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ormaléssity,

Uniform crystalline CdSn0s-3H,O nanocubes with a 28—35 nm edge length have been obtained via the ion-
exchange reaction of Na,Sn(OH)s in a CdSO,4 aqueous solution, assisted by ultrasonic treatment. Precursor Na,-

Sn(OH)s crystals were prepared via hydrothermal treatm
CdSn03-3H,0 nanocubes resulted from the strain during t
conditions, such as ion-exchange (ultrasonic treatment) du

ent in an ethanol/water solution. The formation of
he ion-exchange process. The influences of reaction
ration, solvent constitutes, surfactant, and pH on the

formation of CdSnO;+3H,0 crystals were described. Crystalline CdSnO3; and Cd,SnO,4 have been obtained by
thermal treatment at 300 and 500 °C, respectively, for 5 h under an inert-gas protecting condition using CdSnO3+3H,0

nanocubes as the precursor. The cube shape of CdSnOj;-

CdSnOs.

3H,0 was sustained after thermal decomposition to

1. Introduction

Much remains to be investigated with regard to the control-
) ) . ) lable synthesis and property evaluation of these morphologi-
The synthesis of inorganic nanostructures with well- 5| oy elties. For example, considerable strategies have been
defined size, shape, composition, crystallinity, and structure, developed for growing cubes of metal oxides {G(Ca0%),
such as nanospheres, nanorods, nanowires, nanotubes, arHjalides (Cal/BaR), chalcogenides (AS), etc.152! while
I3‘8mparatively little work has been performed on the ternary
complex oxides (CaSnBiFe0y).2224
Among the perovskite-type alkaline earth stannates, cad-
mium stannate has been recently considered to be a new
material for semiconductor gas sensors because of its high

unique size- and shape-dependent propértiesf these

compounds, which are different from those of the bulk. These
materials are important in the fields of catalysis, photography,
electronics, photonics, data storage, optoelectronics, biologi-

cal labeling, imaging, and biosensifig* Particular emphasis
has recently been placed on the fine-tuning of the shape an
size of inorganic materials, including the nanoctbé?
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Synthesis of CdSn®3H,0 Nanocubes

the surface-controlled tyg€ .Nanocrystalline particles, ex-
hibiting a large surface area, might be favorable for improv-
ing the sensitivity of gas-sensing mateA&lon the other
hand, particles with different morphologies may show
desirable features because these particles are nucleated and
grown in epitaxial manner, exposing defined crystal pl&fes.
Some research groups have reported that particles with §
different morphologies showed different sensitivity to gas, . .
resulting from their different surface activity; 3 therefore, 40 60
it is interesting to investigate the facial synthesis methodology ZThetaldegree)
of nanomaterials with special morphologies for their potential E‘gg%gHzéRD patterns of the products (a) b&n(OH} and (b)
application in gas sensors. Cadmium stannate nanopatrticles

have been synthesized by the chemical coprecipitation process was rapidly introduced to CdS@nueous solution. The
method?%27-33put no analogues with well-defined sizes and slurry was ultrasonically treated for 50 min, during which?€d
shapes (e.g., nanocubes) have been prepared. In the curremgplaced the Naof NaSn(OH). The resultant CdSnBH,0 was
Work, we emp|0yed a tWO-Step technique to Synthesis filtered, washed with distilled water and ethanol, and then dried at
uniform nanocrystallite CdSn&BH,O cubes with a narrow ~ 00M temperature.

particle size distribution. Our method involved the prepara- 2.3. Thermal Treatment. The as-prepared CdSgOH;0 was
tion of precursors N&n(OH); via a hydrothermal method subsequently cgl_cmed at 3000 and 5@ for 5 h under inert-gas

in an ethanol/water solution, followed by the ion-exchange protecting conditions (99.9% Ar).

