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ne-dimensional  semiconductor
Onanoparticles have attracted vast

attention due to their intrinsic di-
mension-dependent optical and electrical
properties,' > which have made them ideal
building blocks in areas such as solar cells,*
biological labels,>® light-emitting diodes,”®
electronics,’® and lasers.'"'? In the case of
nanorods (NRs), an ideal sample should not
only exclude particles with other structures
(such as nanospheres or nanobelts'*'®) but
also have particles with a narrow distribu-
tion of diameter and length, and high phase
purity. CdS NRs have been widely studied,’®~%°
but syntheses usually yield batches of CdS
NRs with a wide distribution of length and
diameter. Even worse, even when all the
particles are rod-shaped, there may be two
phases, zinc blende (ZB) and wurtzite, co-
existing in a single batch. It is often difficult
to obtain conclusive evidence for this, be-
cause the (111), (220), and (311) X-ray dif-
fraction (XRD) peaks of the ZB phase are
located at the same positions as the (002),
(110), and (112) peaks of the wurtzite phase.
The distinctive (200) peak of the ZB phase is
often too weak to be observed since it is
obscured by the stronger diffraction peaks
nearby (e.g., (002) of wurtzite phase or (111)
of ZB), especially when nanosize causes a
significant broadening of the XRD peaks.
Another distinctive peak of the ZB phase
located at ~80° 260 (for Cu Ko radiation)
has generally not been considered in pre-
viously published XRD patterns.'>?'~23
Identifying the phase purity is further com-
plicated by the anisotropic growth of the
wurtzite structure along the c axis, leading
to very strong (002) diffraction peaks that
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ABSTRACT ldentifying the phase purity of (dS nanorods (NRs) is complicated by the serious

overlap between the X-ray diffraction peaks of zinc blende and wurtzite phases as well as anisotropic

growth, which might hide a mixed phase. Here we show that the density gradient ultracentrifuga-

tion rate separation method can be used to sort CdS NRs synthesized under nitrogen according to

differences in particle size and morphology. Furthermore, it was found that the different sized NRs

formed in a single batch synthesis had different phases: the thinner ones (<3.5 nm in diameter) were

predominantly wurtzite phase, while the thicker ones (>5 nm in diameter) were mainly zinc blende

phase. Dark-field transmission electron microscopy (TEM) and high-resolution TEM images indicated

the presence of numerous stacking faults in the thick zinc blende rods, while the wurtzite thin rods

were exclusively single crystals. As a result of the differences in phase and stacking faults, the NRs

showed different photoluminescent properties. The development of an effective way of separating

such NRs thus leads to further insight into the differences in phase, structure, and optical properties

between individual colloidal particles synthesized in a single batch. A preliminary mathematical

model of the separation process has been proposed.

KEYWORDS: nanoseparation - quantum rods - aspect ratio - CdS - crystal phase

overlap with the (111) diffraction peak of
the ZB structure.

The density gradient ultracentrifugation
rate separation (DGURS) method has
emerged as an efficient tool for the separa-
tion of nanoparticles with different compo-
sitions and morphologies.>*2° The discrimi-
native separation of nanostructures (i.e.,
nanoseparation) has been used to sort col-
loidal particles according to differences in
size and structure and has led to new in-
sights into structure—property relationships
and mechanisms of formation of nanoparti-
cles.2®28 For instance, we have identified
the relationship between size and composi-
tion for FeCo@C nanoparticles.® Very recently
we developed a O,-manipulated synthesis
method inspired by sorting CdS NRs synthe-
sized in air3°
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In this report, we describe how CdS NRs synthesized
in a N, atmosphere can be sorted using the DGURS
method and a study of the structure, phase, morphol-
ogy, and photoluminescence properties of the differ-
ent fractions. Finally a mathematical model of the
separation process has been proposed.

RESULTS AND DISCUSSION

Solvothermal synthesis of CdS NRs followed the
method reported in the literature,”’ and the final
products were dispersed in cyclohexane for character-
ization and separation. Figure 1A shows a transmission
electron microscopy (TEM) image of as-prepared CdS
NRs, which indicates that the sample contained rods
with varied length and length-to-diameter ratio
(aspect ratio). Interestingly, the short rods were usually
thick, with aspect ratios of 1.4—1.8, while the long ones
were usually slim, with aspect ratios of 3.4—3.9.

