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ABSTRACT: Colloidal quantum dots with lower surface ligand density are desired for preparing the active layer for photovoltaic,
lighting, and other potential optoelectronic applications. In emerging perovskite quantum dots (PQDs), the diffusion of cations is
thought to have a high energy barrier, relative to that of halide anions. Herein, we investigate the fast cross cation exchange approach
in colloidal lead triiodide PQDs containing methylammonium (MA+) and formamidinium (FA+) organic cations, which exhibits a
significantly lower exchange barrier than inorganic cesium (Cs+)-FA+ and Cs+-MA+ systems. First-principles calculations further
suggest that the fast internal cation diffusion arises due to a lowering in structural distortions and the consequent decline in attractive
cation−cation and cation−anion interactions in the presence of organic cation vacancies in mixed MA+-FA+ PQDs. Combining both
experimental and theoretical evidence, we propose a vacancy-assisted exchange model to understand the impact of structural features
and intermolecular interaction in PQDs with fewer surface ligands. Finally, for a realistic outcome, the as-prepared mixed-cation
PQDs display better photostability and can be directly applied for one-step coated photovoltaic and photodetector devices, achieving
a high photovoltaic efficiency of 15.05% using MA0.5FA0.5PbI3 PQDs and more precisely tunable detective spectral response from
visible to near-infrared regions.

■ INTRODUCTION
Lead halide perovskites are not only poised to be tremendously
important for photovoltaics but also to be disruptive in the
field of colloidal quantum dots.1−3 The emerging perovskite
quantum dots (PQDs) offer expanded compositional modu-
lation and surface manipulation capabilities over their bulk
counterpart.4−7 Apart from their high surface-to-volume ratio,
the more ionic nature of halide PQDs is beneficial for the
postsynthetic management of chemical compositions.8,9

Postsynthetic ion exchange not only preserves the overall
size and shape but also allows for compositionally tunable
materials.10−12 The anion exchange is more efficient and
versatile,13−15 while the rigid cationic sublattice increases the
difficulty of cation exchange transformations in PQDs.16,17

Quite recently, ligand-assisted A-site cation exchange has been
explored18 and demonstrated to be extremely important in
terms of functional optoelectronic applications.19−21

Through targeted substitutions within the perovskite lattice,
cation exchange allows the synthesis of mixed A-site cation
PQDs with tailored properties, enhancing the performance of
PQD-based optoelectronic devices.22−25 For instance, mixed
Cs1−XMAXPbI3 PQDs (Cs = cesium, MA = methylammonium)
exhibit the ability to surmount the phase transition from the γ-
phase to the δ-phase observed in CsPbI3 as well as the
degradation of MAPbI3 to lead iodide, preserving improved
structural and thermal stability.26 In addition, the integration of
mixed Cs1−XFAXPbI3 (FA = formamidinium) PQDs in solar
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cells demonstrated an enhanced power conversion efficiency
(PCE) exceeding 17%.27 Nonetheless, unlike halide anion
exchange taking place rapidly at room temperature owing to
the small activation energy (Ea), both the cation exchange
process and kinetics are more complicated. The Ea between
Cs+ and FA+ cations is measured to be ∼0.65 eV,28 which is
higher than the value reported for X-site exchange (∼0.45
eV).29,30 Under these circumstances, a ligand-assisted cation
exchange strategy was reported to synthesize high-quality
mixed-cation lead triiodide PQDs in a time-efficient
manner.18,27 However, due to the direct mixing of as-
synthesized PQDs, the difference in surface ligand conditions,
dispersing solvent polarity, and PQD concentration further
increases the uncertainty and complexity of such a cation
exchange.31,32 More importantly, additional purification is
necessary for removing unreacted precursors, screening the
size, and decreasing the ligand density for further device
fabrications.
Herein, we reported the cross cation exchange reaction in

MAPbI3 and FAPbI3 PQDs, encompassing a time duration
within minutes (min), which exhibits almost 2 orders of
magnitude faster than widely reported Cs+-FA+ and Cs+-MA+

systems.28,26 The Ea for MA+-FA+ cross-exchange (∼0.35 eV)
is measured to show a great reduction relative to the Cs+-FA+