. . 2.4. Material Characterization. The crystallinity and phase
reaction between solid M&n(OH) crystals and C# solu- Y Y P

) k . ] urity of the product were examined by a Bruker D8 advance X-ray
tion, assisted by ultrasonic treatment. We have estabI|she<:igmcractometer (XRD) with monochromatized Cuokadiation ¢

that the ion-exchange (ultrasonic treatment) duration, sur-= 15418 A). The morphology and structure of the as-synthesized
factant, pH, and volume ratio of ethanol/water in the product were characterized using a JEOL JEM-2010 transmission
hydrothermal treatment process are crucial to the growth of electron microscope (TEM) operating at 200 kV and a JEOL JSM-
CdSnQ-3H,0 nanocubes. Furthermore, crystalline CdgnO 6700F scanning electron microscope (SEM). The stoichiometry of
and CdSnQ, have been obtained by thermal treatment at the products was examined by X-ray photoelectron spectroscopy
300 and 500°C, respectively, fo5 h under an inert-gas ~(XPS) using a Kratos XSAM 800 spectrometer with a Mg. K
protecting condition using CdSRGH,O nanocubes as the ~(1253.6 V) X-ray source. The X-ray gun was operated at 12 kV

. and 16 mA. The binding-energy scale was referenced to the main
g;sa(;utrhsgrrrﬁ;rgeccl:)brﬁpsé)i?t?:notfocgdssglrmgo was sustained Cis peak at 284.6 eV. Differential scanning calorimetric analysis

(DSC) and thermogravimetric analysis (TGA) were carried out with
a STA409PC LUXX apparatus (Germany) with a heating rate of
10 °C min~tin a flowing N, atmosphere. The particle size data
were calculated by the line-intercept method using counting statistics
for a group of 100 particles.
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2. Experimental Section

2.1. Hydrothermal Process.Stannic chloride (SnG), sodium
hydroxide (NaOH), cadmium sulfate (Cd®Qand polyvinylpyr-
rolidone (PVPM,, ~ 30 000) were of analytical grade and used as
supplied. In a typical procedure, 1.5 mmol of Sp@hd 2.5 x
102 mmol of PVP (calculated by the repeated unit) were  The XRD pattern (Figure 1a) of the sample prepared by
simultaneously dissolved in 50 mL of an ethanol/water (4/1 by v/v) hydrothermal treatment shows the formation of phase-pure
solution. Ten milliliters of 12.5 mol/L NaOH aqueous solution was  Ng,Sn(OH), which matches well with the information for

then added dropwise into the solution under vigorous stirring. The JCPDS file card 24-1143. The hexagonal lattice parameters
resulting slurry was transferred into a Teflon-lined stainless steel

3. Results and Discussion

autoclave with a capacity of 100 mL, and it was sealed. The

hydrothermal synthesis was performed under saturated water vapo

pressure at 180C for 24 h, and then, the vessel was cooled to
room temperature. The product, }$a(OH), was collected by
centrifugation.

2.2. lon-Exchange ReactionFive millimoles of 3CdS@8H,0

£

obtained by least-squares fitting of th&l and 29 values
area = 5.94 A andc = 14.1 A. The much larger ratio
between (003) and other low-intensity peaks in the XRD
pattern in Figure 1a compared with that of standard JCPDS
24-1143 in the standard pattern database indicates that the
preferred orientation of the N&n(OH} is along thec axis.

was dissolved in 300 mL of deionized water to obtain an aqueous The SEM image in Figure 2a shows that,8a(OH) has

solution. The precursor (N&n(OH})) obtained in the hydrothermal
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flat plates, which are assembled almost in parallel to form
plate-stacks in different sizes. It is reasonable that the plates
are crystals with preferred orientation as indicated by XRD.
CdSnQ-3H,0 nanocubes were synthesized by the reaction
between solid Ngn(OH) and the CdS@aqueous solution
assisted by ultrasonic treatment. Figure 1b represents its XRD
pattern. It is evident that all the reflections in Figure 1b can
be readily indexed to the cubic phasa £ 8.00 A) of
CdsSnQ-3H,0 (JCPDS 28-0202). Figure 2b shows a repre-
sentative SEM image of the as-prepared Cd$8,0. It
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Figure 2. SEM images of the products (a) p&n(OH} and (b) CdSn@

3H,0.
CYI (b) cdad
E) Sn3d 3
< 434 < Figure 4. SEM images of the products prepared after different ion-
%‘ g exchange times: (a) 5, (b) 10, (c) 15, and (d) 20 min.
g g
E e £ of CdSnQ-3H,0 is based on the following formal reactions
° Binding Energy 18V *’Binding Energy /eV SnCl, + 4NaOH— Sn(OH), 1)
(c) Sn3d
. s Sn(OH), + 2NaOH— Na,Sn(OH), (2
0 (13
j; 2 Na,Sn(OH), + CdSQ, — CdSnQ-3H,0 ¢ + Na,SO, (3)
- (7]
[} c
c (3
ig E A hydrothermal reaction was carried out in an ethanol/
water solution to obtain crystalline h&n(OH). The fol-
O T nding Encray lov o e Eaaray o lowing reaction with the CdSQaqueous solution resulted
Figure 3. XPS spectra of the (a) CdSB@H,O nanocube and the (b) 1N @ white powdery product consisting of crystallites with
Cdga). (€) Shzay, and (d) Qus) regions. cubic shapes that can be confirmed as Cd$BIg0 by the

