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ABSTRACT: Vanadium dioxide (VO2) undergoes a fully re-

versible first order metal–insulator transition (MIT) from M1 

monoclinic phase (P21/c) to a high-temperature tetragonal phase 

(P42/mnm) at around 68 °C. Modulate phase transition of VO2 by 

chemical doping is becoming of fundamental and technological 

interest. Here, we report the synthesis of highly-crystallized Fe-

doped VO2 powders by a carbo-thermal reduction process. The 

impact of Fe doping on structural and phase transition of VO2 is 

studied. The as-prepared Fe-doped VO2 samples crystallize in M2 

monoclinic form (C2/m), which could be due to a segregation of 

the doping ions in the V2 zig-zag chains. A strong increase of the 

transition temperature up to 134 °C is observed, which does rep-

resent a breakthrough in the VO2-type thermochromic materials. 

Vanadium dioxide (VO2) is a well-known thermochromic mate-

rial, which undergoes a fully reversible first order metal–insulator 

transition (MIT) from a low-temperature monoclinic M1 phase 

(P21/c) to a high-temperature tetragonal phase (P42/mnm) at 

around 68 °C. At the MIT, significant changes of atomic organisa-

tion are intertwined with changes of the electrical, the optical, and 

the magnetic properties1-2, making VO2 a promising candidate for 

switching applications3-4, but with remaining controversies about 

the Peierls or Mott origin for the phase transition5-11. In our own 

previous studies, considering that the phase transition is well 

linked to structural origin, geometrical calculations in agreement 

with experimental studies suggested that VO2 phase transition is 

the consequence of very short atomic shifts mainly associated to a 

decrease of the 2nd sphere coulombic interactions12. For practical 

use, various transition temperatures of VO2 are desired to fulfil 

the different demands depending on the applications. For illustra-

tion, a transition temperature (TMIT) around 30°C is suitable for 

thermochromic smart windows13, whereas TMIT above 110°C is 

required for solar thermal collector optimization14-15. Great efforts 

have been devoted toward accomplishing modulation of TMIT and 

doping is the most widespread and efficient approach to achieve 

this objective. Relying on a Mott-driven transition mechanism, 

high-valence dopants act as free electrons donors into the VO2 

conduction band and lower the TMIT
16, while substitution of V4+ 

by ions with lower valence such as Fe3+, Al3+ or Cr3+ stabilize the 

intermediate phase M2 and slightly raise TMIT
17-19. W6+ has been 

considered as one of the most effective donor-like dopant, lower-

ing the transition temperature by 24°C per 1 mol%20. On the other 

side, as far as we know, the highest TMIT is demonstrated at ≈ 

105°C for 10 mol% Cr-doped VO2
21.  

Fe-doped VO2 has already been studied17,22,23,24,25, but the effect 

of Fe dopant on the MIT transition remains misunderstood. So far, 

the studies reveal that Fe doping does not really affect the MIT 

transition of VO2.     

   In the current work, we report the synthesis and characterization 

of highly-crystallized Fe-doped VO2 powders. The evaluation of 

the impact of Fe doping on the MIT transition is the main target. 

A pyrolysis method was used to synthesize Fe-doped VO2 powder 

with Fe content up to 12.6 mol%. In a first stage, iron acetate 

(FeOH(CH3COO)2) and NH4VO3 precursors were dissolved in 

excess ethylene glycol (C2H6O2, 80 mL) and refluxed in an oil 

bath at 160°C for two hours to produce Fe-doped vanadyl eth-

ylene glycolate (Fe-VEG). The Fe-VEG powder was then an-

nealed under air atmosphere at 300°C for 3 hours to obtain Fe-

doped nano-V2O5. Finally, the Fe-doped V2O5 powder was mixed 

with carbon and annealed in a flowing Ar atmosphere at 800 °C 

for 15 hours to obtain pure Fe-doped VO2. The Fe content in each 

Fe-doped VO2 powder was carefully determined by inductively 

coupled plasma (ICP) analysis. Three different doping percent-

ages were obtained: 5.5%, 9.0% and 12.6%. The crystal structure, 

the morphology and the phase transition properties of the synthe-

sized powders were investigated by X-ray diffraction (XRD), 

scanning electron microscopy (SEM) and differential scanning 

calorimetry (DSC), respectively. 

   Figure 1 shows XRD patterns of 0%, 5.5%, 9.0% and 12.6% Fe-

doped VO2 samples. For the undoped VO2 powder, all the room-

temperature X-ray peaks match with the monoclinic (P21/c) M1 

VO2 (JCPDS 44-0252). The XRD patterns for all Fe-doped VO2 

samples are quite similar and do not belong to the monoclinic M1 

VO2, indicating the formation of a new structural symmetry in-

duced by Fe-doping. The twin peaks around 2θ = 27.3° and 28.5° 

for the Fe-doped samples (Figure 1b) are assigned to (-201) and 

(201) planes of the monoclinic (C2/m) M2 VO2. It’s interesting to 

note that the obtained M2 phase reveals less peaks than expected. 

