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The differences between the compression behaviors of nanocrystal systems and their bulk counterparts are generally 

attributed to the size and morphology effects. However, these effects may not be simply employed to deal with the 

contradictory results about In2O3 bulk and nanomaterials under high pressures. In this work, we intend to show that other 

than size and morphology, the effects of microstructure should play a key role in the compression behavior and phase 

transition routine of In2O3 cubical-shaped nanocrystals under high pressures. Two samples of In2O3 nanocubes, which have 

almost the same size, shape and exposed facets, are subjected to high pressure at room temperature. The In2O3 

nanocubes with a lower density of microstructures undergo a first order phase transition at about 18.9 GPa, and the two 

phases coexist when the pressure is released. Whereas the In2O3 nanocubes with a higher density of microstructures show 

no sign of such a phase transition at pressures up to 33.4 GPa, a change of elastic properties at about 8.8 GPa may be 

observed instead. Thus, it is anticipated that controlling the microstructures of nanomaterials may be a potential route to 

modulate their structural and elastic behaviors under pressures. 

Introduction 

High-pressure studies on nanostructured materials have 

attracted considerable scientific interest since nanocrystal 

systems exhibit novel compression behaviors different from 

those of their bulk counterparts.1-7 Earlier studies have been 

focused on the size effect which has a strong influence on the 

critical pressures for phase transitions and the phase transition 

routines.1-3 With the development of synthesis and 

preparation techniques, nanocrystals with controllable 

morphologies can be obtained. The effects of morphological 

features, such as shapes and exposed facets, on the structural 

behaviors of nanocrystal systems under high pressures, have 

attracted increasing research enthusiasm.4-7 Although the 

intrinsic nature that causes the differences in the compression 

behaviors of bulk and nanomaterials remains far from being 

fully discovered, the mechanism is generally attributed to 

nano-effects, such as the small size effect, surface and 

interface effect, etc., which are closely correlated with the 

large fraction of low-coordinated atoms at or near the surfaces 

of nanoscale materials1-3. Yet another source of symmetry 

breaking atoms may be microstructures of crystals, such as 

lattice defects and microdomain boundaries. Especially the 

defect is one of the most important factors influencing the 

chemical and physical properties of materials and hence 

always a major concern8-10. The proportion of atoms related to 

microstructures increases dramatically as the size of materials 

diminishes to the nanoscale. Thus in addition to size and 

morphology, the microstructures may be anticipated to play 

an important role in the compression behaviors of 

nanomaterials under high pressures. In this work, we intend to 

demonstrate the effects of microstructure on the compression 

behavior and phase transition routine of In2O3 cubical-shaped 

nanocrystals under high pressures. 

As an important transparent conducting oxide, In2O3 has 

received substantial attention in a variety of technological 

applications, such as solar cells,11,12 light-emitting diodes,13,14 

field-emission devices,15 liquid-crystal displays,16 and gas 

sensors.17-20 The structures and properties of In2O3 under 

various temperature-pressure conditions have been the focus 

of intense research efforts. In2O3 crystallizes in a cubic bixbyite 

structure (c-In2O3, space group (SG) Ia3�, No. 206, Z = 16) at 

ambient conditions.21 Three metastable structures, namely the 

rhombohedral corundum-type phase (rh-In2O3, SG R3�c, No. 

167, Z = 6), the orthorhombic Rh2O3(II)-type phase (o1-In2O3, 

SG Pbcn, No. 60, Z = 4), and the orthorhombic α-Gd2S3-type 

phase (o2-In2O3, SG Pnma, No. 62, Z = 4), have been known for 

years.22 Recently, the rhombohedral corundum-type structure 

of In2O3 has been synthesized at ambient conditions in a 

metastable way in different nanostructures and thin films.23–27 

In particular, the corundum phase is expected to show better 

properties and performances than the bixbyite phase, such as 

higher stability and conductivity.28,29 Farvid et al. 

demonstrated that under ambient pressure and temperature 

of 523 K, when the diameter of nanocrystals (D) is smaller than 

5 nm, rh-In2O3 phase is present, while c-In2O3 phase remains at 

D > 5 nm.30 The effects of temperature and pressure on the 
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size-dependent solid phase transition of the In2O3 nanocrystals 

have been theoretically investigated on the basis of a simple 

thermodynamic model.31 It is demonstrated that the transition 

pressure and temperature changes are dominated by surface 

energy and surface stress. 30,32 Therefore, it is of great interest 

to study the various pressure induced phases of In2O3. A few 

works about the high-pressure studies of In2O3 have been 

reported, yet contradictory results have been yielded. Liu et al. 

