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SYNOPSIS TOC 

An aqueous synthetic route at 95 °C yields selectively three scarcely reported vanadium +IV 

oxyhydroxides as nanoparticles with the smallest sizes reported so far. Formation mechanisms 

are addressed and highlight the extreme pH-sensitivity of the synthetic routes. 

 

 

ABSTRACT 

An aqueous synthetic route at 95 °C is developed to reach selectively three scarcely reported 

vanadium oxyhydroxides. Häggite, Duttonite and Gain’s hydrate are obtained as nanowires, 

nanorods and nanoribbons, with sizes one order of magnitude smaller than previously 

reported. X-ray absorption spectroscopy provides evidences that vanadium in these phases is 

V
+IV

. Combined with FTIR, XRD and electron microscopy, it yields the first insights into 

formation mechanisms, especially for Häggite and Gain’s hydrate. This study opens the way 

for further investigations of the properties of novel V
+IV

 (oxyhydr)oxides nanostructures.  
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INTRODUCTION 

Vanadium oxides and oxyhydroxides offer a well-furnished toolbox that contains a wide 

variety of compositions, structures, redox states, etc. This results in a large diversity of 

electrical, optical and intercalation properties, which can be implemented in many 

applications, especially in the fields of oxidative catalysis
1–14

 (e.g. production of sulfuric acid
1
 

and maleic acid
15

) and energy.
16–27

 Several current technologies of redox flow batteries,
16

 Li-

ion or Na-ion batteries,
17–27

 smart thermochromics,
28

 electrochromic windows
29

 and 

thermoelectric devices
30

 are based on vanadium oxy-compounds. This profusion of 

applications relates directly to the various crystal structures and structure-property 

relationships.
29,30

 Especially, reduced phases incorporating V
III

 and/or V
IV

 species exhibit 

electrical properties of utmost importance, with e.g. a metal-to-insulator (MIT) transition
28,30

 

involved in smart systems. Mastering the crystallographic structure permits to adjust the 

electron transport properties which are crucial for electrochemical storage and for 

thermochromic behaviors based on the MIT. However, while only one allotrope of V2O5 is 

known, a hundred of reduced phases have been reported. This striking contrast points out the 

ambivalence of low valence vanadium oxides: they provide a unique range of compounds to 

adjust properties but materials chemists must face the challenge of selective elaboration with 

controlled structure, oxidation state and morphology in order to understand and efficiently use 

these properties.
17–27,30,31

 

 This report is focused on two vanadium oxyhydroxides little studied in the literature. 

On one side, Duttonite V
IV

O(OH)2 (Figure 1) is made of chains of distorted octahedra 

VO2(OH)4 sharing edges. Chains are connected together by the OH corners with alternating 

long V-O and short V=O bonds. Duttonite was discovered in natural ores
32,33

 and reported 

thrice
34–36

 from hydrothermal routes. Duttonite’s nano-/micro-structure has not been reported 

so far. On the other side, Häggite (Figure 2) is made of corrugated sheets linked by H bonds. 
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The sheets are made of double chains of edge-sharing octahedra. The chains are connected by 

oxo corners in V-O-V bridges consisting in two short V-O bonds. Häggite is naturally present 

in some ores but only 3 synthetic routes are known:
37–39

 (1) reduction of NH4VO3 by wood or 

lignite under hydrothermal conditions for few days,
38

 (2)  Pt-catalyzed reduction of V2O5 by 

H2 at 150 °C,
39

 and (3) hydrothermal oxidation of a preformed V(OH)2NH2 complex.
37

 This 

last study from Wu et al. is the only one reporting Häggite’s microstructure, consisting in 

200 nm wide ribbons with micrometric length.
37

 Häggite’s composition was described as 

V
IV

V
III

O2(OH)3 until Wu et al.’s work proposed V
IV

2O3(OH)2. Due to the difficulty of 

selective synthesis, the properties of both Häggite and Duttonite are mostly unreported, except 

for Häggite that was recently shown to possess a semiconductor-insulator transition at 66 K 

with abrupt changes of its conductivity and magnetic response.
37

 

 

Figure 1. Structure and morphology of Duttonite nanorods obtained at pH 4.0. (a) Powder 

XRD pattern indexed (*) according to the 01-072-1230 JCPDS card. (b) TEM and (c) FESEM 

pictures of Duttonite nanorods.  
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Figure 2. Structure (H atoms are omitted) and morphology of Häggite nanowires obtained at 

pH 3.6. (a) Powder XRD pattern indexed (*) according to the 04-011-6559 JCPDS card. (b) 

TEM, (c) HRTEM and (d-e) FESEM pictures of Häggite nanowires.  

 

This work is dedicated to the development of a general and selective synthesis route 

towards both vanadium oxyhydroxides and a hydrate, namely Gain’s hydrate (also called 

lenoblite V2O4·2H2O),
40

 which is unreported as a nanostructured compound. We demonstrate 

that such a fine polymorphism control can be achieved through precipitation under soft 

aqueous conditions, by relying on pH as experimental lever. The three phases are obtained as 

nanocrystals and show the smallest dimensions ever reported. In the case of Häggite, we 

specifically addressed the reaction mechanism through X-ray Absorption Spectroscopy (XAS) 
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experiments. Finally, the properties of Duttonite and Häggite versus Li
+
 and Na

+
 insertion in 

batteries are reported. 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of Häggite nanowires and Duttonite nanorods 

The synthesis relies on aqueous precipitation in the presence of hydrazine at 95 °C during 4.5 

days. pH adjustment is the keystone to selectively obtain two different oxyhydroxides from 

very close experimental conditions. Indeed, the extreme pH dependence yields different 

phases at pH 4.0 and 3.6-3.8, respectively. These compounds can be identified by XRD 

(Figures 1, 2 and S1 (Supporting Information)): at pH 4.0, Duttonite is obtained, while 

Häggite is the sole crystalline phase at pH 3.6-3.8. The broad peaks suggest nanocrystalline 

phases in both cases. Profile matching of the Häggite XRD pattern yields the following cell 

parameters: a=12.208 Å, b=2.997 Å, c=4.840 Å, =98.29°, in agreement with previous 

reports.
32,37

  

According to TEM and FESEM observations, Duttonite is obtained as short nanorods 

with a diameter of 5 nm and a length comprised between 5 and 25 nm (Figure 1). On the 

other side, Häggite (Figure 2) is synthesized as nanowires of large aspect ratio, with 

diameters ca. 10 nm and lengths from 200 nm to 1 m. HRTEM  (Figure 2c) highlights a d-

spacing of 4.8 Å characteristic of (001) octahedra sheet planes running along the growth axis 

of the wires, as previously reported.
37

 However, the herein reported nanowires are one order 

of magnitude smaller than the ribbons obtained by Wu et al.,
37

 which were 200 nm large, 10-

40 nm thick and several microns long. Accordingly, we show herein an original morphology 

with the smallest dimensions reported. Due to their high aspect ratio, Häggite nanowires self-

assemble into nanobundles (Figure 2d, e).  
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Absorption spectra of both materials were calculated from reflectance measurements 

(Figure S2). Duttonite displays a higher absorption in the near-IR region than Häggite. The 

optical gap of Duttonite, reported here for the first time, is evaluated at 0.9 eV. The 

corresponding value for Häggite is 1.2 eV, in agreement with the data reported by Wu et al.
37

 

FT-IR measurements (Figure S3) are consistent with both structures and data reported in the 

literature.
41–43

 No trace of ammonium groups, potentially produced by the degradation of 

hydrazine during the synthesis, is observed. 

