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ABSTRACT: Using the cation-exchange method, colloidal PbS nanorib-
bons are converted completely into CdS nanoribbons. This process
expands the emission spectrum of the nanoribbons from infrared to visible.
The morphology of nanoribbons remains the same after cation exchange,
but the crystal structure changes from rock salt to zincblende. CdS
nanoribbons exhibit blue band-edge photoluminescence under ultraviolet-
light excitation. Cathodoluminescence spectroscopy of the CdS nanorib-
bons shows multicolor (blue, green, and red) emissions. Further time-
resolved photoluminescence spectroscopy studies show that the lifetime of
the midgap states is more than 2 orders of magnitude longer than that of
the band-edge states.

In the past decade, colloidal nanoplatelets (also known as
quantum belts1,2 or quantum disks3,4) made of CdX (X = S,

Se, or Te) have been developed and demonstrated superior
optical properties, including high photoluminescence quantum
yields,5−7 short radiative lifetimes,4,8 and low lasing thresh-
olds.9−14 The infrared counterpart of this bright visible emitter,
colloidal PbS nanosheets, has also been synthesized,15−20

demonstrating a highly efficient carrier multiplication,21 large
charge-carrier mobilities,22,23 and unique topological proper-
ties.24 Robust synthetic methods have been developed19 to
synthesize PbS nanosheets with tunable thickness25 and lateral
size.26,27 Converting the well-defined two-dimensional PbS
into CdS can bridge the infrared and visible spectra aiming at
optoelectronic and photonic devices exhibiting a broad energy
spectrum.
In this work, we convert colloidal PbS nanoribbons to CdS

nanoribbons by using the cation-exchange method.28−31 The
morphology of the nanoribbons remains the same, but their
optical properties change significantly. We use both
cathodoluminescence and photoluminescence (static and
time-resolved) spectroscopies to study the emission states of
the nanoribbons. The cathodoluminescence shows blue, green,
and red emissions, revealing all emission states in the visible
spectrum. The band-edge states of CdS nanoribbons emit light
at a rate one order of magnitude faster than that of PbS
nanoribbons, but the light emission from the midgap states of
CdS nanoribbons is much slower.
We synthesized colloidal PbS nanoribbons using organo-

metallic precursors following our method developed previously
(section A of the Supporting Information).20 Chloroalkane was
added as the co-solvent to trigger two-dimensional attachment
to form nanoribbons. The synthesized PbS nanoribbons were
then dispersed in 1-octadecene and injected into the Cd oleate

solution at 160 °C for cation exchange. The reaction was
stopped after the solution turned yellow (section B of the
Supporting Information). During the cation-exchange reaction,
the Pb cations are replaced by Cd cations. This is typically a
self-limiting process resulting in a core/shell heterogeneous
structure.30−32 However, we achieved a complete cation
exchange at 160 °C and obtained pure CdS nanoribbons
instead of PbS/CdS core/shell nanoribbons.33

After cation exchange, the morphology of the nanoribbons
remains the same, but the crystal structure changes
significantly. The transmission electron microscopy (TEM)
image (Figure 1a) shows the original PbS nanoribbons have an
average width of 20 nm and a length of >50 nm (Figure 1a).
After cation exchange, the width and length of the nanoribbons
remain the same (Figure 1b). The Pb cations in PbS
nanoribbons are completely replaced by Cd cations, as
evidenced by energy-dispersive X-ray spectroscopy (EDX)
measurements (section C of the Supporting Information).
Moire patterns appear in the overlapping areas of both PbS
and CdS nanoribbons, indicating good crystallinity. The
selected area electron diffraction (SAED) image shows a
square pattern from PbS nanoribbons (Figure 1a, bottom left
corner inset) but a hexagonal pattern from CdS nanoribbons
(Figure 1b, bottom left corner inset). The square pattern
reveals that the top and bottom surfaces of the nanoribbon are
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{100} facets of the rock-salt crystal structure of PbS, which is
the same as that of PbS nanosheets.33 However, the hexagonal
diffraction pattern of CdS nanoribbons indicates that the basal
plane is likely the {111} plane of zincblende CdS.
Further characterization of the nanoribbons using X-ray