XRD pattern (Figure 1b). The reaction is basically a
can be Clearly observed from the inset of Figure 2b that the diffusion-controlled ion_exchange process in whickGdns
CdSnQ-3H;0 product mainly consists of nanometer-scale in the CdSQ aqueous solution replace the Nans of Na-
cubes. The cubic edge length is in the range o238 Sn(OHY) as the reaction proceeds, driven by, among other
nm. effects, the ion concentration gradient and entropy effect.

XPS analysis was performed to determine the stoichiom- Tg gain a better understanding of the nanocubes formation,
etry of the product. The XPS spectrum for Cd3r8B,0 we have studied the time course of the reaction by SEM.
(Figure 3a) clearly shows Gy, Snaa), Ous) and Gisy The  Figure 4 shows scenario images for the morphology evolu-
absence of the Na peaks angiNindicated that the Na  tion. When an NgSn(OH); crystal (Figure 2a) was placed
almost had been replaced byand that the PVP had been  into the CdSQaqueous solution, ion-exchange betweedCd
removed Completely by WaShing. The other pan6|S in Figure and N& occurred via the surfaces of the M(OH);

3 show high-resolution XPS regions of various elements for partic|es in a re|ative|y short time, which avoided the
the products. The peak locations of gdand Sieg) are  dissolution of NaSn(OH) in water. After 5 min of chemical
similar to the standard spectrum of CdSiOBut the Qus) reaction, the big Ng&Sn(OHY) particles split into many plates
peak shifts toward higher binding energy with respect to the as shown in Figure 4a because the weak coupling between
CdSnQ Ogs peak. The peaks could be fitted by two nearly the original parallel plates was broken because of the
Gaussian functions, centered at 530.4 and 532.4 eV, respeccoupling effects of reaction and sonication. Since the ionic
tively. The low binding energy component located-&30.4  radius of Cd" (95 pm) ion is smaller than that of NZ102

eV is attributed to the CdSn;O:rystaI lattice oxygen. The pm)’asmoreand more ionsareexchanged,tls]_&K[EﬁXSn(OH)5

high binding component, centered at 532.4 eV, is associatedcrystals became strained and unstable. When the strain
with the presence of hydrated oxides species correspondingexceeded a critical value, the }m(OH) structure then

to OH3* The analysis of the Ggl), Snaa, and Qus) peak  transformed into the more stable CdSF®M,0 structure.
intensities gives an atomic ratio of 1:1.07:6.04. The results The CdSn@3H,0O particles show cubic shapes mainly
reveal that the products are CdSF®H,0 within the limits  pecause their intrinsic structures have cubic symmetry. To
of instrumental error. release the strong stress and lower the total energy,

Herein, the two-step process plays an important role in cdSnQ-3H,0 nanocubes are detached from the plates.
the synthesis of CdSn&BH,O nanocube. The preparation  Figure 4b-d shows the SEM images taken from the product

: : — . _ with 10, 15, and 20 min, respectively, of ion-exchange
34) fo&eéftﬁh"si?.rl%sg’&?223@'3255'\./'““”2'& K.J.D.;Hogarth, CA. teatment. As the ion-exchange reaction continues, more and
(35) Standard XPS data. http://srdata.nist.gov/xps/. more nanocubes are produced. After 20 min treatment, one
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Figure 6. XRD patterns of composite prepared at different ratios of the
ethanol/water solution: (a) 4:1, (b) 1:1, and (c) 1:4 [*, Cd(QH®, CdSnQ-

. . 3H:0].

can see that the reaction is not complete, and many plates

with holes are observed. It is also clear that the cubic hole

or joint holes denoted by white arrows in the plates results

from the separation of nanocubes. The ion-exchange reaction
was complete at50 min, using a typical procedure as shown
in Figure 2b.