 We addressed the stability of Häggite versus thermal treatment and exposure to air, 

which has not been discussed so far (Figure S4). Weight losses between 25-120 °C are 

attributed to physisorbed water whereas water formed during condensation of hydroxyl 

groups between the sheets is eliminated between 130 and 200 °C. An oxidation reaction starts 

at 220 °C and leads to stoichiometric V2O5. Moreover, under air at room temperature, 

nanoscaled Häggite is amorphized within one month according to XRD measurements. The 

thermal stability under vacuum was also questioned. Heating at 200 °C under vacuum leads to 

the splitting of the nanowires into 10 nm spherical nanoparticles (not shown). Thus, 

nanoscaling increases Häggite’s reactivity and decreases its stability compared to the bulk.
37

 

Accordingly, the compound must be handled with care for properties investigations and 

implementation into future devices. Häggite samples were therefore stored in an argon-filled 

glove box and structure preservation was checked by XRD. 

The specific surface area was evaluated from N2 sorption experiments using the 

Brunauer-Emmett-Teller (BET) model. Duttonite and Häggite samples show specific surface 

areas of 88 and 92 m²·g
-1

, respectively. These values are the highest reported and confirm 

nanostructuration. 
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Conditions leading to the selective crystallization of Häggite and Duttonite are close 

and only differ by 0.2-0.4 pH units. This behavior can be attributed to the brutal change of 

V
+IV

 solubility between pH 4.0 and 3.6. Indeed, at pH 4.0, no solubility is observed (the 

supernatant is colorless, and no V
+IV

 aqueous complex is detected by UV visible 

measurements) whereas at pH 3.6, the blue color of the supernatant is a clear evidence of the 

presence of V
+IV

. The vanadium concentration in the supernatant at pH 3.6 measured by UV-

visible spectroscopy titration indicates that 10% of the total amount of vanadium introduced at 

the beginning of the synthesis is solubilized. The quantity of dissolved vanadium remains 

constant along the synthesis. In order to shed light on the synthesis mechanisms of Häggite, 

we monitored the course of the reaction by XRD, TEM and XAS. A particular attention was 

focused on the evolution of the local and long-range order structure, the vanadium oxidation 

state and the morphology of solid phases. 

 

Formation mechanism of Häggite 

First, XRD and TEM experiments were used to evaluate the time scale of phase 

transformations. Then, XAS experiments were performed to provide a deeper understanding 

on the structural evolution towards Häggite as well as to solve its formal oxidation state. 

XRD and TEM experiments. The synthesis was stopped after 0-1-5 hours and 1-3-4.5 days of 

heating at 95 °C. XRD patterns and TEM pictures of the intermediates are presented 

Figure 3. Up to 1 h, an amorphous solid with ill-defined morphology appears (Figure 3a, b). 

After 5 h (Figure 3a, c), Gain’s hydrate is obtained as a pure nanoscaled phase. The structure 

of this phase has never been elucidated but literature reports a composition identical to that of 

Duttonite (VO3H2).
44

 Gain’s hydrate is obtained as 40 nm large, 300 nm-1 m long and only a 

few nanometers thick twisted ribbons, with a length distribution that corresponds to the length 
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polydispersity of final Häggite nanowires. Evolution from Gain’s hydrate to Häggite is 

evidenced by the inversion of the relative intensities of the 14° and 18° (2, Cu K) XRD 

peaks starting after 1 day of reaction (Figure 3a). At the same time, the biggest ribbons have 

disappeared and only 300 nm-long ribbons are present, which are less twisted than those 

observed at 5 h (Figure 3d). After 3 days (Figure 3f), Häggite rods are detected (10 nm of 

diameter and 50-100 nm of length). Few ribbons of Gain’s hydrate (40 nm large and 300 nm 

long) are still present (pink arrows in Figure 3f), in agreement with XRD (Figure 3a). After 

4.5 days (Figure 3a, g), Gain’s hydrate completely disappears and pure Häggite nanowires 

are obtained, with increasing length while the diameter does not change significantly (10 nm). 

This preliminary study shows that Häggite formation starts with the precipitation of an 

amorphous solid, followed by crystallization of Gain’s hydrate. As specified above, the 

structure of this phase is not reported in the literature. Nevertheless, FTIR provides some hints 

about its local structure, which clearly differs from those of Duttonite and Häggite. In 

agreement with previous reports,
45

 the 3500 and 3250 cm
-1

 bands (Figure S3) highlight 

structural water molecules in well-defined crystallographic sites. In addition, the stretching 

vibration of V=O is observed at 950 cm
-1

, while the band at 780 cm
-1

 is characteristic of the 

vibrations of V-O-H groups.  

 The effect of stirring during heating at 95°C has also been scrutinized (Figure S5). 

XRD shows that the formation and the transformation of Gain’s hydrate is faster under 

stirring and starts as soon as the reaction begins. The morphology of the final particles is also 

impacted: nanowires keep a diameter of 10 nm but are shortened, from 200 nm-1 m without 

stirring to 100-200 nm with stirring, resulting in a narrower size distribution characterized by 

an aspect ratio of 10 to 20. The short wires aggregate on their lateral faces.  
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Figure 3. Kinetic study of Häggite formation: XRD patterns (a) and TEM pictures (b-g) of 

various samples isolated after 0h (b), 1 h (c), 5 h (d), 1 day (e), 3 days (f) and 4.5 days (g) of 

heat treatment at 95 °C, with an initial pH of 3.6. Insets show schematic representations of the 

corresponding morphology. XRD peaks corresponding to Häggite (4.5 days) and Gain’s 

hydrate (5 h) are indicated by stars and circles, respectively. When binary mixtures of Häggite 

and Gain’s hydrate are present, only the peaks between 10 and 35° are indicated for the sake 

of clarity. 

