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ABSTRACT: High efficiency perovskite solar cells has underpinned the rapid growth of the field. However, their low device stability limits 
further advancement. Hygroscopic lithium bis(trifluoromethanesulfonyl)imide (Li+TFSI−) and metal electrode are the main causes of the de-
vice instability. In this work, the redox reaction between lithium-ion endohedral fullerenes and 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyla-
mine)-9,9′-spirobi-fluorene (spiro-MeOTAD) was controlled to optimize the amount of oxidized spiro-MeOTAD and antioxidizing neutral 
endohedral fullerenes. Application of this mixture to metal-free carbon nanotube (CNT)-laminated perovskite solar cells resulted in 17.2% 
efficiency with a stability time of more than 1100 hours under severe condition (temperature = 60ºC, humidity = 70%). Such high performance 
is attributed to the uninhibited charge flow, no metal-ion migration, and the enhanced anti-oxidizing activity of the devices.

Perovskite solar cells (PSCs) have become an established photo-
voltaic technology owing to the exceptional power conversion effi-
ciency (PCE).1 Despite high PCE, the device stability needs to be 
substantially improved if PSCs are to be commercialized.2 There are 
two factors responsible for the low stability of PSCs: Li+TFSI− and 
metal electrodes. Use of hygroscopic Li+TFSI− in spiro-MeOTAD 
hole-transporting layer (HTL) results in an uncontrolled oxidation 
of spiro-MeOTAD as well as moisture-driven degradation.3 In the 

same vein, metal electrodes induce a metal ion-migration, which de-
grades the perovskite material, lowering the device stability.4 

We previously reported the use of lithium-ion containing 
[60]fullerene trifluoromethanesulfonylimide salt 
([Li+@C60]TFSI−) instead of Li+TFSI− in PSCs.5 [Li+@C60]TFSI− 
induced an instant oxidation of spiro-MeOTAD and produced neu-
tral [Li+@C60]•− (= Li@C60), which functioned as an antioxidant, 



 

protecting the device from intruding oxygen. With the instant gen-
eration of spiro-MeOTAD•+TFSI− and the anti-oxidation activity of 
Li+@C60

•−, the stability of PSCs improved by 10-fold. However, the 
reported PCEs were relatively low due to the small amount of spiro-
MeOTAD•+TFSI− and rough morphology of HTLs, caused by the 
low solubility of the endohedral fullerene species.6 The uncontrolled 
redox reaction between [Li+@C60]TFSI− and spiro-MeOTAD was 
the root of these problems. 

Replacing metal electrodes by carbon conductors has been re-
ported to be one of the most effective ways to improve the PSC sta-
bility.7 This is because the carbon electrodes prevent metal-ion mi-
gration and induce an encapsulation effect.8 Among different carbon 
conductors, aerosol-synthesized free-standing CNTs have shown 
the highest PCE of 17.6%.8,9 

Combining those two technologies and controlling the redox re-
action of [Li+@C60]TFSI− offer an outstanding synergic solution to 
the instability and low efficiency of PSCs. Because HTLs are typi-
cally spin-coated onto the CNT network in CNT-laminated PSCs,10 
the CNT electrode functioned as a filter when the mixture of spiro-
MeOTAD and [Li+@C60]TFSI− was applied, causing the undis-
solved [Li+@C60]TFSI− and Li@C60 suspensions to stay on top of 
CNTs. This led to a more effective hole extraction by avoiding 
[Li+@C60]TFSI− aggregations in the charge pathways and an en-
hanced anti-oxidation activity by exposing Li@C60 antioxidants to 
air. This meant that the reaction time control of the spiro-MeOTAD 
and [Li+@C60]TFSI− solution before the application to the CNT 
electrode was crucial. We found that a continuous stirring of the so-
lution led to an increase in the spiro-MeOTAD•+TFSI− amount but 
a decrease in the Li@C60 amount. 2 h of stirring time of the mixture 
gave the best PCE and device stability, as it produced the optimal 
amount of spiro-MeOTAD•+TFSI− and Li@C60, which correspond 
to an initial PCE and anti-oxidation capability, respectively. A PCE 
of 17.2% and an operating stability time of 1100 hours under con-
stant illumination in a sever condition (60ºC, humidity = 70%) were 
obtained. 

