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Abstract

:

Due to metal–insulator transitions occurring in those compounds, materials and devices based on vanadium (III) and (IV) oxides draw increasing scientific attention. In this paper, we observed the transitions in both oxides using contemporary laboratory equipment. Changes in the crystallographic structure were precisely investigated as a function of the temperature with a step of 2 °C. Thermal effects during transitions were observed using differential scanning calorimetry. The DC conductivity of the materials was measured quasi-continuously as a function of the temperature. All the experiments were consistent and showed considerable hysteresis of the metal–insulator transition in both vanadium oxides.
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1. Introduction


Vanadium (V) is an element situated in block d of the periodic table (thus belonging to the transition metal group) with electron configuration [Ar] 4s² 3d³. In theory, it can exist in numerous oxidation states, namely, −1, +1, +2, +3, +4 and +5. However, the following three are most likely to be stable in crystalline structures: +3, +4 and +5. Different oxidation states of vanadium ions in simple solutions or compounds (in particular in oxides) can be distinguished by various colours: +5 (orange to yellow), +4 (blue) and +3 (green) [1]. In these three oxidation states, 4s electrons are removed, followed by one, two or three 3d electrons, respectively. These electronic properties result in a plethora of crystalline and amorphous structures that different oxidation states of vanadium compose, exhibiting a wide variety of physical and chemical properties. As a natural consequence, vanadium materials meet the enormous interest of researchers worldwide.



Vanadium oxides—including the most popular,    V 2   O 3   ,    V 3   O 5   ,   V  O 2   ,    V 3   O 7   ,    V 2   O 5   ,    V 2   O 2   ,    V 6   O 1  3   and    V 4   O 9   —have found numerous practical applications due to a wide variety of their physical and chemical properties [2].    V 2   O 3    finds its application as cathode material for lithium/sodium/potassium batteries [3,4], as catalyst for the chemical looping dry reforming of methane [5], in ammonium perchlorate decomposition [6], in hydrogen evolution reaction [7,8] and in oxygen evolution reaction [8], as well as in supercapacitors [9] or as an electromagnetic wave absorber [10].   V  O 2    finds numerous optical, electrical, mechanical and electrochemical applications. It can be applied as an infrared regulator (e.g., in smart window devices [11]), or as plasmonic material [12,13], sensor [14,15], electrical switch [16] or memristor [17] in supercapacitors [18] or batteries [19]. The basic application of    V 2   O 5    are batteries [20] and supercapacitors [21]. However, it is also of interest in the field of catalysis [22] and electrochromism [23,24]. Dozens of other applications of the aforementioned vanadium oxides and many others can be found, e.g., in Ref. [2] and references therein.



Due to metal–insulator transitions occurring in those compounds, materials and devices based on vanadium (III) and (IV) oxides draw increasing scientific attention. In this paper, we observed the transitions in both oxides using contemporary laboratory equipment. Changes in the crystallographic structure were precisely investigated as a function of the temperature with a step of 2 °C. Thermal effects during transitions were observed using differential scanning calorimetry. The DC conductivity of the materials was measured quasi-continuously as a function of the temperature. All the experiments were consistent and showed considerable hysteresis of the metal–insulator transition in both vanadium oxides.



Additionally, more complex compounds containing vanadium attract much attention. In particular, the easiness of vanadium to exist in several oxidation states is the reason why many investigated cathode materials for lithium or why sodium batteries contain vanadium. The list includes but is not limited to, e.g., the aforementioned    V 2   O 5    [20,25],   L i V O P  O 4    [26],   L i V P  O 4  F   [27],   N  a 3   V 2    ( P  O 4  )  3    [28],   N  a 3   V 2    ( P  O 4  )  2   F 3    [29] and many others.



In this paper, we only focus on   V  O 2    and    V 2   O 3   . They are particularly interesting because they exhibit temperature-induced phase transitions that result in spectacular alterations in the electronic properties. Namely, the low-temperature phases exhibit insulating properties, whereas the high-temperature phases are characterised by good electronic conductivity (metallic-like).



