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Chemical Conversion Reaction between CdS Nanobelts and ZnS
Nanobelts by Vapor Transport
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Single-crystalline wurtzite CdS nanobelts are completely converted into single-crystalline wurtzite ZnS
nanobelts by Zn vapor transport (at 8@0). In contrast, the ZnS nanobelts are not completely transformed
into CdS nanobelts by Cd vapor transport but yield Cd-doped (up to 60%) ZnS nanobelts (&C)000
This result indicates that the conversion reaction of the CdS nanobelts into the ZnS nanobelts takes place
more efficiently, as compared to the opposite reaction. At temperatures lower than the conversion
temperature, a CdSZnO nanobek-nanowire hybrid structure grew, in which the ZnO nanowires were
aligned in the [0001] direction of the CdS nanobelts. We suggest that the conversion reaction of the
wurtzite CdS structure proceeds preferentially through their polar (001) planes.

Introduction liquid—solid (VLS)2 5710.1213g50lid—vapor?! or solvother-
mal reaction techniques:

Since the discovery of carbon nanotubes (CNTS), a g a key step towards the realization of their potential in
tremendous amount of research has been conducted on th%ractical applications, it is still necessary to develop new
synthesis and utilization of 1-D nanostructures (e.g., nanow- synthetic routes capable of generating uniform 1-D nano-
ires and nanobelts) as well-defined building blocks for stryctures in high volumes, together with a controllable size,
assembling active and integrated nanodevice systems. composition, and single crystallinity. Among other versatile
Nanowires/nanobelts made of CdS; (= 2.42 eV at room  synthetic methods, chemical templating against existing
temperature) and Zn3E{ = 3.6 eV at room temperature), npanostructures offers a very powerful means to increase the
which are important wide band gap-VI semiconductor  compositional diversity of materials or to generate nano-
materials, have been the object of particular attention becausestructures that might be difficult or impossible to directly

of their unique properties and wide range of applications in synthesizé® The Alivisatos and Xia research groups suc-

sensors, lasers, waveguides, and optoelectronic devites.
They are usually synthesized by the metal catalyzed vapor
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cessfully applied this method to cation exchange reactions
in solution®1”Kénenkamp and co-workers reported the use
of an anion exchange reaction to convert ZnO nanotubular
columns into ZnS in the gas pha$& hey also demonstrated
the further transformation of ZnS into €% AgS, BihSs,
etc. in solution. Recently, the transformation of mesoporous
CdS into CusS via cation exchange in solution was reported
by Han and co-worker¥. However, to the best of our
knowledge, no cation exchange reaction in the gas phase
has been developed to synthesize 1-D nanostructures.
Herein, we report on the chemical conversion (i.e., cation
exchange) reactions between CdS nanobelts and ZnS nano-
belts in the gas phase. The single-crystalline wurtzite CdS
nanobelts (NBs) transform completely into single-crystalline
wurtzite ZnS NBs. On the contrary, the ZnS NBs transform
incompletely into CdS NBs under our experimental condi-
tions. As a result, single-crystalline wurtzite Cd-doped ZnS
nanobelts (i.e., ZgpsCdh oS and Zp 4Cdy 6S) were produced
instead. 3-D CdSZnO nanobek-nanowire hetero-nano-
structures grew at temperatures lower than the conversion LD
temperature. These results provide insight into the mechanism
of the substitution reaction of 1-D nanostructures in the gas
phase.

