
 

Highly Selective and Scalable Fullerene-Cation-Mediated Synthesis 
accessing Cyclo[60]fullerenes with 5-Membered-Carbon-Ring and 
their Application to Perovskite Solar Cells 
Hao-Sheng Lin,1 Il Jeon,*,1 Yingqian Chen,2 Xiao-Yu Yang,3 Takafumi Nakagawa,1 Shigeo Maruyama,1,4 Sergei 
Manzhos,2,5 and Yutaka Matsuo*,1,3,6 
1 Department of Mechanical Engineering, School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, 
Japan 
2 Department of Mechanical Engineering, National University of Singapore, Block EA #07-08, 9 Engineering Drive 1, Singapore 117576, 
Singapore 
3 Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China, 96 Jinzhai Road, 
Hefei, Anhui 230026, P. R. China 
4 Energy NanoEngineering Laboratory, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, 305-8564 
Japan 
5 Centre Énergie Matériaux Télécommunications, Institut National de la Recherche Scientifique, 1650 boulevard Lionel-Boulet, 
Varennes QC J3X1S2, Canada 
6 Institute of Materials Innovation, Institutes of Innovation for Future Society, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-
8603, Japan  

 

ABSTRACT: Cyclo[60]fullerenes are widely used in many applications including photovoltaic devices owing to their high electron affinity 
and mobility for an organic molecule. However, their synthesis has been limited to certain derivatives with low yields. In this work, a fullerene-
cation-mediated synthesis, accessing a new class of 5-membered-carbon-ring cyclo[60]fullerenes with high yields of up to 93% is showcased. 
This method utilizes aryl[60]fullerene cations, ArC60

+ as intermediates, which are generated in situ by heating the aryl[60]fullerenyl dimers in 
the presence of CuBr2. In addition, 5-membered-carbon-ring cyclo[60]fullerenes display excellent device applicability when they are used in 
perovskite solar cells as over-coating layers of electron-transporting layers. A power conversion efficiency of 20.7% is achieved thanks to the 
favorable energy alignment, optimized substrate design, and electrochemical stability of the 5-membered-carbon-ring fullerenes.

n INTRODUCTION  
Fullerene and its derivatives have attracted much attention ow-

ing to their versatile applicability in the fields of photovoltaics, bio-
science, and space science.1-5 In thin-film photovoltaics, cy-
clo[60]fullerenes have been used as electron acceptors in organic so-
lar cells6-10 and as electron-transporting layers (ETLs) in perovskite 
solar cells11-13. In particular, cyclo[60]fullerenes as an over-coating 
layer of metal oxide ETLs have been one of the most exploited appli-
cations in perovskite solar cells, demonstrating a dramatic reduction 
hysteresis and enhancement of the device charge-dynamics.14-20 
With respect to such applications, heterocyclo[60]fullerene,14-19 
which is one of the most abundant types of cyclo[60]fullerene, have 
shown relatively poor performance compared with full-carbon-ring 
cyclo[60]fullerenes because of their electrochemical instability.21-23 
Accordingly, cyclo[60]fullerenes with a full-carbon-ring, such as 3-
membered-carbon-rings (e.g. PC61BM)18-20,24,25 and 6-membered-
carbon-rings (e.g. ICBA, MIF),7,26-28 have been the preferred choices 
for the over-coating layers of metal oxide ETLs. Yet, cyclo[60]fuller-
enes with a 5-membered-carbon-ring, namely indano[60]fullerenes, 

have never been demonstrated to date.29-34 This is because the exist-
ing synthetic methods exhibit low yields and a limited substrate 
scope of fullerene derivatives. 

 



 

Figure 1. Concept of this work. The newly generated LUMO has 
unique reactivity, enabling the production of cylclo[60]fullerenes 
with 5-membered-carbon-ring. 