  V  O 2    (vanadium dioxide) can exist in various polymorphic phases, including   V  O 2    (B),   V  O 2    (A),   V  O 2    (M),   V  O 2    (R),   V  O 2    (D) and   V  O 2    (P) [30]. At room temperature, it adopts a monoclinic phase with the following unit cell parameters:   a = 5.75   Å,   b = 4.52   Å,   c = 5.38   Å,   β = 122.6  ° [31]. This phase is often referred to as an insulating phase (semiconductor-like). The metal-to-insulator transition in   V  O 2    was first predicted by Mott in 1949 [32]. It was later demonstrated in 1959 by Morin [33] that upon heating at 335–350 K, the monocrystals of   V  O 2    undergo a phase transition to highly conducting (called metallic) tetragonal rutile phase with the following unit cell parameters:   a = b = 4.55   Å,   c = 2.86   Å. Morin also observed hysteresis in the transition: upon cooling, the MIT effect appeared within 340–325 K. Although much effort was put into understanding the metal-to-insulator transition phenomenon in vanadium dioxide, the question remains open. In the monoclinic phase with lower symmetry, two varying lengths of V–V bonds are formed: 3.12 and 2.65 Å. The d electrons of vanadium play a major role in its conduction. It has been suggested that such V–V dimer formation directly leads to the change from the high-temperature delocalised state to the localized (insulating) state [34], as explained by the Peierls model [2]. Alternatively, the Mott–Hubbard model states that the MIT occurs when the electron density (  n e  ) and Bohr radius (  a H  ) satisfy    n e  1 / 3    a H  ≈ 0.2   [35]. A summary of numerous experiments addressing an in-depth investigation of this issue is provided, e.g., in Ref. [36].



As the MIT occurs in   V  O 2    at a temperature slightly higher than room temperature, its observation is relatively easy. The temperature dependency of the electronic resistivity of vanadium dioxide can be found in many papers, e.g., [37,38,39,40,41,42]. It is striking that even though some electrical data were provided by Morin in 1959 [33], most of the good-quality electrical measurements were published no earlier than 15 years ago. The XRD patterns of the room-temperature monoclinic phase and high-temperature tetragonal structure are well known. Surprisingly, it is much harder to find temperature-dependent studies of the crystallographic structure of vanadium dioxide with small temperature steps. An example of such experiment was reported by Chang et al. [38], who observed the (200) XRD reflex around 340 K. Differential scanning calorimetry is another experimental technique used for the observation of phase transitions and other thermal events occurring in materials, e.g., glass transition, crystallisation, melting, etc. While the MIT can also be detected with this method, DSC experiments on   V  O 2    are rather rare. Such observations were carried out by, e.g., Wang [43], Li [44] (undoped and W-doped), Takai [45], Muramoto [46] (  V  O 2   -dispersed glass). Additionally, in our group, traces of the MIT of   V  O 2    in   M  V 2   O 5  −  P 2   O 5    glasses and nanomaterials were observed using DSC and DC measurements [47]. Further extensive information about vanadium dioxide can be found, e.g., in Refs. [48,49,50].



On the contrary,    V 2   O 3    exhibits a highly conductive paramagnetic corundum-type hexagonal structure (spacegroup:   R  3 ¯  c  ) with lattice parameters of   a = b = 4.9492 ( 2 )   Å,   c = 13.988 ( 1 )   Å at room temperature [51]. It was also Morin [33] who reported the occurrence of the MIT effect in    V 2   O 3    at 153 K and 165 K upon cooling and heating, respectively. Upon cooling, the phase changes to an antiferromagnetic insulating monoclinic structure (spacegroup   i 2 / a  ) with the following unit cell parameters at 165 K:   a = 7.2727 ( 4 )   Å,   b = 5.0027 ( 3 )   Å,   c = 5.5432 ( 3 )   Å,   β = 96.762 ( 2 )  ° [52]. While calling    V 2   O 3    in this phase “Mott insulator”, the bandgap is reported to be 0.6 eV, a typical value for many semiconductors [53].



Since the MIT in    V 2   O 3    occurs at ca. 160 K, its observation requires, e.g., liquid nitrogen cryostats. Therefore, papers reporting the metal–insulator transition in    V 2   O 3    are less common than those on   V  O 2   . A schematic plot of    V 2   O 3    conductivity was given by Morin in 1959 [33], followed by McWhan in 1973 [54] and Rozier in 2002 [52]. More recently, Trastoy showed resistivity plots for    V 2   O 3    thin films [55], and Navarro studied light-induced changes in the resistivity of    V 2   O 3    thin films [56]. Rozier also showed good-quality XRD patterns acquired at several fixed temperatures below and above the metal–insulator transition [52]. Thermal analyses of    V 2   O 3    are very rare. Sujith reported some noisy DSC curves of    V 2   O 3    in his master thesis [57]. Results of another DSC experiment were published by Zhang for    V 2   O 3   /C composites [58].