 

XAS study: composition and local structure of Duttonite and Häggite. To reach a deeper 

insight into the reaction mechanism, we addressed by XAS the evolution of the metal 

coordination sphere, the local structure, and the vanadium oxidation state in the course of the 
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reaction. Since the pioneering work of Wong et al.
46

 recently completed by Chaurand et al.,
47

 

the XANES part of V K-edge XAS spectra is recognized as a powerful tool to derive 

information on vanadium oxidation state and the geometry of its first coordination sphere. In 

particular, linear correlation between the oxidation state of known compounds and the 

position of the rising edge, E1/2 corresponding to 50% level of the normalized absorbance, is 

often used to evaluate the oxidation state of unknown vanadium phases.
47,48

 When the mean 

oxidation degree increases, the position of the E1/2 parameter is linearly shifted to higher 

energies. Furthermore, the presence of pre-edge features resulting from transitions of 1s 

vanadium core electrons towards molecular orbitals in which 3d states are hybridized with 

vanadium p levels is also very informative about the stereochemical arrangement around 

vanadium: formally forbidden for pure octahedral symmetry, the intensity of the pre-edge 

feature increases for distorted arrangement and non-centrosymmetrical arrangement like 

tetrahedral symmetry, everything else being equal in particular the oxidation state of 

vanadium. The aforementioned trends are clearly verified with the XANES analysis of several 

vanadium oxy-compounds (Table S1) with various vanadium oxidation states and 

coordination polyhedra
46

 (Figure 4). For pentavalent vanadium references, the highest pre-

peak (Figure 4a, b) is observed for the aqueous solution of NaVO3 in which vanadium is 

embedded in a pure tetrahedral symmetry whereas for tetravalent references, the intensity of 

the pre-edge peak of V2O4 is lower than the one of VOSO4·3H2O as a result of a more 

symmetrical octahedral symmetry. Figure 4d reports the correlation between the energy value 

measured for the normalized absorption µ(E)=0.5 (Figure 4c) and the oxidation degree of 

reference samples. The correlation is coherent with reported data.
46

 The E1/2 positions of 

Duttonite (VO(OH)2) and Häggite are 5479.3 eV and 5478.7 eV (Figure 4c), respectively. 

These values unambiguously evidence that Duttonite as well as Häggite possess solely V
+IV
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cations (Figure 4d). This result confirms Häggite’s formula V2O3(OH)2 corrected by Wu et 

al.
37

 from the original one (V2O2(OH)3 
32

).  

The EXAFS spectra and corresponding Pseudo Radial Distribution Function (PRDF) 

of Duttonite and Häggite are presented Figure S6 in comparison with some of the vanadium 

oxy-compounds discussed in Table S1. Both phases display medium range order with strong 

contributions at distances R > 2 Å but with clear differences in shape. The EXAFS spectrum 

of Duttonite can be satisfactorily fitted to a strongly distorted octahedral V
+IV

 environment 

(Figure S7), with one oxygen at 1.64 Å, four oxygens at 1.99 Å and 1 oxygen at 2.38 Å. The 

structural parameters obtained from this fit are gathered in Table S2. The shortest V-V 

distance is at 3.09 Å. All in all, the EXAFS data are in agreement with the reported Duttonite 

structure.
32–36

  

Comparison of the pre-edge peak intensity for Duttonite and Häggite suggests that in 

the latter structure, vanadium is embedded in a more symmetrical environment. Indeed, the 

intensity of the pre-edge feature for Häggite is even lower than the one found for V2O4. 

Considering the crystallographic structure reported for Häggite by Evans et al.
32

 and more 

recently by Wu et al.,
37

 a satisfactory least-square fitting of the EXAFS data (Figure S7, 

Table S2) of the Häggite obtained after 6.5 days of ageing at 95 °C confirms the octahedral 

coordination with 5 oxygen atoms at 2.01 Å and 1 oxygen atom at 1.69 Å. The latter distance 

corresponds to the oxygen atom connecting two double chains of equivalent octahedra sharing 

edges. These chains extend along the b axis. The 1.69 Å distance is shorter than the one from 

the reported crystallographic structure, equal to 1.82 Å.
32,37

 In addition, the nearest vanadium 

neighbours are found at 3.07, 3.17 and 3.37 Å, versus 3.00, 3.15 and 3.63 Å in the reported 

structure. The first two values correspond to distances within the linear chains of octahedra 

sharing edges. The third value reflects the connection of two double chains by octahedra 

sharing corners. In agreement with the shortening of the associated V-O bond, the inter-chain 
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V-V distance between vanadium atoms sharing this oxygen is found at shorter distance 

(3.37 Å) than the one reported at 3.63 Å.
32

 All in all, EXAFS data are in good agreement with 

the structure of the Häggite double chains of octahedra and XAS measurements confirm the 

V
IV

2O3(OH)2 formula and the related structure proposed recently,
37

 in opposition to previous 

works.
32,39

 The distance between the double chains determined by EXAFS is shorter than the 

values from the reported crystallographic data.
32,37

 

    

 

Figure 4. XAS analysis of Häggite, Duttonite and references (Table S1), Häggite in black, 

Duttonite in red. (a) Normalized XAS spectra. (b) Enlargement of the pre-peak region. (c) 

Enlargement of the edge region. (d) Position of the reference edge energies as a function of 

the oxidation state. Häggite (black) and Duttonite (red) are clearly lying in the V
+IV

 area. 
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XAS study: first steps of the reaction and amorphous first intermediate. The course of the 

reaction was first monitored by XAS (Figure 5) by taking aliquots during the first stage 

where an X-ray amorphous phase is formed (Figure 3a from 0 to 1 h and Figure 5). The 

reaction medium is analyzed at 4 different stages: (1) the starting solution (NaV
V
O3, pH 7.2), 

(2) the dark brown solution obtained immediately after addition of hydrazine (10 eq.), (3) the 

suspension resulting from pH adjustment by HCl addition (pH 3.6) and (4) the suspension 

obtained after 1 h of thermal treatment. The edge energy (Figure 5b and e) provides 

quantitative information about the evolution of the vanadium oxidation state. Surprisingly, 

reduction happens in two steps: half of the V
+V

 ions are first reduced to V
+IV

 as soon as 

hydrazine is added, then the remaining V
+V

 are reduced upon acid addition, along with 

precipitation. The vanadium K edges of the samples obtained after pH adjustment and after 1 

hour at 95 °C are identical and show that the final oxidation state is reached at ambient 

temperature: only V
+IV

 is present in the suspension when the thermal treatment starts. No 

evidence of a transitory V
+III

 compound is detected as initially proposed by Wu et al.
37

  

 According to the literature, the initial NaVO3 solution is composed of vanadate 

polyanions with moderate molecular weight based on V
+V

 in tetrahedral coordination.
49

 The 

corresponding distance to first neighbors of 1.74 Å (V-O bonds) is located at 1.4 Å on the 

PRDF (Figure 5f). When hydrazine is added, this distance is split into two contributions, 

while a contribution of second neighbors appears between 2.5 and 3.5 Å on the PRDF. 

