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X-ray powder diffraction patterns of V205-related electrode materials [V205, NaV308
and Mg(V308)2] as well as of poly(tetrafluoroethylene)-bonded composite electrodes,
containing chemically and electrochemically inserted Mg2 +, were analysed before and
after Mg2+ insertion. Transmission electron microscopy and both wavelength and energy
dispersive electron probe microanalysis were applied for the determination of the compo-
sition and structure of different types of microparticles found in the electrode mass.

Röntgen-Pulverdiffraktogramme einiger V205-verwandten Mg2 +-einlagernden Elektro-
denmaterialien [V205, NaV308 und Mg(V308)2] sowie der Polytetrafluoroethylen-halti-
gen Verbundelektroden wurden vor und nach der chemischen sowie elektrochemischen
Einlagerung von Mg2+ ausgewertet. Transmissions-Elektronenmikroskopie sowie Wel-
lenlängen- und energieaufgelöste Elektronen-Mikroprobenanalyse wurden für die Be-
stimmung von Zusammensetzung und Struktur der in der Elektrodenmasse gefundenen
verschiedenen Mikroteilchen eingesetzt.

1. Introduction
High energy density rechargeable ion transfer batteries are currently under
development in many laboratories. They consist of an alkali metal negative
electrode, an aprotic (nonaqueous) electrolyte, and a positive insertion
electrode. The merit of this concept is that the same number of cations
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generated at one of the electrodes is at the same time consumed at the
opposite electrode. Thus, in contrast to customary batteries there is no need
for comparatively large electrolyte volumes.

Due to its natural abundance, low equivalent weight, and low price,
metallic magnesium might be an alternative to lithium or sodium in a future
ion transfer battery [1 —4]. Unfortunately, the magnesium electrochemistry
at ambient temperatures is far from being well understood, and only few
compounds containing inserted magnesium ions have been mentioned in
the literature [1-14].

We regard V205 and other related vanadium oxides as promising
electroactive materials for the positive insertion electrode of a secondary
Mg-battery [3, 4]. Mg2+ ions can be inserted in the oxide chemically or

electrochemically. An overall scheme for the electrochemical reaction can
be written as

V205 +  Mg2+ +2xe-« MgxV205 .

Electrochemical tests have shown that the insertion reactions are fairly
reversible. The amount of Mg2+ inserted in V205 depends on the nature
of the electrolyte, on the ratio between the amounts of H20 and Mg2+ in
the solution as well as on the absolute amount of H20 in the electrolyte
[3]. The highest coulombic capacities ', about 200 Ah/kg, were reached on

V205 (and V6013) in acetonitrile solution containing 1 M Mg(C104)2 +
1 M H20 [3, 15]. The amount of Mg2 + inserted in V205 decreases with the
decreasing amount of H20 in the solution and approaches about 20 Ah/
kg in fairly dry electrolytes [3].

In order to facilitate the Mg2+ insertion in the interlayer space of the
oxide, we attempted to increase the distance between the V205 layers by
introducing metal ions in the V205 lattice, forming, thus, vanadium
bronzes. Indeed, several vanadium bronzes such as NaV308 and
Mg(V308)2 show promising coulombic capacities of up to 110 Ah/kg in
rigorously dry electrolytes [4].

Obviously, variations in the crystal structure of the insertion materials
influence their ability to accommodate Mg2+ or other metal ions. The
present work attempts to determine the structures of the Mg2 +-inserted
V205 as well as of the vanadium bronzes (which are both poorly crystalline).
Efforts have been made to correlate the results of the crystallographic
structural analysis of the vanadium bronzes with their electrochemical
behaviour, with the aim of gaining information necessary for the future
design and optimisation of the synthesis of bronzes with higher coulombic
capacity.

1 Coulombic capacity is defined as charge stored in 1 kg of the oxide and corresponds
with the amount of Mg2+ inserted in the oxide.
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Table 1. Scheme of preparation of Mg-inserted vanadium oxides*.

v2o5
powder

(I)"

Synthesis of bronzes [4]

(H20)y
(III)"

Dried at:

50°C 100°C

NaV308.
(H20)y

(IX)"

Mg(V308)2|
(H20)y

(IV)

200°C

Nav3ug.
,(H20)y

(X)"

Nav3u8.
(H20)y
(XI)"

Electrochemical
cycling
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(XVII)"