(∼0.63 eV) or Cs+-MA+ (∼0.57 eV) ones. We proposed a
vacancy-assisted cation exchange model and unveiled that the
energy barrier associated with the mobility of MA+ and FA+

cations within MA0.5FA0.5PbI3 is notably reduced relative to
that of single A-site PQDs, which is mainly due to the changes
in the crystal structure and intermolecular interactions.
Subsequently, using these mixed-cation PQDs as light
absorbance materials, we achieve a champion efficiency of
15.05% for one-step coated PQD solar cells. These mixed
PQDs also enable more precisely tunable spectral response in
photodetector devices.

■ RESULTS AND DISCUSSION
The colloidal lead halide CsPbI3, MAPbI3, and FAPbI3 PQDs
in this work were prepared according to reported method with
multiple purification processes (Supplementary note 1).33−35

We first comprehensively characterized the properties of these
PQDs by combining UV−visible (UV−vis) absorption spec-
troscopy (Figure S1), photoluminescence (PL) spectroscopy
(Figure S2), Fourier transform infrared spectrometry (FTIR)
(Figure S3), and time-resolved PL spectroscopy (TRPL)
(Figure S4), evidently demonstrating that we have successfully
obtained PQDs with preferred properties and similar low
surface ligand density. As shown in Figure 1a, the postsynthetic
cation exchange reactions were performed through direct
mixing of two different compositions of individual PQD
solutions in a controlled proportion to produce the mixed-
cation PQDs with tunable spectral absorption and PL from
∼680 to ∼775 nm (Figure 1b).
We first performed in situ PL characterization to monitor the

cation exchange between three distinct PQDs with similar
conditions at a fixed cation ratio of 1:1. For Cs+-FA+ reaction
as depicted in Figure 1c, the distinct PL peak at ∼684 nm
(CsPbI3 PQD) starts to shift toward longer wavelengths,
indicating the expansion of the crystal lattice caused by the
alloying of the FA+ cation, and the FAPbI3 peak (∼775 nm)
shifts toward short wavelengths due to the counter process.
The two distinct PL peaks merge into one broad peak after
1200 min, and the full width at half-maximum (fwhm) of the
merged PL peak (∼730) nm eventually stays constant
demanding an extended duration exceeding 2000 min,
indicating the formation of stable Cs0.5FA0.5PbI3 PQDs.
Similarly, as shown in Figure 1d, the Cs+-MA+ cation exchange
reaction takes over roughly 1000 min at room temperature,
yielding Cs0.5MA0.5PbI3 PQDs with a PL peak at ∼701 nm. In
contrast, the MA+-FA+ reaction in Figure 1e remarkably
exhibits a fast process within only a few minutes. Upon mixing

Figure 1. (a) Illustration of cation exchange in colloidal PQDs. (b) Absorption and PL spectroscopy of PQDs with different A-site compositions.
2D mapping of PL tracking with time under room temperature for cation exchange reactions of (c) Cs+-FA+, (d) Cs+-MA+, and (e) MA+-FA+.
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MAPbI3 and FAPbI3 PQDs, obvious shifts in the two distinct
PL peaks commence instantaneously within seconds and
merge into a single broad peak at ∼753 nm after 5 min. Over
subsequent time, the fwhm of this peak ultimately stabilized at
approximately 10 min, indicating the formation of
MA0.5FA0.5PbI3 PQDs. Such a fast exchange process at lower
surface ligand conditions is similar to that of halide anion
exchange,29 suggesting a nearly unimpeded energy barrier for
the shuttle of rigid cations on the PQD surface and inside
lattice. To understand the fast MA+-FA+ exchange, we then
performed a cation exchange reaction at varying temperatures
to measure the Ea of each reaction. For the Cs+-FA+ exchange,
the reaction time duration decreases from 1500 min at 40 °C
to 200 min at 80 °C (Figure S5), signifying a faster reaction at
an elevated temperature. In addition, we observed the
narrowing of fwhm from ∼120 to ∼42 nm with time shown
in Figure 2a, along with the changing rate k that can be
obtained by fitting the curves at each temperature. A similar
trend can also be observed in Cs+-MA+ exchange, where the
reaction time decreases from 500 min at 40 °C to 60 min at 80
°C (Figure S6) and the fwhm narrows from ∼80 to ∼43 nm
(Figure 2b). The fast MA+-FA+ reaction also exhibits a further
acceleration at an elevated temperature (Figure S7), and the
fwhm narrows from ∼65 to ∼45 nm (Figure 2c). The Ea of the
cation exchange reaction was calculated using the Arrhenius

