indicating that TrxS-
2MeOTAD has relatively high stability in its rigid glassy state.
No cold crystallisation was observed, in contrast to the case for
some organic small molecules including spiro-MeOTAD.15 To
further explore the thermal stability we compared SEM images
of the spin-coated TrxS-2MeOTAD before heating, after heating
for 10 minutes at 135 1C, and after heating for 10 minutes at
155 1C (i.e. 10 1C below and above Tg respectively) (Fig. S8,
ESI†). We observe very limited change in the images after
heating, with a similar amorphous appearance at higher tem-
perature. Overall, the results indicate that TrxS-2MeOTAD has
high thermal stability as an organic small molecule, making it
compatible for an HTM in PSCs.

Structural properties of TrxS-2MeOTAD

The crystal structures of TrxS-2Br and TrxS-2MeOTAD were
solved from single crystals as shown in Fig. 5(c and d). Full
crystal parameters are listed in Table S2 (ESI†). TrxS-2Br was
found to crystallise in triclinic P%1 space group, whereas TrxS-
2MeOTAD was found to crystallise in monoclinic P21/c space
group. The TrxS-2Br molecules displayed p–p stacking, with
interactions of 3.557 Å. The crystal packing of TrxS-2MeOTAD is
more complicated, with the molecules stacking in a zigzag
form. This apparently comes from the twisted MeODPA moiety,
with a dihedral angle of 123.31. p–p interactions of 3.68 Å were
observed, which explains the high Tg and melting point. The
X-ray powder diffraction (PXRD) patterns of TrxS-2MeOTAD in
powder form and as a spin-coated film on microscope glass
slide along with simulated PXRD pattern from the SXRD analysis
are shown in Fig. S3 (ESI†). TrxS-2MeOTAD powder showed
preferred orientation towards the (100) facet, with one prominent
peak at 2y = 5.41 followed by several other small peaks. The spin-
coated film from chlorobenzene did not show any peaks, indicat-
ing that the TrxS-2MeOTAD film is amorphous.

Hole mobility of TrxS-2MeOTAD

The space-charge limited current (SCLC) was measured for hole-
only devices to assess the hole mobility of TrxS-2MeOTAD. A hole
only device with the structure hITO/PEDOT:PSS/HTM/Aui (ITO =
indium-doped tin oxide, PEDOT:PSS = poly(3,4-ethylenedioxythio-
phene polystyrene sulfonate) was tested and compared with a
similar device using spiro-MeOTAD as the HTM. Both HTMs were
doped with the optimised ratio of dopants for each. The J–V curves
that were used to derive the hole mobility are shown in Fig. 6(a). The
slope of J0.5 vs. V (denoted as C0.5) was used to derive the hole
mobility m from the following relation:

J mAcm�2
� �

¼ 9

8
ee0m �

1

d3

� �
V2 ¼ CV2; (1)

where e is the dielectric constant which is assumed as 3 (a typical
number for most organic semiconductors),31 e0 is the permittivity of
free space (8.854 � 10�12 [F m�1]), m is the hole mobility

[cm2 V�1 s�1], d is the thickness of the HTM layer [nm], and V is
the applied voltage [V]. The slopes in the linear regions in
Fig. 6(a) were derived as 11.82 for spiro-MeOTAD and 10.27 for
TrxS-2MeOTAD. This results in a hole mobility of 1.28 �
10�3 [cm2 V�1 s�1] for spiro-MeOTAD and 3.53� 10�4 [cm2 V�1 s�1]
for TrxS-2MeOTAD. Thus, for these doped materials, the mobility
of TrxS-MeOTAD was measured as B3 times lower than spiro-
MeOTAD, but is in a sufficient range to achieve high perfor-
mance in PSCs.