Sogoz

Experimental Procedures ' | dooz=0.31 nm

For the synthesis of the CdS NBs, CdS (99.98%, Aldrich) _ = _ ‘ _
powders were placed a few centimeters apart from an Au nano- Figure 1. (a) SEM micrograph showing the high-density CdS NBs on the
substrate. (b) TEM image showing the general morphology of the CdS NBs

particle-deposited Si substrate inside a quartz tube reactor. As the(av width = 400 nm). (c) HRTEM image of the CdS NB grown in the

source was evaporated at 830 for 1 h under argon flow, high-  [6170] growth direction. The SAED pattern confirms the single crystallinity
density CdS NBs were deposited on the substrates at aboutand growth direction (inset). (d) Distance between neighboring (002) planes
700°C. For the conversion of the CdS NBs into the ZnS NBs, the is 3.4 A. (e) TEM image showing another CdS NB grown in the )11
pre-grown CdS NBs were placed in the reactor, and Zn powders 9rowth direction. () SEM micrograph of the high-density ZnS NBs. (g)
ted at temperatures in the randge o£3000°C. The TEM image showing the general morphology of the ZnS NBs. Their average
were evapora p 9 . o . width is 200 nm. (h) Lattice-resolved image of the nanobelts grown in the
ZnS NBs were synthesized on an Au nanoparticle-deposited Si[0110] growth direction. The distance between the neighboring (002) planes
substrate by the evaporation of ZnO (99.98%, Aldrich)/NiS (99%, is 3.1 A. Its corresponding SAED pattern reveals the ) jtowth direction
Aldrich) powders at 1100C. The substrates were placed a few (inset).
centmeters apart from the Cd source inside the reactor at a
temperature of 900C. For the conversion of the ZnS NBs into T q d q hotolumi PL
CdS NBs, the pre-grown ZnS NBs were placed inside the reactor, | ©MPerature-dependent steady-state photoluminescence (PL) mea-

and the Cd powders were evaporated at temperatures in the rang§Urements were carried out using a-H&d laser £ = 325 nm)
of 500-1000°C. and a Nd:YAG laserA = 266 nm) as the excitation sources.

Source (PLS) with monochromatic radiatioh £ 1.54520 A).

The products were analyzed by scanning electron microscopy
(SEM, Hitachi S-4700), field-emission transmission electron mi-
croscopy (TEM, FEI TECNAI G200 kV and Jeol JEM 2100F), Figure 1a shows the SEM image of the high-density belt-
h:ght-rv cr)wltgi%f? TE Nr|| (EB/TE':‘A& Jﬁol JEZ' Aervil\/13>??s, f}'zf MV)r,l like CdS nanostructures synthesized by the thermal evapora-
electro action ( ),_a energy-cispersive 7-ray IUOTeSCence iqn of cds powders. Their length reaches about&0 The
spectroscopy (EDX). High-resolution X-ray diffraction (XRD) TEM i Is that thev h th flat f
patterns were obtained using the 8C2 beam line of the Pohang Light " Image reveals . a' ey. ) ave ,a Smoo a .Sur ace

without any nanopatrticle impurities (Figure 1b). Their width

is in the range of 206500 nm (av= 400 nm). The HRTEM

Results and Discussion
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them from the CdS NB templates (Figure 2b). Their average
width is still 400 nm even after the conversion. The TEM
image shows a highly crystalline ZnS NB grown in the
[0110] direction (Figure 2c). The lattice-resolved image of
the side edge part reveals the presence of stacking faults
along the [0001] direction (Figure 2d). The corresponding
SAED pattern, taken at the [2@] zone axis, shows the
defective crystalline nature of the [0001] planes. The (002)
fringes are separated by a distance of about 3.1 A, which is
close to that of wurtzite ZnS crystal. Figure 2e shows another
ZnS NB having a [011] growth direction. Its corresponding
fast-Fourier transform ED (FFT ED) pattern, generated from
the inversion of the TEM image using DigitalMicrograph
GMS1.2 software (Gatan Inc.), confirms the [@] §rowth
direction and the defects along the [0001] direction. Figure
2f corresponds to the lattice-resolved image for its side edge.
The (002) fringes are separated by a distance of about 3.1
A, which is close to that of wurtzite ZnS crystal. We
observed that the width and growth direction of the wurtzite
(i | ZnS NBs remain the same as those of the wurtzite CdS NBs
Figure 2. (a) SEM micrograph showing the high-density zns NBs Dut that there are stacking faults along the [0001] direction
synthesized by the conversion reaction of the CdS NBs. (b) TEM image and a bumpy surface, probably due to the substitution

showing the general morphology of the ZnS NBs. The average width is i i
400 N (¢) TEM image of the ZnS NBS having a [0 4rowth direction. reaction. The EDX data show no trace of the Cd element in