 
In this work, we report a cyclo[60]fullerene synthesis mediated 

by fullerene-cation intermediates, which accesses cyclo[60]fuller-
enes with a 5-membered-carbon-ring in scalable yields. The fuller-
ene-cation-mediated reactions can render more facile and controlled 
derivatization of fullerenes than conventional fullerene-anion-medi-
ated or fullerene-radical-mediated reactions (Figure 1).35-37 This is 
because the fullerene-cation-mediated reaction harnesses in situ-
generated fullerene cations, which are highly reactive due to excep-
tionally low energy level of the newly formed lowest unoccupied mo-
lecular orbitals (LUMOs).38 Such high reactivity of the intermedi-
ates leads to high selectivity, thus a scalable yield with an excellent 
functional group tolerance. Accordingly, this fullerene-cation-medi-
ated methodology enabled the production of rare fullerenes, in-
dano[60]fullerene derivatives in this work. The synthesis of in-
dano[60]fullerenes showed high yields as expected (the highest ca. 
93%). The mechanism of this new synthetic route was investigated 
and discussed as well. Moreover, we explored the device application 
of indano[60]fullerenes in perovskite solar cells as 3- or 6-mem-
bered-carbon-rings18-20,26-28,39-41 and 5-membered-heteroatom-
rings14-19,42-44 have been widely used in devices. We found that the hy-
drophobicity,45-47 solubility, reorganization energy of fullerene,48-51 
and the ability to passivate the perovskite interface52-53 were crucial 
in obtaining high power conversion efficiency (PCE). Among differ-
ent fullerene derivatives synthesized in this work, indano[60]fuller-
ene (5a) gave a PCE of 20.7% when used as the over-coating layer in 
perovskite solar cells. The obtained PCE was higher than 19.0% and 
16.5% of the reference devices in which C60 and PC61BM were used, 
respectively. Not only was it, the efficiency of 20.7% stands the high-
est among the reported fullerene over-coating ETL-based 
NH3CH3PbI3(MAPbI3)-used perovskite solar cells.  

 
n EXPERIMENTAL SECTION  

Materials.  
Unless otherwise noted, all materials including dry solvents were 

obtained from commercial suppliers (Adamas-beta, TCI) and used 
without further purification. C60 and PC61BM were purchased from 
American dye Inc. PbI2 (99.9985%) and methylammonium iodide 
(MAI) was purchased from Sigma-Aldrich Inc. Anhydrous N,N-di-
methylformamide (DMF), dimethyl sulfoxide (DMSO), ortho-di-
chlorobenzene (o-DCB), and chlorobenzene (CB) were purchased 
from Alfa Aesar. Spiro-MeOTAD was purchased from Lumines-
cence Technology Corp. (Lumtec). 

SnO2 precursor solution preparation. 27.1 mg 
SnCl2∙2H2O (Aldrich, >99.995%) white powder was dissolved 
in 4.0 mL of anhydrous ethanol (TCI), which was filtered by 
0.22 μm syringe filter before using. 

Fullerene solution preparation. 5.0 mg of fullerene, or 
FIFs was dissolved in 1.0 mL anhydrous o-DCB and then fil-
tered by 0.22 μm syringe filter before using. 

MAPbI3 precursor solution preparation. 355 mg of PbI2, 
122 mg of CH3NH3I, and 54.7 μL of DMSO (molar ratio 1:1:1) 
were mixed in 490.5 μL of DMF solution at room temperature 
with stirring for 1 h. The solution was filtered through a 0.45 μm 
polytetrafluoroethylene filter prior to use. 

Spiro-MeOTAD solution preparation. A solution was pre-
pared by mixing 85.8 mg Spiro-MeOTAD, 19.3 μL of a stock 

solution of 520 mg mL-1 lithium bis(trifluoromethylsulphonyl)-im-
ide in anhydrous acetonitrile, and 33.8 μL of 4-tert-butylpyridine in 
1.0 mL anhydrous chlorobenzene. 

Synthesis of 5-membered-carbon ring fullerenes. Unless 
otherwise noted, all reactions were performed with dry solvents un-
der an atmosphere of argon in flame-dried glassware with standard 
vacuum-line techniques. 

Synthesis of aryl bromides (1a–g).54-57 MeOH (20.0 mL) was 
slowly added to sodium (517.5 mg, 22.5 mmol) at 0oC. After Na 
completely reacted with MeOH, different functionalized benzyl bro-
mide (15 mmol) was added into the resulting solution at room tem-
perature for 5 hours. Then, the resulting suspension was quenched 
by 10 mL H2O and extracted with CH2Cl2 (10×3 mL). Combined 
organic layers were dried by MgSO4, and the solvent was removed 
under the reduced pressure to give a crude product. The further sep-
aration was carried on a silica gel column with n-hexane/ethyl ace-
tate (10/1, v/v) as eluent, producing 1a–g as a colorless oil. 

