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Abstract:

Hydrothermally synthesized one-dimensional and two-dimensional nanocrystals of
VO, undergo phase transition around 65°C, where temperature and mechanism of phase
transition are dependent on dimensionality of nanocrystals. Both nanocrystalline samples
exhibit depression of phase transition temperature compared to the bulk material, the
magnitude of which depends on the dimensionality of the nanocrystal. One-dimensional
nanoribbons exhibit lower phase transition temperature and higher values of apparent
activation energy than two-dimensional nanosheets. The phase transition exhibits as a
complex process with somewhat lower value of enthalpy than the phase transition in the bulk,
probably due to higher proportion of surface atoms in the nanocrystals. High values of
apparent activation energy indicate that individual steps of the phase transition involve
simultaneous movement of large groups of atoms, as expected for single-domain
nanocrystalline materials.
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1. Introduction

Macroscopic manifestations of electronic and lattice instabilities in VO, during metal-
insulator transition are exceptional in magnitude: changes in electrical conductivity and
optical transmittance are up to 5 orders of magnitude at temperatures relatively close to room
temperature (67°C in the bulk) [1]. This is also accompanied by changes in magnetic
susceptibility, specific heat and Seebeck coefficient [2]. Since its discovery [3], this
phenomenon has attracted attention by experimentalists and theorists alike with debate over
the microscopic mechanism of this phase transition. In addition, structurally and
compositionally more complex system exhibiting similar strong electronic correlations have
been discovered, making VO, a sort of a model system for these systems [4-6]. On its own,
VO, is important for the many potential applications of its near-room-temperature phase
transition, due to its tunability with doping, strain and scaling to finite size [7], including
“smart windows” [8], Mott field effect transistor [9] and a variety of optoelectronic
applications [10, 11]. It is this last aspect that has driven the effort to produce nanostructures
of VO, and to achieve as much control as possible of their size and morphology. In addition,
nanosized materials offer the opportunity to study VO, phase transition in a single-domain
material, as opposed to many-domain composition of a typical macro- or micro-sized material
[12].
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Structural phase transition, which accompanies metal-insulator transition in VO,,
occurs with transformation from tetragonal rutile (P,/2mn) to monoclinic M; phase (P2,/c)
[13]. Latent heat of this first-order transition is around 4.27 kJ/mol. Tetragonal structure
contains equidistant vanadium atoms (with interatomic distance of 2.85A), while monoclinic
structure contains distinct pairs of vanadium atoms (interatomic distance 2.651&) separated by
3.12A. Recent studies have shown that this phase transition exhibits size dependence in
nanocrystalline VO, [14] indicating that the temperature of phase transition depends on the
size of the smallest dimension of the nanocrystal. Here we present a study of the effect of
dimensionality of VO, nanocrystals on structural phase transition temperature and kinetics.

2. Experimental

Synthesis of VO, nanocrystals was performed using previously developed
hydrothermal reaction [15] to obtain nanoribbons and nanosheets of VO,. The as-prepared
samples were washed with distilled water and acetone and dried first at room temperature for
72h and then vacuum-dried at 50°C for 1h.

DSC measurements were performed using DSC-50 analyzer (Shimadzu, Japan) under
nitrogen atmosphere, at constant heating rates of 2, 5, 10 and 20 °Cmin™', in the temperature
range from room temperature to 120°C. Calibration of the instrument was performed, for
corresponding heating rate, prior to each of the measurements and the DSC curves shown
were obtained by deducting the baseline from the experimental curve. DTA measurements
were conducted on TA SDT 2960 instrument under nitrogen atmosphere, at constant heating
rates of 2, 5, 7.5 and 10 °Cmin™'. Gas flow rate of nitrogen in all experiments was 50mlmin”".
Due to technical limitations, DSC measurements on cooling were performed only at a cooling
rate of 2 °Cmin™".

X-ray diffraction measurements were performed on Inel X-ray diffractometer with
scintillating gas detector in a range of 260 of 15-90°. TEM images were obtained using Philips
430 transmission electron microscope (TEM) with 200kV acceleration voltage using a CCD
camera.

