¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Sequential solid-state multiligand exchange
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Despite their favorable bandgap for photovoltaic applications, ligand-passivated perovskite quantum
dots (PQDs) face challenges related to reduced photogenerated carrier mobility and separation, primarily
due to long insulating surface ligands. This limitation significantly hampers their efficiency and
performance. In this study, we present a sequential solid-state multiligand exchange process for FAPbls
PQDs, utilizing a solution of 3-mercaptopropionic acid (MPA) and formamidinium iodide (FAI) in methyl
acetate (MeOAc) to replace the long-chain octylamine (OctAm) and oleic acid (OA) ligands. Stable
FAPbl; PQDs with an average size of ~11 nm were synthesized via a modified ligand-assisted
reprecipitation method, followed by liquid/solid purification with MeOAc, achieving ~85% ligand removal,
confirmed by *H NMR. Subsequently, *H NMR showed the passivation of nanocrystals with short-chain MPA
and FAI ligands. We demonstrate that this sequential multiligand exchange process significantly enhances the
current density of n—i—p solar cells by approximately 2 mA cm~2 and achieves a 28% improvement in power

Received 3rd January 2025, conversion efficiency. Notably, the ligand-exchanged solar cells exhibit reduced hysteresis and improved

Accepted 19th March 2025 stability. Photoluminescence and electrochemical impedance spectroscopy reveal that hybrid MPA/FAI passiva-
tion improves thin-film conductivity and quality by reducing inter-dot spacing and defects, thereby mitigating

vacancy-assisted ion migration. The surface-engineered FAPbls PQDs, enabled by this multiligand exchange

DOI: 10.1039/d5tc00040h

Open Access Article. Published on 19 March 2025. Downloaded on 10/30/2025 7:01:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-c

Introduction

Alongside bulk perovskite solar cells, which can approach the
power conversion efficiency (PCE) of ~26%,"? perovskite quan-
tum dots (PQDs) have garnered significant attention for photo-
voltaic applications due to their exceptional optoelectronic
properties.® Leveraging high surface energy and strain, PQDs
exhibit superior structural integrity compared to their bulk
counterparts, leading to enhanced stability under ambient
conditions.* In addition to size-tunable bandgap energies,
PQDs benefit from multiple exciton generation (MEG) effect
enabled by discrete energy levels, offering the potential to
surpass the Shockley-Queisser limit.>® Compared to other
semiconductor QDs, such as PbS, PQDs demonstrate higher
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approach, demonstrate significant potential for advancing next-generation photovoltaic technologies.

defect tolerance, longer fluorescence lifetimes, and more
tunable bandgap energies.”

Despite their numerous advantages, PQDs face two signifi-
cant challenges: selecting a proper active layer and surface
engineering for effective passivation, both of which limit their
ability to achieve high power conversion efficiencies (PCEs).?
Organic-inorganic compounds (e.g., MAPbI; and FAPDI;) and
inorganic alternatives (e.g;, CsPbl;)° are commonly used as active
layers.'® Among these, FAPbI; PQDs stand out as promising
candidates for photovoltaic applications,"" offering superior
charge transport properties, ideal bandgap (1.61 eV® compared
to 1.73 eV for CsPbl;'* and 1.68 eV for MAPbL;'?), and greater
stability than MAPbIL;.'*'> However, surface engineering to
enhance thin-film conductivity is crucial, as the insulating nature
of long-chain ligands like oleylamine (OLA) and oleic acid (OA),
typically used in PQDs synthesis via hot injection, hampers charge
transport and separation, reducing PCE."®

To address this, both liquid- and solid-phase ligand purifi-
cation processes have been explored. Yang et al.* used 2-pentanol
and acetonitrile/toluene solvents for ligand purification, achieving
a PCE of 8.38%. Subsequent modification, including the addition
of ethyl acetate (EtOAc) on spin-coated QD films and the use of a
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conjugated small molecule to engineer the band structure, further
enhanced PCE to 12.37% by improving electron separation.'”
However, surface defects and under-coordinated atoms arising
from purification processes compromise stability and PCE.'®* A
two-step solid-state ligand exchange process has been developed to
mitigate surface defects by passivating charged surface ions,
reducing defect-assisted recombination.”® This process involves
replacing surface-bound oleate with acetate, followed by formami-
dinium iodide (FAI) ligand exchange, which increase the current
density (Jsc) of CsPbl; QDs from 6.3 to 15.4 mA cm™>.*' Replacing
octanoic acid and octylamine (OctAm) with OA and OLA further
improves the PCE of CsPbI; PQDs solar cells from 7.76% to 11.87%.>