(d) Lattice-resolved image reveals the stacking faults along the [0001] the ZnS NBs (Supporting Information Figure S1). We refer

direction. The (002) fringes are separated by a distance of about 3.1 A, to this sample as A.

which is close to that of wurtzite ZnS crystal. The corresponding SAED . .
pattern confirms the [0 growth direction. (€) TEM image of the ZnS Next, the ZnS NBs (as shown in Figure-1f) were reacted
NBs having a [011] growth direction. (f) Lattice—resolve’g\i image reveals  with Cd vapor at 1000C. The ZnS NBs cannot completely
the (002) fringes separated by a distance of about 3.1 A and their stacking ; ;
faults. The corresponding FFT ED pattern confirms the [9igrowth transform into CdS NBs in the presence of Zn pOWdPTrS
direction. evaporated for 1 h. Instead, Cd-doped ZnS nanobelts (i.e.,
ZnoosClhosS and Zp.CdoeS) were synthesized as the
perpendicular to the growth direction, but has a tilt angle of products after reaction times of 10 min and 1 h, respectively.
~10°. The CdS NBs are usually skewed at the end part, asUsing a longer reaction time or a higher reaction temperature
shown in the TEM image of Figure 1b. We observed that (1200°C) is detrimental to the morphology of the ZnS NBs.
most of the CdS NBs have either a [@] br a [0111] growth Figure 3a shows the SEM image of the high-density ¢én
direction. ChosS NBs. The TEM image reveals that their diameter

Figure 1f shows the SEM image of the zZnS NBs remains in the range of 1600 nm, which is same as that
synthesized directly by the thermal evaporation of ZnO/NiS 0f the ZnS NBs, after the Cd substitution (Figure 3b). Figure
powders. Their length is about 5m. The TEM image 3c corresponds to the lattice-resolved image of an individual
reveals that their width is in the range of 26800 nm (av  Nhanobelt, showing that the highly crystalline (002) fringes
= 200 nm) (Figure 1g). The average width is about 2 times are separated by a distance of about 3.1 A, which is close to
smaller than that of the CdS NBs (400 nm). Their side edgesthat of wurtzite ZnS crystal. The SAED pattern confirms
are occasionally one-sided and saw-toothed. The HRTEM the [01D] growth direction, maintained after the Cd sub-
image shows a h|gh|y Crysta"ine nanobelt grown in the stitution (Figure 3c, inset). The EDX line Scanning analysis
[0110] direction (Figure 1h). The (002) fringes are separated indicates that the average Cd context= [Cd]/([Zn] +
by a distance of about 3.1 A, which is close to that of the [Cd])) of the individual nanowires is about= 0.05 {10%
wurtzite ZnS crystalg = 3.82098 A andc = 6.2573 A; uncertainty), with a uniform distribution of the elements
JCPDS Card No. 361450). Its corresponding SAED pattern  along the cross-section (Figure 3d). The EDX data are shown
at the [2110] zone axis confirms the [0D] growth direction ~ in the Supporting Information Figure S1. We refer to this
(Figure 1h, inset). All of the ZnS NBs that we observed have sample as B.

a [0110] growth direction. The XRD and PL data confirm Figure 3e shows the SEM image of the high-densityZn
the formation of high-purity CdS and ZnS NBs, as is Cdy¢S NBs. Figure 3f corresponds to a TEM image showing
described next. the general morphology of the giCdyeS NBs. Their