Indeed, peaks around 2θ = 26.5°, 2θ = 34.0°, 2θ = 48.0° and 2θ = 

53.0° are missing compared to M2 phase already reported in the 

literature18. A higher-symmetric structure could explain such 

structural properties. In addition, the (-201) diffraction peaks 

significantly shift toward the low-angle region promoting a gap 

between (-201) and (201) planes with increasing Fe-doping 

amount, pointing out an expansion of the VO2 unit-cell. This 

indirectly indicates that the larger Fe3+ ions (0.645 Å compared to 

0.58 Å for V4+) are successfully incorporated into the VO2 lattice. 

Low intensity extra peaks are observed for the 12.6 mol% Fe-

doped sample corresponding to Fe2O3 phase26, which means that 

the solubility limit of Fe in VO2 is reached. 



 

 

Figure 1. Room temperature XRD patterns of Fe-doped VO2 

powders with different Fe-doping concentrations (a) and focus on 

the 26 to 30° 2θ region (b). 

   It is well-known that the first order phase transition of VO2 is 

associated with a large variation of latent heat, quantifiable by 

thermal analysis. The DSC analysis of the Fe-doped VO2 powders 

was performed using the same scanning conditions (temperature 

range: 30-160°C, rate: 10°C/min, atmosphere: N2). To test the 

repeatability and to detect the potential switching fatigue, each 

sample was subjected to three measurement cycles. The DSC 

curves are displayed in Figure 2. The similarity of the successive 

DSC curves throughout the 3 cycles for all samples illustrates the 

non-fatigability of the MIT. By convention, the TMIT is taken as 

the average of endothermic and exothermic peak positions. A 

drastic shift of the TMIT toward higher values is observed as the 

doping content increases, especially between the 5.5 and 9.0% Fe-

doped samples. This trend well agrees with previous studies in 

which transition temperature was observed to change significantly 

only for relative dopant concentrations exceeding 6 mol%21,27. 

The transition temperature finally increases up to 133.4°C for the 

12.6% Fe-doped VO2 sample, which is twice higher than the 

original value. This result is far better than what can be found in 

the literature for Fe-doped VO2 or even any other metal-doped 

VO2
17.18.28. Also, the higher TMIT value reported so far is around 

105 °C for Cr-doped VO2
21. The huge impact of dopant on TMIT 

may be related to the synthesis process, which allows a high 

dopant concentration in the VO2 phase to be achieved. Neverthe-

less, the DSC peaks in Fe-doped samples get broader and weaker 

compared with those of undoped sample. The increment of defect 

states caused by the dopant ions could explained this phenome-

non. The 9.0 mol% Fe-doped VO2 sample reveals very interesting 

thermochromic properties (TMIT around 118 °C) without Fe2O3 

impurities. This sample was chosen to be further characterized.     

   SEM image of the 9.0 mol% Fe-doped VO2 powder is shown in 

Figure 3 and reveals micrometer size crystallites with clearly 

facetted surfaces. The chemical composition of different crystal-

lites was also determined from dispersive X-ray (EDX) using a 

spot size equal to 3 x 3 µm². Measurements were performed on 

five isolated grains and the Fe/V molar ratio was calculated from 

the Kα peak of each element. The doping level within individual 

grains is found to be uniform with a Fe content in the narrow 

range: 8.8-9.5%, in good agreement with the average value of 

9.0% obtained by ICP analysis. Thus, the synthesis process allows 

the obtaining of very large particles size with a homogeneous 

distribution of the Fe dopant. 

   Rietveld refinement method was thereafter conducted to deter-

mine the crystal structure of the 9.0 mol% Fe-doped VO2. A 

crystal structure model was firstly built from the M2 crystal de-

scription previously reported in literature, i.e. considering two 

kinds of V-V chains: zigzag chains with equidistant V-V bonds 

(V2 atoms), and linear chains with alternatively short and long V- 

V bonds (V1 atoms) (Figure 4a). 

 
Figure 2. DSC curves of 0 mol% (a) 5.5 mol% (b) 9.0 mol% (c) 

and 12.6 mol% (d) Fe-doped VO2 samples. 

Figure 3. SEM image and the EDX spectra of 9.0 mol% Fe-doped 

VO2 sample (spot size for EDX analysis: 3 x 3 µm²). 

In comparison with the standard pure VO2 M1 phase, which 

exhibits a single zig-zag chain within V-V pairing configuration, 

M2 phase crystallographic network exhibits a discrimination in 

two V-V chains, with for both channels, an exaltation of one of 

the configurational parameters (zig-zag or V-V pairing), and an 

extinction of the other. It can be noted that peak intensities are not 

correctly taken into account considering such crystal structure, 

explaining the agreement factors are quite high. Also, the very 

large isotropic displacement factor calculated for the V2 atom 

suggests a segregation of the Fe defects located on the zigzag 

chains and Fe was so introduced on a secondary position in this 

first chain in a second refinement model. Finally, in a second 

round, the model was optimized also distinguishing two sub-

positions for the V1 atoms (Figure 4b). The introduction of Fe in 

V2 chains with a refined occupancy (7 mol%) in quite good 

agreement with experimental doping concentration, as well as the 

50-50 distribution of the V1 atoms in their two sub-positions 

showing a degree of freedom of the antiferroelastic pairing in V1 

chains respectively to the zig-zag V2 chains orientation, lead to a 

significantly better X-ray pattern refinement with a realistic struc-



 

tural model. The lattice parameters, the atomic positions and the 

agreement factors (RBragg and RF) obtained after Rietveld refine-

ments are summarized in Table 1. 

