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ABSTRACT: Surface passivation has been demonstrated to be an effective —2= Control
strategy to reduce defects of hybrid halide perovskite films for making _2° ‘ e pyam,
efficient and stable perovskite solar cells (PSCs). Especially the strong E SN WA SN S _—::zﬁgggH
interaction between the passivation agents and the perovskite films is <154 t:l‘ Lv‘y b P 4 S

favorable for achieving a durable passivation effect. Pyridine derivatives with > LA B \
bidentate anchoring groups can interact with the uncoordinated Pb** and % 10+ \\
minimize perovskite defects. Herein, in order to rationally design bidentate 2 &.an \
passivation agents, the passivation effects of pyridine (Py) and its derivatives g 5 % A \
(Py-X) with different functional groups of amino, carboxyl acid, and aldehyde 3 | - %— ‘ \
are compared in carbon-based perovskite solar cells (C-PSCs) for the first

time. Py-NH, is found to passivate the perovskite CH;NH;PbI; film the best 5 o6 os 10

among all the passivation agents. The N atoms on both the pyridine ring and Voltage (V)

the amino group with lone pair electrons can combine with the

uncoordinated Pb’**, effectively reducing the defect density in the Py-NH,-treated perovskite film. First-principles density
functional theory (DFT) calculations reveal that the strong interaction between Py-NH, and CH;NH,Pbl, strengthens Pb—I
bond and hinders the formation of I vacancies. Carbon-based perovskite solar cells (C-PSCs) passivated by Py-NH, achieve a
champion power conversion efficiency (PCE) of 14.75%, compared to 11.55% of the control device. The Py-NH, passivated C-
PSCs also exhibit good long-term stability, retaining more than 90% of the initial efficiency after 30 days of storage in air with
35—45% relative humidity.

rganic—inorganic hybrid perovskite materials general long-term stability of PSCs.” Structural defects of perovskite
refer to a class of materials with the crystal structure materials include (1) intrinsic defects, also known as point
ABX;, where A is an organic cation of methylamine defects, such as vacancy, interstitial and Pb—I antisite
(MA) or formamidine (FA), B is Pb or a tin-based metal, and X replacement, and (2) impurity-based defects originated by
is a halide ion. Perovskite materials are widely used in doped ions etc.” With the expected above-mentioned structural
optoelectronic devices due to their high absorption coefficient, defects, solution-processed perovskite films may generate a large

large carrier mobility, long diffusion length, and easy solution
processing properties.l’2 As an emerging rising star material in
the photovoltaic area, metal halide perovskite solar cells (PSCs)
have gained rapid progress, with power conversion efliciency
(PCE) increasing from the initial 3.9% in 2009 to 25.7% at
present.”* The PCE growth of PSCs has a much faster rate than
that of dye-sensitized solar cells.”® Besides the factors of charge-
transporting layers, interfacial layers, and device architecture, the
high photovoltaic performance of PSCs mainly relies on uniform Received:  February 9, 2022
coating of the light absorbing perovskite with an appropriate Accepted:  April 28, 2022
crystal grain size and few defects. Defects may form as the Published: May 6, 2022
nonradiative recombination centers consume free carriers, and

they can also trigger perovskite film decomposition, thus

affecting the open circuit voltage (V,.), fill factor (FF) and

number of defects on the surface or at the grain boundaries
during the film preparation process. In MAPbI;-based perov-
skite materials, the organic MA group is easily released from the
perovskite crystal lattices during the thermal annealing process
to create organic cation vacancies.” The halide anion vacancies
are formed due to the undercoordinated Pb** defects. Reports

© 2022 American Chemical Society https://doi.org/10.1021/acsmaterialslett.2c00123
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Figure 1. (a) Chemical structures of the passivation molecules used in the study: pyridine (Py), 2-aminopyridine (Py-NH,), 2-carboxypyridine
(Py-COOH), and 2-aldehydepyridine (Py-CHO); (b) schematic diagram of Py-NH, molecules interacted with perovskite; (c) XRD patterns of
perovskite films with and without Py-X treatment; (d) thermogravimetric curves of PbL-(Py-X), complex powders; (e—i) field emission
scanning electron microscopy images of perovskite films passivated with and without Py-X.

showed that the undercoordinated ions at the crystal surface
may accumulate excess positive carriers at the heterojunction of
the perovskite/HTM interface.'® Therefore, minimizing defects
in the perovskite materials and PSCs is obviously an important
direction to boost photovoltaic performance and long-term
stability.

