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A B S T R A C T   

Two new spirocore-based hole-transporting materials (HTMs), spiro-1 and spiro-2, with 5H-spiro(benzo[1,2- 
b:6,5-b’]dithiophene-4,4′-cyclopenta[2,1-b:3,4-b′]dithiophen)-5-one moiety connected with multiple triphenyl-
amine donor substituents are synthesized via two-step synthesis with low cost and simple procedures and used as 
HTM in perovskite solar cells (PSCs). The correlation between different HTM structures and the performance of 
the PSCs was investigated systematically. Experiments results on the thermal stability, photophysical, electro-
chemical, charge-transporting, as well as film-forming properties show that spiro-1 and spiro-2 are suitable 
candidate as HTMs for PSCs. The fabricated PSCs with spiro-1 and spiro-2 as HTMs achieved an excellent power 
conversion efficiency (PCE) of 21.67 % and 19.65 % respectively, both with negligible hysteresis. The obtained 
PCE of 21.67 % based on spiro-1 is higher than that of the reference solar cell using traditional HTM of spi-
roOMeTAD (20.59 %) under the same conditions. It may be ascribed to the higher hole mobility, the more 
efficient hole extraction at the HTM/perovskite interface, the better film morphology. Moreover, the devices 
based on the new HTM showed good long-term stability and maintained over 80 % of their initial efficiency 
under continuous stressing at 85 ◦C and light illumination at 50 ◦C for 500 h in air without any encapsulation, 
which were superior to that of spiroOMeTAD. This work demonstrates that the newly developed spirofused 
molecules are promising HTMs for highly efficient and stable PSCs for the future commercialization of PSCs.   

1. Introduction 

During the last decade, perovskite solar cells (PSCs) have attracted 
tremendous attention because of the excellent photoelectronic charac-
teristics and the impressive power conversion efficiency (PCE) since 
their introduction in 2009 [1]. Very recently, a record PCE of over 25 % 
has been certified [2]. In a typical PSC with n-i-p structure, the hole- 
transporting material (HTM) plays an extremely important role not 
only in facilitating hole-extraction and electron-blocking but also in 
improving the device stability [3]. Up to date, the 2,2′,7,7′-tetrakis-(N, 
N-di-p-methoxyphenylamine)9,9′-spirobifluorene (spiroOMeTAD) is the 
most efficient and commonly utilized HTM for PSCs [4,5]. Although the 
spiroOMeTAD based on the spirocore has several advantages, such as 

good solubility, film-forming property, and thermal stability [6], the 
multistep synthesis, tedious purification route, and relatively high cost 
render it a major bottleneck for commercialization [7]. Therefore, it is 
highly desirable to develop simpler yet effective approaches for spi-
rocore HTMs. Nevertheless, the HTMs with a rigid spiro structure as a 
building block via facile synthetic routes and giving high device effi-
ciency are scarce [8–18]. For example, Licheng Sun and colleagues 
demonstrated that spirofluorene-9-9′-xanthene (SFX)-based HTMs using 
a two-step synthetic route achieved a champion PCE of 19.84 % in 2016 
[13]. Alex K.-Y. Jen and co-workers developed a champion PSC with 
SFX-based 4-tert-butylpyridine-free HTMs with a PCE of over 17 % and 
better long-term stability [19]. Peng Gao et al. developed a new class of 
spirolike HTMs for efficient PSC, which realized a promising PCE of 
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19.90 % [16]. Structures of representative HTMs with spirolinkage via 
facile synthesis procedure are shown in the Scheme S1. 

Cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) moieties have been 
used as a versatile building block for organic optoelectronic devices such 
as organic light-emitting diodes (OLEDs), organic field-effect transistors 
(OFETs), and organic photovoltaic devices (OPVs) due to its outstanding 
charge-transport properties [20–26]. Recently, various CPDT-based 
HTMs have also attracted considerable attention for their potential in 
PSCs application, and were demonstrated to give efficient PSCs [27–35]. 
There are a few reports on spirotype structure based on the CPDT central 
core for PSCs. For example, two spiroCPDT-HTMs were constructed with 
4,4′-spirobi[cyclopenta[2,1-b;3,4-b’]dithiophene] as the core by 
Michael Grätzel et al. and Guoli Tu et al. independently, and the PCEs of 
13.4 % and 10.4 % were achieved in 2015, respectively [34,35]. 
Meanwhile, Mohammad Khaja Nazeeruddin et al. reported a spiro 
[cyclopenta[2,1-b:3,4-b’]dithiophene-4,9′-fluorene]-based HTM called 
FDT with excellent photovoltaic performance, giving an impressive PCE 
of 20.2 % in 2016 [27]. Although the above stated spirocore derivatives 
showed promising PCEs, unfortunately these HTMs suffer from 
complicated synthetic routes and purification steps. 

