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Zhenjiang 212013, China.  
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ABSTRACT: Controlled wet chemical synthesis of nanomaterials with tailored structures and 

properties, especially by hydrothermal/solvothermal methods, is difficult due to the complicated 

nucleation and growth processes. Therefore, it is important to gain a deeper understanding of the 

formation mechanisms involved in hydrothermal/solvothermal processes. In the present study, the 

formation mechanisms of Bi2-xSbxTe3 (x = 0-2) nanoplatelets under hydrothermal conditions are studied 

by in situ synchrotron radiation powder X-ray diffraction (SR-PXRD). Synthesis using glucose as the 

reducing agent results in direct nucleation of Bi2Te3 from Bi and Te precursors without the presence of 

any intermediate products, and the nucleation stage is completed in only about 1 min at 250 °C. When 

Sb is added the nucleation process for Bi2-xSbxTe3 becomes slower with increasing Sb content. 

Depending on the Sb content and reaction temperature, an intermediate product of elemental Te 

nanostructures forms, and it is found to direct the morphology of the final products. Within the duration 

of the measurements, Sb2Te3 only forms at relatively high reaction temperatures due to the slower 

kinetics of the reaction. A two-stage nucleation mechanism is found for the formation of the ternary 

BiSbTe3 with an initial nucleation stage of predominately Bi2Te3 followed by a second stage of slower 
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nucleation and alloying process to BiSbTe3. Both the composition and reaction temperatures affect the 

crystallization kinetics and crystallite growth mechanisms during synthesis of Bi2-xSbxTe3 nanoplatelets.  

 

1. INTRODUCTION 

Bi2Te3-based materials have attracted tremendous interest owing to their attractive properties, which are 

useful in fields such as thermoelectrics1 and topological isolators.2 Nanostructuring of materials is 

known to be an effective approach for the improvement of thermoelectric properties due to both an 

enhanced density of states and an increased phonon scattering.3 Among the many routes for synthesis 

of nanomaterials, the hydrothermal/solvothermal method has proven to be an efficient approach for 

producing nanostructured materials and it has a great potential to realize mass production for practical 

applications. The hydrothermal/solvothermal method has been widely used for the preparation of 

nanostructured Bi2Te3-based materials.4-9 However, the processes occurring in the 

hydrothermal/solvothermal synthesis in sealed autoclaves are highly complex and generally not well 

understood. At present, the prediction of the formation of inorganic compounds from the solution 

precursors is very limited and the nanocrystal synthesis has been conducted by empirical optimization 

rather than by design.10  

Gaining insight in the synthesis processes is an essential step for the further development of 

controlled synthesis of nanomaterials. The control of composition, morphology, dimensions, and 

architecture of nanomaterials is difficult by hydrothermal/solvothermal methods owing to the 

complicated nucleation and growth processes, but it is critical for tailoring the physical and chemical 

properties of nanomaterials. For example, bimetallic nanoparticles show significant difference in 

catalytic activity when configured into different architectures such as alloy, core-shell, or monometallic 
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mixture.11 Likewise, the architectures of ternary Bi2-xSbxTe3 (x = 0-2) can be alloy, core-shell, or 

mixture. For example, recently, core-shell heterostructure12 and heterojunction of Sb2Te3/Bi2Te313 were 

prepared by solvothermal methods. Establishing control over the composition, morphology, dimensions, 

and architecture requires a comprehensive understanding of the nucleation and growth mechanisms 

involved in the synthesis process. One of the main challenges in studying the formation and growth 

mechanisms is the lack of powerful techniques to investigate the hydrothermal/solvothermal reactions 

taking place inside the heated and pressurized autoclaves. The recent development of different in situ 

techniques has resulted in tremendous progress in studies of the synthesis of nanoparticles taking place 

in solutions.14-22 In particular, by using synchrotron radiation powder X-ray diffraction (SR-PXRD), it 

has become possible to follow the formation processes as they occur during hydrothermal/solvothermal 

synthesis. The advantage of using in situ SR-PXRD is that it provides valuable information on the 

structural and microstructural changes of nanoparticles with reaction time. Indeed, detailed information 

about the formation and growth have been obtained for synthesis of a wide range of nanoparticles.23-29 

Instead of using bulky steel autoclaves, sapphire capillary reactors have been developed for in situ 

SR-PXRD experiments. These overcome the significant challenges of X-ray absorption and diffraction 

from the steel autocalves.30 Moreover, conventional autoclaves require a long time heating period, 

which additionally increases the difficulty in controlling the synthesis. The effect of the heating period 

can be eliminated by the rapid heating used in the sapphire capillary reactors.  

In a previous study, we performed an in situ SR-PXRD investigation of the formation of Bi2Te3 using 

alginic acid as reducing agent, and found that Te forms as an intermediate product in the synthesis of 

Bi2Te3 nanoparticles.31 Ternary compounds such as BixSb2-xTe3 (x = 0-2) nanostructured materials may 

further improve the thermoelectric properties by altering the electronic band structure and enhancing 
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the phonon scattering, whereas the formation processes are more complex. There are very few 

systematic studies of the formation and growth of Bi2Te3-based ternary compounds where temperature 

and composition are varied. Recently, Song et al. suggested an oriented attachment mechanism for the 

solvothermal growth of Bi2SexTe3-x (x = 0-3) nanoplatelets by an in situ PXRD study.32 Here, we report 

an in situ SR-PXRD investigation of the nucleation and growth mechanisms of BixSb2-xTe3 (x = 0-2) 

nanoparticles under hydrothermal condition using glucose as reductant at varied temperatures. 