Surface passivation effectively reduces defects and suppresses
ion movement on the surface or at the grain boundaries of
perovskite films.'' ~'* Many small molecules and polymers were
used as surface passivation agents to reduce defects on the
surface and grain boundaries of perovskite films.">™*° The
uncoordinated Pb** can be passivated by Lewis bases having
electron donating atoms (N, O, or S, etc.) via coordination
bonding, eliminating positively charged defects. Passivation
molecules with an amino or carboxyl functional group can react
with the Pb*" to form ionic bonding through an electrostatic
interaction.'®*' In order to achieve robust passivation, the
binding strength between passivation molecules and perovskite
films is crucial for reliable passivation. Passivation agents having
multiple ligands or functional groups can increase the stability of
the metal—ligand complex because of the enhanced chelate
effect or having more reaction sites. Zhu et al. demonstrated the
bidentate molecule of 2-mercaptopyridine (2-MP) increased
anchoring strength and obtained enhanced PCE and stability.*”
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Yang et al. found that passivation with strong interaction energy
promotes effective defect passivation, and inhibits defect
migration as well.”® A surface passivation agent not only can
passivate surface defects of perovskite, it can also be applied as an
interfacial modifier to reduce energy level mismatching between
perovskite and the carbon electrode.”*** Our group previously
reported a 2-amino-S-(trifluoromethyl)pyridine (S-TFMAP)
passivation agent with bidentate groups to passivate the
perovskite CH;NH;Pbl, films.”® The two anchoring sites of a
NH, group and a pyridine ring provided strong interaction with
the undercoordinated Pb*", efficiently reducing the defect states
of perovskite films, promoting better carrier transport and
inhibiting nonradiative recombination.

In this work, we purposely choose several pyridine derivatives
as passivation agents, namely pyridine (Py), 2-aminopyridine
with an amino group (Py-NH,), 2-picolinic acid with a carboxyl
group (Py-COOH), and 2-pyridinecarboxaldehyde with an
aldehyde group (Py-CHO). The aim of this study is to reveal the
functional groups’ effects in the bidentate passivation agents. A
synergy effect of functional groups would be a challenge for
designing good passivation agents for perovskite. Herein, the
molecular interactions of pyridine and its derivatives with
perovskite films were extensively investigated by Fourier
transform infrared spectroscopy (FTIR), nuclear magnetic

https://doi.org/10.1021/acsmaterialslett.2c00123
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Figure 2. X-ray photoelectron spectroscopy (XPS) of perovskite films with and without Py-X passivation treatment: (a) Pb 4f core-level spectra;
(b) 13d core-level spectra; (c) N 1s core-level spectra; (d, e, f) FTIR spectra of Py-NH,, the Py-NH, complex with Pbl,, pristine perovskite, and
Py-NH,-treated perovskite; (g) proton nuclear magnetic resonance ("H NMR) spectroscopy of Py-NH, and its mixed solution with Pbl,

(dissolved in DMSO-d6 solvent).

resonance (NMR) spectroscopy, and X-ray spectroscopy
(XPS), etc. 2-Aminopyridine (Py-NH,) gives the best
passivation effect in terms of the photovoltaic performance of
carbon-based perovskite solar cells (C-PSCs). Py-NH,
passivated perovskite films presented superior quality of
improved carrier lifetime and carrier transport properties.
First-principles density functional theory (DFT) calculations
confirm the strong interaction between Py-NH, and
CH;NH;Pbl;, strengthening the Pb—I bond and impeding the
formation of I vacancies. The power conversion efliciency of the
C-PSCs passivated by Py-NH, is 14.75%, while that of the
control device is only 11.55%. For long-term stability, Py-NH,
passivated PSCs retained more than 90% of the initial efficiency
after 30 days of storage in air with 35—45% relative humidity.
This work might provide good insight for appropriately
designing efficient and reliable bidentate passivation molecules
for the perovskite field.

Figure 1a shows the molecular structures of passivation agents
of pyridine and its derivatives (Py-X). Four representative
functional groups on the pyridine ring were purposely chosen to
evaluate the passivation effects on the perovskite CH;NH,Pbl,
surface. Bidentate anchoring groups of pyridine derivatives
would provide stronger strength than that of the sole reaction
site of pyridine. Figure 1b shows a proposed mechanism of Py-
NH,-treated perovskite film defects. As a Lewis base, the N atom
on the pyridine ring and the N atom on the amino group can
interact with undercoordinated Pb**; thus, I vacancy defects on

1103

the surface or grain boundaries of perovskite films can be
reduced. Passivation treatment could lead to good cell
performance and long-term stability of devices.

The X-ray diffraction (XRD) spectrum in Figure 1c shows the
control and the surface passivated perovskite films. The films all
showed characteristic perovskite diffraction peaks of the (110)
plane around 14°. No characteristic peak of Pbl, was observed
after passivation. From the amplified spectrum at the (110)
plane (right figure), the peaks of the passivated perovskite films
all move to a lower degree (about 0.1°) compared to the control
film. Due to the absorption and desorption of the pyridine
derivatives on the perovskite surface, the perovskite lattice was
affected by the pyridine and its derivatives. Interestingly, in our
previous study, there is no XRD peak shift when the larger
pyridine derivative 2-amino-S-(trifluoromethyl)pyridine (S-
TFMAP) was used to treat the perovskite film.”* This may be
due to the steric size effect of 5-TFMAP. For crystallinity
comparison, the full width at half-maximum (fwhm) values of
these films were calculated; the Py-NH,-treated film has the
lowest fwhm value of 0.112 among all the other films, with the
comparison to the value of 0.136 for the control film. The results
indicate that the crystallinity and grain size of perovskite films
are improved after Py-NH, treatment.