MgxV205
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at 100°C

Mg(V308)2,
(H20)y

(XII)·
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^aMgxV308.
(H20)y + TC|
(XVIII)"
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(v3o8)2.
(H20)y

(XIX)"

Mg¿+-insertion
Chemically I Electrochemically

STOP reduced!
cycles 20.5w:yc!es

MgxV205
+ TC

(XIII)"·

MgxV205
+ TC
(XIV)"

(*) The chemical formulas of the samples may
indicate either preliminary composition or the
composition of the main phase of the sample

(*") Sample studied by X-ray powder diffraction

2. Experimental
2.1. Materials
As received V205 powder (I, Aldrich, 99.6+ %) and V205 single crystals2 (11) were used
as starting materials for the experiments (Table 1). The bronzes, NaV308 and Mg(V3Os)2
were prepared as in [4]: an aqueous solution of NaOH, or an aqueous suspension of
MgO, was stirred with a stoichiometric amount of V205 (I) at ~ 50°C overnight. The
orange-yellow colour of V205 turned gradually to red-brown under slow precipitation
of the hydrated bronze, NaV308(H20),, (III) or Mg(V308)2(H20)), (IV). The latter was
filtered, washed with H20, and vacuum-dried at room temperature for several days.
After a mild grinding, the hydrated bronze was further dried under dynamic vacuum at
50, 100, or 200°C overnight (IX-XII, Table 1). Note, the formula (H20),, denotes an

unknown, variable amount of bound water, including y = 0.

2 The V205 single crystals, a gift of Dr. K. Kato of the National Institute for
Research in Inorganic Materials, Tsukuba, Japan, were prepared by Y. Uchida and E.
Bannai from reagent grade V205 of 99.99% purity using the floating-zone technique in
an image furnace [16]. Detailed results of investigations of Mg2 +-inserted single crystals
will be reported in a forthcoming paper.
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Potential / V vs. Ag/Ag*

Fig. 1. Cyclic voltammogram (first cycle at 0.02 mV/s) in the 1 M Mg(C104)2 + 1 M
H20/AN electrolyte of a V205 electrode containing 50 wt.% teflonised carbon (VI).

2.2. Magnesium insertion
The compounds V205 (I, II), NaV308 (IX-XI) and Mg(V308)2 (XII) were screened for
their ability to insert (excess) Mg2+ via chemical and electrochemical tests. Chemical
insertion experiments involved placing either about 0.5 g of a powdery material or a

V205 single crystal (II) in contact with excess 1 M dibutylmagnesium solution in heptane
(Aldrich) under an Ar atmosphere, and allowing them to react under occasional stirring
at room temperature for two months. The materials were then rinsed with heptane several
times, dried, and examined for structural changes via X-ray diffraction.

The electrochemical insertion of Mg2+ in V205, NaV308 and Mg(V308)2 was

investigated using cyclic voltammetry at very slow potential sweep rates. To give the
working electrodes sufficient electronic conductivity and mechanical stability, each of the
electroactive materials was dry-mixed with an equal part of TC (Teflonised Carbon: 25
wt.% PTFE + 75 wt.% acetylene black), and the mixture was spread by pressing on a
current collector. To avoid oxygen and moisture contamination, all succeeding manipu-
lations and measurements described below were performed either in an Ar-filled glove
box in which the H20 and 02 levels were not permitted to exceed 5 ppm, or in hermetically
sealed cells assembled in the glove box.

Electrochemical experiments were performed in two kinds of electrolytes: (i) at room

temperature in acetonitrile (AN) solutions containing 1 M Mg(C104)2 and various
amounts (0.02 M

—

2.5 M) of H20, and (ii) at 80°C in room temperature molten salts.
The salt melt contained 3 wt.% MgCl2, 56 wt.% A1C13 and 41 wt.% l-ethyl-3-
methylimidazolium chloride (EMIC). The experimental details have been described else-
where [3, 4], Conventional glass cells with a free-hanging working electrode, as well as
cells with working and counter electrodes pressed together with a spring were employed.
(With the latter cells, better electrochemical performance at higher sweep rates, due to
better electrical contact of the electroactive particles to the current collector, was ob-
served.) The working electrodes had geometrical areas of 1.3 —1.5 cm2 and contained
10 —20 mg of electroactive material. For the sake of comparison, the currents were
normalised by the mass of the electroactive material. A magnesium counterelectrode and
an Ag/Ag+ reference electrode were used in AN based solutions. In the salt melt,
metallic aluminium served as the counterelectrode against which the potentials were also
measured.