The as-prepared NRs were characterized by X-ray
diffraction (XRD), as shown in Figure 1B. The three
strongest peaks, located at 26.5°, 44°, and 52° 26 (Cu
Ka radiation), can be indexed to either the (111), (220),
and (311) reflections of the ZB phase CdS (cubic
structure, JCPDS 10—0454, located at 26.51°, 43.96°,
and 52.13°, respectively, in the standard data, labeled
in red) or the (002), (110), and (112) reflections of
wurtzite phase CdS (hexagonal structure, JCPDS
41—-1049, located at 26.51°,43.68°, and 51.82°, respec-
tively, in the standard data, labeled in black). A weak
shoulder peak at ~30° could be indexed to the (200)
reflection of a ZB phase, but could also possibly be due
to broadened (101) or (002) peaks of a wurtzite phase.
A very weak peak at ~64.0° 26 may correspond to the
distinctive (400) peak of ZB, but its intensity is too low
to make a definite assignment. The distinctive (103)
peak (at 47.8° 26) of the wurtzite phase clearly indi-
cates the presence of this phase, but its rather low
intensity relative to those of the two peaks nearby (44°
and 52° 26 characteristic of both ZB and wurtzite
phases) suggests the presence of both phases. On
balance, the XRD data suggest the presence of both
ZB and wurtzite phases, but do not confirm this
unambiguously. If two phases are present, an even
more challenging question arises: do the two phases
coexistin one individual NR or are individual NRs phase
pure? Furthermore, if the latter is the case, it would be
interesting to know whether the two phases were
formed concurrently or consecutively in the synthesis
process. These questions can be answered only after
nanoseparation of the mixture, however.

Density gradient ultracentrifugation rate separation
of the CdS NRs was performed?® using a five-layer
density gradient (made with 30%, 40%, 50%, 60%, and
70% cyclohexane/CCl, solutions, as shown in Figure 2A)
and centrifugation at 30000 rpm (relative centrifugal
force, RCF = 113600g) for 70 min (the photo of vessel
“a” was taken before centrifugation, and that of “b” was
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Figure 1. (A) TEM image of CdS NRs; (B) XRD patterns of as-
prepared CdS NRs and standard data for the zinc blende
phase (in red) and the wurtzite phase (in black) of CdS.
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Figure 2. (A) Digital camera images of the ultracentrifuge
tubes before and after separation at 30 000 rpm: (a) before
separation; (b) after centrifugation for 70 min; (c) separated
NRs under 365 nm UV irradiation (fX means the Xth fraction
going from top to bottom). (B) Photoluminescence (solid
lines) and absorbance spectra (dotted lines) of typical
fractions after separation (the black line shows the photo-
luminescence spectrum of the CdS product before
separation).

taken after centrifugation). Under 365 nm UV light
irradiation, the colors of the fractions in the centrifuge
tube varied from blue to green with increasing fraction
number (Figure 2A, tube “c”).

The UV photoluminescence (PL) spectra (with ex-
citation at 360 nm) of the separated fractions are
shown in Figure 2B. Bulk CdS is a semiconductor with
a band gap of 2.4 eV, corresponding to band-edge
emission at ~510 nm. Most of the NR fractions (e.g.,
f7—f22 in Figure 1B) showed blue-shifted band-edge
emission (455—500 nm), characteristic of particles in
the quantum-confined size regime.?'*? However those
located at the very bottom (e.g., f37 in Figure 1B) had
essentially the same photoluminescence properties as
bulk CdS. The gradual red-shift of the band-edge
emissions with increasing fraction number (Figure 2B)
implies that the particles in the fractions lower down
the tube are larger than those in the upper part of the
tube, as we have seen in previous separations of
CdSe*® and CdS*° NRs. It is interesting to see f10 was
the only fraction showing surface trap state related
emission (with its characteristic broad peak in the
range 550—630 nm) in addition to band-edge emis-
sion. The fact that the surface trap state related emis-
sion of the as-formed mixture of products arises only
from NRs with size within a narrow range is of funda-
mental interest and is an example of the type of informa-
tion that cannot be obtained without an effective means
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f22

Figure 3. TEM images of CdS NR fractions separated by DGURS (the scale bar is 50 nm in each case).

of separation of nanoparticles. The absorbance spectra
of the different fractions shown in Figure 2B also show
a similar red-shift with increasing fraction number. The
band gaps of the CdS NRs calculated from the absor-
bance wavelength increased from 2.72 eV (f7) to
246 eV (f37), which is consistent with the trend
revealed by the PL emission data.

