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ABSTRACT: Lead halide-based perovskite materials have been applied as an
intrinsic layer for next-generation photovoltaic devices. However, the stability and
performance reproducibility of perovskite solar cells (PSCs) needs to be further
improved to match that of silicon photovoltaic devices before they can be
commercialized. One of the major bottlenecks that hinders the improvement of
device stability/reproducibility is the additives in the hole-transport layer, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (tBP).
Despite the positive effects of these hole-transport layer additives, LiTESI is
hygroscopic and can adsorb moisture to accelerate the perovskite decomposition.
On the other hand, tBP, the only liquid component in PSCs, which evaporates e B
easily, is corrosive to perovskite materials. Since 2012, the empirical molar ratio S ae
6:1 tBP:LiTFSI has been wildly applied in PSCs without further concerns. In this FESSsEIC

study, the formation of tBP—LiTFSI complexes at various molar ratios has been e s
discovered and investigated thoroughly. These complexes in PSCs can alleviate the negative effects (decomposition and
corrosion) of individual components tBP and LiTFSI while maintaining their positive effects on perovskite materials.
Consequently, a minor change in tBP:LiTFSI ratio results in huge influences on the stability of perovskite. Due to the existence
of uncomplexed tBP in the 6:1 tBP:LiTFSI mixture, this empirical tBP—LiTFSI molar ratio has been demonstrated not as the
ideal ratio in PSCs. Instead, the 4:1 tBP:LiTFSI mixture, in which all components are complexed, shows all positive effects of
the hole-transport layer components with dramatically reduced negative effects. It minimizes the hygroscopicity of LiTESI,
while lowering the evaporation speed and corrosive effect of tBP. As a result, the PSCs fabricated with this tBP:LiTFSI ratio
have the highest average device efficiency and obviously decreased efficiency variation with enhanced device stability, which is
proposed as the golden ratio in PSCs. Our understanding of interactions between hole-transport layer additives and perovskite
on a molecular level shows the pathway to further improve the PSCs’ stability and performance reproducibility to make them a
step closer to large-scale manufacturing.

jole Transport Layer

B INTRODUCTION

In 2012, after Gritzel and Park et al. substituted the liquid
electrolyte for a solid-state hole-transport layer in perovskite-
sensitized solar cells, a rising star, lead halide perovskite
materials, has risen in the energy field.! Nowadays, lead halide-
based perovskite materials have been widely applied as core
components for different types of energy conversion devices
such as next-generation solar cells, X-ray detectors, light-
emitting diodes, and laser generators.l_g
generation solar cells, a power conversion efficiency (PCE)
of 23.3% has been achieved using single-junction perovskite
solar cells (PSCs).'"” This can be attributed to the tunable
bandgap, long carrier diffusion length, and low exciton binding
energy of various perovskite materials."' ~'* A PSC is a p—i—n

are extracted by the HTL to finish regenerating the perovskite
layer."*

For the HTLs, organic molecules,">~*° polymers, and
inorganic semiconductors”*~>® have all been applied for PSCs.
Although some recent publications show that inorganic HTLs
can achieve over 20% efliciency with better device stability,24
the highest device performance is still based on the doped
organic/polymeric HTL.>

The most commonly used organic and polymeric hole-
transport materials in PSCs are 2,2',7,7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene (Spiro-OMeTAD)
or poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA).*>*”*% Bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI) and 4-tert-butylpyridine (tBP) are added to Spiro-

2 21,22

For the next-

junction device, which consists of an electron-transport layer
(ETL), an intrinsic layer, and a hole-transport layer (HTL).
The lead halide perovskite materials function as an intrinsic
layer that can absorb photons and generate free electron—hole
pairs. The electrons are transferred to the ETL, while the holes

-4 ACS Publications  © xxxx American Chemical Society

OMeTAD or PTAA in the HTL as additives. Although LiTFSI
and tBP were termed as “additives”, indicating that they are
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Figure 1. Hole-transport layer components and optical images of tBP—LiTFSI mixtures at different molar ratios. (A) Chemical structures of hole-
transport layer components (with molar concentration and weight percentage) in perovskite solar cells and interactions between the components
and perovskite (the blue solid arrows show positive effects, while the red dashed arrows show negative effects). (B) tBP—LiTFSI mixtures in vials
with black lids placed upside down (stir bars in the vials are marked with red circles) and (C) after 10 min.

not the major components, on a molecular level, tBP and
LiTFSI are the dominant components in HTL. Despite that in
Spiro-OMeTAD-based HTL Spiro-OMeTAD accounts for
~70% (weight percentage), the molar ratio of Spiro-
OMeTAD:LiTFSI:tBP is ~1:0.5:3. This means that the
composition of HTL is dominated by LiTFSI and tBP, while
these additives could play a significant role in the chemical
environment of HTL. This evaluation is based on the
commonly reported concentration condition of a Spiro-
OMeTAD-based HTL solution that is made up of 122.5 mg
of Spiro-OMeTAD, 17.7 uL of LiTFSI—acetonitrile solution
(520 mg/mL LiTFSI in acetonitrile), and 28.8 uL of tBP in 1
mL of chlorobenzene.® In HTL, LiTESI normally functions as
the p-dopant, which improves the hole conductivity of this
layer,””* whereas tBP enhances the hole extraction on the
perovskite/HTL interface.” ~*