Splitting of the first peak is consistent with the formation of a V
+IV

 complex bearing in the 

first coordination shell a short V=O bond at 1.62 Å and longer V-N bonds at 2.10 Å, as 

reported in a square-based pyramidal V
+IV

 complex.
50

 The appearance of the distance to 

second neighbors suggests the formation of oligomers containing several V ions, which may 

be connected by hydrazine acting as bidentate ligand or by its nitrogen-containing degradation 
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products. Moreover, the intensity of the pre-peak (Figure 5a and b) is significantly lowered at 

this step, showing that the symmetry of the vanadium environment is increased. When the pH 

is adjusted at 3.6, the first contribution in the PRDF is not split anymore and is slightly shifted 

at longer distances on the PRDF (1. 5 Å) compared to the initial NaVO3 solution. Besides, the 

increasing contribution of second neighbors through a broad peak at high distances (2.8 Å on 

the PRDF) indicates further inorganic polymerization and marks precipitation. Note that the 

pre-edge and edge features for the suspension after 1 h of heating are close to those of an 

aqueous solution of VOSO4·3H2O (Figure 5c and d), corresponding to V
+IV

 in a strongly 

distorted octahedral environment. 
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Figure 5. XAS study of the first hour of Häggite formation. (a) XAS spectra of the starting 

NaVO3 solution, the NaVO3 solution after addition of hydrazine, the suspension obtained 
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after pH adjustment at 3.6 and the suspension after one hour at 95 °C. (b) Enlargement of the 

edge and pre-edge area. (c) XAS spectra of the starting NaVO3 solution, the suspension after 

one hour at 95 °C and reference of VOSO4 in aqueous solution. (d) Enlargement of the edge 

and pre-edge area. (e) Energy position of the edge for the different samples presented in a-d 

and positioned on the references correlation line from Figure 4d. (f) Pseudo Radial 

Distribution Function obtained by Fourier transform of the EXAFS part of the spectra.  

 

XAS study: crystallization and transformation of Gain’s hydrate into Häggite. The kinetic 

study from 1 h to 5 days (Figure 6) was performed on pastes obtained from aliquots of the 

reaction medium after removal of the supernatant by centrifugation. In the XAS fluorescence 

mode, the contribution of the solubilized species (10 mol. % of vanadium according to UV-

visible spectroscopy) is negligible and the signal originates from the solid phase. The reaction 

was run under stirring to speed up the process. We checked that the phase evolution was 

similar, that Gain’s hydrate was obtained at 5 h with or without stirring. Afterwards, structural 

evolution after 5 h is faster under stirring (Figure S8).  

The vanadium K-edge energy is not modified upon heating and confirms that the 

oxidation state remains +IV during the reaction (Figure 6b). Upon aging, the intensity of the 

1s→4p band (5485 eV) increases while the 1s→3d band (pre-edge band at ca. 5470 eV) 

decreases. The pre-peak intensity continuously drops during temperature treatment, showing 

again that the geometry around vanadium is becoming more centrosymmetric: from 

tetrahedral coordination in the initial solution, the symmetry evolves towards a less distorted 

octahedron. These data provide unprecedented insight into the local structure of Gain’s 

hydrate (5 h at 95 °C), which structure is currently unknown. According to the relatively high 

pre-peak intensity, vanadium is in a non-centrosymmetric environment. The presence of a set 

of isobestic points at 5507, 5533 and 5577 eV (Figure S9) undoubtedly indicates that 
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evolution is taking place between two defined compounds, namely Gain’s hydrate and 

Häggite according to XRD measurements. 

Until 5 h, the PRDF shows only one peak at 2.8 Å for the second nearest neighbors, 

while a third contribution increases at 5.6 Å. At 5 h, Gain’s hydrate is obtained as a pure 

phase according to XRD. Hence, 2.8 and 5.6 Å PRDF peaks are characteristic of Gain’s 

hydrate. From 5 to 24 h, the hydrate evolves into Häggite according to XRD. This latter phase 

transformation is accompanied by a splitting of the second correlation peak into two 

distances, while the peak at 5.6 Å decreases.  

Figure 6. XAS kinetic study of Häggite crystallization at 95 °C under stirring. The solid 
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samples are isolated from the reaction medium at each reaction time, from 1 h to 6.5 days. (a) 

XAS spectra. (b) Enlargement of the edge/pre-edge area. Arrows indicate the general 

evolution during the reaction. (c) Corresponding Pseudo Radial Distribution Functions. 

 

XAS study: local structure of Gain’s hydrate. To propose a structural model for Gain’s 

hydrate, one can point out that the XANES pre-edge intensities of Gain’s hydrate and of 

Duttonite are of the same order of magnitude (Figure S10). Besides, Gain’s hydrate (the 

lenoblite mineral) is always associated with Duttonite in ores.
40

 Both points suggest that the 

structures of Gain’s hydrate and of Duttonite are related. Therefore, a structural model 

inspired by the distorted octahedra arrangement in Duttonite has been used for fitting the 

filtered EXAFS signal of Gain’s hydrate, resulting in a short V-O distance at 1.64 Å, a large 

one at 2.29 Å and four V-O distances at 2.00 Å (Figure S7, Table S2). The first nearest and 

second nearest V-V distances are found at 3.08 Å and 3.40 Å. Note that both values are also 

observed in Häggite, where 3.08 Å corresponds to octahedra sharing edges in the double 

chains along the b axis of the Häggite structure. 3.40 Å fits the inter-chain connection through 

the O atom at 1.64 Å. Finally, a third V-V distance at 5.97 Å satisfactorily reproduces the 

main feature of the peak at ~5.6 Å on the PRDF. This distance results from the contribution of 

third nearest V atoms aligned along the same chain in Häggite. Noteworthy, the only V-V 

distance of Häggite missing in Gain’s hydrate is at 3.21 Å and is characteristic of the double 

chains of octahedra. Hence, contrary to Häggite, Gain’s hydrate can be described on the basis 

of single chains of octahedra and not double chains. Therefore, a structural subunit consisting 

in two single edge-sharing octahedra chains, linked by corners, is proposed as the building 

block of Gain’s hydrate (Figure 7 top). To comply with the reported formula of Gain’s 

hydrate V2O4·2H2O, the building block must be terminated by water molecules. Besides the V 

neighbors within the building-block, no other V-V distance is detected, thus indicating 
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structural disorder between the dimers (corner sharing chains). Consequently and in 

agreement with the chemical formula, we suggest that overall half of the vanadium atoms are 

