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ABSTRACT: Acetic acid causes branching of PbSe nanorods during the synthesis of
colloidal PbSe nanorods. Removing acetic acid in the reaction solution prevents branching,
resulting in uniform nanorods. It increases the photoluminescence quantum yield of the
nanorods from 11% (branched) to 38% (branchless). The branchless nanorods exhibit
single-exponential photoluminescence decay with a decay constant of 1.3 s, in contrast to
multiple-exponential photoluminescence decay in branched nanorods with an e-folding
lifetime of 0.12 ps. The diameter of the nanorods can be tuned from 3.9 to 5.8 nm by
changing the reaction temperature, resulting in an energy gap tunable from 0.88 to 0.6S
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eV. The dependence of the energy gap on the diameter follows the power law:
diameter™'°. The superior optical properties, including long exciton lifetime, high photoluminescence quantum yield, and tunable
energy gaps, make the branchless PbSe nanorods an excellent candidate material for thermoelectric and optoelectronic devices.
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B INTRODUCTION

Owing to its high thermoelectric figure of merit, lead selenide
(PbSe) is a promising thermoelectric material.' ™ The
anisotropic one-dimensional structure further enhances this
property.”” In contrast to zero-dimensional quantum dots,
high carrier mobility and large diffusion length along the rod
axis can be achieved by the one-dimensional geometry in
optoelectronic applications.” Moreover, the high multiple
exciton generation rate’”'” and the slow Auger recombination
rate'”'" reported for nanorods make them promising for
efficient photovoltaic devices.

Synthesis of uniform nanorods is essential for their
applications. However, branched nanorods often appear in
the final product of the synthesis, mixing with the branchless
nanorods.'>'® Tt is likely due to the existence of multiple
mechanisms'®™'? that affect the growth of the nanorods. Some
cosolvents (e.g., water) have a significant effect on the shape of
the nanorods.” Placencia et al. demonstrated the synthesis of
branchless nanorods by removing water from the reaction
solution.”’

In this study, we demonstrate that acetic acid has a
significant effect on the branching of nanorods. By removing it
from the reaction solution, we can synthesize branchless PbSe
nanorods. The branchless nanorods have better optical
properties than the branched nanorods, for instance, a higher
photoluminescence quantum efficiency and a longer exciton
lifetime. Our results also indicate that acetic acid promotes the
anisotropic growth of PbSe nanorods and removing it from the
reaction solution makes the one-dimensional oriented attach-
ment to dominate the growth of the nanorods.

© 2021 American Chemical Society
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B EXPERIMENTS AND RESULTS

In our earlier synthesis of PbSe nanorods, lead acetate was used as the
lead precursor.'® We noticed that the PbSe nanorods are all branched
at reaction temperatures ranging from 110 to 180 °C. At certain
temperatures (e.g, 180 °C), aggregated nanorods form (Supporting
Information A). We speculated that acetic acid—a byproduct in the
preparation of the lead precursor, as shown in eq 1—affected the
growth of nanorods:

Pb(CH,COO),-3H,0 + 2C¢H,,0,
— Pb(C,H,,0,), + 2CH,COOH + 3H,0 (1)

Acetate salts play an important role in the syntheses of CdX (X =S,
Se, or Te) nanoplateletszz’23—a two-dimensional structure. However,
in the synthesis of colloidal PbS nanosheets, acetic acid causes
aggregation of the nanosheets and ruins the synthesis.”* A trace
amount of acetate in the reaction solution leads to star-shaped
nanocrystals during the synthesis of PbSe quantum dots.”® In the
synthesis of PbSe nanorods described by the reaction equation (eq 1),
we reduced acetic acid and water from the reaction solution by
degassing. However, the PbSe nanorods are still branched, which is
probably caused by the residual acetic acid.

To avoid acetic acid as the byproduct in the reaction, the
reactant—lead acetate—is replaced by lead oxide (Supporting
Information B). In this acetate-free method, as shown in Scheme 1,
the synthesized PbSe nanorods are branchless. Nanorods with a
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Scheme 1. Reaction of Lead Oxide with Oleic Acid Produces Lead Oleate and Water (No Acetic Acid)
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Figure 1. TEM images of PbSe nanorods synthesized at 130 °C with
different lead (Pb) to acetic acid (AA) ratios: (a) 1:0, (b) 1:0.12, (c)
1:0.23, and (d) 1:0.34.
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Figure 2. TEM images of PbSe nanorods synthesized using the AA-
free method at reaction temperatures of (a) 110 °C, (b) 120 °C, (c)
130 °C, and (d) 150 °C, respectively.
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Figure 3. Photoluminescence (PL) spectra of PbSe nanorods
synthesized at different temperatures using the method with
(symbols) or without (lines) AA.

uniform diameter are observed using a transmission electron
microscope (TEM) (Figure la).