 

Figure 4. Rietveld refinement of 9 mol% Fe-doped VO2 powder 

using a conventional M2 crystal structure model (a) and a new 

model distinguishing two sub-positions for the V1 atom and 

introducing Fe atom in V2 chains (b) (the size of each atom is 

correlated to the atomic isotropic displacement parameter Biso, 

which may represent atomic motion and possible static displacive 

disorder). 

Table 1. Structural parameters obtained after Rietveld refinement 

of 9 mol% Fe-doped VO2. 

Structural parameters Fig.4a 

C 2/m         a = 9.110(1) Å       α = 90°                 R
Bragg 

= 21.2 

                   b = 5.799(1) Å       β = 92.369(1)°      R
F 

= 14.0 

                   c = 4.555(1) Å        γ = 90° 

Atom X Y Z B
iso

 occ 

V1 0 0.251(1) 0 0.52(3) 0.5 

V2 0.243(1) 0 0.514(2) 2.83(7) 0.5 

O1 0.151(1) 0.243(4) 0.302(3) 1 1 

O2 0.091(2) 0 0.773(4) 1 0.5 

O3 0.092(2) 0.5 0.791(5) 1 0.5 

Structural parameters Fig.4b 

C 2/m        a = 9.110(1) Å        α = 90°                 R
Bragg 

= 7.21 

                  b = 5.799(1) Å        β = 92.370(1)°      R
F 

= 10.1 

                  c = 4.555(1) Å        γ = 90° 

Atom X Y Z B
iso

 occ 

V1a 0 0.291(1) 0 0.27(5) 0.23(1) 

V1b 0 0.217(1) 0 0.27(5) 0.27(1) 

Fe2 0.175(3) 0 0.665(6) 0.27(5) 0.07(1) 

V2 0.248(1) 0 0.505(1) 0.27(5) 0.43(1) 

O1 0.143(1) 0.253(1) 0.313(2) 1 1 

O2 0.102(1) 0 0.834(2) 1 0.5 

O3 0.108(1) 0.5 0.823(2) 1 0.5 

   To confirm DSC analyse, temperature-dependent XRD of the 

9.0 mol% Fe-doped VO2 sample was finally performed to study 

the phase transition during the heating (Figure 5). For T ≤ 90°C, 

the sample remains in the monoclinic M2 structure. When the 

temperature reaches 110°C, the tetragonal (P42/mnm) VO2(R) 

structure emerges while the M2 peaks decrease in intensity, sug-

gesting the beginning of the phase transition, which is consistent 

with the DSC analysis (Figure 2). Finally, for T = 130 °C, all the 

peaks match with the tetragonal VO2(R) structure, revealing that 

the transition from the M2 phase to R phase is completed.   

 
Figure 5. XRD patterns of the 9.0 mol% Fe-doped VO2 sample 

collected at different temperatures during heating (a) and focus on 

the 26 to 30° 2θ region (b).    

   In conclusion, Fe-doped VO2 powder was successfully synthe-

sized at 800 °C in an Ar atmosphere for 15 hours from a carbo-

thermal reduction process. All doped-samples are crystallized at 

room temperature in the monoclinic (C2/m) M2 structure and 

DSC analysis revealed that Fe content strongly affect the MIT 

transition of VO2. The crystallization of the as-prepared Fe-doped 

VO2 powders in the VO2 (M2) form is to be linked with a segre-

gation of the doping ions in the V2 zig-zag chains. This segrega-

tion, on a thermodynamic point of view, is related to lower over-

potential of the Fe point defects in zig-zag chains than in linear 

one; one can note that, in our refinement model, the large Fe 

atoms out of centering from the geometrical centre of the octahe-

dral site is surely closely related to this segregation. Consequent-

ly, with a Peierls concept view, Fe segregation in zigzag chains 

explains the M2 phase stabilization to the detriment of the M1 

form and a re-investigation of the collected X-ray diffraction 

patterns using other doping elements is planned in the light of our 

proposal. Furthermore, the acclimatization of Fe-dopant in the 

accentuated zig-zag chains significantly stabilizes the M2 form to 

the detriment of the rutile symmetrical system and so increases 

the MIT phase transition temperature. A TMIT of 134 °C has been 

reached with 12.6 mol% Fe, which represents a significant break-

through in the inorganic thermochromic materials field. To the 

best of our knowledge, this is the highest transition temperature 

reported for doped VO2. 
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