Although PSCs have a high energy conversion efficiency and
low manufacturing cost, the low device stability limits its
further application and commercialization. First, the perovskite
intrinsic layer is moisture sensitive. The perovskite materials
can degrade their precursors under exposure to moisture.** ™
On the other hand, the ETL and HTL in PSCs reduce the
device stability: in the ETL, TiO, may cause the perovskite to
decompose on exposure to UV light and oxygen.””** Other
organic electron-transport materials such as phenyl-C61-
butyric acid methyl ester (PCBM) are also oxygen sensitive.”’
As shown in our previous work, in HTL, the negative effects
for the device stability are mainly from the additives LiTFSI
and tBP. The LiTFSI is hygroscopic, which can adsorb water
and turn into liquid in seconds in an ambiant condition. tBP, as
the only liquid component in PSCs, can gradually evaporate at
room temperature although its boiling point is 197 °C.*'
Moreover, tBP is corrosive to the intrinsic layer by dissolving
perovskite materials.*’ These additives in HTL further reduce
the stability of PSCs. Several alternative additives with
improved stability in PSCs have been reported.*"*> However,
either with the lower power conversion efficiency or higher

price, these additives are not suitable to substitute LITFSI and
tBP.

On the other hand, when LiTFSI and tBP coexist in PSCs,
their individual negative effects on PSCs are limited. Previous
studies show that the hygroscopicity of HTL induced by
LiTESI decreases when tBP exists.”' Also, tBP controls the
morphology of HTL by assisting in uniform distribution of
LiTFSI in the bulk HTL solution.””* Both positive and
negative effects among the HTL components and perovskite
are shown in Figure 1(A). However, the mechanism on why
tBP improves the LiTFSI distribution in HTL has not been
clarified yet. Moreover, the most commonly applied
tBP:LiTFSI molar ratio in PSCs HTL is around 6:1 (for
more detailed information see Supporting Information, Table
S1). To our knowledge, the 6:1 tBP:LiTFSI ratio in Spiro-
OMeTAD HTL was first utilized in solid-state dye-sensitized
solar cells (ss-DSSCs) in 2011.** Since then, this combination
of HTL from ss-DSSCs with fixed molar ratio and components
was introduced to PSCs in 2012, the year when PSCs started
to develop as a new type of solar cell.*” These first several PSC
works greatly influenced the following studies. As a result, a 6:1
tBP:LiTFSI was applied as the default ratio in the PSC field.

Despite the prevalence of 6:1 tBP:LiTFSI, it is unclear
whether or why this ratio is ideal in PSCs. Thus, understanding
the reason that the negative effects of additives in HTL are
reduced when LiTFSI and tBP coexist can lead to an optimized
tBP:LiTFSI ratio or a rational selection of the better alternative
additive(s) to improve the PSCs’ performance.

In this study, the formation of tBP—LiTFSI complexes at
different molar ratios has been identified and characterized for
the first time. On a molecular level, the formation of tBP—
LiTFSI complexes is based on the pyridine ring in tBP
coordinates with the lithium ion in LiTFSI. These complexes
are more stable than individual LiTFSI and tBP in the HTL. In
these complexes, the evaporation speed of tBP has been slowed
down and the corrosive effect of tBP on perovskite has been
restricted. The hygroscopicity of LiTFSI in these complexes is
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Figure 2. Fourier-transform infrared spectroscopy (FTIR) of (A) tBP with a ring stretching mode peak at 1596 cm™ labeled in the figure, (B) the
ring stretching mode peaks for tBP and tBP—LiTFSI mixtures at different molar ratios, (C) the fitting for the FTIR peaks of (B), and (D) the

normalized peak area ratio derived from (C).

limited compared to the individual LiTFSI. Moreover, the
degradation speed of perovskite to its precursors and other
products is hindered as well. Based on this study, in PSCs, the
optimized tBP:LiTFSI molar ratio is 4:1, which shows better
device stability, less hysteresis, and less variation in power
conversion efficiency. The understanding of interactions
between tBP and LiTFSI shows pathways to further enhance
the PSCs’ performances and large-scale fabrications.