6-coordinated with a water molecule in the coordination sphere, while the other half is 5 

coordinated in a square pyramidal environment. These H2O molecules are likely labile and 

able to hop from one vanadium (IV) to another one within a chain and between dimer 

building units, so that EXAFS data report overall one single, strongly distorted, octahedral 

environment. In agreement with this assumption, fitting EXAFS data with 5.5 oxygen 

neighbors for vanadium yields similar reliability than with 6 O neighbors, thus pleading in 

favor of 5-fold coordination for half of the V
4+

 cations.  

 

Figure 7. Proposition of structural arrangement in Gain’s hydrate based on structural subunits 

consisting in dimers of single chains of edge sharing octahedra. Topotactic evolution towards 
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Häggite by dehydration (orange arrows) and condensation between the dimers of single 

chains. Values obtained from EXAFS data are given in Angström. Note that the relative 

arrangement of the two layers of chains (top right) is only suggested based on the 

corresponding order in Häggite (bottom right). Besides, water molecules in Gain’s hydrate are 

labile and can hop from a vanadium site to another one. 

 

Mechanism of the transformation of Gain’s hydrate into Häggite. The chemical model for 

Gain’s hydrate provides a straightforward topotactic mechanistic pathway towards Häggite. 

Indeed, evolution from Gain’s hydrate V2O4·2H2O (or V2O3(OH)2·H2O) to Häggite 

V2O3(OH)2 occurs simply through dehydration. The proposed model of Gain’s hydrate 

(Figure 7 top) suggests that condensation of the building blocks made of two single chains 

would lead to dehydration and the formation of the double chains of octahedra, characteristic 

of the Häggite structure. Noteworthy, according to this model, the formation of Häggite by 

condensation of the building blocks would proceed through the appearance of shear planes. 

Such a structural evolution is well known in Magnéli phases, especially in VnO2n-1 with mixed 

valence V
IV

/V
III

, from the rutile VO2 structure.
51–53

 This proposed mechanism is also in line 

with the similar length distribution of the initial Gain’s hydrate nanoribbons and the final 

Häggite nanowires. 

Overall formation mechanism. According to XRD, TEM and XAS studies, one can describe 

the reaction mechanism towards Häggite through the following steps: 

First, hydrazine is added at room temperature to a solution of metavanadate ions where V
V
 

is in a tetrahedral environment. Hydrazine coordinates V
V
, leading to soluble inorganic 

vanadium oxo-oligomer, in which half of the vanadium ions are reduced to V
IV

. 

Second, pH is adjusted to 3.6, leading to the precipitation of an amorphous solid in which 

vanadium is in a distorted octahedral coordination, concomitantly with the reduction of the 
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remaining V
V
 to V

IV
. The oxidation state does not evolve anymore during the next heating 

step. Noteworthy, although precipitation started, at this stage part of the vanadium species are 

still solubilized in the reaction medium (ca. 10% of vanadium ions, based on UV-visible 

spectroscopy). On the contrary, in the case of Duttonite, no soluble species were detected.  

Third, from 1 h to 5 h, Gain’s hydrate V2O4·2H2O crystallizes, based on the assembly of 

building blocks made of two single chains of edge-sharing square-based pyramids or distorted 

octahedra. Part of the vanadium in these building blocks is coordinated by a labile water 

molecule that can jump from one site to the other, thus yielding overall a strongly distorted 

octahedral environment for vanadium ions.  

After 5 h, evolution occurs from Gain’s hydrate to Häggite by a topotactic dehydration 

that consists in the condensation of the building blocks made of two single chains through the 

formation of shear planes.  

Noteworthy, the model for Gain’s hydrate proposed herein provides an explanation for the 

absence of Duttonite VO(OH)2 from Gain’s hydrate. Indeed, in Häggite and Gain’s hydrate, 

the shortest V-O bonds are face-to-face (Figure 7), thus yielding two corner-sharing single-

chains as common building blocks. On the contrary, in Duttonite, the shortest V-O bonds 

alternate with longest V-O bonds along the b axis (Figure 1). Duttonite cannot be described 

as the assembly of the building blocks present in Gain’s hydrate, so that structural evolution 

from V2O4·2H2O to VO(OH)2 is not likely to occur. Hence, our study strongly suggests that 

Gain’s hydrate is not an intermediate towards Duttonite. This conclusion suggests that Gain’s 

hydrate is formed at pH 3.6 from an amorphous precursor (on the course to Häggite) but not 

at pH 4.0 (leading ultimately to Duttonite). This change in the reaction pathway relates to the 

varying solubility of vanadium species: Gain’s hydrate might only crystallize when vanadium 

is sufficiently soluble (~10 mol. % in solution), thus pointing out the need for large structural 
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reorganization from the amorphous precursor. This structural evolution is enabled at pH 3.6 

where dissolution-recrystallization mechanism could take place. On the opposite, at pH 4.0 

the initial amorphous solid is likely to evolve to Duttonite by in situ crystallization. 

Electrochemical properties. Because soft chemistry allows selective formation of both 

oxyhydroxides, we underwent the first study of the electrochemical behavior of Duttonite and 

Häggite. The ability of vanadium compounds to store lithium and sodium ions, together with 

the respective lamellar and wire structures seem indeed promising for increasing the capacity 

and its stability at high charge/discharge rate. Composite Häggite/carbon electrodes 

(Figure S11) were used first to evaluate the insertion mechanisms by cyclic voltammetry, 

which shows that the storage mechanism for Li and Na cells is mostly faradaic (Figures S12 

and S13).
54

 The cycling stability of Häggite and Duttonite was evaluated in galvanostatic 

mode (C/10 rate) for Li- and Na-based cells (Figure S14): H-Li and H-Na for Häggite-based 

Li and Na batteries respectively, D-Li and D-Na for Duttonite-based Li and Na batteries 

respectively. The evolution of capacity upon cycling is summarized in Figure 8. The initial 

H-Li and D-Li capacities reach values of 230 and 250 mAh·g
-1

, respectively (0.8 and 1 Li 

exchanged) comparable to state-of-the-art cells based on vanadium oxy-compounds.
17–27

 

However, deterioration occurs during the first 50 cycles for H-Li which stabilizes at 

100 mAh·g
-1

, while a short circuit happens reproductively after 10 to 20 cycles for D-Li. 