The phase stability and thermal properties of the Pbl,-(Py-
X)x complex (preparation method in the Supporting
Information, photographs of the solution mixture and the
solid complex shown in Figure S1) were investigated by
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thermogravimetric analysis (TGA). Figure 1d shows TGA
profiles of various Pbl,-(Py-X)x complexes. PbL-(Py-NH,)x
and Pbl,-(Py-COOH)y showed excellent thermal stability with
less than 10% weight loss after being heated to 400 °C, while
PbL,-(Py)y and PbL,-(Py-CHO)y had dramatic weight loss after
being heating to 120 and 210 °C, respectively. The final weight
percentage after heating at 400 °C is 85.2% and 71.1% for Pbl,-
(Py)x and Pbl,-(Py-CHO)y, respectively. The reason for this
might be that the binding force of Py-NH, or Py-COOH with
Pbl, is much stronger while the interaction of Py or Py-CHO
with Pbl, is relatively weaker, thus they may be decomposed at
their respective boiling points. The TGA results suggest that
binding of Py-NH, and Py-COOH with Pbl, is thermally more
stable than that of the other two complexes.'”**

In order to further verify the interaction between Py-X and
Pbl,, the XRD spectra of Pbl,-(Py-X)y powder rather than the
perovskites were measured as shown in Figure S2. The
characteristic diffraction peak of Pbl, at the (001) plane for
both Pbl,-(Py-NH,)y and Pbl,-(Py-COOH)y complexes
disappeared in Figure S2a and b, confirming complete formation
of complex due to the strong interaction between Pbl, and Py-
NH, and Py-COOH, respectively. For the PbL,-(Py)y and Pbl,-
(Py-CHO)x complexes, the characteristic peak of Pbl, can still
be observed with much reduced peak intensity, indicating the
Pbl, might remain due to the weak interaction of Py and Py-
CHO with Pbl,, respectively. The above XRD results of the
PbL,-(Py-X)x complex show that the interaction between Py-X
and Pbl, may strongly depend on the side group in the pyridine
ring.

The morphology of perovskite films was examined by field
emission scanning electron microscopy (FESEM) as shown in
Figure le—i. The pristine and passivated perovskite films all
showed uniform coverage on substrates. The average grain size
of the films is shown in Figure S3. Compared with the original
perovskite film having a grain size of 178 (£42) nm, the grain
size of the perovskite films after passivation followed the order
Py-NH, (203 + 32 nm) > Py-COOH (191 + 38 nm) > Py (188
+ 36 nm) > Py-CHO (156 + 30 nm). Py-NH,-treated
perovskite films presented a small amount of white stripes on
film surface as shown in Figure 1f. Except Py-NH,, the other Py-
X-treated perovskite films had almost similar morphology as the
control film. The solvent effect from chlorobenzene (CB) was
also excluded as provided from the SEM and XRD results in
Figure S4 of the Supporting Information. A high concentration
(10 mg/mL) of passivation agents was applied to check the
morphology changes in Figure SS. A large amount of Py-NH,
and Py-COOH can dramatically change the film morphology,
leading to strip shaped and porous surfaces, respectively.

The surface roughnesses of the pristine and passivated
perovskite films were tested by atomic force microscopy
(AFM) as shown in Figure S6. The roughness of the Py-NH,-
treated perovskite film showed the lowest root-mean-square
roughness (RMS) of 9.24 nm among all the films. The smooth
perovskite film is good for closely contacting with the carbon
electrode.

In order to further study the interaction between pyridine
derivatives and perovskite films, perovskite films before and after
passivation were tested by X-ray photoelectron spectroscopy
(XPS) as shown in Figure 2a and c. Full XPS survey spectra of
perovskite films are shown in Figure S7a. High-resolution XPS
spectrum of Pb 4f in Figure 2a shows that the binding energies of
the two main peaks of Pb 4f,,, and Pb 4f;,, for the original
perovskite films are 137.5 and 142.4 eV, respectively. Surface
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passivation treatment leads to the peaks shifting to a higher
energy direction; that is, the binding energies of the Pb 4f,, and
Pb 4f;,, peaks for the Py, Py-NH,, and Py-COOH passivated
perovskite films were all shifted to the higher value 137.9 and
142.8 eV, which is 0.4 eV higher than those of the original film.
While for the Py-CHO-treated film, the binding energies of the
two peaks were shifted to 137.6 and 142.5 eV, 0.1 eV higher than
those of the untreated film. The corresponding binding energy
of Pb 4f shifts toward higher binding energy after passivation,
which confirmed the interaction between the passivation agents
and Pb**. Compared with Py-CHO, we found that the shifts of
Py, Py-NH,, and Py-COOH were larger, indicating that Py, Py-
NH,, and Py-COOH interact with Pb** more strongly. This is
consistent with the results observed by Yang et al.”* Moreover,
this shift may also be related to changes of the Pb—I bond
length.”” The high-resolution XPS spectrum of I 3d in Figure 2b
also shows a similar phenomenon as that of the Pb 4f spectrum.
After Py, Py-NH,, and Py-COOH treatment, a bigger movement
for the main peaks of I 3ds/, and I 3d;,, occurs than that of the
Py-CHO passivated films.