equation, =k A exp E
k T0

a

B

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ. By screening the change in fwhm

over time at each temperature and fitting the resultant curves,
the reaction rates k with respect to temperature across the
above Cs+-MA+, Cs+-FA+, and MA+-FA+ reactions all show a
linear trend and can be fitted with a single exponential function
in Figure 2d. As depicted in Figure 2e, the Ea of ∼0.63 eV
associated with the Cs+-FA+ reaction is similar to a previous

report.28 Meanwhile, the Ea of the Cs+-MA+ reaction slightly
decreases to ∼0.57 eV, which may be attributed to the smaller
ionic radius difference between Cs+ and MA+ cations.36 Quite
unexpectedly, the MA+-FA+ reaction shows a significantly low
Ea of ∼0.35 eV, which is even lower than that of the reported
X-site anion exchange (∼0.45 eV).29 Such a small Ea implies
that the time necessary for the MA+-FA+ reaction remains
relatively unaffected by temperature fluctuations.
It should be noted that we observed a PL quenching-to-

recovering process in the MA+-FA+ system shown in Figure 2f.
At the early stage after mixing two PQDs, the PL peaks of both
MAPbI3 and FAPbI3 display a significantly quenching process,
and the PL peaks gradually increase and eventually stabilize at
a subsequent time. Considering the less surface ligand density,
the quenching of the PL may be attributed to the formation of
the mixed-cation phase at the PQD surface, leading to
increased trap states.37−40 To further understand the
concentration effect on the fast cation exchange,41 we
performed an MA+-FA+ exchange reaction under higher
concentrations (Figure S8). In the case of 10 mg mL−1, we
only observe a broad merged PL peak by mixing PQDs, and
the whole reaction finished within approximately 300 s. We
hypothesized the reaction rate of more free cations and surface
vacancies under higher concentrations, increasing collision
between PQDs.32 Furthermore, we extended the exploration to
the device-fabrication-scale concentration up to 100 mg mL−1,
where only a single stable peak at 780 nm can be observed after
mixing PQDs, suggesting that postsynthetic cation exchange
can efficiently produce the desired composition of PQDs.
Furthermore, first-principles calculations based on density

functional theory (DFT) (Supplementary note 2) were carried
out to theoretically understand the diffusion of MA+ and FA+

cations inside MAPbI3, FAPbI3, and mixed MA0.5FA0.5PbI3. In

Figure 2. FWHM changing with time under 40−80 °C (every 10 °C step) of (a) Cs+-FA+, (b) Cs+-MA+, and (c) MA+-FA+. (d) Arrhenius plots of
the fwhm changing rate k with temperature of the above three reactions. (e) Activation energy plots of Cs+-FA+, Cs+-MA+, and MA+-FA+ calculated
by the Arrhenius formula. (f) PL evolution of the MA+-FA+ reaction under 40 °C.
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both MA+ and FA+ cases, the average cation diffusion energy
barriers (Eb), estimated for the mixed MA0.5FA0.5PbI3, were
smaller than those determined for the corresponding pure
systems. For MA+, the Eb in MAPbI3 amounts to 0.96 eV,

whereas in MA0.5FA0.5PbI3, it is 0.55 eV (Figure 3a); that is, a
diffusion energy barrier reduction of ∼40−50% (extra DFT
simulation data shown in Figure S9) to 0.75 eV in
MA0.5FA0.5PbI3 (i.e., ∼10%, Figure 3b). The Eb reduction in

Figure 3. (a) DFT simulation of MA+ cation movement in MAPbI3 and MA0.5FA0.5PbI3. (b) DFT simulation of FA+ cation movement in FAPbI3
and MA0.5FA0.5PbI3. Lattice structures of (c) MAPbI3 and (d) MA0.5FA0.5PbI3 with a distorted [PbI6]4− octahedron. (e) Vacancy-assisted A-site
cation diffusion model in a PQD ink solution (the residual ligands are omitted).

