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The effect of Se doping on the growth of Te
nanorodsti

Junghyeok Kwak,® Chang-Eun Kim,® Yuho Min,” Ji-Hwan Lee,? Aloysius Soon*®
and Unyong Jeong*®

In this study, we successfully conducted a series of computationally-assisted experiments, regarding the
morphology control and chemical transformation of Te nanorods. The morphology of Te nanorods is con-
trolled by introducing a minute amount of isovalent Se dopant. Density-functional theory calculations pre-
dicted the Gibbs surface free energy change due to the adsorbent Se on the major facets of Te nanorods.
Encouraged by the theoretical prediction, we conducted experiments on Te nanorod growth and did find
significant variation of the morphology of Te nanorods due to Se injection. Furthermore, we demonstrated
the chemical transformation of the shape-controlled Te nanorods to binary thermoelectric compounds
such as PbTe and Bi,Tes without losing the tailored morphology. The transformed PbTe and Bi,Tes have
nanoscale grain boundaries as seen from the cross-section HRTEM image. We emphasize that the robust
production of morphology-controlled thermoelectric nanorods can be an optimal approach to develop an
advanced thermoelectric composite material, by which the multiscale phonon scattering effect can be

WWww.rsc.org/crystengcomm maximized.

1. Introduction

Morphology control of nanocrystalline materials is of great
interest, as the properties of the nanostructured materials are
highly dependent on their dimensions;"* thus, precise con-
trol over these dimensions has been greatly sought after.
When it comes to syntheses of nanocrystals, solution-based
syntheses have notable advantages due to robust yield and
uniform properties of the final product. There are several
known mechanisms of growing nanocrystals by solution-
based methods, including preferential growth of nanocrystal
facets,>* surfactant-assisted surface energy control,” oriented
assembly of multiple nanocrystals,® sacrificial templating
methods,” and chemical transformation of an existing nano-
crystal into a completely different compound.® Although
remarkable advances have been made as reviewed in other
reports,”'®'" precise control over the geometric dimensions
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of these materials such as thickness or diameter is yet to be
further investigated.

Besides the geometric change of the nanocrystals due to
dopants from a fundamental point of view, the shape-
controlled Te nanorods can be used to produce an advanced
thermoelectric composite. When shape-controlled nano-
crystals are used to synthesize a bulk thermoelectric compos-
ite, the size and shape of the nanocrystals have a critical
impact on the packing factor, porosity, and grain boundary
density of the final product. In this aspect, we further
conducted chemical transformation of the shape-controlled
Te nanorods into functional metal tellurides (M,Te,) such as
PbTe and Bi,Te;.

Metal tellurides (M,Te,) are considered promising mate-
rials for developing advanced thermoelectric devices.'* Spe-
cifically, Bi,Te;, PbTe and their heterostructures have been
widely investigated.">'* Generally, high electric conductivity,
high Seebeck coefficient, and low thermal conductivity are
required to improve thermoelectric efficiency. While the elec-
tric conductivity and Seebeck coefficient are determined by
the electronic structure, the thermal conductivity can be
reduced by introducing microstructures such as grain bound-
aries, line defects or point defects. According to Dresselhaus
and Hicks, a remarkable reduction of thermal conductivity
can be achieved when nanostructures induce robust phonon
scattering phenomenon.'”™” A straightforward approach to
enhance phonon scattering is to increase the proportion of
grain boundaries, mainly by using the powder-press method

This journal is © The Royal Society of Chemistry 2015
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followed by thermal treatment. This method has been highly
effective in reducing thermal conductivity compared to the
bulk ingot of the same material.'® Interestingly, the effect of
grain boundary becomes more pronounced when the shape-
controlled nanopowder is used instead." Here, we propose
an attractive method of synthesizing shape-controlled nano-
crystals of PbTe and Bi,Te;, where the morphology was sys-
tematically determined by manipulating the shape of Te
nanorods prior to the subsequent chemical transformation.

In this study, we show a series of interesting approaches
to develop novel shape-and-morphology controlled nanocrys-
talline materials for thermoelectric application. First, we
employed density-functional theory (DFT) calculations to pre-
dict how an isovalent element can modify the Gibbs surface
free energy of facets in Te nanorods. Second, we synthesized
shape-controlled Te nanorods, reporting other important
observation in regard to the growth kinetics as well. Lastly,
we successfully transformed the shape-controlled Te nano-
rods into PbTe and Bi,Te; nanorods without losing the initial
morphology. These transformed nanorods are found to have
multiple nanograins inside, which clearly shows the great
potential of these shape-controlled nanorods for achieving
amplified multiscale phonon scattering in composite thermo-
electric materials.

2. Experimental details
Materials

Te nanorods with or without Se doping were prepared by
modifying the polyol process reported previously.>>>' The
chemicals used in this study were telluric acid (Te(OH)s,
99%, Aldrich), selenous acid (H,SeO3, 99%, Aldrich), bismuth
nitrate pentahydrate (Bi(NO3);-5H,0, 99%, Aldrich), lead ace-
tate trihydrate (Pb(C,H30,),, 99.99%, Aldrich), sodium hydro-
xide(NaOH, 93-99%, Duksan), polyvinylpyrrolidone (PVP, My,
= 55000, 99%, Aldrich), aqueous hydroxylamine solution (50
wt% in DI water, Aldrich), acetone (>99.8%, Aldrich), and
ethylene glycol (EG = 99%, J. T. Baker). DI water used in this
study was obtained by using an 18 MQ (SHRO-plus DI)
system.

