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ABSTRACT: Charge transfer efficiencies in all-inorganic lead halide perovskite nanocrystals
(NCs) are crucial for applications in photovoltaics and photocatalysis. Herein, CsPbBry NCs
with different sizes are synthesized by varying the ligand contents of didodecyl 0.8
dimethylammonium bromide at room temperature. Adding benzoquinone (BQ) molecules
leads to a decrease in the PL intensities and PL decay times in NCs. The electron transfer 0.6 1
(ET) efficiency (1757) increases with NC size in complexes of CsPbBr; NCs and BQ molecules
(NC-BQ complexes), when the same concentration of BQ_is maintained, as investigated by 04
transient photobleaching and photoluminescence spectroscopies. Controlling the same 0
number of attached BQ acceptor molecules per NC induces the same 7zr in NC-BQ 02k
complexes even though with different NC sizes. Our findings provide new insights into
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ultrafast charge transfer behaviors in perovskite NCs, which is important for designing efficient 0.0
0

light energy conversion devices.

ll-inorganic perovskite nanocrystals (NCs) exhibit ex-
cellent properties, including high photoluminescence
quantum yields (PLQYs)," high carrier mobilities,” long carrier
lifetimes,” and wide emission wavelength tunabilities over the
entire visible range,” offering wide-ranging }g)rospects for
applications in light-emitting diodes,”~” lasers,” solar cells,”
displays,'’ photodetectors,'" and photocatalysis.">~"* Most
reported CsPbX; NCs are synthesized at high temperatures
(>140 °C) in an inert environment according to a “hot-
injection” method. The sizes of perovskite NCs can be
controlled by adjusting the reaction temperatures during “hot
injection”” or by altering the amounts of alkylammonium
bromide salt.'® However, the complex process of the “hot-
injection” method has significantly limited its large-scale
production. Compared with the “hot-injection” method, the
room-temperature method under ambient air conditions is
more convenient, feasible, and economically attractive. In
addition, using the room-temperature method, the sizes of
CsPbBr; NCs also can be precisely controlled'” and the
number of surface defects of CsPbBr; NCs can be reduced'®
by changing the ligands, which promotes their application in
optoelectronic devices.'”~
The charge transfer (CT) times and efficiencies are
important factors for high-performance photocatalysis and
solar cells.”>~** Donor—acceptor complexes are usually used to
investigate the ultrafast CT processes.”> >’ Benzoquinone
(BQ) molecules are well-known electron acceptors for
perovskite NCs.”>***” In the presence of BQ molecules, the
photogenerated excitons of CsPbBr; NCs can be effectively
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separated, and the electron transfer (ET) and backward charge
recombination (CR) found to be shortened, compared with
those of as-grown NCs.” Very recently, it has been reported
that adding BQ molecules in CsPbBr; NCs leads to a fast ET
process and extraordinarily long-lived CS, which can up to a
dozen days under ambient conditions, after light illumina-
tion.”” It is generally known that the ET times decrease with an
increase in BQ concentration.”*’ Size-dependent effects could
also play an important role in the CT processes. With a
decrease in the sizes of CsPbl; NCs, the CT time decreases,*”
and similar phenomena have also been reported in conven-
tional II—VI semiconductor NCs.*! However, how the CT
efficiencies change with NC sizes when controlling the same
acceptor molecule number per NC is still an open question.
In this work, CsPbBr; NCs with various sizes are synthesized
by adjusting the content of didodecyl dimethylammonium
bromide (DDAB) as a ligand at room temperature under an air
atmosphere. The transient dynamics are studied in colloidal
CsPbBr; NCs with and without BQ molecules by using time-
resolved photoluminescence (PL) and differential transmission
measurements. After the addition of BQ electron acceptors, the
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Scheme 1. (a) Energy Level Diagram of BQ Molecules and CsPbBr; NCs with Weak and Strong Confinement” and (b)

Schematic Structure of the Perovskite Lattice and BQ Molecules
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“The lowest electron (hole) energy levels in conduction (valence) bands of CsPbBr; NCs with sizes of 13.3 and 6.3 nm are indicated by black lines.
The blue lines indicate the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of BQ molecules. The
ET from NCs to BQ and electron—hole radiative recombination processes are shown by red and dashed arrows, respectively.
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Figure 1. (a) Absorption and (b) PL spectra of CsPbBr; NCs with different NC sizes (edge length L as indicated). Plots are offset for the sake of
clarity. The insets show photographs of didodecyl dimethylammonium bromide (DDAB)-modified CsPbBr; NCs under 365 nm irradiation.

