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ecently, chemical transformation of

nanostructured materials has gained

growing interest. The ability to trans-
form existing materials enables us to greatly
diversify the compositions of nanostruc-
tured materials.'* It facilitates the synthe-
sis of novel materials consisting of multiple
components which may not be directly ob-
tainable via a conventional synthesis. Fur-
thermore, it might generate unprecedented
shapes and unexpected crystal structures
due to the mechanical stress accumulated
during the transformation.>~® Among vari-
ous chemical transformations, ion-
exchange reactions have been extensively
studied in the general areas of catalyst and
thin film technology.®'® A number of cat-
ions such as Ag™, Sb**, Bi*, and Cu* have
been used to replace the Cd?* ions in thin
films of CdSe and CdS.""~™ In principle, the
ion-exchange strategy can be applied to all
types of ionic semiconductors.

For the transformation of semiconduc-
tors, most studies have focused on the cat-
ion exchange of chalcogenides, whose crys-
tal structures are determined by the
frameworks of the chalcogen anions (527,
Se?”, Te?"). The metal cations are relatively
mobile in the anionic framework, making it
possible to replace the cations under mod-
erate reaction conditions. Alivisatos and co-
workers demonstrated that the cation-
exchange reaction between Ag,Se and
CdSe nanocrystals was completely revers-
ible by adjusting the reaction conditions.'
Xia and co-workers showed that such trans-
formation could be realized in mesoscale
colloids.’ Most recently, Son and co-
workers started to investigate the effects of
ion solvation and volume change on the
morphology of resultant nanocrystals in the
reactions of CdE — Pd,E, or Pt,E, (E =S,
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ABSTRACT We have studied the chemical transformations in ultrathin chalcogenide nanowires with an aim
to understand the parameters that control the morphology and crystal structure of the product. Ultrathin Te
nanowires were transformed into Ag,Te nanowires with preservation of the single crystallinity. The Ag,Te
nanowires were then converted into CdTe, ZnTe, and PbTe using cation-exchange reactions, and the CdTe
nanowires were further transformed into PtTe, nanotubes. On the basis of the solubility products of the ionic
solids, the crystal structures of the involved solids, the reaction kinetics, and the reaction conditions for
transformations, we were able to reach the following conclusions: (i) The solubility products of ionic solids can be
used as a rough criterion to predict if the transformation is thermodynamically favorable or not. (ii) The
morphological preservation of reactant nanowires is more sensitive to the change in length rather than the total
volume in addition to the lattice matching between the reactant and product nanowires. (iii) The crystal structure
resulting from a transformation should be determined by the free energy of formation and the stability of the
products. (iv) The transformation involving small volume change or topotactic lattice matching is considered
homogeneous along the entire length of the nanowires, preserving both the single crystallinity and the
morphology of the reactant nanowires.

KEYWORDS: chemical transformation - cation
exchange - chalcogenide - nanowire - nanotube

Se, Te)."” They found that stronger solva-
tion of Cd?* lowered the activation energy
for the transformation and facilitated the
exchange between Cd?* cations and Pd?*
or Pt?* cations. They also found that a se-
vere volume reduction could result in hol-
low nanocrystals, while a volume increase
could break the structure into smaller
pieces. It should be pointed out that this
chemical transformation is different from
the Kirkendall effect caused by the differ-
ence in diffusion flux between two chemi-
cal species. The formation of voids in the
chemical transformation can be attributed
to the release of the mechanical stress typi-
cally accumulated during a transformation
reaction. Son and co-workers also sug-
gested that the transformation mechanism
may be dependent on the crystal structure
of the reactant CdE nanocrystals.!”
However, the conditions for successful
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Scheme 1. Summary of the transformations investigated in this study. The as-prepared ultrathin Te nanowires were con-
verted into Ag,Te nanowires through topotactic transformation. The Ag,Te nanowires were then transformed into CdTe,
ZnTe, and PbTe nanowires through cation exchange. For this thermodynamically unfavorable reaction, additives were
needed to increase the solubility of the reactant. Finally, the CdTe nanowires were converted into PtTe, nanotubes through

a thermodynamically favorable reaction.

transformation are still in need of thorough
investigation.

For transformations in one-dimensional structures,
Kénenkamp and co-workers demonstrated anion ex-
change by converting columnar ZnO into tubular ZnS
with exposure to H,S gas.>'® They further transformed
the ZnS tubes into Ag,S, Bi,Ss, and Cus,S via cation-
exchange reactions. The tubular morphology was pre-
served during the transformations. Recently, we dem-
onstrated successful transformations of Ag,Se into
CdSe while keeping the single crystallinity of the
nanowires.'>?° In addition, Yu and co-workers showed
that ultrathin Te nanowires could be converted into
CdTe/PbTe nanowires or Pt/Pd
nanowires/nanotubes.?"?2 However, no systematic
study has been carried out in nanowires for the mor-
phological sustainability, maintenance of the single
crystallinity, and preferred crystal structures during the
transformations. The governing factors that should be
considered for proper transformations can be summa-
rized as the following: (i) the thermodynamic param-
eters that determine the transformation direction (for-
ward or backward), (i) the kinetics of a transformation
(activation barrier), (iii) the effect of mechanical stress
on retaining the initial shape, and (iv) the mechanisms
of transformations (the way of diffusion for foreign cat-
ions). Alivisatos and co-workers first postulated that
the solubility product of the ionic solids in the reaction
medium may determine the thermodynamic direction
of transformations.'> A forward reaction is expected to
occur when an ionic solid product has lower solubility
than a reactant one in the reaction medium. Once the
requirement is met, the kinetics can be controlled by
adjusting reaction temperature to overcome the activa-
tion energy. The overall morphology of the transformed
product is thought to be determined by the volume
change during the reaction. Large volume change may
lead to stress-induced deformation, resulting in voids or
fragmentation to release the stress.'”” However, the
transformation from Se nanowires into Ag,Se has been
known to preserve its shape, although they experience
large volume increase. So, more study is needed for the
effect of volume change on morphological sustainabil-
ity. Preservation of single crystallinity requires more in-
vestigation on the transformation mechanism. The re-
action may proceed homogeneously along the entire
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length of nanowires or initiate heterogeneously on lo-
cal surfaces and form multiple grains in the end.