diffraction (XRD) confirms the change in crystal structure as
well as the crystal basal plane. The XRD pattern of PbS
nanoribbons shows the (200) and (220) diffraction peaks of
galena (rock-salt structure). The diffraction pattern of CdS
nanoribbons matches that of the (111), (220), and (311)
planes of hawleyite CdS (zincblende structure). Because the
zincblende structure is more stable than the rock-salt structure
of CdS,34 the transition of the crystal structure is expected
during the cation-exchange process.
In contrast to PbS quantum dots (section D of the

Supporting Information), the (111) diffraction peak from
PbS nanoribbons is absent while the (200) peak dominates in
the diffraction pattern (Figure 1c). It is because the basal plane
of the nanoribbon is the crystal (100) plane,33 which faces up
when the nanoribbons are deposited on the substrate. The

edge facet of the PbS nanoribbon belongs to the (110) plane.
Some nanoribbons may “stand” with their edges on the
substrate, showing the (220) peak. The nanoribbon has no
{111} facet,20 which explains the absence of the (111) peak in
the XRD data.
As opposed to PbS nanoribbons, CdS nanoribbons show a

dominant (111) diffraction peak together with small (220) and
(311) peaks. This result is consistent with the hexagonal SAED
pattern (Figure 1b, bottom left corner inset), confirming the
basal plane of CdS nanoribbons is the {111} plane.
Interestingly, the hexagonal basal plane of the (111) facet
occurs in colloidal CdS nanoribbons obtained by thermal
decomposition35 and in the PbS/CdS core/shell nanoribbons
obtained using the cation-exchange method.16

The optical properties of the nanoribbons change signifi-
cantly after cation exchange. The color of the nanoribbon
solution turns from dark brown (Figure 2a, inset) to vivid

yellow (Figure 2b, left inset), indicating the change in the
energy gap. As-synthesized CdS nanoribbons exhibited a low
photoluminescence intensity. We suspect that cation exchange
creates defects in the crystal that quenches the photo-
luminescence. We anneal the nanoribbons in solution at 100
°C for 12 h (section E of the Supporting Information) to
reduce the defects. The XRD measurements demonstrate that
thermal annealing does not change the crystal structure
(section F of the Supporting Information) but improves the
photoluminescence efficiency significantly. In the optical
absorption spectrum, the annealed nanoribbons show sharp
optical absorption peaks that do not exist in the nanoribbons
before annealing (section E of the Supporting Information).
The improvement of optical properties is likely due to the

Figure 1. TEM images of (a) PbS and (b) CdS nanoribbons. The
SAED pattern is shown in the bottom left corner of each image, which
matches the (100) and (111) planes (top left corner) of PbS and
CdS, respectively. Legend: Pb atom, gray sphere; Cd atom, pink
sphere; S atom, yellow sphere. (c) X-ray diffraction patterns of PbS
(dotted line) and CdS (solid line) nanoribbons. The standard
diffraction patterns (vertical lines) of galena (PbS bulk) and hawleyite
(CdS bulk) powders are shown as references. For CdS nanoribbons,
three diffraction peaks at 26.5°, 44.0°, and 52.1° are identified,
corresponding to the (111), (220), and (311) planes, respectively, of
hawleyite CdS. For PbS nanoribbons, two diffraction peaks at 30.5°
and 43.1° are identified, corresponding to the (200) and (220) planes,
respectively, of the cubic PbS crystal. The diffraction peak of the
(311) plane from the PbS nanoribbons is barely observable.

