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High-quality colloidal photoluminescent (PL) ZnCdS quantum dots (QDs) with gradient distribution of
components, consisting of Cd-rich inner cores and Zn-rich outer shells, were synthesized via a noninjection
one-pot approach. This newly developed synthetic approach uses zinc stearate)Ztg@tium acetate
dihydrate (Cd(OAc}2H,0), and elemental sulfur as Zn, Cd, and S source compounds, respectively. The
growth of the cubic-structured QDs was carried out at 280n a reaction flask consisting of the source
compounds, together with stearic acid (SA),' 2lRhiobisbenzothiazole (MBTS), and 1-octadecene (ODE);

all of these chemicals were loaded at room temperature. The temporal evolution of the optical properties of
the growing QDs, including absorption and photoemission, was monitored in detail; the evolution monitored
indicates that the growth kinetics, the composition, and the distribution of the Zn and Cd in the resulting
ternary ZRCd;—«S QDs are sensitive to feed Z&d—S molar ratios. Detailed investigation on the feed-Zn

Cd—S molar ratio affecting the QD growth and optical property was performed, together with detailed structural
characterization by solid-state NMR including cross polarization (CP) and dipolar dephased cross polarization
(DDCP); also, the resulting QDs were characterized by XPS, TEM, and XRD. Accordingly, the synthesis-
structure-property relationship was explored systematically. Tuning the feeelCth-S stoichiometry, high-

quality ZnCdi—«S QDs exhibiting sharp excitonic absorptions, narrow PL emissions with full width at half-
maximum (fwhm) on the order of 221 nm, and high PL quantum yield (QY, up to 23%), could be fabricated
with relatively low Zn and S feed amount, such as +A€d—1S feed molar ratio. In general, our noninjection
approach features great synthetic reproducibility and is easy to scale up, with a plausible alloying mechanism
of the formation of a Cd-rich core in the early growth stage, followed by a gradual formation of Zn-rich outer
layers with increasing zinc content toward the surface.

1. Introduction gap of 2.48 e¥ (ca. 500 nanometers (nm)) with its exciton Bohr

Colloidal photoluminescent (PL) semiconductor nanocrystals radius of 3.0 nrﬁ*,theref(_)re,_ CdS Q[.)S are good candidates as
have attracted significant attention over the past decade due tobl_ue emitters, when thelr SIzes gre_ln the rapge 0f-8.5 nm
their fascination in both fundamental science and potential With their corresponding PL emission thus in the blue wave-
applications. When the size of spherical semiconductor nanoc-'€ngth range of 426490 nm;° according to the international
rystals becomes less than or comparable to that of a photoge-standard for primary colors, namely CIE Chromaticity Diagram
nerated exciton in bulk materials, they are so-called quantum established in 1931 by the Commission Internationale d’Eclairage
dots (QDs). Efforts on QDs are devoted to understanding the (CIE).
evolution of material characteristics from molecules, to nano-

clusters, and to bulk materialsalso, efforts are dedicated to optical properties of binary QDs, recent advances in synthesis
exploring the applications of QD-based nanomatefdlsych P prop y ’ Y

as bio-imaging with nanomaterial intrinsic characteristics over- have Ie_d o the explc_)ratlon_of te”“?ry QDs V.V'th tunab_le optical
coming the limitations of traditional fluorescent molecules. Properties by changing their constituent stoichiometries as well
Among I1-VI colloidal QDs, cadmium selenide (CdSe) QDs @S their internal structure. For homogeneous ternary QDs, both
are probably the most extensiveiy investigated regarding the the confinement pOtential and the interfacial strain Change with
development of synthetic routes with robust surface passivation their composition; thus, the band gap energy can be tuned even
and ligand dynamic3together with photophysi€sand model- at a constant size. Ternary colloidal ZnCdS QDs are excellent
ing.” Meanwhile, cadmium sulfide (CdS) QDs are probably the candidates as blue emitters. For zincblende ZnS and CdS, their
second most extensively studied system. CdS has a bulk bandattice constants at room temperature are 5.406 and 5.835 A,
respectively? such a low lattice mismatch promises that the
:;?e;vcfigTﬂgg{&fsggp&eoqggufgfglgebnecggdressed- introducing of Zn into the CdS lattice to form ZnCdS alloyed

: QDs is a practical way to engineer blue emitters with high band

*Institute for Chemical Process and Environmental Technology. - o ) : .
8 Institute for Microstructural Sciences. gap emission efficiency. It is noteworthy that Zn is a nontoxic

In addition to the size control for the tuning capability of the
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element, and bulk ZnS has a band gap energy-®f7 eV at of the resulting ZnCdS QDs. This noninjection approach is easily
room temperatufg(ca. 335 nm) with its exciton Bohr radius of  scaled up, with great synthetic reproducibility, using zinc stearate
2.2 nmil (Zn(Sty), cadmium acetate dihydrate (Cd(OA®H,0), and

The non-organometallic synthesis of high-quality CdS QDs, €lemental sulfur as Zn, Cd, and S source compounds, respec-
regarding the control of the size and size distribution as well as tively. Feed Zr-Cd—S molar ratios significantly affect the
band gap PL and deep-trapping PL, was successfully achieveddrowth kinetics, the composition, and the distribution of the
only recently. In 2002, a hot-injection approach in a noncoor- Zn and Cd of the resulting ternary &S QDs. With
dinating solvent octadecene (ODE) was reported, together with relatively high Zn and S feed amounts, such as-3Z8d-4S,
the presence of oleic acid (OA3after a couple of years, another ~ the temporal evolution of the spectral absorption and emission
hot-injection synthesis but in a coordinating long-chain amine ©f the growing ZnCdS QDs is unique, with fixed and even blue-
was published? In the same year 2004, a unique noninjection shifted absorption and emission peaks after an initial red-shifting
one-pot approach was reported, with the presence of two in the first a few minutes of growth at 24€. These unusual
compounds, namely tetraethylthiuram disulfides and’-2,2 Optical properties prompted us to investigate the structures of
dithiobisbenzothiazole, to separate nucleation and growth stagedhe resulting ternary ZnCdS QDs. In contrast to the homoge-
in a homogeneous reaction systémin all of the three ~ neous alloys usually reported in the hot-injection approathiés,
successful approaches, air-stable CdO or cadmium salts as welPur cubic-structured ZnCdS QDs have a gradient distribution
as elemental sulfur were used as Cd and S source compounds2f components consisting of Cd-rich inner cores and Zn-rich
respectively, instead of hazardous CdgHind (TMS)S 22t outer layers as revealed by solid-state NMR and XRD. With
is worth mentioning that the use of air-stable chemicals 0w Zn and S feed amounts (such as ACd-1S), the
continues the trend toward “greener” syntheses of high-quality "esulting ZpCd,-,S QDs exhibited sharp exciton absorptions,

colloidal QDs!5 which was first achieved in 2001, with CJO ~ harrow PL emissions with full width at half-maximum (fwhm)
replacing Cd(Chj),.4 on the order of 1921 nm, and high PL quantum yield (up to