3. Results and discussion
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Fig. 1. XRD spectra of VO, nanoribbons (left) and nanosheets (right).
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XRD spectra of VO, nanoribbon and VO, nanosheet samples show that they can be
characterized as monoclinic M1 phase of VO, [JCPDS 43-1051] (Fig. 1). There is high degree
of crystallinity, consistent with high yield of the reaction and high aspect ratios of the
products. TEM images show the difference in dimensionality of the two samples (Fig. 2). It
was estimated that the shortest dimension of nanoribbons was 10-20nm, while the shortest
dimension of nanosheets was 20-30nm.
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Fig. 2. TEM images of VO, nanoribbons (left) and nanosheets (right).

DTA measurements (Fig. 3) show a peak around 66°C, which shifts to higher
temperatures with increase in heating rate, indicating a thermally activated process. The
asymmetry of the peak increases with increase in heating rate — at heating rate of 2 °C/min the
peak is relatively symmetric and exhibits increases asymmetry on the right half with increase
in heating rate, suggesting a complex process containing several individual steps. One of the
processes that is present, beside phase transition, is adsorption/desorption of nitrogen from
VO, surface. This process was found to be continuous over the entire temperature region of
DTA measurements, without any discontinuity around the phase transition temperature.
However, its exact effect and contribution is still unclear.
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Fig. 3. DTA of VO, nanoribbons (left) and nanosheets (right).

DSC measurements (Fig. 4) show an asymmetric peak around 65 °C on heating and
57°C on cooling. This hysteresis width is consistent with the hysteresis width obtained in
macroscopic samples and in other VO, nanoribbon samples [16]. The peak shifts to higher
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temperatures with increase in heating rate, indicating a thermally activated process. AH on
heating is 33.5 J/g, which is equivalent to 2.78 kJ/mol of VO,, which somewhat lower than
previously reported latent heat for a macroscopic system (4.27 kJ/mol), even when taking into
account that latent heat also includes contribution from entropy change. This is expected as
nanocrystalline systems have significantly higher surface-to-volume ratio, which reduces the
energy required for structural transformation, due to higher proportion of surface atoms,
which experience less constraints than atoms in the bulk, requiring less energy to change
position in the lattice.
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Fig. 4. DSC of VO, nanoribbons (left) and nanosheets (right).

Both DTA and DSC measurements show that the phase transition occurs at higher
temperature for nanosheets than it does for nanoribbons, with the difference in phase
transition temperatures of around 1°C (Tab. I). The difference between nanoribbons and
nanosheets is indicative of their different morphology and, it shows that, since the phase
transition temperatures in nanosheets are closer to the value in bulk material (67 °C), reduced
size leads to depression of phase transition temperature. However, since nanoribbon size is
only 10-20nm on the shortest dimension, this also indicates that the depression of phase
transition temperature in 1-dimensional or 2-dimensional VO, nanostructures that can be
achieved in pure VO, is relatively marginal and much smaller than anything needed for
practical application.

Tab. 1. DSC and DTA peak positions and difference in phase transition temperatures between
nanoribbons and nanosheets.
DSC DSC DTA DTA

?0 C/min) nanoribbons nanosheets El%f)erence nanoribbons nanosheets Etlgerence
O O 9] O

2 63.48 64.50 1.02 65.41 66.39 0.98

5 64.15 65.01 0.86 66.01 67.39 1.38

10 64.96 66.34 1.38 66.37 68.88 2.51

In order to investigate the kinetics of phase transition in VO, nanostructures, the
effective values of E, for different conversion degrees were determined using Flynn-Wall-
Ozawa and Kissinger-Akahira-Sunose isoconversional methods [17-20], using DTA
measurements. The conversion degree of reaction, a, at temperature T is equal to the ratio of
St to S, where S is the total peak area, and St is the area between the initial crystallization
temperature and temperature T. The dependence of a on temperature shows that at heating



V. A. Blagojevi¢ et al./Science of Sintering, 45 (2013) 305-311 309

rate of 2 °C/min the reaction has a completely different mechanism (Fig. 5). Therefore, only
the measurements at heating rates 5, 7.5 and 10 °C/min were taken into consideration for
calculation of kinetic parameters.
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Fig. 5. Dependence of conversion degree o on temperature for DTA of nanoribbons (left) and
nanosheets (right).