Monitoring the growth kinetics of Te nanorods by injecting
Se during Te growth

Telluric acid (1.5 mmol), sodium hydroxide (4 mmol), and
PVP (0.3 g) were dissolved in 75 ml of EG. Ethylene glycol
(EG) is a polar solvent widely used in the polyol synthesis
method. PVP is a widely used surfactant for nanomaterial
synthesis. PVP effectively decreases the surface energy of the
Te(1010) facet, enabling high aspect ratio 1-D growth of Te
nanorods. Hydroxylamine aqueous solution (2.4 ml) was
added to 75 ml of ethylene glycol at room temperature. The
molar concentration of hydroxylamine in the reaction batch
was 0.470 M. The temperature of the solution was raised to
100 °C within 3 min. The color of the solution changed to
dark brown at 80 °C, indicating that nucleation of the Te
nanorods began.”> A solution of selenous acid (30 umol)
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dissolved in 5 ml of EG was injected at 10, 20, and 40 min
after the temperature reached 80 °C. The fraction of Se pre-
cursor versus Te precursor (a), (& = fse precursor/(Mse precursor *
Nte precursor) X 100%), was 2.0% for this case. After 160 min
from the time when the color of the solution changed to dark
brown, additional telluric acid solution (1.5 mmol dissolved
in 20 ml of EG) was introduced into the solution. Small
amounts of samples (0.5-1 ml) were taken from the reacting
solution at different reaction times (10, 20, 40, 80, 160, 170,
180, 200, 240, 280, and 320 min). The sample solutions were
quenched to RT in iced water. The resulting Te nanorods in
the samples were centrifuged and washed 3 times with a mix-
ture solution of acetone and water (5:1, v/v). The dimensions
(length and diameter) of the nanorods were obtained from
SEM images by measuring more than 20 nanorods in each
sample.

Verifying the unreacted precursor after 150 min of Te growth

After 150 min of Te growth with/without Se injection, the
solution was centrifuged at high speed (12 000 rpm), and the
supernatant solution was collected in a new flask. An excess
amount of reductant (5 ml of aqueous hydroxylamine solu-
tion) was added to the supernatant solution in the new flask
producing possible Te nanoparticles. The temperature was
raised to 120 °C, and the reaction was maintained for 60 min
to complete the reaction. The Te nanoparticles were collected
by centrifugation to check the amount of unreacted Te in the
first Te growth.

Synthesis of Se,Te, nanorods

Telluric acid (1.5 mmol), sodium hydroxide (4 mmol), and
PVP (0.3 g) were dissolved in 100 mL of EG in a 250 mL
three-neck round-bottom flask with a condenser. Diverse
amounts of selenous acid was added to the solution. The
molar fraction (a) of Se precursor versus Te precursor was 0,
0.3, 0.7, 1.0, and 2.0%. Nitrogen purging was applied in the
solution for 30 min. Then, 2.4 ml of hydroxylamine solution
(50 wt% in DI water, 0.470 M) was added to the flask. The
temperature of the flask was raised to 160 °C under nitrogen
purge and was held for 2 h. After reaction, the solution was
cooled down to room temperature and centrifuged at 11 000
rpm for 10 min and washed three times by repeated cycles of
dispersion and centrifugation in a mixture of acetone and DI
water (5:1, v/v).

Dimension control of Te nanorods

To demonstrate the dimension control of Te nanorods, rela-
tively thick (50 nm) and thin (20 nm) Te nanorods and also
relatively short (300 nm) and long (500 nm) Te nanorods
were synthesized. To obtain thin and short Te nanorods, the
Se precursor (75 pmol in 5 ml of EG) was injected at 100 °C
after allowing 5 min of Te growth. For thin and long Te nano-
rods, Te nanorods were grown without any Se injection.
Thick and short nanorods were obtained by adding the Se
precursor (30 umol in 5 ml of EG) at the beginning of Te
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growth. For thick and long Te nanorods, additional telluric
acid (1.47 mmol) was added to the solution of thick and
short nanorods after 160 min of reaction. All the reactions
were maintained for 1 h to finish the reaction completely.
Note that a uniform growth time of 1 hour is given for grow-
ing Te nanorods, except for the growth kinetics study as
explained earlier in this section.

Chemical transformation of the Te nanorods into Bi,Te;
nanorods

The chemical transformation was carried out at 160 °C. A
stoichiometric amount of Bi precursor (bismuth nitrate
pentahydrate (Bi(NO;);-5H,0)) was dissolved in 20 ml of EG.
The precursor solution was injected into the reaction batch
in which dimension-controlled Te nanorods were synthe-
sized. Thin (20 nm) and short (<300 nm), thin (20 nm) and
long (>500 nm), thick (50 nm) and short (<300 nm), and
thick (50 nm) and long (>500 nm) Te nanorods were used
for chemical transformation. The transformation reaction
was quickly completed within 5 min, but the reaction was
allowed for over 12 h for complete conversion. The products
were centrifuged and washed three times with acetone and
water.

Chemical transformation of the Te nanorods into PbTe
nanorods

The experimental procedure for chemical transformation into
PbTe nanorods was identical to the case of Bi,Te; nanorods.
A stoichiometric amount of lead acetate trihydrate (Pb-
(C,H30,),) was used as a metal precursor, and its solution
was injected into the reaction batch in which dimension-
controlled Te nanorods were synthesized. Thin and long and
thick and short Te nanorods were used for chemical
transformation.

Characterization

Scanning electron microscopy (SEM) was run using a JEOL
JSM-7001F field-emission scanning electron microscope oper-
ated at 15 kV. Transmission electron microscopy (TEM) anal-
ysis was conducted using JEOL models (JEM-2010 and JEM-
2100F) operated at 200 kV. X-ray diffraction was carried out
using a RIGAKU Ultima IV.

Theoretical methodology

Theoretical calculations of the surface energy as a function of
the dopant concentration were performed with first-
principles density-functional theory (DFT) coupled with a
thermodynamic shape model. The DFT calculations were car-
ried out using the Vienna ab initio Simulations Package
(VASP 5.3) code.”*** The ion-electron interactions were
obtained via the projector augmented wave (PAW)
method,*>*® and the approximation to the exchange correla-
tion was made using the Perdew, Burke, and Ernzerhof (PBE)
functional.”® The electronic wave functions were expanded in
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a plane-wave basis set with a kinetic energy cutoff of 500 eV.
The k-space integration was performed using a Monkhorst-
Pack type (5 x 5 x 3) grid in the Brillouin zone for bulk Te
and Se, (3 x 3 x 1) for the p(2 x 2) Te(0001) surfaces and (5 x
4 x 1) for p(2 x 2) Te(1010) to ensure well-converged results
within 10 meV/atom. A Methfessel-Paxton smearing of 0.1 eV
was used to improve the convergence of the calculations, and
the total energy was extrapolated back to zero temperature.
In this work, we have also adopted the Grimme’s scheme
(DFT-D2)*” to account for weak van der Waals forces in the
Se/Te systems.