Abundant information about phase transformation, microstrain, crystallization kinetics and crystal 

growth is achieved for the hydrothermal synthesis of BixSb2-xTe3. Both the composition and reaction 

temperature affect the crystallization and growth kinetics. A two-stage nucleation mechanism is found 

for the formation of the ternary BiSbTe3. To complement the in situ study, separate ex situ experiments 

for the synthesis of BixSb2-xTe3 (x = 0, 1, 2) were performed in a custom-designed coil autoclave with 

the same reaction conditions as the in situ SR-PXRD experiments. 

 

2. EXPERIMENTAL SECTION 

Five different in situ experiments for the hydrothermal synthesis of Bi2-xSbxTe3 with x = 0, 0.5, 1, 1.5 

and 2, were performed in the present study. BiCl3, SbCl3 and K2TeO3·3H2O were used as reactants. 

Ethylenediaminetetraacetic acid disodium dihydrate (EDTA-Na2) and glucose were used as complexing 

agent and reductant, respectively. The precursor solutions were prepared as follows: Typically, 0.8 g of 

EDTA-Na2 was first dissolved in 10 ml of distilled water under vigorous stirring. Then, a total amount 

of 1.2 mmol of BiCl3 and/or SbCl3 was added and the mixture was stirred for several minutes. After 

that, 1.8 mmol of K2TeO3·3H2O and 0.8 g of glucose were added. Finally, 0.2 g of NaOH was added 

and followed by stirring for 10 min.  
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The in situ SR-PXRD experiments were carried out at beamline I711 at MAX-lab, Sweden, using a 

home-built sample stage and an Oxford Diffraction Titan CCD detector. The experimental setup used 

for in situ studies consists of a custom-designed high-pressure flow cell using a sapphire capillary 

heated by a flow of hot air as described in detail by Becker et al.30 The precursor was injected into the 

sapphire capillary, which was pressurized to 250 bar hydrostatic pressure. The reaction was initiated by 

applying rapid heating to the desired reaction temperatures. At the same time, sequential exposure of 

X-ray frames with a time resolution of 5 s (of which 1 s was detector dead time for readout) was started. 

Experiments with different temperatures from 200 to 300 °C were performed. The X-ray wavelength of 

λ = 0.98803 Å (E = 12.5 keV) was calibrated using a LaB6 standard.  

The data sets were integrated using Fit2D.33 The SR-PXRD data were refined using the Rietveld 

method implemented in the FullProf program34 and corrected for instrumental broadening using data 

measured on a LaB6 standard. A Thompson-Cox-Hastings pseudo-Voigt axial divergence asymmetry 

profile function and a background modeled with linear interpolation were used in the refinement. 

Separate ex situ experiments for the synthesis of Bi2-xSbxTe3 (x = 0, 1, and 2) were performed in a 

custom-designed coil autoclave at a temperature of 250 °C, a pressure of 250 bar, and a reaction time of 

30 min. The detailed description of the coil autoclave is provided in the supporting information (Figure 

S1). The products were centrifuged and washed several times in distilled water and ethanol and finally 

dried at room temperature. The dry products were analyzed by powder X-ray diffraction (PXRD) on a 

Rigaku SmartLab diffractometer using Cu Kα radiation. The morphology of the products was 

characterized with a FEI Talos scanning transmission electron microscope (STEM) with an accelerating 

voltage of 200 keV. Elemental mapping was performed with four energy-dispersive X-ray spectroscopy 

(EDX) detectors equipped on the FEI Talos.  
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3. RESULTS AND DISCUSSION 

3.1. Phase Transformation 

The SR-PXRD patterns for the synthesis at 200 °C, 250 °C, and 300 °C are included in the supporting 

information as Figure S2, S3, and S4, respectively. To highlight the rapid changes in the early stage the 

SR-PXRD data for t < 8 min are displayed in the SI. Figure 1 shows the selected SR-PXRD patterns in 

2θ range of 22-27° at different reaction times for Bi2Te3, Bi1.5Sb0.5Te3, BiSbTe3, Bi0.5Sb1.5Te3, and 

Sb2Te3, respectively, at the reaction temperature of 200 °C. The heating was initiated at t = 0 min and 

data were recorded up to t = 25 min. Depending on the composition, different formation processes are 

displayed for the synthesis of Bi2-xSbxTe3. Before the heat is turned on (t = 0 min), the broad diffuse 

diffraction intensity of the SR-PXRD patterns indicates amorphous features of the precursors for all the 

in situ experiments. It shows that the precursors are homogenous with all constituents either soluble or 

forming amorphous complexes. During the reaction, Te forms as an intermediate depending on the 

composition, indicating different formation mechanisms through the series of Bi2-xSbxTe3. For example, 

Bi2Te3 formed very fast and directly from the Bi and Te precursors without the presence of any 

intermediate products at the reaction temperature of 200 °C. However, when the Sb content increases 