In this article, we executed a systematic study of
chemical transformations in nanowires. We started
with ultrafine, single-crystalline Te nanowires. Ultrathin
nanowires have recently been a major theme of inten-
sive research due to their high surface-to-volume ratio
and unique electronic or thermal behaviors.?>?* The
large surface area and enhanced colloidal dispersion
have enabled their use in sensors, catalytic supports,
and solution-processable electronics.?> 2’ The low di-
mension also led to quantum size effects, quantum con-
ductance, and low thermal conductivities depending
on the materials.2273" The synthesis of ultrathin nanow-
ires has been mostly carried out by chemical methods,
including template-assisted synthesis,3>* ligand-
mediated reaction,>** and intrinsically anisotropic
growth.36738 Although the template-assisted synthesis
is advantageous in terms of monodisperisty, it has diffi-
culty in large quantity production and requires addi-
tional surface treatment to obtain stable suspensions.
Ligand-mediated reactions allow scalable production as
well as stable dispersion; however, mechanisms are
not well-understood, which limits our control over the
final crystalline structure. The intrinsic growth can gen-
erate highly anisotropic nanowires characterized by
large quantity, uniform size, and stable dispersion but
limited species. A typical example of such anisotropic
growth can be found in chalcogens such as trigonal Se
or Te.¥ % Chemical transformations of the pristine
nanowires can greatly diversify the species of nano-
wires. As shown in Scheme 1, the chemical transforma-
tions in this study can be divided into three groups: (i)
Ultrathin Te nanowires were transformed into Ag,Te
nanowires. This transformation is a thermodynamically
favorable and topotactic reaction. (ii) The Ag,Te nano-
wires were converted into CdTe, ZnTe, and PbTe via cat-
ion exchange. The reactions are not thermodynami-
cally favorable but may occur with small volume
changes. (i) The CdTe nanowires were transformed
into PtTe,, which is favorable but involves a large vol-
ume change.

RESULTS AND DISCUSSION

Synthesis of Ultrathin Te Nanowires. We prepared an
aqueous solution of Te precursor (HsTeOg), polymeric
surfactant (PVP, M,, = 55 000), and reducing agent
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Figure 1. SEM images showing the evolution of tellurium
oxide colloids into ultrathin Te nanowires: (A) tellurium ox-
ide colloids formed right after the introduction of aqueous
telluric acid into an aqueous solution of hydroxyl amine at
room temperature, (B) partial dissolution of tellurium oxides
at about 50 °C, (C) nucleation and growth of ultrathin t-Te
nanowires in boiling water, and (D) the final product of ul-
trathin and long Te nanowires after 12 h of reaction.

(NH,OH). SEM images in Figure 1 show a schematic
flow on the formation of ultrathin Te nanowires in an
aqueous solution. Shortly after the Te precursor solu-
tion was added into a mixture solution of PVP and
NH,OH, the transparent solution turned milky white, in-
dicating the formation of spherical tellurium oxide col-
loids (Figure 1A).%

HeTeO,+2H"+2e™ — TeO,+4H,0, £ = 1.02V
(M

With the increase of reaction temperature to 50 °C, the
spherical tellurium oxide colloids began to dissolve,
which could be observed by the color change from
white to dusty yellow at 50 °C. At this point, the sur-
face of the tellurium oxide colloids became rugged (Fig-
ure 1B). The tellurium oxide(lV) was reduced to t-Te as
the reaction temperature approached the boiling tem-
perature of water. The dusty yellow color of the suspen-
sion changed to violet, indicating the formation of t-Te
nanowires (Figure 1C). Complete growth of the Te
nanowires needed more than 10 h under nitrogen at-
mosphere (Figure 1D). The Te nanowires obtained in
the presence of PVP were ultrafine and had narrow dis-
tribution in their diameters. In contrast, the products
prepared at the identical conditions but without PVP
were very thick and largely distributed in their diam-
eters (Supporting Information Figure S1). The control
mechanism by PVP is not clear yet, but the experimen-
tal observation clearly indicates that PVP restricts the
growth in thickness. Although the synthesis of Te
nanowires has been reported by many researchers, our
approach is novel. It is advantageous over the past re-
ports in that the reaction is fast, very simple, and mas-
sively productive. The nanowires are ultrafine and very
uniform in size. Furthermore, the process is environ-
mently friendly.

Figure 2A shows TEM images of the Te nanowires.

www.acsnano.org

Figure 2. (A) TEM image of t-Te nanowires synthesized in
boiling water. (B) High-resolution TEM (HR-TEM) image of
the Te nanowire, which could be indexed as a hexagonal
crystal structure with a lattice fringe spacing of 3.2 A. The
growth direction was along [001]. (C) Fourier transformed
pattern obtained from the HR-TEM image.

They were straight and very thin with uniform diam-
eter of 7 nm. The diameter distribution was confirmed
by measuring the lateral dimensions of more than 100
nanowires in TEM images. The ultrathin Te nanowires
showed a very narrow size distribution (£0.2 nm stan-
dard deviation). An HR-TEM image in Figure 2B displays
the crystal lattice of a Te nanowire. The interplanar
spacing was measured to be 0.32 nm, which corre-
sponds to the separation between (101) lattice planes
of hexagonal Te crystal structure. The Fourier trans-
formed image in Figure 2C indicates that the as-
synthesized nanowires have very well-defined crystal
lattices. Thorough investigation with HR-TEM along the
longitudinal direction of the nanowires confirmed that
these ultrathin nanowires were consistently indexed as
hexagonal phase structure and grown as single crystals
along the [001] direction without any dislocation. We
found that the average diameter of the Te nanowires
was linearly decreased as the molar ratio of reducing
agent to the Te precursor ([INH,OH]/[HsTeOg]) was in-
creased (see Figure S2 in the Supporting Information).
The higher concentration of reducing agent induced
higher supersaturation of Te and led to burst
nucleation.

Topotactic Transformation of Te Nanowires into Ag,Te
Nanowires. It has been proven that a reaction of chalco-
gen with AgNO; yields silver chalcogenides.**~*° The as-
synthesized Te nanowires were redispersed in ethyl-
ene glycol with a short duration of sonication. With the

Figure 3. Photograph of methanol suspensions of Te, Ag,Te,
CdTe, ZnTe, and PbTe ultrathin nanowires obtained in this
study.
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As can be seen in the TEM images in Figure 4A, the re-
sulting Ag,Te nanowires preserved the structure of the
original ultrathin Te nanowires. Crystal structure of the
transformed Ag,Te nanowires was characterized by HR-
TEM analysis (Figure 4B). The observed interplanar spac-
ing was about 0.23 nm, which is commensurate with
the separation between (—113) lattice planes of the
monoclinic B-Ag,Te. An X-ray diffraction pattern of the
B-Ag:Te Ag,Te nanowires (Figure 4C) was also well-indexed as
the monoclinic crystalline structure with a good agree-
ment with the lattice constants from the literature data

(@ =8.17,b=2894,c=8.06, and B = 113°). Any
Aa\.__L T byproduct such as Ag,TeO; phase has not been de-
° tected with XRD, EDS, and TEM because the reaction

10 20 30 40 50 60 70 80 was carried out in ethylene glycol. Since ethylene gly-
20 col reduces AgNOs into Ag atoms, the disproportion-

Figure 4. (A) TEM image of Ag,Te nanowires derived from ation of Te into Te2™ and TeO,2™ is not likely to take
the Te nanowires. (B) HR-TEM image of the Ag,Te nanowire.