As mentioned above, the metal-to-insulator transitions in vanadium (III) and (IV) oxides were discovered decades ago and, ever since, have been observed by some researchers. However, many of these observations were taken years ago. Naturally, their accuracy was limited by the capabilities of experimental techniques available at that time. Some experiments were carried out recently, quite often as supplementary or reference measurements to more complex research. This is why we decided to carry out observations of the MIT effect in   V  O 2    and    V 2   O 3    using differential scanning calorimetry (DSC), X-ray diffractometry and electrical DC measurements using contemporary high-precision acquisition equipment and collect all these observations in one paper. This approach allowed us to revise the previous observations, as well as provide some new interesting experiments, e.g., XRD measurements in the quasi-continuous temperature domain.




2. Materials and Methods


In this work, two commercially purchased vanadium oxides were investigated:   V  O 2    (Aldrich, St. Louis, MO, USA; 99.99%) and    V 2   O 3    (Sigma-Aldrich, St. Louis, MO, USA; 99.9%). Both materials were investigated in a corresponding range of temperature, namely,   V  O 2    from room temperature to ca. +100 °C and    V 2   O 3    from room temperature down to ca.   − 175   °C.



Thermal effects related to the metal–insulator transition were observed with differential scanning calorimetry (DSC). For   V  O 2   , a TA Q200 device was used. For    V 2   O 3   , a TA Q2000 device cooled with liquid nitrogen was necessary to reach the desired temperature range. Samples were encapsulated in TZero hermetic pans/lids in a glove box filled with dry argon to prevent any oxidation processes. Measurements were carried out at low heating/cooling rates, namely, 1 °C/min for   V  O 2    and 2 °C/min for    V 2   O 3   .



X-ray powder diffraction data were collected using Cu-K α  radiation (   λ 1  = 1.54056   Å and    λ 2  = 1.54439   Å), filtered by focusing an X-ray mirror using a PANalytical Empyrean Series 2 diffractometer, and fitted with a PIXcel3D detector. The measurement was conducted in transmission geometry, with the powder loaded into the glass borosilicate capillary. Low-temperature measurements were performed using an Oxford Cryostream 800S cooler system supplied with liquid nitrogen stream over the temperature range from room temperature to   − 170   °C. Observations of the phase transitions were carried out using two approaches. Firstly, the patterns were acquired over the   2 Θ   range from 20° to 70° or 80° (for   V  O 2    and    V 2   O 3   , respectively), in steps of 0.0263° with an effective count time of 450 s per step. The temperature step was set to 10 °C in the case of   V  O 2    and 25 °C in the case of    V 2   O 3   . This stage was to observe differences between the patterns of high- and low-temperature phases and to determine the “fingerprints” of each pattern. Secondly, the measurements were carried out in   2 Θ   fixed-position mode. In such a mode, the angular range of a detector was equal to 3.347°. The positions were set to 27.5° and 54.0°in the cases of   V  O 2    and    V 2   O 3   , respectively. The counting time was set to 175–220 s, and the temperature step was as low as 2 °C between each acquisition instance. Therefore, quasi-continuous measurements as a function of the temperature were possible.



The electrical conductivity of the samples was studied as a function of the temperature in corresponding temperature ranges. Powders kept in a glove box were transferred in a hermetic bottle to a pelleting setup. Pellets of 8 mm in diameter and ca. 2 mm in thickness were quickly pressed under ambient conditions and immediately moved to a Pt sputter. Then, the Pt electrodes were sputtered on the samples in low-pressure Ar atmosphere. The side layers of Pt electrodes were removed just before the measurements. Such a procedure limited the risk of oxidation of vanadium ions. The measurements of   V  O 2    were carried out in a tube furnace (Czylok) in argon flow. A Eurotherm 2404 temperature controller provided temperature stabilisation as good as 0.1 °C. An additional thermocouple was used to measure the temperature in the very proximity of the sample. The measurements of    V 2   O 3    were carried out in a nitrogen-flow cryostat. The sample was kept in a hermetic chamber under high vacuum during measurement. Lakeshore 331 was used for temperature stabilisation and, additionally, to read the temperature from a Pt resistor situated next to the sample. The presence of the second temperature sensor in both cases was necessary to avoid differences between the setpoint temperature and the exact temperature of the sample. A home-made stable programmable voltage power source was used along with a precise Keithley Picoammeter 6485. The values of the current flowing through the sample were acquired each time the temperature changed by 0.5 °C. Hence, the ohmic resistance was calculated as a function of the temperature:   R ( T ) = U / I ( T )  .