Synthesis of Grignard reagents (2a–g). An anhydrous 
tetrahydrofuran (THF) (10.0 mL) solution of aryl bromides 
1a–g (10 mmol) was slowly dropped into polished Mg powder 
(360.0 mg, 15 mmol) in a trace amount of I2 as initiator under 
an argon atmosphere at 0 oC. After vigorously stirred 1 hour, the 
prepared Grignard solution (2a–g) was transferred by Schlenk 
operation and stocked in a Schlenk bottle. The concentration 
was confirmed before using through anhydrous titration by us-
ing menthol as titrant with a trace amount of 1,10-phenanthro-
line as indicator under an argon atmosphere. 

Synthesis of arylhydro[60]fullerenes (ArC60H, 3a–g). 
C60 (300.0 mg, 0.417 mmol) was dissolved in anhydrous o-di-
chlorobenzene (o-DCB) (50.0 mL) containing 1,3-dimethyl-2-
imidazolidinone (DMI) (1.4 mL, 12.5 mmol) as co-solvent. 
Then, previous synthesized Grignard reagent (2a–g) was 
added into the solution at 25 oC under an argon atmosphere. 
After stirring for 15 min, CH3COOH (0.1 mL, 1.75 mmol) was 
added to quench the reaction and then the solvent was evapo-
rated in vacuo. The residue was dissolved in CS2 and purified 
through a silica gel column via CS2/CH2Cl2 as the eluent to af-
ford product 3a–g. 

Synthesis of aryl[60]fullerenyl dimers (ArC60–C60Ar, 
4a–g). Above synthesized monoadducts (3a–g) (0.048 mmol) 
was dissolved in 5.0 mL anhydrous o-DCB solution. Then, a so-
lution of t-BuOK (58 μL, 0.058 mmol, 1M) in THF was added 
and vigorously stirred at room temperature under an argon at-
mosphere for 15 min. Subsequently, N-bromosuccinimide 
(NBS) (34.2 mg, 0.192 mmol) was added. The reaction mix-
ture was vigorously stirred for 12 hours at room temperature 
under the argon atmosphere. Then the resulting brownish sus-
pension was quenched by 1.0 mL H2O and an excess amount of 
MeOH was added to precipitate the crude product. Finally, ti-
tled dimers (4a–g) were collected as a residue by filtration 
without necessities of further purifications. 

Synthesis of titled FIFs (5a–g). 0.030 mmol of dimers 
(4a–g) was dissolved in 10.0 mL of anhydrous o-DCB solution 
in the presence of CuBr2 (26.8 mg, 0.120 mmol) as oxidant. Af-
ter being vigorously stirred at 100 oC for 3 h, the resulting mix-
ture was directly filtered through a silica gel plug to remove in-
soluble salt and then evaporated in vacuo to remove the solvent. 
Next, the residue was further separated on a silica gel column 
with CS2 as eluent to afford products 5a–g. 



 

Molecular characterization. All NMR spectra were taken at 
400 MHz (Bruker AVANCE III 400 spectrometer), 500 MHz 
(Bruker AVANCE III 500 spectrometer) or 600 MHz (Bruker 
AVANCE III 600 spectrometer). Unless otherwise specified, all the 
NMR spectra were recorded in parts per million (ppm, scale) with 
the proton of CDCl3 (7.260 ppm) or the proton of 1,1,2,2-tetrachlo-
roethane-d2 (TCE-d2) (6.000 ppm) for 1H NMR and carbon of 
CDCl3 (77.16 ppm) or carbon of TCE-d2 (73.78 ppm) for 13C NMR 
as internal reference, respectively. The data were presented as fol-
lowing order: chemical shift, multiplicity (s = singlet, d = doublet, t 
= triplet, hept = heptet, m = multiplet and/or multiplet resonances), 
coupling constant in hertz (Hz), and signal area integration in natu-
ral numbers, assignment (italic). High-resolution mass spectra 
(HRMS) were obtained by MALDI using a time-of-flight mass ana-
lyzer on a Bruker Ultra exTOF/TOF spectrometer. Potentials in V 
vs a ferrocene/ferrocenium (Fc/Fc+) couple were recorded by cyclic 
voltammetry in an o-DCB solution containing Bu4N+CF3SO2N– (0.1 
M) as supporting electrolyte at 25 oC with a scan rate of 0.05 V/s. 
Platinum disk, platinum wire, and Ag/Ag+ electrodes were used as 
the working, counter, and reference electrodes, respectively. The va-
lence band and Fermi levels measurements were performed using 
Riken Keiki PYS-A AC-2 and Kelvin probe spectroscopy in the air 
(ESA), respectively 