Electrochemically treated samples for X-ray powder diffraction measurements were

prepared as follows: The working electrode was voltammetrically cycled, starting with a
reduction sweep from the open circuit potential. Then, it was stabilised in the oxidised
or reduced state at the appropriate potential (Fig. 1) overnight, removed from the cell,
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washed in dry deoxygenated acetonitrile overnight, and dried in the glove box atmosphere
for several days. The electrode mass scraped from the current collector was loaded in a

glass capillary which was sealed afterwards.
Electrochemical magnesium insertion experiments were performed also with V205

single crystals. The crystals were contacted by pressing them against a glassy carbon
current collector, using the spring-loaded electrochemical cell described above. The elec-
trolyte was 1 M Mg(C104)2 + 0.9 M H20 in AN. In a typical experiment, the potential
was sweeped at 0.5 µ /s from its open circuit value to —1.4 V (vs. Ag/Ag + ). Then, the
single crystal was reduced at

—

1.4 V for 5 weeks. During this procedure, the orange-
yellow colour of the V205 turned dark. The reduced crystal was washed with dry
deoxygenated AN, dried in the glove box atmosphere, and analysed afterwards.

2.3. Structural investigations
X-ray powder diffraction patterns of samples I, III, V, VI and IX —XIX, sealed under an
inert atmosphere in glass capillaries, were recorded using a STOE automatic powder
diffractometer (CuKa radiation, Ge monochromator, small linear position sensitive detec-
tor, data collection in Debye mode, 150 steps within the 20 interval of 5

—

80°, 1000 sec

per step). The patterns of the samples were indexed with the TREOR and LATCON
programs.

A single crystal four-circle Nicolet diffractometer as well as a light microscope were
used to study the electrochemically treated V205 sample VIII.

Transmission electron microscopy (TEM) studies of the samples XIII and XIV were

performed on a Philips SM 30 ST transmission electron microscope equipped with a
detector for energy dispersive X-ray spectrometry (EDX) and a STEM attachment, as
well as with a Philips 500 scanning microscope with an EDX attachment.

Wavelength dispersive electron probe microanalysis (    ) [17] was applied for the
determination of the Mg content in V, XII, XVI and XIX using a Cameca SX50 equipped
with five spectrometers (accelerating voltage 20 kV, beam current 20 µ ).

Solid state NMR spectra of the sample III were recorded with a Brucker AMX400
spectrometer equipped with a Wide-Bore-Magnet (B0 = 9.4 Tesla) and a high-speed
double-bearing MAS-probe.

3. Results and discussion
3.1. Hydrated sodium vanadium bronzes III, IX, X and XI

To avoid a possible reaction of metallic magnesium with water, fairly
dry electrolytes are preferred in a Mg battery. Because our preliminary
electrochemical experiments have shown that the coulombic capacity of
pure V205 significantly decreases with the decreasing amount of water in
the electrolyte [3], vanadium bronzes of the LiV308 type were synthesised
and tested for Mg2+ insertion. In contrast to the V205 case, the bronzes
allow an electrochemical insertion of Mg2+ from a rigorously dry environ-
ment. As reported in [4], coulombic capacities of up to 110 Ah/kg were
reached for the best samples of NaV308.

It follows from the comparison of coulombic capacities of the bronzes
IX-XI dried at different temperatures that NaV308 dried at 200° C is
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40  r

Fig. 2. Cyclic voltammograms (third cycles at 0.05 mV/s) in the MgCl2/AlCl3/EMIC salt
melt of NaV308(H20)v dried at 50° C (IX) and 200° C (XI). The electrode contained
50 wt.% teflonised carbon.

I_ (a) I
20.0 40.0 60.0 2 , degr.

Fig. 3. X-ray powder diffraction patterns of (a) the bronze NaV308(H20), (III), and of
the products of its drying at (b) 50° C (IX), (c) 100° C (X) and (d) 200° C (XI).

electrochemically much less active than the bronzes dried at <100°C.
(There is no significant variance between the coulombic capacities of the
50 and 100°C samples.) This effect is illustrated in Fig. 2.