PL intensities and PL decay times in NC-BQ_complexes with
different sizes of NCs decrease due to the ET processes as
shown in Scheme 1. The ET efficiency (#pr) increases with
CsPbBr; NC size, when adding the same concentration of BQ
molecules, because the number of attached BQ acceptor
molecules per CsPbBr; NC (termed m below) is higher in NC-
BQ_complexes with a larger NC size. However, maintaining an
equal value of m results in the same #gp in all of the NC-BQ
complexes with different NC sizes. These findings manifest
that the transient interfacial 71 in NC-BQ_complexes is mainly
dependent on the m values rather than the NC sizes.
CsPbBr; NCs with different concentrations of DDAB
ligands were synthesized on the basis of the reported literature
at room temperature under an air atmosphere.'” Adding the
DDAB ligands in amounts of 0.0S, 0.1, 0.3, and 0.5 mmol can
significantly affect the absorption and PL emission peaks of
DDAB-modified CsPbBr; NCs. The first exciton absorption
peaks of as-grown CsPbBr; NCs are blue-shifted from 509 to
477 nm with an increase in DDAB ligand concentration, and
the corresponding PL emission peaks are blue-shifted from 512
to 480 nm, as shown in panels a and b, respectively, of Figure
1. In comparison, an only ~6 nm PL peak shift happened upon
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addition of different contents of conventional OAm ligands
(see Figure S1). It is known that the shifted emission peak is
correlated with the NC size and bandgap of CsPbBr; NCs,'
indicating that DDAB ligands have better size control for
CsPbBr; NCs compared to conventional OAm ligands when
using room-temperature methods. The detailed synthesis
procedures can be found in the experimental section in the
Supporting Information.

The representative transmission electron microscopy
(TEM) images of as-grown CsPbBr; NCs with different
concentrations of DDAB exhibit typical orthogonal shapes (see
Figure S2ab) and consistent with previous reports.'” The
lattice sizes of CsPbBr; with the addition of 0.05 and 0.5 mmol
of DDAB ligands are 0.37 and 0.29 nm, respectively,
corresponding to the (110) and (220) phases of CsPbBr;,
respectively. According to TEM images, the sizes of CsPbBr;
NCs with addition of 0.05 and 0.5 mmol of DDAB ligands are
13.3 and 6.3 nm, respectively. Considering the relationship
between the absorption peak position and the bulk band
edge,” for the NCs with a large size of 13.3 nm, the potentials
of the lowest electron and hole energy levels are —3.79 and
—6.18 eV (relative to vacuum), respectively,” while for the

https://doi.org/10.1021/acs.jpclett.4c01543
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Figure 2. PL spectra of as-grown CsPbBr; NCs (normalized solid lines) and NC-BQ_complexes (dashed lines) for different BQ_concentration of

(a) 0.46 mM and (b) 4.63 mM (b).
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Figure 3. PL decay curves of as-grown CsPbBr; NCs and NC-BQ complexes with different sizes of NCs. The BQ concentrations are 0.46 and 4.63
mM in the NC-BQ complexes. The initial PL intensities are normalized to the same values.

NCs with a small size of 6.3 nm, the potentials of the lowest
electron and hole energy levels are —3.72 and —6.25 eV,
respectively (detailed calculation information can be found in
the Supporting Information). The bandgap energy (Eg) and
the corresponding NC size can be calculated through their
absorption spectra.”** As shown in Figure S3, the E, values of
CsPbBr; NCs with 0.05, 0.1, 0.3, and 0.5 mmol of DDAB
ligands are calculated, and thus, the sizes of CsPbBr; NCs of
13.3,12.2, 8.5, and 6.3 nm, respectively, can be obtained. The
calculated sizes of the largest and smallest NCs are in line with
the TEM results in Figure S2. Therefore, increasing the
concentrations of the DDAB ligand, along with the blue-shifted
wavelengths in PL peaks and first absorption peaks of NCs,
results in an increase in E, and a decrease in NC size.

The first exciton absorption peaks of as-grown CsPbBr; NCs
and their corresponding NC-BQ complexes are almost the
same (Fi%ure S4), which is consistent with previous
reports.zg”2 Panels a and b of Figure 2 show the PL spectra
of as-grown NCs with different NC sizes and their
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corresponding NC-BQ_ complexes. Compared with as-grown
NCs, the addition of BQ molecules can effectively quench their
PL intensities. At the same BQ_concentration, the quenching
efficiencies increase with NC size. As shown in Figure 2a, at a
BQ concentration of 0.46 mM, the PL quenching efficiencies
are 72% for the largest size (L = 13.3 nm) and 37% for the
smallest size (L 6.3 nm). With an increase in the
concentration of BQ molecules to 4.63 mM, the PL intensities
of 13.3 nm CsPbBr; NCs can be almost completely quenched,
while the PL intensity decreased to ~10% of that in 6.3 nm
CsPbBr; NCs. The photogenerated electrons in the con-
duction band of CsPbBr; NCs can be rapidly captured by the
BQ molecules within a few tens of picoseconds,” leading to a
PL quenching of CsPbBr; NCs, and increasing the
concentration of BQ molecules accelerates the ET processes.