(C) XRD patterns taken from the Ag,Te and Te nanowires.

Intensity (a.u.)

place in the reaction.*

The Ag,Te nanowires had a monoclinic structure. The structural preservation of the Ag,Te nanowires
is consistent to the transformation of Se nanowires
dropwise addition of AgNO; solution in ethylene gly- into Ag,Se nanowires. The transformation of Se was ex-

col, the deep blue suspension of Te nanowires immedi-  plained by the topotactic lattice matching between
ately turned dark brown (Figure 3), which indicates the  t-Se and orthorhombic or tetragonal Ag,Se.** Likewise,
initiation of the conversion from Te to silver telluride the transformation into Ag,Te from hexagonal Te
nanowires. EDS analysis verified that the composition nanowires (a = 4.46 and ¢ = 5.93) is also in the re-

of the silver telluride nanowires was stoichiometrically ~ gime of topotactic conversion, as illustrated in Figure
correct (2:1; see the Supporting Information Figure S3). 5. The red dots indicate Te atoms forming unit cells.

hexagonal Te monoclinic Ag=Te
A B
topotactic a'=8il/ A
¢ transfomation b'=894A
—_— c'=806A
a longitudinal B = 123°
a direction a'=4.08 A
a c b'=448A
c"=403A
b
C D hexagonal Te
S
60° ; "
a Lateral dimension change:
A=t — a
Arz=s"— s

monoclinic Aga2Te

L=302A L'=233A 6=28°
Figure 5. Schematic illustration of the crystal structures involved and definitions of the symbols. (A,B) Topotactic transformation from
the helical structure of hexagonal Te into monoclinic Ag,Te in a way that all of the lattice parameters changed. (C) Te atoms (red
circles) along the a’’-axis are located in a distorted way, being tilted by 6 = 28° from the a’-axis (Te atoms in light-red circles). (D)
Changes to lateral dimensions during the transformation from Te to Ag,Te. Blue solid line indicates the space occupied by Te atoms,
and the light yellow region is the change of lateral area of Te and Ag,Te nanowires.
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TABLE 1. Lattice Parameters of 8 Unit Te Atoms and Their Volumes before and after Transformation from Te into Ag,Te

hexagonal Te (Figure 5A,

black solid line) black solid line) blue solid line/Figure 5C, black solid line)
lattice constants a=446,¢=593 a =134° a' =817,b' =894, =806, =123° a'’' =408,b" =448, " =403
unit cell volume 102.3 (B) 2714 (B) 67.8 (%)
volume occupied by 8 Te atoms 34.1 () 67.8 (%) 67.8 (%)

Such transformation normally requests small structural
change during the reaction. In spite of the severe vol-
ume increase in the transformation of Se into Ag,Se, the
overall structure was well-maintained and even the
single crystallinity was conserved. This is not well-
understood. This part investigates how the structure of
Se or Te can be reserved by examining the increase of
the length instead the overall volume increase. In the
reaction, the direction along the major axis of the mon-
oclinic Ag,Te nanowires is not equivalent to the c-axis
of the hexagonal Te nanowires. The [001]-directed hex-
agonal Te was transformed into [110]-directed mono-
clinic phase. Thus, the [001] direction of Te and [110] di-
rection of Ag,Te are major axes of Te and Ag,Te
nanowires. This is because the Te atoms in the a-, b-,
and c-axis in the Te nanowires do not belong to the
atomic position in the axis a’, b’, and ¢’ in the Ag,Te
nanowires. The monoclinic Ag,Te has the four-fold gen-
eral position of all atoms in its unit cell. The Te atoms
positioned along the a’’-axis exist in a distorted way,
being tilted by 6 = 28° from the a’-axis, as demon-
strated by Frueh® (solid arrow in Figure 5C). After the
transformation, the relative position of the 8 Te atoms
in the Te nanowires changed as follows: 4.46 to 4.08 A,
4.46 to 4.48 A, and 1.98 to 4.03 A, respectively (ato a’’,
bto b, cto c'’). Thus, the volume change can be ob-
tained by calculating the volume difference of Te and
resulting Ag,Te occupied by 8 Te atoms (blue solid line,
Figure 5). From simple mathematics (eq 2), the volume
change was calculated to be AV/V = 0.9882. This calcu-
lation is quite consistent with the calculation obtained
from the density and molecular weight of Te and Ag,Te,
which is AV/V = 1.010 (eq 3).

AVIV = Vpg 1e = Viel/Vre
Vagre = a xb xc xsin(180 — B), Vy, =
axaxsin60 x1/3xd (2)
AVIV = Vg re = Viel/Vre
Vie = Mre/pres VAnge = Mpgore/ Pag,Te 3)
The increase in the lattice constant of the major axis
(AL = L — L,) between the Te and Ag,Te nanowires
yields the value of 1.04 A, which is a 52% increase. How-
ever, due to the tilted angle of the a'’-axis from the a’'-
axis of Ag,Te (8 = 28°), the actual contribution to the in-
crease in actual length of the nanowires is much

smaller, 17% (L'/L,, AL = L' — L), that is, 0.35 A. There-
fore, considerable amount of volume increase came
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monoclinic Ag,Te (Figure 5B,

reduced Ag,Te (Figure 5B,

from the increase of the lateral dimension of the
nanowires. The lattice parameters of 8 unit Te atoms
and their volumes before and after transformation are
listed in Table 1. The lateral dimension difference be-
tween Te and Ag,Te can be divided into two directions.

Ar,=t—a=1[a)+ (3/2b)1"* — a,Ar,/a = 0.76
)

Ary=s —s=axsin60 — 4.03A x sin(180 —
B), Ar,/a = —0.04  (5)

Ary is the change between the g-axis of Te and the
[110] direction of Ag,Te, which is comparable to 3.4 A
or 76% increase (eq 4). The Ar, is the difference be-
tween the g-axis of Te and the ¢’’-axis of Ag,Te, which
is 0.15 A or 4% decrease (eq 5). From the above calcula-
tion, the volume change during the transformation
from hexagonal Te to monoclinic Ag,Te is estimated

as 98% (AV/V = (1 + 0.17) X (1 + 0.76) X (1 — 0.04)
= 0.9768), which is consistent with the values calcu-
lated with the volume occupied by 8 Te atoms. It should
be noted that the 17% increase in the actual length dur-
ing the transformation is much smaller than expected
from the severe volume increase. However, the me-
chanical stress accumulated during the transformation
is too much for the nanowires to absorb in their struc-
ture. The stress was relieved by breaking the nanowires,
producing shorter nanowires. In our experiment, the
initial Te nanowires (longer than 10 pwm) were short-
ened to 1—2 wm. The resulting Ag,Te nanowires were
found to be single crystalline. The preservation of the
single crystallinity indicates that the transformation
took place in a homogeneous way along the entire
length of the Te nanowires. If heterogeneous nucle-
ation and growth along the nanowires took place, it
would generate multiple small grains with rough sur-
face topology.