Figure 2a shows the SEM image of the ZnS NBs average width is 200 nm. Figure 3g shows a lattice-resolved
synthesized by the conversion reaction of the CdS NBs image revealing the single-crystalline nature of the nanobelts.
(shown in Figure 1ae). The conversion of the CdS NBsto The FFT ED pattern confirms the [0QJLdirection (Figure
the ZnS NBs takes place completely during the 30 min period 3g, inset). The (002) fringes are separated by a distance of
of evaporation of the Zn powders at 800. The TEM image about 3.1 A. The EDX line scanning reveals that the 60%
reveals that a huge number of humps cover the top surfaceCd is distributed homogeneously over the whole cross-section
and that the side edges are not smooth, which distinguishef the nanobelt (Figure 3h). The width and growth direction
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Figure 3. (a) SEM micrograph showing high-density ¢gaCdy.0sS NBs.

(b) TEM image revealing the general morphology of the nanobelts. Their
average diameter is 200 nm. (c) Lattice-resolved image of an individual
nanobelt, revealing the highly crystalline (002) fringes separated by a
distance of about 3.1 A parallel to the growth direction [0l The SAED
pattern confirms that the single-crystalline wurtzite ZnS crystal grew in
the [01D0] direction (inset). (d) EDX line scanning reveals the uniform
distribution of Zn, S, and Cd ([Cd]/([Zn} [Cd]) = 0.05) along the cross-
section. (e) SEM micrograph showing the high-density £t ¢S NBs.

(f) TEM image revealing their nanobelt morphology. (g) Lattice-resolved
image revealing their single-crystalline nature. The (002) fringes are

separated by a distance of about 3.1 A. The FFT ED pattern confirms the

single-crystalline wurtzite structured ZnS nanocrystal grown in the@p11
direction (inset). (h) EDX line scanning reveals that the 60% Cd element
is homogeneously distributed over the cross-section of the nanobelts.

remain the same as those of the ZnS NBs. The corresponding{

EDX data, as well as the XRD and PL data, confirm the
production of the Cd-doped ZnS NBs, as shown in the
Supporting Information Figure S1 and in Figures 5 and 6.
We refer to this sample as C.

To our best knowledge, this is probably the first attempt

of a cation substitution reaction from CdS to ZnS nanostruc-

Lee et al.

tures (and vice versa). The result indicates that the complete
conversion of the CdS NBs to the ZnS NBs occurs using
Zn vapor transport at 808C, while the reverse reaction is
incomplete using Cd vapor transport even at 10@
Although the vapor pressure of Zr-Q.5 atm) at 800C is

even lower than that of Cady(1 atm), the substitution reaction

of Cd with Zn takes place more efficiently, as compared to
the opposite reaction in which Cd substitutes Zn. Therefore,
we conjectured that the mobility of the cations can be an
important factor in determining the rate of the substitution
reaction in the gas phase. The smaller radius and lighter mass
of Zn (r(Zn?") = 74 pm andmg, = 65.4 amu) would have

a higher mobility than the larger radius and heavier mass of
Cd ((CcP") = 92 pm andneg = 112.4 amu). Then the higher
mobility Zn could substitute Cd well at lower temperatures,
as compared to the opposite case. Moreover, the enthalpy
of formation was reported to be206 and—149 kJ/mol,
respectively, for ZnS and Cd®8.The conversion reaction
CdS— ZnS is thus more thermodynamically preferred than
the opposite reaction. Therefore, the conversion reaction CdS
— ZnS NBs would be more favorable kinetically and
thermodynamically, as compared to the ZnSCdS NBs
reaction.

The synthesis of Zn,CdS nanocrystals or nanowires by
one-step solvothermal or chemical vapor deposition methods
has been reported by a number of research gréugisThese
one-step syntheses showed that the Cd doping of ZnS usually
shifts the band gap to a lower energy and increases the lattice
constants. However, the present nanobelts synthesized by the
substitution reaction of Zn with Cd exhibit no significant
change in their lattice constants or their band gap, even in
the case of+60% Cd incorporation, as described next. The
incomplete substitution of Zn with Cd is most probably
related to the lack of change of the lattice constants.