X-ray diffraction patterns of the (poorly crystalline) bronze
NaVjOgtHzO),, (III) and the products IX, X and XI of drying of III at 50,
100 and 200° C are similar. The patterns have four common basic
peaks (found at 2  = 11.31°, 25.84°, 28.31° and 50.73° for III) (Fig. 3,
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Table 2. Positions (2 0, degree) and intensities (/) of the peaks on the X-ray diffraction
patterns of NaV308(H20),, (III) and the products of drying of III at 50°C (IX), 100°C
(X), and 200° C (XI).
Ill IX X XI

20 / 20 / 20 / 20 / hkl*

7.30 13
8.13 40 8.05 25 8.03 35 100
8.90 52 8.24 20 8.23 35

11.42 44
11.31 100 11.61 100 11.78 100 11.72 40 001

12.55 88
14.64 10 200

22.88 36
23.32 16

25.84 79 25.87 85 25.82 51 25.73 82 110
27.30 13

28.31 76 28.34 67 28.30 58 28.28 87
28.52 74 111
28.88 53

30.12 20 30.15 32 -211
34.86 14 -103
38.90 19 38.68 27 -410
39.85 28 -303
40.04 25

40.29 27
40.60 26

50.73 50 50.70 98 50.66 47 50.50 100 204
60.12 30
66.34 27 -323

66.47 10 305

* Reflections indexed with the unit cell of barnesite (a = 12.17 Â, b = 3.602 Â, c

7.78 Â, ß = 95°2', V = 342.0 Â3 [18]).

Table 2). The shift to larger 2  values in the series III -> IX -> X -* XI
and the splitting (samples X and XI) of the first peak (at 2  = 11.31° in
III), and the approximate conservation of the positions of the three other
basic peaks are worthy of attention. The single crystal data published for
NaV308(H20)15 [18] (existing in nature as the mineral barnesite) were
used for the indexing of the patterns of III and IX —XI. Minor changes of
the two unit cell parameters b and c, and a large successive decrease of the
parameter a accompanied with a successive decrease of the unit cell volume
with the increasing drying temperature (transition III -» IX -» X -> XI)
were observed. (Note that a lattice constant variation within one phase was
observed also for the  -phase of LixV205 bronzes [19].)

One may suggest a layered character of the crystal structure of the
phases III and IX —XI, a conservation of the structure within the layers,
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lai

20.0 40.0 60.0 2 , degr.
Fig. 4. X-ray powder diffraction patterns of (a) the bronze NaV308(H20)y dried at 100° C
(X), and the products of (b) chemical (XVI) and (c, d) electrochemical (XVII, c and
XVIII, d) Mg2+ insertion in X.

and a decrease of the interlayer separation with water removal. The splitting
of the first basic peak of X and XI may indicate a coexistence of two phases
with different water content in the samples X and XI (Xa and Xb, XIa and
Xlb). Thus, the drying process probably proceeds in distinct steps, as, e.g.,
reported for the removal of excess water from the solid gel V205 · y H20
[20].

A similar abrupt change of the unit cell parameters, occurring during a
water removal in the course of heating as observed for III and IX —XI,
was reported earlier for the transition of hydrated sodium metavanadate:
NaV03(H20)2 -> (transition phase) -» /?-NaV03 [21]. The closeness of the
unit cell sizes of the studied hydrated sodium vanadium bronzes and the
cited metavanadates is remarkable, but a 51V solid state NMR study of
the sample IN clearly indicated an octahedral coordination, and not the
tetrahedral coordination of vanadium atoms characteristic for metavana-
dates (óiso = -533 ± 10 ppm, <5 = 657 ± 10 ppm,  ^ =  2 = -290 ±
10 ppm,  3 = —947 ± 10 ppm; for the interpretation of the solid state
NMR data on vanadium compounds see [22]).

Combining the electrochemical and structural results, it seems to be
reasonable to suggest that the hydrated bronze, NaV308(H20)i.5, is elec-
trochemically the most active constituent of the obtained Na-bronzes.
Pronounced structural changes occur during the drying of this bronze above
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Table 3. Positions (2 <9, degree) and intensities (/) of the peaks on the X-ray diffraction
patterns of the products of chemical (XVI) and electrochemical (XVII, XVIII) Mg2 +

insertion in the hydrated sodium vanadium bronze (X).
XVI XVII XVIII

2 I 2 I 20 I

12.38 100 12.68 22 12.11 78
12.33 65

18.11 100* 18.10 100*
25.18 45 25.59 47 25.83 74
27.76 55 28.33 30 28.32 59

38.51 34
40.33 31

49.27 51 50.28 21 50.65 59

* Peak 100 of triclinic PTFE [23] (from teflonised carbon).