Structural conservation of the Te nanowires after
transformation into Ag,Te in spite of the 100% volume
increase is surprising. In order to experimentally moni-
tor the dimensional change in length and diameter dur-
ing the transformation from Te to Ag,Te, we performed
the transformation starting from Te nanorods instead
of Te nanowires. Figure 6 shows SEM images of the Te
nanorods synthesized in ethylene glycol (EG) at 100 °C
with sodium tellurite as a precursor (A) and Ag,Te nano-
rods (B) converted from the as-synthesized Te nano-
rods through topotactic reaction in EG. HR-TEM analy-
sis was used to check the crystal structures of the Te and
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pointed out in their recent paper,'” we should
consider three important factors to fully take ad-
vantage of the cation-exchange reaction: solubil-
ity of ionic solids, crystal structure, and mechani-
cal stress generated by volume change during
the reaction. The difference in solubility product
of the reactants and products can be chosen as
the first criterion to determine the thermody-
namically favorable direction in the cation ex-
change. Solubility product, Ksp, of ionic solid is re-
ferred to as an equilibrium constant between an
jonic solid and its dissolved state in solution. The
equilibrium solubility constant (K) is a product
of activities of each constituent chemical. When
the solubility or concentration of the salt is very
low, which is the case for most inorganic synthe-
sis, the activity can be taken as the concentra-
tion of the constituting ions. Solubility product

25_5 T E’ —rT is related to the free e.nergy change of a soI.ution
£ 50 mm Ag:Te NR‘ g 25 mm Ag:Te NRI (AG = —RTIn Kp), which leads to a conclusion
E E 20 that an ionic solid with a relatively high Kj, value
g 154 E - goes through cation exchange to form another
; 101 ; ionic solid with a relatively low K. Of course, the
£ 'E ™ solubility product approach cannot provide the
2 ™ z 5 | l ll J | I exact solvation of the ionic solids in the reaction
0 0 L, ! 1 ey I conditions because actual solubility is affected by
28 32 36 40 44 48 52 56 60 240 280 320 360 400 . .
AIAMStSE (R length (nm) many other factors even without changing the

solubility product values. Addition of a common
ion with the ionic solid can shift the solubility
equilibrium. Even noncommon salts can affect
the ionic strength of the solution to alter the
solubility of ionic solids without changing the
solubility products. Temperature is a basic pa-
rameter to change the solubility of ionic solids. Temper-
ature rise can increase the solubility for an endother-
mic dissociation process and can decrease for an
exothermic process. The solubility may differ accord-
ing to the crystal structure of ionic solids with the same
stoichiometry, even though the difference is usually
not large. When the size of materials goes down to
nanoscale, the solubility is greatly increased. The effect
can be quantified as follows:!

Figure 6. SEM and HR-TEM images of (A,C) Te nanorods synthesized in ethyl-
ene glycol (EG) at 100 °C for 2 h and (B,D) Ag,Te nanorods derived from the as-
synthesized Te nanorods through a topotactic reaction with AgNO; in EG. (E)
Ag,Te nanorods had an average diameter of 52 nm, corresponding to a 33.3%
increase relative to the Te nanorods (d = 39 nm). (F) Average length of Ag,Te
nanorods increased by 14% as compared to that of Te nanorods.

Ag,Te nanorods. As seen in the ultrathin nanowires,
the growth direction of Te nanorods was [001] and the
Ag,Te nanorods were grown along [—113]. The lattice
spacing of Ag,Te nanorods along the axial direction was
0.23 nm, which is consistent with the calculated result.
Figure 6E shows the distribution in diameter of the Te
and Ag,Te nanorods. The average diameter of Ag,Te
nanorods was about 52 nm increased. From the aver-
age diameter of the Te nanorods (39 nm), 13 nm in-
crease (33% increase) was monitored. Figure 6F gives
the distribution in the length of the Te and resultant
Ag,Te nanorods. Average length of the Ag,Te nano-
rods was 337 nm, which is 48 nm larger than the value
of Te nanorods. The length change shows 14% increase.

log K5, =log K.y puk 1 2YA/[3l0g(RT)] (6)

where K, v, and Ay, are the solubility product, the
surface tension, and the molar surface area (in m?/

From the experimental data, the average volume ex-
pansion can be calculated as follows: AV = (1 + 0.333)
X (1 + 0.333) X (1 + 0.140) = 2.0256 and AV/V =
1.0256. This experimental result is consistent with the
calculated volume expansion from Figure 5.
Thermodynamic Determination of Favorable Direction in
(ation-Exchange Reactions. Since Son et al. reported on the
cation-exchange reactions in chalcogenide nanocryst-
als,’® various researchers have explored the transforma-
tion to prepare other nanomaterials. As Wark and Son

@ VOL. 4 = NO.4 = MOON ET AL.

mol) of the solute in the order. Therefore, ultrathin
nanowires or nanocrystals should possess enhanced
solubility compared with bulk materials, which
should result in the fast reactions as observed.'>!”
The existence of complexation species to the consti-
tuting ions can considerably increase the solubility
without changing the solubility product itself be-
cause the complexed form does not enter the solu-
bility equilibrium. When the dimension of the reac-
tant nanowire is fixed at a limited range of reaction

www.acsnano.org



TABLE 2. Solubility Product Data of Various Metal Chalcogenides in Descending Order

Solubility Product Constant, K, at 25 °C

solid E=S E=Se E=Te
AgF 3X 1079 1X107% NA.

BiE; 1X 1071 1X107" NA.

(dE 1X10°% 4x107® 1X10°%
CuE 53X 107% 2X107% N.A.

HgE 6X107% 4x107% NA.