(e.g., BiSbTe3 and Bi0.5Sb1.5Te3), the formation of the Bi2-xSbxTe3 product is slower and an obvious 

phase transformation is detected during the synthesis. Within the duration of the measurements, Sb2Te3 

is not observed while only Te is present at 200 °C as shown in Figure 1e. The data clearly show that the 

synthesis processes of Bi2-xSbxTe3 depend strongly on the composition. Reaction temperature also 

significantly affects the formation process of Bi2-xSbxTe3. As seen in the SI (Figure S2, S3 and S4), the 

time-resolved SR-PXRD patterns clearly show faster formation kinetics at 300 °C compared with that 

at 200 °C and 250 °C. The detailed formation mechanisms of different Bi2-xSbxTe3 will be further 



 7 

discussed below. 

 

 

Figure 1. Selected SR-PXRD patterns in 2θ range of 22-27° at different reaction times at 200 °C for (a) 

Bi2Te3, (b) Bi1.5Sb0.5Te3, (c) BiSbTe3, (d) Bi0.5Sb1.5Te3, and (e) Sb2Te3.  

 

In order to obtain detailed information about the nucleation and growth of Bi2-xSbxTe3 nanostructured 

materials during the hydrothermal synthesis, the in situ SR-PXRD data were analyzed using the 
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Rietveld method. Besides the scale factor, background parameters, unit cell parameters, and the atomic 

positions, the Lorentzian peak-shape parameters were refined to calculate the volume-weighted 

crystallite sizes along a,b-plane (Da,b-plane) and along the c-axis (Dc-axis).23,35 Figure 2 shows the 

representative Rietveld refinements of SR-PXRD data with good agreement between the observed and 

calculated patterns for the synthesis of Bi2Te3, BiSbTe3 and Sb2Te3 at 250 °C at the reaction time of 

0.17 min and 25 min, respectively. The Rietveld refinements of selected PXRD patterns of Bi1.5Sb0.5Te3 

and Bi0.5Sb1.5Te3 are shown in Figure S5. A temperature calibration shows that heating of the reactor is 

very fast and the reaction temperature reaches 250 °C in about 0.08 min. This dramatically eliminates 

the effect of long heating period on the nucleation and growth processes. The refinements further 

confirm the phases that formed at different reaction periods. Bi2Te3 is formed directly after heating of 

0.17 min. With the increase of Sb content, Te and Bi2-xSbxTe3 coexist in the initial products at 0.17 min 

for the synthesis of Bi1.5Sb0.5Te3 and BiSbTe3. Bi2-xSbxTe3 phase together with crystalline Te and trace 

of Sb2O3 are detected at 0.17 min for the synthesis of Bi0.5Sb1.5Te3 and Sb2Te3. Particularly, the weight 

percentages of Te, Sb2O3 and Sb2Te3 are 64.3(9)%, 18.4(4)% and 17.3(8)%, respectively, for the 

synthesis of Sb2Te3 at t = 0.17 min and T = 250 °C (Figure S6), indicating that there are other possible 

species of Sb such as solubilized Sb complexes in the system besides crystalline Sb2O3. A phase pure 

product of rhombohedral Bi2-xSbxTe3 phase can be obtained for all the synthesis at t = 25 min and T = 

250 °C. Table 1 displays the Rietveld refinement parameters of the SR-PXRD data for the in situ 

synthesis of Bi2-xSbxTe3 (x = 0, 0.5, 1, 1.5, and 2) at the reaction temperature of 250 °C and the reaction 

time of 25 min. 
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Figure 2. Representative Rietveld refinements with observed, calculated, and difference patterns at 

250 °C. (a) Bi2Te3 at 0.17 min, (b) BiSbTe3 at 0.17 min, (c) Sb2Te3 at 0.17 min, (d) Bi2Te3 at 25 min, (e) 

BiSbTe3 at 25 min, and (f) Sb2Te3 at 25 min. 

 

Table 1. Selected data from the Rietveld refinement in the form of refined unit cell parameters (a and 

c), fractional coordiates (z (Bi/Sb), and z (Te2)) and crystallite sizes (Da,b-plane and Dc-axis) for Bi2-xSbxTe3 

(x = 0, 0.5, 1, 1.5, and 2) at a reaction temperature of 250 °C and a reaction time of 25 min. Agreement 

factors: profile factor (RP); weighted profile factor (RWP); Bragg factor (RI); crystallographic RF factor 

(RF).  