The most stable surface minimizes the surface Gibbs free
energy as defined by y(x) = [G™""-S Nu(p,T)]/A, where G*"™, 4,
N, p, and T are the Gibbs surface free energy with surface
area A, the atomic chemical potential, the number of atoms,
the pressure, and the temperature of the system, respectively.
More details of this approach can be found in ref. 28 and 29.
We used the surface energies as inputs to find the equilib-
rium crystal shape (ECS) in the Gibbs-Wulff theorem.>® We
extended the usual ideal gas-phase relation (which links the
chemical potential to gas pressures and temperatures) to that
of the ideal solution. It allows us to trace the ECS of the Te
nanocrystals as a function of the Se concentration (see the
ESIi for more details).

3. Results and discussion
3.1. Surface energy modulation by Se doping

In the crystalline structure of Te, the covalently bonded intra-
chains of Te are bound together via van der Waals attraction
in a hexagonal lattice. While the extension of the axial direc-
tion of the nanorods is promoted by the formation of chemi-
cal bonds, the growth along the radial direction is promoted
by the weak interaction between strands; hence, it forms 1D
structures inherently by selective atomic adsorption.*® Both
Se and Te share the three-fold screw arrangement. As we con-
sider the interaction between the injected Se precursor and
the Te nanorod facets, two different adsorption modes can
be considered (Fig. 1A). Adsorption of Se on Te(0001) can be
viewed as an extension to the existing covalent bond, while
Se on Te(1010) corresponds to bond formation by van der
Waals forces. As expected, the results showed relatively
strong adsorption of Se on Te(0001) at low surface coverage
(Ose), where 6s. is the number of adsorbed Se atoms divided
by the number of atomic binding sites at the outermost sur-
face monolayer (ML) of a facet (Fig. 1B). The adsorption was
found to be endothermic as it reached full surface coverage
(fse = 1.0) due to the strain sourced from the difference in
the lattice parameter between Se and Te. In the prism plane
modeled as Te(1010) , the long-bridge site (LB) provided the
preferred adsorption for Se over the short-bridge site (SB),
and the adsorption energy did not vary much even though it
reached full coverage.

Fig. 1C shows G™" with respect to varying atomic fraction
of Se (Xs.) at the surface versus the total atoms, Xse =
Ns*"™/(Nge + Nge) X 100%, where Ng.*"f is the number of Se

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) Atomic illustration of the Te(0001) facet and Te(1010) facet. The adsorption sites are denoted as H: hollow, LB: long bridge, and SB:
short bridge sites. (B) Binding energy of Se atoms with respect to varying coverage. (C) Gibbs surface free energy of the two facets as a function of

the chemical potential of Se atoms.

atoms at the surface, and Ng. is the total number of Se
atoms in the nanorod. In this calculation, Se atoms stay only
on the Te surface, hence Ng. + Nye = Nre. This assumption
works well for most surface doping cases because Ng. is neg-
ligible compared to Ny.. G of the Te(0001) facet remains
the same and larger than that of the Te(1010) facet at small
Xse values (regime I). It starts to decrease and becomes the
same or comparable with G of the Te(1010) facet (regime
IT). It becomes smaller than G™" of the Te(1010) facet at
higher X, (regime III). The corresponding Xs. values depend
on the reaction temperature. For example, at 450 K, the
decrease in G*"f of the Te(0001) facet takes place at Xg. =
0.02%, and the crossover of G happens at Xg. = 0.21%.
The calculation indicates that a small amount of Se doping
may lead to a significant change in the anisotropic bonding
character of the Te nanorod and, by extension, to the shape
of the Te product. In regime I, Te nanorods preferentially
grow along the Te(0001) direction to form thin long Te
nanorods. In regime II, the reduced G™f slows down the
axial growth rate of Te nanorods; hence, a small amount of
Se doping produces shorter nanorods with a similar thick-
ness to that of pure Te nanorods. In regime III, G*"™ of the
Te(1010) facet is lower than that of the Te(0001) facet; there-
fore, the elemental deposition takes place mainly on the
radial direction, producing thick short nanorods. Based on
the results, we predicted that a minute amount of Se dopant
can manipulate the growth kinetics of Te nanorods.

This journal is © The Royal Society of Chemistry 2015

While the surface and adsorption models had not
included the surfactant or solvent specifically, the presence
of surfactants such as PVP used in the study may play a role
in shape control. To provide an estimate of this possible
influence, an implicit solvation model, which simulates the
dielectric interaction between the surfactant and the nano-
crystal facets, has been employed. From our -calculated
results (see the ESII) within this implicit solvation approxi-
mation, we find that the solvation effects due to PVP or DI
water do not change the conclusions drawn. However, it is
important to mention that the effect of surfactants may be
dominant over the effect of the isovalent dopant examined in
this study; therefore, we stress that the interpretation of such
effects should be handled with care.