Photoluminescence quenching

The steady-state and time-resolved PL were measured for a
device structure of hGlass/Perovskite/HTMi for TrxS-2MeOTAD
and spiro-MeOTAD. The steady-state PL is shown in Fig. 6(b)
and the time-resolved PL decay curves are shown in Fig. S4
(ESI†). While the EQE of the hglass/perovskitei derived from the
steady-state PL was 1.1%, the EQE of hGlass/Perovskite/TrxS-
2MeOTADi and hGlass/Perovskite/spiro-MeOTADi were both
approximately zero. Both steady-state and time-resolved mea-
surements confirm that the TrxS-2MeOTAD sufficiently
quenches the PL of the perovskite by efficient hole extraction.

Photovoltaic performance

The PSCs were fabricated in dry atmosphere, i.e., with normal
oxygen content and humidity below 2%. The devices had a

Fig. 6 (a) J0.5–V curves used to derive the hole mobility from SCLC
measurements. (b) Steady-state photoluminescence spectra of spiro-
MeOTAD/perovskite and TrxS-2MeOTAD/perovskite films.
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general structure of fluorine-doped tin oxide (FTO)/TiO2/SnO2/
Perovskite/HTM/Au, where the perovskite was a triple-cation
Cs0.04(FA0.83MA0.17)0.96Pb(I0.95Br0.05)3 (FA = formamidinium,
MA = methylammonium) as shown in Fig. 7(a and b).32 The
HTM and dopant (LiTFSI and tBP) concentration in the spin-
coating solution were independently optimised for TrxS-
2MeOTAD (Fig. S5 and S6, ESI†). The performance of the
optimised TrxS-2MeOTAD PSC (40 mM HTM, HTM/LiTFSI/
tBP = 1 : 0.55 : 3.3 (mol/mol)) and spiro-MeOTAD PSC (60 mM
HTM, HTM/LiTFSI/tBP = 1 : 0.55 : 3.3 (mol/mol)) are sum-
marised in Table 3. The corresponding J–V curves are shown
in Fig. 7(c) along with the incident photon-to-current efficiency
(IPCE) spectra (Fig. 7(d)). The best TrxS-2MeOTAD PSC exhib-
ited 18.9% PCE, nearing spiro-MeOTAD with 19.3% PCE.
Interestingly, the JSC, VOC, ff and hysteresis of the TrxS-
2MeOTAD were all very similar to the spiro-MeOTAD PSC. It
is seen from Fig. 7(c) that the JSC is slightly higher for the spiro-
MeOTAD and the VOC is slightly higher for the TrxS-2MeOTAD.

The IPCE spectra in Fig. 7(d) indicate that the light-to-
electricity conversion is also similar for the whole spectral
absorption range. The integrated JSC derived from the IPCE
spectra was 22.6 mA cm�2 for TrxS-2MeOTAD and 22.3 mA cm�2

for spiro-MeOTAD, which are sufficiently close to the values
obtained by the J–V measurements. Overall, the results
confirm that the TrxS-2MeOTAD HTM works efficiently in
n–i–p PSCs.

Structural properties of the TrxS-2MeOTAD PSCs

Fig. S7(a) (ESI†) shows the PXRD patterns of the optimised PSCs
incorporating TrxS-2MeOTAD or spiro-MeOTAD as the HTM. Both
patterns only show peaks associated with the perovskite or FTO
substrate, which indicates that the HTM layers are amorphous in
the PSC. This is consistent with the PXRD pattern of the TrxS-
2MeOTAD film coated on a microscope glass slide (Fig. S3, ESI†).

SEM images of the cross-section of the PSCs employing TrxS-
2MeOTAD and spiro-MeOTAD are shown in Fig. S7(b and c)
(ESI†). A uniform layer and smooth interfaces with the perovs-
kite and gold are observed for both HTMs. No grain boundaries
are seen in either of the samples, indicating again that the TrxS-
2MeOTAD forms amorphous layers similar to spiro-MeOTAD.

Stability of the PSCs

The operational stability of the PSC is equally important to
the performance itself. Fig. 8 compares the performance of

Fig. 7 (a) The PSC device structure employed in this study. (b) The corresponding energy level diagram. The values for FTO, TiO2, SnO2 and Au were
taken from the literature. (c) J–V curves of the best TrxS-2MeOTAD PSC and spiro-MeOTAD PSC fabricated in this study. (d) The corresponding IPCE
curves.