Bi2-xSbxTe3 x = 0 x = 0.5 x = 1 x = 1.5 x = 2 

Data points 1788 1791 1798 1788 1793 

Refined parameters 43 46 43 41 45 

Reflections 41 41 41 40 39 

RP (%) 13.5 14.5 13.1 13.9 12.6 
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RWP (%) 9.85 10.3 10.3 9.99 8.18 

RI (%) 1.36 1.79 1.74 1.38 1.11 

RF (%) 1.69 2.53 1.86 1.62 1.36 

a (Å) 4.4388(2) 4.4545(2) 4.4303(3) 4.3483(3) 4.3294(2) 

c (Å) 30.776(2) 31.018(2) 31.258(3) 30.960(2) 30.965(2) 

z (Bi/Sb) 0.4003(3) 0.4108(2) 0.4126(3) 0.3995(3) 0.3998(3) 

z (Te2) 0.7881(2) 0.7931(3) 0.7910(3) 0.7853(2) 0.7858(1) 

Da,b-plane (nm) 14.4(3) 12.1(3) 6.4(1) 9.9(2) 17.1(3) 

Dc-axis (nm) 5.4(1) 5.4(1) 3.9(1) 4.9(1) 9.5(2) 

 

3.2. Crystallization Kinetics 

The relative crystalline content of Bi2-xSbxTe3 during the synthesis can be obtained from the refined 

scale factors (α) of the Bi2-xSbxTe3 phase. The scale factors for each formation curve were normalized 

to the α-value at 25 min. Figure 3a shows representative formation curves of Bi2Te3, BiSbTe3 and 

Sb2Te3 at 250 °C. It can be seen that the formation of Bi2-xSbxTe3 phase becomes much slower with 

increasing Sb content, indicating different crystallization kinetics. For Bi2Te3, the nucleation stage is 

completed in only 1 min. The nucleation processes of BiSbTe3 and Sb2Te3 are much slower and reach 

the maximum values after about 4 and 15 min, respectively. Figure 3b shows the formation curves of 

BiSbTe3 at 200 °C, 250°C, and 300 °C. It is obvious that the formation rate becomes faster at higher 

reaction temperatures. At a low reaction temperature of 200 °C, the formation curve of ternary BiSbTe3 

clearly shows a two-stage nucleation mechanism: an initial fast nucleation stage with a crystallization 

content reaching to 60% in 0.3 min, and a second slow nucleation stage up to 25 min. Actually, the 
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second nucleation stage appears to be even longer at 200 °C since the scale factor is still increasing 

with reaction time. This behavior was investigated in another in situ experiment for a reaction time up 

to 80 min with the synthesis of Bi1.5Sb0.5Te3 at the reaction temperature of 200 °C (Figure 3d), and the 

scale factors were normalized to the value at 25 min. It shows that after a fast formation process, there 

is a slow nucleation with a continuous increase of the scale factors and the crystallization content at 80 

min is 5% higher than that at 25 min.  

The crystallization kinetics of solid-state phase transformation can be described using the Avrami 

equation:36,37 

α = 1 – exp [–kn(t – t0)n]                         (1) 

where k is a rate constant, α is the fraction of transformation, t is the reaction time, t0 is the induction 

time, and n is the Avrami exponent related to the crystallization mechanisms. There are different 

nucleation mechanisms for solid-state phase transformation. n parameters are normally larger than 1 for 

bulk nucleation mechanisms, and n parameters are close to 1 for surface nucleation mechanisms.38,39 

Even though the formation process under hydrothermal/solvothermal conditions is not the same as a 

solid-state phase transformation, the Avrami equation has been successfully applied to analyze the 

hydrothermal/solvothermal formation of several materials.40-43 Here, we attempt to use the Avrami 

equation to describe the formation of Bi2-xSbxTe3 as well. The solid lines of Figure 3a and 3b are the fits 

of the formation curves using the Avrami equation. Despite of the different nucleation process of 

Bi2-xSbxTe3 with varying Sb content, it shows that most of the formation curves at high reaction 

temperatures of 250 and 300 °C can be reasonably described by the Avrami equation. Here, the Avrami 

models describe the entire nucleation process. However, as discussed above, the formation process of 

ternary Bi2-xSbxTe3 at 200 °C normally splits into two distinct nucleation stages, and the single Avrami 
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equation can not get reasonable fit for the entire formation curve. As a result, the formation curves of 

ternary Bi2-xSbxTe3 at 200 °C are modeled by Avrami equation only in the first 5 min. Table 2 displays 

the parameters k, n, and t0 obtained by fitting the formation curves of Bi2-xSbxTe3 at different reaction 

temperatures. Basically, the rate constant k increases with the reaction temperature due to an increase of 

motion and energy of the atoms. It also shows a lower rate constant with increasing Sb content in 

Bi2-xSbxTe3 indicating a slower kinetic process. The values of n are less than 1 at the reaction 

temperatures of 200 and 250 °C. The solvent has a large impeding effect on the crystallization kinetics 

under hydrothermal synthesis conditions, which is different from the known bulk or surface nucleation 

mechanism for solid-state transformations. However, the value of n increases with reaction temperature 

and it can be larger than 1 at 300 °C. Thus, at 300 oC the kinetics is similar to a solid-state phase 

transformation and the impeding effect of solvent is low. The n values of Bi1.5Sb0.5Te3 and Sb2Te3 are 

relative small at 300 °C. 
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Figure 3. (a) Formation curves of Bi2Te3, BiSbTe3 and Sb2Te3 at 250 °C. (b) Formation curves of 

BiSbTe3 at 200 °C, 250 °C, and 300 °C, respectively. The formation curves are obtained from the scale 

factors normalized to the values at 25 min. The solid lines are the fits to the Avrami equation. (c) 

Arrhenius plot for obtaining the activation energy for the formation of BiSbTe3. (d) Formation curve of 

Bi1.5Sb0.5Te3 at 200 °C.  