As shown in the N 1s high-resolution spectrum of Figure 2,
the N 1s peak of the original film was located at 401.5 eV, and it
moved toward the higher binding energy side after treatment
with Py, Py-NH,, and Py-COOH agents. The Py-CHO-treated
film had less movement compared with the other three
passivated films. This may be due to weak interaction between
Py-CHO and perovskite films. For the Py-NH, passivated film, a
peak associated with the amino group was observed at 399.9 eV,
indicating that Py-NH, might exist on the surface of the
perovskite film. The main peak of O 1s provided in Figure S7b of
the Supporting Information. A peak at 532.4 eV for all the films
might be attributed to O, and H,O in air.”® An additional peak at
533.6 eV for Py-CHO-treated perovskite films corresponded to
the aldehyde group on Py-CHO, indicating the existence of the
Py-CHO molecule on the surface of the perovskite film.*’

Fourier transform infrared spectroscopy (FTIR) is a powerful
tool to identify functional group changes. In order to elucidate
interaction between passivation agents and perovskite, FTIR
spectra of the Py-NH, agent, the complex Pbl,—Py-NH,, and
perovskite films before and after Py-NH, passivation were
recorded as shown in Figure 2d and f. Compared with Py-NH,
itself, the Py-NH, passivated perovskite film (red line) and Pbl,-
(Py-NH,), complex (brown line) showed that the bending
vibration peak of the N—H bond in the amino group shifted
from 1629.5 to 1653.9 cm™" and 1654.7 cm™", respectively. The
stretching vibration peak of the N—H bond moved from 3445.1
to 3400.4 cm™' and 3493.8 cm ™!, respectively. The stretching
vibration peak of the C=N bond in the pyridine ring also shifted
from 15974 to 1616.7 cm™' for the Py-NH, passivated
perovskite film (Figure 2e) and to 1605.4 cm™" for the Pbl,-
(Py-NH,), complex (Figure 2f). This suggested that Py-NH,
acts as a bidentate ligand to passivate defects by interacting with
uncoordinated Pb** in perovskite films. Figure S8 shows the
FTIR spectra of Py-, Py-COOH-, and Py-CHO-treated
perovskite films. Py-treated Pbl, and perovskite film showed
peak shifts for the stretching vibration of C=N in the pyridine
ring in Figure S8a. In the FTIR spectra of the PbL,-(Py-COOH),
complex and surface-treated perovskite films (Figure S8d), the
stretching vibration peak of the C=O0O bond in the -COOH
group and the stretching vibration peak of C=N in the pyridine
ring both shifted accordingly, indicating Py-COOH has strong
interaction with uncoordinated Pb*" in perovskite films. For Py-
CHO-treated perovskite films as shown in Figure S8g, there is
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Figure 3. Theoretical analysis of the interaction between Py (a)/Py-NH, (b) and MAPbI,. Both parts a and b contain information on the most

stable configuration of the Py- or Py-NH,@Pbl,-terminated surface, the net atomic charge of Py or Py-NH, (the value of the N

is highlighted

ring

in red, while the adjacent atoms are in black), and the charge transfer between Py and MAPbI,, for which yellow represents the accumulation of
charge and cyan represents the depletion of charge. The net atomic charge of Pb interacts with Py and Py-NH, and the I atom beneath the Pb in
the reference (clean Pbl,-terminated surface) and Py- and Py-NH,@Pbl,-terminated surfaces (c). Formation energy differences of the I
vacancy (I54) in the Py- and Py-NH,@Pbl,-terminated surfaces compared to the control (clean Pbl,-terminated) surface (d).

no corresponding peak change, and this may be due to the
escape of Py-CHO during the annealing process. This further
indicates that the binding ability of Py-CHO on the perovskite
film surface is poor. In the FTIR spectra of the Pb,-(Py-CHO),
complex in Figure S8g, no change in the stretching vibration
peak of the C=N bond related to the pyridine group was
observed either, again confirming the weak interaction between
Py-CHO and Pbl,.