Table 3 PSCs with the best performance for TrxS-2MeOTAD and spiro-
MeOTAD

HTM Scan JSC/mA cm�2 VOC/V ff PCE/%

TrxS-2MeOTAD Forward 24.0 1.07 0.66 16.9
Reverse 23.8 1.08 0.73 18.9

Spiro-MeOTAD Forward 24.8 1.03 0.66 16.8
Reverse 24.3 1.04 0.76 19.3
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unencapsulated PSCs using TrxS-2MeOTAD and spiro-MeOTAD
as HTM, tracked under constant illumination at 1 sun in
ambient air for an hour (stability assessment protocol ISOS-L-
1).33 The device was held at a constant voltage at the initial
maximum power point and the photocurrent was constantly
recorded. The PCE was derived by multiplying the recorded
current density with the fixed voltage. Fig. 8(a) shows that both
spiro-MeOTAD and TrxS-2MeOTAD PSCs maintained a con-
stant power output for the first 300 s. The PCE at this point
was taken as the ‘‘initial’’ PCE in Fig. 8(b). Fig. 8(b) indicates
that the TrxS-2MeOTAD PSC has a longer lifetime than the
spiro-MeOTAD PSC. The linear fitting was y = 1 � 6.79 � 10�5x
for spiro-MeOTAD and y = 1 � 4.63 � 10�5x for TrxS-2MeOTAD,
where y is the relative PCE (%) and x is the time [s]. The
fitting for TrxS-MeOTAD results in an operational lifetime of
T80 = 4320 s (time until 20% PCE drop), which is ca. 1.5 times
longer compared to the spiro-MeOTAD PSC at T80 = 2946 s. The
higher operational stability of TrxS-2MeOTAD could be attrib-
uted to the properties of the HTM itself, or to the lower amount
of LiTFSI contained in the corresponding PSC (as demonstrated
by the lower concentration of the HTM in the spin-coating
solution and the thinner film observed by SEM). Further
insights on the photo/thermo/moisture stability could be gained
if the devices were measured in a designated environment for

each specific condition. Overall, The TrxS-MeOTAD has been
demonstrated to display relatively high stability in addition to
the excellent performance in PSCs.

Conclusions

In summary, a novel organic small molecule TrxS-2MeOTAD
with a monothiatruxene core was successfully synthesised and
its basic properties were investigated. The electrochemical,
optical, structural and thermal properties were found to be
suitable for an HTM in n–i–p PSCs. The TrxS-2MeOTAD showed
higher glass transition temperature compared to the spiro-
MeOTAD, with a stable amorphous nature when deposited as
films. The TrxS-2MeOTAD displayed similar photovoltaic per-
formance to spiro-MeOTAD in n–i–p planar PSCs when doped
with common dopants LiTFSI and tBP. Hole mobility and PL
decay analyses confirmed that the material works as an effi-
cient hole extractor and transporter. Finally, the operational
stability of the PSC using TrxS-2MeOTAD was demonstrated to
be higher than that using spiro-MeOTAD, which we assume is
due to the better thermal stability and lower level of doping
required with the new HTM. Interestingly, using spiro-
MeOTAD, we see a partial recovery of PCE at 2500 s before
the degradation resumes. Such partial recovery has been
observed before, albeit associated with a rest period for the
cell.34–36 These results all together indicate that TrxS based
HTMs can be a promising direction for the development of
alternative HTMs. More widely, the study of HTMs based on a
low-symmetry core may prove a convenient route to amorphous
films of good thermal stability. In addition, the close crystal
packing and high orientation observed in the crystalline form
provokes interest in testing these materials as HTMs in inverted
planar PSCs.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

ET acknowledges JASSO for a PhD studentship. The authors
acknowledge the Royal Society of Chemistry for a Researcher
Mobility Grant towards collaborative research. TM would like to
thank Mitsubishi Chemical Corporation for the TG-DTA and
DSC measurements. Some crystal data were collected remotely
at beam line I-19 of Diamond Light Source (award CY22240).
We thank Jiayi Zhao and Xuerui Yi for carrying out the heated-
sample SEM experiments.