B RESULTS AND DISCUSSION

Formation of tBP—LiTFSI Complexes. To identify the
formation of tBP—LiTFSI complexes, tBP and LiTFSI at
various molar ratios were mixed together (for the molecular
structures of tBP and LiTFSI, see Figure 1(A)). At room
temperature, tBP is liquid while LiTESI is in a solid state. It
was observed that 2:1 is the lowest tBP to LiTESI molar ratio
at which a homogenized mixture can be obtained. In a 1:1
tBP—LiTFSI mixture, LiTFSI cannot be fully dissolved in tBP.
In most publications that used tBP—LiTFSI as the HTL
additives, 6:1 was adopted as the tBP:LiTFSI ratio. Thus, the
molar ratio of tBP:LiTFSI in this work focuses on the range
from 6:1 to 2:1. As shown below, the 6:1, 4:1, and 2:1 mixtures
have some distinguishable physical properties. The 3:1 and 5:1
mixtures had been synthesized as well, and their morphology is
summarized in Supporting Information, Figure S1.

The three tBP—LiTFSI mixtures have distinguishable
appearances: the 6:1 mixture forms a gel (with extra liquid,
which can wet the weighing paper; see Supporting
Information, Figure S1(C)), the 4:1 mixture is waxlike
(without an excess amount of “free” liquid), while the 2:1
mixture forms a viscous liquid. Figure 1(B) displays these
tBP—LiTFSI mixtures synthesized in black-lid glass vials with
stir bars. All of the mixtures can be placed upside down to hold
the stir bars. After 10 min, in Figure 1(C), no change had been
observed for the 6:1 and 4:1 mixtures. However, the shape of
the 2:1 mixture changed, which indicated a viscous flow-like

behavior of the tBP—LiTFSI mixture at the molar ratio of 2:1.
Intuitively, if the solid salt and liquid organics can be
homogeneously mixed with little intermolecular interactions,
it would form either a solution or quasi-solid-state gel.
However, only the 6:1 mixture meets this expectation. By
decreasing the tBP—LiTFSI ratio to 4:1, the wax-like material
was obtained. This sample can be placed on weighing paper
without wetting the paper, as shown in Supporting
Information, Figure S1 (E). A further decrease in the tBP
content to 2:1 (tBP—LiTFSI mixture) displayed a flow-like
behavior, which was confirmed in Supporting Information,
Figure S1 (G). The mixture was loaded on a metal tip, and a
continuous stream is seen between the tip and stage. Among
these mixtures, the 2:1 sample has the highest LiTFSI content,
which should inherit its solid-state-like behavior. However,
unlike the 6:1 and 4:1 samples, it appears to be a transparent
liquid. This abnormal phenomenon was observed in urea—
LiTFSI mixtures as well,** which can be attributed to the molar
ratio of 2:1 being the eutectic ratio of the tBP—LiTFSI
mixtures at room temperature.

Fourier-transform infrared spectroscopy (FTIR) had been
applied in energy storage and conversion devices such as a
lithium ion battery to identify the formation of a Li complex in
their electrolytes.*** This inspired us to apply FTIR to
characterize the formation of tBP—LiTFSI complexes in
perovskite solar cells since all of the tBP-LiTFSI mixtures are
amorphous organics. Figure 2(A) is the full-range tBP FTIR.
The pyridine ring stretching mode peak at ~1596 cm™ in
Figure 2(A) was labeled and selected to conduct the further
data analysis. The reason for focusing on this ring mode peak
was that it is very sensitive to changes of conjugated 7=
electronic orbitals of tBP upon formation of different
complexes. Furthermore, the ring mode is strong and far
away from vibrational modes of LiTFSI and other modes of
tBP, which provides the best observation window for this study
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Figure 3. Evaporation and hygroscopicity of tBP, LiTFS], and tBP—LiTFSI mixtures. Normalized weight percentage curve within 180 min: (A) tBP
evaporation curve and (B) water uptake curve. FTIR of samples in an ambient condition within 60 min at (C) —OH association peak region and

(D) pyridine ring stretching region.

(for the tBP FTIR with all labeled peaks see Supporting
Information, Figure S2.).

As shown in Figure 2(B), the ring stretching mode peaks for
tBP and tBP—LiTFSI mixtures at different molar ratios
displayed different peak shapes and positions. Pure tBP only
has a single peak in this region, so does the 4:1 and 2:1 tBP—
LiTESI mixtures. However, both the 4:1 and the 2:1 peak have
a blue-shift. On the other hand, the spectrum of the 6:1 tBP—
LiTFSI mixture shows two peaks, one close to the blue-shifted
peak observed in the 4:1 and 2:1 ratio mixtures, whereas a
shoulder peak appears near the peak of pure tBP liquid. (More
FTIR results were collected for the tBP—LiTFSI mixtures
whose molar ratios are between 1:1 and 1:10; see Supporting
Information, Figure S3.) Compared with pure tBP, a clear
trend was observed: With more LiTFSI added into tBP, the
peak at 1596 cm™! was reduced. At the same time, the peak of
the blue-shifted region gradually converted into a single peak
without any shoulder signal.