In this work, we synthesized stable solution of FAPbI;
colloidal quantum dots (CQDs) using a modified ligand-
assisted reprecipitation (LARP) method. Compared to the hot
injection method, the LARP method is a simple, low-
temperature, and scalable approach for synthesizing PQDs,
eliminating the need for high-temperature precursors, complex
setups, and huge amounts of precursors.>*"**> The emission of
FAPbI; CQDs is intense and shiny under UV light (Fig. 1(a and b)).
To develop high-quality PQD thin films, we implemented various
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modifications, including liquid purification, solid purification, and
ligand exchange (Fig. 1(c and d)). The novelty of our approach lies
in the sequential liquid- and solid-state purification combined with
multiligand exchange using hybrid FAI/MPA solutions. While MPA
ligand exchange has been widely studied for PbS QD solar cells to
enhance PCE,”*? its application to solid-state ligand exchange and
its impact on perovskite solar cells remain unexplored. We demon-
strate that sequential multiligand exchange significantly improves
thin-film conductivity and quality by reducing inter-dot spacing
and defects (Fig. 1(e)). The resulting dense PQD films enable the
development of more efficient and stable photovoltaic devices.
Mechanisms underlying surface modification and defect engineer-
ing are discussed, highlighting the potential of this approach for
advancing next-generation perovskite-based solar cells.

Materials and methods

Materials

Lead(u) iodide (Pbl,, 99.9% trace metals basis), formamidi-
nium iodide (FAI, CH;IN,, 99.9% trace metals basis), acetonitrile

W/0 UV

—————— -
Soli 32 Solid .

O

(a) Synthesis of FAPblz colloidal QDs (CQDs) using a modified OA/OctAm-assisted reprecipitation method. (b) Photographs of FAPbls CQDs

without and with UV irradiation. Surface engineering of FAPbls PQDs through (c) liquid-phase purification and (d) solid-state purification and ligand
exchange techniques. (e) Mechanism of defect engineering in FAPbls PQDs, highlighting the role of multiligand exchange in reducing recombination

centers.
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anhydrous (ACN, CH;CN, 99.8%), toluene (anhydrous, C¢HsCHs,
99.8%), hexane (C¢Hys, 95%), chloroform (CL, CHCl;, 95%),
chlorobenzene (CB, C¢H5Cl, 95%), and methyl acetate (MeOAc,
C30,Hs, 99.5%) were provided from Sigma-Aldrich (Germany).
Octylamine (OctAm, CgH;oN, 99%), oleic acid (OA, C;gH340,,
97%), and 3-mercaptopropionic acid (MPA, C;0,H,S, 90%) were
purchased from Acros Organics 84720 (Germany). Fluorine-doped
tin oxide (FTO) substrates were procured from Solaronix, Switzer-
land. SnO, colloidal precursor was obtained from Alfa-Aesar
(Tin (v) oxide, 15% in H,O colloidal dispersion). Spiro-OMeTAD
(99%), 4-tert-butylpyridine (TBP, 96%), and lithium bis (trifluor-
omethanesulfonyl)imide (Li-TFSI, 99.95%) were purchased from
Sigma-Aldrich (Germany). All purchased materials were used as
received without further purification.

Synthesis and purification of FAPbI; colloidal quantum dots
(CQDs)

PbI, (0.1 mmol, 0.045 g) was dissolved in acetonitrile (ACN,
2 mL) with OA (200 pL) and OctAm (20 pL) under stirring.
Separately, a formamidinium iodide (FAI) solution was pre-
pared by mixing FAI (0.0137 g, 0.08 mmol) with OA (40 pL),
OctAm (6 pL), and ACN (0.5 mL). The FAI solution was added
dropwise to the Pbl, solution with continuous stirring. The
resulting mixture was then injected into preheated toluene
(10 mL, 70 °C) under rapid stirring, followed by quenching in
an ice/water bath. The precipitate was collected via ultracentrifu-
gation at 9000 rpm for 15 minutes. The obtained products were
redispersed in hexane (1 mL) and centrifuged again at 6000 rpm
for 10 minutes to remove agglomerated particles. This process
yielded unpurified perovskite quantum dots (UP PQDs).