In order to further verify the chemical interaction between Py-
X and Pb**, the "H NMR spectra of the Py-NH, molecule and
PbL-(Py-NH,), complex were measured in DMSO-d6, as
shown in Figure 2g. The chemical shift of the H in the -NH,
group moved to a lower field (from $.83 to 5.86 ppm), and this
may be due to the formation of a coordination bond between
-NH, and Pb**. The 'H NMR spectra of other passivation agents
were also studied as shown in the Figure S9 of the Supporting
Information. No noticeable changes for Py and Py/Pbl, can be
observed, since the H atom is far away from the interaction site
in the pyridine ring. Py-COOH has a broad peak centered at
3.43 ppm in the 'H NMR spectrum of Figure S9b. However, this
peak disappeared in the spectrum of Py-COOH/Pbl,,
suggesting that there is interaction between the passivation
agent and Pbl,. The chemical shift of H in the Py-CHO-PbI,
complex slightly shifted from 9.99 to 9.98 ppm to the higher
field, showing that the -CHO group in Py-CHO also has the
ability to form a coordination bond with Pb*, but the
interaction force is relatively weak, which is consistent with
the FTIR results.

In order to provide insight into the passivation effects of Py
and Py-NH, on MAPDI;, we further studied the atomistic

interactions between Py/Py-NH, and MAPbI; by using DFT
calculations. We started with their adsorption on MAPbI;, and
their adsorption strength is characterized by the adsorption
energy (E,4,), which was calculated following the equation E,4 =
Emolecule@MAPbB - EMAPbI3 - Emolecule (Emolecule@MAPbB) EMAPbB) and
Eolecule ar€ the total energies of Py/Py-NH, adsorption on the
surface of MAPbI;, the MAPbI; surface, and Py/Py-NH,,
respectively). Several possible adsorption sites of Py and Py-
NH, on both the Pbl,- and MAI-terminated perovskite surfaces
were considered in Figure S10. The adsorption energies fall in
the range from —0.04 to —0.75 eV for the Py-NH,@MAPbI;
system and from —0.07 to —1.12 eV for the Py@MAPDI; system
in Table S1, indicating strong interactions of both Py and Py-
NH, with the MAPDI; surface. We note that the Pbl,-terminated
surface is preferential over the MAI-terminated one for both Py
and Py-NH,, with the most negative E_y4; of —1.12 eV for Py and
—0.75 eV for Py-NH,. This indicates both molecules can
strongly interact with dangling Pb species. Interestingly, as
shown in Figure S10, because of the availability of two
electronegative N species in Py-NH,, it can bind strongly with
the Pb in several possible configurations.

To understand the consequence of the strong interaction
between Py and Py-NH, with Pb, we zoom into the most stable
configurations in Figure 3a and b, where we find strong
interaction of the N atom from the rings of Py and Py-NH, with
Pb, evidenced by the electron transfer from Pb to the N;,, of Py/
Py-NH,. This can be attributed to the strong electron attraction
ability of the N ;,, of Py/Py-NH,, which can be seen from the net
atomic charge (NAC) of the N,;,, of Py (—0.28) and Py-NH,
(—0.41). The strong N—Pb interactions seen in our calculations
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Figure 4. Steady-state fluorescence (PL) and time-resolved photoluminescence (TRPL) decay spectra of perovskite film on glass substrates (a
and b). The films were excited by a laser at 510 nm. Ultraviolet photoelectron spectroscopy (UPS) diagram with and without Py-X passivation
treatment: UPS spectrum at the beginning of the secondary electron cutoff region (c); the maximum valence band of the Femi level (d); energy
level diagrams of MAPbI; with and without Py-NH, passivation treatment (e); energy level alignment of the pristine and Py-NH,-treated

MAPbDI, with the carbon electrode (f).

are corroborated by the observation of the shift of the Pb 4f,,
and Pb 4f;,, peaks in XPS and of the stretching vibration of the
C=N bond in FTIR.

Having determined the influence of Py and Py-NH, on the
Pb—I bond (the detail is discussed in the Supporting
Information), we subsequently investigated their influence on
the formation of I vacancies. Figure S1lc (Pbl,-terminated
surface) and S11d (MAI-terminated surface) demonstrates the
defect formation energies (Eg) of all the possible I vacancies
after the adsorption of Py and Py-NH,, compared to the clean
surface as reference. The overview shows while all I vacancy
defects become more difficult to create after the adsorption of Py
(the increase in formation energies falls in the range 0.07—0.70
eV) or Py-NH, (from 0.15 to 0.86 eV), the most suppressed
ones are those directly beneath the Pb atoms on the Pbl,-
terminated surfaces. The increase in the formation energy of
these vacancies is as large as 0.70 and 0.86 eV for Py and Py-
NH,, respectively, as highlighted in Figure 3d. The increase in
the defect formation energies can be explained by the increase in
the net atomic charge of Pb after the adsorption of the molecules
in Figure 3¢, which results in stronger electrostatic interactions
of the Pb with the surrounding I species. The most evident
increase in the formation energy of the I vacancy beneath the Pb
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atom can be explained by the increase of net atomic charge of
that I atom (from —0.44 to —0.50) as well the Pb atoms (from
0.76 to 0.80) shown in Figure S11a and b.