Previous literature shows that the nitrogen of the pyridine
ring can coordinate with metal ions. There are two possible
interactions between the pyridine ring and Li*: The first
interaction is the lone electron pair (on nitrogen)—Li*
interaction, and the second one is the 7 electrons (on pyridine
ring)—Li* interaction (the interactions are shown in
Supporting Information, Figure S4). For the first interaction,
after donating the lone electron pair, the electronegativity of
nitrogen in the pyridine ring is impaired and the aromatic
property of the pyridine ring is enhanced. As a result, the bond
strength of the pyridine ring is enhanced, and thus the blue-
shift in FTIR is expected.”” On the other hand, the x
electrons—Li" interaction can impair the aromatic properties of
the pyridine ring; thus a red-shift of the ring stretching peak in
FTIR will be observed. Because a blue-shift of the mixtures is
observed (Figure 2(B)), it indicates that the formation of a

tBP—LiTFSI complex is based on the Li*—N lone electron pair
interaction.

In Figure 2(B), the position of the shoulder of the 6:1
mixture matches the peak position of pure tBP, while the major
peak position of the 6:1 mixture is close to the peak of the 4:1
mixture. This result explains why in Figure 1(B) and (C) the
6:1 mixture has a gel-like appearance: The extra liquid
component is the tBP that does not form a complex, while
the solid component forms the tBP—LiTFSI complex. In this
case, a dashed line was drawn to separate Figure 2(B) into two
parts: The right side of the dashed line is the uncomplexed tBP
region and the left side is the complexed tBP region.

To further identify which complexes exist in these mixtures,
the FTIR in Figure 2(B) was fitted as displayed in Figure 2(C).
Three Gaussian peaks (1596, 1606, and 1610 cm™) were
applied for fitting. The fitting results are corroborated by the
experimental data. The ratio of the mixtures in the fitting peaks
area is shown in Figure 2(D). The 1596 cm™' peak
corresponds to the uncomplexed tBP since it coincides with
the pure tBP peak. The 1606 and 1610 cm™' peaks reflect
formation of tBP—LiTFSI complexes. These two distinct peaks
could be due to either different tBP coordination numbers to
Li" or different chemical environment-induced peak shift. In
this study, the 1606 cm™" peak is referred to as complex A and
the 1610 cm™ peak is referred to as complex B. As
summarized in Figure 2(C), the ratio between complexed
and uncomplexed tBP increases when the mixtures are varied
from 6:1 to 2:1 ratio. Complexed and uncomplexed tBP coexist
in the 6:1 and S:1 mixtures (see Supporting Information,
Figure SS). In contrast, there is only complexed tBP in the 4:1
mixture, where complex A is the dominant part in this mixture
with small amount of complex B. As the ratio decrease to 3:1,
there is more complex B (see Supporting Information, Figure
SS), and for the 2:1 mixture, only complex B was observed.
Thus, the 4:1 tBP:LiTFSI is the maximum ratio among these
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Figure 4. Proposed mechanism for how the formation of a tBP—LiTFSI complex limits water uptake.

mixtures which does not have uncomplexed tBP. This could be
attributed to that 4 is the maximum number of unoccupied
orbitals for Li* (one 2s and three 2p orbitals) to accept
donated lone electron pairs. In summary, the spectroscopic
study suggests that tBP and LiTFSI form chemical complexes
at various mixing ratios. The next question is how complex-
ation is related to alleviating the negative effect of tBP—LiTFSI
in PSCs.

Evaporation and Hygroscopicity of tBP—LiTFSI Com-
plexes. Our previous research demonstrated that the tBP
evaporation and LiTFSI hygroscopicity further reduce the
stability of PSCs:>" Several bubble-like voids were seen across
the HTL due to the tBP evaporation, which enables new sites
to accumulate moisture. Meanwhile, the hygroscopicity of
LiTESI also increases the moisture level in HTL. The
accumulated water in HTL due to the combined effects of
tBP evaporation and LiTFSI hygroscopicity causes the
perovskite intrinsic layer’s degradation.

The weight changes of tBP—LiTFSI mixtures were measured
to evaluate their evaporation behavior and hygroscopicity. The
hygroscopicity from LiTFSI can increase the sample weight,
while the tBP evaporation can decrease it. Each sample was
weighed at intervals of 10 min for 180 min in a glovebox
(argon gas environment) and an ambient condition separately.
In the inert gas environment, the water level is low enough
(<0.1 ppm) to limit the hygroscopicity effect, and the tBP
evaporation should be the dominant reason to cause the
sample weights to change in the glovebox. On the other hand,

in ambient conditions, the tBP evaporation and LiTFSI
hygroscopicity effects coexist. The water uptake weighing
curve can be obtained after reducing the glovebox weighing
results from the ambient condition weighing results. The
evaporation and water uptake curves are shown in Figure 3(A)
and (B) (for purposes of simplicity, we only selectively showed
results of 2:1, 4:1, and 6:1 mixtures, pure LiTFSI, and tBP
here; the results for 3:1 and 5:1 mixtures and original curves
for samples in ambient condition are displayed in Supporting
Information, Figure S6).