: ; - ; 23%).
At the same time, there is a limited body of literature on

wet-chemistry approaches to colloidal PL alloyed ZnCdS QDs i .
and little detailed information on their synthesitructure- 2. Experimental Section

property relationships. ZnSCdS co-colloids prepared by aque- |l of the chemicals used are commercially available and
ous precipitation was reported in the 1980shile nanocrys-  \yere used as received. They are cadmium acetate dihydrate (Cd-
talline ZnCdsS by a chemical reduction route in 200But they (OAC)»2H,0, Alfa Aesar, 99.999%), zinc stearate (Zn§Stjith

both exhibited poor optical properties. Colloidal ZnCdS QDs 12 5-14% znO, Alfa Aesar), elemental sulfur (S, Anachemia,
exhibiting reasonable optical properties with blue emission were precipitated), stearic acid (SA, Aldrich, 986), 2,2-dithiobis-
reported in 2003; they were synthesized via a hot-injection henzothiazole (MBTS, Aldrich, 99%), and 1-octadecene (ODE,
approach and characterized as wurtzite nanocrystals with varieda|drich, tech. 90%). For the Cd source compound, a simple
compositions, sizes, as well as narrow size distribulfothe  apbreviation of Cd(OAg)will be used in our text below.
hot-injection approach was carried out in ODE, with CHO/OA |, 4 typical synthesis with an equimolar feed ratio of ¥Zn
and ZnO/OA complexes as Cd and Zn precursors, respectively,1c4-15. s (3.4 mg, 0.11 mmol), MBTS (2.5 mg, 7.4mol)

and elemental sulfur as S precursor. Such an approach bearg,q OpE (3.0 g) were sonicated together for 1 h: afterward,
similarity to that used in the synthesis of CdS QDs in OBE, s gispersion was added into a three-necked round-bottom flask

comprising of a swift injection of a solution of S in ODE into containing Zn(SH (0.10 mmol), Cd(OAc) (0.11 mmol), SA
an ODE solution consisting of the CdO/OA and ZnO/OA (0.33 mmol), and ODE~2.5 gj at room temperature.’After-

complexes at 300C. Furthermore, colloidal alloyed ZnCdS ward, the mixture with a total ODE of ca. 5.5 g was heated up
QDs, which were zincblende with different compositions, were 4 120°cC with stirring under vacuum~30 mTorr). A clear
synthesized in coordinating long-chain amines via a hot-injection ¢q|ution was obtained after ca. 2 h. The resulting solution was
approacht? Such an approach involved a swift injection of @ ¢, rther heated up to 24%C at a rate of ca. 16C/min under a
solution of elemental sulfur in dodecylamine (DDA) into & fio\ of purified nitrogen. The growth time was counted once
solution of cadmium stearate (Cd($tand zinc stearate (Zn-  the temperature reached 240, and this temperature was kept
(St)) in hexadecylamine (HDA) at 270C.*2 The two hot-  constant for the growth/annealing process of the ZnCdS QDs.

injection approaches were reported to produce homogeneousgych g synthetic protocol bears similarity to that used in the
ternary ZnCdS QD&318To the best of our knowledge, there is synthesis of zinchlende CdS QDs in OBE.

no literature report on noninjection approaches to synthesize To monitor the temporal evolution of the optical properties

colloidal PL ZnCdS QDs. of the QD growth, small aliquots~ 0.2 mL) of the reaction

It is easy to understand that hot-injection-based synthetic mixture were quickly taken at200°C, ~225°C, and 240°C
methods are not suitable for large-scale production of high- and at different time intervals of 1, 2, 4, 8, 20, 45, 90, 120, and
quality QDs with narrow size distributiort.In order to separate 180 min at 24GC. Usually, 30uL of the raw reaction aliquots
the nucleation and growth stages for tight size distribution, the was dispersed in 3 mL of hexanes (Hex), and the absorption
hot-injection approach requires rapid injection of a precursor and emission spectra of Hex dispersions were collected at room
solution, fast decrease of the reaction temperature right aftertemperature. Optical absorption spectra were collected with a
the injection, and strong stirring for efficient mass transfer; the perkin-Elmer Lambda 45 ultraviolevisible (UV—vis) spec-
realization of these requirements is not easy at large-scaletrometer using a 1-nm data collection interval. Photoemission
prOdUCtion. ACCOI’ding'y, the d6V6|0pment of noninjection'based experiments were performed on a Fluoromax-3 Spectrometer
synthetic approaches is in demand. (Jobin Yvon Horiba, Instruments SA), with a 450 W Xe lamp

This manuscript, focusing on the synthesis-struetyreperty as the excitation source, an excitation wavelength of 350 nm
relationship, reports a noninjection one-pot approach to readily (if not specified), an increment of data collection of 2 nm (if
synthesize high-quality colloidal PL ZnCdS QDs, together with not specified), and the slits for excitation and emission of 3 nm
detailed characterization on the structures and optical properties(if not specified). For the emission peak, baseline-subtracted
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TABLE 1: Structural Characterization of the Binary CdS and Ternary Zn 4Cd;_«S Nanocrystals Synthesized via Our

Noninjection Approach but with Large-Scale

feed molar ratio 1Cd-1s 12 Cd-1S 3Zn-1Cd-2S 3Zn-1Cd-4S
growth time at 240C 180 min 180 min 8 min 180 min 8 min 180 min
first excitonic absorption ~ 440.0 nm 421.5 nm 409.7 nm 411.1 nm 399.2 nm 395.7 nm

peak positions
PL band gap emission
peak positions/fwhm

452.3/20.5nm  433.3/22.2 nm

422.1/16.2 nm

422.8/24.9 nm 413.2/18.3 nm 413.4/21.4 nm

atomic compositions Cds Zn0.13Cd0.87S  Zn0.12Cd0.88S  Zn0.36Cd0.64S  Zn0.52Cd0.48S  Zn0.66Cd0.34S
by XPS

(220) 2 positions 44° 44.04 44.04 4457 4477 4577

estimated mean sizes 4.91 nm 4.65 nm 3.98 nm 3.88 nm 3.71 nm 4.26 nm

from XRDP

measured mean sizes 4.2 nm 4.0 nm 3.7nm 3.5nm 4.1 nm

from TEM

113Cd MAS NMR 808 ppm 808 ppm 822 ppm 832 ppm 855 ppm

chemical shifts

11Cd CP MAS NMR 457 ppm 458 ppm ~468 ppm not detected not detected

surface Cd chemical shifts

a Fitted peak positions after a deconvolution of the diffraction peaks of (220) and (311) in the XRD sp&etleulated by the Sherrer equatibn
using the fitted full width of half-maximum (fwhm) of the diffraction peak (220) in the XRD spectra, with the assumption of no microstrains in the

ternary systems. Bulk wurtzite CdS at 805.7 ppiid

and Gaussian-fitted integration was performed, with a built-in recycle times, and dipolar dephasing spectra were obtained with

Fluoromax-3 software, to yield the peak position, full width at
half-maximum (fwhm), and peak area for the calculation of
quantum yield (QY). PL QY was determined by comparing the

an interruption ofH decoupling of 4Qus before data acquisition
(referenced to TMS via external hexamethylbenzene). Powder
X-ray diffraction (XRD) patterns were recorded at room

integrated emission of a given QD sample in dilute hexane temperature on a Bruker Axs D8 X-ray diffractometer using

dispersion with that of quinine sulfate in 0.05 M$0, (Lit.