Figure 4. Transmission electron microscopy (TEM) images and high-resolution TEM images of (a) CsPbI3, MAPbI3, and FAPbI3. (b)
Cs0.5MA0.5PbI3, Cs0.5FA0.5PbI3, and MA0.5FA0.5PbI3. (c,d) X-ray diffraction of different composition PQDs. (e) Linear shift of the d100 peak with
composition demonstrated by Vegard’s law.
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the mixed perovskite structure appears to be related to two
main reasons. First, upon creation of organic cation vacancies,
the [PbI6]4− octahedron gets significantly distorted in the pure
systems (Figure 3c); however, such [PbI6]4− distortions are
not so pronounced in the mixed perovskite systems (Figure
3d). The [PbI6]4− octahedron rotations maximize the
hydrogen-bond interactions between the I sublattice atoms
and H atoms in the organic cations; thus, it gets more difficult
for the organic cations to diffuse in the pure perovskites.42

Second, the middle- and long-range dipole−dipole molecular
interactions in the mixed perovskite are significantly disrupted
due to the anisotropic mixing of organic cations, thus
facilitating the diffusion of molecular cations.43 Yet, these
effects are not present in Cs+ cation exchange reactions. In
particular, inorganic Cs+ cations do not possess the character-
istics of a dipole, and their small radius leads to a more severe
distortion of the [PbI6]4− octahedron as compared to those in
MAPbI3 and FAPbI3. In consequence, the diffusion of Cs+
cations gets hindered in comparison to those of MA+ and
FA+.44

As depicted in Figure 3e, to fully understand the whole fast
MA+-FA+ cation exchange process, we propose a vacancy-
assisted cation diffusion model. Considering the less surface
ligand density and dynamic surface stabilization in PQDs,
surface or near-surface pristine cations will leave the lattice and
form sufficient cation vacancies due to the high surface energy
and ionic nature of perovskite (step I).14,45 Moreover, the
number of free cations is closely related to the density of
surface ligands, the polarity of the solvent, and the
concentration of PQDs. Then, by mixing with different
PQDs, external cations diffuse along the concentration

gradient and occupy the original vacancies to form a mixed-
cation phase at or near the PQD surface, which induces
stronger PL quenching (step II). Such a diffusion process
possesses a lower energy barrier due to the existing sufficient
vacancies and large concentration gradient of cations. Finally,
after formation of the mixed phase of PQDs, the near-surface
cations continue to spread inside the whole crystal lattice
assisted by the movement of internal vacancies to achieve a
uniform and stable mixed structure (step III). Based on the
DFT results, we believe that the final internal diffusion process
dominates the rate of the cation exchange reaction.
In the perspective of optoelectronic application, a set of

characterizations were performed on the resultant mixed-cation
PQDs. Figure 4a depicts TEM images of CsPbI3, MAPbI3, and
FAPbI3 PQDs possessing a similar cubic shape with average
sizes of ∼12.5, ∼13.8, and ∼16.2 nm, respectively (size
distribution shown in Figure S10). The high-resolution TEM
(HRTEM) images show a clear lattice arrangement in single
PQDs, with a lattice distance of 6.2 Å for the (100) crystal
facet of CsPbI3, 3.1 Å for the (200) crystal facet of MAPbI3,
and 3.2 Å for the (200) crystal facet of FAPbI3. For the mixed-
cation PQDs shown in Figure 4b, they all show similar cubic
shapes relative to their single-cation counterparts, confirming
that the cation exchange does not have a significant effect on
the morphology. In addition, the average size of the mixed-
cation PQDs is between the two corresponding single-cation
PQDs (shown in Figure S11). For the Cs+-based mixed PQDs,
Cs0.5MA0.5PbI3 and Cs0.5FA0.5PbI3, they exhibit average sizes of
∼12.9 and ∼14.7 nm, respectively. The increased size
compared to CsPbI3 is attributed to the substitution of Cs+
(∼167 pm) with large-sized MA+ (∼217 pm) or FA+ (∼253

