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Abstract. Chemical sodiation of V,0s at low temperatures allows to
synthesize Na,V,05 with 0 = x = 1, while classic high temperature
syntheses yield in either x = 0.02 (o-phase) or 0.7 = x (a'-phase), or
other phases (B-phase, 6-phase) or mixtures thereof. A suspension of
V,05 in acetonitrile and Na,S as sodiation agent were used. The maxi-
mum amount of sodiation was obtained by using an excess of Na,S,

refluxing the acetonitrile during the reaction, and precedent ball mill-
ing of the V,Os. If only low amounts of Na,S were used as starting
material, a mixture of fractions of Na,V,05 with different values of x
was obtained. All these fractions belong to the a- or a’-phase, space
group Pmmn.

Introduction

Sodium ion conductors are potential alternative materials to
replace lithium ion conductors as cathode materials in batter-
ies. In contrast to sodium compounds lithium compounds and
their application as cathode materials are well established in
literature. In commercially available batteries materials based
on LiMO, (M = Co, Fe, Mn, Ni) and LiFePO,'!! are used. But
also alternative compounds such as LiCoPO,,?! Li; ,V50g,!
and LiVPO,F* have been investigated. Recently also corre-
sponding Na containing compounds became of increasing
interest, because sodium is less expensive and less toxic than
lithium. 15!

NaCoO,P! also proved to be a suitable cathode material.
Within the system Na,O-V,05-V,05 the compounds
Nag 0, V505 [space group Pmmn, 0-Na, V,0s5, 0 = x = 0.02),
Nag 33V,05 (space group C2/m, 3-Na,V,0s, 0.25 = x = 0.45),
Na,; ,V3;0g, NaVO;, NayV,05, and NazVO, may be synthe-
sized in a high temperature process (HTP) in air. The com-
pounds Nag,V,0s (space group C2/m, 1-Na,V,05)© and
NaV,0s (Pmmn, a’'-Na,V,0s, 0.7 < x < 1) [T have been syn-
thesized in high temperature processes, too, but using inert
conditions.’® By an HTP no o/a’-Na,V,0s with 0.02 = x <
0.7 may be prepared.

Electrochemical sodiation or desodiation of 0-Na,V,0s, B-
Na,V,0s and Na,V;Og is also reported.’®! To the best of our
knowledge chemical sodiation of these compounds is not de-
scribed in literature yet.
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Besides electrochemical lithiation and delithiation!' %131 also
chemical lithiation is reported. Most often this is done by
butyl-Li,['®1 but also the use of Lil''”! and Li,S!®! is men-
tioned. Since butyl-sodium is not commercially available Nal
and Na,S are promising candidates for chemical sodiation.
Chemical lithiation is also reported for B-Na,V,0s.["°!

Results and Discussion

NaV,05 was prepared using a solid state reaction (ssr-
NaV,0s). The Rietveld refinement provided lattice parameters
and coordinates of sites, which showed good agreement with
data from literature.[?°! Traces of NaVO; (<2 wt-%) could be
found in the diffractogram. Some crystallographic data accord-
ing to this refinement and of the refinement of the starting
material V,Os are given in Table 1. The corresponding dif-
fractograms are given in Figure 1. The atomic positions are
given in the Supporting Information together with a figure of
the crystal structure of NaV,Os.

Table 1. Lattice parameters and additional data for V,Os and ssr-
NaV,0s according to Rietveld refinements.

Parameter V,05 NaV,05
Name of phase 0-Na,V,0s5 0'-Na,V,0s5
Sample JBB000 JBBO061
Na contents as x 0.00 1.00
Space group Pmmn Pmmn

26 range /° 7-120 7-120
alA 11.5131(1) 11.3195(1)
bIA 3.5644(1) 3.6131(1)
c/A 4.3736(1) 4.8055(1)
V /A3 179.49(1) 196.54(1)
V4 4 4

dx_ray /grem™ 3.365 3.462

Ryp 0.110 0.146
Rprage 0.072 0.103

wt% 100 98.6(1)
No. of refined parameters 36 44
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Figure 1. Main part of the XRD patterns of V,05 and ssr-NaV,0Os.

The samples obtained by tribochemical reactions (tcr-
Na,V,05) were measured on a low background sample holder
(Ibsh) with 20 min scan time immediately after opening the
beaker. A second measurement of the dried material was car-
ried out later in a standard sample holder (stsh) with 2 h scan
time. Some crystallographic information and additional param-
eters of these samples are given in Table 2. The corresponding
diffractograms of the measurements with stsh are shown in
Figure 2.
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Figure 2. Main part of the XRD patterns of tcr-Na,V,0s.

After evaporation of acetonitrile the sample JBB104 showed
small bright yellow needles, which could be identified as sulfur
(space group P2,/c). After homogenization of the material no
sulfur could be found in the diffractogram anymore, but traces
of an additional unknown phase. The amount of this phase
increased with increasing amount of Na,S as starting material.
Probably the reaction may be written as

X X
V,0s + ENaZS — Na,V,0s + ES (nH

The sulfur was at least partly dissolved in the acetonitrile
and crystallized, while acetonitrile evaporated. Perhaps, by ho-
mogenization of the mixture, the sulfur reacted with an ad-
ditional byproduct to an unknown compound.

The diffractograms of the tcr-Na,V,Os; samples show a
rather sharp peak close to 20.3 °C, the peak position of the
(001)-peak of V,0s. In the 26 range from 19° to 20° is a broad
(001)-peak of sodiated V,0s. The extreme broadening is
caused by a distribution of x in Na,V,0s. For Rietveld analysis
a model of 34 fractions of Na,V,0s with different values of x
(see Experimental Section) enabled a rather proper fit of the
complete diffractogram including the (001) peak. From the
weight fractions of the Na,V,05 “phases” relative mol frac-
tions n could be calculated yielding a distribution function n(x)
and their average value <x> (for details see the Experimental
Section). The value of <x> is a measure of the amount of
sodiation.