InE; 6X 1077 NA. NA.

temperature, proper choice of salts and complexing
agents may be good variants to alter the direction of
cation exchange. Strong complexation of organic
additives with the cations in the reactant solid as
well as introduction of anions having good miscibil-
ity with the same cations can selectively increase the
solubility of the cations, which, in turn, can cause
the backward reaction to occur. The concept has
been already proven in the cation-exchange reac-
tion from Ag,Se into CdSe. In the presence of (NOs3)~
anions from the Cd(NOs), precursor, the backward
reaction could be accomplished only when complex-
ation additives (TBP or TOP) existed in the solution.
Although phosphines in alcohols or aqueous solu-
tions can be oxidized into phosphine oxides or phos-
phorus acids, the oxidation does not have consider-
able effect on the overall cation-exchange reactions
because the oxides also can bind to the cations in
the lattice and form intermediate complexes to fa-
cilitate the exchange by other cations. Since disso-
ciation of most chalcogenide semiconductors is an
endothermic process, temperature rise will increase
the solubility of both reactant nanowires and trans-
formed nanowires. Therefore, temperature change
may not be effective to alter the thermodynamic di-
rection of the cation exchange, but rather acceler-
ate the exchange rate in forward reactions. Here, we
can raise another question: if a cation exchange is
thermodynamically favored, what determines the
crystal structure of the final product? Although the
solubility products are different according to the
crystal structure, the difference is not high enough
to determine the resulting ionic crystals. We will
mention later that the crystal structure is determined
in the way to minimize the free energy of forma-
tion, AGy, during the transformation.

Table 2 shows literature values of the solubility prod-
uct of metal chalcogenides in water in descending
order.>27>* Although solubility products of metal sul-
fides in water were readily found from the literature, full
data of all chalcogenide compounds, especially metal
tellurides, were not obtainable. However, qualitative K,
values can be estimated considering the molar en-
thalpy of solvation (AHs).

M*X(s) — M*(aq) + X (@q);AH,, IM"X"(s)]  (7)

solv!
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solid E=S E=Se E=Te
NiE 1X 1072 2X107% N.A.
PbE 1X107% 1X107%¥ N.A.
PtE 9.9 X 1077 N.A. N.A.
ShE 2X107% N.A. N.A.
SnE 1X107% 5Xx 1073 N.A.
InE 3IX107% 1X107% N.A.

MT(g) + X(g) = MTX (s);AH,[M"X ()]  (8)

M(g) — M"(@q);AHy, M " (9)] ©)
X(g) = X" (aq);AHy4X (9)] (10
AHsol\/ = Athd - AHlatt (1m

Both the lattice enthalpy (AH.t) and hydration en-
thalpy (AHyyq) are negative values. A high lattice en-
thalpy means an insoluble compound, while a high hy-
dration enthalpy for an ion indicates a soluble
compound. Negative value of solvation enthalpy indi-
cates exothermic dissolution, and positive value shows
an endothermic process. The lattice enthalpy is in-
versely proportional to the summation of the radii of
the constituting ions, 1/(r* + r~), while the total hydra-
tion enthalpy, with each ion being hydrated individu-
ally, is the sum of individual ion’s contribution (1/r" +
1/r7). As the size of anion is increased for a same cation
species, the decrease of hydration enthalpy is larger
than that of lattice enthalpy because radius change can-
not make the denominator small by itself in the lattice
enthalpy. So we can make a conclusion that solubility
products of metal chalcogenides have a lower value as
the ionic radius of chalcogen increases: Ki,(M,S,) > K-
(M,Se)) > Kx(M,Te)). As shown in Table 1, K, values of
M,Se, are lower by 10°—108 than corresponding M,S,,
and the same rule of thumb may be applied between
M,Te, and M,Se,. For example, the solubility product of
CdS, CdSe, and CdTe is in the order as follows: K, (CdS)
= 1072, Kp(CdSe) = 1073, and K,(CdTe) = 1072,
With this general tendency on the solubility of chalco-
genides, we can assume that metal tellurides also have
the same trend with the solubility products of metal
sulfides.

For the cation-exchange reactions in this study,
methanol and ethylene glycol were used as solvents.
The solubility product (Ksp) will change if the solvent is
different from water. Unfortunately, the solubility data
of chalcogenides in alcoholic solutions are not available.
Generally, organic solvents have lower capacity to dis-
solve ionic solids since their dielectric constants are usu-
ally smaller than that of water. Nevertherless, we be-
lieve it is a reasonable approach to use the K, value in
aqueous solutions as the rough criterion to determine
the direction of exchange reactions, especially for sol-
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vents with rather high dielectric constants such as alco-
holic solutions. lons in a polar solvent interact with the
solvent molecules via ion—dipole interactions. For sol-
vents such as water, the interaction between ions and
solvents is energetically favorable. In regard to this, we
think the K, values of ionic solids in nonaqueous polar
solvents do not have significant deviation from the
trend in aqueous solutions. On the basis of the known
Ksp values of metal sulfides in water, the metal tellurides
studied in this work can be categorized into three
groups. The first group includes CdTe, ZnTe, and PbTe
that have the highest K. The solubility products be-
tween them are not expected to have a large difference.
The second one is silver telluride with medium range
of Ks, compared to the other two groups. The last one
would be tellurides with very lower K, which corre-
spond to PtTe,. The comparison of K, values indicates
that the transformations from most metal chalco-
genides into PtTe, are thermodynamically favored,
while the transformations from Ag,Te into ZnTe, CdTe,
and PbTe are not allowed in pure solvents.
Transformation of Ag,Te Nanowires into MTe (M = (d, Zn, Pb):
Unfavorable Reaction with Small Volume Change. Several stud-
ies have employed the silver chalcogenide nanostruc-
tures for further transformation into other metal chalco-
genides such as CdE, ZnE, PbE, Cu,E, Sbh,E, and Bi,E; (E
=S, Se, and Te).'®3 The unfavorable reaction has been
known to be enabled with the aid of ligands such as tri-
octylphosphine (TOP) and tributylphosphine (TBP),
which can form a complex with Ag™, selectively increas-
ing the solubility product of Ag,Te in the solution.
M*(aq) + L — (ML)" AH,

complx

= AH[(ML)"(aq)],

L = ligand] (12)

AHiyy = AHhyyg = AHiy + AH (13)

solv complx

For the transformation from CdTe to Ag,Te, no ther-
mal heating or ligand addition were needed and the re-
action was very fast.” There are two criteria that should
be taken into consideration in determining the direc-
tion of plausible reaction. First, the reaction occurs in a
direction of lower activation energy. The experimentally
determined rate constant (k) for Ag,Te to CdTe is much
smaller than the rate constant (k') for CdTe to Ag,Te.
The large difference in the rate constant gives almost
no transformation into CdTe in pure solvent at low tem-
perature. The difference in the rate constant means
that the activation energy for the reaction from Ag,Te
to CdTe is much higher than the reverse reaction,
which, in turn, shows that the energy of Ag,Te is lower
than that of CdTe. Large addition of Cd?" ions at the
conditions of reduced activation energy (addition of the
ligands) and increased thermal energy makes it pos-
sible for the reverse reaction to take place. In addition
to the kinetic barrier, the direction of reaction is deter-
mined by the relative thermodynamic stability of prod-
uct with respect to reactant, which corresponds to the
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Figure 7. XRD data of CdTe, ZnTe, and PbTe nanowires de-
rived from Ag,Te nanowires. The majority of nanowires had
a cubic crystal structure: zinc blende (CdTe and ZnTe) and
NaCl-type (PbTe). The arrows indicate peaks from the wurtz-
ite crystal structure of CdTe and ZnTe.