For purification, varying volumes of MeOAc (1, 3, and 5 mL)
were added to the colloidal solution before the first centrifuga-
tion step. After centrifugation at 6000 rpm for 15 minutes,
the supernatant containing residual precursors, excess free
ligands, and detached ligands was discarded. The remaining
sediment was redispersed in chloroform (1 mL) and centri-
fuged at 4000 rpm for 5 minutes to remove large particles. The
purified FAPbI; CQDs were then used for further characterization.
The purified CQDs processed with different MeOAc volumes are
labeled as LP1, LP3, and LP5, corresponding to MeOAc volumes of
1, 3, and 5 mL, respectively.

Materials characterizations

Microscopy. A Jeol 2100F high-resolution transmission electron
microscopy (HRTEM) was used to image PQDs at an accelera-
tion voltage of 200 kV. A small volume of diluted colloidal
solution of PQDs was dropped onto standard copper grids
coated with a continuous amorphous carbon film for imaging.
For scanning electron microscopy (SEM), MIRA II LMU equip-
ment (TESCAN) was conducted. The Image] and Gatan software
were employed for image analysis to determine the size dis-
tribution and interplanar distances, respectively.

Phase analysis. XRD studies were conducted on a PW1730
Philips instrument running at 30 mA current and 40 kV voltage
with filtered Cu-Ka radiation. Nanocrystal films were prepared
by drop casting on FTO substrates for the phase analysis.

This journal is © The Royal Society of Chemistry 2025
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Spectroscopic analyses. Photoluminescence (PL) spectro-
scopy was carried out using Avaspec 2048 TEC at an excitation
wavelength of 400 nm. UV-Vis spectroscopy was performed
using a PerkinElmer Lambda 35 in the range of 400-1000 nm.
The Tauc plot method was employed to determine the optical
band gap. Attenuated total reflectance (ATR) was done using an
FTIR (Avatar, Thermo Company) spectrophotometer. The "H NMR
spectra were collected in a solution of chloroform-d on a Bruker
AVANCE 400 MHz spectrometer. The UP and LP3 samples were
centrifugated and the supernatant was removed. 10 mg of the
centrifuged QDs was collected and dispersed in 500 pL of
chloroform-d, followed by ultrasonication. For the SLP and
SLP-MF samples, the thin films were first prepared and then
scraped off the substrate. Then, 10 mg of the QDs was added
into 500 pL of chloroform-d and ultrasonicated.

Fabrication of PQD devices

FTO/glass substrates were sequentially cleaned by sonication
for 15 minutes in detergent, deionized (DI) water, acetone, and
ethanol. Following the cleaning steps, the substrates were
treated with UV-ozone for 30 minutes. Subsequently, an elec-
tron transport layer (ETL) consisting of aqueous SnO, colloids
(~35 nm, 1.5%) was deposited on the FTO substrates via spin
coating at 4000 rpm for 30 seconds. The coated substrates were
then annealed at 150 °C for 30 minutes, followed by UV-ozone
treatment of the ETL for 30 minutes.

The liquid-phase purified FAPbI; CQDs with a concentration
of 75 mg mL ™" were deposited by spin coating in a two-step
process: 1000 rpm for 10 seconds, followed by 3000 rpm for
15 seconds. To improve the film’s quality and passivation, two-
cycle surface purification and ligand exchange were applied.
Long-chain OA ligands were removed, and short-chain MPA
and FAI ligands were attached. The process involved dropping
70 uL of MeOAc onto the QD layer and immediately spinning at
2000 rpm for 10 seconds. Subsequently, 70 pL of a solution
containing MPA (100 pL), FAI (1 mg), and MeOAc (1 mL) was
drop-cast onto the film, followed by spinning at 2000 rpm for
10 seconds after a 5-second pause. This sequence was repeated
4 times to achieve a film thickness of approximately 370 nm,
which yielded the highest PCE, as detailed in the following
sections.

For the hole transport layer (HTL), a doped Spiro-OMeTAD
solution was prepared. Specifically, 72.3 mg of Spiro-OMeTAD,
28.8 UL of 4-tert-butylpyridine (TBP), and 17.5 pL of Li-TFSI
(520 mg mL " in acetonitrile) were dissolved in 1 mL of chloro-
benzene (CB) under an N,-filled glove box at room temperature.
The HTL was deposited in an inert atmosphere by dropping
30 puL of the Spiro-OMeTAD solution onto the CQD film,
followed by spin coating at 4000 rpm for 30 seconds. Finally,
carbon contacts were applied on the surface.