Device fabrication. Indium-doped tin oxide (ITO) patterned 
glass substrates were cleaned and sonicated with detergent, distilled 
water, acetone and isopropanol in an ultrasonic bath for 15 min, re-
spectively. Next, the cleaned ITO substrates were treated with 
UV/O3 for 15 min. Subsequently, 25 μL of SnO2 precursor solution 
was spin-coated on the cleaned ITO substrate at 3000 rpm for 30 s, 
which was annealed at 150 oC for 45 min. After cooling down to 
room temperature, the spin-coating process was repeated one more 
time followed by annealing at 180 oC for 1 h. Then, the SnO2 coated 
ITO glass was further treated with UV/O3 for 15 min before spin-
coating of fullerene solution. 25 μL of fullerene solution was spin-
coated on the top of the SnO2 layer at 4000 rpm for 30 s. Next, 25 μL 
of perovskite precursor solution was spin-coated on the fullerene 
layer at 4000 rpm for 30 s, with slowly dropping 0.5 mL of anhydrous 
diethyl ether onto the substrate 10 s after the start of the spin-coating 
process, followed up with annealing at 100oC for 10 min. The hole 
transporting layer was spin-coated from the 20 μL of Spiro-Me-
OTAD solution at 4000 rpm for 20 s. Finally, a 70-nm-thick of Au 
anode was fabricated by thermal deposition at a constant evapora-
tion rate of 0.05 nm s-1 under pressure of 10-6 Torr. 

Photovoltaic characterization and measurement. The cur-
rent density vs voltage (J–V) characteristics were measured using a 
software-controlled source meter (Keithley 2400 SourceMeter) un-
der dark conditions and the simulated sunlight irradiation of 1 sun 
(AM 1.5G; 100 mW cm-2) using a solar simulator (EMS-35AAA, 
Ushio Spax Inc.) with an Ushio Xe short arc lamp 500. The source 
meter was calibrated using a silicon diode (BS-520BK, Bunkokeiki). 
When evaluating, devices were masked with a black aperture to set 
the active area of the device to 0.1 cm2. Shimadzu IRAffinity-1s was 
used for the Fourier transform infrared spectroscopy (FT-IR) meas-
urement. External quantum efficiency (EQE) spectra were meas-
ured using machine spectrometer with a wavelength ranging from 
300 nm to 850 nm. Steady-state PL spectra were measured using a 
photoluminescence (PL) spectrometer (JASCO Spectrofluorome-
ter FP-8300) with Xenon as the excitation source (excitation at 560 
nm). The detected emission wavelength of the steady-state PL was 
from 675 nm to 875 nm. The water contact angle measurements 
were performed using a contact angle meter (DMo-501, Kyowa 

Interface Science Co., Ltd.). Scanning electron microscopy (SEM) 
measurements were carried out on an S-4800 scanning electron mi-
croscopy (Hitachi). 

Space-charge-limited current (SCLC) measurement. The 
structure of the ETL-only device was ITO/Fullerenes(30 
nm)/Al(80 nm). The mobility was determined by fitting the dark 
current to a model of a single-carrier SCLC, which is described by 
the equation, JSCLC = 9𝜀"𝜀#𝜇𝑉&/8𝐿*, where JSCLC is the current den-
sity, μ is the mobility, ε0 is the permittivity of free space, εr is the rela-
tive permittivity of the material, L is the thickness of the fullerenes 
layer, and V is the effective voltage. The thicknesses of the fullerene 
layer were measured using cross-sectional SEM images. Over-coat-
ing fullerene on SnO2 ETL layers failed to give mobility data that can 
differentiate between the samples, due to the low thickness of the 
over-coating fullerene layers. Therefore, we measured a single layer 
of fullerene by using CS2 (25 mg mL-1) as the solvent. The experi-
mental dark current density was measured under an applied voltage 
swept from 0 to –5 V. 