At temperatures (50€C) lower than the complete conver-
sion temperature (800C) of CdS NBs— ZnS NBs, we
observed the formation of novel 3-D branched hetero-
nanostructures, in which the ZnO nanowalls (NWs) grew as
branches on the CdS NB backbones. Figure 4ashows the
SEM micrograph of a high-density Zr€CdS nanostructure
synthesized by the thermal evaporation of Zn powders,
showing that the ZnO NWs completely covered the surface
of the CdS NBs. The magnified SEM image shows that the
ZnO NWs align well on the surface of the nanobelts,
especially on the side edge (Figure 4b). The length of the
ZnO NWs is +-2 um. The HVTEM image reveals that the
ZnO NWs grew directly on the side edge of the CdS NBs
(Figure 4c). The average diameter of the aligned ZnO NWs
is 50 nm. The two insets in Figure 4c show the FFT ED
patterns for the CdS NBs and ZnO NWSs, respectively. The
[0001] direction of the ZnO NWs coincides exactly with the

20) Demore, S.; Navrotsky, AAm. Mineral.2006 91, 400.

21) Liu, Y.; Zapien, J. A;; Shan, Y. Y.; Geng, C. -Y.; Lee, C. S.; Lee,
S.-T.Adv. Mater. 2005 17, 1372.

(22) Li, Y.; Ye, M,; Yang, C.; Li, X.; Li, Y. Adv. Funct. Mater 2005 15,

(23) Hsu, Y.-J,; Lu, S.-Y,; Lin, Y.-FAdv. Funct. Mater 2005 15, 1350.
(24) zhai, T.; Gu, Z,; Yang, W.; Zhang, X.; Huang, J.; Zhao, Y.; Yu, D.;
Fu, H.; Ma, Y.; Yao, JNanotechnology006 17, 4644.

Liu, J. Z.; Yan, P. X,; Yue, G. H.; Chang, J. B.; Qu, D. M.; Zhuo, R.
F.J. Phys. D: Appl. Phys2006 39, 2352.

(25)
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Figure 4. (a) SEM micrograph showing the Zr€CdS hetero-nanostructure
in which the high-density ZnO NWs covered the CdS NBs. (b) Magnified
SEM image showing the aligned ZnO NWs on the surface of the nanobelts,
especially on the side edge. (c) HRTEM image reveals that the well-aligned
ZnO NWs (av diamete= 50 nm and length= 1.5 um) grew directly on
the side edge of the CdS NBs. The two insets correspond to the FFT ED
patterns for the CdS and ZnO, showing their matched [0001] direction.
The ZnO NWs align to the vertical direction of the CdS NBs. (d) HRTEM
image of the high-crystalline ZnO NWs grown in the [0001] direction. The
(002) fringes are separated by a distance of about 2.6 A. () HRTEM image
of the CdS NBs showing the [0001] direction parallel to the [0001] direction
of the ZnO NWs. The (002) fringes are separated by a distance of about
3.4 A. (f) EDX elemental mapping of Zn, O, Cd, and S. (g) Another €dS
ZnO nanostructure in which the ZnO NWs are tilted at an angle 86°
with respect to the vertical direction of the CdS NBs. The corresponding
SAED pattern confirms the coincident [0001] directions of ZnO and CdS
(insets). (h) [0001] directions of the ZnO NWs are tilted at an angle df 15
with respect to the vertical direction of the CdS NBs. The corresponding
SAED pattern confirms the coincident [0001] directions of ZnO and CdS
(insets).

Chem. Mater., Vol. 19, No. 194@6D7

[0001] direction of the CdS NBs, whose growth direction is
[0110]. The ZnO NWs are vertically aligned with respect to
the [01D] growth direction of the CdS NBs. The CdS NBs
are still single-crystalline without any defects.