Intensity (a.u.)

difference of free energy change. In our experiments,
the as-synthesized Ag,Te nanowires were redispersed
in methanol, followed by the addition of methanol so-
lution of Cd(NOs),, Zn(NOs),, and Pb(NOs), at 50 °C. It is
worth noting that a small amount of water was indis-
pensable for the case of Pb(NOs), due to its low solubil-
ity in methanol.’® The dark brown Ag,Te nanowire sus-
pension in methanol showed no reaction in the
presence of metal nitrate precursors. However, the reac-
tion took place right after the quick injection of TBP
and turned to light yellow (CdTe), light red (ZnTe), and
light gray (PbTe) (see Figure 3). SEM images in Figure S5
(Supporting Information) show that the resulting metal
telluride nanowires obtained by cation-exchange reac-
tion kept their long and ultrathin nanowire morphol-
ogy. EDS measurement was used to check the stoichi-
ometry of those nanowires, which confirmed exact 1:1
stoichiometric coincidence between metal and Te (see
Figure S3 in the Supporting Informations). Figure 7 is
the X-ray diffraction patterns of metal telluride nano-
wires transformed from the Ag,Te nanowires. The pat-
terns characterized the three types of nanowires as a
cubic crystal structure: zinc blende (CdTe and ZnTe) and
NaCl-type (PbTe). Figure 8 demonstrates TEM images
of the transformed metal telluride nanowires. All of the
nanowires turned out to preserve the initial morphol-
ogy of the Ag,Te nanowires. The crystal lattices of the
nanowires obtained from HR-TEM micrographs were
also indexed as zinc blende for CdTe, ZnTe, and NaCl-
type cubic structure for PbTe nanowires. HR-TEM image
in Figure 8B shows that CdTe nanowires have interpla-
nar spacing of 0.37 and 0.23 nm, which corresponds to
the separations between (111) and (220) of the zinc
blende crystal structure. It should be noted that a ma-
jority of the CdTe nanowires had the zinc blende crys-
tal structure, while some nanowires showed wurtzite
structure, which can be confirmed by zigzag morphol-
ogy, as shown in Figure 9. The XRD analysis also indi-
cates the admixture of wurtzite and zinc blende struc-
tures, which results in the peak broadening in CdTe and
ZnTe nanowires (arrowed in Figure 7). This phase ad-
mixture of two different types of crystalline structure
has already been reported by Kuno group.”® They found
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Figure 8. TEM and HR-TEM images of (A,B) CdTe, (C,D) ZnTe,
and (E,F) PbTe nanowires derived from Ag,Te nanowires.
Since the reactions were not spontaneous in pure metha-
nol, tributylphosphine (TBP) was added and the reaction was
performed at 50 °C for 1 h. The morphology and single crys-
tallinity of reactant Ag,Te nanowires were well-preserved af-
ter the transformation.

that local positions of twinning and mixed phase (zinc
blende/wurtzite) are identified with characteristic “zig-
zag"” fringes in lattice-resolved TEM images. In ZnTe
nanowires in Figure 8D, the interplanar spacings were
observed as 0.3 and 0.35 nm, indicating the direction of
(200) and (111), respectively. HR-TEM image of a PbTe
nanowire in Figure 8F revealed the interplanar distance
of 0.28 and 0.32 nm for the spacing between planes of
(220) and (200), respectively.

In the solution-based synthesis of nanostructured bi-
nary materials, zinc blende and wurtzite structure are
frequently observed. The transformed CdTe, ZnTe, and
PbTe showed mostly cubic crystal structures even
though a mixture of the two structures is expected
due to the small difference in solubility products be-
tween the two structures. Table 3 summarizes the vol-
ume change during the transformation in this study ac-
cording to the expected crystal structures. The
difference of free energy of formation, AG, between

Figure 9. HR-TEM image of individual CdTe nanowires
showing the admixture of zinc blende and wurtzite crystal
structure. Most nanowires were zinc blende, but a small por-
tion of them appeared as a the mixed structure.

www.acsnano.org

TABLE 3. Structure, Lattice Parameters, and Volume
Change during Chemical Transformations in This Study

initial material final product AWy
Te Ag,Te monoclinic 1.009
trigonal a=2817,b=894,c=8.06
a=446,c=593
AgyTe (dTe zinc blende 0.0025
a=648
wurtzite 0.0036
a=457,c=744
InTe zinc blende —0.163
a=16.10
wurtzite —0.1599
a=431,c=7.09
PbTe cubic —0.0076
a =645
orthorhombic —0.1413
a=47,b=121c=41
(dTe PtTe, hexagonal —0.462
a=402c=52

two structural phases (CdTe, ZnTe, and PbTe) should
be taken into account to determine the preferred phase
in the product. In the transformation from Ag,Te into
PbTe, conversion into a cubic structure (NaCl-type, am-
bient phase) has a small volume decrease while the
orthorhombic structure (high-pressure phase) experi-
ences large volume decrease, which resulted in the
product with cubic crystal structure exclusively ob-
tained in our experiment. That is because free energy
of formatin of cubic PbTe is less than the high-pressure
phase in ambient condition, which is under thermody-
namic control.>’8 In the case of CdTe and ZnTe trans-
formation, however, there should be no special prefer-
ence for zinc blende and wurtzite in light of a very small
difference of free energy of formation between wurtz-
ite and zinc blende structure (7.0 and 6.4 meV for CdTe
and ZnTe, respectively).®° Nevertheless, the major crys-
tal structure of resultant CdTe and ZnTe nanowires was
found to be zinc blende, although a small portion of
wurtzite-structured products was observed. We con-
sider that the zinc blende phase is the major product
due to its better stability at relatively low
temperatures.>®%° The degree of volume change dur-
ing the exchange reaction can be considered as a
means to predict the easiness of the chemical transfor-
mation. We consider that cation exchange resulting in
small volume change leads to faster transformation.
Comparing the volume change between the cubic
structure of CdTe and ZnTe, volume decrease in ZnTe
is larger than that in CdTe. This difference was reflected
in the reaction time for full conversion. While the full
conversion from Ag,Te into CdTe and PbTe took only a
couple of minutes, transformation into ZnTe required
more than 10 min at the identical conditions. It implies
that the necessary reaction time would increase in
transformations accompanying a relatively large vol-
ume change. It is noticeable that we could not detect
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Figure 10. Photoluminescence spectra taken from Te (blue),
Ag,Te (brown), CdTe (dark yellow), and ZnTe (red)
nanowires.