Time-correlated single-photon counting (TCSPC) was
employed to investigate the time-resolved PL of as-grown
CsPbBr; NCs and NC-BQ complexes. As shown in Figure 3,
all of the PL decay curves of as-grown CsPbBr; NCs and
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Figure S. (a) PL spectra of as-grown CsPbBr; NCs with NCs sizes of 6.3 and 13.3 nm and the corresponding NC-BQ complexes with different m
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6.3 nm. (d) gy as a function of m value.

corresponding NC-BQ_complexes can be fitted well by a
biexponential decay function. Detailed PL decay times and the
corresponding amplitudes are listed in Table S1. According to
the previous reports, the fast (7;) and slow (7,) decay
components can be attributed to nonradiative recombination
and radiative recombination, respectively.”>>* The fitted fast
and slow decay lifetimes for as-grown CsPbBr; NCs decrease
from 2.01 to 1.70 ns and from 21.0 to 16.1 ns, respectively,
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when the size of the NCs was reduced from 13.3 to 6.3 nm,
and the average lifetimes (as defined in the Supporting
Information) of as-grown CsPbBr; NCs decrease from 19.8 to
14.5 ns with a decrease in NC size. Compared to as-grown
CsPbBr; NCs, NC-BQ_complexes show smaller 7, and 7,
values due to the ET processes from the CsPbBr; NCs to BQ
molecules. For 13.3 nm NCs and 4.63 mM BQ, 7, and 7, are
significantly reduced to 0.92 and 3.1 ns, respectively. With a
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decrease in NC size from 13.3 to 6.3 nm, fast decay
component 7, and slow decay component 7, increase from
0.92 to 124 ns and from 3.1 to 6.0 ns, respectively, when
adding BQ molecules at a concentration of 4.63 mM, which
show a trend that is the opposite of that in as-grown NCs.
Similar experimental phenomena are also observed in transient
photobleaching measurements (see Figure SS). We calculated
the #gy for these samples by using eq SS. The #gp of the 13.3
nm NC-BQ complexes is 90%, much larger than that of the 6.3
nm sample (75T ~ 70%), when adding the same concentration
of BQ molecules (~4.63 mM). A similar trend was also
observed when the BQ_concentration decreased to 0.46 mM,
suggesting that npy increased with NC size in the NC-BQ
complexes when keeping the same BQ_concentration, which is
consistent with the PL quenching phenomena as shown in
Figure 2.

To further demonstrate the interfacial ET mechanism, the
relationship between BQ_concentrations and PL intensities of
CsPbBr; NCs with different sizes is investigated. The PL
spectra of 13.3 and 6.3 nm as-grown CsPbBr; NCs and their
corresponding NC-BQ_ complexes with different concentra-
tions of BQ are shown in panels a and b of Figure 4. For 13.3
and 6.3 nm NCs, increasing the BQ concentration decreases
the PL intensity. The adsorption of BQ molecules onto NCs
surfaces is governed by the Langmuir adsorption isotherm and
follows a Poissonian distribution.”” The integrated PL
intensities and determination of m values for 13.3 and 6.3
nm NCs as a function of BQ concentrations are plotted in
panels ¢ and d of Figure 4 (detailed calculation information
can be found in the Supporting Information). As shown in
panels ¢ and d of Figure 4, with an increase in the BQ
concentration (thus the m value), the integrated PL intensities
decrease for both large and small NC-BQ complexes. Note
that, when the NC size is decreased along with an increased E,
the driving force increases in NC-BQ complexes, which
accelerates the ET process. However, at the same BQ
concentrations, the m value is smaller in 6.3 nm NCs than in
13.3 nm NCs, which plays the dominant role in the ET
processes, resulting in longer ET times and thus longer decay
times in 6.3 nm NCs as shown in Figure 3.