Figure 3(A) displays the normalized weight percentage
change of the samples in the glovebox. A significant weight loss
is seen in the tBP sample (red curve in Figure 3(A)). In the
meantime, there is no weight loss for the 4:1 and 2:1 mixtures,
which indicates that the formation of the tBP—LiTFSI complex
(A and B) can prevent tBP from evaporating. On the contrary,
a weight loss in the 6:1 mixture was observed, almost the same
weight loss speed as tBP itself. This agrees with the FITR result
that the 6:1 mixture has uncomplexed tBP, which can
evaporate.

As shown in the water uptake curve, Figure 3(B), tBP can
also adsorb a small amount of water in the first 60 min (<5%).
Then its weight starts to decrease, because of the water
evaporation. In the later hours, its weight was even less than its
original weight percentage, albeit the tBP evaporation results
(in a glovebox) had been ruled out. This phenomenon can be
attributed to the coevaporation effect of water and tBP in
ambient condition. Among these samples which contain
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water vapor pressure for 240 min at (F) large scale and (G) small scale.

LiTFSI, the 4:1 tBP—LiTFSI mixture shows the least
hygroscopicity. Even the 6:1 mixture has a higher water
uptake effect than the 4:1 mixture, which could be attributed to
the fact that the evaporated tBP creates more surface area in
the mixture sample to adsorb water.”’ Comparing with the
LiTFSI without tBP, Figure 3(B) clearly shows that the
formation of tBP—LiTFSI complexes reduced the hygro-
scopicity of LiTFSL

To investigate the evaporation and hygroscopicity of tBP—
LiTFSI mixtures, FTIR was measured for all mixtures at
various exposure times in an ambient condition as shown in
Figure 3(C) and (D). Figure 3(C) displays the —OH stretch
peak region (~3000 to 3700 cm™'), which indicates that the
samples absorbed water. There is a huge difference for LiTFSI
in this region before and after the exposure for 1 h in an
ambient condition. It shows that LiTFSI has strong
hygroscopicity as discussed before. Two —OH stretching
peaks appear in the first 10 min of LiTFSI FTIR in Figure
3(C): 3678 cm™! corresponds to LiOH, while 3574 cm™ is
LiOH-H,0.* Then these two peaks were covered by a
broadened peak from water later. Previous literature™ shows
that HTFSI, the conjugate acid of LiTFSI, has super-
hygroscopicity and deliquescence. This means that the
hydration of LiTFSI involves two steps: The Li" reacts with
water to form LiOH first, and then the formation of HTFSI
leads to more water adsorption. In contrast, for tBP and all

three tBP—LiTFSI mixtures in Figure 3(C), there is no
obvious —OH stretch peak here. This proves that the tBP—
LiTFSI complexes mitigate the hygroscopicity of LiTFSL
According to Figure 2 and Figure 3, at the molecular level, it is
clear to conclude that the coordination of the pyridine ring
(tBP) with lithium ion (LiTFSI) prohibits the formation of
LiOH and HTFSI, which mitigates the LiTFSI hygroscopicity.
A proposed mechanism is shown in Figure 4 on how the tBP—
LiTFSI (4:1 tBP—LiTFSI as the example) limits water uptake.

Unlike the transmission mode FTIR, where samples need to
be dispersed in KBr, no pretreatment was done for the
attenuated total reflectance FTIR sample. As a result, the
concentration of tBP is 100% no matter how much it
evaporates. There is no obvious change of the FTIR for the
4:1 and 2:1 samples in this range either. The unchanged peaks
for the 4:1 and 2:1 mixtures agree with the weight loss
measurements that LiTFSI prevents the tBP from evaporating,
because there is no uncomplexed tBP in these two samples.
The limited tBP evaporation in tBP—LiTFSI can also be
attributed to the coordination of the pyridine ring with a
lithium ion. Thus, a synergistic effect occurs when LiTFESI and
tBP are mixed and allow each other to mitigate the negative
effect.

This conclusion is supported by the FTIR ring modes of the
6:1 mixture in which a peak change was observed. The
“shoulder” of the 6:1 mixture FTIR peak at 1596 cm™
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wavenumber gradually decreased. In an hour, this peak
changed from a shoulder peak to a single peak. As discussed
in Figure 2, the “shoulder” for this peak is attributed to the
uncomplexed tBP. Therefore, the disappearance of the
“shoulder” in the 6:1 mixture pyridine ring stretching peak
reflects the evaporation of uncomplexed tBP. Interestingly, an
increase of the peak intensity at ~1606 cm™" wavenumber was
observed. This is because after the tBP evaporated, the
concentration of the tBP—LiTFSI complexes in the 6:1
mixture improved. The coordination of the pyridine ring
with a lithium ion shows a huge impact on the properties of the
tBP—LiTESI mixtures. As a result, the formation of tBP—
LiTFSI complexes limits the tBP evaporation and LiTFSI
hygroscopicity. It is important to characterize whether this
phenomenon can enhance the stability of the perovskite layer.