Trap density and trap-filling limit voltage measurement.58-61 
Trap density (nt) and trap-filling limit voltage (VTFL) were measured 
based on SCLC using charge carrier only devices with a structure of 
ITO/SnO2(30 nm)/Fullerenes(5 nm)/MAPbI3(400 
nm)/PC61BM(30 nm)/Au(60 nm). The nt and VTFL values are cal-
culated from the equation, VTFL = 𝑛,𝑒𝑑&/2𝜀"𝜀#, where e is electric 
charge (1.602×10-19 V/m), d is thickness of the active layer, 𝜀"  is 
the vacuum permittivity (8.85×10-14 F/cm) and 𝜀#  is the relative di-
electric constant taken as 46.9.59 The experimental dark current den-
sity was measured under an applied voltage swept from 0 to –5 V. 

 
n RESULTS AND DISCCUSION  

Arylhydro[60]fullerenes (ArC60H, 3a–g), the precursor of 
aryl[60]fullerenyl dimers, were prepared by nucleophilic addition of 
functionalized Grignard reagents (2a–g) in isolated yields up to 95% 
(Table S1).62 It is worth noting that 1,3-dimethyl-2-imidazoli-
dinone (DMI) was introduced as co-solvent instead of dimethyl sul-
foxide (DMSO) or N,N-dimethylformamide (DMF) to obtain ar-
ylhydro[60]fullerenes in high selectivity. DMI has a planar configu-
ration unlike DMSO or DMF, which means that DMI can form 
more stable coordination to the Mg2+, prohibiting a multi-addition. 
Next, the key precursors, aryl[60]fullerenyl dimers (ArC60–C60Ar, 
4a–g) were synthesized using N-bromosuccinimide (NBS) in a high 
stoichiometric yield. Such high yield comes from the fact that NBS 
functions as an oxidant in the single-electron oxidation of arylfull-
erenyl anions (ArC60

–), which is produced by the deprotonation of 
C60ArH in the presence of tBuOK (Table S2). Therefore, ArC60–
C60Ar did not require a laborious further purification, for example, 
chromatography. Then, the reaction conditions were optimized to 
heating aryl[60]fullerenyl dimer (4a) at 100 oC in the presence of 
4.0 equiv. CuBr2 under an ambient atmosphere for 3.0 hours (Table 
S3). The optimized condition produced indano[60]fullerene (5a) 
with a yield of 93% (Table 1, Entry 1). Another fullerene derivative, 
methyl substituted indano[60]fullerene (5b) was synthesized and 
isolated in a yield of 90% (Table 1, Entry 2). To investigate the elec-
tronegativity influence of the substituents on fullerenes, electron-do-
nating methoxyl- and electron-withdrawing fluoro moiety-attached 
fullerene derivatives were synthesized. The corresponding deriva-
tives 5c and 5d gave yields of 86% and 73%, respectively (Table 1, 
Entry 3 and 4). Although fullerenes with electron-donating groups, 
in general, give good yields, the yield of 5c was lower than that of the 
non-substituted substrate, 5a. This can be attributed to the poor 



 

solubility of methoxy-substituted fullerene derivatives.63-64 In addi-
tion, fullerene derivatives with long carbon chains as the R2 func-
tional group were synthesized, because long carbon chains on fuller-
enes are known to enhance the solubility.65-67 Hexyl substituted de-
rivative (5e) and 2-ethylhexyl substituted derivative (5f) were pro-
duced in yields of 56% and 41%, respectively (Table 1, Entry 5 and 
6). Expectedly, 5e and 5f possessed high solubility that they could 
be dissolved in o-DCB with saturated concentrations of 22.8 mg mL-

1 and 28.6 mg mL-1
 at 25 oC, respectively. Notably, the fullerene-cat-

ion-mediated cyclo[60]fullerene synthetic protocol can be extended 
to produce 6-membered ring derivatives. The 6-membered ring full-
erene derivative (5g) was synthesized for comparison and its yield 
was 89% (Table 1, Entry 7). It should be highlighted that this full-
erene-cation-mediated cyclo[60]fullerene showed a total yield of up 
to 87%, which is a scalable yield. 
 