Recent research results have demonstrated that organic molecules 
with donor–acceptor-donor (D-A-D) structure would be an effective 
design strategy to construct highly efficient HTMs for PSCs due to strong 
dipolar intermolecular interaction and high charge carrier mobility 
[36–40]. Moreover, incorporating such D-A-D architecture into the 
molecule can result in lower highest occupied molecular orbital 
(HOMO) levels, which may improve the device’s open circuit voltage 
(Voc) and thereby PCE values [41–43]. Therefore, it is of great interest to 
develop new HTMs based on D-A-D type scaffolds in order to realize 
highly efficient PSCs. So far, most of reported D-A-D type HTMs derived 
from two-dimensional π-conjugated scaffolds. In contrast, spirotype 
backbone strategy has rarely been employed [16,44,45]. This motivates 
us to develop new D-A-D spirotype HTMs for high-performance PSCs. 

Two new D-A-D spirotype HTMs, namely spiro-1 and spiro-2, based 
on 5H-spiro(benzo[1,2-b:6,5-b’]dithiophene-4,4′-cyclopenta[2,1-b:3,4- 
b’]dithiophen)-5-one as the central unit together with four peripheral 
triarylamine groups were designed as HTM for PSC application (Fig. 1). 
These compounds are readily obtained via two-step reactions as shown 
in Scheme 1. Impressively, the device based on spiro-1 achieved a 
promising PCE of 21.67 % with negligible hysteresis, which is higher 
than that of the device employing the state-of-the-art spiroOMeTAD 
(20.59 %) under the similar conditions. The one with spiro-2 HTM 
exhibited a slightly lower PCE of 19.65 %. The outstanding performance 
of the device with spiro-1 can be ascribed to the energetically suitable 
HOMO energy level, higher hole mobility, superior interfacial contact, 
and excellent film morphology, as will be shown below. Moreover, the 
unencapsulated device based on spiro-1 and spiro-2 showed excellent 
long-term thermal stability, maintaining over 80 % of the initial PCE at 

85 ◦C in air after 100 h. 

2. Results and discussion 

The synthetic routes for spiro-1 and spiro-2 are shown in Scheme 1. 
The target spirocored molecules were synthesized in only two steps. The 
spiro skeleton was facilely synthesized using a one-pot approach with 
2,6-dibromo-4H-cyclopenta[2,1-b-3,4-b’]dithiophen-4-one as the start-
ing material. It should be noted that the purification was carried out by 
crystallization before the next synthetic step. In addition, we also suc-
cessfully obtained single crystal of the spiro intermediate 1 (CCDC: 
2174353) (Fig. S1), which was shown to have the two fused heterocyclic 
backbones near orthogonal to each other at the central tetrahedral 
carbon. Finally, the two target derivatives spiro-1 and spiro-2 were 
synthesized via palladium-catalyzed Suzuki coupling reaction with spiro 
intermediate 1 and compounds 2 and 3 [28], respectively in high yields. 
The 1H NMR, 13C NMR and HRMS spectra of the compounds were 
collected and confirmed the structure (see the Supporting information). 
Due to the simplified synthetic procedures, the reduced preparation cost 
of new spirotype HTMs could be expected. In addition, we estimate that 
the cost for the purified spiro-1 and spiro-2 are $51.24 g− 1 and $95.12 
g− 1, respectively, which are much cheaper than the widely-used spi-
roOMeTAD ($170–475 g− 1) [42,46], and the detailed cost estimations 
are given in the Table S1-S7. 