The evolution in morphology of the different NR
fractions was investigated by TEM. The rods in f7 were
only ~3.1 nm in diameter and ~6.8 nm in length. The
rods in subsequent fractions became longer—~10 nm
for f10 and ~13 nm for f14—but their diameters
remained almost unchanged. Figure 2B shows that
photoluminescence spectra of these fractions (f7 to
f14) shifted very little (from 460 to 470 nm), suggesting
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that the band-edge emission of CdS NRs depends
strongly on their diameter, but is less sensitive to their
Iength;30 similar observations have been reported for
CdSe NRs.** The NRs in the fractions in the bottom half
of the tube (from f18 to f37) showed a significant
increase in diameter (from ~4.2 nm to ~6.5 nm, an
increase of 55%) but only a relatively small decrease in
length (from ~12.3 nm to ~10.6 nm, a decrease of
14%). For f37, which contains thick rods of diameter
~6.5 nm, only band-edge emission at 510 nm was
seen, the same as that in bulk CdS. For all other
fractions, blue-shifted band-edge emissions are ob-
served (Figure 2B). This is consistent with a previous
study of CdS NRs, which concluded that a diameter of
~7 nm is the threshold for showing quantum size
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Figure 4. (A, C) HRTEM images of f14; (B, D) HRTEM images of f37 (insets: fast Fourier transform (FFT) patterns); (E, F) electron

diffraction patterns of f14 and f37.

effects®*®' and that larger NRs show essentially the

same optical properties as the bulk material.

The successful separation of NR fractions provides
an opportunity for further investigation of the structur-
al differences between individual CdS NRs in each
fraction, and HRTEM (high-resolution transmission
electron microscopy) and ED (electron diffraction)
were employed for phase identification. HRTEM
images (Figure 4a and b) revealed the good crystallinity
of all the NRs. NRs in all the fractions showed essentially
identical characteristic lattice fringes with an interpla-
nar spacing of 0.33 nm. This suggests that the NRs grew
along the (001) direction when crystallized in the
wurtzite phase, but along the (111) direction in the
ZB phase because both the (111) interplanar distance
of the ZB phase and the (002) interplanar distance of
the wurtzite phase are 0.336 nm. Thus it is impossible
to determine the phase composition or purity by
simply measuring the predominant interplanar
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distance. However electron diffraction (Figure 4c),
which gives information about more lattice planes,
can be employed.

Since the XRD patterns of the wurtzite and ZB phases
are very similar, the ED patterns also closely resemble
one another. However, phase purity can be established
by confirming the absence of diffraction spots from
one of the small number of reflections that are dis-
tinctive to one polymorph or by confirming the bright-
ness of diffraction rings. For example, the absence of
the (103) diffraction ring of the wurtzite phase was
taken as indicative of a pure ZB phase, while the
absence of the (004) diffraction ring of the ZB phase
was chosen to indicate a pure wurtzite phase. The
results revealed that the phase composition of the
fractions varied with the length and aspect ratio of the
NRs. Because the NRs in fraction 7 were very small, the
ED pattern of this material (see Supporting Informa-
tion, Figure S1) showed very diffuse diffraction rings.
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10 nm

Figure 5. (A, C, E) Bright-field TEM images of f7, f14, and f37;
(B, D, F) dark-field TEM images of the same samples.

However, the (103) ring could be detected, indicating
that the NRs had a wurtzite structure. Fraction 14
showed a typical wurtzite phase with nine rings coin-
ciding with the standard interplanar spacing data and
no other rings. The ED pattern of fraction 37 was typical
of a pure ZB phase of CdS nanocrystals; however, the
diffraction ring of the (400) plane of the ZB phase was
clearly seen, while the (103) diffraction ring of a
wurtzite phase was absent (Figure 1B). The transition
from ZB to wurtzite started at around f18, suggesting
this is a mixed phase: as shown in the Supporting
Information (Figure S1), the (002), (110), and (112) rings
of the wurtzite phase are less sharp than for earlier
fractions, suggesting overlap with the (111), (220), and
(311) rings, respectively, of a ZB phase. Meanwhile, the
(103) ring of the wurtzite phase was much weaker than
these three rings, supporting the suggestion that a
mixed phase was present. Raman was also tried on
these fractions to support the phase difference, but it
failed because these two phases have overlapped
Raman patterns (data not shown).