length change between the reactant Ag,Te nanowires
and the product CdTe, ZnTe, and PbTe nanowires.
Emission spectra of the Te, Ag,Te, CdTe, and ZnTe
nanowires in solution are provided in Figure 10. The dis-
persion of ultrathin Te nanowires in aqueous medium
exhibits a deep blue color, which is substantially differ-
ent from thick Te nanowires (gray color) with several
tens of nanometers in diameter synthesized in other
synthetic routes. In this respect, the ultrathin Te nano-
wires have unique optical properties compared to the
bulk counterpart. Currently, it is not determined if the
origin of the peak at 420 nm is from the allowed direct
transition from the valence band (p-type lone-pair trip-
let) to the conduction band (p-antibonding triplet)! or
from the surface plasmon.%? The Te nanowires lost their
emissive characteristics after the transformation into
Ag,Te nanowires, which have very low band gap en-
ergy (~0.1 eV at 300 K). The maximum emission of the
CdTe nanowires in dispersion appeared at around 531
nm with an excitation wavelength of 400 nm (dark yel-
low curve). The ZnTe NW in dispersion showed the

=l

CdTe nanowires through a cation-exchange reaction in methanol at room
temperature. (C) HR-TEM image of a PtTe, nanotube indexed as the hexago-
nal phase with lattice spacing of 0.28 nm along the [101] direction. The in-
set shows the Fourier transformed ring pattern of PtTe, nanotubes. (D) XRD
of the PtTe; nanotubes. All peaks were indexed to a hexagonal crystal struc-
ture for PtTe,,

AN AN voL. 4 = NO.4 = MOON ET AL

maximum emission peak at around 532 nm with an ex-
citation wavelength of 400 nm.

Transformation from CdTe into PtTe,: Favorable Reaction with
Large Volume Change. For investigation on the cation-
exchange reaction that does not require any complex-
ation additives, so-called the forward cation-exchange
reaction, we adopted CdTe nanowires as an initial ma-
terial. We washed CdTe nanowires with methanol sev-
eral times by centrifuge and redispersed the precipitate
in toluene for the cation exchange with Pt** (H,PtClg).
It is worthy to note that the surface of CdTe nanowires
was modified with ligands such as trioctylphosphine ox-
ide (TOPO) to fully disperse them in toluene. The trans-
formations are expected to experience large negative
volume change (AV/V,), as indicated in Table 3. As pre-
viously studied by Son and co-workers, relatively large
volume change during the ion-exchange reaction
should accompany various effects on the morphology
of the final product. While the preservation of single
crystallinity was observed in the reaction from Ag,Te
into M,Te, in which the volume change was not large,
the single crystal structure of the CdTe NW was barely
conserved during the transformation into PtTe, due to
the severe volume change. The mechanical stress accu-
mulated inside the structure prevents the formation of
single domain crystals spanning long distance. The ac-
cumulated stress should be released by forming a dif-
ferent morphology in the product. We observed that
the product after the cation-exchange reaction of the
CdTe nanowire with Pt*™ was PtTe, nanotube, as exhib-
ited in Figure 11. Since H,PtCls is not reduced in tolu-
ene or methanol to form pure Pt particles, the reaction
does not necessarily to generate other heterostructures.
Unlike the Kirkendall effect caused by the difference of
diffusion flux between two chemical species, the forma-
tion of void in product morphology was induced to re-
lease the mechanical stress accumulated during the re-
action. The anion sublattice has the key in the
morphology of the final product in the cation-exchange
reaction. The Te atoms moved to the surface to release
the stress accumulated at the surface region as the
transformation proceeded from the surface. The trans-
formation took only a few seconds due to the large dif-
ference in the solubility products between CdTe and
PtTe,. As can be seen in the TEM image (Figure 11B,C),
the wall thickness of the PtTe, nanotubes was in the
range of 1—2 nm. The voids in the PtTe, nanotube were
continuous, as can be seen in Figure 11B. The HR-TEM
image obtained from one PtTe, nanotube indicates
they are polycrystalline. There was no preferred orienta-
tion of the grains in the PtTe, nanotube. The lattice
fringe was indexed as the interplanar spacing of 0.28
nm in the direction of [101]. The large volume change
can require rapid release of the stress in every direction,
which results in the polycrystalline structure of PtTe,,
confirmed by ring patterns of the Fourier transformed
image (inset in Figure 11C). The XRD pattern in Figure
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11D shows that the PtTe, nanotubes are indexed as a
hexagonal crystal structure, which is consistent with the
literature (JCPDS card 88-2277). We believe that the
peak broadening in the PtTe, nanotubes was caused
by the voids and small grains. EDS result also indicates
a 1:2 stoichiometric composition (Supporting Informa-
tion Figure S7).

CONCLUSION

We have systematically studied the chemical trans-
formation in various ultrathin metal telluride nanow-
ires M,Te, (M = Ag, Cd, Zn, Pb, and Pt). The results can
be summarized as follows. First, the solubility product of
ionic solids can be a rough, but useful, criterion to an-
ticipate if the transformation is thermodynamically fa-
vorable or not. The transformations from CdTe into
PtTe, were found favorable in pure solvents because
the solubility products of PtTe, were much lower than
that of CdTe. Meanwhile, the transformations from
Ag,Te into CdTe, ZnTe, and PbTe were unfavorable in
pure solvents. The reactions required complexation ad-
ditives to initiate the conversion. Second, the morpho-
logical preservation of reactant nanowires is dependent
on the dimensional change in length direction rather
than total volume change. The small amount of volume
change from Ag,Te nanowires into CdTe, ZnTe, and
PbTe led to well-preserved single crystalline naowires.
In the topotactic transformation between Te and Ag,Te
nanowires, the large volume increase (100%) was attrib-
uted to the expansion in the lateral direction rather
than in the length, resulting in smaller mechanical
stress in the nanowires than expected from the vol-
ume increase. As a result, the transformation shortened
the long Te nanowires (>10 um) to 1—2 pm, instead
of severe chopping. In contrast, considerable volume

EXPERIMENTAL SECTION

Materials. The chemicals used in this study were telluric acid
(HeTeOs, =97.5%, Aldrich), sodium tellurite (Na,TeOs, 99%, Ald-
rich), hydroxylamine (NH,OH, 50 wt % in H,O, Aldrich), L(+)-
ascorbic acid (CsHgOs, Shinyo pure chemicals), poly(vinyl pyrroli-
done) (PVP, M,, = 55 000, Sigma-Aldrich), silver nitrate (AgNO3,
99.0%, Fluka), cadmium nitrate (Cd(NOs),, 98%, Aldrich), zinc ni-
trate (Zn(NOs),, 98%, Sigma-Aldrich), lead nitrate (Pb(NOs),,
99.999%, Aldrich), hydrogen hexachloroplatinate (H,PtCl,
99.9%), methanol (J.T. Baker, Lot G37E18), ethylene glycol (EG,
=99%, Sigma-Aldrich, batch number 10196HK), toluene (99.9%,
J.T. Baker, Lot H18N51), trioctylphosphine oxide (TOPO, technical
grade, 90%, Aldrich, batch number 06520ED), and tributylphos-
phine (TBP, tech. 90%, Aldrich, batch number 06202PC). The
deionized water used for the synthesis of Te nanowires was ob-
tained using an 18 M (SHRO-plus DlI) system.