The thermal properties of spiro-1 and spiro-2 were evaluated by 
thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) measurements. As shown in Fig. S2a, the two new molecules 
showed excellent thermal stability with similar decomposition temper-
atures (Td), defined as the temperature with 5 % weight-loss, exceeding 
450 ◦C, which suggests the materials are suitable for device fabrication. 
From the DSC curves (Fig. S2b), it was found that the two molecules 
displayed similar glass transition temperature (Tg), with very small 
variations (172–174 ◦C), implying that spiro-1 and spiro-2 are amor-
phous in nature, which is required to maintain a robust film morphology 
upon device operation. 

In order to obtain further insight into the spatial configuration and 
electronic properties of spiro-1 and spiro-2, density functional theory 
(DFT) calculations were performed at B3LYP/6-31G (d,p) level. For the 
sake of comparison, data for spiroOMeTAD were also included as shown 
in Fig. 2. It can be seen that the CPDT unit and the benzodithiophenone 
unit are nearly perpendicular to each other, which is consistent with that 
determined by X-ray diffraction analysis (Fig. S1) and like in the case of 
spiroOMeTAD. As shown in Fig. 2, the HOMOs of spiro-1 and spiro-2 
are mainly delocalized over the triphenylamine (TPA)-donor and CPDT 
moieties, while the LUMOs of the two molecules are mostly located on 
the benzodithiophenone and the neighboring phenyl or thienyl rings. 
The calculated HOMO energy levels are at − 4.19 and − 4.24 eV, 
respectively, and the LUMOs are at − 1.80, and − 2.10 eV for spiro-1 and 
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Fig. 1. Chemical structures of spiro-1 and spiro-2.  
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spiro-2, respectively. Therefore, the optical bandgap (Eg) values of 
spiro-1 and spiro-2 are 2.39 and 2.14 eV, respectively. 

The normalized UV–vis absorption and photoluminescence spectra 
of spiro-1 and spiro-2 in chlorobenzene are displayed in Fig. 3a, with 
corresponding data listed in Table 1. The two HTMs show two major 
peaks centered at around 290–310 nm and 450–500 nm. The intense 
absorption peaks at shorter wavelengths are attributable to the π-π* 
transition, while those at longer wavelengths correspond to the intra-
molecular charge transfer (ICT) transitions from the TPA-CPDT-TPA 
segment to benzodithiophenone moiety, as suggested by DFT calcula-
tion. The absorption spectrum of spiro-2 shows a red shift compared 
with that of spiro-1, which can be attributed to the extended π-conju-
gation by introducing the thiophenylene group in the structure. The 
photoluminescence spectra of spiro-1 and spiro-2 exhibit a maximum 
peak at 650 and 670 nm, respectively. The intersection points of the 
absorption and emission spectra for spiro-1 and spiro-2 are 555 and 
572 nm, corresponding to the Eg of 2.23 and 2.17 eV, respectively. 

In order to determine the energy levels of spiro-1 and spiro-2, dif-
ferential pulse voltammetry (DPV) measurements were performed in 
THF solution (Fig. 3b). All redox potentials are referenced to ferrocene 
as an internal standard. The energy level diagram of spiro-1 and spiro-2 
are plotted in Fig. 3c. From the DPV curves, the HOMO values of spiro-1 
and spiro-2 were estimated to be − 5.25 and − 5.28 eV, respectively, 
which are more positive than the valence band of perovskite (-5.50 eV), 
thereby facilitating the hole transfer from perovskite to HTM at their 
interface. The LUMO energy levels of spiro-1 and spiro-2 were esti-
mated, from the HOMO energy level and Eg values, to be − 3.02 and 
− 3.11 eV, respectively, which are higher than that of the conduction 
band edge of perovskite. This may inhibit the undesirable electron 
transfer from perovskite to metal electrode through HTM. The HOMO 
and LUMO values obtained from DPV data had similar trend as that from 
DFT calculation. 