Previously reported endohedral metallofullerene application in 
PSCs was novel yet presented the limited PCE (Figure 1A).5a This 

is because the low solubility of [Li+@C60]TFSI− 
and Li@C60 led to the formation of aggregations 
in HTLs. The solubility of [Li+@C60]TFSI− in 
chlorobenzene (CB) is reported to be 5.2 mg ml-1 
and 27.5 mg of [Li+@C60]TFSI− was dissolved in 
1 mL of CB (Figure S1).6a As the separated holes 
travel through the HTL to the metal electrode, the 
charge flow was disrupted, resulting in substan-
tially low open-circuit voltage (VOC) and fill factor 
(FF) of the [Li+@C60]TFSI−-based PSCs (Table 
S1). Application of the spiro-MeOTAD and 
[Li+@C60]TFSI− mixture to the CNT-laminated 
PSCs filtered out the undissolved 
[Li+@C60]TFSI− and Li@C60 aggregations (Fig-
ure 1B). Because the separated holes get ex-
tracted by CNTs before reaching the aggregations, 
the CNT-laminated PSC system can give high 
PCE even at the expense of a PCE loss from the 
low conductivity of the CNT electrodes.9 It was 
reported that the oxidation of spiro-MeOTAD 
proceeds according to equation (1) and the anti-
oxidation activity follows equation (2) (Figure 
1C, Figure S2-S6).5a 

 

𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷	 + [𝐿𝑖+@𝐶23]𝑇𝐹𝑆𝐼− 
																⇌ 𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷∙+𝑇𝐹𝑆𝐼	; + 	[𝐿𝑖+@𝐶23]∙;      (1) 

 

[𝐿𝑖+@𝐶23]∙; + 𝑂<	𝑜𝑟	𝑂<	
∙; ⟶ 	𝐿𝑖+@𝐶23𝑂>𝑂;	𝑒𝑡𝑐.           (2) 

 
We found that the reaction time between spiro-MeOTAD and 

[Li+@C60]TFSI− is crucial, because not all [Li+@C60]TFSI− dissolves 
in CB. This means that the equilibrium of reaction (1) will depend 
on the concentration of the reactant [Li+@C60]TFSI− and the prod-
uct Li@C60. Since the solubility of Li@C60 (<0.1 mg mL-1 in CB, 
newly found in this work) is even lower than that of [Li+@C60]TFSI−, 
the reaction equilibrium will constantly shift to the right, producing 
spiro-MeOTAD•+TFSI− and Li@C60 (3) (Figure S7).  

 

𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷	 +	[𝐿𝑖+@𝐶23]𝑇𝐹𝑆𝐼− ⇑ 
⇀ 𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷∙+𝑇𝐹𝑆𝐼	; +	[𝐿𝑖+@𝐶23]∙;                 (3) 
 
In theory, reaction (3) should cease when most of 

[Li+@C60]TFSI− is dissolved, and reverse the equilibrium like equa-
tion (4) (Figure S8). 

 

𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷∙+𝑇𝐹𝑆𝐼	; + 	[𝐿𝑖+@𝐶23]∙; 
       ⇀ 𝑠𝑝𝑖𝑟𝑜-𝑀𝑒𝑂𝑇𝐴𝐷	 +	[𝐿𝑖+@𝐶23]𝑇𝐹𝑆𝐼− ⇓ (4) 
 
Scanning electron microscopy (SEM), optical microscopy, and 

atomic force microscopy (AFM) were used to observe the CNT top 
electrodes when 0 h-, 2 h-, 5 h-, and 10 h-stirred mixture of spiro-
MeOTAD and [Li+@C60]TFSI− were applied to the CNTs (Figure 
2A – 2D, S9 and S10). Figure 2A shows that the CNT films are in-
tact with the Fe catalysts visible from the magnified inset when the 0 
h-stirred solution was applied. The 2 h-stirred solution applied CNT 
appears to be coated with a thick layer and the catalyst particles are 

Figure 1. A) Structure of the previously reported device with a metal electrode. B) Pro-
posed structure of this work in which CNTs are used as the top electrode. C) Reaction 
mechanism of spiro-MeOTAD where [Li+@C60]TFSI− is used instead of Li+TFSI−.        



 

invisible from the magnification (Figure 2B). The 5 h-stirred solu-
tion-applied CNT appears rough on the surface and the magnifica-
tion shows less pronounced CNT shapes with newly formed parti-
cles (Figure 2C). The 10 h-stirred solution-applied CNT films have 
large aggregations with a size of greater than 300 nm from the inset 
image (Figure 2D). This trend tells us that the reaction between 
spiro-MeOTAD and [Li+@C60]TFSI− leads to a cumulative for-
mation of aggregations over time. 