Figure 5. (a) Schematic illustration of a one-step PQD deposition for device fabrication. (b) SEM cross-sectional image of the PQD device. (c) J−
V curves of PQD solar cells and SPO PCE (inset) of the MA0.5FA0.5PbI3 PQD solar cell. (d) Performance evolution (JSC and VOC) of PQD solar
cells (10 devices for each composition). (e) Detectivity of PQD photodetectors. (f) In situ PL spectra of different PQD films under 100 mW cm−2

illumination.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14000
J. Am. Chem. Soc. 2024, 146, 4913−4921

4917

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14000/suppl_file/ja3c14000_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14000/suppl_file/ja3c14000_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14000?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14000?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pm). A similar trend was also observed in MA+ and FA+-based
mixed PQDs. However, the HRTEM images reveal a local
lattice mismatch in all mixed PQDs, suggesting the different
cation phase distribution inside a single PQD. In
Cs0.5MA0.5PbI3, there are two different lattice arrangements,
6.2 Å corresponding to the (100) crystal facet of CsPbI3 and
3.1 Å corresponding to the (220) crystal facet of MAPbI3. This
observation can also be found in other mixed-cation PQDs,
indicating a mixed structure on the surface of mixed-cation
PQDs.
Furthermore, the bulk structural properties of mixed-cation

PQDs were characterized by X-ray diffraction (XRD). As
shown in Figure 4c, the mixed-cation PQDs maintain the
perovskite crystal structure well with distinct diffraction peaks.
For single-cation PQDs, CsPbI3 PQDs show a perovskite γ-
phase (orthorhombic phase), whereas that for MAPbI3 is a β-
phase (tetragonal phase) and for FAPbI3 is the α-phase (cubic
phase).46,47 The structure difference between these three
PQDs originated from the extent of the corner-shared [PbI6]4−

distortion.46 The diffraction peaks of Cs+-containing mixed
PQDs shift to smaller angles with the incorporation of MA+ or
FA+ cations due to their larger size, while those of FA+-
containing mixed PQDs shift to the larger angles compared to
FAPbI3. Moreover, we further calculated the cation ratio
according to the extracted interplanar spacing of the (100)
diffraction peak (Figure 4d).46 As shown in Figure 4e, all of the
compositions vary linearly with the presumed compositions,
validating our targeted mixed PQDs.
Finally, to explore the benefit of PQDs for device

application, the as-prepared mixed-cation PQDs were directly
adopted using a one-step coating (Figure 5a) as an active layer
for photovoltaic and photodetector applications. In compar-
ison with the widely reported layer-by-layer protocol, these
PQDs exhibit a quite uniform surface (Figure S12) and would
potentially reduce the energy consumption ratio due to the
simplified process. Figure 5b depicts the dual-mode device
structure containing glass/fluorine-doped tin oxide (FTO)/
TiO2 (40 nm)/PQDs (∼200 nm)/PTAA (60 nm)/MoO3(8
nm)/Ag (120 nm), confirmed by the cross-sectional scanning
electron microscopy (SEM) characterizations. The photo-
voltaic performance was measured under AM 1.5G 100 mW
cm−2 illumination, with optimal current density−voltage (J−V)
curves displayed in Figure 5c and detailed parameters listed in
Table S4. In general, the mixed-cation devices all outperform
their corresponding single-cation counterparts. The
Cs0.5MA0.5PbI3 device exhibits a short-circuit current density
(JSC) of 14.84 mA cm−2, a VOC of 1.21 V, and a fill factor (FF)
of 0.77, yielding a PCE of 13.82%. Meanwhile, the
Cs0.5FA0.5PbI3 device shows an enhanced JSC of 15.57 mA
cm−2, a VOC of 1.20 V, and an FF of 0.76, resulting in a higher
PCE of 14.20%. In contrast, the fast cation exchange
MA0.5FA0.5PbI3 PQD device shows the highest JSC of 16.42
mA cm−2 and a VOC of 1.19 V, resulting in a champion PCE of
15.05%, which is the highest reported value for one-step
fabricated PQD solar cells.48,49 The steady-state output (SPO)
at the maximum power point shown in Figure 5c exhibits a
PCE of 14.6%; in addition, the forward and reverse scan
exhibits negligible hysteresis (Figure S13), confirming the
reliability of J−V measurements. These enhancements with the
use of mixed PQDs can be primarily attributed to the
adjustable chemical compositions and lower defect density,
which will achieve a well balance between JSC and VOC toward
higher PCEs (Figure 5d and Figure S14). The integrated JSC