To compare the charge transport properties, the space-charge- 
limited current (SCLC) measurements were performed to evaluate the 
hole mobility of spiro-1 and spiro-2 using the hole-only devices with 

the structure of ITO/PEDOT:PSS/HTM/Au, along with that of spi-
roOMeTAD as the reference (Fig. S3). The hole mobility of spiro-1 and 
spiro-2 is 8.93 × 10− 4 and 5.27 × 10− 4 cm2 V− 1 s− 1, respectively. It is 
noted that spiro-1 exhibits relatively higher hole mobility than the 
reference HTM spiroOMeTAD (5.58 × 10− 4 cm2 V− 1 s− 1). This could be 
attributed to the strong dipole–dipole interactions and closer packing 
between the molecules due to the donor–acceptor (D-A) structure, fa-
voring charge transfer [37]. Compared with spiroOMeTAD, the larger 
dipole moments for spiro-1 and spiro-2 can be verified by DFT calcu-
lations. The value of dipole moments for spiro-1, spiro-2 and spi-
roOMeTAD are 4.40, 3.99, and 1.43 Debye, respectively, presumably 
due to a greater charge withdrawing ability of 5H-spiro(benzo[1,2- 
b:6,5-b’]dithiophene-4,4′-cyclopenta[2,1-b:3,4-b’]dithiophen)-5-one 
with respect to the 9,9′-spirobifluorene. 

The steady-state photoluminescence (PL) spectra and time-resolved 
photoluminescence (TRPL) decay profiles for samples of perovskite 
film and perovskite film covered with spiro-1, spiro-2, and spi-
roOMeTAD deposited on glass were measured to determine the hole 
extraction capabilities. Furthermore, the TRPL decays are fitted by two 
exponential functions using the following equation [47]: 

IPL(t) = A1 × e− t/τ1 +A2 × e− t/τ2  

where IPL(t), τ1, τ2, A1, and A2 are PL spectra intensity with time, long 
lifetime, short lifetime, and fitting parameters respectively. The average 
lifetime is calculated by A1× τ1 + A2× τ2. The relatively fast decay 
component (τ1) is associated with charge carrier trapping induced by 
trap states at grain boundaries and/or surfaces (non-radiative recom-
bination) while the slower decay component (τ2) is associated with free 
carrier recombination (radiative recombination) [48]. In our experi-
ment, the perovskite films with spiro-1, spiro-2 and spiroOMaTAD are 
fabricated by the same processes. Therefore, we assume that the charge 
carrier trapping induced by trap states at grain boundaries is the same 
for these three samples. The difference of τ1 can be considered to come 
from the trap states at surfaces. As shown in Fig. 4a, a significant PL 
intensity quenching was observed when the perovskite layer was coated 
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with an HTM layer. Compared with spiro-2, spiro-1 and spiroOMeTAD 
showed better hole extraction ability. However, the perovskite/spiro-1 
bilayer showed the most PL quenching, suggesting the highest hole 
extraction capability, which may lead to an improved photocurrent 
density. As shown in Fig. 4b, the pristine perovskite film showed a long 
decay lifetime of 30.57 ns. With different HTMs coated on the perovskite 
films, the PL lifetime decreased significantly to 14.19, 16.18 and 14.94 
ns for spiro-1, spiro-2, and spiroOMeTAD, respectively. Thus, the 
perovskite film coated with spiro-1 exhibited the shortest lifetime 

among the three, suggesting that spiro-1 has better hole extraction 
capability (Table S10). 

Scanning electron microscopy (SEM) and atomic force microscope 
(AFM) measurements were carried out to explore the surface 
morphology of the perovskite layer with and without the HTM. As 
shown in Fig. 5a, the top-view SEM image shows that bare perovskite 
film is uniform, with well-organized grains of the size around 300–500 
nm. The top view of the perovskite layer with spiro-1 deposited on top 
shows a homogeneous, fully covered film without obvious pinholes 

Fig. 2. The optimized structures and spatial distribution of HOMO and LUMO levels of spiro-1, spiro-2, and spiroOMeTAD calculated with DFT on B3LYP-6-31G 
(d,p). 

Fig. 3. (a) Normalized absorption and photoluminescence spectra of spiro-1, spiro-2 and spiroOMeTAD in chlorobenzene solution. (b) Differential pulsed vol-
tammetry (DPV) curves of HTMs spiro-1, spiro-2 and spiroOMeTAD in THF solution. (c) Energy level alignment diagram of PSCs with spiro-1, spiro-2 and spi-
roOMeTAD as the HTM. Calculated HOMO and LUMO values are presented as dashed lines. 
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(Fig. 5b). In contrast, a layer of defective coverage was observed on the 
surface the perovskite film by spiro-2, which could lead to charge- 
carrier losses in the device and low FF. Furthermore, the AFM image 
of spiro-1 film gives a more uniform morphology, with the root-mean- 
square (RMS) roughness value of 3.37 nm, which is smoother than 
that of the spiro-2 and spiroOMeTAD film, which has RMS of 7.12 and 
6.34 nm, respectively (Fig. 5e-g). The smooth and uniform morphology 
film inhibited interfacial recombination and thus enhanced device per-
formance. The surface wettability of the HTM layer plays a vital role in 