Similar capacity drops also occur with the H-Na and D-Na cells. These behaviors may be 

ascribed to detrimental dissolution of the electrode material, in agreement with a plateau 

observed for H-Li at high potential (Figure S13a, between 3.5 V and 4.2 V vs Li) during the 

first oxidation step. Moreover, after cycling, when opening the cell, the electrolyte is yellow, 

characteristic of dissolved decavanadate V
+V

 species, well recognized in vanadium oxide-

based batteries.
55

 Hence, capacity drop is related to the transformation of the V
+IV

 electrode 

material into soluble V
+V

 species.
48

 The occurrence of short circuit with Duttonite (D-Li) may 
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be ascribed to the smaller particle size and then increased reactivity compared to Häggite (H-

Li). This dissolution phenomenon for both Häggite and Duttonite, typical of vanadium 

(oxyhydr)oxides,
55

 may be avoided by increasing the lowest reduction potential or by 

protecting the nanoparticles surface with conductive carbon coating for instance.
17,56,57

  

 

Figure 8. Häggite (H) and Duttonite (D) electrodes cycling stability. Hollow symbols 

represent charge capacities and solid ones discharge capacities: D-Li (red hexagons and black 

squares), D-Na (green squares), H-Li with a 4.2 V (vs Li
+
/Li) highest oxidation potential (blue 

circles), H-Li with a 3.4 V (vs Li
+
/Li) highest oxidation potential (blue triangles), and H-Na 

(orange squares).  

 

CONCLUSION 

In this paper, we described a new low temperature aqueous synthetic route towards two 

poorly studied vanadium oxyhydroxides. Häggite V2O3(OH)2 and Duttonite VO(OH)2 were 

obtained at the nanoscale, with sizes at least one order of magnitude smaller than those 

previously reported in the literature. A combination of techniques enabled confirming that 

vanadium in Häggite and Duttonite is V
+IV

 and obtaining the first insight into the atomic 

structure of Gains’s hydrate V2O4·2H2O. This study sheds a new light into the formation 

mechanisms of vanadium oxyhydroxides, especially Häggite. Gain’s hydrate could be 

D-Li (4.2 V)

D-Li (3.6 V)

H-Li (4.2 V)

H-Li (3.4 V)

D-Na

H-Na
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synthesized selectively and obtained for the first time as nanometer-size ribbons. This phase 

appears as an important intermediate towards Häggite through topotactic structure 

transformation. Like many vanadium oxy-compounds, Häggite and Duttonite show interesting 

electrochemical properties versus insertion but suffer from poor cycling stability, presumably 

because of dissolution into the battery electrolytes. In the future, the use of smart formulations 

could avoid this detrimental effect. Nevertheless, Häggite, Duttonite and even Gain hydrate 

nanoparticles could have interesting properties linked to their semiconductor behavior. 

Therefore, this study opens the way to further investigations of the properties of novel V
+IV

 

(oxyhydr)oxides nanostructures.  

 

EXPERIMENTAL SECTION 

Synthesis 

Sodium metavanadate (NaVO3, >98%), hydrazine dihydrate H4N2.2H2O (purum, >98%) and 

concentrated hydrochloric acid (37% weight ratio) were purchased from Sigma-Aldrich and 

used as received. Water was purified through a Milli-Q system. 

The preparation of oxyhydroxides is a one-step and low temperature (95 °C) procedure 

conducted as follows: a solution of sodium metavanadate (0.15 mol.L
-1

 of vanadium) is 

prepared in water. The initial pH is 7.2. 10 equivalents of hydrazine relatively to the amount 

of vanadium are added. After stirring for 5 minutes, the pH is adjusted to the final value (4.0 

in the case of Duttonite and 3.6-3.8 in the case of Häggite) with concentrated HCl, leading to 

the precipitation of an amorphous solid. The mixture is then heated at 95 °C during 4.5 days 

in an oven (without stirring) or in a thermostatic bath (under stirring). After a few hours, the 

supernatant reaches its final color, which is colorless in the case of Duttonite and light blue in 

the case of Häggite. Then, the flask is cooled to ambient temperature and opened. The 
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colorless/blue supernatant is discarded and the black powder with a green or red hue (for 

Duttonite or Häggite, respectively) is washed with water several times by centrifugation until 

the supernatant pH is ~6. Before further characterization, the powders are dried at 40 °C under 

vacuum and kept under vacuum to prevent oxidation. Samples with various aging time at 

95°C were also prepared to study the formation mechanism. 

Characterization 

Materials characterization. The as-prepared powders were characterized by powder X-ray 

diffraction (XRD) using a Brüker D8 X-Ray diffractometer with Cu Kα radiation (reference 

ICDD patterns 01-072-1230 and 04-011-6559 for Duttonite and Häggite, respectively), 

transmission electron microscopy (TEM, Tecnai spirit G2 apparatus operating at 120 kV), 

field emission scanning electron microscopy (FESEM, Hitachi S3400-N operating at 5 kV), 

thermogravimetric analysis (TGA, NETZSCH STA 409 PC Luxx apparatus) under air, UV-

visible-near IR spectroscopy (UV/Vis/NIR Perkin Elmer Lambda 900 with integration 

sphere), Fourier Transform Infrared spectroscopy (FTIR, Perkin Elmer, Spectrum 400 FT-

IR/FT-NIR Spectrometer, in the Attenuated Total Reflectance mode using the Universal ATR 

Sampling Accessory of the constructor) and N2-sorption (BEL Belsorp Max apparatus after 

outgassing on a BEL Belprep II vacuum apparatus, using the BET model).  