3.2. Growth kinetic control of Te nanorods

In order to examine the effect of Se dopant as well as our pre-
dicted morphology change, we conducted experiments to
achieve shape control of Te nanorods by pulsed supply of Se
during the growth of Te nanorods. To give a realistic estima-
tion to Xg., the molar percent of the injected Se precursor (o
= MNgse precursor/(nSe precursor + Nre precursor) x 1000/0) was USEd)
where 7se precursor a0 Mre precursor are the moles of Se precur-
sor and Te precursor added in the solution. It is notable that
a is the molar ratio of the precursors, while Xg. is the molar
fraction of reduced Se atoms versus reduced Te atoms. « is a

CrysttngComm, 2015, 17, 5734-5743 | 5737
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fixed value, but Xg. changes during the synthesis. If the reac-
tion takes place in a batch including both precursors, Xs. can
be similar to « during the synthesis, provided the reduction
rates of the precursors are similar. We assumed that Xg. is
the same in the mixed state of on-surface and sub-surface
adsorption (which is called a “surface alloy”). At room tem-
perature, hydroxylamine solution (2.4 ml, 0.470 M) was intro-
duced in an EG solution (75 ml) containing telluric acid (1.5
mmol), sodium hydroxide (4 mmol), and PVP (0.3 g). The
temperature of the solution was raised to 100 °C within 3
min. Nucleation of the Te nanorods apparently began at 80
°C as indicated by the change in color of the solution to deep
brown, which is previously reported.*” The temperature was
considered as the starting point of the reaction in this study.
The time taken to increase the solution temperature from 80
°C to 100 °C was about 60 s, so this definition does not cause
a meaningful difference in analyzing the results. A solution
of selenous acid (30 umol dissolved in 5 ml of EG, « = 2.0%)
was injected at 10, 20, and 40 min after the starting point of
the reaction of Te. When the Se precursor is injected in a
reaction batch in which Te nanorods grow, the Se precursor
started to be reduced and the concentration of the reduced
Se atoms increases. If the reduction of the Se precursor is not
very fast, Xs. increases from 0 to a number larger than «
because Te atoms have been consumed already for nucle-
ation and growth. If the reduction of the Se precursor is fast,
Xse quickly reaches a value larger than o. Because the reduc-
tion rate of the Se precursor in this study was mild, Se pre-
cursor injection in the middle of pure Te growth started from
regime II and then entered regime III as the reaction
proceeded. After 160 min, a telluric acid solution (1.5 mmol
dissolved in 20 ml of EG) was additionally introduced into
the solution. It was aimed to investigate whether the axial
growth can be activated again if the Se fraction (Xse) in the
solution moves from regime II to regime I again. To check
the length of Te nanorods, a small amount of the sample
(0.5-1 ml) was taken from the reacting solution, and the

3000
Growth slowed Growth
2300 recovered
tucd — 4 —
= 2000 1 Se Te
= injection injection
Z 1500 :
@
‘G 1000 A
=
=)
5 500+ | —®—pure Te
i | 1 —@&— Se injection (40 min)
| | —i— Se injection (20 min)
¥ Do ; —¥— Se injection (10 min)

6 SIO 160 150 260 250 300 350
Time (min)
Fig. 2 Kinetic study of the length of Te nanorods affected by pulsed
injection of Se precursor in the middle of Te growth. Four solution
batches were prepared, and the time of Se injection was varied
(indicated by arrows): no Se injection (black) and Se injection at 10 min
(green), 20 min (blue), and 40 min (red). Additional Te precursor was
injected in the batches after 160 min reaction time.
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sample solutions were quenched to RT in iced water. Sam-
pling was performed at diverse reaction times (10, 20, 40, 80,
120, 160, 170, 180, 200, 240, 280, and 320 min).

Fig. 2 summarizes the length change of Te nanorods dur-
ing the kinetic study. Some representative SEM images of the
nanorods taken after 10, 160, and 320 min are shown in the
ESI{ (Fig. S1). The growth of pure Te nanorods could be
described by a first-order reaction, dl/dt = A(C, r. — Bl), where
1 is the length of the Te nanorods (nm), A is the growth coef-
ficient (nm L min™" mol ™), and B is the apparent coefficient
of precursor consumption (mol nm™ L™'). We assumed a
growth rate proportional to the precursor concentration, a
constant diameter of the Te nanorods, and no additional
nucleation upon injection of Se or additional Te precursors.
The length (/) at a certain time and the length of the final
product (L,) are expressed as [ = (Co/B)[1 — e**] and L, = C,/
B. The data in Fig. 2 were fitted with a first-order equation to
obtain values of A and B that are shown in Table 1. Larger
values of B indicate a larger amount of atomic consumption
per unit length (Al), that is, thicker Te nanorods or more
atomic adsorption onto the radial facets. B is found to
increase only after Se injection. Earlier injection (after 10
min) gave a smaller B value because Xs. is relatively low due
to the large amount of unreacted Te atoms in the solution.
The doped Se atom injection reduced the growth rate in the
axial direction, which corresponds to regime II. After the sec-
ond Te precursor injection, a sharp increase in Te elemental
concentration (sharp decrease in Xg.) caused an increase in
the surface energy of the growth tip again and the length
grew further (regime I). The relative growth of the length can
also be quantified with an increase in the A value.

We used TEM images to track the thickness change. Aver-
age thickness values were obtained from more than 10 nano-
rods for each thickness. The thickness changes and their nor-
malized profiles are shown in Fig. 3. The corresponding TEM
images are found in Fig. S2.f The normalized thickness pro-
files of the Te nanorods without and with Se doping did not
show a meaningful difference, while the lengths of the nano-
rods show a large difference (Fig. 2). The results indicate that
the doped Se on the growth tip (0001) of Te nanorods selec-
tively reduces the surface energy of the growth tip but not the
surface energy of the radial surfaces. Therefore, Se doping
reduced the growth rate in the axial direction but did not
change the growth rate in the radial direction. The reduced
growth rate in the axial direction indicates that there should
be a large amount of Te elements in the solution phase even
after a long reaction time. Fig. S3 in the ESI{ shows the Te
nanorods that were obtained from the supernatant of a Se-
doped solution. Se was doped after 10 min reaction of the Te
nanorods, and the reaction was allowed to proceed for 150
min. The solution was centrifuged, and the supernatant solu-
tion was transferred into another reaction batch. An excess
amount of reductant (5 ml of hydroxylamine solution, 50
v/v%) was added to the new reaction batch. The temperature
was raised to 120 °C, and the reaction was maintained for 60
min. It is notable that the reaction batch without Se doping

This journal is © The Royal Society of Chemistry 2015
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Table 1 Growth coefficient (A) and the coefficient of precursor consumption (B) of Te nanorods

Pure Te Se injection (10 min) Se injection (20 min) Se injection (40 min)
A B (x107%) A B (x107%) A B (x107%) A B (x107%)
Before Se injection 14 000 1.2 — — — — — —
After Se injection — — 3000 4 3000 5 2000 7
After Te injection 7000 1.1 4500 2.3 4700 1.7 6000 1.6

contained a negligible amount of unreacted Te (<1% of
injected precursor) after 150 min, so the supernatant solution
produced a negligible amount of Te under the same reduc-
tion conditions (Fig. S81).