The reaction mixture of spiro-MeOTAD and [Li+@C60]TFSI− in 
three conditions over the reaction time was analyzed (Figure 2E). 
The three conditions were the whole solution (supersaturation), a 
filtered solution using a 0.2-μm-pore-filter to simulate the CNT (fil-
tered supernatant), and a dilution of the filtered-out residue (diluted 
precipitates). We used o-dichlorobenzene (ODCB) to dilute the res-
idue, because the filtered out aggregation did not dissolve in CB (the 
solubility of [Li+@C60]TFSI− in ODCB is reported to be 15 mg ml-

1)6a. Vis-NIR spectroscopy can identify the composition of the HTL 
solution, specifically, spiro-MeOTAD peak at 390 nm, spiro-Me-
OTAD•+TFSI− peak at 500 nm,11 and Li@C60 peaks at 800 nm12 and 
1035 nm5a,13. The absorption of the spiro-MeOTAD at 390 nm was 
too strong in all solutions, indicating that there is an excess amount 
of spiro-MeOTAD constantly present during the reaction (Figure 
2F–H). The Vis-NIR spectra of the supernatant solution show that 
the spiro-MeOTAD•+TFSI− concentration increases over time (3) 
(Figure 2F). Stirring for 10 h did not decrease the amount of spiro-

MeOTAD•+TFSI− which means that reaction (4) does occur. The 
humps at 800 nm indicate oxidized Li@C60 according to Campbell 
and colleagues.12a Yet, our calculation shows that it may also indicate 
spiro-MeOTAD•+TFSI− as well (Figure S11). This peak gets 
stronger and blueshifts with the increase in the stirring time, indicat-
ing that leaving the reaction for a long time may results in the for-
mation of unwanted Li@C60 species despite the air-tight condition 
of our test. In a separate experiment, leaving Li@C60 solution in air 
blue-shifted the hump at 800 nm, which confirms that Li@C60 is ox-
idized if the mixture is stirred for a long time (Figure S12). The an-
tioxidant Li@C60 peak at 1035 nm did not appear due probably to an 
insufficient amount of Li@C60 after the filtration. The supersatura-
tion showed almost no change in the spiro-MeOTAD•+TFSI− and 
the oxidized Li@C60 after 2 h (Figure 2G). The magnified peaks of 
Li@C60 at 1035 nm showed that the peaks increased in intensity 
from the 0 h-stirred solution to 2 h-stirred solution, then decreased 
for the 5 h- and 10 h-stirred solutions (Figure 2G inset). This al-
ludes that Li@C60 produced in reaction (3) turns into something 
else when left stirred for more than 2 h. From the diluted precipitates, 
we could see that the amounts of spiro-MeOTAD•+TFSI− were small 

and similar in all samples (Figure 2H). Whereas, the hump at 800 

Figure 3. Raman spectra of spiro-MeOTAD (black), 
[Li+@C60]TFSI− (red), and the mixture of spiro-MeOTAD and 
[Li+@C60]TFSI− (blue) in the low wavenumber region (left) and the 
high wavenumber region (right). 



 

nm increased with the stirring time, which indicates an increase in 
the amount of oxidized Li@C60. There was no neutral Li@C60 peak 
at 1035 nm, which we ascribe to the ODCB solvent.14 Additional ex-
periments using XPS (Figure S13 and S14), 19F nuclear magnetic 
resonance (NMR) (Figure S15), and dynamic light scattering meas-
urement (Figure S16) )corroborate the reaction mechanism as well, 
which are discussed in detail in the supporting information. 

Raman spectroscopy was used to identify the generated Li@C60 
species. Figure 3 shows the Raman spectra of spiro-MeOTAD 
(black), [Li+@C60]TFSI− (red),15 and the 5 h-stirred mixture of both 
(blue) in the low and high wavenumbers (Figure S17). The Ag(2) 
and Hg(8) modes of the [Li+@C60]TFSI− spectrum shifted to lower 
wavenumbers in the mixture. This confirms the reduction to Li@C60 
(indicated by green).16 The spiro-MeOTAD peaks still remain after 
the reaction (closed star). The positions of the Hg(1) and Ag(2) and 
the downshift of the Ag(1) indicate the formation of (Li@C60)2, aris-
ing from the reduced symmetry of the covalently bonded C60.12a The 
increasing intensity of the peak at 1419 cm-1 is typical of fullerene 
dimerization (Figure S18 and S19).17 The splitting of Hg(1) and 
Ag(1)18 indicates a possible polymerization of fullerene.19 The new 
peaks near the Hg (1) and Ag (1) (closed circles) probably come 
from the mixing of vibrational modes caused by symmetry perturba-
tion. This reveals that Li@C60 undergoes further reaction not only 
with oxygen (2) but with other Li@C60 to form dimers and polymers 
(5) (Figure S20). 