Device performance

The current density-voltage ( J-V) characteristics of the devices
were measured using a Metrohm Autolab 302N under simulated
one-sun illumination (AM 1.5G, 100 mW cm™?). The one-sun
illumination was provided by a SIM-1030 (IRASOL) solar
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simulator. During measurements, the device was covered with
an aperture to restrict the active area to 0.100 cm?. External
quantum efficiency (EQE) measurements were performed using
an IPCE-020 (IRASOL) system. The electrochemical impedance
spectroscopy was conducted under light condition using 0.9 (V)
bias voltage between the frequency range of 1 Hz to 10> Hz. UV-Vis
absorption spectra were obtained using a Lambda 35 spectro-
photometer (PerkinElmer).

Results and discussion
Fluorescent perovskite quantum dots

Fig. 1(a) schematically shows the procedure used for the syn-
thesis of unpurified (UP) FAPbI; CQDs by the modified LARP
method. As reported in our previous work,***° well-crystallized
FAPbI; CQDs can be synthesized using low-coordinating ACN
instead of high-coordinating DMF. DMF with high dipole
moment coordinates FAI and Pbl, intensively during the pre-
paration of the precursors’ solution, forming poor-crystallized
NCs. This weakens the antisolvent capability for the perfect
nucleation and growth of QDs, accelerating the degradation
or phase transition of defect-rich QDs** due to the H,O
absorption.*>** Herein, the tolerance factor deviates from the
normal 0.8-1 interval, transforming the fluorescent cubic o-
FAPDI; to hexagonal non-fluorescent §-FAPbI;.>* Since ACN has
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no considerable interaction with Pbl,, dynamic OA and OctAm
ligands are responsible for solving the perovskite precursors.
After injecting the whole solution of precursors into preheated
toluene, followed by a two-step centrifugation process, a colloi-
dal solution of UP FAPbI; CQDs in hexane is prepared. The
colloidal nanocrystals emit red light under UV light (365 nm),
as shown in Fig. 1(b).

A representative HRTEM image of the NCs and their size
distribution determined by image analysis (~150 crystals) are
shown in Fig. 2(a). The semi-spherical NCs with an average
diameter of 11 + 1.8 nm are visible. Despite the hot injection
process that utilizes long ammonium ligands (e.g. oleylamine) as
well as high temperatures to form cubic NCs, low-temperature
LARP process uses shorter ligands (e.g. octylamine) to crystallize
semi-spherical NCs. The measured interplanar distance (0.32 nm)
corresponds to the (200) plane of the a-FAPbI;.*> The XRD pattern
of NCs also affirms the formation of highly crystalline UP FAPbI,
PQDs (Fig. 2(b)). The characteristic peaks of SnO, are related to
the FTO substrate. The intense peaks at 13.92, 28.22, and 31.28°
are attributed to (100), (200), and (012) planes of o-FAPbI;,
respectively (Table S1, ESIt). No characteristic peaks of 3-FAPbI;
are noticed, manifesting the capability of the modified LARP
method to prepare well-crystallized fluorescent o-FAPbI; QDs.
The absorption and emission spectra of UP FAPbI; CQDs are
shown in Fig. 2(c). The absorption edge and the photolumines-
cence excitation (PLE) peak are roughly located at 742 nm and
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Fig. 2
(c) PL (excitation wavelength = 400 nm), UV, and PLE (emission wavelength
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(a) HRTEM and size distribution histogram of UP FAPbls PQDs. (b) XRD spectrum of UP FAPbls PQDs and CIF files of FAPbls and SnO,.

= 780 nm) spectra of the UP FAPbIs PQDs.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00040h

Open Access Article. Published on 19 March 2025. Downloaded on 10/30/2025 7:01:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

740 nm, respectively, indicating the band-to-band absorption
transition in CQDs.*>® Due to the Stokes Shift phenomenon, the
PL peak of CQDs is red-shifted to 779 nm. The Tauc plot shown in
Fig. S1 (ESIt) estimates an optical bandgap energy of ~1.6 eV for
the synthesized FAPbI; PQDs. The higher bandgap energy relative
to the bulk FAPbI; (1.52 eV)*” is due to the quantum confinement
effect in the nanocrystals.® Nevertheless, the bandgap energy of
UP FAPbI; QDs is lower than that of MAPbI; (1.68 eV)** and
CsPbl; (1.73 eV)'* QDs; thereby, these NCs are more suitable for
effective light-harvesting in photovoltaic devices.