More dramatic control of dimensions could be obtained
by adjusting the value of ¢; Fig. 4 shows the results. In order
to remove the kinetic effect on the dimensions of the prod-
uct, the Se precursor was mixed with the Te precursor from
the beginning of Te growth. Because the Se precursor is
reduced faster than the Te precursor, Xs. at the early stage is
higher than the relative precursor concentration (). The
value of o was varied in the range of less than 2.0% (a = 0,
0.3, 0.7, 1.0, 2.0%). For the experiments, telluric acid (1.5
mmol), sodium hydroxide (4 mmol), and PVP (0.3 g) were
dissolved in 100 mL of EG. Selenous acid with diverse « (« =

26 - A
Te
injection
— 24 [
E
=
S 9]
= 22
£
9
0O 59 1
1
} —&—pure Te
i | —®— Se injection (40 min)
0 50 100 150 200 250 300 350
Time (min)
12041 B

1.16 4 Te

1 injection
1.12
1.08 4

1.04 4

Normalized diameter (r/r )

, —8—pure Te

1.00+ | —8— Se injection (40 min)

0 50 100 150 200 250 300 350
Time (min)

Fig. 3 Kinetic study of the diameter of Te nanorods affected by
pulsed injection of Se precursor in the middle of Te growth. (A)
Diameter profile and (B) normalized diameter profile. Two solution
batches were prepared, and the time of Se injection was varied: no Se
injection (black) and Se injection at 40 min (red). Additional Te
precursor was injected in the batches after 160 min reaction time.
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0, 0.3, 0.7, 1.0, 2.0%) was added to the solution. Then, the
precursors were reduced by 2.4 ml of hydroxylamine solution.
The color of the solution did not change at room tempera-
ture, which indicates that nucleation of the nanorods did not
take place. The temperature of the flask was raised to 160 °C
under nitrogen purging and was held for 2 h.

The shape and microstructural details of the resulting Te
nanorods were characterized by transmission electron
microscopy (TEM) (Fig. 4). Fig. 3A-C show the Te nanorods
at a =0, 0.3, and 2.0%, respectively. Te nanorods showed the
typical trigonal structure based on high-resolution TEM
(HRTEM). Fig. 4D was taken from a sample with o = 2.0%.
The lattice indices and structure were identical to that of the
HRTEM images and XRD (ESL1 Fig. S4) at any a value (a <
2.0%). Fig. 4E summarizes the dimensions of the resulting
Te nanorods. The thickness of Te nanorods sharply increased
from 26 nm to 71 nm, while the length drops from 800 nm
to 337 nm. The changes in nanorod dimensions were not sig-
nificant when « was larger than 0.3%. Based on these dimen-
sions of the nanorods, the volume was then calculated;
hence, the number of nuclei was deduced and obtained as a
function of « (Fig. 4F). At o = 0.3%, the number of nuclei
was found to be reduced to half that of pure Te. The small
number of nuclei resulting in thicker nanorods indicates that
a higher concentration of Se precursor might suppress the
formation of nuclei of Te nanorods, while the effect of shape
control is strongly amplified. The observed dimensional
changes imply that the reaction mechanism corresponds to
regime III at o > 0.3%.

3.3. Chemical transformation into M, Te, 1D nanomaterials

Dimension control is critical in defining the properties of
nanostructured materials. The results in Fig. 4 indicate that
the dimensions of the Te 1D nanostructured materials may
be precisely controlled. As an example of producing func-
tional nanorods and nanorods with controlled dimensions,
we chemically transformed the dimension-controlled Te
nanorods into thermoelectric materials such as Bi,Te;, PbTe
nanorods and nanorods. Chemical transformation of Te tem-
plate nanowires into Pt nanotubes and Pd nanowires was
reported.’’ Bi,Te; has a relatively high electrical conductivity
and low thermal conductivity; therefore, it has been widely
used for small-scale cooling components and low-
temperature power generators.*>** PbTe also presents a pos-
sibility for competitive thermoelectric devices in the high
temperature region.>* To increase the thermoelectric figure
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Fig. 4 TEM image of Se-doped Te nanorods with respect to molar
percent of Se precursor (a) (¢ = ([Se precursorl/([Se precursor] + [Te
precursor]) x 100%): (A) 0%, (B) 0.3%, and (C) 2.0%. (D) High-resolution
transmission microscopy (HRTEM) image of a Te nanorod with « =
2.0%. (E) Change in the length and diameter of the Te nanorods with
respect to «. (F) Number of nuclei of Te nanorods with respect to a.

of merit, structures designed to have as many nanograins as
possible have been intensively investigated.>® Recently, it has
been attracting interest as topological insulators whose
unusual conductive metallic surfaces are expected to afford
new spintronic devices at room temperature.*®
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Fig. 5 (A-D) TEM images of Bi,Tez nanorods chemically transformed
from the dimension-controlled Te nanorods as follows: (A) Se precur-
sor injection after 5 min of Te growth, (B) without Se injection, (C) Se
precursor mixed at the beginning, and (D) additional Te injection into
the solution (C). (E, F) X-ray diffraction and HRTEM of the Bi,Tes nano-
rods in (A).