In brief, combined with experiments, our DFT calculations
prove the strong interaction between Py/Py-NH, and the
MAPDI; surface, in particular with dangling Pb species. With the
treatment of Py/Py-NH, on the MAPDI; surface, effective
passivation can be achieved by removing the Pb dangling bonds
and increasing the Pb—I bond strength. Both effects help to
suppress the migration and the formation of I vacancies and
ultimately enhance the structural stability of the perovskites and
the operational stability of the devices. We note that although
both molecules bind strongly with the perovskite surface, Py-
NH, exhibits better passivation effect than Py because of more
possible binding configurations as well as a more pronounced
effect for suppressing the creation of I vacancies.

Steady state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) were measured to study the carrier
transport properties of passivated perovskite films as shown in
Figure 4. All passivated perovskite films deposited on insulating
glass substrates showed enhanced PL emission intensity
compared with the pristine perovskite film. The Py-NH,-treated
perovskite film presented the strongest PL intensity among all
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Figure S. J—V characteristic curves of perovskite solar cells passivated with and without different Py-X (a); PCE distribution box diagram (b);
Steady state output current and steady state output power at the maximum power point (c); Nyquist plots of PSCs under dark conditions at 0.9
V bias (d); Mott—Schottky (e); PCE change curve of unpackaged devices within 30 days (f), Store in air with a relative humidity of 35%—45% at

room temperature.

the films, indicating that the film quality was enhanced, the
defect state was reduced, and the carrier recombination of the
film was effectively minimized.’”*' Moreover, the PL emission
peak center of the Py-NH,-treated perovskite films shows a blue
shift, and it indicates that surface defects are passivated and
reduced the trap density near the region of perovskite’s band
edge.”” Figure S13a and ¢ (Supporting Information) shows the
UV-—visible absorption of these films and the PL emission
spectra of the films covered by a carbon electrode, respectively.
The absorption intensities of the original and passivated
perovskite films show similar properties in the wavelength
range 500—850 nm. The PL intensity decreases significantly
after Py-X surface passivation, proving that carrier transport at
the interface of perovskite and the carbon electrode is more
efficient after passivation.'

The time-resolved PL spectra of perovskite films in Figure 4b
show double exponential decay, which can be divided into fast
and slow decay processes. The fast decay is attributed to the
nonradiative recombination process induced by charge trapping,
while the slow decay is related to the carrier recombination
process.'”>*** The fitting parameters are listed in Table S5. The
TRPL attenuation curve is fitted by the double exponential

; . 35,36 _ t ¢
attenuation function f(t) = A exp(:l) + A, exp(;),

where A, and A, are the relative amplitudes and 7, and 7, are
the carrier lifetimes of fast recombination and slow recombina-
tion, respectively. The average carrier lifetime is estimated by the
following formula: 7, = 712;1:2:5
perovskite film (Tavg = 1627 ns), the Py-NH, modified
perovskite film showed the longest average carrier lifetime of
34.40 ns. In addition, the average carrier lifetime of films treated
by the other passivation agents was also increased, i.e. Py,

. Compared with the original

Tavg =

1107

23.62 ns; Py-COOH, 1,,, = 31.40 ns; Py-CHO, 7, = 27.59 ns.
These results show that Py-NH, surface passivation can
obviously reduce the surface defects of perovskite films and
inhibit nonradiative recombination.®” In addition, in order to
study the effect of Py-X passivation treatment on carrier
transport at the interface between the perovskite film and the
carbon electrode, TRPL spectra were measured on a glass/
perovskite/carbon film as shown in Supporting Information
Figure S13d. The average carrier lifetime 7,,; of the Py-NH,-
treated perovskite film showed a value of 24.43 ns, much lower
than that of the original perovskite film of 34.38 ns. This suggests
that carrier transport at the perovskite/carbon electrode
interface is faster and the density of defect states is reduced
after surface passivation.