Table 1. Fullerene-cation-mediated intramolecular cyclization with 
versatile substratesa 

 
a Unless otherwise specified, all reactions were performed with 0.03 
mmol of 4a–g and 0.12 mmol of CuBr2 in 5.0 mL of ortho-dichloro-
benzene (o-DCB) solution at 100 oC for 3.0 h under an ambient at-
mosphere. b Isolated yield. 

 
Additional experiments provide an insight into the reaction 

mechanism. Two control experiments were conducted to explore 

the possibility of intramolecular cyclization through a radical path-
way or cationic mechanism. When aryl[60]fullerenyl dimer 4a was 
heated to 100 °C in the absence of CuBr2, the reaction produced in-
soluble fullerene aggregations instead of the target molecule 5a 
(Figure S1b). Similarly, when the reaction was conducted in the 
presence of CuBr2 and 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO), the latter of which is a radical scavenger, there was no 
trace of 5a (Figure S1c). These additional experiments conclusively 
demonstrate that the fullerene-cation-intermediate is generated by 
the oxidation of fullerenyl radical in the presence of Cu[II]. There-
fore, a plausible mechanism is proposed like the following (Scheme 
1): First, the radical intermediate I is generated through thermolysis 
upon heating aryl[60]fullerenyl dimers 4. Then, the radical interme-
diate I is further oxidized by Cu[II] to form the key aryl[60]full-
erenyl cation II. Finally, II undergoes an intramolecular cyclization 
triggered by the bromide with loss of one proton, producing the tar-
get molecule cyclo[60]fullerenes 5. 

 

 
Scheme 1. Plausible reaction mechanism of the fullerene-cation-
mediated intramolecular cyclization reaction. 

 
Subsequently, we investigated the applicability of the in-

dano[60]fullerenes to perovskite solar cells. Energy levels are im-
portant for the ETL application in photovoltaics.68-70 Therefore, we 
conducted the cyclic voltammograms (CVs) and photoelectron 
yield spectroscopy (PYS) along with the Kelvin probe measurement 
on the cyclo[60]fullerene derivatives, 5a–g, to evaluate the LUMO 
levels, the highest occupied molecular orbital (HOMO) levels, and 
the Fermi levels, respectively. The CV data show that all the deriva-
tives possess slightly higher LUMO levels to C60, which is a com-
monly used ETL for perovskite solar cells (Figure S2). It should be 
mentioned that 5g, which has a 6-membered ring, manifested an ir-
reversible peak at its third reductive wave, which clearly demon-
strates poor electrochemical stability compared with the other full-
erene derivatives containing a 5-membered ring. Density functional 
theory (DFT) also predicts that the LUMOs of the selected fuller-
ene derivatives have similar energies (Figure S3 and S4; Table S4). 
The PYS and the Kelvin probe data in Table S4 show that all the 
fullerene derivatives have comparable HOMO levels and Fermi lev-
els that they are energetically compatible as the ETL. 

 
 
 
 
 

 
 
 

Table 2. Photovoltaic parameters of the normal-type perovskite solar cells using fullerenes as the over-coating layer of ETL under 1 sun (AM 
1.5 G, 100 mW cm-2). Average values with standard deviation are obtained from 20 devices in the same batch and the statistical analyses pro-
vided in Figure S12. 

Entry Fullerenes JSC (mA cm-2) VOC (V) FF RS (Ω cm2) RSH (Ω cm2) PCEbest PCEaverage Hysteresis 
Index71 



 