3. Results


3.1. Differential Scanning Calorimetry (DSC)


In Figure 1a, the DSC trace of   V  O 2    upon heating to 150 °C and subsequent cooling is shown. The heating/cooling rate in this experiment was as low as 1 °C/min. Upon heating, a distinct endothermic peak is observed with onset at    T 10  = 60.1   °C and extremum at    T 1  = 65.1   °C. The area under the peak represents the total heat of the transition and was equal to    Q 1  = 30.0   J/g. Upon cooling, a much wider exothermic maximum appears, with onset at    T 20  = 64.9   °C and the first extremum at    T 2  = 59.6   °C. The peak spreads to temperatures as low as ca. 30 °C. The heat of this transition was calculated to be    Q 2  = 29.8   J/g. The origin of the peak splitting is unclear.



In Figure 1b, the DSC trace of    V 2   O 3    upon cooling down to   − 170   °C and subsequent heating is shown. The heating/cooling rate in this experiment was set to 2 °C/min. Upon cooling, a distinct exothermic peak is observed with onset at    T 10  = − 116.2   °C and extremum at    T 1  = − 118.7   °C. The area under the peak was equal to    Q 1  = 9.8   J/g. Upon heating, a slightly narrower endothermic maximum appears, with onset at    T 20  = − 110.6   °C and the maximum at    T 2  = − 108.4   °C. The heat of this transition was calculated to be    Q 2  = 10.7   J/g.




3.2. X-ray Diffractometry (XRD)


In Figure 2, the XRD patterns of   V  O 2    collected upon heating from 50 to 90 °C and subsequent cooling are shown. The temperature step between subsequent measurements was 10 °C. One can observe a change in the structure firstly occurring between 60 and 70 °C. This is demonstrated by the splitting of a peak centred at 65.2° and by a subtle shift in the peak initially centred at 28.1°. The physical reason standing behind these observation is the change in the unit cell of   V  O 2   . Upon heating, the monoclinic structure changes to a tetragonal one with a higher symmetry. A reversed behaviour is observed upon cooling, between 60 and 50 °C.



In order to determine the temperature of the structure change with better accuracy, the detector position remained fixed in the next experiment, and the signal was collected each time the temperature changed by 2 °C. Therefore, a quasi-continuous observation of the transition was possible, as visualised in Figure 3a,b. For this observation, both fingerprints mentioned in the previous paragraph could be utilised. Eventually, the position of the first peak was chosen due to its significant intensity. In Figure 3a, the position of the peak upon heating is shown. The shift begins at 60 °C and lasts until 66 °C. Later, its position remains almost fixed (only a little shift due to thermal expansion may be observed) until the maximum temperature of the ramp, namely, 100 °C. In Figure 3b, the position of the peak upon subsequent cooling is shown. Now, the position is held until ca. 64–66 °C, when smooth change is observed until a temperature as low as ca. 44 °C is reached.



From the XRD measurements of   V  O 2   , we can draw the following observations:




	
Evidence of phase transition hysteresis is given, as the transition proceeds at   60 ⇒ 66   °C upon heating and   66 ⇒ 44   °C upon cooling;



	
The transition is wider upon cooling (ca. 22 °C) than upon heating (ca. 6 °C).








A similar experiment was performed for    V 2   O 3   . This time, XRD patterns of    V 2   O 3    were collected with   Δ T = 25   °C upon cooling from −70 to −170 °C and subsequent heating up to   − 70   °C (Figure 4). This time, a visible change in XRD patterns is firstly observed between   − 120   and   − 145   °C, namely, a split of single peaks originally centred at ca. 24.5, 33, 41.4, 50, 54.1 and 63.3°. The most pronounced fingerprint of the transition is a split of the most intense peak (centred at 54.1°) into three peaks of lower intensity. Upon heating, the patterns remain unchanged until −120 °C. A reversed transition is not observed until −95 °C. These observations are a manifestation of a phase transition from the low-temperature monoclinic structure to the high-temperature hexagonal corundum-like structure.



Once again, in order to determine the temperature of the structure change with better accuracy, the detector position remained fixed around 54 ° in the next experiment, and the signal was collected each time the temperature changed by 2 °C (Figure 5a,b). Upon cooling (Figure 5a), the single peak begins to disappear at   − 120   °C. The shape of three low-intensity peaks clarifies around   − 128   °C and remains stable until the end of the cooling ramp, namely,   − 170   °C. Upon heating (Figure 5b), the three peaks begin to diminish at   − 114   °C, and a high-intensity peak forms at ca.   − 108   °C.



In contrast to   V  O 2   , in    V 2   O 3   , the temperature width of the phase transition was similar upon cooling and heating (ca. 6–8 °C). On the other hand, similar hysteresis was observed, as the transition was observed at   − 118 ⇒ − 128   °C upon cooling and   − 114 ⇒ − 108   °C upon heating.