Liquid ligand purification

Surface passivation with long-chain oleate and octylammonium
ligands provide the nanocrystals with remarkable colloidal and
optical properties. However, the long-chain ligands prevent the
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formation of uniform and compact PQD films (Fig. S2(a), ESIT).
The film formation capacity of the UP CQDs is weak, and even
several spin-coating practices do not form any uniform film on
FTO. Moreover, the inherently insulating characteristic of the
long ligands limits the performance of solid-state optoelectro-
nic devices significantly.*®

We employed a liquid ligand purification (LP) procedure
to prepare a purified and stable FAPbI; CQDs (Fig. 1(b)). The
freshly synthesized CQDs were purified by adding different
amounts of MeOAc (1, 3, and 5 mL), centrifuged, and re-
dispersed. Fig. 3(a) shows the PL spectra of the purified CQDs.
A slight reduction in the PL intensity (about 10%) relative to UP
CQDs is observed after processing with 1 mL MeOAc (LP1
sample). This observation determines that only a small fraction
of oleate ligands should be removed/replaced. Increasing the

Ligands
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_ [ —— —sLp|
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7.0
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(a) Effect of liquid purification by MeOAc on the PL spectrum of FAPbls CQDs. LP1, LP3, and LP5 stand for 1, 3, and 5 mL MeOAc. The insert images

show their emission under UV light. The colloidal stability after redispersion of LP3 QDs in hexane (LP3H) and chloroform (LP3C) is also shown. (b) ATR
spectra of UP PQDs, liquid purified PQDs, spin-coat LP3C CQD films after solid-state purification (SLP) and ligand exchange with the MPA/FAI solution
(SLP-MF). (c) The film-forming ability of LP3C CQDs after solid ligand purification by MeOAc for 1 to 6 runs (SLP1 to SLP6). (d) and (e) *H NMR results from
the same concentration of UP, LP3, SLP, and SLP-MF solutions.
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concentration of MeOAc to 3 mL (LP3) results in a significant
reduction (about 50%) of the PL intensity but the emission is
still observable by the naked eye under UV (see the insert in
Fig. 3(a)). The nanocrystals could be redispersed in hexane
(LP3H) but remained stable for only 30 minutes. Replacing the
low polar hexane with the high polar chloroform solvent (LP3C)
significantly improves the colloidal stability. While non-polar
hexane fails to maintain the ligand-purified QDs stable, chloro-
form prevents the aggregation of the nanocrystals, thereby
improving their film formation capacity. While spin coating
of LP3H QDs has been found to form randomly separated
brownish particles on the FTO substrate (Fig. S2(b), ESIt), the
LP3C QDs can be deposited to a more uniform and thick film
after 15 spin coating runs (Fig. S2(c), ESIf). At the higher
MeOAc concentration (LP5), however, the purified CQDs almost
lost their entire emission (Fig. 3(a)). The rapid and severe
agglomeration of the nanocrystals caused by the extensive
ligand purification process results in unstable CQDs in hexane
(LP5H) and chloroform (LP5C). To assess the extent and
efficiency of the long-chain ligand removal and purification of
the prepared CQDs, ATR spectroscopy was carried out. The
results are shown in Fig. 3(b) and the characteristics of
chemical bonds are reported in Table S2 (ESIt). The v(C=N)
bond of FA" is placed at 1717 cm ™ *.*° The characteristic peaks
at 1409, 1530, 2919, 2885, 2984, and 3300 cm ™' are ascribed to
-COO~ symmetric, -COO™ asymmetric, -CH, asymmetric, -CH,
symmetric, -CH; symmetric, and -NH, bonds of oleate and
ammonium ligands, respectively.®**™*' To assess the effect of
liquid and solid ligand purification as well as ligand exchange
processes, the ratio of integrated area of ligands peak and
integrated area of FA" peak in each spectrum was calculated
(the highlighted blue areas correspond to FA' and ligands).
Considering the ratio of integrated areas of peaks (as a normal-
ization) enables the comparison between the solution and solid
samples. As seen in Fig. 3(b), the ligand/FA" ratio for the LP3
sample is lower than that of UP. As MeOAc removes both
ligands and FAI, the overall reduction in the ligand/FA" ratio
indicates the great removal of the ligands in LP3. Despite this
reduction, LP3 sample still maintains sufficient fluorescence
emission, colloidal stability, and film formation. Since FTIR is
more of a qualitative analysis, '"H NMR test was used to
determine the percentage of ligand removal. To achieve this,
the same concentration of UP and LP3 QDs in chloroform-d was
prepared. The results are depicted and listed in Fig. 3(d) and
Table S3 (ESIt). All peaks between 0.75 ppm and 2 ppm are
related to surface ligands.”” The integrated area of ligands
peaks in UP QDs is considered as the reference showing
100% ligands coverage. In contrast, the integrated area of LP3
QDs ligands peaks is 47.97%, indicating the effective capability
of liquid purification process in about 52.02% removal of
surface ligands.