 

From the rate constant values (k) at different reaction temperatures, and thereby the activation energy 

(Ea) of the formation of Bi2-xSbxTe3 can be obtained by plotting ln(k) against 1000/T following the 

Arrhenius equation:43  

k = A exp(–Ea/RT)                           (2) 

where A is the pre-exponential factor, Ea the activation energy, R the gas constant. For example, from 

the slope of the plot (Figure 3c), the activation energy Ea for BiSbTe3 was calculated to be around 35 

kJ·mol-1. It can be seen that the activation energy clearly increases with increasing Sb content in 

Bi2-xSbxTe3 as displayed in Table 2.  

 

Table 2. Parameters k, n, and t0 by fitting the formation curves of Bi2-xSbxTe3 at different reaction 

temperatures using the Avrami equation, and the activation energy (Ea) of the formation of Bi2-xSbxTe3 

obtained by Arrhenius plots. 

Bi2-xSbxTe3 x = 0 x = 0.5 x = 1 x = 1.5 x = 2 

Temperature (°C) 200 200 200 200 200 

k (min-1) 23(4) 8.0(1) 3.2(4) -- -- 

n 0.39(2) 0.36(2) 0.23(1) -- -- 
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t0 (min) 0.14(1) 0.16(2) 0.16(1) -- -- 

Temperature (°C) 250 250 250 250 250 

k (min-1) 31(4) 15(4) 8.7(9) 2.1(1) 0.5(1) 

n 0.41(2) 0.44(3) 0.36(4) 0.57(6) 0.63(1) 

t0 (min) 0.08(1) 0.01(3) 0.13(1) 0.14(1) 0.20(1) 

Temperature (°C) 300 300 300 300 300 

k (min-1) 46(8) 33(3) 15(3) 6(3) 3(2) 

n 1.8(2) 0.6(3) 0.8(2) 1.5(7) 1.3(9) 

t0 (min) 0.07(1) 0.08(1) 0.08(2) 0.01(1) 0.01(1) 

Ea (kJ·mol-1) 13(3) 31(5) 35(4) 52(20) 90(30) 

 

3.3. Crystal Growth 

The anisotropic size broadening of the SR-PXRD was modeled using a linear combination of spherical 

harmonics.23,35 

( )∑ ΦΘ⋅=
⋅

=
lmp

hhlmplmp
h

h Ya
D

,
coscos θ

λ
θ

λβ
                  (3) 

where βh is the size contribution to the integral breadth of reflection h, and Ylmp(Θh,Φh) are normalized 

real spherical harmonics. The anisotropic sizes were calculated from the refined peak-shape parameters 

almp. Figure 4a and 4b show the crystallite sizes along the a,b-plane and along the c-axis, respectively, 

for the growth of Bi2-xSbxTe3 (x = 0, 0.5, 1, 1.5, and 2) at 200, 250 and 300 °C at the reaction time of 25 

min. Da,b-plane values are much larger than Dc-axis, indicating that Bi2-xSbxTe3 crystals have platelet-like 

nanostructures. It shows that the reaction temperature has little influence on the crystallite size from 

200 to 300 °C. However, the crystallite size changes with composition showing a “V”-shaped 
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dependency with x in Bi2-xSbxTe3. At T = 250 °C and t = 25 min, Da,b-plane values are 14.4(3), 6.4(1) and 

17.1(3) nm for Bi2Te3, BiSbTe3, and Sb2Te3, respectively, while Dc-axis values are 5.4(1), 3.9(1) and 

9.5(2) nm for Bi2Te3, BiSbTe3, and Sb2Te3, respectively. Among them, binary compounds Bi2Te3 and 

Sb2Te3 have relatively larger crystallite sizes, while ternary BiSbTe3 has the smallest crystallite sizes. 

As shown in Figure S7, the broadening of the (0 1 5) peak is comparable for BiSbTe3 and Bi2Te3. 

However, the peak at high 2θ (2 0 5) is obviously larger for BiSbTe3 than for Bi2Te3, indicating the 

presence of microstrain in BiSbTe3. Depending on θ positions, the microstrain (ε) and the peak 

broadening FWHM (β) follow the Williamson-Hall equation,  

βcosθ = D + 4εsinθ                          (4) 

where D is a parameter relative to the size-dependent effect. Figure S7c plots βcosθ with respect to 

4sinθ of selected diffraction peaks for Bi2Te3 and BiSbTe3 at t = 25 min and T = 250 °C. The plot shows 

that the change of βcosθ of Bi2Te3 is mainly due to the effect of the anisotropic size, and that the 

microstrain can be neglected in the Bi2Te3 nanoparticles. On the other hand, βcosθ  clearly increases 

with 4sinθ for BiSbTe3 indicating a large effect of microstrain. If we neglect the effect of anistropic size 

and assume that the microstrain is isotropic, the microstrain of BiSbTe3 can be roughly derived from 

the slope with a value of 6.4×10-3. The significant broadening of diffraction peaks at high 2θ for 

BiSbTe3 compared with Bi2Te3 suggests that there could be large disorder and/or structure and 

composition fluctuations in the ternary BiSbTe3 alloy due to the random distribution of the Bi and Sb in 

the structure, resulting in large microstrain in the ternary Bi2-xSbxTe3 structure.  