the long-term stability of the device. Therefore, the water contact angles 
on films of spiro-1 and spiro-2 were measured and compared with that 
on spiroOMeTAD film. As shown in Fig. S4, films of spiro-1 and spiro-2 
gave higher water contact angle of 65.40 and 63.30, respectively than 
film of spiroOMeTAD (60.30), indicating that new spiro cored-based 
HTMs are more hydrophobic and may keep moisture away from the 
perovskite layer, which in turn can lead to enhanced device stability. 

The n-i-p type device with a structure of FTO/c-TiO2/mp-TiO2/ 
perovskite/HTM/Ag was fabricated to investigate the potential of spiro- 

Table 1 
Photophysical, electrochemical and thermal data of spiro-1, spiro-2 and spiroOMeTAD.  

HTM λabs (nm) 
(ε × 10− 4/M− 1 cm− 1)a 

λf(nm)  
a 

EHOMO 

(eV)b 
E0-0(eV)  
c 

ELUMO (eV)d EHOMO 

(eV)e 
E0-0 

(eV)e 
ELUMO (eV)e Tg (oC)f Td (oC)f 

spiro-1 456 (13.2) 650  − 5.25  2.23  − 3.02  − 4.19  2.39  − 1.80 172 454 
spiro-2 491 (16.1) 670  − 5.28  2.17  − 3.11  − 4.24  2.14  − 2.10 174 454 
spiroOMTAD 389 (18.4) 428  − 5.15  3.02  − 2.13  − 4.21  3.60  − 0.61 121g 422g  

a Maxima of the absorption and fluorescence bands in chlorobenzene solution. 
b Determined by differential pulse voltammetry (DPV). 
c The value of E0-0 obtained from the intersection of normalized absorption and photoluminescence spectra. 
d Energy of the LUMO of the compounds estimated by EHOMO＋E0-0. 
e Values calculated at DFT/B3LYP/6-31G(d,p) level. 
f Glass transition (Tg) and decomposition (Td) temperatures observed from TGA and DSC, respectively. 
g These date have been reported in reference[11]. 

Fig. 4. (a) Steady-state photoluminescence spectra of the perovskite film, perovskite/spiro-1 film, perovskite/spiro-2, and perovskite/spiroOMeTAD film deposited 
on glass. (b) and (c) Time-resolved photoluminescence (TRPL) spectra of the perovskite film, perovskite/spiro-1 film, perovskite/spiro-2 film, and perovskite/ 
spiroOMeTAD film. 

Fig. 5. The top-view SEM images of (a) perovskite, (b) spiro-1/perovskite film, (c) spiro-2/perovskite film and (d) spiroOMeTAD/perovskite film. AFM micrograms 
of (e) spiro-1, (f) spiro-2 and (g) spiroOMeTAD films deposited on perovskite/mp-TiO2/c-TiO2/FTO. 
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1 and spiro-2 as HTM in PSCs. The reference spiroOMeTAD was also 
studied as the HTM using the same device structure. A mixed perovskite 
of Cs0.05MA0.2FA0.75Pb(Br0.05I0.95)3 was spin-coating on the mesoporous 
TiO2 layer. The HTMs were spin-coated on top with added 4-tert- 
butylpyridine and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) 
as dopant. The detailed device information can be found in the Sup-
porting information. The corresponding photovoltaic performance pa-
rameters are summarized in Table 2. The cross-sectional SEM image of a 
spiro-1-based device is shown in Fig. 6a, where the thickness of the 
HTM layer was estimated to be about 156 nm. The spiro-1 layer is 
uniformly deposited on top of the perovskite film. The photocurrent 
density–voltage (J-V) curves of the best cells based on spiro-1 and spiro- 
2 are collected in Fig. 6b. The spiroOMeTAD-based PSC was also fabri-
cated as reference device. The PSC device fabricated using spiro-1 
showed an impressive PCE of 21.67 %, with an open-circuit voltage (Voc) 
of 1.10, a short-circuit density (Jsc) of 24.91 mAcm− 2 and a fill factor 
(FF) of 79.1 %, while the spiro-2-based PSC exhibited a relatively lower 
PCE of 19.65 %, with a Voc of 1.07 V, a Jsc of 24.62 mA cm− 2, and an FF 
of 74.6 %. Meanwhile, the spiroOMeTAD device gave the PCE of 20.59 
%, with a Voc of 1.09 V, a Jsc of 24.60 mA cm− 2, and an FF of 76.8 %. In 
addition, a negligible hysteresis was observed for all devices based on 
spiro-1, spiro-2, and spiroOMeTAD between the forward and reverse 
scans (Fig. S5, Table 2). The little hysteresis could be ascribed to better 
interfacial contact between the HTM and perovskite, which facilitate 
efficient hole transfer at the interface, thus reducing the hysteresis of the 
device (see Fig. 5) [49,50]. That Spiro-1 showed better performance 
might be attributed to higher hole mobility (see Fig. S3), more smooth 
surface morphology (see Fig. 5) as discussed above, and lower charge 
recombination loss at the perovskite/spiro-1 interface, in consistency 
with PL and TRPL experiments (see Fig. 4). 