Interaction of tBP—LiTFSI Complexes with Perov-
skite. To investigate the influences of tBP—LiTFSI complexes
on a perovskite layer, LiITFSI and the tBP—LiTFSI mixtures at
different molar ratios were spun on perovskite films separately.
Each sample was observed by optical microscope in an ambient
condition for 240 min. Figure S displays the optical
micrographs for CH;NH;Pbl; films with/without HTL
additives (all Figure S images were derived from Supporting
Information Video S1 to Video S5). Three representative rows
are shown in Figure 5. Row 1 is the starting time for all freshly
prepared samples. Row 2 is the time when all the dark brown
regions (indicative of perovskite) disappear from the samples.
It can be considered as the complete degradation from
perovskite to PbL,.°" Row 3 are the images for all the samples
at 240 min.

As shown in Figure S(A) and Supporting Information Video
S1, no obvious morphological change was observed within 240
min for the perovskite sample without any HTL additives.
However, in Figure S(B) and Supporting Information Video
S2, after depositing LiTFSI, the perovskite started to degrade
right after finishing spin-coating (0 min), as shown in Figure
S(B). After 30 min, the perovskite film was degraded
completely. Moreover, further degradation was observed,
which was colorless and had a dendrite morphology after
240 min. The dendrite morphology for Figure S(B) was
observed when zoomed-out at a larger scale. (See Supporting
Information Figure S7.)

According to row 2 in Figure $(C), (D), and (E), when the
perovskite layer is coated with tBP—LiTFSI mixtures, its
degradation slowed down compared with the layer that was
coated with only LiTFSI. The perovskite degradation time
windows for samples coated with the 6:1 and 4:1 tBP—LiTFSI
mixtures were 65 min. The same time window for the 2:1
tBP—LiTFSI mixture sample was 45 min. Compared with the

LiTESI-coated sample, where the time window was 30 min,
introduction of tBP improved the stability of perovskite.
Moreover, samples that were coated with the 6:1 and 4:1
mixtures have longer time windows than the sample coated
with 2:1 mixture. This indicates that the hygroscopicities of 4:1
and 6:1 mixtures are less than that of the 2:1 mixture. The
hygroscopicity difference between complexes A and B was not
observed in spectroscopy measurements (Figure 3), but was
elucidated from optical micrographs (Figure S). This can be
attributed to the fact that perovskite can react to a small
amount of water and lead to degrade.

It is also seen that further degradation existed in row 3 of
Figure S(C) to (E) (see Supporting Information Videos S3 to
SS). After the perovskite film (dark brown) has converted to
Pbl, (yellow), colorless dendrites were formed. According to
Figure S(B) (perovskite with LiTFSI), the dendrite is too large
for the existing magnification of the electron microscope;
hence a lower magnification is used. The size of dendrites in
this sample is over 100 pgm (Supporting Information Figure
S7). In Figure S(E), with the 2:1 mixture, the dendrites were
reduced to ~30 ym. With the 6:1 and 4:1 mixtures, as shown
in Figure S(C) and (D), the dendrite size was further reduced
to 10 ym. This trend indicates that the formation of tBP—
LiTFSI complexes not only slows down the degradation from
perovskite to Pbl, but also restricts the formation of further
degradation product(s).

Moreover, from Figure S(C) to (E), some blue-colored
regions showed up that were from the substrate (marked by
red circles in Figure S(C) to (E)). The samples with less
coverage on the substrate showed clear evidence that the blue
regions were from the substrate (see Supporting Information,
Figure S8). This can be attributed to the corrosive effect of tBP
to perovskite and the degradation products.*” In Figure 5 row
3, more blue regions were observed in Figure 5(C) than (D)
and (E), which supports that the existence of uncomplexed
tBP in the 6:1 mixture has a more corrosive effect compared
with the pure tBP—LiTFSI complexes. The optical micrograph
results indicate that the 4:1 mixture maintains an optimal
complex composition. This ratio prevents tBP from evaporat-
ing to induce a corrosive effect, and on the other hand, such
mixture ratio reduces water uptake because Li* has been tightly
surrounded by tBP to limit the formation of HTFESI to adsorb
water (as shown in Figure 4).

Light, moisture, or oxygen can be the possible factor(s) to
cause the dendrite structures to form in an ambient condition.
To understand which one was the main factor for the dendrite
formation, environmental scanning electron microscopy
(ESEM) was applied. In ESEM, a sample was placed in a
high-vacuum chamber in the dark; thus the influences of
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oxygen and light were ruled out. At the same time, 1.1 Tor
water vapor was purged into the chamber during the
observation. As shown in Figure S(F) and Supporting
Information Video S6, the dendrite formation still can be
observed in-situ on the perovskite film with LiTFSI for 240
min under 1.1 Tor water vapor pressure in ESEM. This means
that the moisture can be the primary cause of the degradation
of the perovskite. It is also possible that the electron beam in
ESEM may cause the dendrite formation. However, at a higher
magnification as shown in Figure 5(G) and Supporting
Information Video S7, the dendrites start to disappear. This
means that the electron beam could not have caused the
dendrite formation, but the beam actually hindered the
dendrite from growing. Based on these phenomena, moisture
could be the only reason to cause the perovskite to degrade
more.