Fig. 5 demonstrates different dimensions of Bi,Te; nano-
rods transformed from the Te nanorods produced by the
approach introduced in this study. To obtain thin and short
Te nanorods (Fig. 5A), pulsed Se inoculation was applied in
the growing Te nanorods at 100 °C by injecting selenous acid
(75 pumol) dissolved in 5 ml of EG after allowing 5 min of Te
growth. For thin and long Te nanorods (Fig. 5B), Te nanorods
were grown without any Se injection. The thick and short
nanorods (Fig. 5C) were obtained by adding the Se precursor
(30 umol) at the beginning of Te growth. Thick and long Te
nanorods (Fig. 5D) were obtained by adding additional tellu-
ric acid (1.47 mmol) after 160 min of reaction. All the reac-
tions were maintained for 4 h to finish the reaction
completely. The chemical transformation was carried out at
160 °C. A stoichiometric amount of Bi precursor dissolved in
20 ml of EG was injected into the reaction batch after the
synthesis of the Te nanorods was finished. The chemical
transformation reaction was allowed for 1 h, although the
transformation was quickly completed within 5 min. With
chemical transformation temperature of 160 °C, Bi,Te;
reorganized into its stable trigonal structure, making its sur-
face rough. The products were centrifuged and washed three
times with acetone and water. The XRD and HRTEM images
in Fig. 5E and F were obtained from the Bi,Te; shown in Fig.
5B. The XRD corresponds to the rhombohedral crystal

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (A, B) TEM images of PbTe nanorods chemically transformed
from the dimension-controlled Te nanorods as follows: (A) without Se
injection and (B) Se precursor mixed at the beginning, (C, D) X-ray dif-
fraction and HRTEM of the PbTe nanorods in (A).

structure with a typical layered structure. The same XRD
results were routinely obtained regardless of the dimensions
of the Te nanorods, indicating the chemical transformation
proceeded to completion (ESILI Fig. S5). The HRTEM image
exhibits the microstructure with nanosized polycrystal grains,
which were seen under other conditions. Such nanograins
are expected to reduce the thermal conductivity by phonon
scattering."®

Fig. 6 also demonstrates different dimension-controlled
PbTe nanorods. Synthesis of PbTe nanowires chemically
transformed from Te nanowires has been reported.’” Thin
and long PbTe nanorods (Fig. 6A) and thick and short PbTe
nanorods (Fig. 6B) can be prepared by the approach intro-
duced in this study. To achieve complete conversion into
PbTe, Fig. 6A was transformed at 100 °C, and Fig. 6B was
transformed at 160 °C. At higher transformation temperature,
PbTe nanorods reorganize into its stable rock-salt structure,
making its surface rough. Reorganization of the PbTe nano-
rods at high temperature was observed (ESLI Fig. S6). The
XRD and HRTEM images in Fig. 6C and D were obtained
from the PbTe shown in Fig. 6B. The same XRD results were
routinely obtained regardless of the dimensions of the Te
nanorods, indicating the chemical transformation proceeded
to completion (ESI,1 Fig. S7).

4. Conclusions

In this study, we have successfully demonstrated a systematic
approach to synthesize chemically transformed, shape-
controlled thermoelectric nanomaterials. We find that a
small fraction of dopants may affect the surface energies of
the crystal surfaces; hence, the growth rate of the fast grow-
ing crystal facet can be controlled. As a proof of concept, we

This journal is © The Royal Society of Chemistry 2015
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investigated the effect of Se doping on growing Te nanorods.
From our DFT calculations, the surface energy of the
Te(0001) facet was lowered at a small atomic fraction (Xs.) of
Se doping. According to the calculated surface energy change
of the Te(0001) facet, three regimes were classified: fast
growth in the axial direction (Xse < 0.02% at 450 K, regime I)
slow growth in the axial direction and no change in thickness
(0.02% < Xse < 0.21% at 450 K, regime II), and preferential
growth in the radial direction (Xs. > 0.21% at 450 K, regime
III). This prediction was in excellent agreement with our
experimental results. Pulsed injection of Se precursor in the
middle of Te growth slowed down the axial growth of the Te
nanorods but without a significant change in the thickness
(regime II). Additional supply of Te precursor was found to
re-initiate length-wise growth (regime I). Meanwhile, addition
of a small fraction of Se precursor from the beginning of the
reaction inhibited the length-wise growth, while promoting
an increase in nanorod thickness (regime III). This capability
for fine dimensional control was utilized to produce Bi,Te;
nanorods and nanorods with a polycrystal structure
constructed of nanosized grains. This synthetic approach for
controlling the dimensions of nanomaterials can be extended
to other nanomaterial systems.
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A. Modelling the basal plane and the prism planes of the Te nanorod

To model the prism and basal planes of the Te nanorods, we used symmetric periodic supercell slab
models consisting of 3,6,9 and 12 atomic layers to find a representative model for the clean surface
without Se adsorption. Finally we chose 9 atomic layers model with its five inner layers fixed. We
calculated the optimized total energies of the Se/Te surface systems for various surface coverage of Se,
using p(2 x 2) surface supercells, where the coverage of Se ranges from 0.25 to 1.00 monolayers (ML).
In particular, the basal plane is represented by the (0001) surface of Te, while the prism plane is

modeled using the (1010) surface. These simplification is based on the crystal symmetry of Te nanorod,
which has P 31 2 1 trigonal symmetry with hexagonal lattice. Covalently bonded tellurium atoms
comprise a strand, and each strand forms van der Waals bonding with other strands. Its prism planes can
be divided into two degenerate configurations due to its trigonal symmetry, and the two group share the

same relative configuration due to the two fold symmetry. Therefore (1010) facet alone can represent
other five prism planes altogether. We also tested surface energy of (1210) plane groups as well, and

found that (1010) gives lower surface free energy which means the better stability. This can be
explained by the fact that the number of cut-off covalent bond is minimized for the planes belong to

{1010} family.

In order to estimate the effect of the surfactant and solvent environment, we used an implicit solvation
model to calculate the solvation free energy due to the dielectric interaction between the surface and the
surfactant, as implemented in VASPsol program.[S01] We approximated the relative dielectric constant
of 4.0 to represent PVP, and 80.0 to represent deionized water in direct contact with the different facets.
From the calculations, it is found that the solvation effect due to dielectric interaction is nominal in the
Gibbs surface free energy results used in the main text. (see Figure SO below) Still, it should be noted
that the explicit role of PVP upon modifying the morphology of nanocrystal is not fully addressed in this
implicit solvent model, such as selective binding effect.[S02]

1.0
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[ vacuum-Te(1010)
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Figure S0. Solvation effect-induced Gibbs surface free energy diagram, due to chemical species in the
reaction environment (PVP and DI-water), as described by the implicit solvation model. The relative
dielectric constant of 4.0 is used for PVP, and 80.0 for DI-water.