from the external quantum efficiency (EQE) (Figure S15)
spectrum further confirms the enhancements in J−V measure-
ment. For the photodetector function, the responsivity
spectrum of all devices exhibits a broad detection region
from ultraviolet to visible and then to near-infrared (Figure
S16). The detectivity (D*) of all of the samples was calculated
according to the responsivity and noise signal (Figure S17). As
shown in Figure 5e, all devices exhibit similar D* higher than
1011 Jones, and the detection can be more precisely tuned from
730 to 810 nm with a tailored composition.
We anticipate that the compositional optimization demon-

strated for mixed-cation PQD films would contribute to
enhancement of the device stability under illumination. We
then investigated the photostability of PQD films by
monitoring their PL emission changes before and after
continuous light irradiation (400 nm laser with a power
density of 100 mW cm−2). As shown in Figure 5f, for single-
cation PQD films, there was a reduction in PL intensity after
60 min of continuous light irradiation, which may be due to
the increased trap states induced by surface ligand shedding.50

In addition, we observe a blueshift of the PL peak in the
MAPbI3 film and a redshift in the FAPbI3 film (1D normalized
PL spectra shown in Figure S18). In comparison, for mixed-
cation PQD films, we did not observe significant PL intensity
reduction after 60 min of continuous irradiation, which may be
attributed to the optimal tolerance factors (Table S5) through
mixed cations; hence, the phase transition and degradation
were suppressed.51,26 Moreover, there is almost no PL peak
shift in the Cs0.5FA0.5PbI3 and MA0.5FA0.5PbI3 PQD films. The
enhanced photostability may be attributed to the introduction
of larger FA+ cations that improve the lattice stress in the
mixed-cation structure, making MA+ cations difficult to remove
under illumination.52

■ CONCLUSIONS
In summary, we investigated the cation exchange reactions
between three typical lead triiodide PQDs. The reaction rate of
the organic cation (MA+-FA+) was found to be 2 orders of
magnitude faster than both Cs+-FA+ or Cs+-MA+. We
performed temperature-dependent in situ PL characterizations
to determine Ea between different cations, and the Ea of MA+-
FA+ (∼0.35 eV) cross-exchange is measured to show a great
reduction relative to Cs+-FA+ (∼0.63 eV) or Cs+-MA+ (∼0.57
eV). In addition, first-principles calculations suggest that the
fast internal cation diffusion arises due to a lowering in
structural distortions and the consequent decline in attractive
cation−cation and cation−anion interactions in the presence
of organic cation vacancies in mixed MA+-FA+ PQDs.
Combining these experimental and theoretical evidence, we
further proposed a vacancy-assisted cation exchange model to
understand the whole process in PQDs with fewer surface
ligands. Finally, the prepared mixed-cation PQDs were directly
used with a one-step coating process for photovoltaic and
photodetector applications, exhibiting a record-high efficiency
of 15.05% and more tunable photoresponse, respectively,
paving a path toward development of tailored optoelectronic
devices.