Solid-state purification and ligand exchange

To remove the remaining long-chain ligands and improve the film-
forming ability of FAPbI; CQDs, a solid ligand purification (SLP)
procedure by MeOAc was applied layer-by-layer. After dropping
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70 uL CQDs on the FTO substrate and spin coating, 70 pL of
MeOAc was applied and spin coating was repeated for four times
(Fig. 1d and 3(c)) to prepare a thicker layer of QDs. ATR spectra of
the films determine significant decrease in the amount of the long-
chain ligands (Fig. 3(b)). Using the same approach as liquid ligand
purification, the ligand/FA" ratio for the SLP sample is lower than
that of UP and LP3 samples, indicating the capability of SLP in
ligand removal. To analyze the SLP QDs by "H NMR, a solution of
SLP QDs with the same concentration as the UP and LP3 samples
was prepared (see the Experimental section). As shown in Fig. 3(d)
and Table S3 (ESIt), the integrated area of SLP QDs ligands peaks is
15.5%, showing that 84.49% of ligands was removed after liquid
and solid purification processes. However, as shown in the next
section, the SLP process leaves PQDs under-coordinated with many
recombination sites. As a result, a relatively low PCE with large
hysteresis is attained.

Since trap passivation is critical, a robust ligand exchange
process was implemented using spin-coating with short MPA
and FAI ligands (see Fig. 1(d)). Fig. 3(b) highlights the intensi-
fication of peaks at 1717 cm ' and in the 3000-3500 cm ™’
range, which are attributed to FAIs present within and on the
surface of the perovskite structure.*” The peaks in the 3000~
3500 cm™ " range can be associated with the hydroxyl (O-H)
stretching vibrations of MPA.** Furthermore, the peaks at
1350 em ™" and 1550 cm™ ' may correspond to the symmetric
and asymmetric stretching vibrations of the carboxylate groups
in MPA, rather than those of OA, due to the absence of peaks in
the 2800-3000 cm ™' region. Notably, the absence of a peak in
the 2500-2600 cm™ ' range, which corresponds to the S-H
stretching vibration of MPA, indicates that the MPA ligand is
bound to the QD surface via its thiolate group.*>*® Moreover,
the ligand (primary long-chain ligand)/FA" ratio for the SLP-MF
sample is much lower than that of UP, LP3, and SLP samples,
demonstrating the ligands removal probably due to both ligand
purification and exchange processes. This was confirmed by
'H NMR test. The SLP-MF sample was prepared using the same
procedure as the SLP sample. As shown in Fig. 3(d), the
integrated area of the SLP-MF ligand peaks is only 2.6%,
indicating that 97.4% of the ligands were removed. Moreover,
different significant peaks between 1.5-3 ppm appeared. These
peaks are related to MPA, confirming the presence of MPA on
QDs’ surface.””*® Regarding FA" (small peaks between 7-8 ppm),
the same integrated area of peaks approach was used. Fig. 3e
and Table S3 (ESIT) show that by using liquid and solid purifica-
tion processes, the percentage of FA" decreases. Particularly, the
SLP-MF sample demonstrates the effectiveness of our ligand
exchange process, confirming the FTIR results. The reason
behind the attachment as well as exchange of FA" and MPA
ligands with remaining primary long ligands can be explained as
follows. In terms of the former, the ligands passivate the
positively and negatively charged surface vacancies as well as
undercoordinated surface atoms (Pb with MPA and I with FA",
Fig. 5(d and e)). Regarding the latter, the higher adsorption
energy of shorter ligands than longer ligands is preferable
for ligand exchange, confirmed by theoretical calculations in the
literature.*>*?

This journal is © The Royal Society of Chemistry 2025
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Device performance

The configuration of the designed n-i-p QD solar cell is
illustrated in Fig. 4(a). Cross-sectional FESEM imaging reveals
a laterally continuous FAPbI; QD thin film (~370 nm) with no
visible micro-defects, sandwiched between SnO, (~35 nm) as
the ETL and Spiro- OMeTAD (~200 nm) as the HTL. Fig. 4(b)
and Table 1 present the J-V curves of the SLP and SLP-MF
champion cells with their corresponding performance metrics,
measured under AM 1.5G illumination at 100 mW cm >, using
both forward and reverse scans. The average performance
metrics of ten devices (n = 10) are summarized in Table S4
(ESIT), while the statistical distribution of photovoltaic para-
meters is shown in Fig. S3(a-d) (ESIt).