100°C, and a new structure is formed which is able to accommodate
significantly less Mg2 + than the bronze NaV^^ri-jO)^. Infrared spectro-
scopic investigations [4] have shown that water is expulsed, and dehydrated
NaV308 is formed during the drying above 100° C.

3.2. Products of chemical (XVI) and electrochemical (XVII, XVIII) insertion
of Mg2 * in the partially dehydrated sodium vanadium bronze X

The patterns of the poorly crystalline products XVI —XVIII of Mg2 +

insertion in X (Fig. 4, Table 3) can also be described using the four basic
peaks, as the patterns of III and the drying products of III discussed above,
and can be indexed with the unit cell of barnesite. A layered crystal structure
can be proposed for the samples XVI —XVIII. The size of the unit cell (Xa:
344 A3, Xb: 293 Â3) decreases during both the chemical (XVI: 242 Â3) and
the electrochemical Mg2+ insertion (XVII: 227 A3 and XVIII: 262 Â3).
The electrochemically reduced product XVII has the smallest value of the
unit cell volume. Note that recent electrochemical experiments [4] have
shown that a significant amount of Mg2+ ions inserted in NaV308(H20)j,
during the first voltammetric cycle is irreversibly bonded in the crystal
lattice of the bronze. Therefore, the electrochemically cycled, oxidised
sample XVIII contained trapped Mg2 + ions.

The contraction of the unit cell volume of NaV308(H20)y during Mg2 +

insertion is not surprising; a similar effect was already observed for cation-
intercalated V205(H20)i.6 xerogels [24]. The électrostriction phenomenon
can explain this behaviour: the intensity of the electrical field surrounding
the cation leads to a decrease of the water molecule volume [24].
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(d)
(c)

\******

LJxJ
(b)

(a)

20.0 40.0 60.0 2 , degr.
Fig. 5. X-ray powder diffraction patterns of (a) V205 (I), (b) Mg^^Os (V), (c) the bronze
Mg(V308)2(H20)^ dried at 100°C (XII), and (d) the product Mg! + *( 308)2( 20), (XIX)
of chemical Mg2+ insertion in XII.

The Mg and Na contents, found by     for different microparticles
in the product XVI of chemical Mg2+ insertion in X, varied in narrow
intervals of 11.7-12.2 at.% for Mg, and of 5.4-5.8 at.% for Na.

3.3. Products V and XIX of chemical Mg2 + insertion in V2Os (I)
and in the Mg bronze IV, XII

The X-ray diffractograms of the samples I, V, XII and XIX are compared
in Fig. 5; the positions of the diffraction peaks are given in Table 4. The
patterns of the crystalline sample I, and of the product V of the chemical
Mg2+ insertion in I are very similar and represent V205. The V205 unit
cell parameters calculated for I and V, as well as for those peaks of XII and
XIX, which can be indexed with the V205 unit cell, are compared in Table
5 with the lattice parameters ofelectrochemically prepared Mg0 2V205 [10],
and of MgV205 synthesised at 900°C [25]. In contrast to Mg0 2V2O5, the
distribution of peak intensities in V is very similar to those observed in I,
and could indicate an essentially smaller amount of inserted Mg2+ in V as

compared to Mg0.2V2O5. Indeed, the     investigation showed a con-
tent of 1.0 —1.2 at.% of Mg in sample V. (This is in agreement with the
conclusion suggested in [3] that water molecules are essential for the Mg2 +

insertion reaction of V205. Note that a dry environment is used for the
chemical insertion of Mg2+ in the present work.)
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Table 4. Positions (2 0, degree) and intensities (/) of the peaks on the X-ray diffraction
patterns of the products V and XIX of chemical Mg2+ insertion in V205 (I) and Mg
bronze (XII).

I V XII XIX

2 0 I 2 0obs 2 0calc / 2<9obs 2 6»calc / 2 0obs 2 0calc / hkl

8.77 65 9.70 39 *

15.34 48 15.37 15.38 36 15.37 15.39 44 15.37 15.39 35 200
20.25 96 20.29 20.28 79 20.29 20.30 79 20.30 20.29 66 001
21.70 29 21.74 21.71 25 21.75 21.73 29 101
26.12 100 26.15 26.15 100 26.16 26.17 100 26.15 26.13 100 110
31.02 62 31.03 31.04 64 31.03 31.06 55 31.01 31.06 62 400
32.34 33 32.38 32.37 33 32.38 32.40 19 32.36 32.36 39 011
34.28 35 34.31 34.31 44 34.33 34.34 28 34.30 34.30 41 310
41.20 17 41.28 41.24 20 002
45.44 17 45.49 45.46 23 411
47.30 22 47.32 47.33 33 47.36 47.36 28 600

50.78 41 50.68 33
51.17 26 51.23 51.22 49 51.26 51.26 35 51.16 51.16 35 020
55.61 14 55.63 55.64 21 021
61.05 16 61.13 61.11 29 60.98 61.15 36 321
62.05 16 62.11 62.09 33 62.13 62.13 31 710

* This reflection is contrary to the others, very broad and, thus, assigned to another
phase.