QY ~ 0.546)%1°The optical density at the excitation wave-
length was~0.1. Corrections were made for the refractive index
differences of solvents

Cu Ka radiation in a#—6 mode. The generator was operated
at 40 kV and 40 mA, and data were collected betweearkl

80° in 260 with a step size of 0°land a counting timefdb s per
step. XRD samples were prepared by depositing the purified

Intense purification of QD samples was carried out for the nanocrystals on low-background quartz plates.

characterization of transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), solid-state nuclear
magnetic resonance (NMR), and powder X-ray diffraction In the field of photoluminescent colloidaHIlV QDs, ternary
(XRD). It is necessary to point out that large-scale syntheses systems, such as CdSeS, CdTeSe, ZnCdSe, and ZnCdS alloys,
(8—16 times that of typical synthesis described above) were are attractive. The alloyed nanocrystals can exhibit unusual
carried out for the structural characterization listed in Table 1. optical properties as compared to their binary counterparts;
TEM was performed on a JEOL JEM-2100F electron micro- meanwhile, without the change of their sizes, they can exhibit
scope operating at 200 kV and equipped with a Gatan UltraScanvarious emission colors and PL efficiencies with the modifica-
1000 CCD camera. The samples were prepared by drying dilutetion of their compositions and/or their internal structures such
purified QD dispersions in chloroform onto 300-mesh carbon- as homogeneous or gradient alld§3d! For example, alloyed
coated TEM copper grids. XPS was performed using a Kratos CdSeS nanocrystals can be readily tuned to emit in the range
Axis Ultra XPS equipped with a monochromated Al X-ray of 480 to 540 nm, the emission window of which is not easily
source. The takeoff angle was 54The purified QDs were achieved with binary CdS or CdSe QDs al@ie? Also,
deposited and dried on silicon wafer substrates; afterward, thehomogeneously alloyed CdTeSe nanocrystals emit at consider-
substrate was mounted with doubled-sided copper tape. All ably lower energies than similarly sized binary CdSe and CdTe
analyses were calibrated to C 1s at 285 eV. Our purified ZnCdS QDs due to the optical bowing phenomeftrand an nearly
QDs failed to be analyzed by ICP-AES (Inductively coupled 50-fold increase of PL efficiencies was found in gradient
plasma-atomic emission spectrometry), due to the fact that theCdTeSe alloyed QDs, with the center region rich in Te and the
QDs could not be digested completely by the mixture of outer shell rich in Se, as compared to homogeneous CdTeSe
concentrated hydrochloric acid and nitric acid (3/1, v/v). Solid- alloys2® Meanwhile, ZnCdSe alloyed QDs can exhibit compa-
state NMR spectra were obtained on a Bruker AMX300 rable photoluminescent properties in comparison to CdSe-based

3. Results and Discussion

spectrometer with a Doty Scientific Inc. 5 mm probe using
silicon nitride rotorg® 11d NMR magic angle spinning (MAS)
spectra were obtained at 66.58 MHz, both with and witHeut

QDs?21de
Our report focuses on the synthesis-structipeoperty
relationship of colloidal ZnCdS alloyed QDs exhibiting pho-

cross-polarization (CP). For spectra without CP a simple one toemission in the blue spectral region. Accordingly, the results

pulse sequence with phase cycling was used, with°g8Ge

and discussion section consists of two parts: the investigation

length of 4.0 ms and spin rates from 6.3 to 7.3 kHz. A recycle on the growth of the ZnCdS nanocrystals synthesized via our
time of 120 s was used and collection times were of the order noninjection approach is presented in the first part; the structural

of 1.5-2.75 days!3Cd CP/MAS spectra were obtained with
CP times of 5-15 ms, recycle times of-12 s, and collection
times of 744 h. Chemical shifts were referenced to CdgyO
4H,0 (powdered, under MAS). Standa’C CP/MAS spectra

characterization of the resulting alloyed ZnCdS QDs is dealt
with in the second part, together with a discussion on the
alloying mechanisms. The photostability and storage-stability
of the resulting ZnCdS QDs are addressed in Supporting

at 75.43 MHz were obtained with a CP time of 3 ms, and 4 s Information.
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Figure 1. (Top panel) Temporal evolution of the UWis absorption spectra (left, offset) and photoluminescent (PL) emission spectra (middle) of

the growing ZnCdS nanocrystals from the synthetic batch with the feed molar ratio efllZh-1S. The nanocrystals with the different growth

periods (in minutes as indicated) are represented by different colors. The PL excitation wavelength was 350 nm. Temporal evolution of the band
gap peak positions of the absorptid®) (@and emissiont(), and PL QY @) and PL fwhm [0) is also summarized (right). (Bottom panel) Temporal
evolution of the UV-vis absorption spectra of the growing ZnCdS nanocrystals from the synthetic batches with the feed molar ratie of 1Zn
1Cd—-2S (left, offset) and 1Zzr1Cd—4S (middle, offset). The nanocrystals with the different growth periods (in minutes as indicated) are represented
by different colors. Temporal evolution of the PL QE)and PL fwhm [0) is also summarized (right). The nanocrystals from the-1Z@8d-2S

feed molar ratio with the growth period of 180 min and those from the-1dd—4S feed molar ratio with the growth periods less than 90 min

have not been shown PL fwhm, because of an ambiguity in the determination, arising from the fact of very low band gap PL intensity and very high
deep-trap emission intensity.

3.1. Temporal Evolution of the Optical Properties of synthetic batches with varied S feed molar ratios, first at an
Growing ZnCdS Nanocrystals. Our noninjection approach  equal Zn-to-Cd feed molar ratio and afterward high Zn-to-Cd
features relatively mild synthetic conditions and high reproduc- feed molar ratios.
ibility with large-scale capability, as compared to the existing  3.1.1. Equal Zn-to-Cd Feed Molar Ratio of 1ZhCd—yS
hot-injection approachég:.1318|t is known that the temporal  with y= 1, 2, and 4ZnCdS nanocrystals were prepared from
evolution of the optical properties consisting of absorption and synthetic batches with an equal Zn-to-Cd feed molar ratio but
emission is indicative of the formation and growth kinetics of different S molar ratios, namely 1Z21Cd-yS, wherey = 1,
nanocrystals. Thus, the growth of the ZnCdS QDs from our 2, and 4. Basically, these growing QDs exhibited an increase
noninjection approach was monitored in terms of the temporal in their band gap PL efficiency with growth time; however, the
evolution of their optical properties. Various synthetic param- QDs from the three batches were different, regarding the
eters and the interplay between them affect the growth. This intensity ratio of the band gap emission to deep-trapping
manuscript addresses the Z8d—S feed ratio affecting the  emission. The growing ZnCdS QDs from the ¥ZhCd-1S
growth: with different feed molar ratios of the three source batch exhibited dominant band gap emission with deep-trapping
components, the resulting ZnCdS QDs exhibit various behaviors emission highly suppressed, whereas those from the-12at—
of the temporal evolution of the optical properties due to their 2S and 1Zr-1Cd-4S batches exhibited significant deep-
sizes and compositiorf8 For example, with relatively high Zn  trapping emission. The temporal evolution of the absorption and
and S feed ratios, the growing ZnCdsS nanocrystals exhibit bandcorresponding PL emission of the growing QDs from the
gap absorption and photoemission at a constant or slightly synthetic batch with a feed molar ratio of 1Z6Cd-1S is
blueshifted wavelength with a continuous increase in quantum shown in Figure 1 (top panel), while the absorption of those
yield. Thus, in this session, we address the ZnCdS QDs from from 1Zn—1Cd-2S and 1Zr-1Cd—4S feed molar ratios are
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given in Figure 1 (Bottom Panel). The temporal evolution of
the peak positions of the first excitonic absorption and band

gap PL emission, the PL fwhm, and quantum yield in hexanes,

Ouyang et al.