Figure 2. (a) Photoluminescence (PL) (dashed line) and optical
absorption (solid line) spectra of PbS nanoribbons. The inset is a
photograph of the PbS nanoribbon solution in a cuvette. (b)
Photoluminescence (dashed line) and optical absorption (solid line)
spectra of CdS nanoribbons. The inset shows photographs of the CdS
nanoribbon solution in the room light (left) and under ultraviolet
excitation (337 nm) in the dark (right).
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reduction of defect states, as demonstrated in the CdSe/CdS
dot/rod system.36

Under ultraviolet-laser excitation, the CdS nanoribbons emit
blue light while the PbS nanoribbons emit infrared light. The
optical absorption and photoluminescence spectra of the PbS
nanoribbons demonstrate an optical bandgap of ∼1.0 eV
(Figure 2a). The optical absorption and emission of CdS
nanoribbons are mainly in the ultraviolet and visible spectra,
where multiple peaks appear (Figure 2b). The optical
absorption peaks are at 3.1, 3.3, and 3.5 eV, while the
photoluminescence peaks are at 2.7, 2.9, and 3.0 eV. The
photoluminescence quantum yield of the as-synthesized PbS
nanoribbons is a few percent. It can be improved to >30% after
surface passivation.20 Upon excitation at 377 nm, the CdS
nanoribbons have a photoluminescence (violet to blue)
quantum yield of ∼3.7%. It is higher than the quantum yield
(2%) of CdS nanoplatelets reported by Diroll et al.37 If they
are excited at 445 nm, the photoluminescence (green to red)
quantum yield reaches ∼15%.
Both CdS and PbS nanoribbons have thickness-dependent

energy gaps owing to quantum confinement (Figure 3). With

the quantum-confinement model, we can estimate the
thickness of the nanoribbon from the energy of the emitted
photon. The energy of a photon emitted from an infinite
quantum well of width L is4,5
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For CdS, the bandgap of the bulk Eg(bulk) is 2.5 eV.4 The
effective masses of the electron (me) and the hole (mh) are
0.205m0 and 5m0, respectively (m0 is the mass of an electron).4

On the basis of eq 1, the thickness corresponding to the
absorption peak at 3.3 eV (Figure 2b) is calculated to be 1.53
nm, which is ∼4.5 monolayers of the atoms in the ⟨111⟩
direction of the CdS crystal. The two side peaks in the
absorption spectrum are at 3.1 and 3.5 eV. The energy
difference between the neighboring peaks (0.2 eV) is much
larger than the energy difference between the electron to light-
hole and the electron to heavy-hole transitions (<0.1 eV).8

Therefore, multiple absorption peaks are not due to the
difference in the hole mass, but the difference in the thickness.
Using eq 1, we find the thickness corresponding to the peak of
3.1 eV is 1.36 nm (4 monolayers) and the peak of 3.5 eV is 1.7
nm (5 monolayers).

The thickness-dependent energy gap of PbS nanoribbons
follows the semiempirical equation derived from the literature
data20

= +E L E
L

( ) ( )
1

1.48 0.43gap gap (2)

The bulk PbS has an Egap(∞) of 0.41 eV. On the basis of
this equation, we find the thickness corresponding to the 1.0
eV energy gap is 1.4 nm. It is close to the central thickness
(1.53 nm) of the CdS nanoribbons obtained through cation
exchange. It is expected because the cation exchange preserves
the thickness.
The spectral features of CdS nanoribbons are different from

those of PbS nanoribbons. The optical absorption and
photoluminescence spectra of CdS nanoribbons reveal three
peaks. The photoluminescence from the PbS nanoribbons
shows only one peak. The exciton peak in the optical
absorption spectrum is broad and blended with the band
continuum. The difference is likely due to the different
thickness-dependent confinement energy in these two different
materials. The energy-gap difference between the neighbor
exciton peaks from CdS nanoribbons is ∼0.2 eV. For the PbS
nanoribbons with thicknesses of ∼1.4 nm, the average energy-
gap difference between the neighbor thicknesses (e.g., 5
monolayers and 4.5 monolayers) is ∼0.09 eV based on eq 2.
This small energy difference is “smeared out” by homogeneous
and inhomogeneous broadenings in the spectra. Therefore,
only one peak is observed in either the photoluminescence or
the optical absorption spectrum of the PbS nanoribbons.
However, the large energy-gap difference between the
neighbor thicknesses in CdS nanoribbons makes each peak
observable in the photoluminescence and the optical
absorption spectra (Figure 2).
In addition to the difference in the optical spectra, the