and Qi et al. found a phase transition from c-In2O3 to rh-In2O3 

at the pressure range of 15 to 25 GPa in In2O3 bulk material 

and 6 nm nanoparticles.33,34 On the contrary, García-Domene 

et al. found no sign of such a phase transition under pressures 

up to 30 GPa, either in c-In2O3 bulk material or in 9 nm 

nanocrystals.35 In a latest work by García-Domene et al., c-

In2O3 undergoes a transition to the Rh2O3(II) structure, instead 

of rh-In2O3, at about 35 GPa on the upstroke of pressure.36 

Moreover, on decreasing pressure, a previously unknown 

phase, the orthorhombic Rh2O3(III) phase (o3-In2O3, SG Pbca, 

No.61, Z = 8), was found to occur at about 12 GPa. On further 

decreasing of pressure, a phase transition to the metastable 

corundum-type In2O3 was observed near room conditions. 

Apparently, these discrepancies cannot be explained simply by 

the size and morphology effects. The complicated phase 

transition sequence strongly implies there exists factors, other 

than size and morphology, that may have an important 

influence on the compression behaviors of In2O3 materials, 

especially in the nanoscale. 

In this work, two kinds of In2O3 nanocubes, sample 1 (S1) 

and sample 2 (S2), were subjected to high pressure at room 

temperature. They have almost the same size (~100 nm), 

shape and exposed facets, as shown in Fig. 1a,b and c,d, 

respectively. In both of the two samples, each nanocube is 

single crystalline. However, the microstructures should be 

different for the two samples, since they are prepared via 

different growth mechanisms. As described in our previous 

work,37 S2 was grown via the self-assembly of uniform 

nanowires (2~3 nm in diameter). During the oriented 

attachment of the nanowires, lattice mismatches induced 

defects in a high density, mainly in the form of dislocations. On 

the other hand, S1 was grown via the ostwald-ripening 

mechanism, which resulted in a density of defects much lower 

than S2. This research on the effects of microstructure on the 

compression behaviors could be helpful for the understanding 

of phase transition mechanisms of In2O3 and other 

nanomaterials. 

Experimental 

The samples of In2O3 nanocubes were prepared following the 

solvothermal method described in our previous work.37 In a 

typical reaction, 0.1 g of indium(III) chloride tetrahydrate 

(InCl3·4H2O, 99.99%) was dissolved in 5 mL of oleylamine (C18-

content 80−90%, Acros). Then, 8 mL of ethanol was dropped in 

under ultrasonicating. When a clear solution was formed, it 

was transferred into a Teflon-lined stainless steel autoclave. 

The samples, S1 and S2, were synthesized at 210 °C with the 

heating rate of 4 °C/min and at 180 °C with the heating rate of 

8 °C/min, respectively. The autoclave was maintained at the 

desired temperature for 24 h and then allowed to cool 

naturally to room temperature. The white precipitates were 

separated by centrifugation at 3000 rpm for 20 min and 

washed repeatedly with absolute ethanol to remove the 

residues and/or impurities. The collected products were dried 

at 50 °C for 4 h before further characterization.  

A HITACHI S4800 field emission scanning electron microscope 

(FESEM) working at 25.0 kV was used to characterize the 

morphology of the samples. The transmission electron 

microscopy (TEM), high-resolution transmission electron 

microscopy (HRTEM) micrographs and the selected area 

electron diffraction (SAED) patterns were taken to observe the 

morphology and structure of the samples via a JEM-2200FS 

transmission electron microscope with an accelerating voltage 

of 200 kV, which is equipped with an energy dispersive 

spectrometer (EDS). High-pressure experiments were 

conducted by using a symmetric diamond anvil cell (DAC) 

furnished with 400 μm culet diamonds. The T301 stainless 

steel gasket was preindented by the diamonds to an initial 

thickness of about 53 μm and then a center hole of 200 μm in 

diameter was drilled as the sample chamber. The samples with 

the liquid quasihydrostatic pressure-transmitting medium 

(methanol/ethanol = 4:1) were loaded into the sample 

chamber along with a tiny ruby chip for pressure 

measurements. The angle-dispersive XRD experiments of 

sample 1 and 2 were carried out with a wavelength of 

0.485946 Å at Cornell High Energy Synchrotron Source (CHESS) 

and with a wavelength of 0.4112 Å at the National Synchrotron 

Light Source (NSLS), the Brookhaven National Laboratory 

(BNL), respectively. The XRD patterns were collected using a 

Fig. 1 (a,b) The SEM image and high-magnification TEM image of uniform c-In2O3

nanocubes (S1) synthesized at 210 °C with the heating rate of 4 °C/min. (c,d) The 

SEM image and high-magnification TEM image of uniform c-In2O3 nanocubes (S2) 

synthesized at 180 °C with the heating rate of 8 °C/min.
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Mar345 CCD detector and the one-dimensional diffraction profiles of 

intensity as a function of 2θ were obtained by integration of 

the observed two dimensional patterns with the Fit2D 

software.38 Lattice parameters of the samples were obtained 

with Rietveld refinements of the powder XRD patterns 

performed using GSAS program packages.39 

Results and discussion 

The in situ high pressure ADXRD patterns of sample 1 and 2 at 

pressures up to 44.1 and 33.4 GPa are shown in Fig. 2, 

respectively. It can be seen that all the diffraction peaks both 

in Fig. 2a and b shift to higher angles with increasing pressure 

due to the reduction of unit cell volume. 