1 – 22.8 ±0.2 1.070 ±0.004 0.73 ±0.01 48.2 1.46x105 18.6% 18.1 ±0.5% 0.073 
2 C60 23.2 ±0.3 1.070 ±0.005 0.75 ±0.02 34.2 7.58x105 19.0% 18.6 ±0.4% 0.056 
3 PC61BM 23.5 ±0.3 1.040 ±0.005 0.65 ±0.01 44.1 5.21x105 16.5% 16.1 ±0.3% 0.132 
4 5a 23.7 ±0.2 1.089 ±0.003 0.78 ±0.01 29.7 8.03x105 20.7% 20.5 ±0.2% 0.038 
5 5b 22.3 ±0.3 1.064 ±0.003 0.75 ±0.01 46.9 1.09x105 18.5% 18.0 ±0.5% 0.115 
6 5d 22.8 ±0.2 1.070 ±0.004 0.71 ±0.01 52.8 8.62x104 18.6% 18.1 ±0.5% 0.114 
7 5e 23.2 ±0.3 1.074 ±0.005 0.74 ±0.01 32.8 1.38x105 18.7% 18.5 ±0.2% 0.065 
8 5f 23.6 ±0.2 1.070 ±0.004 0.73 ±0.02 30.9 3.35x105 18.8% 18.4 ±0.4% 0.067 
9 5g 23.0 ±0.2 1.058 ±0.004 0.71 ±0.02 53.2 2.65x105 17.6% 17.2 ±0.4% 0.107 
 
We fabricated normal-type perovskite solar cells, in which the 

fullerenes over-coat SnO2 (Figure 2a, S5, S6, and S7; Table S5). 
Perovskite solar cells with 5a as the over-coating layer showed the 
highest PCE of 20.7% with a short-circuit current density (JSC) of 
23.8 mA cm-2, an open-circuit voltage (VOC) of 1.09 V, and a fill fac-
tor (FF) of 0.79 (Figure 2b; Table 2: Entry 4). The PCE was sig-
nificantly higher than those of the reference devices without fuller-
ene (18.6%), with C60 (19.0%), and PC61BM (16.5%) (Figure 2b; 
Table 2: Entry 1, 2, and 3). Such higher performance can be at-
tributed to the higher LUMO level of 5a (58-π system) compared 
with C60 (60-π system) (Figure S2) and a passivation effect of the 
ether addend (Figure 2c and S8). In addition, the photolumines-
cence (PL) measurement showed a greater PL quenching of 
MAPbI3 on a 5a film than that on a C60 film (Figure S9). Moreover, 
the PL peak of MAPbI3 on the 5a film was more blue-shifted than 
that on the C60 film, indicating more reduced trap states at the inter-
face between the 5a film and MAPbI3.50 Furthermore, the space-
charge limited current (SCLC) measurement was carried out to 
compare 5a and C60 films, respectively (Figure S10 and Table S6). 
The 5a film possessed a similar electron mobility (4.06×10-6 cm2 Vs-

1) compared with C60 (7.25×10-6 cm2 Vs-1). Additional SCLC exper-
iments using charge only devices were carried out to compare the 
trap density (nt) and trap-filling limit voltage (VTFL) of the 5a- and 
C60- applied devices, respectively (Figure S11 and Table S7). The 
5a- applied device showed lower VTFL (0.31 V) and nt (1.00×1016 cm-

3) compared with VTFL (0.47 V) and nt (1.52×1016 cm-3) of the C60- 
applied device. Accordingly, the higher FF of the 5a-based devices is 
not from the electron mobility, rather from the mentioned reduced 
surface trap-sites and the higher LUMO level of 5a. The effective 
passivation meant that the perovskite crystal grain size was affected 
by this. The average grain size of perovskite film on the SnO2/5a is 
larger than that of the bare SnO2 according to the SEM images 
shown in Figure S12. It can be deduced that the passivation effect 
of 5a retarded the crystal growth, which is also reflected by the 
higher JSC value of the 5a-based devices compared with the refer-
ence.70 To ascertain this, X-ray diffraction (XRD) spectroscopy was 
conducted (Figure S13 and Table S8). The tetragonal phase of per-
ovskite films was depicted with a dominant peak (110) at 14.0o. The 
full-width at half-maximum (FWHM) of the (110) peaks was calcu-
lated through the Debye-Scherrer equation to estimate the crystal 
grain size.72 The bare SnO2/MAPbI3 film, the SnO2/C60/MAPbI3 
film, and the SnO2/5a/MAPbI3 film showed (110) peaks with 
FWHM values of 0.467, 0.463, and 0.419, respectively, indicating 
that the crystal grain size of the SnO2/5a/MAPbI3 films is the largest. 
Moreover, the intensity ratio of the (110) peak to the (220) peak 
demonstrates the growth of the (110)-oriented grains, which indi-
cates the favorable hole injection from the perovskite to hole-trans-
porting layer.73-75 The perovskite film on a SnO2/5a film presented 
the greatest ratio of 1.78 compared with 1.63 and 1.67 of the perov-
skite films on SnO2 and SnO2/C60, respectively.  