Fig. 6c represents the corresponding incident photo-to-electron 
conversion efficiency (IPCE) spectra of spiro-1, spiro-2 and spi-
roOMeTAD HTMs. The integrated Jsc values from IPCE spectra of spiro- 
1, spiro-2 and spiroOMeTAD-based devices are 24.48, 24.12 and 24.07 
mAcm− 2, respectively, which matched well with those from J-V mea-
surements. In addition, the stable power output efficiencies of spiro-1, 
spiro-2 and spiroOMeTAD-based PSCs were recorded, with stabilized 
PCE of 21.31 %, 19.07 %, and 20.03 % obtained at the maximum power 
point (MPP) within 300 s (Fig. 6d). These results further indicated the 
high reliability of the J-V measurements. Moreover, statistical distri-
bution of PCEs for devices based on spiro-1 and spiro-2 showed nice 
reproducibility with an average PCEs values of 21.12 % for spiro-1 and 
19.26 % for spiro-2 (Fig. 6e). 

We further evaluated the long-term stability of spiro-1 and spiro-2- 
based device in comparison with spiroOMeTAD-based device under 
ambient air with a relatively humidity (RH) of 30–40 % at a temperature 
of 20–25 ◦C in the dark without encapsulation. As shown in Fig. 7a, after 
aging for 1000 h, the spiro-1- and spiro-2-based devices maintained 
over 85 % of the original PCEs while the PCE of spiroOMeTAD HTM- 

based device decreased to only 49 % of the initial PCE. It is clear that 
the new spiro core-based HTMs exhibited better stability, which might 
be ascribed to the better hydrophobic nature of the film, as revealed by 
water-contact angle measurements (Fig. S4) and to their low-lying 
HOMO level [51]. Furthermore, we assess the thermal stability based 
on three HTMs at 85 ◦C in air (Fig. 7b). The new spiro core-based HTMs 
gave relatively stable PCEs, with ~ 80 % of their initial values main-
tained for 100 h, whereas the reference device containing spiroOMeTAD 
suffered a fast degradation after 10 h. This is in agreement with the 
results of previous reports [52]. The results that PSCs with spiro-1 and 
spiro-2 had greater thermal stability than that with spiroOMeTAD 
(422 ◦C) [11] may stem from the higher decomposition temperature 
exceeding 450 ◦C and Tg values (172–174 ◦C), as indicated by TGA and 
DSC measurement [53,54]. In addition, these devices have also been 
tested under continuous light illumination at 50 ◦C for 500 h (Fig. 7c). 
Encouragingly, the spiro-1- and spiro-2-based devices showed excellent 
long-term stability in performance, with the PCEs retained more than 80 
% of its initial values. Instead, the device using spiroOMeTAD as HTM 
completely degraded within 100 h. 