those from the 3Zr1Cd—8S batch with significant deep-
trapping emission. Figure 2 shows the temporal evolution of
the absorption and corresponding PL emission of the growing

are also summarized in Figure 1. The comparison of the QDs with the feed molar ratios of 3Z1Cd-1S (a), 3Zn-

temporal evolution of the optical properties of the nanocrystals
from the feed molar ratio of 12n1Cd—(1—4)S is described
below, in the order of increasing S molar ratios.

For the growing ZnCdS QDs from the synthetic batch with
the feed molar ratio of 1zr1Cd—1S (Figure 1, top panel),
during the growth period of 2180 min at 240°C, the first
excitonic absorption peaks exhibit significant red shifts from

1Cd-2S (b), 3Zr-1Cd—4S (c), and 6Zr1Cd-6S (d). The
peak positions of the band gap absorption and emission, the
PL fwhm, and quantum yield in hexanes are also summarized
for the growing ZnCdS QDs prepared from the five batches
(see the Supporting Information). The comparison of the
temporal evolution of the optical properties of the nanocrystals
from these five synthetic batches is described below, in the order

390 to 414 nm, and the corresponding PL band gap emission©f increasing Zn-to-Cd feed molar ratio and S molar ratio.

peaks from 407 to 428 nm. These growing QDs are narrow in
size distribution, as suggested by their rich absorption fine
substructures and the PL fwhm (291 nm). It is important to
point out that the narrow PL fwhm of our ZnCdS QDs does
not result from the weak quantum confinement effect (QEE),
due to their relatively small sizes (see TEM characterization)

The growing ZnCdS QDs from the synthetic batch with the
feed molar ratio of 3Zr1Cd—1S (less S to metals) exhibit the
temporal evolution of their optical properties similar to that of
those from 1Zr-1Cd-1S feed molar ratio, with steady redshifts
of the first excitonic absorption peak (39@33 nm) and of the
corresponding narrow band gap emission peak 4B% nm,

as compared to the corresponding Bohr radius (typical exciton PL fwhm 16-22 nm) during the £80 min growth at 240C

Bohr radii of ZnS and CdS are 2.2 and 3.0%). Regarding
the quantum yield (QY) of the band gap PL emission, th¢80
min growing ZnCdS QDs exhibit a steady increase from 2.2%
to 22.8%; such a QY value of the 180-min QD ensemble is

after the quick growth from 200 to 24@. The quantum yield

of band gap PL emission increases to a maximum value of 6.2%
at 20 min and maintained afterward. Likewise, the growing
ZnCdS QDs from 3Zr1Cd—2S feed molar ratio show similar

comparable to that reported for the best ZnCdsS alloys which temporal evolution of their optical properties till 45 min,

were obtained via the hot-injection approach; for example; 25
50% QY (with PL fwhm of 14-18 nm) was reported for the
ZnCdS QDs with oleic acid as surface ligaifsyhile 25—
45% QY (with PL fwhm in the range of 2938 nm) was
reported for those with hexadecylamine (HDA) as surface
ligands®? It is necessary to point out that, during the temperature
increasing from 120 to 240C at 10 min?C, there was no
nanocrystal formation monitored below 280; only till ~220—
230°C, the nanocrystals started to form.

For the growing ZnCdS QDs from 121 Cd—2S feed molar
ratio (Figure 1, bottom panel), no absorption was detected till
200 °C, followed by the appearance of a distinctive first
excitonic peak at 379 nm at 22&, with this peak quickly red
shifting to 397 nm at 240C. This initial growth pattern between
200 and 240C was also found in the synthetic batches with
other Zn-Cd—S feed molar ratios. During the growth period
of 1—20 min at 24C°C, they exhibited slightly redshifting first
excitonic absorption and PL band gap emission. After 20 min,

exhibiting fine absorption substructures and small PL fwhm of
19-21 nm, with the redshifts of their band gap absorption and
emission. Afterward, the band gap absorption and emission
became broad, together with a decrease of the optical density.
It is interesting that the absorption peak gradually blueshifted
about 6 nm during the 45180 min growth, whereas the PL
emission peak shifted little at ca. 427 nm. Two factors can
possibly lead to the blueshift observed, namely the decrease in
size and/or the increase of the Zn content in the CdS crystal
lattice resulting in the compression of the lattice. As shown
below (see Figure 3 TEM), the size changes little without
reduction during the 4180 min reaction; accordingly, the
blueshift is mainly due to the Zn diffusion into the CdS lattice.

For the growing ZnCdS QDs from 321.Cd—4S feed molar
ratio (equal S to metals), a unique quick “fixation” of both the
band gap absorption (at 402 nm) and emission (at 415 nm) is
pronounced after a small redshift (3 nm) in the initial a couple
of minutes at 240C. A small blueshift ¢ 2 nm) of absorption

their absorption becomes broad with a decrease of the opticalwas observed after 90 min. These growing ZnCdS nanocrystals

density and an increase in PL fwhm. The growing QDs exhibit
an increase in QY with a maximum value of 2.4% for the 180-
min nanocrystals. For the growing ZnCdS QDs from a feed
molar ratio of 1ZrR-1Cd—-4S, they exhibited little redshifting
band gap absorption during the growth period ef8lmin at
240 °C following the quick growth from 200 to 240C. A
significant redshift in the absorption is observed with peak

broadening and a decrease of the optical density after 8 min.

The growing QDs exhibit an increase in QY with a maximum
value of 0.5% for the 180-min nanocrystals.