X Ray Absorption experiments. XAS experiments were performed at the vanadium K-edge 

(5465 eV), on the SAMBA beamline of the SOLEIL synchrotron facility operating with a 

stored current of 72 mA (8 bunches mode).
58

 A cylindrically bendable Pd-coated mirror was 

used for collimating the beam at the entrance of the fixed exit sagitally focusing Si(220) 

double crystal monochromator. A second cylindrically bent Pd-coated mirror was used to 

focus the beam vertically at the sample position. The grazing incidence of the white and 

monochromatic beams on both mirrors was set at 8 mrad, ensuring an efficient harmonic 

rejection. Data were recorded in transmission mode by using ionization chambers filled with a 
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N2/He gas mixture, except for the spectrum of the supernatant solution, obtained by 

centrifugation of the aliquot extracted from the reaction medium after 1h of heating, which 

was collected in fluorescence mode using a 35-pixel-array Ge detector. The energy calibration 

was checked by recording simultaneously the spectra of the samples and of a V metallic foil, 

using a three ionization chambers recording mode. The Extended X-Ray Absorption Fine 

Structure (EXAFS) gives access to the pseudo radial distribution function, which is linked to 

the distances between vanadium and its neighboring atoms. The XAS spectra were recorded 

between 5200 and 6300 eV with an energy step of 2 eV in the extended EXAFS (5560-6300 

eV) range, and 0.5 eV, 0.2 eV and 0.5 eV in the pre-edge, edge (5455-5510 eV) and first 

EXAFS oscillations (5510-5560 eV) range, respectively. The integration time at each energy 

point was set to 1s. The XANES and EXAFS data presented herein were the merged of two 

spectra and six spectra, respectively. XAS data analysis was carried out using the Athena 

software package.
59

 The data were calibrated in energy using the maximum of the first 

derivative of the absorption signal of a metallic vanadium foil recorded simultaneously with 

the samples.  The EXAFS signal, (k), was extracted from the absorption spectrum using a 

linear pre-edge function and a post-edge background using the Autobk algorithm with a cutoff 

Rbkg=0.8 and a k-weight = 3. Pseudo radial distribution Functions (PRDF) were obtained by 

Fourier Transform of the k
3
 weighted EXAFS signal between 4.1 and 10.0 Å

-1
 using a dk = 2 

Kaiser-Bessel apodization window.  It is noteworthy that PRDF presented in this work are not 

phase corrected. Therefore, the distances of the main PRDF contributions which are discussed 

in the text are shifted compared to the real crystallographic distances. EXAFS fitting of 

distances, coordination numbers and Debye-Waller factors were performed with the Artemis 

interface to IFeFFIT
60

 using least-squares refinements. The S0
2
 amplitude reduction parameter 

which takes into account multielectronic effects and the energy shift E0 were first 

determined by fitting V2O4 on the basis of its crystallographic structure and found equal to 
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1.36 and 8.5 ± 0.3 eV for E0 = 5475.5 eV, respectively.
61

 Then both parameters were kept 

constant to these values during least square fitting of the EXAFS data of the different samples 

studied herein.  

Electrochemical measurements. The electrochemical performances of both oxyhydroxydes 

were measured using Swagelok cells, assembled in an argon-filled glove box. Lithium metal 

or sodium metal served as counter electrode (and reference electrode). Two types of 

electrolyte/working electrode couples were used for the capacity retention study and for the 

rate performance study. A fiberglass separator (about 2 mm thick) was soaked by the 

electrolyte (LP30 for capacity retention study and LiClO4 or NaClO4 1 mol.L
-1

 in propylene 

carbonate (PC) for rate performance study). For capacity retention studies, the working 

electrode was prepared under inert atmosphere by grinding the nanoparticles and Sp Carbon  

(91:9 weight ratio), followed by deposition of the mixture on the Al foil. For rate performance 

studies, a film was prepared and optimized to favor ions and electrons transport by generating 

porosity inside the percolating working electrode. In that case, the composite working 

electrode was obtained by coating (Dr Blade technique) on an aluminum foil a slurry of 

nanoparticles (80% wt.) with carbon (acetylene black) (15% wt.), polyvinylidene fluoride 

(PVDF) (5% wt.) previously dissolved in N-methylpyrrolidone (NMP) and dibutyl phthalate 

(DBP) as porogen (NMP:DBP = 60:40% vol. and PVDF solution in NMP:DBP at 5% wt.). 

After drying at 120°C during one hour, the electrodes were pressed at 740 MPa at 120 °C. 

Finally, the electrodes were soaked in diethyl ether to remove the DBP in order to get a 

porous electrode. During this study, each rate condition was repeated during three cycles and 

the third capacity was reported. Cyclic voltammetry and galvanostatic measurements were 

performed at room temperature on a Biologic multichannel potentiostat. Specific currents 

were applied, proportional to the mass of active materials. For the capacity retention study, 

these current correspond to a C/10 rate (0.1 Li
+
 inserted in one hour per vanadium ion). 
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Figure S1 XRD diagrams of Häggite (red) and Duttonite (blue). Peaks corresponding to 

Häggite (stars) and Duttonite (circles). The main peaks for both phases are indexed. 

 

 

 

Figure S2 UV-visible-NIR spectra of Häggite (red) and Duttonite (blue) calculated from 

reflectance measurements. 
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Figure S3 FTIR transmission spectra of Duttonite (green), Häggite (red) and Gain’s hydrate 

V2O4.2H2O (pink). The main vibrational bands are indexed according to ref 41–43 and 

Socrates, G. Infrared and Raman Characteristic Group Frequencies; Wiley & Sons, Inc.: 

New York, 2001.. 

 

 

Figure S4 Häggite TGA (left, red) TDA (blue, right) traces recorded at a 2 °C.min
-1

 sweep 

rate. Water desorption, structural water elimination and oxidation are indicated respectively 

by triangles, squares and stars. 
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Figure S5. Effect of stirring on the reaction rate and on the morphology of Häggite particles. 

(a) XRD patterns of the samples isolated after a given time at 95 °C. Circles (°) and stars (*) 

indicates Gain’s hydrate and Häggite characteristic peaks, respectively. (b-e) TEM pictures of 

the final product (Häggite particles) obtained after 4 d under stirring (b and d) or after 4.5 d 

without stirring (c and e).  
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Table S1 Geometry of vanadium coordination polyhedra in references and synthesized 

compounds, according to Wong et al.
46

 and ICDD data (V2O3: 04-004-2833; V2O4: 04-003-

2035; V2O5: 04-008-8273; VOSO4.3H2O: 04-010-1684; Duttonite: 01-072-1230; NaVO3 

anhydrous: 04-013-7267; Häggite: 04-011-6559). 