X-ray photoelectron spectroscopy (XPS) was applied to
investigate the degradation product(s) (for survey XPS spectra,
see Supporting Information, Figure S9). The chemical analysis
from XPS could further support the dual effect of tBP—LiTFSI
on reducing both water uptake and corrosion. Figure 6(A)
displays the Pb 4f peaks for the perovskite samples spun with
HTL additives, which are kept in an ambient condition
overnight. A previous study shows that the Pb 4f peaks for Pbl,
and CH;NH,Pb, are too close to distinguish.”’ There are two
pairs of peaks that are considered to get good fitting results:
138.5 and 143.4 eV, corresponding to the 4f,,, and 4f;,, peaks
of CH;NH;Pbl;/Pbl,, respectively. Another pair is the 137.8
and 142.7 eV peaks, which are the 4f,,, and 4f;,, peaks for
PbO, respectively.”' It is likely that the dendrites in Figure 5
were from PbO. Figure 6(B) shows the ratio of PbO to
CH,;NH;PbI,/Pbl, according to Figure 6(A). In this figure,
the perovskite film with LiTFSI has the highest amount of
PbO. By introducing tBP, the amount of PbO decreased. The
film with LiTFSI has almost 100% PbO, which decreased to
60% for the sample with the 2:1 tBP—LiTFSI mixture. It was
further reduced to 21% and 45% for the 4:1 and 6:1 tBP—
LiTFSI samples, respectively. Interestingly, the sample with the

6:1 tBP—LiTFSI mixture has higher PbO than the one with the
4:1 mixture even though the 6:1 has more tBP. This can be
attributed to the uncomplexed tBP in the 6:1 sample, which
dissolves CH;NH;Pbl,/Pbl,, which reduces the ratio of this
component. These subsequent degradation products can make
the recycling of perovskite materials more difficult: Both Pbl,
and CH;NH;Pbl; can be recycled by polar aprotic solvents
such as DMF,>” while PbO cannot be recycled as easily. The
formation of tBP—LiTFSI complexes can slow down the
formation of PbO, which makes the recycling of perovskite
easier. According to XPS spectra, as shown in Figure 6(C), the
samples’ atomic ratio of In:Pb and I:Pb can be obtained. The
ratio of I:Pb is considered as the index for the perovskite
degradation, because for perovskite, this ratio is 3 and 2 for
Pbl,, while for PbO it is 0. This shows that with the increased
amount of tBP, the samples have a higher I:Pb ratio than the
perovskite film coated with pure LiTFSL. On the other hand,
an indium signal occurs in the substrate ITO glass (~90%
In, 05, 10% SnO,); therefore the In:Pb ratio can be considered
as the index for corrosive effects. It is either attributed to the
tBP dissolving perovskite/Pbl, or degradation. In this case,
among the perovskite samples, which were spun with different
tBP—LiTFSI mixtures, the 6:1 tBP—LiTFSI sample shows the
highest In:Pb ratio. This is because of the more corrosive effect
from the uncomplexed tBP to perovskite compared with the
4:1 and 2:1 tBP—LiTFSI mixtures. At the same time, the 4:1
mixture sample has less hygroscopicity compared with the 2:1
tBP—LiTFSI mixture. The XPS results of 3:1 and 5:1 mixtures
also agree with the overall trend; see Supporting Information,
Figure S10. All these results indicate that the 4:1 tBP—LiTFSI
mixture can limit the tBP corrosive effect and restrict further
degradation from pervskite/Pbl, to PbO.