Dependence of effective activation energy on o for nanoribbon and nanosheet
samples shows that the structural phase transition of VO, is a complex process containing at
least two separate single-step processes (Fig. 6). It was not possible to deconvolute the data to
isolate individual single-step processes. The initial part of the reaction exhibits much higher
activation energy than the final part and the nanoribbons exhibit both higher activation energy
and somewhat different mechanism than the nanosheets. The values of activation energies for
both samples are high (570 and 450 kJ/mol, respetively), indicating high complexity of the
process involving simultaneous movement of large number of atoms. If the calculated value
of AH of the phase transition, of 2.78 kJ/mol, is used to calculate the approximate number of
VO, units involved in elementary step of phase transformation, by dividing the activation
energy with it, it can be estimated that at least several hundred atoms are involved in each
elementary step of phase transformation. Since nanocrystals represent single domain crystals,
this high level of complexity is expected, as the entire domain would undergo structural
transformation simultaneously.
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Fig. 6. Dependence of apparent activation energy E, on a using isoconversional methods for
VO, nanoribbons (left) and nanosheets (right).
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4. Conclusions

Hydrothermally synthesized nanocrystals of VO, undergo structural phase transition
around 65 °C. The phase transition mechanism shows some dependence on heating rate and
the enthalpy of phase transition is somewhat lower than in the bulk, probably due to much
higher proportion of surface atoms in the nanocrystals. Analysis of the kinetics of the process
shows that it is a complex process involving several individual single-step processes, which
exhibit apparent activation energies of 150-570 kJ/mol. Morphology of nanocrystals has
significant effect on the process of structural phase transition. 2-dimensional nanosheets
exhibit higher phase transition temperature and lower values of apparent activation energy.
Although nanocrystals of VO, exhibit depression of phase transition temperature, its
magnitude is too low to be of any practical importance for possible application.

Acknowledgments
This work was supported in part by the Ministry of Science and Environmental

Protection of Serbia, under the following Project and 142015.

5. References

1. Mott, N. F. Metal-Insulator Transitions, 2nd ed.; CRC Press: Boca Raton, FL, 1990.

2. Berglund, C. N.; Guggenheim, H. J. Phys. Rev. 1969, 185, 1022— 1033.

3. Morin, F.J. Phys. Rev. Lett., 1959, 3, 34.

4. Yamauchi, T.; Isobe, M.; Ueda, Y. Solid State Sci. 2005, 7, 874—881.

5. Qazilbash, M. M.; Brehm, M.; Chae, B.-G.; Ho, P.-C.; Andreev, G. O.; Kim, B.-].;
Yun, S. J.; Balatsky, A. V.; Maple, M. B.; Keilmann, F.; Science 2007, 318, 1750—
1753.

6. Wu, J.; Gu, Q.; Guiton, B. S.; Leon, N.; Ouyang, L.; Park, H. Nano Lett. 2006, 2313.

7. Yin, D.; Niankan, X.; Zhang, J.; Zheng, X. J. Phys. D.: Appl. Phys. 1996, 29, 1051—

1057.

8. Manning, T. D.; Parkin, I.; Pemble, M. E.; Sheel, D.; Vernardou, D. Chem. Mater.
2004, 16, 744-749.

9. Chudnovskiy, F.; Luryi, S.; Spivak, B. In Future Trends in Microelectronics: The
Nano Millenium; Zaslavsky, A., Ed.; Wiley-Interscience: New York, 2002; pp 148-
155.