To understand the effect of acetic acid, we conducted a systematic
study of the synthesis by injecting different amounts of acetic acid into

the reaction solution each time. When 15 uL of acetic acid (molar
ratio lead:acetic acid = 1:0.12) is injected into the reaction solution,
small quantum dots and thin nanorods appear in the product (Figure
1b). If the injected acetic acid is doubled (lead:acetic acid = 1:0.23),
the product shows branched nanorods (Figure 1c). As the injected
acetic acid reached 4S5 uL, the nanocrystals aggregated, showing
clusters in the TEM image (Figure 1d). Addition of more acetic acid
results in the same clusters (Supporting Information C). In addition
to the formation of branched nanorods, the diameter of the nanorods
decreases with the increase of the amount of acetic acid. This can be
seen in the TEM images (Figure 1). The blueshift of the
photoluminescence by the increase of acetic acid confirms the trend
(Supporting Information D).

There are two different growth mechanisms for PbSe nanorods:
one-dimensional oriented attachment'® and anisotropic growth.'®
The oriented attachment is one of the important mechanisms for the
growth of two-dimensional’®*” as well as one-dimensional'” colloidal
nanostructures. In our previous research, one-dimensional oriented
attachment caused by the electric dipolar interaction'® was introduced
to explain the growth of PbSe nanorods. An electric dipole can form
within a PbSe nanocrystal if the two opposite (111) facets are
terminated by either Pb or selenium (Se) atoms.'” When
chloroalkane—an important cosolvent for the growth of two-
dimensional PbS nanosheets**—is added as a cosolvent, it reduces
the growth rate of the nanocrystal'®'? so that the electric dipolar
interaction between the nanocrystals has enough time to align and
attach the nanocrystal. When AA is present in the reaction solution,
the growth of the nanocrystal is faster (Supporting Information E).
The AA molecule has the same carboxyl group (COOH) as the oleic
acid molecule but a shorter carbon chain. The AA ligands can replace
the oleic acid ligands on the nanocrystal surface, thus reducing the
steric hindrance, making the nanocrystal surface more reactive. A
similar trend has been reported when the long surface ligands—
trioctylphosphine—are replaced by the short surface ligands—
tris(diethylamino)phosphine—in the synthesis of PbSe nanorods.”®
The anisotropic growth of the nanocrystal will occur due to the
increased reactivity, resulting in branched nanorods.'® More AA
increases the growth rate further, causing more branching and
aggregation. In the literature, more fundamental studies of the
interaction between the surface ligands and the nanocrystals (e.g., PbS
nanocrystals) show that the interaction affects the nanocrystal shape
as well as the superlattice structure made up of the nanocrystals.””*

The reaction temperature affects the morphology of the nanorods
in both syntheses with and without AA. The diameter of the nanorod
increases as the reaction temperature increases in both cases. The
length of the nanorod reaches the maximum at 150 °C in the
synthesis with AA (Supporting Information A). Beyond 150 °C,
higher reaction temperatures result in short branched nanorods (170
°C) or nanorod clusters (180 °C). In the AA-free synthesis, the length
of the nanorods is nearly the same at reaction temperatures ranging
from 110 to 130 °C (Figure 2a—c). However, at a higher temperature
(150 °C), shorter nanorods and nanodots start to appear (Figure 2d).
The thermodynamically controlled growth likely starts to take over at
150 °C, while the kinetically controlled growth dominates at lower
temperatures.19 At a higher temperature of 170 °C, however, long
zigzag nanowires are formed (Supporting Information F). The
octahedral PbSe QDs likely formed and attached along the <100>
direction.'” At temperatures of 110, 130, and 150 °C, respectively,
both syntheses (with and without AA) are carried out under the same
reaction conditions, but the octahedral PbSe QDs show branching
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Figure 4. (a) Diameter-dependent energy gap. The data (solid squares) are fit based on the quantum confinement model (solid line). (b)
Dependence of the energy gap on the diameter of the nanorods. Both this study (circles) and Bartnik’s data (squares) follow the trend predicted by
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Figure S. (a) PL spectra of the branched (circles) and the branchless (squares) PbSe nanorods fit by a Gaussian function, respectively. (b) Time-
resolved PL decay traces of branched (circles) and branchless (squares) PbSe nanorods.

103+ (@{ 10 (b)
= lamp = Iaf;np
S, — —off .~ 8102} -
£ 10%¢ —--on 7 T\ 1s on =
= v . o 7T
g // \ 5101_ Y/ \‘
D101 \ [ Y \
210 . 13 (/ \
[ \ 2100 l Moo
= 10 |
. > l , \
= 100} Wtz : ‘
o 10"
n=38% | | n=11%
10 : 102 :

800 1000 1200 1400 1600 1800
Wavelength (nm)

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 6. Measurements of the absolute PL quantum yields of (a) branchless and (b) branched PbSe nanorods. For each measurement, three scans
were taken: excitation beam only (solid line), sample off the excitation beam (dashed line), and sample on the excitation beam (dash-dotted line).
The excitation wavelength ranges from 800 to 1000 nm. The PL appears at wavelengths beyond 1300 nm.

with AA (Supporting Information A) and are branchless without AA
(Figure 2).