3.1.2. High Zn-to-Cd Feed Molar Ratios of 3ZhCd-yS
and 6Zr-1Cd—6S.1n order to synthesize ZnCdS QDs with high

band gap energy, high Zn-to-Cd feed molar ratios were used,

exhibited less absorption fine substructures, as compared to those
from the 3Zn-1Cd—(1—2)S batches, but still with relatively
narrow PL fwhm on the order of 283 nm. They exhibited a
steady increase in PL QY up to a maximum value of 3.5% at
180 min. A separate experiment, in which the reaction time was
extended to 24 h at 24T, showed no further blueshifts of the
band gap absorption and emission after 180 min, thus the
equilibrium of the ternary structure is established in 180 min.
For the growing ZnCdS QDs from 3Z1.Cd—8S feed molar
ratio (excess S to metals, spectra not shown), the quick ‘fixation’
of both the band gap absorption (at 389 nm) and emission (at
404 nm) is apparent, which is similar to those from 3ACd—
4S. These QDs exhibited PL fwhm on the order o370 nm

due to the fact that Zn is less reactive toward S than Cd. The and low QY with a maximum value of 0.7% for the 180-min

Zn composition in the resulting nanocrystals is expected to

ensemble. Accordingly, the more the S feed amount in the-3Zn

increase with the increase of the Zn-to-Cd feed molar ratio and 1Cd—yS batches, the larger the band gap of the ZnCdS QDs.
the S feed amount. ZnCdS QDs were thus prepared from five However, an excess S-to-metals feed molar ratio impedes the
synthetic batches with 3ZAlCd-yS feed molar ratios, where  development of band gap emission, as also shown in the
y=1, 2, 4, and 8, and with 62n1Cd—6S feed molar ratio. previous 1Zr-1Cd—yS batches, and has a negative influence

Basically, these growing QDs exhibited dominant band gap on the optical properties of the resulting QDs, regarding a large
emission with deep-trapping emission highly suppressed, exceptintensity ratio of deep-trapping emission to band gap emission.
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Figure 2. Temporal evolution of the U¥vis absorption spectra (left, offset) and photoluminescent (PL) emission spectra (right) of the growing
ZnCdS nanocrystals from the synthetic batches with the feed molar ratio of (a)1¥zh-1S, (b) 3Zn-1Cd-2S, (c) 3Zn-1Cd—4S, and (d)
6Zn—1Cd—-6S. The nanocrystals with the different growth periods (in minutes as indicated) are represented by different colors. The PL excitation

wavelength was 350 nm.
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Figure 3. (Right) Photoluminescent excitation (PLE) spectrum (in blue) with the emission at 411 nm for hexanes dispersion of 180-min ZnCdS
QDs from 3Zn-1Cd—4S feed molar ratio in a large-scale synthesis. The correspondingvis\absorption (up in red) and PL emission (down in

red, excitation 300 nm) spectra are also presented. (Left) TEM images of (top) 8-, (middle) 45-, and (bottom) 180-min ZnCdS nanocrystals from
the synthetic batch with the feed molar ratio of 3ZiCd—4S. The samples are the same as those shown in Figure 2c. The scale bar is 10 nm. The
insert in each TEM image is one corresponding high-resolution TEM image showing the crystal fringes with the scale bar of 5 nm.

This negative influence may be because more Zn can betrapping emission; furthermore, the QDs exhibit an enhancement
introduced into the CdS crystal lattice with a relatively high S in quantum efficiency with almost fixed band gap absorption
feed ratio, thus causing more defects and a lower crystallinity and emission during the hours of growth at 240. Such a
due to the lattice mismatch. Therefore, a relatively low S feed unique pattern of the temporal evolution of the optical properties
ratio is preferred for high-quality ZnCdS QDs. of the growing QDs suggests a high-level experimental control
In order to prepare ZnCdS nanocrystals with a large band of the subtle balance between the growth in size and the Zn
gap, the synthesis with an even higher Zn-to-Cd feed molar content increase in the CdS crystal lattice.
ratio was conducted without excess of S feed amount, i.e;6Zn It is easy to rule out the separate nucleation and formation
1Cd-6S. The resulting QDs exhibited the temporal evolution of binary CdS and ZnS QDs in our noninjection approach. As
of the optical properties, very much similar to that from the shown above, the growing QDs usually exhibit single band gap
3Zn—1Cd-4S batch. The ‘fixation’ of both the band gap emission peak with small PL fwhm. There may be concerns
absorption (at 398401 nm) and emission (at 43317 nm) is about the big absorption feature around 325 nm, which presents
obvious after the quick growth from 200 to 24Q. There is a in all feed molar ratios of ZrnCd—S but 1Znr-1Cd—1S as seen
continuous enhancement in PL QY with the maximum of 4.4% in Figures 1 and 2. In order to elucidate its nature, the
for the 180-min ensemble. The PL fwhm is on the order of photoluminescent excitation (PLE) spectrum was recorded with
24—27 nm, which is larger than that of the 3Zt4Cd—4S batch. the emission at 411 nm for one nanocrystal ZnCdS ensemble
Since the absorption and emission peak positions of ZnCdS QDsdispersed in hexanes; this ensemble was from a large-scale
from the 6Zn-1Cd—6S batch are nearly identical to those from synthesis with the feed molar ratio of 3Z24Cd—4S and 180-
the 3Zn—-1Cd—4S batch, we can conclude that 3Zn-to-1Cd is min growth. The PLE spectrum together with the corresponding
sufficient, higher than this ratio like 6Zn-to-1Cd cannot UV-—vis absorption and PL emission (exited at 300 nm) are
introduce significantly more Zn into the CdS crystal lattice. presented in Figure 3 (left). It is clear that, with the excitation
Hence, we conclude that, with our noninjection approach, a high at 300 nm, the ZnCdS ensemble exhibits a single PL emission
Zn-to-Cd feed molar ratio and an equal metals-to-S feed molar peak at 411 nm, which is due to the band gap photon absorption
ratio lead to large band gap high-quality ZnCdS QDs exhibiting at 394 nm. After purification, actually, no absorption peak was
dominant band gap emission and highly suppressed deep-observed around 276- 280 nm, the range of which is the
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absorption of cadmium stearate and cadmium myrisfatso, —6) 32n1Cd45-180min .
no absorption peak was detected around 325 nm. Interestingly, ——5)3Zn1Cd4S-8min XPS survey
the absorption feature around 325 nm is also found in the :g;gglgg;g;i’l:'" Pt T H
syntheses of binary CdS with excess feed S to Cd(@An} ——2)1Zn1Cd1S-180min E

of binary ZnS with similar experimental setup. So it is not —1}1Cd18-120min :
reasonable to attribute this absorption to either magic-sized CdS Cls Cd3d

nanoclusters or ZnS QDs as some reviewers suspect. Moreover,
the absorption feature around 325 nm was greatly developed
after the temperature reached to 240) hence, some activated
precursor “complexes” are responsible for it rather than CdS
or ZnS particles. That the obtained QDs are ZnCdS alloy in
nature is further evident by their relationship of size-absorption
peak position. Figure 3 (right) shows the typical TEM images
of the ZnCdS nanocrystals from the 3ZhCd—4S batch with

the growth periods of 8, 45, and 180 min at 240 Basically, J—'-*-—-‘-‘—‘
these ZnCdS nanocrystals are spherical in shape with narrow

size distribution; their crystallinity is high as shown in the inset.