difference in the photoluminescence lifetime is also remark-
able. The photoluminescence e-folding lifetime of CdS
nanoribbons is 1.6 ns. It is 40 times shorter than the PbS
nanoribbons (64 ns) (section G of the Supporting
Information). Compared with the microsecond lifetime of
PbS quantum dots,38 the lifetimes of the PbS nanosheets16,33

and nanoribbons20 are short. The CdS nanoribbon’s lifetime is
even shorter. In contrast to the quantum dots made of the
same material, CdS (∼20 ns),4 the CdS nanoribbon’s lifetime
is still one order of magnitude shorter. Other colloidal two-
dimensional nanostructures (including CdSe nanoplatelets,8,39

CdS, and CdSe quantum disks4) also exhibit fast photo-
luminescence decays. This could be attributed to the enhanced
exciton oscillator strength in the two-dimensional structure,8,40

formation of “free excitons”,4 or mixing between bright and
dark exciton states.4

There is still a significant absorbance (Figure 2b) below 3.1
eV (the lowest-energy exciton peak of CdS nanoribbons),
which is likely due to the contribution from midgap states. In
contrast, the original PbS nanoribbons do not show significant
optical absorption below the bandgap (Figure 2a), indicating
the midgap states are negligible. When the PbS nanoribbons
are excited with a sub-bandgap light (∼1300 nm), no
photoluminescence is detected. However, the midgap states
in CdS nanoribbons are emissive. When CdS nanoribbons are
excited below the bandgap (445 nm), the emission spectrum
shows a broad photoluminescence peak extending beyond 600
nm into the near-infrared region (Figure 4, inset b).
Interestingly, CdS quantum dots also exhibit a photo-

Figure 3. Thickness-dependent energy gap of CdS (solid line) and
PbS (dashed line) nanoribbons. The dashed line represents the fitting
curve for the experimental data (circles).20 The solid line represents
the calculated results based on eq 1. The experimental data for CdS
nanoplatelets obtained by Ithurria et al.8 are indicated by triangles.
The results for the CdS nanoribbons are indicated by squares.
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luminescence peak at ∼770 nm.41 The red emission is
attributed to sulfur vacancies in a bulk CdS.42 It also explains
the sub-bandgap emission from the CdS quantum dots.43−45

Further studies with time-resolved photoluminescence spec-
troscopy reveal that the exciton dynamics in the midgap states
are very different from those of the band-edge states.
The photoluminescence from CdS nanoribbons demon-

strates two distinguished decay dynamics (Figure 4). One is
fast with a lifetime (τ1) of ∼1 ns, and the other is slow with a
lifetime (τ2) of ∼102 ns (Table 1). Both blue (435 nm) and

red (720 nm) emission bands have fast and slow decay
components. However, the fast decay component dominates
the dynamics of the blue emission band, contributing ∼89% to
the total emission. The slow decay component dominates the
red emission band, contributing ∼98% to the total emission.
Different lifetimes reveal different emission states. These
results demonstrate that the band-edge states emit light two
orders of magnitude faster than that of the midgap states.
The fast component (τ1 = 1.84 ns) of the red emission is

close to that in the blue emission (τ1 = 1.27 ns), indicating a
fast charge trapping from the band-edge state to the midgap
state. However, the fast component contributes only 2% of the
total red emission. The trapping process is likely inefficient,
which explains the negligible red emission from the CdS
nanoribbons when they are excited at 337 nm (above the
bandgap) (Figure 2b).
The blue emission has a slow decay component (τ2 = 256

ns), which is close to the slow decay component in the red
emission (τ2 = 268 ns). The slow decay may be due to the

recombination of the exciton after a temporary charge
separation, as demonstrated in CdSe nanoplatelets by Rabouw
et al.39 It could also come from the band-edge emission via the
shallow surface trap states, which was proposed to explain the
slow band-edge emission in CdS quantum dots.45