Fig. 2 (a) Angle dispersive XRD patterns of In2O3 nanocubes (S1) at elevated pressures at room temperature and released to ambient conditions.  The asterisk indicates the 

appearance of a new broadened diffraction peak at 18.9 GPa. (b) Angle dispersive XRD patterns of In2O3 nanocubes (S2) at elevated pressures at room temperature.
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      As shown in Fig. 2a, at 0.5 GPa, all the diffraction peaks of 

S1 can be indexed to a cubic bixbyite phase (evidenced by the 

Rietveld refinement of the XRD pattern with Rwp = 4.48% 

shown in Fig. 3a). As the pressure is elevated, a new weak and 

broadened peak (marked with an asterisk) can be observed at 

18.9 GPa, indicating the onset of a high-pressure phase 

transition. The broadening of the peak is likely due to the poor 

crystallinity under high pressures. From then on, the peaks of 

c-In2O3 and of the new phase coexist until it reached the 

highest pressure (~44.1 GPa) in this study. According to the 

only broadened peak, it is hardly possible to determine the 

structure of new phase. However, it should be noted that the 

value of transition pressure (~18.9 GPa) is much lower than the 

latest experimental value (~35 GPa) of García-Domene et al.,36 

who reported that bulk c-In2O3 undergoes a transition to the 

Rh2O3(II) structure. On the contrary, it is similar to the 

experimental values (15–25 GPa) of Liu et al. and Qi et al.,33,34 

who have found a first order phase transition of In2O3 bulk and 

nano materials from cubic bixbyite to rhombohedral 

corundum structure under high pressures. Upon releasing 

pressure to ambient condition, both the diffraction peaks of 

the corundum phase and the new phase are retained, 

indicating that the high-pressure phase survive on release of 

pressure to ambient condition and that the phase transition is 

irreversible. These results also agree well with the reports of 

Liu et al. and Qi et al..33,34 Thus, it can be roughly speculated 

that the new phase may quite possibly be rh-In2O3. However, 

the situation is quite different in the case of sample 2. As 

shown in Fig. 2b, at 0.8 GPa, all diffraction peaks can be 

indexed to the cubic bixbyite phase (evidenced by the Rietveld 

refinement of the XRD pattern with Rwp = 1.69% shown in Fig. 

4a). With the increasing of the pressure, no sign of a phase 

transition can be observed in the whole upstroke until the 

pressure reaches 33.4 GPa. 

      The difference in the compression behavious of S1 and S2 

can also be visualized from the P-V plots. As shown in Figure 

3b, fitted with the third-order Birch–Murnaghan equation of 

state, the derived parameters for c-In2O3 are B0 = 229.8±9.0 

GPa, B0' = 5.17, V0 = 64.57 Å3 (where V0, B0 and B0' are the 

zero-pressure volume, bulk modulus, and pressure derivative 

of bulk modulus, respectively). The bulk moduli obtained in 

this study are higher than the reported values of In2O3 bulk 

materials,33,34,36,40,41 but smaller than those of the 6 nm In2O3 

nanoparticles.33,34 Such a phenomenon, i.e., the smaller the 

size, the higher the bulk modulus, is generally attributed to 

nano-size effect. 

      Contrary to the volume evolution of S1 as a function of 

pressure, there is a inflection at 8.8 GPa in the P–V plot of S2, 

as shown in Fig. 4b. The inset shows the plot of finite strain f 

against normalized stress F (f–F plot), which is useful to 

visualize slight anomalies of EOS that is difficult to find in the 

pressure–volume plot.42-44 Where the finite strain f and 

normalized stress F are defined as follows: 

 

Fig. 3 Rietveld refinements of the experimental XRD patterns of sample 1 (a) on the 

upstroke at 0.5 GPa with the cubic bixbyite structure. The Peaks labeled Fe are from 

the gasket. And the background has been subtracted. (b) Pressure-Volume data of c-

In2O3 nanocubes (S1).
  