The lattice-resolved TEM image (for the marked area in
Figure 4c) shows the high-crystalline ZnO NWs grown in
the [0001] direction (Figure 4d). The (002) fringes are
separated by a distance of about 2.6 A, which is close to
that of wurtzite ZnO crystalg(= 3.24982 A and: = 5.20661
A; JCPDS Card No. 361451). Another lattice-resolved
TEM image (for the marked area in Figure 4c) shows the
high-crystalline CdS NBs (Figure 4e). The (002) fringes are
separated by a distance of about 3.4 A, which is close to
that of wurtzite CdS crystal. Figure 4f displays the EDX
elemental mapping of Zn, O, Cd, and S of another €dS
ZnO nanostructure, respectively. These nanowire teeth
(hereafter referred to as nanoteeth) consisted of Zn and O,
but the nanobelts were composed of only Cd and S elements.
The corresponding EDX data are shown in the Supporting
Information Figure S1.

Figure 4g shows the TEM image of another C&HhO
hybrid nanostructure. The insets in Figure 4g correspond to
the SAED patterns for the CdS NBs and ZnO NWs,
respectively, showing that the [0001] direction of the ZnO
NWs virtually coincides with the [0001] direction of the CdS
NBs, whose growth direction is [@1]. These ZnO NWs
are not vertically aligned with the growth direction of the
CdS NBs but are tilted from the vertical direction at an angle
of about 30. Figure 4h shows the TEM image of another
CdS-ZnO hybrid nanostructure. The insets in Figure 4h
display the SAED patterns for the CdS NBs and ZnO NWs,
respectively, revealing that the [0001] direction of the ZnO
NWs nearly matches the [0001] direction of the CdS NBs.
The side edge is parallel to the [a33lirection, correspond-
ing to the skewed edge of the CdS NBs having a {11
growth direction. The ZnO NWs are not vertically aligned
with this [0331] direction but are slanted at an angle~af5°.

We refer to this sample as D. The XRD and PL data confirm
the synthesis of ZnO NWs on the CdS NBs (as shown in
Figures 5 and 6).

The synthesis of the ZnO NW assembled hierarchical
heterostructures was demonstrated for CNTs and various
nanowires® 22 ZnO NWs are usually vertically aligned on
the lateral surface of the nanowires. In the case of the
epitaxial growth of CdS NWs on Au-deposited ZnS NWs,
the CdS NW branches were vertically aligned on the ZnS
NW backboneg? In contrast, the present CedZnO het-
erostructures show a remarkable feature in that the ZnO NWs
can be aligned in a direction that is tilted with respect to the
vertical direction of the CdS NBs and that the [0001]
direction of the ZnO NWs always matches that of the CdS
NBs. We observed that the CdS NBs have either one-sided
or double-sided ZnO nanoteeth. For the growth of ZnO, ZnS,
and CdSe nanosaws/nanoteeth, Wang and co-workers sug-

(26) Lao, J. Y.; Wen, J. G.; Ren, Z. Rano Lett.2002 2, 1287.

(27) Bae, S. Y.; Seo, H. W.; Choi, H. C.; Park, J.; Parkl. Phys. Chem.
B 2004 108 12318.

(28) Shen, G.; Chen, D.; Lee, C. J.Phys. Chem. BR00§ 110, 15689.

(29) Jung, Y.; Ko, D.-K.; Agarwal, RNano Lett.2007, 7, 264.
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gested that the catalytically more active cation {Zwor CdS-Zno (D)
Cd?h)-terminated (0001) surface is responsible for the growth ZnO (102)
of the toothed morphologd?3! We therefore suggest that Zn0 (101)

the Cd-terminated (0001) active polar surface supplies the

sites for the deposition of the polar (0QQdurface of ZnO,
producing ZnO NWs aligned along their [0001] direction.