3. Conclusions 

In summary, we have designed and synthesized two new D-A-D type 
spiro core-based derivatives tethered with fourfold methoxy-substituted 
triphenylamine units (spiro-1 and spiro-2) via a simple synthetic 
method with low synthetic costs and applied them as HTMs in PSC 
fabrication. The systematic study of these spirolike HTMs on thermal, 
optoelectronic, electrochemical properties, DFT calculations, SCLC 
measurements were carried out. Their PL/TRPL charge transport 
behavior in PSC as well as PCE were measured. Both HTMs exhibited 
high thermal stability, suitable HOMO energy level alignment, high hole 
mobility, high hydrophobicity, more efficient hole extraction ability, 
and smooth surface morphology and uniformity. Consequently, the 
optimized device with spiro-1 or spiro-2 as HTM afforded a remarkable 
PCE of 21.67 % and 19.65 %, respectively. In particular, the PCE of 
spiro-1-based PSC exceeded that of the spiroOMeTAD-based PSC 
(20.59 %). Moreover, the device based on the new spirotype HTMs 
exhibited superior long-term thermal stability at room temperature in 
air with 30–40 % RH and under continuous stressing at 85 ◦C and 
continuous light soaking when compared with that based on spi-
roOMeTAD. These results demonstrate the potential of new spirocored 
based molecule design strategy for efficient HTMs in PSC application. 

4. Experimental section 

4.1. Materials and reagents 

All solvents and chemicals were purchased from Aldrich, with the 
purity more than 98 %. The thin-layer chromatography (TLC) was 
conducted with Merck KGaA precoated TLC Silica gel 60F254 on 
aluminum sheets. Flash column chromatography was performed on 
glass columns packed with silica gel using Silicycle UltraPure SilicaFlash 
P60, 40–63 mm (230–400 mesh). Unless otherwise specified, all re-
actions and manipulations were carried out under a nitrogen atmo-
sphere. Solvents of reagent grade were used for syntheses and those of 
spectroscopy grade for spectra measurements. Solvents were dried by 
standard procedures. 

4.2. Characterization 

1H and 13C NMR spectra were recorded on a Bruker 400 or 500 MHz 
spectrometer. Fast atom bombardment (FAB) mass spectra were recor-
ded on a Jeol JMS 700 double-focusing spectrometer. UV spectra were 
measured on a Jasco V-530 double beam spectrophotometer. Fluores-
cence spectra were recorded on a Hitachi F-4500 fluorescence spectro-
photometer. Cyclic voltammetry experiments were performed with a 

Table 2 
Photovoltaic parameters of the best PSCs device with compounds spiro-1, spiro- 
2 and spiroOMeTAD as HTMs.  

HTM Scan 
direction  

Voc 

[V] 
Jsc [mA 
cm− 2] 

FF 
(%) 

PCEmax 

[%] 

spiro-1 Reverse Best 1.10 24.91 79.1  21.67  
Reverse Average 1.09 

±

0.011 

24.56 
± 0.3 

78.9 
± 1.6  

21.12  

Forward  1.09 24.83 77.6  21.00 
Spiro-2 Reverse Best 1.07 24.62 74.6  19.65  

Reverse Average 1.06 
±

0.012 

24.43 
± 0.3 

74.2 
± 1.7  

19.26  

Forward  1.07 24.63 73.6  19.40 
spiroOMeTAD Reverse  1.09 24.60 76.8  20.59  

Forward  1.08 24.60 76.6  20.35  
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Fig. 6. (a) Cross-sectional SEM image of the PSC device with spiro-1 as HTM. (b) J-V characteristics of spiro-1, spiro-2 and spiroOMeTAD-based PSCs. (c) IPCE 
spectra and integrated current of the spiro-1, spiro-2 and spiroOMeTAD-based devices. (d) Stabilized PCEs of spiro-1, spiro-2 and spiroOMeTAD devices at 
maximum power point tracking during the 300 s time frame (voltage set at 0.82 V). (e) Histogram of PCEs from 20 devices based on spiro-1 and spiro-2. 

Fig. 7. Long-term stability of the PSCs for the devices with spiro-1, spiro-2 and spiroOMeTAD as HTMs: (a) stored at 20–25 ◦C; (b) thermal stressed at 85 ◦C; and (c) 
continuous light soaking under 1-Sun illumination. 
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CHI-621A electrochemical analyzer. All measurements were carried out 
at room temperature with a conventional three-electrode configuration 
that consisted of a platinum working electrode, an auxiliary electrode, 
and a non-aqueous Ag/AgNO3 reference electrode. The SEM images 
were obtained by using a field-emission scanning electron microscope 
(JEOL-7401). A Nano-Scope NS3A system (Digital Instrument) was used 
to obtain the AFM images of the surface morphologies and thicknesses of 
various thin films. 