Synthesis of Te Nanowires. Aqueous telluric acid solution (0.5 g
in 50 mL of DI water) was added into a mixture of aqueous PVP
solution (1.0 g in 50 mL of DI water) and hydroxylamine aqueous
solution (0.9—2.4 mL in 20 mL of DI water) in a 250 mL round-
bottom flask under magnetic stirring at room temperature. The
reaction system was sealed and set to 95 °C under nitrogen (N,)
environment. In a few seconds, the color of the solution became
milky white, which indicates the formation of tellurium oxide col-
loids. The color of the tellurium oxide suspension gradually
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change without lattice matching in the transformation
from CdTe to PtTe, led to nanotubes due to the accu-
mulation of mechanical stress. Third, crystal structure in
the transformation should be determined in a way to
minimize the free energy of formation. Lattices accom-
panying a lower AG¢ value took the majority in the crys-
tal structures of the transformed nanowires. In the
transformation from Ag,Te to PbTe, all of the crystal
structures were selectively NaCl-type cubic, not orthor-
hombic. This is because the orthorhombic lattice of the
high-pressure phase has a larger AGs value. In the case
of CdTe and ZnTe, there is little difference in free energy
of formation between zinc blende and wurtzite phase,
which may result in an admixture of the two crystal
structures. Nonetheless, the major crystal structure of
the products was zinc blende due to better stability of
the phase at low temperatures over the wurtzite phase.
This observation indicates that the stability of the prod-
ucts is another factor to determine the crystal struc-
tures. Fourth, the reactions with small volume change
or good lattice matching are considered homogeneous;
on the other hand, reactions with a large volume
change without lattice matching take place heteroge-
neously. The small volume change in the transforma-
tion from Ag,Te into CdTe, ZnTe, and PbTe nanowires
led to single crystalline metal tellurides, which is only
possible through homogeneous reactions along the en-
tire length of the nanowires. In contrast, the transforma-
tion from CdTe into PtTe, was governed by heteroge-
neous conversion and resulted in fragmented domains.
Although we need more studies on the transformation
mechanism and exact solubility of ionic solids, the re-
sults in this study may be used as a first guide to the
chemical transformations between nanostructured
materials.

turned dark gray. Complete growth of the Te nanowire took
about 12 h and could be confirmed by the deep blue color.
Transformation of Te Nanowires to Ag,Te Nanowires. The suspension
of as-synthesized Te nanowires was centrifuged three times with
addition of volumetric water twice, and the supernatant was de-
canted. The collected Te nanowires were redispersed in EG. Ad-
dition of silver nitrate (0.1 g) solution into the EG suspension un-
der vigorous stirring at room temperature immediately
transformed the Te nanowires to Ag,Te nanowires. During the
reaction, the color of the suspension changed from deep blue to
brown. The reaction was allowed to proceed for 1 h for com-
plete transformation. The Ag,Te nanowires were collected after
three cycles of centrifugation and washing with DI water.
Synthesis of Te Nanorods and Their Transformation to Ag,Te Nanorods.
A sodium tellurite solution in EG (0.5 g in 50 mL) was injected
into a mixed solution of PVP (2 g in 50 mL of EG) and ascorbic
acid (0.3 g in 30 mL of EG) in a 250 mL round-bottom flask un-
der vigorous stirring at room temperature. The reaction system
was set at 100 °C under ambient pressure. In 2 h, the color
changed to black, indicating the formation of Te nanorods. A
small amount of Te nanorods was redispersed in ethylene gly-
col after three cycles of centrifugation and washing. Silver nitrate
solution (0.1 g in 5 mL EG) was added into the suspension of Te
nanorods at room temperature. The color of the suspension
changed brown within a few minutes, suggesting that the trans-
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formation from Te to Ag,Te was complete. The Ag,Te nanorods
were washed with water several times for characterization.

Cation-Exchange Reaction for Transforming Ag,Te into MTe (M = Cd, Pb,
and Zn). The Ag,Te nanowires were redispersed in methanol (10
mL) for the cation-exchange reaction. Cadmium nitrate (40 mg),
zinc nitrate (40 mg), and lead nitrate (35 mg) solution in metha-
nol (3 mL)—a small amount of water was necessary to dissolve
lead nitrate—were added into the Ag,Te nanowire suspension in
methanol. The reaction temperature was set at 50 °C under vig-
orous stirring. Then, 0.2 mL of tributylphosphine (TBP) was in-
jected. The reaction was fast enough so that the color of the sus-
pension changed to light blue (CdTe), light red (ZnTe), and
indigo blue (PbTe) in a few minutes.

Cation-Exchange Reaction for Transforming CdTe Nanowires into PtTe,
Nanotubes. The CdTe nanowires transformed from Ag,Te nanow-
ires were dried in a desiccator and then redispersed in toluene
(10 mL). To achieve complete dispersion of CdTe nanowires, tri-
octylphosphine oxide (TOPO, >1 g) was added into the toluene
suspension and the suspension was ultrasonicated for 30 min.
Then, for the transformation into PtTe,, a solution of hydrogen
hexachloroplatinate (H,PtCls, 50 mg) in methanol (5 mL) was in-
jected into the suspension at room temperature. The solution
changed color from light yellow to deep brown and then black
(PtTe,) within a few seconds.

Characterization. Scanning electron microscopy (SEM) images
were obtained by a JEOL model JSM-6700F. Transmission elec-
tron microscopy (TEM) analysis was conducted with a JEOL
model JEM-2100F operated at 200 kV. Energy-dispersive X-ray
spectrometer (EDX) data were collected using OXFORD INCA
x-sight 7421 attached to the JEM-2100F TEM. XRD measurement
was performed on a Rigaku I D/MAX X-ray diffractrometer at
Cu Ka radiation (A = 0.1542 nm). The UV —vis absorption spec-
tra were analyzed by a JASCO V-500 UV/vis spectrophotometer.
The photoluminescence spectra were obtained with Varian Cary
Eclipse at the excitation wavelength of 400 nm.
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