Influences of tBP—LIiTFSI Complexes on Perovskite
Solar Cell Performance. All physical and chemical analyses
suggest that complex formation improves PSC stability. The
planar PSCs®® were fabricated to test and understand the
impact of these complexes on devices. In Figure 7(A), the
bright-field transmission electron microscopy (BF-TEM)
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image displays the device we fabricated. The PSCs consist of
amorphous SnO, as a compact electron transport layer, the
planar CH;NH;Pbl; intrinsic layer, Spiro-OMeTAD, tBP and
LiTFSI HTL, and gold back contact. More than 60 solar cells
were fabricated in order to get statistically significant results
(more than 100 solar cells were fabricated, which include 3:1
and 5:1 tBP—LiTFSI samples; see Supporting Information,
Figures S11 and S12). As shown in Figure 7(B), the devices
fabricated with the 4:1 tBP—LiTFSI mixture show a slightly
higher performance based on the average J—V curve. All
devices” average J—V curves with forward and reverse scans are
shown in Supporting Information Figure S11. On the other
hand, the 4:1 tBP—LiTFSI displayed less hysteresis from
Figure 7(C). The devices” hysteresis was evaluated according
to the nonhysteresis index, which is the ratio of area under the
J—V curve for forward scan versus reverse scan. The closer the
index is to 1, the less hysteresis exists in the device. Moreover,
the devices that were fabricated with the 4:1 tBP—LiTFSI
mixture have less performance variation than the other two
conditions. All device efficiencies are shown in Figure 7(D).
Although in Figure 7(B), the 4:1 tBP—LiTFSI mixture devices
show a slightly higher average performance, champion cells for
all three conditions reach over 19.5% efficiency in Figure 7(C).
This means that all the best devices have the capability to reach
the same level no matter which tBP:LiTFSI ratio is applied.
However, their variations in performance are completely
different: The 4:1 tBP—LiTFSI PSCs show much less
efficiency variation (standard deviation is +1.13%, reverse
scan) than the other two devices (standard deviations for 2:1 is
+4.36% and 6:1 is +2.04%, reverse scan). The devices with 3:1
and S:1 mixtures follow the trend as discussed (Supporting
Information, Figure S12(A) and (B)). The 2:1 devices have
less standard deviation than the 6:1 devices, which could
indicate the LiTFSI hygroscopicity has more impact on the
devices’ fabrication consistence than the tBP corrosive effect.
Together with the less variation of hysteresis in Figure 7(C),
the 4:1 tBP—LiTFSI PSCs have much higher performance
reproducibility than the other conditions. This can be
attributed to the fact that the 4:1 ratio reaches the condition
for reducing both corrosive and water uptake effects: it has less
corrosivity to perovskite compared with the 6:1 and S5:1
samples since it does not contain uncomplexed tBP and it has
lower hygroscopicity compared with the 2:1 and 3:1 samples
for the less LiTFSI component.

To evaluate the impact of device stability for the tBP—
LiTFSI complexes, all devices that had over 15% efliciency at
the initial test were stored in a light ambient condition and
tested over 1000 h. As shown in Figure 7(E), the devices that
were fabricated with the 4:1 tBP—LiTFSI mixtures displayed
the highest stability. For the 4:1 tBP—LiTFSI devices, the final
efficiency dropped to 70% compared with the initial test, while
the 2:1 tBP—LiTFSI devices dropped to 20% and the 6:1 tBP—
LiTFSI devices dropped to 44%. The 3:1 and S:1 tBP—LiTFSI
devices also display worse long-term stability than the one
made of 4:1 mixtures; see Supporting Information Figure
S12(C). This result agrees with physical and chemical
properties of the 4:1 mixture: In a device, the 4:1 tBP—
LiTFSI mixture minimized the corrosivity to perovskite and
has less hygroscopicity than the other two conditions. It
indicates that the 6:1 tBP—LiTFSI, which is always applied in
PSCs, may not be the optimized ratio; instead, the 4:1 tBP—
LiTFSI shows better results with less hysteresis, higher
stability, and more consistent device performances. All the

differences in device performance can be correlated to how the
pyridine ring coordinates with lithium ions at the molecular
level.

B CONCLUSION

Different tBP—LiTFSI mixtures (the tBP:LiTFSI mixtures’
molar ratios were from 2:1 to 6:1) were synthesized, which
displayed different physical, chemical, and spectroscopic
properties. The formation of tBP—LiTFSI complexes can be
attributed to pyridine ring (tBP) coordination with lithium
ions (LiTFSI). Upon formation of a tBP—LiTFSI complex (A
and B), both LiTFSI hygroscopicity and tBP evaporation are
alleviated, which results in less water uptake, corrosion, and
formation of PbO in perovskite solar cells. Our observation
explains why each of the two components makes PSCs
unstable, but when they are mixed at a certain ratio, the
negative effects are mitigated. FTIR indicates the 4:1 tBP—
LiTESI mixture only contains complexed tBP, without
uncomplexed tBP. In principle, it is a better ratio than the
empirical 6:1 ratio, which is prevalent in PSC device
fabrication. In practice, the 4:1 tBP—LiTFSI devices show
the best average performance, enhanced stability, less
hysteresis, and obviously improved performance consistency.
Therefore, the 4:1 tBP—LiTFSI mixture is suggested as the
“golden ratio” for PSCs: It forms a correct chemical complex to
limit the negative effects of tBP and LiTFSI while maintaining
the positive aspects of these materials in PSCs. It is surprising
that the intermolecular behavior between the pyridine ring
(tBP) and lithium ion (LiTFSI) can result in such a significant
difference in the perovskite/HTL interface, finally reflected in
device performance. Understanding the formation of tBP—
LiTFSI complexes and their influences in perovskite solar cells
can help the rational design of suitable HTL additives, which
will further improve the PSCs’ performance and make it one
step closer to large-scale industrial fabrications.
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