To further investigate how #gr changes with NC size,
comparative steady state PL and time-resolved PL measure-
ments in as-grown CsPbBr; NCs with sizes of 13.3 and 6.3 nm
and their corresponding NC-BQ_complexes with the same m
values are carried out. As shown in Figure Sa, one can see that
the degrees of PL quenching remain the same for both sizes of
NCs, when controlling the same m values. Panels b and ¢ of
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Figure 5 show the PL decays of as-grown CsPbBr; NCs with
different sizes of 6.3 and 13.3 nm and their corresponding NC-
BQ complexes with different m values. The PL decay times are
listed in Table S2. As shown in Figure 5b, as-grown CsPbBr;
NCs with a size of 13.3 nm exhibit an average PL decay
lifetime of ~19.8 ns, while adding a BQ_electron acceptor with
a concentration of 1.42 mM (equal to m; = 2.2) reduces the
average PL lifetime to 5.7 ns, showing #gy is 71%. Similarly, as
shown in Figure Sc, the average PL lifetime of as-grown
CsPbBr; NCs with a size of 6.3 nm is 14.5 ns. Upon addition
of BQ molecules at a concentration of 4.63 mM (also equal to
m, = 2.2), the PL lifetime decreases to 4.4 ns, showing an 7y
of 70%. With a change in the m values, NC-BQ _complexes with
different sizes exhibited almost the same #gy. Figure Sd shows
Ner as a function of the m values in NCs with both sizes. g
increases with an increase in the m value in both sizes of NCs.
In addition, the gy values remain the same in NCs with
different sizes when keeping the same m values. This
phenomenon further reveals that, despite the varying sizes of
NCs, regulating the same m value results in the same degrees
of PL quenching and the same 7z values.

Further investigations of ultrafast charge dynamics in
different-sized NCs with and without BQ but with the same
m value are measured by using transient photobleaching
spectra (or time-resolved differential transmission measure-
ments)."’ The wavelengths of pump and probe pulses are set at
the first exciton transition for each sample of CsPbBr; NCs and
NC-BQ complexes. For as-grown CsPbBr; NCs with sizes of
13.3 and 6.3 nm, a pump fluence (F,) of 20 yJ/cm® produces
an average of 0.74 and 0.038 electron—hole pair per NC
(termed (N) below), respectively’' (detailed calculation
information can be found in the Supporting Information).
Figure 6 shows the transient photobleaching dynamics of as-
grown CsPbBry; NCs with sizes of 13.3 and 6.3 nm and their
corresponding NC-BQ_complexes with the same m value. All
of the transient photobleaching dynamics exhibit two decay
components, fast and slow decay (71, and 71y, respectively).
Figure 6a shows the transient photobleaching dynamics of as-
grown NCs with an L of 13.3 nm, showing the fast and slow
decay processes with a 7r,; of 300 ps and a 7p,, of 1130 ps.
The fast decay component can be ascribed to the electron and/
or hole trapping processes, while the slow decay component in
photobleaching measurement is in accordance with the
detected fast PL decay component and can be attributed to
the nonradiative recombination processes.”” The photobleach-
ing dynamic in 13.3 nm NC-BQ complexes also shows a fast
decay component 714, of 185 ps and a slow decay component
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Traz of 1000 ps. The shortening of 714, and 71y, after adding
BQ molecules, compared with that of in as-grown NCs, can be
attributed to ET from the conduction bands of CsPbBr; NCs
to LUMO of BQ _electron acceptors. The transfer efliciencies
of the fast and slow processes are 38% and 12%, respectively.
As shown in Figure 6b, as-grown CsPbBr; NCs and NC-BQ
complexes with a size of 6.3 nm exhibit similar phenomena but
with different decay time constants, compared with that in 13.3
nm NCs. The times of fast and slow decay processes are as
follows: 75, = 120 ps and 7r,, = 800 ps in 6.3 nm as-grown
NCs, which is faster than that in 13.3 nm NCs. For the 6.3 nm
NC-BQ_ complexes, the lifetimes of fast and slow decay
components change to a 7, of 71 ps and a 7p,, of 700 ps.
The two processes show transfer efficiencies of 41% and 13%,
respectively. The detailed parameters are listed in Table S3.
Note that the ratios of time constants between NCs with and
without BQ are nearly independent of pump fluence (or (N)),
as shown in Figure S6 and Table S4. According to the results
presented above, we can conclude that controlling the same m
value can obtain the same ET efficiencies in NC-BQ complexes
even with different sizes.

In conclusion, CsPbBr; NCs with various sizes have been
synthesized by varying the contents of the DDAB ligand at
room temperature under an air atmosphere. Electron acceptor
BQ molecules are employed to investigate the ultrafast
interfacial ET processes from CsPbBr; NCs by using time-
resolved PL and differential transmission spectra. The addition
of BQ molecules can effectively quench the PL in all-sized
CsPbBr; NCs. Upon addition of the same concentration of BQ
molecules, #7p increases with NC size, due to the fact that the
number of BQ molecules per NC is larger in larger NCs. When
the same number of BQ molecules per NC is maintained, both
the degree of PL quenching and #gr in NC-BQ_complexes are
almost the same for different NC sizes. This reveals that the
acceptor number per NC is the dominant factor for controlling
the efficiency of interfacial ET processes, as compared with NC
sizes.
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