Figure 4c and 4d show the time-dependent crystallite sizes along a,b-plane (Da,b-plane) and along 

c-axis (Dc-axis), respectively, for the crystallite growth of Bi2Te3, BiSbTe3 and Sb2Te3 at 250 °C. For 

clarity, only the data before 10 min are plotted in Figure 4 since the growth processes of the crystallites 
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to the maximum values are very fast. Due to the limited time resolution of the experiments and the fast 

growth of Bi2Te3, the initial crystallites detected are already very large. Thus, the initial crystals are a 

consequence of both nucleation and growth as they contain many atoms. The fast formation and growth 

of Bi2Te3 crystals could be due to the increase in the concentration of reduced tellurium species such 

that the system becomes supersaturated, followed by "burst" nucleation throughout the solution. The 

subsequent growth may be due to the continued formation of reduced tellurium species for a 

continuous nucleation. There are two common mechanisms to describe the crystal growth, Ostwald 

ripening and oriented attachment.44 In comparing the growth curves (Figure 4c and 4d) with the 

formation curves (Figure 3a), it can be seen that the crystallite growth almost stopped once the 

nucleation ceased. More clearly, the formation rate and growth rate (Figure S8) were calculated by 

differentiating the formation curve and growth curve, respectively, of Bi2Te3 at 250 °C. The curves 

clearly show that both the formation rate and growth rate become zero in about 0.5 min, indicating that 

grain growth takes place during the formation process, while the Oswald ripening is very limited. This 

is quite different from the growth of some oxides such as BiFeO3 nanoparticles where the Oswald 

ripening cannot be neglected.26 The fast growth of Bi2-xSbxTe3 crystals could be also a combination of 

agglomeration and growth. However, this is not likely in the present case. If the growth is due to the 

agglomeration of the initial nanocrystals, one would expect a large number of stacking defects. As 

discussed above, the microstrain can be neglected in the Bi2Te3 nanoparticles indicating limited 

stacking faults in the formation and growth of Bi2Te3 nanoparticles. This also suggests that the 

microstrain in BiSbTe3 alloy is due to the random distribution of the Bi and Sb in the structure, rather 

than the staking faults from the growth of agglomoration. As a result, the growth of Bi2-xSbxTe3 crystals 

is mainly caused by addition of monomers to continuously growing nuclei.  
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Taking into consideration the impeding forces on the grain-boundary movement due to the presence 

of impurities, pores or precipitates in nanocrystalline samples, a “size-dependent impediment” model 

has been reported to describe the dynamics of grain growth process of nanocrystalline materials.45 

D(t)2 = Dmax2 – (Dmax2 – D02)exp(–k′t)                  (5) 

where Dmax is the maximum crystallite size. k′ is a parameter related to the specific interface energy and 

grain boundary mobility, t is the reaction time, and D0 is the initial crystallite size, which is fixed to 

zero in the present study. The solid lines in Figure 4c and 4d are the fits of the growth curves showing 

that the “size-dependent impediment” model gives a reasonable description of the growth kinetics. By 

fitting the growth curves, Dmax values of 14.4(1), 6.2(1) and 11.4(1) nm, and k′ values of 3.7(1), 4.0(1) 

and 0.3(1) min-1 are obtained for the crystallite growth along a,b-plane of Bi2Te3, BiSbTe3 and Sb2Te3, 

respectively, at the reaction temperature of 250 °C. Dmax values of 5.4(1), 2.2(1) and 5.1(1) nm, and k′ 

values of 2.0(1), 3.7(1) and 1.1(1) min-1 are obtained for the crystallite growth along c-axis of Bi2Te3, 

BiSbTe3 and Sb2Te3, respectively, at 250 °C. Bi2Te3 has larger k′ values than Sb2Te3 indicating a faster 

growth rate of Bi2Te3 compared with that of Sb2Te3. It should be noted that due to the large disorder in 

the BiSbTe3 crystal structure, the crystallite sizes calculated by the PXRD is likely underestimated 

compared with the real particle size. Therefore, the crystallite growth curves of BiSbTe3 should be 

interpreted with care when describing the particle growth mechanisms.  

The reaction temperature strongly affects the crystallite growth. Figure 4e and 4f show the crystal 

growth curves of Bi2Te3 along a,b-plane (Da,b-plane) and along c-axis (Dc-axis), respectively, at the 

reaction temperatures of 200, 250 and 300 °C. By fitting the “size-dependent impediment” model, Dmax 

values of 14.5(2), 14.4(1) and 16.2(1) nm, and k′ values of 1.6(1), 3.7(1) and 4.4(3)min-1 are obtained 

for the crystallite growth along a,b-plane at 200, 250 and 300 °C, respectively. Dmax values of 5.1(1), 
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5.4(1) and 5.2(1) nm, and k′ values of 1.1(1), 2.0(1) and 3.5(3) min-1 are obtained for the crystallite 

growth along c-axis at 200, 250 and 300 °C, respectively. The results indicate that the final crystallite 

size Dmax is almost unaffected by the reaction temperature. The reaction temperature significantly 

affects the crystallite growth mechanism as indicated by the kinetic rate parameter k′. The rate 

parameter k′ values are larger along a,b-plane than along c-axis, resulting in anisotropic growth of the 

Bi2Te3 nanoparticles.  