The lower open-circuit voltage (Voc), short-circuit current
density ( Jsc), fill factor (FF), and power conversion efficiency
(PCE) observed in the forward scan compared to the reverse
scan highlight the presence of hysteresis. This phenomenon is
schematically explained in Fig. 5. The band alignment at the
ETL/QD and QD/HTL interfaces induces a built-in voltage
(or electric field), which causes the migration and accumula-
tion of negatively charged FA vacancies and positively charged
iodine vacancies at the ETL and HTL interfaces, respectively
(Fig. 5(a)).”° This accumulation disconnects the PQD film from
the ETL (or HTL), creating a secondary internal electric field
that opposes the built-in voltage. Consequently, the solar cell’s
ability to separate electrons and holes is weakened. During
the forward scan (FS), the applied voltage (e.g., V = 0.6V() is
insufficient to evacuate defects from the interfaces, leading to

View Article Online
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Table 1 The characteristics of champion SLP and SLP-MF cells
Cells Voc (V) Jsc (mA cm™?) FF (%) PCE (%)
F-SLP 1.08 11.10 54.88 6.58
R-SLP 1.08 11.99 68.3 8.85
F-SLP-MF 1.08 13.98 68.68 10.37
R-SLP-MF 1.09 14.12 73.2 11.26

reduced transfer of photogenerated carriers due to the abun-
dance of trapping centers, which induce non-radiative recom-
bination (Fig. 5(b)). Conversely, in the reverse scan (RS), the
higher voltages (V > V) at the start of the measurement drive
ion vacancies to migrate in opposite directions, thereby enhan-
cing the built-in voltage, reducing interface trapping centers,
and improving current density (Fig. 5(c)).

Following the solid ligand exchange with MPA and FAI (SLP-
MF), two notable improvements were observed. Firstly, while
the Voc showed a slight increase, significant enhancements
were recorded in the Jsc and FF, resulting in PCE of 11.3% in
the reverse scan. Fig. S4 (ESIt) shows that the maximum PCE
was achieved after four cycles of spin-coating and ligand
exchange. The highest PCE was obtained when 100 uL MPA
was used (Fig. S5, ESIT). The enhancement in Jgc was further
supported by the calculated Jsc values derived from the external
quantum efficiency (EQE), which revealed substantial improve-
ments across a wide range of wavelengths, particularly above
500 nm (Fig. 4(c)), leading to the enhanced total integrated Jsc
of SLP-MF compared to SLP solar cells. Secondly, the SLP-MF
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processed devices. (c) EQE and the calculated integrated Jsc curves of SLP and SLP-MF QD solar cells.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. C, 2025, 13, 9061-9071 | 9067


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00040h

Open Access Article. Published on 19 March 2025. Downloaded on 10/30/2025 7:01:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

QD Layer

Spiro

Before Measurement

Forward Scan

=
]
[®)
[99]
5]
wn
o
5]
>
[P
&~

Vhirs) > Vi ¥s)

OA  OctAm 1

SLP-MF QDs

View Article Online

Journal of Materials Chemistry C

o B © e/h trapping

© Tunneling

FA MPA Vi VFra

() (g 4& 4‘ k
VA i

0 (0108

PIDEIT

—~ e teveure. . SIS
ISV D - -

Fig. 5 Schematic diagrams showing the band structure of the perovskite solar cell (a) before measurement, (b) under forward scan (0 V-0.6Voc), and
(c) under reverse scan (1.2 V-0.6Vc). (d) and (e) The effect of short ligand surface passivation on the tunneling probability and defect trapping.

solar cells exhibited a significantly reduced hysteresis com-
pared to the SLP solar cells.

Photoluminescence and electrochemical impedance
spectroscopy

To identify the main reason behind the performance improve-
ment, PL and EIS measurements were conducted. Four samples
were prepared by spin-coating of SLP and SLP-MF PQDs on
borosilicate glass and FTO/SnO, substrates. Compared to UP
FAPbI; CQDs, the PL peak and absorption edge wavelengths
(Fig. S6, ESIT) of PQD thin films exhibited a 20 nm redshift,
likely due to reduced interparticle spacing in PQDs and
enhanced electronic coupling within the thin film, diminishing
molecular-like behavior.’*** However, it’s still lower than the
absorption edge of the bulk FAPbI; (>820 nm), confirming the
presence of QDs. As shown in Fig. 6(a), SLP PQDs on the glass
demonstrated PL emission, attributed to the presence of a
small fraction of residual ligands and the absence of band
bending between the SLP and the insulating substrate, which
promotes radiative recombination. In contrast, the emission
intensity of SLP PQDs on FTO/SnO, was reduced by nearly half,
which can be attributed to enhanced electron transfer facili-
tated by the band bending formed between SnO, and PQDs.
Compared to SLP PQDs, spin-coated SLP-MF PQDs on the
glass exhibited stronger PL emission, highlighting the superior