The two-step process plays a key role in obtaining uniform
CdSnQ-3H,0 nanocubes. Control experiments were carried
out to investigate the results of the one-step process. If the
SnCl, 3CdSQ-8H,0, NaOH, and PVP solution is hydro-
thermally treated at 180C for 24 h, the product not only
consisted of of larger cubic structures but also the distribution
of sizes was wider. In addition, the pH has to be srtictly Temperature (°C)
adjusted to obtain cubic CdSg@H,0. Another experiment  Figure 7. DSC and TGA curves of CdSRGH,0.
was performed in which purchased 48a0;3H,0 was put
into 3CdSQ-8H,0 aqueous solutions assisted by ultrasonic the volume ratio of the ethanol/water, the product shifts from
treatment. The product was dominated by microparticles with CdSnQ-3H;O and a mixture of CdSngBH,0/Cd(OH} to
irregular shape. Thus, the formation of platelike,Sia(OH) Cd(OH). This is probably related to preferential formation
crystal via hydrothermal treatment is a key process influenc- of Sn(OH), compared to that of N&n(OH)} with the
ing the synthesis of uniform CdSrGH,O nanocubes. increase of water resulting in a higher polarity in the

In the experiments, the synthesis parameters, such as théydrothermal system. The surfactant is always used to control
ultrasonic treatment (ion-exchange) duration, solvent com- the morphologies of nanostuctures w&ii?® Herein, to
position, surfactant, and pH, play an important role in the achieve the plate-shaped$a(OH) particles, we introduced
control of the size and composition of the final products. It PVP into the synthesis system. Although polyvinylpyrroli-
is well-known that ultrasonic cavitation in liquid may done (PVP), poly(ethylene glycol) (PEG), and cetyl-tri-
improve the ion-diffusion rate and that it is effective for methyl ammonium bromide(CTAB) have been used to
deagglomeration. Without ultrasonic treatment, CdSnO control the shapes of nanomaterials, PVP was found to be
3H.0 cubes with a wide size distribution aggregate together ynique in the present synthesis system. But the exact role of
and are difficult to deaggolemerate after reaction. However, pyp i this process is unclear. Moreover, we also found that
nanocubes with a uniform edge size of 30 nm can be obtainedy,o CdSn@3H,0 nanocube could be obtained in any strong

(Figure 2b) by ultrasonic treatment for 50 min. When the ,aine condition for this two-step method. It implies that
ultrasonic treatment time was increased to 60 min, the size, pH value has limited influence on the formation of

of cubes increased from 30 (50 min) to 150 nm for only an CdSnG:3H,0 nanocubes

additional 10 min of ultrasonic treatment (Figure 5). It can .
be proposed that, in the initial stage of of ion-exchange The thermal behavior of CdSR@GH,O nanocubes was

reaction, C&" and N exchange rapidly and the CdSnO investigated with DSC and TGA measurements. As observed,
3H,0 nanocubes separate from the precursor plates assistel'® D§C curve in Figure 7 exhibits a weak endothermic peak
by ultrasound. With the time was increased, the turbulent &t 99 °C, and the TGA curve involves a continuous mass

flow and shock waves produce by acoustic cavitation can loss from room temperature to 120. These could be caused

drive the nanocubes together and make them coalesce any the release of absorbed water. Two more endothermic
grow. Thus, dispersed nanocubes with uniform edge size can _
be obtained under a suitable ultrasonic treatment (50 min). (36) Zhou, X. F.; Chen, S. Y.; Zhang, X. D.; Guo, X. F.; Ding, W. P.;

L. . . . Chen, Y.Langmuir2006 22, 1383-1387.
In addition, the ethanol environment is crucial to ensure the (37) jana, N. R; Gearheart, L.; Murphy, CAZlv. Mater.2001, 13, 1389

Figure 5. TEM image of the product with a 60 min ion-exchange
treatment.
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formation of NaSn(OH} crystals in an ethanol/water solu- (38) Il_39g- C.. Cai. W. P Cao, B. Q. Sun, F. 0. Li, Y.: Kan, C. X
: ; i, C. C.; Cai, W. P.; Cao, B. Q; Sun, F. Q.; Li, Y.; Kan, C. X,;
tion and the subsequent formation of CdSr8B,0. As Zhang, L. D.Adv. Funct. Mater.2006 16, 83-90.