However, not all the cyclo[60]fullerene derivatives gave good 
performance. Spin-coating 5b on SnO2 resulted in poor film 

coverage (Figure S14 and S15; Table 2: Entry 5). Poor coverage 
led to the formation of pinholes in the ETL as evidenced by low VOC 
and larger hysteresis of the J-V curves (Figure S6).76 Besides, de-
spite 5b having a similar structure to 5a, it possessed a lower reor-
ganization energy, l, which accounts for the low performance due to 
a decreased charge separation rate (Table S9). In the case of 5c, the 
fullerene could not be coated at all, due to the intrinsic low solubility 
as mentioned above. The 5d film had a problem of being too hydro-
phobic, because of the attached F atom. As a result, perovskite films 
could not be coated uniformly on the fullerene layer (Figure S6 and 
S15; Table 2, Entry 6). Although 5e- and 5f-used devices exhibited 
high JSC and VOC, their FF values were also not as high as that of the 
5a-used devices. This is because the ether group on 5e and 5f could 
not passivate the perovskite interface due probably to the steric ef-
fect of the long alkyl chains (Figure 2e and 2f; Table 2: Entry 7 and 
10). Additionally, the reorganization energy of 5f was lower than 
that of 5a (Figure S16 and Table S9). 5g has a 6-membered-car-
bon-ring as opposed to the 5-membered-carbon-rings of other full-
erene derivatives tested in this work. The device performance of the 
5g-based perovskite solar cells was not as high as the other fullerene-
based perovskite solar cells (Figure S7 and S16; Table 2: Entry 9). 
We ascribe this to the hydrophobicity and subsequent poor coverage 
of MAPbI3 (Figure S14 and S15), less favorable effective driving 
force and reorganization energy of 5g (Table S9). Further, the CV 
of 5g showed an irreversible peak at its third redox potential, which 
suggests a possible cleavage of the 6-membered ring on 5g under an 
operating condition. This points to the fact that cyclo[60]fullerenes 
with a 6-membered-ring are not feasible for the solar cell application, 
which is probably why there has not been a report on device applica-
tion of cyclo[60]fullerenes with a 6-membered-ring. It is important 
to emphasize that the best PCE of 20.7% obtained from the 5a-based 
perovskite solar cells is highly reproducible (Figure S17) and stands 
by far the highest among the reported fullerene over-coating ETL-
based MAPbI3-used perovskite solar cells (Figure S18 and Table 
S10).14-20,24,25,77-87 



 

 
Figure 2. (a) Illustration of normal-type perovskite solar cells struc-
ture used in this work with fullerenes as over-coating layers. Cross-
sectional SEM observations provided in Figure S7. (b) J–V curves 
of selected examples: reference (black line), PC61BM (blue line), 5a 
(red line). Reflective Fourier transform infrared (FTIR) spectra of 
cyclo[60]fullerenes 5a (red line) for (c) ν(C–H) and (d) ν(C–O), 5f 
(blue line) for (e) ν(C–H) and (f) ν(C–O) with and without the presence 
of PbI2. 
 
n CONCLUSIONS  

In summary, we report a new synthetic strategy of cyclo[60]full-
erenes using fullerene cation intermediates, which give by far greater 
yields than the conventional approach. We revealed the mechanism 
of how the in situ aryl[60]fullerene cations function as intermediates 
that enhance the selectivity of the reaction and enables a broad sub-
strate scope. Using the new synthetic method, various designs of cy-
clo[60]fullerenes with a 5-membered-ring were synthesized. Their 
device application as the ETL over-coating layer in perovskite solar 
cells was demonstrated as well, which resulted in the extremely high 
PCE compared with the values reported in the literatures. We con-
clude that the design of fullerene derivatives with the balance of the 
solubility, high reorganization energy, and ability to passivate the ac-
tive layer interface is equally as important as the conventional ap-
proaches of tuning the LUMO levels for the ETL application in per-
ovskite solar cells. We believe that this communication will provide 
a better understanding of the fullerene cation chemistry as well as the 
fullerene design for device applications. 
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