 

 𝑛[𝐿𝑖+@𝐶60]∙; ⟶ (𝐿𝑖@𝐶23)H       (5) 
 
PSCs were fabricated in a structural configuration of glass/in-

dium tin oxide (ITO)/SnO2/[(phenethylamine 
(PEA))2PbI4]1[(formamidinium (FA))0.97Cs0.03PbI3]59 (2D-3D 
FACsPbI3)/CNT, onto which the mixture of spiro-MeOTAD and 
[Li+@C60]TFSI− was applied (Figure 4A).9c,20 It is worth noting that 
4-tert-butylpyridine (t-BP) was necessary for PSCs to work and 
there was no reaction between [Li+@C60]TFSI− and t-BP (Table S2 
and Figure S21). The initial PCEs of the [Li+@C60]TFSI−-applied 
CNT-laminated PSCs showed that the photovoltaic performance 
increased with the increase in the stirring time of the HTL (Figure 
4B and S22, Table 1 and S3).  We surmise that the initial PCE is 
proportional to the amount of spiro-MeOTAD•+TFSI−. It should be 
mentioned that the reproducibility of the initial PCEs of PSCs 
were relatively low for the long hour-stirred HTL solutions. 
This is due to the reaction rate being dependent on the stirring 
condition, such as temperature and stirring speed. Continuous 

illumination on the PSCs in air improved the performance of the 
devices for a certain period of time then decreased slowly (Figure 
4C and S23).5a The maximum PCEs, the time taken before 

reaching the maximum PCE, and the PCE attenuation rates all de-
pended on the HTL reaction time (Figure S24). This is also sup-
ported by our oxygen transmittance rate (OTR), in which the 
change of OTR values follow the predicted degrees of antioxidation 
activity (Figure S25). The 2 h-stirred HTL-applied CNT-PSCs ex-
hibited the highest PCE of 17.2% with a slow PCE attenuation rate, 
which implies the optimal balance of spiro-MeOTAD•+TFSI− and 

Li@C60 (Figure 4D and S26, Table 1). By encapsulating the device 
at the right timing, the long-term stability time of more than 1100 h 
stability under constant illumination in a severe condition (60ºC, 
70% humidity) was recorded (Figure 4e and S27). The data reveals 
that the [Li+@C60]TFSI−-used CNT-laminated PSCs show by far 
greater device stability than those of the metal electrode-based PSCs 
(Table S4) and the Li+TFSI−-used CNT-laminated PSCs. 

In summary, we fabricated metal electrode-free CNT-PSCs with 
the mixture of spiro-MeOTAD and [Li+@C60]TFSI−. The CNT 
electrode functioned as a natural filter for the endohedral 
metallofullerene aggregations. This prevented the aggregations from 
interfering the charge flow, enhancing PCE of the PSCs greatly. It 
was found that the redox time control of spiro-MeOTAD and 
[Li+@C60]TFSI− was crucial in obtaining high PCE and high stability. 
We found that a continuous reaction generated Li@C60 aggregations, 
losing their antioxidation capacity. Thus, 2 h of reaction time was 
optimal which gave the maximum photovoltaic performance in 
terms of efficiency and stability. With the new reaction mechanism 

Dopant Reaction 
time 

JSC  
(mA cm-2) 

VOC 
(V) FF 

Initial 
PCE 
(%) 

PCE 
(%) 

Li+TFSI– N/A 23.0 1.08 0.68 0 16.9 

[Li+@C60] 
TFSI− 

0 h 16.4 0.86 0.68 6.8 9.51 
1 h 21.8 0.94 0.67 7.9 13.8 
2 h 23.1 1.09 0.67 9.3 17.2 
5 h 21.0 0.97 0.62 10.8 12.7 
10 h 21.9 1.05 0.52 11.9 12.1 

Figure 2. SEM images of [Li+@C60]TFSI−-based PSCs with magnifications as insets when the spiro-MeOTAD and [Li+@C60]TFSI− mix-
ture stirred for A) 0 h, B) 2 h, C) 5 h, and D) 10 h were applied. E) Illustration of supersaturation, filtered supernatant, and precipitates of 
the spiro-MeOTAD and [Li+@C60]TFSI− mixture. Vis-NIR absorption spectra of F) filtered supernatant with a picture of the solutions as 
an inset, G) supersaturation with 20 times magnification as an inset, and H) diluted precipitates of the mixture stirred for 0 h (black), 2 h 
(blue), 5 h (red), and 10 h (green). 

Figure 4. A) Illustration of the endohedral fullerene species on a 
CNT-laminated PSC when left in air. B) The initial PCEs and C) 
PCE changes of the [Li+@C60]TFSI−-applied CNT-PSCs. D) J−V 
curves of the champion 2 h-stirred HTL-applied CNT-PSC with 
pictures of the device as an inset. E) Normalized PCE of the en-
capsulated PSCs tested in this work with the picture of the encap-
sulated [Li+@C60]TFSI−-applied CNT-PSC.    

 

Table 1. Photovoltaic parameters of the CNT-laminated PSCs to 
which spiro-MeOTAD with different dopants were applied. 

 



 

found, this work demonstrates metal electrode-free PSCs with un-
precedently high stability, thanks to no ion-migration and the en-
hanced antioxidant activity of Li@C60. 
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