Compound Oxidation state 
Coordination 

number 
Site features 

V2O3 +III 6 Distorted octahedron (1.96 and 2.06 Å) 

V2O4 +IV 6 
V shifted from the octahedron center 

(dshort=1.76 Å) 

V2O5 +V 5 Square pyramid (1.59 et 1.78-2.02 Å) 

VOSO4.3H2O +IV 6 

Octahedron 

(3 different distances V=O (1.57 Å), V-O 

(2.0 Å) et V-OH2 (2.28 Å)) 

Duttonite VO(OH)2 +IV 5 
Distorted octahedron (3 different distances 

from 1.82 to 2.06  Å) 

NaVO3 anhydrous +V 4 Tetrahedron (1.66 et 1.81 Å) 

NaVO3 (aq) 

[0.15M; pH7.2] 
+V 4 Tetrahedron (metavanadate) 

Gain’s hydrate 

V2O4.2H2O 
+IV ? Unsolved structure 

1
 

Häggite 
+IV (confirmed in 

the present work) 
6 

Distorted octahedron (4 different distances 

from 1.82 to 2.06 Å) 

 

 

 

 

                                                           
1
 The coordination polyhedron is non-centrosymetric because the presence of V=O, V-O-V and V-O-H bonds 

was attested by IR spectroscopy. 
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Figure S6. Treatment of the EXAFS spectra (V2O3 in green, V2O4 in orange; V2O5 in blue; 

VOSO4.3H2O in purple; Duttonite in red; NaVO3 in black and Häggite in grey). (a) k
3
*χ(k) 

plotted as a function of k. (b) Radial distribution function obtain through a Fourier transform 

of (a), giving access to distances to the first neighbors. Several coordination spheres are 

observed, depending on the compound. The distances to the first neighbors are coherent with 

the geometry of the coordination polyhedra: it increases from V
V
 tetrahedra in NaVO3, to 

pyramidal and then octahedral coordinations (V2O3 and Häggite).  
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Figure S7.  Results of least square fittings: Comparison of the magnitude of the PRDF (left) 

and real part of the EXAFS spectrum (right) for (a) Duttonite, (b) Häggite and (c) Gain’s 

hydrate. Red dots: experimental data. Black lines: fits   
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Table S2 Refined structural parameters for Duttonite, Häggite and Gain’s Hydrate from least 

square fitting of the EXAFS spectra recorded at the V K edge. The coordination numbers 

were held fixed at the values corresponding to the respective structures, while R and  were 

allowed to vary. S0
2
 was determined to be 1.36 on V2O4 and was kept at this value for the 

fitting of those phases, E0 was also fixed at. 8.5 ± 0.3 eV for E0 = 5475.5 eV. Fit were 

performed on R-space for Fourier Transforms of the EXAFS spectra carried out in the 4.1-

10.0 Å
-1

 k-range. The R-factor measures the relative misfit with respect to the experimental data. 

  

Backscatterer N R (Å) σ² (Å²) x 10
3
 R-factor 

Duttonite 

O 1.0 1.64 ± 0.05 7.2 ± 6.6 

0.0197 
O 4.0 1.99 ± 0.08 22.1 ± 9.8 

O 1.0 2.38 ± 0.26 19.7 ± 52.7 

V 1.0 3.09 ± 0.07 3.89 ± 24.8 

Häggite 

O 1.0 1.69 ± 0.03 8.2 ± 5.0  

O 5.0 2.01 ± 0.01 8.7 ± 1.6  

V 2.0 3.07 ± 0.31 13.4 ± 17.5 
0.0171 

V 2.0 3.17 ± 0.36 21.4 ± 105 

V 1.0 3.37 2.4 ± 6.4   

Gain’s hydrate 

O 1.0 1.64 ± 0.01 5.2 ± 1.5  

 

0.0311 

O 4.0 2.01 ± 0.01 14.5 ± 2.0 

O 1.0 2.29 ± 0.07 16.2 ± 11.0 

V 2.0 3.08 ± 0.02 16.0 ± 3.0 

V 1.0 3.40 ± 0.01 3.3 ± 1.7   

V 2.0 5.97 ± 0.04 9.4 ± 6.3   
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Figure S8. (a) XAS spectra of the samples obtained under non-stirred conditions at different 

reaction times. Comparisons of (b) XAS spectra and (c) k
3

*χ(k)=f(k) plots for stirred and non-

stirred conditions at given reaction times, showing that the stirring conditions do not change 

significantly structural features. 
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Figure S9. XAS kinetic study of Häggite crystallization at 95 °C under stirring. The solid 

samples are isolated from the reaction medium at each reaction time, from 1 h to 6.5 days. (a) 

XAS spectra.  

 

 



44 
 

 

Figure S10. Pre-edge area of the XAS spectra for Duttonite and Gain’s Hydrate (sample 

under non-stirring conditions after 5 h heating).  

 

 

 

Figure S11. SEM-FEG picture of the Häggite electrode showing a good mixing between 

spherical conductive carbon and Häggite rods.  

1 µm

a b

50 nm
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Figure S12. Electrochemical properties of Häggite vs. lithium and sodium insertion. First 

three cyclic voltammograms vs. lithium (LiClO4 1 mol·L
-1

 in PC) at (a) 1 mV·s
-1

, and (c) 

100 mV·s
-1

. First three cyclic voltammograms vs. sodium (NaClO4 1 mol·L
-1

 in PC) at (b) 

1 mV·s
-1

, and (d) 100 mV·s
-1

. (e) Specific capacities of Häggite as a function of charging 

time, for Li
+
 (pink) and Na

+
 (blue) insertions, measured in cyclic voltammetry (triangles) and 

galvanostatic modes (squares). For both Li
+
 and Na

+
 insertions, redox phenomena are 

reversible. Moreover, the intensity of reduction waves is proportional to the power 0.65 of the 

sweep rate. Hence the storage mechanism of Häggite for Li and Na cells is mostly faradaic, 

but shows a non-negligible capacitive contribution
54

. The capacity drops rapidly when the 

cycling rate is increased, in agreement with the faradaic behavior that implies slow processes. 

Interestingly, Häggite behaves similarly versus lithium and sodium ions, despite the larger 

ionic size of the latter, instead of other lamellar phases, e.g. graphitic carbon which does not 

insert Na
+
. 
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Figure S13. Effect of highest oxidation potential limitation (from 4.2 to 3.4 V) on the 

Häggite-Li (H-Li) battery lifetime. Behaviors upon cycling between 1.5 and (a-b) 4.2 V or (c-

d) 3.4 V vs Li
+
/Li in LP30 electrolyte. (e) Cycling behavior for both highest potentials (4.2 V 

in red; 3.4 V in black). When the highest oxidation potential is 4.2 V vs Li
+
/Li, an irreversible 

reaction is happening during the first cycle. When this potential is lowered to 3.4 V vs Li
+
/Li, 

the corresponding phase transformation is avoided, as shown by the similar aspect of the first 

cycle and the following ones and by the potential shift of the oxidation wave on the 

differential representation (b and d). 
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Figure S14. Galvanostatic cycles for (a) Häggite versus lithium (H-li) (highest potential of 

3.4 V), (b) Häggite versus sodium (H-Na), (c) Duttonite versus lithium (D-Li) and (d) 

Duttonite versus sodium (D-Na).  

 

 

 

 