The central wavelengths of the photoluminescence of the PbSe
nanorods are different when they are synthesized at different reaction
temperatures. In either AA-free or with AA synthesis, a higher
reaction temperature typically results in a smaller energy gap. This is
confirmed by the redshift of the photoluminescence peak at an
elevated reaction temperature. As shown in Figure 3, the peak
wavelength consistently increases from 1393 to 2163 nm as the
reaction temperature increases from 110 to 180 °C.

The redshift of the PL peak indicates the decrease of the energy
gap of the nanorods. It is likely caused by the increase in the diameter
of the nanorod as shown by the TEM images (Figure 2). Since the
typical length of the nanorod is 30 nm and above, the quantum
confinement in the length direction is not signiﬁcant.31 Therefore, the
change of the energy gap is mainly due to the change of the diameter.

To find out the quantitative dependence of the energy gap on the
nanorod diameter, we measured the diameter and the energy gap of
the nanorods synthesized at different temperatures. Both branched
and branchless nanorods show longer PL peak wavelengths with
larger diameters (Supporting Information G). We use only the

10710

branchless nanorods to find out the relation between the energy gap
and the diameter while avoiding the complication caused by
branching. The diameters of the PbSe nanorods were measured
from the TEM images (Supporting Information H) and their energy
gaps were determined using the optical absorption peaks (Supporting
Information I).

The average energy gap of the nanorods decreases from 0.88 to
0.65 eV as their average diameter increases from 3.9 to 5.8 nm (Figure
4a). The diameter-dependent energy gap of the nanorods is described
by the quantum confinement model

1
0.17d"5 + 0.29 ()
where E

gap(d) is the energy gap of the nanorods of diameter d, and
E,,,(00) is the energy gap of bulk PbSe at room temperature, which is
0.27 eV.”> The colloidal PbSe nanorods synthesized using other
methods®™?" also have the same diameter-dependent energy gap as
described by the above equation (Supporting Information J).
Using the four-band k-p model, Bartnik and co-workers have
calculated that the dependence of the energy gap on the diameter

follows the power law: E; d™'3, where E, is the energy gap and d is

Epp(d) = Eg,(0) +
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the diameter.”” Our experimental data and Bartnik’s data follow the
power law predicted by the model (Figure 4b).

In contrast to the branched nanorods (Figure 1c), the branchless
PbSe nanorods (Figure 2a) have better optical properties. The PL
peak from the branchless nanorods is well fit by a Gaussian function
with a standard deviation o, of 0.06 eV (Figure Sa). The peak from
the branched nanorods can be fit by a Gaussian function too but with
a less fitting quality (Figure Sa). Its standard deviation o, is 0.09 eV,
which is 50% larger than o,. Since the energy gap of the nanorod is
mainly determined by the diameter of the nanorod, the broadening of
the PL peak reflects the dispersion of the diameter of the nanorods.
We use the ratio of standard deviation to the central photon energy
(E) to represent the dispersion of the diameter. The dispersion of the
branchless nanorod o,/E is about 7%, while the branched nanorods
have a dispersion of 12%.

The time-resolved PL (Figure Sb) from the branchless PbSe
nanorods shows a nearly single-exponential decay trace with an e-
folding lifetime of 1.3 us. It is more than 10 times longer than the e-
folding lifetime (0.12 ps) of the branched nanorods. The decay trace
of the latter exhibits two distinguished decay channels: a fast decay
channel (7; = 0.07 + 0.01 ps, amplitude = 1.15) and a slow decay
channel (7, = 0.82 + 0.02 us, amplitude = 0.33). The fast decay
channel may be due to charge trapping by the defects or the surface
states. The single-exponential decay of PL by the branchless nanorods
is close to that by PbSe quantum dots of the same energy gap>* and
similar to the results obtained by others."® The long exciton lifetime is
important for optoelectronic applications such as photovoltaic devices
since it provides more time for charge extraction and transport.

The PL quantum yield of the branchless PbSe nanorods is higher
than that of the branched nanorods. Using our setup for measuring
the absolute PL quantum yield***® (Supporting Information K), we
find that the quantum yield of the branchless PbSe nanorods is about
38%, three times more than that of the branched nanorods (11%)
(Figure 6). This is consistent with the results from the PL lifetime
measurements (Figure 5b).

B CONCLUSIONS

In conclusion, we demonstrate the effect of AA on the
synthesis of PbSe nanorods. Using the AA-free synthesis
method, branchless PbSe nanorods can be obtained. The
branchless PbSe nanorods show better optical properties
including single-exponential decay, longer PL lifetime, and
higher PL quantum yield. These superior properties make
colloidal PbSe nanorods an excellent candidate material for
optoelectronic and thermoelectric applications. By tuning the
reaction temperature, the diameter and the energy gap of the
PbSe nanorods can be systematically tuned. The dependence
of the energy gap on the diameter follows the power law
determined by the quantum confinement model.
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