The light-emitting states are further studied using
cathodoluminescence spectroscopy. The cathodoluminescence
was collected from a film of CdS nanoribbons mounted inside
an electron microscope (section H of the Supporting
Information). In contrast to photoluminescence whose
intensity is proportional to the absorption cross section of
the states, cathodoluminescence is less selective. All of the
available states can be excited.46 We fabricated the sample by
drop-casting the nanoribbons onto a glass substrate. The
nanoribbon film was first studied using optical spectroscopy.
When the nanoribbon film is excited with an ultraviolet laser,
its photoluminescence spectrum is nearly the same as that of
the nanoribbons in solution (section I of the Supporting
Information). It also shows a red emission when it is under a
sub-bandgap excitation. These results show the transition from
the solution to the solid does not affect the light-emitting states
in CdS nanoribbons.
The scanning electron microscopy (SEM) image of the film

(Figure 5a) shows clustered CdS nanoribbons that are similar

to those in the TEM images at a low resolution (section C of
the Supporting Information). The cathodoluminescence from
the nanoribbons (Figure 5b−d) shows the same profile as the
SEM image (Figure 5a). This proves that the cathodolumi-
nescence comes from the nanoribbons. The cathodolumines-
cence shows all of the blue, green, and red emissions (Figure
5b−d).
The intensity of cathodoluminescence has a red:green:blue

ratio of 15:4:8. The red cathodoluminescence from the
nanoribbon is stronger than the blue and green ones. This
indicates the red emission from CdS nanoribbons is efficient. It
can be exploited for red-light-emitting diodes, as demonstrated
with CdS quantum dots.47 Our photoluminescence study
shows the process of charge trapping into the midgap states is
not efficient. Therefore, it is possible to excite the electron into
different states to emit light of different colors in the visible
spectrum. Using both CdS and PbS nanoribbons,25 we can
expand the emission spectrum between 400 and 2000 nm.
In conclusion, we demonstrate a full conversion of colloidal

PbS nanoribbons into CdS nanoribbons via cation exchange.
This method preserves the size and shape of nanoribbons but
changes the crystal structure from rock salt to zincblende. The
basal plane of the nanoribbon also changes from the (100) to
(111) plane. The corresponding emission spectrum shifts from

Figure 4. Photoluminescence (PL) decay traces of band-edge states
(squares) and midgap states (circles) of CdS nanoribbons excited at
400 nm and measured at 435 and 720 nm, respectively. The solid
lines passing through the data points are the fitting curves. Inset a is a
diagram showing the band-edge state and midgap state and the
electron transitions. Inset b shows the photoluminescence spectrum
of CdS nanoribbons excited at 445 nm.

Table 1. Results of the Analysis of the Time-Resolved
Photoluminescencea

emitting state A1 τ1 (ns) f1 (%) A2 τ2 (ns) f 2 (%)

band-edge 62.15 1.27 89 0.04 256 11
midgap 0.613 1.84 2 0.274 268 98

aA1 and A2 are the amplitudes of the components. τ1 and τ2 are decay
times. f1 and f 2 are fractional contributions. =

=
fi

A
A

i i

i
n

i i1
, where n is

the number of decay channels.

Figure 5. (a) SEM image of the colloidal CdS nanoribbons. (b−d)
Red, green, and blue cathodoluminescence images, respectively, of the
same nanoribbons.
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infrared to visible. The blue band-edge emission from CdS
nanoribbons is fast, while the red midgap emission is slow. The
cathodoluminescence from the CdS nanoribbons shows the
presence of red, green, and blue emission bands. These
emission states can be used for multicolor light-emitting diodes
or bioimaging. Using colloidal CdS and PbS nanoribbons, we
can fabricate light-emitting devices with a spectrum spanning
from visible to infrared.
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