Table 5. Unit cell parameters of V205 (I), V205-related components of V, XII and XIX,
and vanadium pentoxide bronzes Mg0 2V2O5 [10] and MgV205 [25],

I V XII XIX Mg0.2V2O5 MgV205

a(k) 11.5204(9) 11.513(2) 11.508(1) 11.508(8) 11.42 11.019
b(k) 3.5674(5) 3.5640(6) 3.5617(3) 3.5679(6) 3.552 3.696
c(Â) 4.3780(4) 4.3745(8) 4.370(2) 4.372(2) 4.468 9.965
K(Â3) 179.93 179.50 179.12 179.50 181.2 405.8

In sample XII, the     study showed the presence of microparticles
with distinctly different Mg2+ content, viz. yellow microcrystals with 0.14
at.% of Mg, and brown microcrystals with 1.3

—

1.5 at.% of Mg. The
microparticles of the product XIX of the subsequent chemical insertion of
Mg in XII contain 3.8

—

4.0 at.% of Mg. Note that several phases related
to V205, and a coexistence of different phases having the same Li content
(multiphase domains) were reported for LixV205 bronzes [19].

X-ray powder diffraction patterns of the poorly crystalline samples XII
and XIX essentially differ from the patterns of I and V. Some peaks on the
patterns of XII and XIX, which are present also in I and V, are broadened
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Fig. 6. Crystal structure of V205 [26].

in comparison with I and V, but there are also some "new" peaks: (i) Strong
and diffuse peaks at 2  = 8.77° (XII) and 9.70° (XIX) which cannot be
indexed with the unit cell of I or V (the first reflection 100, which is actually
absent in the measured pattern of I, has 2  = 7.67°); and (ii) new sharp
peaks at 2  = 50.78° (XII) and 50.68° (XIX) which are only slightly
shifted from the V205 020 peak at 2  = 51.23° in the pattern of V.
Moreover, there is a hint of a small contraction of the a separation of the
V205 crystalline component in the series I -* V -» XII -» XIX. A slight
shortening of the a separation and a slight increase of the c separation
(corresponding to the interlayer separation in the structure of V205 [26],
Fig. 6) is characteristic for a topotactic insertion in V205, see, e.g., the
structural study of electrochemically formed Mg0.2V2O5 bronze [10].

Besides the phase with the V205 structure, we believe that in the new

phase(s) of the samples XII and XIX, a good ordering exists only in one

direction, b'. The length of this axis is slightly increased in comparison with
the b separation in I and V. The value of b' is 3.59 Â in XII, and 3.60 A in
XIX (calculated under an assumption that the new sharp peak in patterns
of XII and XIX is a 020 peak). The new phase(s) of XII and XIX are
disordered in two other directions (i.e. in the a'c' planes). Note that an
earlier X-ray powder diffraction study of electroformed LixV205 bronzes
showed a conservation of the b separation of the V205 structure with an
increased Li content parallel to more pronounced changes of the a and c

separations [27].

3.4. Products XIII —XV of electrochemical cycling of the V2Os electrode VI
A cyclic voltammogram of the V205/TC electrode VI in an acetonitrile-
based electrolyte is shown in Fig. 1. The X-ray diffraction patterns of
the electrochemically cycled electrodes XIII —XV are compared with the
pattern of a new electrode VI in Fig. 7 and in Table 6. The patterns of the
new electrode VI and of the oxidised electrode XV are very close, and
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20.0 40.0 60.0 2 , degr.
Fig. 7. X-ray powder diffraction patterns of (a) the electrode mass V2Os/TC (VI) and of
the products of electrochemical Mg2+ insertion: (b) XIII (reduced electrode, after 2l/2
cycles), (c) XIV (reduced electrode, after 20l/2 cycles), and (d) XV (oxidised electrode,
after 20 cycles).

represent a superposition of the pattern of V205 (or components with the
unit cell close to V205, Table 7), and the mixture of crystalline PTFE and
carbon black. The electrochemical reduction of the electrode VI leads to
the appearance of some "new" peaks in the patterns of XIII and XIV
(besides of the peaks of the V205 and TC components).