These 8-, 45-, and 180-min nanocrystals are very much similar
in size, with their average diameters of 340.4, 3.4+ 0.5,

and 3.6+ 0.5 nm, respectively. Thus, there is no significant 0
increase in size during the-880 min growth at 240C. It is
noteworthy that 3.43.6 nm binary CdS QDs exhibit first

CPS (a.u.)

e

excitonic absorption peaks at 406407 nm? whereas our Ao e
nanocrystals at the same size range exhibit the “fixation” of R _L.L—-— i ‘ ‘

first excitonic absorption peaks at 46200 nm. Therefore, our 0 200 400 600 800 1000

QDs are ZnCdS alloy in nature. Furthermore, these ZnCdS are

gradient rather than homogeneous; such a structure is illustrated Binding Energy (eV)

in detail in the below session. Figure 4. XPS of the nanocrystals from the synthetic batches with

e L . . the feed molar ratio of (1) 02A1Cd—1S with 120-min growth, (2)
3.2. Structural Identification and Alloying Mechanism.. 1Zn-1Cd—1S with 180-min growth, (3) 3ZA1Cd—2S with 8-min
Itis essential to study the synthesis-structipeoperty relation-  growth, (4) 3zZn-1Cd-2S with 180-min growth, (5) 3ZA1Cd-4S
ship both from the fundamental and application point of view; with 8-min growth, and (6) 3Zr1Cd—4S with 180-min growth. The
particularly for ternary QDs, the structural determination of resulting ZRCdi-xS nanocrystals are characterized as (1) CdS, @)sZn
homogeneous vs gradient alloys is challenging and not straight-gdo.aé-%(i)sz%ﬁgogﬁ 4 Ztrb.lszo.ssaIS, I(St) gnflssz%ﬁsS, ang (6) "
forward. Recently, solid-state magic-angle-spin (MASCd, No.gd-Co.sa>. 1N€ L0 amounts areé caculated irom the peaxs in the
71Se,13C, and3!P NMR were successfully used to investigate ;%r,'s%e ?; A;o%;llszev (for Cd 3d), while Zn in the range of 1037
s eV (for Zn 2p).
ternary CdTeSe alloy QDs and a layered CdSe/CdTe/CdSe ( P)

structure with their surface ligands of triectylphosphine (TOP) sensitive techni :
. - - . gue, the depth dependence of the observed signal
and trioctylphosphine oxide (TOP@) From thel3C NMR, it intensity, |, for the primary X-ray photoemitted electrons,lis

was discovered that these capping ligands were Weakly bound_ lo exp(—Z/4), wherez is the distance of the emitting atoms
to the surfaces of the nanocrystals, and were quite mobile over. . ihe sample surfacé is the unattenuated signal intensity,

the surface. Thé**Cd NMR provided crucial information to 444 is the (energy and material dependent) attenuation length
determine the composition and structure of these materials. ;¢ the emitted electro® The actuall value is difficult to
Solid-state MAS™®C and***Cd NMR were also used in the  yetermine due to the complex composition of the QDs (contain-
current research to investigate the bonding of surface Ilgandsing organic capping layer and mixed ZnS and CdS). There is
and the composition and structure of the ZnCdS QDs. In addition 1,5’ qoyht the obtained compositions represent the actual values
to solid-state NMR, XPS, TEM, and XRD were also used 10 i the particles are homogeneous; the obtained compositions are
characterize the structure of our ternary QDs. These character—qq reasonably true if slightly inhomogeneous since they are
ization techniques are presented below in the o_rder_of XPS, small in size ¢4 nm, Table 1), or at least the sequence of Zn
TEM, NMR, and XRD, and the results are summarized in Table ¢ontent in various samples is real. We tested one QD ensemble
1, together with the band gap absorption and emission peakirom the feed molar ratio of 3Za1Cd—4S with 180-min growth
position and PL fwhm of the crude samples. These QDs were py EDX (energy dispersive X-ray analysis); the results in atomic
synthesized from feed molar ratios of 0ZhCd—1S, 1Zn- % are Zn (30.52- 3.15)%, Cd (19.08 4.12)%, S (50.4Qk
1Cd__15’ 32“‘1Cdfzsf aﬂd 3Zﬁ1¢d_43- Furtherm.ore, each 5.83), i.e., Z0.6XC 03851 02 (the footnote value of S refers the
8-min sample studied in this session was synthesized from anatomic ratio of S to total metals), which is in perfect agreement
individual batch. with Zno 61Cth 3651 16 determined by XPS. It is noteworthy that
3.2.1. XPS and TENMAs shown in Figure 4, XPS was used the Zn-to-Cd (molar ratio) in the product is always less than
to determine the atomic compositions of our QDs. The CdS that of the feed molar ratio, which is because the ZnS formation
QDs contain no Zn as expected (Table 1). For theCzi «S is slower than the CdS formation under the present experimental
QDs from the batches with the feed molar ratios of +ACd— condition. Meanwhile, the Zn content increases in the resulting
1S with 180 min growth, 3Zr1Cd—2S with 8 and 180 min ZnCdS QDs with increasing Zn-to-Cd feed molar ratio and S
growth, and 3Zr-1Cd—4S with 8 and 180 min growth, the x  feed amount as well as increaing growth period at Z80For
values (Zn mole percentage in the total atoms of Cd and Zn) example, during the 8-min growth period, namely the early
were determined to be 0.13, 0.12, 0.36, 0.52, and 0.66, growth stage, the CdS formation seems to dominate with a little
respectively. It should be mentioned that XPS is a surface- Zn incorporated in the CdS lattice for the synthetic batch with
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Figure 6. 13C CP/MAS NMR spectra of stearic acid (a) without and
(b) with dipolar dephasing, and of the 8-min ZnCdS NCs capped with

stearic acid synthesized from the feed molar ratio of 3Z6d—4S
(c) without and (d) with dipolar diphasing.

of crystallinity. Therefore, it is fair to conclude that our ZnCdS
nanocrystals are high-quality, regarding crystallinity, spherical
shape and distribution, and uniformity in size.

3.2.2. Solid-State MAS NMRs shown in Figure 6a, the
normal *H-13C cross-polarization CP/MAS NMR spectrum of
pure stearic acid (Ckt+(CHy)16—COOH) shows four main
features: —COOH at~182 ppm,—CHjs at 15.2 ppm,—CH,
adjacent to-CHz at~25.1 ppm, and all the otherCH, groups
(from theo-C through the middle of the chain) fall in the range
3036 ppm (the distribution peaking at 33 ppm). In the dipolar-
dephased (DD) CP/MAS NMR spectrum shown in Figure 6b,
only the —COOH and—CHjs resonances remain. The dipolar
dephasing experiment shows only those C atoms that are not

Figure 5. High-resolution TEM images of the nanocrystals from the strongly dipolar-coupled téH, namely quaternary carbons and

large-scale syntheses (shown in Table 1). (A) 8-min ZnCdS and (B)
180-minute ZnCdS from the 3Z2rlCd—-4S feed molar ratio. The

any proton-bearing carbons that are in motion so that their

spacing of the one-dimensional lattice (shown in particle P) is measureddip_OIar COUP“”Q i§ reducedf. Thus it iS_CIe.ar_ that. the stearic
to be 3.18 A: our XRD study presented below (Figure 8) shows that acid molecule in its bulk solid phase is rigidly fixed and the

the nanocrystals are cubic in crystal structure. @lspacing values of
the most prominent plane (111) of bulk zincblende ZnS is 3.12 A (Joint
Committee on Powder Diffraction Standards JCPDS-0566) and

that of bulk zincblende CdS is 3.36 A (JCPDS-m454).