References

1 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131, 6050–6051.

2 M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami and
H. J. Snaith, Science, 2012, 338, 643–647.

Fig. 8 Operational stability of TrxS-2MeOTAD compared with spiro-
MeOTAD (ISOS-L-1). The cells were held at a constant voltage, at the
initial maximum power point and the current density was recorded under
constant illumination at 1 sun until the current (and calculated efficiency)
dropped to 80% of the initial value. (a) From t = 0 s to t = 300 s. (b) From
t = 0 to t = 4000 s.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 6

:2
0:

00
 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc00119a


8222 |  J. Mater. Chem. C, 2023, 11, 8214–8222 This journal is © The Royal Society of Chemistry 2023

3 H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl,
A. Marchioro, S.-J. Moon, R. Humphry-Baker, J.-H. Yum,
J. E. Moser, M. Grätzel and N.-G. Park, Sci. Rep., 2012, 2, 591.

4 M. A. Green and A. Ho-Baillie, ACS Energy Lett., 2017, 2,
822–830.

5 A. K. Jena, A. Kulkarni and T. Miyasaka, Chem. Rev., 2019,
119, 3036–3103.

6 T. Wu, Z. Qin, Y. Wang, Y. Wu, W. Chen, S. Zhang, M. Cai,
S. Dai, J. Zhang, J. Liu, Z. Zhou, X. Liu, H. Segawa, H. Tan,
Q. Tang, J. Fang, Y. Li, L. Ding, Z. Ning, Y. Qi, Y. Zhang and
L. Han, Nano-Micro Lett., 2021, 13, 1–18.

7 H. D. Pham, L. Xianqiang, W. Li, S. Manzhos, A. K. K. Kyaw
and P. Sonar, Energy Environ. Sci., 2019, 12, 1177–1209.

8 L. Nakka, Y. Cheng, A. G. Aberle and F. Lin, Adv. Energy
Sustainability Res., 2022, 3, 2200045.

9 H. D. Pham, Z. Wu, L. K. Ono, S. Manzhos, K. Feron,
N. Motta, Y. Qi and P. Sonar, Adv. Electron. Mater., 2017,
3, 1700139.

10 H. D. Pham, S. M. Jain, M. Li, S. Manzhos, K. Feron,
S. Pitchaimuthu, Z. Liu, N. Motta, H. Wang, J. R. Durrant
and P. Sonar, J. Mater. Chem. A, 2019, 7, 5315–5323.

11 H. D. Pham, S. M. Jain, M. Li, Z. K. Wang, S. Manzhos,
K. Feron, S. Pitchaimuthu, Z. Liu, N. Motta, J. R. Durrant
and P. Sonar, Adv. Electron. Mater., 2020, 6, 1900884.

12 F. M. Rombach, S. A. Haque and T. J. Macdonald, Energy
Environ. Sci., 2021, 14, 5161–5190.

13 Z. Hawash, L. K. Ono and Y. Qi, Adv. Mater. Interfaces, 2018,
5, 1700623.

14 S. Gangala and R. Misra, J. Mater. Chem. A, 2018, 6,
18750–18765.

15 M. Maciejczyk, A. Ivaturi and N. Robertson, J. Mater. Chem.
A, 2016, 4, 4855–4863.

16 B. Xu, D. Bi, Y. Hua, P. Liu, M. Cheng, M. Grätzel, L. Kloo,
A. Hagfeldt and L. Sun, Energy Environ. Sci., 2016, 9, 873–877.

17 J. Salunke, X. Guo, Z. Lin, J. R. Vale, N. R. Candeias,
M. Nyman, S. Dahlström, R. Österbacka, A. Priimagi,
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