The growth of the ZnO NWs would be expected to be -.-AJLL

Zno.4Cdo.e§ © L N

initiated by the deposition of nanosized Zn droplets on the =
surface of the CdS NBs. If the diffusion rate of Zn in the
CdS nanocrystals is negligibly small at 580, the residual

O could dissolve into the Zn droplets and precipitate so as
to grow the ZnO NWs according to the vapor-liquid-solid

ZnD.BSCdD.D5S (B}

ZnS (A)

f

Intensity (a. u

(VLS) mechanism. The completely converted ZnS NBs (from g = S g g &§c
CdS NBs) have uneven surfaces (as shown in Figure 2), 3 BE e Zns b =8
providing evidence that the deposition of Zn initiates the [

exchange reaction. If the diffusion rate of Zn in the CdS g = 7n0 § g
nanocrystals is fast enough to replace the Cd sites (at the e E E 3 L
higher temperature), then CdS would transform into ZnS g‘ g“ S CdSS s _.g‘:;

NBs. We noticed the presence of a considerable amount of = i gt ?_ﬁ

defects along the [0001] direction (as shown in Figure 3) in —
the case of the transformed ZnS NBs (fromthe CASNBS). 20 25 30 35 40 45 50 55 60

The preferred [0001] growth of the ZnO NWs (in the CdS Degree (26)

ZnO heterostructures), as well as the presence of defectsF & XRD patiern of the CdS NBs. 2nS NBS. 210 NWs. and 2nS
igure pattern o e S, Zn S, ZNn S, an n
along the [0001] direction, offer insight into the reaction | zc (A). ZroeCthoS NBS (B). Z.LCcbeS NBs (C), and CdSZnO

mechanism in which the cation replacement reaction may nanostructures (D).
occur preferentially through the polar (0001) surface of
wurtzite CdS (or ZnS). 24 3.27
Figure 5 displays the XRD pattern of CdS NBs, ZnS NBs, i .
ZnO NWs (synthesized as described in ref 26), and ZnS NBs
(A), Zno.9sCch.0sS NBs (B), Z13.4Cdh.6S NBs (C), and CdS
ZnO nanostructures (D). The XRD pattern of the CdS and
ZnS NBs (and spectrum A) confirms that their structure
corresponds to that of the high-crystalline wurtzite CdS and

ZnS crystals, respectively, without the formation of other __ Zn,,Cd. S (B
oxide phases. The Cd-doped ZnS NBs (spectra B and C) = N, (B) \1
—l/-

CdS-ZnO (D)

vn cd, ;S (C) =&5

show only wurtzite ZnS peaks, confirming the maintenance
of the ZnS structure. The peak position shifts negligibly ~ 2;32 S(A 5
relative to that of the ZnS NBs, although the Cd concentration : nS (A) )
increases to 60%. This result is inconsistent with the
prediction that the substitution of the Znions ¢(Zn*") =
0.74 A) with the larger radius Ctlions ((Cd?t) = 0.92 A)
expands the lattice constants of ZnS. As mentioned previ-
ously, this unchanged lattice constant would be responsible
for the incomplete substitution of Zn with Cd. The absence
of any increase of the peak width implies that the Cd :
incorporation does not deteriorate significantly the crystal- A
linity of the ZnS NBs. The CdSZnO hybrid nanostructures Cds
(spectrum D) show all CdS peaks as well as ZnO (101) and T T
(1|0:'29)] egzkzho S room-temperature steady-state PL spectr 24 2 4 2 ! 30 33 36 39
g W - u Y- ¢ Photon energy (eV)

of CdS NBs, ZnS NBs, ZnO NWs, ZnS NBs (A), &%

Figure 6. Room-temperature PL spectrum of the CdS NBs, ZnS NBs, ZnO

ChosS NBs (B), Zn.CchsS NBs (C), and CASZnO (@™ L e NBS (A), ZniCdh oS NBS (B), Z1n 4tk eS NBs (C), and
CdS-ZnO nanostructures (D). For the ZnS NBs~(&), the excitation
(30) (&) Yan, H.; He, R.; Johnson, J.; Law, M.; Saykally, R. J.; Yang, P. wavelength is 266 nm (4.66 eV). For the CdS NBs, ZnO NWs, and spectrum