the 3Zn-1Cd—2S feed molar ratio, while much more Zn in
the CdS lattice for the batch with the 3Z2aCd—4S feed molar

ratio.

only dynamics possible is the internal rotation-e€Hs. The
normall3C CP/MAS NMR spectrum of the 8-min ZnCdS QDs
with the surface ligands of stearic acid from the 3Zn-to-1Cd-
to-4S batch shown in Figure 6c, which presumably now
represents stearate ions, shows strong similarities to the spectrum
in Figure 6a, but the peak 6f COO™ (183.2 ppm) is noticeably
broader and the main peak corresponding to the main backbone
of —CH, groups (at 33.6 ppm) has a significant shoulder{at

The same nanocrystals were imaged by TEM. The nanoc- 31.5 ppm) and a broad underlying feature (centered &2
rystals appear essentially spherical and uniform in size. Typical ppm). The 14.8 ppm peak is fromCHs, while the~ 24 ppm
high-resolution TEM images are presented in Figure 5, for the peak is from—CH; adjacent to-CHs. The broadening effects

ensembles of the 8- and 180-min ZnCdS QDs from the-3Zn

are consistent with a distribution of environments that might

1Cd—4S feed molar ratio. The 8-min ensemble is ca. 3.5 nm in be expected on changing to a noncrystalline coating on a
diameter, while the 180-min is ca. 4.1 nm. Both two-dimensional nanocrystaf® The dipolar dephased spectrum of the QD
(such as particle K) and one-dimensional (such as particle P)ensemble, Figure 6d, shows lines in addition to the expected
lattice structures are clearly observed, indicating a fair degree peaks of~-COO™ and —CHs, which logically can be assigned
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Figure 7. 133Cd MAS NMR spectra (left) and correspondiftfCd
CP/MAS NMR spectra (right), with (a) 180-min CdS NCs (MAS rate
7 kHz (left) and 7.7 kHz (right)), (b) 8-min ZnCdS NCs from the feed
molar ratio of 3ZrR-1Cd—2S (MAS rate 7.1 kHz), (c) 180-min ZnCdS
NCs from 3Zr-1Cd—2S (MAS rate 7.1 kHz), (d) 8-min ZnCdS NCs
from 3Zn—1Cd-4S (MAS rate 6.3 kHz (left) and 6.7 kHz (right)),
and (e) 180-min ZnCdS NCs from 3Z1Cd—4S (MAS rate 7.2 kHz).
The much sharper spectrum of bulk Wurtzite CdS is also shown in (a)
(left) for comparison.

to the last few—CH, groups of the chain adjacent toCHjs
undergoing some dynamics, whereas resonances fromGhe
carbons in the middle of the chain and adjacent to the

carboxylate have disappeared from the spectrum, indicating that> i L e
it seems reasonable that theS consistent with increased O coordination: the Cd resonances

these must be static. Accordingly,

J. Phys. Chem. C, Vol. 112, No. 13, 2008917

ppm (shown in Figure 7a (left) for comparison). The broad width
of the QD resonance corresponds to a distribution of Cd
environments, as discussed previously for CdSe and CdTe
QDs2% Note that we do not yet know the chemical shift for
bulk cubic CdS. The chemical shift of this main peak increases
from 808 to 853 ppm, together with an increase in its overall
width and development of a pronounced asymmetry on the low
chemical shift side, from the QD sample of the 180-min CdS
(Figure 7a-left), to the 8-min (Figure 7b (left)) and 180-min
(Figure 7c (left)) ZnCdS from the 32nlCd—2S batches, and

to the 8-min (Figure 7d (left)) and 180-min (Figure 7e (left))
ZnCdS from the 3Zr1Cd—4S batches. As shown in Table 1
from the XPS study, the Zn content in these corresponding four
ZnCdS QD samples increases with the resulting atomic ratio
of Zn:Cd as 12:88, 36:64, 52:48, and 66:34. Accordingly, the
gradual increase in chemical shift is consistent with the alloying
process to form ZnCdS QDs with increasing Zn content, which
is similar to the previous observation of an increase of Se content
in the CdSeTe QD leading to an increase in chemical shift away
from the CdTe resonance and toward that of C&Sk.is
noteworthy that increasing3Cd chemical shift correlates with
decreasing lattice constant in the two ternary QD systems,
namely CdTeSe and ZnCdS.

Second, a new resonance consisting of an isotropic line at
~457 ppm with several spinning sidebands (ssb) shows quite
strongly in the CP spectra of the ensembles of the 180-min CdS
(Figure 7a (right)) and 8-min QDs from the 3Z&Cd-2S batch
(Figure 7b (right)). This resonance is weaker in the CP spectrum
of the 180-min QDs from 3Zrl1Cd-2S batch (Figure 7c
(right)), and it eventually disappears in the CP spectra of the
8-min (Figure 7d (right)) and 180-min QDs (Figure 7e (right))
from the 3Zn-1Cd—4S batches. As mentioned above, the
113Cd CP MAS NMR spectra shown in Figure 7 (right) should
display Cd atoms in proximity to the protons of the acid chain,
namely those Cd atoms at or close to the surface of the
nanocrystals. The prominence of the new resonance at 457
458 ppm in the CP spectra of the CdS and ZnCdS QDs with
low Zn content suggests that this is the surface Cd to which
the ligand—COO™ group is coordinated. The large high-field
hifting of this new resonance as compared to that at §@on

acid molecule is tethered to the surface of the nanocrystal ©f Pulk Cd salts, such as Cd acetate and Cd myristate, were

through coordination of the carboxylate, and only the opposite

extremities of the chain have some freedom to move. Such a

conclusion is in agreement with high-resolutithNMR results
on QD liquid dispersions, which show that the surface ligand

detected in the 60 ppm region; there is likely multiple O

coordination in these salts, whereas the nanocrystal surface Cd
atoms should have less O coordination because of their existing
attachment to the sulfide lattice. The presence of several strong

attaches strongly to the surfaces of the CdS and ZnCdS QDS_spinning sidebands, which arises from considerable chemical

For example, littleH signal from—CH, adjacent to—COO~
was observed in thiH NMR spectrum of one ensemble of CdS
QDs capped with myristic acid (GH(CH,)1o—COOH) dis-
persed in CDG) indicating little free surface ligands in the

shift anisotropy, also distinguishes this site as being quite
asymmetric compared to the roughly tetrahedral Csltes of

the 800" ppm resonance, for which no spinning sidebands are
visible. Itis then evident that the reduction and low-field shifting

solvent due to the strong attachment of the ligand to the QD 0 ~468 ppm of the 457-ppm resonance for the QDs with long
surface; this ensemble dispersion was measured again afte@rowth periods (such as 180-min growth from the 32Cd—

2-month storage in the dark under ambient conditions and still
no free myristic acid was detected.