10. Lee, C. E.; Atkins, R. A.; Giler, W. N.; Taylor, H. F. Appl. Opt. 1989, 28, 4511-
4512.

11. Lee, M.-J.; Park, Y.; Suh, D.-S.; Lee, E.-H.; Seo, S.; Kim, D.-C.; Jung, R.; Kang, B.-
S.; Ahn, S.-E.; Lee, C. B.; Adv. Mater. 2007, 19, 3919-3923.

12. Frenzel, A.; Qazilbash, M. M.; Brehm, M.; Chae, B.-G.; Kim, B.-J.; Kim, H.-T;
Balatsky, A. V.; Keilmann, F.; Basov, D. N. Phys. Rev. B 2009, 80, 115115/1-
115115/7.

13. Goodenough, J. B. J. Solid State Chem. 1971, 3, 490-500.

14. Whittaker, L.; Jaye, C.; Fu, Z.; Fischer, D. A.; Banerjee, S. J. Am. Chem. Soc. 2009,
131, 8884-8894.

15. Mini¢ D. M.; Blagojevi¢ V. A. CrystEngComm, in press.

16. Guiton, B. S.; Gu, Q.; Prieto, A. L.; Gudiksen, M. S.; Park, H. J. Am. Chem. Soc.
2005, 127, 498—499.

17. H.E. Kissinger, Reaction kinetics in differential thermal analysis, Anal. Chem. 29
(1957) 1702.



V. A. Blagojevi¢ et al./Science of Sintering, 45 (2013) 305-311 311

18. J. Flynn, L. Wall, J. Res. Natl. Bur. Stand Sect A 70 (1966) 487.

19. T.J. Ozawa, Bull Chem Soc Japan 38(1965) 1881.

20. T. Akahira, T. Sunose, Trans. 1969 Joint Convention of Four Electrical Institutes.
Paper No. 246; Res. Report Chiba Inst. Technol. No. 16 (1971) 22.

Caoporcaj: JeOHUOUMEHZUOHATHU U 0B0OUMEHIUOHAIHU HAHOKPUCIMAU BAHAOUJYM-OUOKCUOA
CUHMeMUCAHU €Y XUOPOMEPMATHUM NPOYecoM U ucnomasajy @asuu nperaz oxo 65°C.
Temnepamypa u mexanuzam ¢haznoz npenaza nokazyjy 3a8UcHocm 00 OUMEH3UOHATHOCMU
Hanokpucmana. Q6a HAHOKPUCMATIHA Y30PKA NOKA3Y[Y HUMXCY memnepamypy ¢aznoe npenasza
Y 00HOCY HA MAKpoMamepujan u pasiuka y memnepamypu @asHoe npenasa 3dasucu 00
OUMEH3UOHAIHOCIU HAHOKpUcmand. JeoHOOUMEeH3UOHANHe HAHOMPAKe UCHO/bABAJY HUNCY
memnepamypy u 6uuLy eHepeujy akmugayuje gaznoe npeiasa’y 00Hocy Ha 0800UMEH3UOHAIHE
Hanonucmuhe. @aznu npenas y HAHOKPUCMALY UCNODABA CE KAO CLONCEHU NPoYec ca Heumo
HUdCOM 6peonowlhy enmannuje 00 gasnoe npenaza y naHoMamepujany, wmo je epoeamto
nocneouya 3uauajno eehee ydena NOSpWIUHCKUX amoma Yy Hanomamepujary. Bucoke
8pedHoCmuU eHepauje akmusayue (PasHo2 npenasa yKasyjy Ha UCOK CMeneH CLONCEeHOCHU
npoyeca u yuewhe 6eruxkoz Opoj amoma y C6AKOM NOjeOUHAYHOM KOpaKy asne
mpancghopmayuje. O8o je ouekueamno, NOWMO Cy HAHOMAMEPUANU CACMABHLEHU 00 CaAMO
jeoHnoe domeHa.

Kuwyune peuu: Hanoxkpucman, sanaoujym-okcuo, gpaznu npenas, ymuyaj eeiudumne Kpucmaid