■ EXPERIMENTAL SECTION
Chemicals. Cesium carbonate (Cs2CO3, 99.9%, Sigma), for-

mamidine acetate (FAAc, 99%, Aldrich), methylammonium acetate
(MAAc, 99.99%, Greatcell Solar), lead iodide (PbI2, 99.9%, Adamas),
oleic acid (OA, 90%, Aldrich), oleylamine (OLA, 90%, Aladdin), 1-
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octadecene (1-ODE, 90%, J&K), methyl acetate (MeOAc, anhydrous
99%, J&K), n-hexane (anhydrous 97.5%, J&K), n-octane (>98%, Alfa
Aesar), isopropanol (IPA, 99%, J&k), formamidinium iodide (FAI,
99.99%, Great Solar), toluene (98%, Chinasun Specialty Products
Co., Ltd.), titanium tetrachloride (TiCl4, ≥98% purity, Sinopharm
Chemical Reagent Co., Ltd.), tris(pentafluorophenyl)borane (95%,
Acros Organics), and poly(bis(4-phenyl)(2,4,6-trimethylphenyl)
amine) (PTAA, Xi’an Polymer Light Technology Corp.) were
utilized. All of these materials were used without further purification.
Fluorine-doped tin oxide (FTO) covered glass substrates were
purchased from Advanced Election Technology Co., Ltd.

Preparing Single-Cation PQDs. CsPbI3, MAPbI3, and FAPbI3
PQDs were synthesized via a hot-injection method as in previous
reports.33−35 For PQDs, the purification steps were as follows: for
CsPbI3, the resultant pristine solution of ∼60 mL was added with 240
mL of MeOAc and then centrifuged at 10,000 rpm for 5 min. The
precipitate was dispersed in 20 mL of n-hexane followed by adding 30
mL of MeOAc with centrifuging at 10,000 rpm for 5 min. The
precipitate was dispersed in 1 mL of n-octane (∼100 mg mL−1) and
stored at 5 °C.
For MAPbI3 and FAPbI3, the resultant pristine solution of ∼60 mL

was added with 40 mL of MeOAc and then centrifuged at 12,000 rpm
for 10 min. The precipitate was dispersed in 20 mL of n-hexane
followed by adding 40 mL of MeOAc with centrifuging at 12,000 rpm
for 10 min. The precipitate was dispersed in 2 mL of n-octane (∼100
mg mL−1) and stored at 5 °C.

Preparing Mixed-Cation PQDs. The mixed-cation PQDs were
prepared using a reported postsynthetic cation exchange method by in
situ PL measurement (Supplementary Figure 18). The concentrations
of the PQDs were calibrated by the absorption spectra. As CsPbI3,
MAPbI3, and FAPbI3 PQD solutions have similar concentrations,
these PQDs were mixed in desired ratios of 1:1 to produce
Cs0.5MA0.5PbI3, Cs0.5FA0.5PbI3, and MA0.5FA0.5PbI3 PQDs under
room temperature. For the cation exchange kinetic study, these
PQDs were kept at a concentration of 1 mg mL−1 in n-octane and
mixed under 40, 50, 60, 70, and 80 °C. For device fabrication, these
PQDs were mixed at a concentration of 100 mg mL−1 in n-octane
under room temperature. All of the cation exchange reactions were
performed under a sealed environment with slow stirring.

PQD Device Fabrication. FTO glass was ultrasonically cleaned
with different solvents in the order acetone, dishwashing liquid,
acetone, IPA, and acetone, subsequently. Then, after 15 min of ozone,
TiO2 of about 50 nm was deposited using TiCl4 on the surface of the
FTO by the hydrothermal deposition method. Then, before spinning
the PQD layer, the FTO was annealed at 200 °C for half an hour and
ozone-treated for 15 min. Varying PQDs (∼100 mg mL−1 in n-
octane), a layer was deposited at 800 rpm for 10 s followed by 2000
rpm for 20 s and then treated by solution of IPA of FAI (1 mg/mL)
for 5 s followed by 2000 rpm for 20 s. The film was soaked in IPA of
FAI (1 mg/mL) and MeOAc for 5 s, respectively, and then blown dry
with N2. A hole transport layer was prepared by mixing 15 mg of
PTAA and 15 mg of LAD and 1 mL of toluene. The PTAA solution
was then spin-coated on the PQD layer at 3000 rpm for 40 s. MoO3
was deposited at a rate of 0.2 Å s−1 for a total thickness of 8 nm. Silver
electrodes were evaporated at a rate of 2 Å s−1 for a thickness of 120
nm.
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