Ultraviolet photoelectron spectroscopy (UPS) of the original
and passivated perovskite films was studied to obtain the
electronic properties of perovskite films and energy level
alignment information. Figure 4c shows UPS spectra of the
secondary electron cutoff initiation region of perovskite films
before and after passivation. The calculation formula of the
Fermi levelis Ep = —(21.22 — E_,o¢r) (where Ep is the Fermi level
and E ¢ is the high binding energy cutoff). The Fermi level Ey.
of the original perovskite is —4.672 eV (E o5 = 16.548 eV), and
the maximum value of the valence band (VBM) can be
calculated from the Fermi level minus the low binding energy
(VBM = Eg — E, = —5.915 eV). Tauc plots of the original and
passivated perovskite films in Figure S14 show the band gap of
these perovskite films is about 1.60 eV. After Py-X passivation
treatment, the Fermi level and VBM level were significantly
increased as shown in Figure 4e, in which Eg 4.641 eV and
VBM = —5.884 eV for the Py modification; Ex = —4.303 eV and
VBM = —5.585 eV for the Py-NH, modification; Ez = —4.338 eV
and VBM= —5.604 eV for the Py-COOH modification; Ep =
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—4.516 eV and VBM= —5.740 €V for the Py-CHO modification.
As shown in Figure 4f, it can be found that the energy offset
(Au) between the VBM of Py-NH,-treated perovskite MAPbI,
and the work function (WF) of the carbon electrode decreased
from 1.051 to 0.721 eV. The upward shift of the VBM is also
confirmed by DFT calculation, and it is attributed to formation
of a dipole layer induced by the adsorbed molecules at the
interface of MAPbI; and pyridine-based passivation agents
shown in Figure S12 (Py-NH,@MAPbI, is discussed in the
Supporting Information as the example). It further confirms the
interaction between Py-NH, and the perovskite film. The
electronic state of the perovskite surface was changed after
surface passivation, resulting in more upward band bending
(A® = 0.561 eV) and in it being more conducive for hole
extraction than that of the original perovskite films (A® = 0.192
eV). A Schottky barrier may be formed at the interface of
MAPbI,/carbon electrode.”®”” The higher A® value not only
prevents reverse transfer of electrons from MAPDI; to the
carbon electrode but also accelerates hole extraction at the
MAPbL,/carbon electrode interface.”* Therefore, good energy
level alignment between the Py-NH,-treated perovskite/carbon
inhibits charge recombination and improves the photovoltaic
performance of the final device.

To study the surface passivation effect on the photovoltaic
performance of carbon-based perovskite solar cells (PSCs),
hole-transporting layer (HTM) free PSCs with the structure
FTO/c-TiO,/m-TiO,/MAPbI;/carbon were fabricated as
shown in Figure S15a. From cross-sectional SEM images of
the surface passivated perovskite film (Figure S15b), it can be
observed that FTO glass was covered by around 320 nm of a
TiO, electron transport layer, about 640 nm of a CH;NH,Pbl,
light absorbing layer, and a few nanometers of a thin layer of
passivation molecules.

As shown in Figure Sa and the key photovoltaic parameters
summarized in Table 1, the champion carbon-based perovskite

Table 1. Photovoltaic Parameters of Devices with and
without Py-X Passivation Treatment

J(mA Best PCE  Average PCE
Device Voe(V)  ecm™®)  FE(%) (%) (%)
Control 1.025 21.327 52.87 11.5§ 10.56
Py 1.045 21.349 56.55 12.61 11.56
Py-NH, 1.074 21.461 63.95 14.75 13.38
Py-COOH 1.062 21.677 58.00 13.35 12.51
Py-CHO 1.050 21.243 56.89 12.70 12.14

solar cells (C-PSCs) passivated by reagents of Py, Py-NH,, Py-
COOH, and Py-CHO gained power conversion efliciencies
(PCEs) of 12.61%, 14.75%, 13.55%, and 12.70%, respectively.
The control C-PSCs had the champion PCE of 11.55% and an
average PCE of 10.56%. The device optimization process of
passivation agents at different concentrations is provided in
Supporting Information Figures S16 and S17. Among all the
passivation agents, Py-NH,-treated C-PSCs showed the best
passivation effect to improve solar cell performance. The
corresponding photovoltaic parameters of Py-NH,-treated C-
PSCs have the open circuit voltage (V,.) of 1.074 V, the short
circuit current (J,.) of 21.461 mA/cm? and the fill factor (FF) of
63.95%. The V. and ], showed only a slight improvement
compared with the other Py-X passivated solar cells. External
quantum efficiency (EQE) spectrum of these PSCs are shown in
Supporting Information Figure S18. Prominent enhancement
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for the Py-NH, type C-PSCs can be attributed to the higher FF
after surface passivation. This might be attributed to effective
carrier extraction and passivation of defects.*” Figure 5b is a box
plot of the PCE distribution of C-PSCs; 30 individual cells were
fabricated for comparison. The steady-state output of photo-
current and power plots in Figure Sc show that the device
passivated by Py-NH, has 14.06% steady-state power output,
and this is much higher than that of the control cells of 9.42%.