shown by the XRD patterns in Figure 6, with a decrease of (39) Yu, Y. T.; Xu, B.Q.Appl. Organomet. Chen200§ 20, 638-647.
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On the basis of the thermal measurement results, we
thermally treated CdSn&BH,O at 300 and 500C for 5 h
and investigated the phase of products by XRD measurement
(Figure 8). All of the peaks in Figure 8a can be indexed to
the orthorhombic CdSrgJJCPDS 34-0885) phase, indicat-
ing that CdSn@3H,0 crystals have been decomposed to
CdsnQ completely at 300C. The peaks in Figure 8b can

; be indexed to the mixture of orthorhombic (JCPDS 20-0188)

20 20 60 30 and cubic CeéSnQ, (JCPDS 34-0928) phases. The presence
2Theta(degree) of only the peaks of G&nQ, phase in Figure 8b suggests

Figure 8. XRD patterns of the products (a) CdSnand (b) CdSnQ; (¥, that SnQ is possibly amorphous.

cubic; W, orthorhombic]. To demonstrate the presence of Sn@e XPS spectra

are taken from the sample after it was annealed at°&d0

(@) Sn3d  |(b) O1s As shown in Figure 9, the XPS spectra ofignand Qi

are fitted by multiple Gaussians. Compared with thedpn

~ binding energy of Cg5nQ,, the Sn binding energy shifts to

S\ higher energy, indicating that at least two Sn species are

A present in the sample. The peaks at 493.9 and 485.5 eV are

: from the CdSnQ, crystal lattice Sn, while the peaks at 494.9

505 500 495 a0 485 avo 540 535 530 525 520 and 486.2 eV are from SpOThe Q15 Spectrum consists of

Binding Energy /eV Binding Energy /eV two branches, the strong one at 530.4 eV corresponding to

Figure 9. XPS spectra of the G8nQy: (a) Sn3d) and (b) le) regions. Cdzan4g:lnd the Sma” Shoulder at 5301 eV being assigned
to SnQ.

peaks with maxima located at 234 and 382 are also The morphologies and microstructures of the final products

shown; these peaks are accompanied by weight losses oCdSnQ and CdSnQ, were investigated with TEM and

~8.5 and~0%, respectively. The first peak at 23¢ can  selected-area electron diffraction (SAED). As shown in

be attributed to the loss of three water molecules according Figure 10a, the cube shape was retained after heat treatment

to at 300°C, but the size of nanocubes was reduced from an
average of 30 nm to about 20 nm because of dehydration.

CdSnQ-3H,0 — CdSnQ + 3H,0 The inset of Figure 10a is a SAED pattern (lower half, rings),

) _ ) taken from a randomly chosen area A of the as-prepared
but its total mass loss is lower than the theoretical value CdSnQ. It exhibits rings with several spots indicating the
(15.8%) calculated from the above equation. This suggestscrysta| nature of the sample. A simulated SAED pattern of
incomplete decomposition even around 284 The second  cdsnQ crystal is shown in the upper half. A reasonable
peak at 382°C and its corresponding stable weight are agreement between these two parts had been achieved. So
attributed to the decomposition of the products according to tne SAED pattern can be indexed as the reflections of the
CdSnQ structure, which is consistent with the result obtained
from XRD. From Figure 9b, one can see the larger formless

¥ (b)

Intensity (au)

Intensity /au
Intensity /au

2CdSnQ— Cd,Sn0O, + Sno,

Figure 10. TEM and SAED images of the products (a) Cdgredd (b) CdSnQ,.
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product of CdSnQ.. The SAED pattern in the inset of Figure  size of the CdSn@3H,0 nanocubes. Crystalline CdSnO
9b reveals that G&n(Q, is crystalline in structure. and CdSnQ, have been obtained by thermal treatment at
300 and 500°C, respectively, fo5 h under an inert-gas
protecting condition using CdSrR@GH,O nanocubes as the
A new and simple method based on a hydrothermal precursor. The cube shape of CdS8B,O was sustained
process and an ion-exchange reaction has been proposed tafter thermal decomposition to CdSnO
synthesize well-defined CdSRGH,O nanocubes at high
yields. It has been found that the formation of the,Bl& Acknowledgment. This work was supported by the
(OH)s crystal was a key process and the ethanol/water COSTIND and Ministry of Education of China under Grant
volume ratio strongly affected the composition of product. A1420060185 and the Natural Science Foundation of Hubei
The CdSn@3H,O nanocubes were formed because of the province (No. 2005ABA039) of China. The authors thank

strain during the ion-exchange process. The duration of professor Lizhi Zhang in Central China Normal University
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