4.3. Synthesis of 1 

2,6-Dibromo-4H-cyclopenta[2,1-b-3,4-b’]dithiophen-4-one (0.5 g, 
1.43 mmol), and P(o-iPr)3 (0.59 g, 2.86 mmol) were dissolved in dry 
CH2Cl2 (10 mL). The reaction mixture was stirred for 1 h at room tem-
perature. The CH2Cl2 was removed under reduced pressure. The residue 
was purified by recrystallization from CH2Cl2/hexane, yielding a yellow 
solid in 50 %. mp greater than 260 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.40 
(s, 1H), 6.72 (s, 2H), 6.30 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3): δ 
186.03, 148.74, 146.81, 139.80, 139.41, 132.83, 129.29, 128.88, 
128.69, 123.95, 115.01, 113.43, 111.56, 63.17 ppm; HRMS (FAB) m/z 
[M+] calcd for C18H4OS4Br4: 679.5878; found: 679.5888. 

4.4. Synthesis of spiro-1 

A heterogeneous mixture of 2 M K2CO3 (8 mL), THF (10 mL), 1 (0.5 
g, 0.73 mmol), 2 (1.26 g, 2.92 mmol), and Pd(PPh3)4 (0.067 g, 8 mol %) 
under argon was heated at 80 ◦C for 48 h. The mixture was extracted 
with CH2Cl2. The organic layer was separated and dried over anhydrous 
MgSO4. Evaporation of the solvent gave a crude product, which was 
purified by silica gel column chromatography using CH2Cl2/hexane (4/ 
1) as eluent to afford the desired product as a dark red solid in 84 % 
yield. mp 197–199 ◦C;1H NMR (500 MHz, DMSO‑d6): δ 7.53–7.49 (m, 
3H), 7.31–7.30 (m, 4H), 7.21–7.19 (m, 2H), 7.03–6.85 (m, 34H), 
6.71–6.57 (m, 8H), 6.41 (s, 1H), 3.72 (s, 6H), 3.70 (s, 18H) ppm; 13C 
NMR (125 MHz, DMSO‑d6): δ 187.8, 156.2, 156.1, 155.8, 152.3, 148.7, 
148.6, 147.8, 145.5, 144.8, 144.5, 141.3, 141.2, 139.7, 139.6, 139.4, 
139.3, 136.8, 132.9, 127.2, 127.0, 126.7, 126.5, 126.3, 125.6, 125.0, 
123.5, 123.4, 120.6, 119.3, 118.5, 118.3, 116.0, 115.0, 114.9, 63.2, 
55.2 ppm.; HRMS (FAB) m/z [M+] calcd for C98H76N4O9S4: 1580.4495; 
found: 1580.4539. 

4.5. Synthesis of spiro-2 

Similar procedure was used as in the case of spiro-1. The product 
was obtained in 78 % yield. mp 205–207 ◦C; 1H NMR (500 MHz, CDCl3): 
δ 7.46 (s, 1H), 7.36–7.36 (m, 2H), 7.32–7.30 (m, 3H), 7.28 (s, 2H), 
7.16–7.15 (s, 1H), 7.09–6.99 (m, 23H), 6.90–6.89 (m, 2H), 6.86–6.79 
(m, 25H), 6.44 (s, 1H) ppm; 13C NMR (125 MHz, CDCl3): δ 188.3, 156.4, 
156.3, 156.2, 152.2, 148.9, 148.8, 148.5, 145.3, 145.3, 145.2, 143.7, 
141.5, 140.8, 140.7, 140.6, 139.8, 139.0, 138.3, 135.6, 135.3, 133.9, 
133.7, 133.5, 127.0, 127.0, 126.9, 126.6, 126.5, 126.4, 126.3, 126.2, 
125.9, 125.8, 125.7, 124.4, 122.6, 122.6, 122.5, 121.4, 120.6, 120.4, 
120.4, 117.4, 115.0, 114.9, 63.8, 55.7 ppm; HRMS (FAB) m/z [M+] 
calcd for C114H84N4O9S8 (M+) 1908.4004 found 1908.4012. 
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