The changes in the ED patterns are consistent with
the PL spectra (Figure 2B), which showed a clear
change in PL properties from f14 to f18. Before 14,
all the samples showed a single PL peak at about 470
nm with slight red-shift as the aspect ratio increased.
However, from f18 to {22, this peak became weaker
and another peak at 510 nm began to increase in
intensity, and thus two peaks coexisted. Finally, for f37,

MA ET AL.

the lower wavelength peak disappeared, leaving a
single, higher wavelength peak. Taken together with
the ED results, it can be concluded that the increase in
thickness and concomitant change in phase composi-
tion occurred around f18 to f22, while in the earlier
fractions before f14 (d < 3.5 nm), all the samples were
predominantly wurtzite phase, and the fractions near
the bottom of the tube (e.g, f37, d > 5 nm) were
preponderantly ZB phase.

HRTEM indicated that many of the thicker NRs had
defects and showed polycrystalline structures, while
the slimmer rods were mostly single crystals and had
more uniform length distributions. In order to gain
more statistical and direct evidence, we compared the
bright-field (BF) and dark-field (DF) TEM images (Figure
5) of the samples. Single-crystal NRs should appear as
the same size in BF and DF images, while polycrystal-
line NRs should appear smaller in a DF image than in a
BF image. The rods in f7 and f14 had the same size in
the two images, indicative of single crystallinity. The
NRs in f37 were obviously smaller in the DF image than
in the BF image, implying they are polycrystalline.
Interestingly, stripes perpendicular to the longitudinal
direction of the NRs were observed in the NRs in f37
having a pure ZB phase, suggesting the presence of
stacking faults growing along the radical direction and
perpendicular to the axial direction. Thus, NRs with the
ZB phase are characterized by relatively large diameter,
perpendicular stacking faults, and band-edge emission
similar to bulk CdS, while those with the wurtzite phase
are characterized by smaller diameters, single crystal-
linity, and blue-shifted band-edge emission compared
with the bulk.

Since nanoseparation played an important role in
revealing the structural differences between the CdS
NRs and it is well-known that mathematical modeling
of the separation and purification process allows the
efficiency of the process to be improved 3¢ we
therefore tried to analyze details of the separation
process based on histogram data after careful counting
of the NRs and conclusions from analytical ultracen-
trifuge (AUC).3”8 It was found that neither the length
nor aspect ratio of the fractions varied monotonically
from top to bottom. This indicates a different mechan-
ism for the separation of the NR samples from that
proposed for the separation by DGURS of essentially
spherical nanoparticles.® The size of colloid parti-
cles—a combination of length and diameter—is there-
fore not the only factor that controls the separation,
and the influence of shape should also be considered
when constructing a mathematical model because
differently shaped colloids have different behavior
under density gradient ultracentrifugation.

At the start of the ultracentrifugation process, the
NRs undergo accelerated motion in the centrifuge tube
under the collective influence of the centrifugal force,
buoyancy, and viscous resistance. However, the
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Figure 6. (A and B) Length and diameter distributions for the NR fractions; (C) frictional coefficient values and linear curve
fitting of the data; (D) plot of fraction number vs Vi, where D and L represent the diameter and length of the NRs, and f

represents the frictional coefficient.

acceleration process is very short-lived, and the NRs
quickly reach an equilibrium state, in which they keep
moving with a constant velocity.3® According to the
theory of hydromechanics, the influence of particle
shape is mainly manifested in the viscous resistance
when the NRs are forced to move down the centrifuge
tube. Thus we corrected the viscous resistance by a
frictional coefficient (defined as f), which results in the
following equation to describe the moving state of the
fraction in the process of separation:

d’x n
dt?

91y dx n Pm — ppwzx

= =0 |
2p,r% dt Pp W

where x is the distance from the NRs to the top of the
centrifuge tube, 7 is the viscosity of the solution, w is
the rotational speed of the centrifuge, p, is the
density of the NRs, and p,, is the density of the
solution. The average density (4.85 g/cm?) of ZB CdS
(4.87 g/cm?) and wurtzite CdS (4.82 g/cm®) was used
because the density difference between these two
can be neglected when compared to the density
of the medium (about 1 g/cm®). Svedberg and
Pedersen®® have calculated different f values for
particle length-to-diameter ratios from 1 to 10. An
empirical formula can be calculated by curve fitting of
their data (Figure 3C).

f = 0.05213(L/D) 4 0.954 (1)

As the size and shape of the particles can affect the
motion of NRs in the separation process, we define a
parameter V¢ (volume x fraction) to characterize the
distribution of each fraction. Compared with plots of
diameter vs fraction number, length vs fraction num-
ber, and length-to-diameter ratio vs fraction number,
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a plot of fraction number vs V; exhibited a better linear
correlation with the coefficient of determination R-
squared of 0.98. Finally we obtained an empirical
formula (shown below and in Figure 3D) to describe
the relationship between the diameter and L/D
(length-to-diameter ratio) of the particle and the
location (H = fraction; H x 0.175 + 1.9 cm corresponds
to the distance between the fraction and the top of
the centrifuge tube) of each fraction.