2S feed molar ratio) and its disappearance for high S feed
batches (such as the 8- and 180-min growth from the-3Zn

Due to the Strong attachment of the acid molecule to the QD 1Cd—4S feed molar rat|0) is consistent with the dISp|acement

surface it was possible to obtai-113Cd CP/MAS NMR

of Cd atoms from these stearate-coordinated surface sites by

spectra, Figure 7-right, which should selectively observe any Zn atoms. Furthermore, the Zn concentration at the surface must

Cd close to the surfacé’®Cd MAS NMR spectra, Figure 7
(left), obtained with single pulse excitation (no CP) should show
all Cd. Three aspects are immediately apparent:

be higher than that in the nanocrystals as a whole. If the material
were homogeneous, then even at a Zn:Cd ratio of 66:34, the
stearate-attached Cd should still be visible. The fact that it is

First, each of the QD samples features a main peak in theinvisible attests to depletion of Cd at the surface.

800" ppm region, which is very much broader than the

Third, there are differences in the spectra with and without

resonance of bulk CdS (hexagonal Wurtzite structure) at 805.7 CP in the 800 ppm region which become more pronounced as
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Figure 8. (Top) Powder XRD patterns of the nanocrystals from the
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which are linked to surface Zn. This would be consistent with
an inhomogeneous distribution of Zn in the ZnCdS QDs.

3.2.3. XRD.Figure 8 (top) shows the XRD patterns of the
ZnCdS QDs from the large-scale noninjection syntheses. The
XRD patterns indicate that the nanocrystals have a cubic crystal
structure, with the absence of the (102) and (103) diffraction
peaks existing in a hexagonal crystal structure. It was reported
that the ZnCdS QDs via a hot-injection approach with the
growth at 260°C have a cubic crystal structu¥ewhile at
300 °C have a hexagonal crystal structdfeHowever, this
temperature effect does not apply in our approach: the CdS
QDs growing at 300C still reveals a cubic crystal structure.

Assuming there is no microstrain in the nanocrystals, the
average sizes of the nanocrystal ensembles are estimated from
the Sherrer equatidfh (Table 1). Such an assumption should
lead to inaccuracy in the size estimation for the ternary ZnCdS
QDs, because the && and Zr-S bond lengths are different.

If the presence of the microstradhis considered for the ZnCdS
QDs, the estimated size should be larger than that listed in Table
1; however, the present study does not further address such an
issue on the size estimation from XRD. It is interesting to point
out that based on the XRD study with the Sherrer equation,
the size of the CdS ensemble was calculated to be 4.90 nm,
which is in good agreement with that, 4.85 nm, estimated from
the band gap absorption peak position at 440'fhimowever,
4.90 nm is larger than 4.2 nm measured from TEM. As shown
in Table 1, there is a difference in sizes determined from XRD
and TEM, for one identical QD ensemble.

It is acknowledged that homogeneous ternary alloys obey
Vegard's law of linear relationships between the lattice param-
eters and compositions of solid-solution all@§swith the
composition expressed as atomic percentdges shown in
Figure 8 (top), the diffraction peaks shift to the direction of
larger Bragg angle with an increase of the Zn content in the
samples. Such an increase il ihdicates that Zn atoms are
gradually incorporated into the CdS lattice leading to the
formation of the ZnCdS QDs with an increase of the Zn content
along the growth and a decrease in their lattice parameters.
Figure 8 (Bottom) shows the relationship between the lattice

nanocrystals from the noninjection approach were characterized by parametera calculated from the (220) diffraction and the Zn

XPS as (1) CdS, (2) ZnCdo.s7S, (3) Z1LCbo.seS, (4) Zb.aLCdb.ssS,

(5) ZnosLh4sS, and (6) ZpesCh3sS. The dashed lines are for eye
guidance. (Bottom) The dependence of the lattice paranaeier A,

O) of the synthesized Z€d;—«S nanocrystals on the Zn molar
composition x determined by XPS. The lattice parametrwas
calculated from the XRD patterns shown in Figure 8, top (based on
220 diffraction). The blue dashed linear line represents the Vegard's
law. The other black dashed lines and points A, B, and C illustrate an
assumption of the—x relationship as described in text.

the concentration of Zn in the QD sample increases: A broad
peak is still observed in the 80Qppm region in all the CP

spectra, and this must represent near-surface Cd atoms probabl

still largely coordinated by 4S in a roughly tetrahedral coordina-
tion. As such they represent only a fraction of the total Cd in
the QDs. The asymmetric high-field broadening which develops

compositionx determined by XPS; clearly, such a relationship
does not comply with Vegard's la#:26 The calculated value

is larger than that from Vegard’s law with the same Zn content
in the ternary ZnCdS materials. CdS has a lam@énan ZnS
does; the departure from the linear relationship of Vegard's law
indicates that the obtained ZnCdS alloyed QDs are not
homogeneous in structure. Concerns may be raised regarding
to the validity of such ama—x relationship due to the suspicious
inaccuracy ofx values determined by XPS. To answer this
guestion, we make an assumption as depicted in Figure 8
(bottom): assuming Zn composition denoted at point A is

Yverestimated because of XPS surface sensitivity (Znis rich in

surface from solid NMR analysis), the real Zn composition can
vary between point A to point C (point C exclusive; C means
homogeneous structure, in the case of which, overestimation

?n the non-CP spectra as the_Zn level in the nanocry_stal increasegyt 7n is invalid), for instance, at point B, thus there are only
is even more pronounced in the CP spectra, with the most gifferences in the deviation extent, but the departure ofithe

obvious in the spectrum of the 180-min QDs from the 3Zn

1Cd—4S batch. Since the alloyed ZnCdS QDs exhibit higher
113Cd NMR chemical shifts than CdS, the origin of such a high-
field broadening is puzzling; however, since such broadening

relationship from Vegard’s law is still valid. In addition to the
above-mentioned, another evidence of alloying was suggested
by our PL lifetime study?’ which shows that the 120-min CdS
ensemble as well as the 180-min ZnCdS ensemble from-1Zn

in the CP spectra is associated with increasing Zn at the surface 1Cd—1S and 3Zr-1Cd-4S feed molar ratios exhibit different

it is speculated that these may be near-surface,CéSters

PL lifetime and upconversion photoluminescent lifetime.
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Subsequently, a plausible alloying mechanism for the growth
of the ZnCdS nanocrystals via our noninjection approach is
proposed: a Cd-rich core is initially formed due to a higher
reactivity of Cd than Zn toward S, leading to the redshift of
band gap absorption and emission in the initial/early growth
stage. Afterward, there is a gradual formation of Zn-rich outer
layers because of the rapid depletion of the Cd concentration
in the reaction medium leading to the excess of Zn (and S);

also the outer layers have an increase in the zinc content towardCh
the surface. Furthermore, the outermost layer may mainly consistp, -

of ZnS with little cadmium, as seen from the samples synthe-
sized with high Zn-to-Cd feed molar ratio and high S feed
amount. Such an accumulation of ZnS in the outer layers directly
leads to an effective inorganic ‘coating’ to well protect the CdS-
rich core, giving rise to the observed ‘fixation’ of band gap
absorption and emission, and resulting the enhanced UV
resistance and storage stability of the nanocrystals (see th
Supporting Information). At the later growth stage, Zn may
diffuse into the inner CdS-rich core, leading to the blueshift of
the band gap absorption and emission.

4. Conclusions

The present study focuses on the synthesis-struepuraperty
relationships of ternary ZnCdS alloys. Colloidal photolumines-
cent ZnCdS QDs were readily synthesized via a noninjection
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