It can be speculated that the appearance of the V205 features in the
reduced electrode means that a fraction of the V205 is not accessible for
the electrochemical reduction. The reason might be a poor electrical contact
of V205 particles to the current collector. This hypothesis is consistent with
the fact that in the spring-loaded cell, where the working electrode is
mechanically pressed against the current collector, significantly higher cou-
lombic capacities (up to 230 Ah/kg V205) were reached in comparison with
the free-hanging electrodes (about 170 Ah/kg V205).

But essentially different distribution of the peak intensities of the V205
component in sample XIII, in contrast to the distribution observed for the
V205-containing new electrode VI, might indicate the chemical compo-
sition MgxV205 of this component. The presence of Mg2+ in the V205
microcrystals found in the reduced electrode XIII was confirmed by EDX
analysis. There is no pronounced change of the unit cell parameters of the
V205 component during the transition from VI to XIII (Table 7). This
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Table 6. Positions (2 0, degree) and intensities ( ) of the peaks on the X-ray diffraction
patterns of the products XIII —XV of electrochemical cycling of the V205-containing
electrode mass VI.

VI XIII* XIV* XV*

2 0 / 2 0obs 2 0calc / 2 0obs 2 0calc / 2 0obs 2 0calc / hkl

14.25 22 14.23 5
15.33 53 15.42 15.37 38 15.45 15.40 52 15.46 15.41 54 200
18.02 79** 18.17 79** 18.16 43** 18.17 31**
20.26 91 20.39 20.36 63 20.35 20.34 75 20.38 20.35 82 001

21.10 56
21.35 41 21.36 8

21.70 28 21.81 21.79 23 21.79 21.77 20 21.81 21.78 25 101
22.03 13
22.49 12

25.79 16 25.87 25.61 34 25.68 25.61 21 25.94 25.62 16 201
26.12 100 26.22 26.20 100 26.21 26.18 100 26.24 26.23 100 110

27.01 34
28.40 20
28.65 34 28.67 11
30.36 13

31.02 65 31.06 31.02 48 31.12 31.04 60 31.12 31.05 62 400
32.39 29 32.44 32.47 18 32.43 32.42 26 32.48 32.48 26 011

33.48 33.41 37 33.44 33.37 16 111
34.27 31 34.39 34.34 22 34.38 34.35 33 34.40 34.40 32 310

38.18 23
41.33 11 41.44 41.41 11 41.33 41.35 12 41.36 41.37 12 002

43.54 17 43.56 8
43.76 12
44.44 17 44.43 5

45.42 13 45.46 45.52 10 45.50 45.54 13 45.57 45.59 13 411
47.40 20 47.29 12 47.42 22 47.44 20 600
47.93 11 47.95 47.97 11 47.91 47.94 10 302
48.98 10 49.00 48.99 15 012
51.27 22 51.35 51.34 18 51.28 51.27 22 51.31 51.39 22 002
52.09 13 52.14 52.00 19 52.10 52.09 13 601

58.05 18
59.10 11 412
61.11 12 61.19 61.18 11 61.21 61.27 11 321
62.17 14 62.19 62.20 13 62.20 62.26 13 710

* See the discussion of not indexed reflections in the text.
** Peak of PTFE (from teflonised carbon).

indicates that V205 can be regarded as a three-dimensional framework
host, rather than a two-dimensional one (as already suggested in studies of
Li+ insertion in V205 [20, 28]).
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Table 7. Unit cell parameters of V205-related components of the electrode mass VI and
the products XIII —XV of its electrochemical cycling.

VI XIII XIV XV

a(Â) 11.533(6) 11.520(7) 11.495(3) 11.489(3)
è (A) 3.562(1) 3.556(2) 3.561(1) 3.553(1)
c(Â) 4.376(4) 4.357(2) 4.363(2) 4.3609(9)
K(Â3) 179.93 178.50 178.62 178.02

The unit cell parameters of chemically (V) and electrochemically (XIII)
formed MgxV205 are very close (cf. Tables 5 and 7). Thus, the products of
Mg2+ insertion in V205 might be similar in both cases.