H = fraction = 1.13V;+0.07

— 1.13D*(L/D)[0.05213(L /D) +0.954] +0.07  (Ill)

This equation verifies that not only the size but also
the shape of the particles had an important influence
on the separation process. This conclusion should be
useful when determining the optimum experimental
parameters for the separation of other anisotropic
nanoparticles with rigid structures.

CONCLUSION

For the first time we have shown that the density
gradient ultracentrifugation rate separation method
can be used to sort CdS NRs according to differences in
phase. We have also revealed the consequences of
phase difference, including NR diameter, presence of
defects, aspect ratio, and wavelength of band-edge
photoluminescence. The discriminative separation
thus provided further insight into the differences in
the phase, structure, and optical properties between
individual colloidal particles synthesized in a single
batch. Similar experiments can be performed to reveal
the structural and property differences between other
colloidal nanoparticles. A preliminary mathematical
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model has been established, based on histogram data
of particle size, which should assist in determining the

EXPERIMENTAL SECTION

Reagents. All the reagents used were of analytical grade,
purchased from Beijing Chemical Reagent Factory, and used as
received without further purification.

Synthesis of CdS NRs (ref 21). In a typical synthesis, 0.5 mmol of
Cd(CH5COO0), - 2H,0 was added to 12.5 mL of oleylamine at room
temperature, and the mixture was stirred for 30 min to form a
clear solution. Then 0.6 mmol of thioacetamide was added, and
the mixture was stirred for another 15 min. The solution was then
transferred into a Teflon-lined autoclave (40 mL), and nitrogen
was bubbled through for 1 h. The autoclave was then heated at
160 °C for 24 h. After centrifuging and washing with ethanol and
cyclohexane, the as-prepared products were dispersed in cyclo-
hexane or chloroform for characterization.

Separation of CdS NRs (refs 28, 29). All experiments were
performed using a Beckman Optima L8-80M ultracentrifuge.
A five-layer gradient was made of 30%, 40%, 50%, 60%, and
70% concentration solutions (by volume: cyclohexane/cyclo-
hexane + CCl,) was prepared in Beckman centrifuge tubes
(polyallomer, inner diameter 14 mm, length 89 mm). A density
gradient was created by adding layers to the tube with decreas-
ing density (i.e., decreasing CCl, concentration). First 2 mL of the
70% solution was added to the centrifuge tube; then 2 mL of
the 60% solution was slowly layered above the 70% layer.
The subsequent layers were made following the same proce-
dure and resulted in a density gradient along the axial direction
of the centrifuge tube. Then 0.5 mL of a CdS colloid solution
(~5 mg/mL) was added on top of the five-layer density gradient,
and the tube was then centrifuged at 30000 rpm for 70 min
(SW-41 Ti rotor) (shown in Figure 1A). A 250 uL portion of each
fraction was manually sampled for characterization.

Fluorescence Spectrophotometry. Fluorescence characterization
was performed in transmission mode on a Hitachi F-4500
spectrophotometer over the range 800 to 400 nm. Measure-
ments were performed in a 1 cm path length quartz cuvette
with an excitation wavelength of 360 nm.

Absorbance Spectroscopy. The absorption spectra were mea-
sured using a Unico 2802PC absorbance spectrophotometer
(200—900 nm) at room temperature.

Transmission Electron Microscopy. Transmission electron micro-
scopy (Hitachi H-800) and high-resolution transmission electron
microscopy (JEOL JEM-2100) were used to evaluate the size and
shape of the nanocrystals and also for ED measurements.
Samples were prepared by dropping fractions onto carbon
film-supported copper grids and dried naturally. The diffraction
ring nearest to the (000) spot, that is, (002) of the wurtzite phase
or (111) of the ZB phase, was used for dark-field imaging.

X-ray Diffraction. X-ray diffraction patterns of samples were
collected on a Shimadzu XRD-6000 diffractometer with Cu Ko
radiation (40 kV, 30 mA, 1 = 1.5418 A).
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optimum parameters for the separation of other
nanostructures.
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