 

 

Figure 4. (a,b) Crystallite sizes along a,b-plane and along c-axis, respectively, for the growth of 
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Bi2-xSbxTe3 (x = 0, 0.5, 1, 1.5, and 2) at 200, 250 and 300 °C at the reaction time of 25 min. (c,d) 

Time-dependent crystallite sizes along a,b-plane and along c-axis, respectively, for the growth of 

Bi2Te3, BiSbTe3 and Sb2Te3 at 250 °C. (e,f) Time-dependent crystallite sizes along a,b-plane and along 

c-axis, respectively, for the growth of Bi2Te3 at 200, 250 and 300 °C. The solid lines in (c-f) are the fits 

using the “size-dependent impediment” growth model. 

 

3.4. Formation Mechanisms 

By analyzing the changes in the structural unit cell parameters with reaction time, it is possible to infer 

changes in the composition during the synthesis, thus to give a deep understanding of the formation 

mechanisms. Figure 5a and 5b show the time dependences of unit cell parameters a and c, respectively, 

of Bi2Te3 and BiSbTe3 at reaction temperatures of 200 °C. Note that we can not compare the unit cell 

parameters obtained from the different sets of the in situ experiments directly due to the potential 

systematic error. However, a single coherent set of in situ measurements at each temperature ensures 

good correspondence between the data points. It can be seen that a decreases (c increases) with reaction 

time up to about 2 min during the nucleation stage of Bi2Te3 at 200 °C. From this it can be inferred that 

the Bi2Te3 is rich in Te in the initial nucleation stage, resulting in a relatively small unit cell parameter a 

and a larger unit cell parameter c. The unit cell parameters do not change with time after the nucleation 

stage, showing the stability of the composition of Bi2Te3 with prolonged reaction time at 200 °C. It is 

interesting to see that a decreases (c increases) with reaction time in the initial reaction period and then 

a continuously decreases (c increases) with time slowly until 25 min for BiSbTe3 at 200 °C. As 

discussed above, BiSbTe3 shows a two-stage nucleation mechanism at 200 °C with an initial fast 

nucleation stage followed by a second slower nucleation up to 25 min. The changes of unit cell 
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parameters are in accordance with a nucleation process with two stages. Due to the slow kinetic process 

of the reaction of the Sb precursor, the two-stage nucleation mechanism of BiSbTe3 can be understood 

as an initial fast nucleation stage of primarily Bi2Te3 (or Bi-rich Bi2-xSbxTe3) followed by a second stage 

of slower nucleation and alloying process to the final composition of BiSbTe3. Note that it may also be 

possible that Bi rich nanoplatelets form first and then Sb rich nanoplatelets form, resulting in 

composition fluctuation in the final products. The unit cell can also be changing due to the 

size-dependence of the nanoparticles, in which the unit cell parameters of nanoparticles normally 

decrease with decreasing size due to the surface stress. However, in the present study, the change of 

composition during the reaction should play a major role in the change of unit cells. As can be seen in 

Figure 5e, Te and BiSbTe3 crystalline phases coexist during the synthesis at 200 °C. The weight 

fraction of BiSbTe3 increases with time accompanied with the depletion of Te. The presence of 

elementary Te in the synthesis provides a Te excessive environment, which can possibly result in the 

formation of a Te-rich phase of BiSbTe3. Meanwhile, the slow kinetic reaction of Sb results in a 

deficiency of Sb in the BiSbTe3 phase. The composition approaches the stoichiometric ratio with a 

continuous increase of Sb content during the reaction at 200 °C corresponding to the continuous 

changes of the unit cell parameters with reaction time.  

When the reaction temperature is increased to 250 °C as shown in Figure 5c and 5d, the formation 

processes seem different from those at 200 °C. For the synthesis of Bi2Te3 at 250 °C, due to the fast 

reaction kinetics, Bi and Te in the precursors are consumed almost simultaneously to form Bi2Te3 with 

the stoichiometric composition. As a result, the unit cell parameters of Bi2Te3 at 250 °C are almost 

constant with reaction time. For the synthesis of BiSbTe3 at 250 °C, a decreases whereas c increases 

with time up to 3 min and then both a and c become almost constant with reaction time. The unit cell 



 21 

parameters change distinctly in the nucleation stage from a = 4.4802(9) Å and c = 30.891(9) Å at 0.17 

min to a = 4.4304(4) Å and c = 31.233(3) Å at 3 min. This can be attributed to the transformation 

process from the Te-rich and Sb deficient BiSbTe3 to a more stoichiometric BiSbTe3. As shown in 

Figure 5f, elementary Te is absent after the reaction time of 2 min. Since the same Te precursors are 

used for the formation of different Bi2-xSbxTe3, the initial step in the all reactions should be the 

reduction of TeO32- to more reduced tellurium species which can be elemental Te and/or polytelluride 

anions. During the reaction, the concentration of TeO32- decreases and the concentration of more 

reduced tellurium species increases. It seems that elemental Te forms before making a series of 

different polytelluride anions, and the formation of tellurides proceeds by the reaction of the metal 

cations with the polytelluride anions. Thus, the formation kinetics of different Bi2-xSbxTe3 should be 

controlled by the reaction of the metal cations (Bi3+ and Sb3+) with the polytelluride anions, i.e., the 

nucleation of the crystalline phase. It is suggested that the reaction of Bi3+ (or Bi complex cations) with 

polytelluride anions is very fast which promotes the transformation from elemental Te to polytellurides 

so that Te is absent during the formation of Bi2Te3 under the current experimental time resolution. 