3.3. DC Conductivity


The electrical conductivity of   V  O 2    upon heating to 135 °C and subsequent cooling is shown in Figure 6a. The material exhibited the value of conductivity of ca. 10 S/m at room temperature. Upon heating, above 60 °C, a stepwise deviation from Arrhenius dependency is observable. The increase in conductivity is smaller than one order of magnitude. Upon cooling, the conductivity is greater than 100 S/m. The setup was devoted to measurements of high-resistance samples. Thus, considerable noise is observable at low resistance/high conductance values. Below 60 °C, another stepwise drop in conductivity is observed. These reversible changes in conductivity are in agreement with our previous measurements of vanadate–phosphate glasses and nanomaterials, where the presence of   V  O 2    precipitates was suspected (Figure 5 in Ref. [47]).



The electrical conductivity of    V 2   O 3    upon cooling from 0 °C down to   − 135   °C and subsequent heating is shown in Figure 6b. On a logarithmic scale, the values of conductivity in the “conducting” phase look almost constant. Below   − 115   °C, a distinct stepwise drop in conductivity is measured (ca. 2 orders of magnitude). Below the transition, the dependence of conductivity follows the Arrhenius formula. Upon heating, a stepwise increase in conductivity is observed at ca.   − 110   °C, and conductivity returns to the previous values. In the case of    V 2   O 3   , hysteresis seems to be larger than in the case of   V  O 2   .





4. Discussion and Conclusions


In this work, metal-to-insulator transitions in vanadium oxide (IV) and (III) were investigated using contemporary equipment with differential scanning calorimetry, temperature-dependent X-ray diffractometry and electrical conductivity measurements. In such experiments, precise temperature control plays an essential role. In this work, DSC analysers were appropriately calibrated. In DC measurements, a secondary thermocouple situated in the very proximity of the sample was used to achieve high-accuracy temperature determination. Only in XRD measurements, the temperature was determined from the setpoint of the heater/cooler. Nevertheless, all the experimental results presented in this work were consistent. However, various methods showed different degrees of sensitivity to the detection of phase transitions.



The occurrence of the insulator-to-metal transition upon the heating of   V  O 2    was observed precisely above 60 °C in DSC, XRD and DC measurements. The transition was narrow and lasted until ca. 66 °C. On the contrary, upon cooling, the metal-to-insulator transition began at 64–66 °C but lasted longer, even until ca. 44 °C, as evidenced by XRD and DC measurements. In DSC measurements, the signal from this phenomenon was even wider, spreading down to 25 °C.



The width of the MIT transition in    V 2   O 3    upon cooling and heating was similar, equal approximately to 10 and 6 °C, respectively. However, visible hysteresis was seen. Upon cooling, the transition process was observed between   − 118   and   − 128   °C (using XRD) or   − 115   and   − 125   °C (using DC). Upon heating, the transition was measurable above   − 114   /   − 110   °C (using XRD and DC, respectively) and lasted for about 6 °C.



This work shows that the temperatures of phase transitions in   V  O 2    and    V 2   O 3    well-established in the literature, namely, 67 °C and   − 123   °C, need to be taken with precautions. Especially in dynamic non-equilibrium experiments (heating/cooling at a rate of several °C/min), the temperatures of the transitions may be shifted and last as much as 10 °C.
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Figure 1. DSC traces of vanadium (IV) oxide (a) and vanadium (III) oxide (b) measured upon heating and cooling with ramp slopes of 1 °C/min and 2 °C/min, respectively. 
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Figure 2. XRD patterns of   V  O 2    measured in   2 Θ   range 20–80° as a function of the temperature upon heating up to 90 °C and subsequent cooling. 
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Figure 3. XRD patterns of   V  O 2    measured upon heating (a) up to 100 °C and subsequent cooling (b) with the temperature step of 2 °C. Colour scale represents the square root of the signal intensity above the baseline normalised to the maximum value in the whole experiment. 
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Figure 4. XRD patterns of    V 2   O 3    measured in   2 Θ   range 20–70 ° as a function of the temperature upon cooling down to −170 °C and subsequent heating. 
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Figure 5. XRD patterns of    V 2   O 3    measured upon cooling (a) down to   − 170   °C and subsequent heating (b) with the temperature step of 2 °C. Colour scale represents the square root of the signal intensity above the baseline normalised to the maximum value in the whole experiment. 
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[image: Crystals 13 01299 g005]







[image: Crystals 13 01299 g006] 





Figure 6. DC conductivity of vanadium (IV) oxide (a) and vanadium (III) oxide (b) measured upon heating and cooling with ramp slope of 1 °C/min. 
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