To further understand the passivation effects of Py-X on
perovskite films, electrochemical impedance spectroscopy (EIS)
was carried out to study the charge transfer process at 0.9 V bias
under dark conditions. As shown in the Nyquist diagram of
Figure 5d, the Py-NH,-treated PSCs showed a big semicircle
with much larger diameter than that of the control PSCs. The
inserted circuit is composed of a series resistance (R,) and a
charge recombination resistance (R,..). Rg values are similar for
these solar cells, since the cell structures are almost the same. R .
is related to the charge recombination process in the perovskite
film.*' The R, value for the Py-NH,-treated PSCs increased to
7282 Q compared with that of 2429 € for the control PSCs. This
suggests that charge recombination in the perovskite layer could
be effectively inhibited by the Py-NH, passivation molecule.
The Nyquist plots of PSCs passivated by the other Py-X are
shown in Figure S19a, and the parameters are summarized in
Table S6.

From Mott—Schottky analysis of the capacitance voltage (C—
V) curve in Figure Se and Figure S19b, the built-in potential
(Vi) of PSCs is calculated using the following equation:**

in which g, €, g, A, and N, are the vacuum permittivity, relative
permittivity of perovskite, basic charge, device area, and carrier
concentration, respectively. Py-NH, treatment increases the V;
of PSCs from 0.735 to 0.777 V, which is consistent with the
increased V. value in the cells.* The relatively higher Vi
indicates an improved driving force to separate charge and an
extended depletion region for suppressing carrier recombina-
tion."* Thus, charge accumulation on the Py-NH,-treated
perovskite/carbon electronic interface is reduced and the device
performance is improved.'"** The higher Vj; might be due to
the decrease of energy level mismatch as indicated by the UPS
result.

The effect of Py-X passivation treatment on device environ-
mental stability is studied by monitoring PCE changes of
unencapsulated solar cells stored in air with humidity of 35%—
45% at room temperature. Figure 5f shows that the PCE of the
Py-NH,-treated solar cells can maintain 90% of the original PCE
after 30 days’ storage, while the control PSCs only maintained
35% of the initial PCE for the same period. Figure S20 presents
that PSCs passivated by Py, Py-COOH, and Py-CHO retain
73%, 87%, and 70% of the initial PCE, respectively. The water
contact angle of the passivated perovskite films in Figure S21
presented that the Py-NH,-treated perovskite film has the
highest contact angle up to 87°, demonstrating that the Py-NH,
passivation agent can dramatically increase the hydrophobic
nature of the perovskite film. This result showed that the Py-
NH, passivation effectively enhances the long-term stability of
the PSCs, contributing to the reduced defect density of the Py-
NH,-treated perovskite surface, enhanced hydrophobic surface,
and better interfacial property of the perovskite/carbon.
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In summary, pyridine and pyridine derivatives Py-X with
different functional groups of -NH,, -COOH, and -CHO were
applied to passivate perovskite CH;NH,;PbI; films, respectively.
Py-NH, agent was found to show the best passivation effect to
improve the photovoltaic performance of carbon-based perov-
skite solar cells among all the examined agents because of its
synergy passivation effect of two N atoms from the amino group
and pyridine ring. The N atoms bind strongly with the
uncoordinated Pb*" of perovskite films and reduce I vacancy
defects, thus enhancing carrier transport properties as confirmed
from steady state and time-resolved photoluminescence
measurements. Meanwhile, interactions of different pyridine
derivatives Py-X with the corresponding Pbl, and perovskite
films were carefully investigated by XPS, FTIR, and '"H NMR
studies, respectively. DFT calculation was adopted to study the
interaction of Py/Py-NH, and CH;NH;Pbl;, elucidating the
atomic level mechanism of the improved structural stability and
reduced defect density due to the Pb—I bond enhancement after
the adsorption and passivation of pyridine and its derivatives.
The PCE of devices treated by Py-NH, showed the highest PCE
of 14.75% among the other passivation agents with the reference
of only 11.55% PCE for the control PSC. Moreover, the PSCs
with Py-NH, surface passivation showed significant improve-
ment in long-term stability, maintaining 90% of the initial PCE
after 30 days of storage in air with 35—45% relative humidity.
Our work provides a rational design guide for purposely
choosing multifunctional passivation agents, especially pyridine-
based surface passivation agents, to enhance photovoltaic
performance and long-term stability.

B EXPERIMENT SECTION

Experimental details are provided in Supporting Information.
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films passivated with high concentration passivation
agents; atomic force microscopy images, X-ray photo-
electron spectroscopy (XPS), and FTIR spectra of
perovskite films; proton nuclear magnetic resonance
("H NMR) spectra of Py-X and its mixed solution with
Pbl,; details of DFT calculation; adsorption energy of Py-
NH,/Py on different configurations; UV—vis absorption
spectra, PL spectra, and TRPL spectra; cross-section SEM
of perovskite film; J—V characteristic curves of solar cells
treated by the optimized concentration of passivation
agents; incident photon-to-electron conversion efficiency
(IPCE) curves; Nyquist plots and Mott—Schottky curve
of PSCs; PCE change curves of unpackaged cells stored
for 30 days; water contact angles measurements;
parameters fitted from a Mott—Schottky test and
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