However, the reaction of Sb3+ (or Sb complex cations) with polytelluride anions is much slower 

resulting in the slow nucleation of Bi2-xSbxTe3. Note that the metal cations exist in different complexes, 

and the reactivity of the Bi and Sb complexes with polytelluride anions are likely to be different which 

affects the formation kinetics of different Bi2-xSbxTe3.  

Separate ex situ experiments for the synthesis of Bi2Te3, BiSbTe3 and Sb2Te3 were performed in a 

custom-designed coil autoclave under the reaction temperature of 250 °C with a reaction time of 30 

min. Figure 6 shows the STEM images and EDS elemental mapping analysis of the element 

distributions for Bi2Te3, BiSbTe3 and Sb2Te3. The STEM image shows that the Bi2Te3 sample consists 
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of small nanoplatelets with typical diameters of about 30 nm and thicknesses of about 10 nm. Larger 

nanostrings consisting of nanoplatelets are formed for BiSbTe3 and Sb2Te3. As discussed above, 

elemental Te is present as intermediate product for the synthesis of BiSbTe3 and Sb2Te3. The presence 

of Te intermediate products plays a critical role in the formation of the distinct nanostring structures of 

BiSbTe3 and Sb2Te3. It agrees well with the previous studies that the intermediate product of Te 

nanowires serves as templates for the formation of Bi2Te3 nanostrings using alginic acid as reductant.46 

The EDS elemental mapping analysis confirms the formation of Bi2Te3, BiSbTe3 and Sb2Te3 with 

homogeneous elemental distribution.  
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Figure 5. (a,b) Time evolutions of unit cell parameters of Bi2Te3 and Bi1.5Sb0.5Te3 at 200 °C. (c,d) Time 

evolutions of unit cell parameters of Bi2Te3 and Bi1.5Sb0.5Te3 at 250 °C. (e,f) Time evolutions of weight 

fractions for different crystalline phases in the synthesis of BiSbTe3 at reaction temperatures of 200 and 

250 °C, respectively.  

 

The overall formation mechanisms of different Bi2-xSbxTe3 are illustrated in Figure 7. As discussed 

above, the synthesis processes of Bi2-xSbxTe3 depend strongly on the composition and reaction 

temperature. Taking the reaction temperature of 250 °C for example, the initial step in the all reactions 
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is the reduction of TeO32- to more reduced tellurium species. Elemental Te is absent for the formation of 

Bi2Te3 due to the fast reaction of the metal cations with the polytelluride anions. Nanoplatelets are 

formed as a result of the anisotropic growth due to the layered structure of Bi2Te3 (Figure 7a). With the 

increase of Sb content in the composition, the presence of intermediate product of Te nanorods forms 

and serves as a template for the synthesis of special hierarchical structure of nanostrings composed of 

Bi2-xSbxTe3 nanoplatelets (Figure 7b). 
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Figure 6. STEM images and EDS elemental mapping analysis of the element distributions for the 

samples prepared in the custom-designed coil autoclave under the reaction temperature of 250 °C with 

the reaction time of 30 min. (a-c) Bi2Te3, (d-g) BiSbTe3, and (h-j) Sb2Te3. 

 

 

Figure 7. Schematic illustration of the formation mechanisms of Bi2-xSbxTe3. 

 

4. CONCLUSIONS 

High intensity in situ SR-PXRD is a powerful method to obtain detailed information about the 

formation and growth processes of nanoparticles in hydrothermal/solvothermal synthesis, which makes 

possible controllable synthesis of nanomaterials with tailored structures and properties. The in situ 

study reveals a fast nucleation process of Bi2Te3. The nucleation process is slower when the Sb content 

increases in Bi2-xSbxTe3. It is found that the formation of BiSbTe3 at 200 °C involves an initial 

nucleation stage of Bi2Te3 and a second stage of slower nucleation and alloying process to BiSbTe3, 

accompanying with the composition evolution with reaction time. The crystallization kinetics is 

different from the bulk or surface nucleation mechanism due to the impeding effect of the solvent in the 

synthesis. Fitting the formation curves with an Arrhenius model, the activation energies are obtained, 

and the activation energy increases with increasing Sb content in Bi2-xSbxTe3. Anisotropic dimensions 
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are found for Bi2-xSbxTe3 nanoparticles with larger crystallite sizes along the a,b-plane than along the 

c-axis. The “size-dependent impediment” model provides good fits to the growth curves of the 

Bi2-xSbxTe3 nanoplatelets. The microstrain can be neglected in Bi2Te3, while distinct microstrain is 

found in the ternary BiSbTe3 structure. The presence of intermediate product of Te is required to serve 

as a template for the synthesis of special hierarchical structure of nanostrings composed of Bi2-xSbxTe3 

nanoplatelets. 
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