Fig. 4 (a) Rietveld refinements of the experimental XRD patterns of sample 2 on the upstroke at 0.8 GPa, with the cubic bixbyite structure shown as an inset. Residuals of the 

Rietveld refinements are plotted below the experimental (circles) and fitted (lines) XRD profiles. The Peaks labeled Fe are from the gasket. And the background has been 

subtracted. (b) Pressure-Volume data of In2O3 nanocubes (S2) with the EOS curves for 0–8.8 and 8.8–33.4 GPa, respecstively. The upper-right inset is a plot of the normalized 

pressure F against the Eulerian strain f. (c) The crystal structures of In2O3 nanocubes (S2) at different pressures, which are obtained from the Rietveld refinements of the XRD 

patterns.
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� = �/[3�(1 + 2�)� �⁄ ]                                 (2) 

 

The f–F plot shows almost horizontal variation before a 

inflection point corresponding to the pressure of 8.8 GPa and 

then changes to a positive slope. This agrees well with the P–V 

plot which indicate that there is also a change of the elastic 

property at 8.8 GPa. Thus two individual third-order Birch-

Murnaghan EOSs were adopted, which are separated at the 

pressure (8.8 GPa) where the elastic property changes. As 

shown in Fig. 4b, in the range of 0.8–8.8 GPa, the derived 

parameters of c-In2O3 are B0 = 148.3±5.2 GPa, B0' = 4.11, V0 = 

64.80 Å3 and in the range of 8.8–33.4 GPa, they are B0 = 

263.7±29.1 GPa, B0' = 6.84, V0 = 63.37 Å3. Fig. 4c shows the 

evolution of the crystal structure of In2O3 nanocubes (S2) with 

increasing pressure, projecting along the c axis. It can be seen 

that, below 8.8 GPa, the neighboring In1O6 octahedrons rotate 

reciprocally in the a-b plane as the pressure increases. It may 

be suggested that the lower bulk modulus at this pressure 

range may be due to reciprocal rotation of the neighboring 

In1O6 octahedrons. Once the pressure is raised over 8.8 GPa, 

those In1O6 octahedrons can be hardly rotated any more. The 

O–In2 bonds tend to be parallel to the a or b axis with 

increasing pressure. Thus, the material becomes less 

compressible and a higher bulk modulus is obtained as 

compared to its behavior at lower pressures. 

In this study, the compression behavior of S1 bears much 

resemblance to those of In2O3 bulk material and 6 nm 

nanoparticles reported by Liu et al. and Qi et al..33,34 An 

irreversible phase transition is characteristic. Whereas the 

compression behavior of S2 is consistent with the reports by 

García-Domene et al.,35 with no sign of a phase transition 

under pressures up to 33.4 GPa. Keeping in mind that S1 and 

S2 have almost the same size, shape, exposed surfaces and 

orientation, the difference in their compression behaviors 

cannot be simply explained by the size and morphology effects. 

As is mentioned above, the intrinsic difference between S1 and 

S2 lies in their different densities of microstructures. Thus 

microstructures should play a key role in the compression 

behaviors of In2O3 nanocubes, and have to be taken into 

account when other nanomaterials are subjected to high 

pressures. In addition, pressure-induced phase transition has 

become a powerful technique to obtain metastable materials 

with desirable properties and applications. Examples are 

abundant both in the literature and in industry, such as the 

syntheses of diamond and cubic boron nitride via HPHT 

techniques. Our work implies that the phase transition routine 

and the corresponding critical pressure may be modulated in a 

controllable way through careful design of the microstructure 

of materials in the nanoscale, and thus may be of keen interest 

in the relevant field. 

Conclusions 

In summary, the effects of microstructure on the compression 

and phase transition behaviours of In2O3 nanocubes were 

studied by using diamond anvil cell and in situ synchrotron X-

ray powder diffraction technique at room temperature. A first 

order phase transition was observed to start at 18.9 GPa and 

remain far from being completed even at pressures of up to 

44.1 GPa in the In2O3 nanocubes with a lower density of 

microstructures. The c-In2O3 and the undetermined high 

pressure phase coexisted when the pressure was released to 

ambient condition. Due to size effect, the bulk modulus of c-

In2O3 is higher than the reported values of In2O3 bulk 

materials, but smaller than the 6 nm In2O3 nanoparticles. In 

contrast, not a phase transition but a change of the elastic 

properties at about 8.8 GPa was found in In2O3 nanocubes 

with a higher density of microstructures. Taking into account 

that the two samples have almost the same size, shape, 

exposed surfaces and orientation, this work strongly indicates 

that the microstructure is an important factor which may 

induce difference in the compression and phase transition 

behaviors of nanomaterials under high pressure. 
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In addition to size and morphology, the microstructure may play an important role and induce differences in 
the compression and phase transition behaviors of nanomaterials under high pressures.  
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