B. Derivation to the calculation of the Gibbs surface free energy, Wulff shape, and the
corresponding mole fraction of Selenium.

Adsorption energy per selenium atom:

1
E%(hktl,6, n*®) =—( ESeITe(hktl,0) - ETe(hktl) - n*°E,5¢,
n

Where hkt! denotes the Miller-Bravais 4-axis notation, and ¢ = -(h+k).

The surface of a tellurium facet can be calculated from the slab model as,
1
o(hktl, 8,5n°) = ESeITe(hktl6,5) - ET°(hktl) - n*°E, ¢, )

where o(hktl) is the surface energy, E*'"“(hktL6) is the calculated total energy from DFT calculation for

the Te(hktl) slab models with selenium atoms on the adsorption sites, € is coverage in a unit of
monolayer(ML), s is the variable for the adsorption site, E' ‘(hktl) is the total energy of the clean Te(hkt])

Se
slab, n* is the number of selenium atoms, Ebulk is the reference energy for the adsorped selenium atom,
which is taken to be the bulk phase of Se in this study.

Change in the Gibbs surface free energy with respect to varying chemical potential of the components
can be expressed as following,

1
AG™T (hktl, 6,5,n%¢,Au%¢) = ﬂ( ESeITe(hktl, 6, s) — ET¢(hktl) - n®eAp*® - n"Ap")
Note that “Change” refers to the change in Gibbs surface free energy due to adsorption of Selenium on
the clean surface.
Therefore the full expression for the total Gibbs surface free is,
Gsurf = o+ AGsurf

Here we consider the change of chemical potential only for the adsorbate. Thus we approximated
A ‘uTe ~ 0‘

Define the change in chemical potential of the Selenium with respect to its reference, (in this case, bulk
Selenium) then it can be expressed as:

M = 0= B = 1= By



Reference values can be varied depending on the chemical conditions, and therefore one should not
misinterpret the meaning of the zero value in the axis of chemical potential (x-axis). Since we set an
approximation of invariable chemical potential of Te, therefore extremely high level of chemical
potential of selenium will not represent the pure selenium state.

Now the change in Gibbs surface free energy can be expressed as:
1
AG™T (hktl, 6,5,n%¢,Au%¢) = ﬂ( E*Ie(hktl, 0, s) - E"*(hktl) - n**(Mp*® + Epgy) )

Mind that,

1
E%(hktl,0, s, n%¢) = —

nSE( ESeITe(hiktl,0, s) - ET¢(hktl) - n*°E,5¢,)

We take the same reference of Selenium chemical potential reservoir in this study (i.e. bulk Selenium),
Therefore,

Se

n
AGSUTf(hktl’ QJS’nSE,Aluse) = ﬂ( Ead(hktl,e, S, nse) - A,Llse )

and,

G (hktl, 0,5n°¢,0p%¢) = a(hktl) + AG™T (hktl, 8,5,n°¢,Au’®)

Se
= o(hktl) + ;—A( E“(hktL0, s, m50) - AuS®)

By this, the Gibbs surface free energy has been derived as a linear function with respect to change in the

. . . S
chemical potential of selenium, A4 ‘.

From the equation, we can define multiple number of linearly decreasing ¢ functions, but we are
only interested in the one with the lowest possible energy values. Therefore the observed Gibbs surface
free energy can be derived as,

G (hketl, 6,5n%,01%¢) = o(hktl) + M(AR5®)

where,

Se

2A u-<o

From these results, we can define the relationship between the thermodynamic descriptions of the
surface energy of individual tellurium facet with respect to varying chemical potential of selenium in the
chemical environment.



From the former discussion, we discuss two important calculation results, which correspond well with
our experimental observations.

Firstly, the equilibrium crystalline shape (ECS) can be estimated by the Wulff construction. [S03]

AG, = ZajAj

j

Where 9j is the surface energy of j facet, and 4 is the area of the facet. From this definition, one can

define a hypothetical construction in which exterior facets having normal vectors pointing to an origin,

with the length of the ;™ normal vector hj as,

hj = /10]-

And then the shape represents an equilibrium crystalline shape to which thermodynamic driving force
exist.

Secondly, we provide a useful interpretation of the chemical potential change in terms of the mole
fraction of the selenium used in the experiment.

We describe the chemical potential of i" element in terms of chemical activity,

ui = ué + RTIna'

where we used the ideal gas constant R = 83144621 K~ '-mol™ | T is the temperature, and the @' is the
chemical activity. The change in the chemical potential of selenium is,

A#Se — ﬂse_ﬂrseef

Here, Ar*® is zero when the chemical potential of selenium reaches that of its reference state, which is,
bulk state in this result. Then that can be expressed as,

AuS¢ = RTInXxS¢
where it reaches zero when X°° reaches one. Here we used the ideal gas constant for simplicity.

Finally, the mole fraction of X% can be calculated by,

[SO01] K. Mathew, R. Sundararaman, K. Letchworth-Weaver, T. A. Arias, and R. G. Hennig, J. Chem.
Phys. 140, 084106 (2014).



[S02] P. S. Mdluli, N. M. Sosibo, P. N. Mashazi, T. Nyokong, R. T. Tshikhudo, A. Skepu, and E. Van
Der Lingen, J. Mol. Struct. 1004, 131 (2011).
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C. Experimental Section

Materials. The chemicals used in this study were telluric acid (Te(OH)g, 99 %, Aldrich), selenous acid
(H,SeOs3, 99 9%, Aldrich), bismuth nitrate pentahydrate (Bi(NO;);'5H,O, Aldrich), sodium
hydroxide(NaOH, 93~99 %, Duksan), polyvinylpyrollidone (PVP, My = 55,000, 99 %, Aldrich),
hydroxylamine solution(w.t. 50 % in D. 1. water, Aldrich), acetone (>99.8 %, Aldrich), ethylene glycol
(EG >99 %, J. T. Baker). D. I. water was obtained by an 18-MQ (SHRO-plus DI) system.