9068 | J Mater. Chem. C, 2025, 13, 9061-9071

ability of MPA and FAI to passivate surface vacancy defects and
dangling bonds. This led to a significant reduction in Shockley-
Read-Hall (SRH) recombination centers and enhanced radia-
tive recombination.> The short-chain ligands (MPA and FAI)
are particularly effective at passivating higher concentrations of
surface atoms due to their reduced steric hindrance.>* Notably,
the PL intensity of SLP-MF PQDs on FTO/SnO, exhibits a signi-
ficant reduction compared to SLP PQDs, indicating improved
charge separation. This improvement is attributed to the
replacement of the longer oleate and ammonium ligands with
the shorter MPA and FAI ligands. The shorter ligands reduce
interdot distances and enhance the probability of electron and
hole tunneling between PQDs in the thin film and at their
interfaces with the HTL and ETL, as depicted in Fig. 1(d) and
Fig. 5(d and e). Interestingly, as observed in Fig. S7(a and b)
(ESIT), the SLP-MF sample exhibits a significantly lower
amounts of voids and agglomerations, along with a more
uniform surface. This highlights the effectiveness of the ligand
exchange process in improving thin-film formation and perfor-
mance of solar cells.

Fig. 6(b) shows the results of EIS. This series resistance (R;)
and the charge recombination resistance (R..) calculated from
the large semicircle curve of SLP QDs are 88.9 Q and 3041 Q,
respectively. The results determine that R for the SLP-MF PQDs
(55.3 Q) is lower than that of SLP PQDs. However, the R,.. of

This journal is © The Royal Society of Chemistry 2025
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(c) PCE stability of SLP and SLP-MF QD solar cells for a month.

the surface modified solar cell (5556 Q) is significantly enhanced,
showing the suppressed recombination, higher conductivity, and
improved charge transportation of SLP-MF solar cells.>>™” As a
result, enhanced current density has been achieved after solid-
ligand surface modification.

To evaluate the stability of the cells, the PCE of the devices
stored under ambient air conditions (average humidity = 40%)
at room temperature was measured over 30 days. Fig. 6(c)
presents the normalized PCE of the cells as a function of time.
The SLP cells retained only 40% of their initial PCE, whereas
the normalized PCE of the SLP-MF PQDs remained above 75%.
This result highlights the effectiveness of MPA and FAI in
passivating surface defects of QDs, formed during liquid/solid
purification, thereby enhancing their resistance to degradation.

Conclusions

In summary, we successfully prepared a stable colloidal solution
of FAPDbI; perovskite quantum dots (PQDs) using a modified
ligand-assisted reprecipitation method. High-resolution TEM
(HRTEM) confirmed the synthesis of FAPbI; PQDs with an average
size of ~11 nm. XRD and spectroscopic analyses revealed the
formation of highly fluorescent PQDs in the a-phase. Additionally,

This journal is © The Royal Society of Chemistry 2025

(a) PL spectra of SLP and SLP-MF QDs coated on FTO/SnO, and borosilicate glass substrates. (b) EIS of SLP and SLP-MF QD-based solar cells.

long-chain ligands purification was achieved through liquid and
solid purification processes using MeOAc. Apart from FTIR results,
'H NMR could reveal that remaining surface ligands after liquid
and solid purification are ~48% and ~ 15.5%, respectively. More-
over, "H NMR results showed the presence of MPA and intensifica-
tion of FA" after solid ligand exchange, confirming the passivation
of under-coordinated atoms with short-chain ligands using direct
attachment or ligand exchange processes. This modification led to
hysteresis reduction as well as significant improvements in photo-
voltaic performance metrics: the Jsc, FF, and PCE increased from
11.99 mA cm™ 2, 68.3%, and 8.8% to 14.12 mA cm ™2, 73.2%, and
11.3%, respectively. The stability of the cells was also remarkably
enhanced. EIS measurements showed that surface modification
increased the charge recombination resistance and reduced the
series resistance, demonstrating the effectiveness of MPA and FAI
in passivating surface defects and reducing interdot distances.
This modification provides valuable insights for advancing the
next generation of efficient and stable PQD-based devices.
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