The new peaks appearing in the X-ray diffractogram of the V205/TC
electrode reduced at —1.4 V (vs. Ag/Ag+) after 2l¡2 voltammetric cycles
(XIII) can be separated into two groups: (i) five peaks present also in the
sample XIV reduced after 20 i/2 voltammetric cycles, and (ii) peaks present
only in XIII (Table 6). These two groups of peaks have to belong to different
phases (e.g. XHIa and XHIb), because, e.g., the strongest new peak in the
pattern of XIII (at 2  = 21.10°) is absent in the pattern of XIV. Thus, the
reduced electrode XIII may consist of five phases: V205 (or MgxV205),
carbon black, PTFE, XHIa (which exists also in XIV), and XHIb.

The amount of the phase XHIb in the electrode obviously decreases
during cycling as evidenced by the absence of corresponding peaks in the
diffractogram of the electrode XIV reduced after 2OV2 cycles. This behav-
iour is consistent with the known fact that MgxV205 exists in two phases
—

a stable orthorhombic  phase (0 <  < 0.11) and a metastable  phase
[6]. Note the XHIa and XHIb phases are absent in the oxidised, cycled
electrode XV, so they are products of reversible V205 reduction. The
indexing of the XHIb phase is ambiguous. One of the solutions is an

orthorhombic unit cell [a = 17.69(1) A, b = 13.003(4) A, c = 3.360(2) Â,
V = 773 A3] with one period equal to that observed in MgV205 and the
unit cell volume four time larger as of MgV205. Also the unit cell of the
phase XHIa cannot be elucidated, because the indexing of the corresponding
lines gives several solutions of comparable reliability. Thus, the electro-
chemical reduction of VI seems to lead to both (i) Mg2+ insertion in V205
with the conservation of the V205 structure, and (ii) formation of new

Mg,V-containig phase(s) (XHIa or XHIa + XHIb).
The TEM study of XIII confirmed the presence of microcrystals with

the unit cell close to V205 in electrochemically reduced samples. There were

obtained, besides the common V205 diffraction, two kinds of diffraction
patterns. The interplanar distances from the first one are dx = 9.7 Â and
d2 = 25.0 Â. The patterns of the second kind indicate a superstructure
(Fig. 8). All the microcrystals are very thin plates oriented normal to the
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Fig. 8. Diffraction pattern of a microcrystal of the reduced electrode XIII.

beam direction; recording of diffraction patterns suitable for the determi-
nation of the interplanar distance for the "third direction" was therefore not
possible. We did not succeed in performing a reliable analysis confirming the
presence of Mg within the grains exhibiting the superstructure.

The electrode XIV consists of four phases: one with the unit cell of
V205, carbon black, PTFE, and a new phase structurally related to V205.
The change of the structure of the products of electrochemical cycling with
the number of cycles (note the observed difference between the electrodes
XIII and XIV) was discussed also in [19] for electrochemically inserted
LixV205.

3.5. Electrochemical Mg2+ insertion in the V2Os single crystal II

The V205 single crystals (II) lost the single crystallinity after the electro-
chemical Mg2 + insertion. An optical micrograph of the crystal VIII showed
broad lines and shadows of the dark MgxV205 within the orange-yellow
V205 crystal. Obviously, the insertion process is very nonuniform. The
EDX analysis did not indicate the presence of Mg. Thus, the amount of
Mg2 + inserted in the single crystals was rather low. The chemical insertion
of Mg2+ in the V205 single crystal resulted in no apparent colour change.

4. Conclusions
The chemical and the electrochemical Mg2+ insertion in V205 seems to
produce similar V205-related phases. But the electrochemical reduction of
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V205 in PTFE-bonded electrodes is more complex and rather nonuniform.
At least two new phases (both possibly Mg^V205 phases) are formed during
the reversible reduction of V205 in wet acetonitrile containing Mg(C104)2.
The presence of one of the new phases in the electrode decreases during
electrochemical cycling. Upon reoxidation, the original V205 structure
of the MgxV205 phases appears to be restored. In the hydrated sodium
vanadium bronzes, NaV308(H20)y, two layered phases with different water
content coexist. The phase NaV308(H20)i.5 is electrochemically the most
active one, which allows Mg2+ insertion from rigorously dry electrolytes.
Dehydration occurring above 100°C causes a decrease of the interlayer
separations as well as a decrease in the coulombic capacity of the bronze,
so the preparation and drying of the bronzes below 100°C is recommended.
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