Synthesis of Se,Te, alloys. To synthesize Se,Te, alloys, solvothermal method was used. Telluric acid
and selenous acid (1.5 mmol in total with molar ratio Te(OH)¢/H,SeO5 = 100: 0, 99.7: 0.3, 99.3: 0.7, 99:
1 and 98: 2) were used as metal precursors. Sodium hydroxide (0.2 g (4 mmol)) and PVP (0.3 g (2.7
mmol)) were used. Above reagents were dissolved into 100ml of EG and poured into 250 ml round-
bottom flask and stirred for 5 min for perfect mixture formation. Then 2.4 ml of hydroxyl amine
solution were added at room temperature and flask was sealed with septa. Temperature was raised to
160 °C under nitrogen purging atmosphere and kept for 2 hours. After reaction, the solution was cooled
down to room temperature and centrifuged (11,000 rpm, 10 min) 3 times using acetone (500 ml) and D.
I. water (100 ml).

Kinetic observations. For observe kinetics of tellurium nanowire growth, telluric acid (0.345 g (1.5
mmol)), sodium hydroxide (0.2 g (4 mmol)) and PVP (0.3 g (2.7 mmol)) in 75 ml of EG were used for
initial stage reaction. Hydroxylamine solution (2.4 ml) was mixed at room temperature and temperature
was raised to 100 °C under nitrogen environment. Starting point of the reaction was set as the point of
the solution temperature of 80 °C. Additional selenous acid (3.87 mg (30 umol) in 5 ml of EG) was
injected at 10/20/40 min after reaction starting point. Then, telluric acid (0.345 g (1.5 mmol) in 20 ml of
EG) was injected into reaction mixture 160 min after reaction starting point. 0.5~1 ml of solution was
taken out from reacting flask at 10/20/40/80/120/160/170/180/200/240/280/320 min and quenched down
to R.T. and centrifuged 3 times for obtaining length profile through SEM observation. After reaction,
the solution was cooled down to room temperature and centrifuged 3 times.

Formation of Bi,Se,Te, structures. For chemically transformed bismuth telluride structures, two-step
procedure was used. First, Se,Te, alloys with various lengths and thicknesses were synthesized using
morphology-controlling method introduced through this paper. After then bismuth precursor with
stoichiometric ratio was injected for chemical transformation. In every case in Figure 4, basic
experiment condition was identical to the kinetic observations part except reaction temperature of
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100°C. To obtain thin and short case, selenous acid (9.675 mg (75 umol) in 5 ml of EG) was injected at
5 min after reaction starting point. For thin and long case, tellurium nanorods are grown without any
selenium injection. Thick and short case was obtained by using selenous acid (3.87 mg (30 umol) and
telluric acid (0.338 g (1.47 mmol)). Thick and long case was obtained by doing same procedure as thick
and short case and after 120 min of reaction, telluric acid (0.345 g (1.5 mmol) in 20 ml of EG) was
injected. All of the reactions were kept for 4 hours after final precursor injection of selenous acid or
telluric acid. After then, bismuth nitrate pentahydrate (0.485 g (1 mmol) in 20 ml of EG, 0.970 g (2
mmol) for thick and long case) was injected into reacting flask and temperature was raised to 160 °C for
perfect chemical transformation and kept for over 12 hours. After reaction, the solution was cooled
down to room temperature and centrifuged 3 times.

Formation of PbSe,Te, structures. For chemically transformed lead telluride structures, two-step
procedure was used. First, Se,Te, alloys with various lengths and thicknesses were synthesized using
morphology-controlling method introduced through this paper. After then lead precursor with
stoichiometric ratio was injected for chemical transformation. In every case in Figure 5, basic
experiment condition was identical to the kinetic observations part except reaction temperature of
100°C. For thin and long case, tellurium nanorods are grown without any selenium injection. Thick and
short case was obtained by using selenous acid (3.87 mg (30 umol) and telluric acid (0.338 g (1.47
mmol)). After then, lead acetate trihydrate (0.569 g (1.5 mmol) in 20 ml of EG) was injected into
reacting flask and temperature was set to 100 °C (160 °C for thick and short case) for perfect chemical
transformation and kept for over 12 hours. After reaction, the solution was cooled down to room
temperature and centrifuged 3 times.

D. Characterizations

Scanning electron microscopy (SEM) was run on a JEOL JSM-7001F field-emission scanning electron
microscope operated at 15 kV. Transmission electron microscope (TEM) analysis was conducted with
JEOL models (JEM-2010 and JEM-2100F) that were operated at 200 kV. X-ray diffraction was run on a
RIGAKU Ultima I'V.



Figure S1. Length profile of nanowires in Figure 2 with respect to different selenium injection point
and growth time.
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Figure S2. Diameter profile of nanowires in Figure 3 with respect to different selenium injection point
and growth time.



Figure S3. Te nanorods obtained from a supernatant solution of Se-doped Te nanorods. with
supernatant of ‘Se injection (10 min)’ sample. Se was doped after 10 min reaction of the Te nanorods,
and the reaction was allowed to proceed for 150 min. The solution was centrifuged and the supernatant
solution were transferred into another reaction batch. An excess amount of reductant (5 ml of hydroxyl
amine solution, 50 v/v%) was added to the new reaction batch. Temperature was raised to 120 °C and
the reaction was kept for 60 min.
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Figure S4. X-ray diffraction result of Te nanorods in Figure 4.
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Figure S5. X-ray diffraction result of Bi,Te; nanostructures in Figure 5.
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Figure S6. PbTe nanorod transformed from thin, long Te nanorod at 160 °C.
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Figure S7. X-ray diffraction result of PbTe nanostructures in Figure 6.
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Figure S8. Supernatant solution after reducing the unreacted Te by excessive amount of hydrazine
solution. The supernatant solution was collected by centrifuge from a batch for pure Te nanorods which
was at 100 °C for 150 min.
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