J. Am. Chem. So@003 125 4728. (b) Wang, Z. L.; Kong, X. Y,; D, the excitation wavelength is 325 nm (3.815 eV).

Zuo, J. M.Phys. Re. Lett.2003 91, 185502. (c) Lao, C. S.; Gao, P.

X.; Yang, R. S.; Zhang, Y.; Dai, Y.; Wang, Z. IChem. Phys. Lett.

2006 4197, 358. 9 9 Y nanostructures (D). For ZnS NBs (spectra-@®), the
(31) ((l';l)) ll\D/I_a, CY M:\)ﬂorebD.;V{/_i, 3. VZVaE%.dZ. I,adu. Mgé%r428é)31173022(8-) excitation wavelength is 266 nm (4.66 eV). For CdS NBs,

ing, Y.; Ma, C.; Wang, Z. v. Mater. 3 . (c s .
Ma, C.: Ding, Y.. Moore, D. Wang, X.. Wang, Z. Li. Am. Chem. ZnO NWs, and spectrum D, the ex_cfcatlon wavelength is 3_25
Soc.2004 126, 708. nm (3.815 eV). The CdS NBs exhibit a band-edge emission
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peak at 2.44 eV? For the ZnO NWs, the emission peak at The Cd and Zn vapors were supplied by the thermal
3.28 eV is assigned to their band-edge emisgiowe evaporation of Cd and Zn powders, respectively. The single-
assigned the 3.68 eV peak of the ZnS NBs to the band-edgecrystalline wurtzite CdS NBs undergo conversion into
emissiont® Spectrum A shows a band-edge emission at a wurtzite ZnS NBs at 800C. However, the ZnS NBs cannot
lower energy than that of the ZnS NBs, 3.54 eV, which could completely transform into CdS NBs under our experimental
be related to the reduced band gap caused by the Cd residuatonditions (up to 1000C). We successfully synthesized
(although EDX data reveal no Cd elements) in these NBs. Zny ¢sCth 05S and Zi.4«Cch ¢S NBs by controlling the reaction
The broad emissions at 2.8 and 2.4 eV might originate from time. The belt width and growth direction remain unchanged
the Cd-doping related defects in the ZnS lattices. Spectra Bafter the conversion reaction. These results indicate that the
and C show a drastically reduced band-edge emission of ZnSconversion reaction CdS ZnS NBs occurs more efficiently,
(position is~3.7 eV) but a broad emission at 2.4 eV. The as compared to the opposite substitution (Zn€dS NBs).
band-edge emission is magnified to show the unchanged peakVe suggested that the conversion reaction €d2nS NBs
position. The enhanced green emission might originate fromin the gas phase could be more favorable from both
the Cd dopant-induced defects in the ZnS lattices. Neverthe-thermodynamic and kinetic points of view. The 3-D CdS
less, the appearance of this emission needs further investigaZnO nanobelt-nanowire heterostructures grew at a temper-
tion. Spectrum D shows strong peaks at 3.26 and 2.4 eV, ature (500°C) lower than the complete conversion temper-
which originate from the ZnO NWs and CdS NBs, respec- ature. The ZnO NWs are aligned so that their [0001] direction
tively. These hybrid structures could be used as a distinctiveis matched with that of the CdS NBs, probably due to the
multicolored (blue and green) light-emitting diode nanoma- polarity of the (0001) surface of the wurtzite structure. The
terial. cation replacement reaction may occur through the polar
(0001) surface of wurtzite CdS (or ZnS).

Conclusion
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