According to Equation (1) and taking the weight fraction of
the starting materials into account a maximum value x,,,, of x
is defined. This value is only a nominal value and should not
be confused with the maximum value of x found in any of the
fractions of Na,V,0s. For low weight fractions of Na,S within
the starting materials (JBB101, JBB102) the amount of sodi-
ation increases about linearly with <x> = x,,,,/2. For a higher
weight fraction of Na,S (JBB104) only a minor increase of
sodiation was observed.

The distribution functions n(x) of the tcr-Na,V,05 samples
are shown in Figure 3.
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Figure 3. Distribution functions of n(x) of tcr-Na,V,0s.

Table 2. Sodium contents and additional data for tcr-Na, V,05 according to Rietveld refinements.

Sample Method Sample holder Xmax <x> Additional phases
JBB101 ter Ibsh 0.20 0.09 none
stsh 0.20 0.07 traces of unknown phase
JBB102 ter Ibsh 0.50 0.26 traces of unknown phase
stsh 0.50 0.28 traces of unknown phases
JBB104 ter Ibsh 1.00 0.25 traces of unknown phase
stsh 1.00 0.29 unknown minor phases
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Table 3. Sodium contents and additional data for strtl- and strt7-Na,V,05 according to Rietveld refinements.

Sample Method Sample holder  x,ax <x> Additional phases

JBB069 strtl dome 0.50 0.32 none

JBB066 strtl dome 1.00 0.48 2 wt% Na,S, 2 wt% 0-Na,S,, traces of unknown phase

JBB072 strtl dome 2.00 0.48 9 wt% Na,S, 5 wt% a-Na,S,, 7 wt% B-Na,S,, traces
of unknown phase

JBBO070 strt7 dome 1.00 0.55 none

Table 4. Sodium contents and additional data for strfl-, strf7-, bmrf1-, and bmrf7-Na,V,05 according to Rietveld refinements.

Sample Method Sample holder Xmax <x> Additional phases
JBB073 strfl dome 2.00 0.63 4 wt% Na,S, 7 wt% 0-Na,S,, 10 wt% B-Na,S,, traces
of unknown phase
JBBO085 strfl dome 4.00 0.71 24 wt% NazSp, 10 wt% Na,S,, 7 wt% a-Na,S,, 10
wt% [B-Na,S,, traces of unknown phase
JBB074 strf7 dome 2.00 0.80 3 wt% 0-Na,S,, 12 wt% B-Na,S,, traces of unknown
hase
JBB084 bmrf1 dome 2.00 0.80 Il) wt% 0-Na,S,, 12 wt% [B-Na,S,, unknown minor
roduct
JBB088 bmrf1 dome 4.00 0.97 g wt% Na,S, 3 wt% 0-Na,S,, 17 wt% B-Na,S,, un-
known minor product
JBB098 bmrf7 dome 4.00 0.98 17 wt% B-Na,S,, unknown minor product
If a mixture of Na,S, V,0s, and acetonitrile was stirred un- ' ' ' ' bl 7
der inert atmosphere for 1 d (strt1-method) a similar behavior 1,00 o— bm;fl 1
could be found. The results are given in Table 3. / ;
A low amount of the starting material Na,S showed a rather ° strf7
high yield, but even with x,,,, = 2 only <x> = 0.48 was Btse] . strfl 7
achieved, the same value as for x,,,, = 1. If the suspension was o/
stirred for 7 d a slight increase of the sodiation could be ob- A ® strt7
served (<x> = 0.55 for JBB070). ¢ 0504 . . sl ]
Some samples were prepared by heating the suspension to /
reflux for 1 d (strfl1-method) or 7 d (strf7-method). Also V,Os, - ter
which had been ball milled for 2 h, was used as starting mate- 2t )
rial and the suspension stirred for 1 d (bmrfl-method) or 7 d J / |
(bmrf7-method). The results are given in Table 4. e
For most of the sodiated samples <x> = x,,,,,/2 is valid. ee ] I R é T4 é ) 6

Samples, especially with excess of Na,S synthesized, often
show Na,S, as a byproduct. Therefore,

X
V,05 + xNa,S — Na,V,05 + ENazSz 2)

might be the dominant reaction instead of the redox process
according to Equation (1).

In order to obtain a better overview of these results the val-
ues of <x> of all sodiated samples mentioned above in depen-
dence on the x,,,, are graphically represented in Figure 4.

Each preparation method tends to converge with increasing
amount of Na,S to an individual maximum of sodiation
<X>pax- Ball milling for 2 h (tcr-method) had the lowest
<x>pax Of about 0.3. Stirring for 1 d enabled a higher sodi-
ation and <x> .« = 0.5. If the suspension was stirred for 7 d,
the sodium content only increased slightly and <x>_,., = 0.6
may be estimated.

While refluxing the suspension at 81 °C the sodiation signif-
icantly improved. Stirring for 1 d (strfl) suggests <x>_ .. =
0.7 and stirring for 7 d (strf7) enables at least <x> ., = 0.8.
Although the V,05 was a fine powder the influence of ball
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Xmax

Figure 4. Amount of sodiation <x> dependent on x,,, for different
preparation methods.

milling the starting material only prior to weighing was tested.
If refluxing the suspension for 1 d (bmrfl) a sodiation of
<x>nax = 1.0 was obtained. No significant increase was found
for a prolonged reaction time of 7 d (bmrf7). This is equivalent
to a compound NaV,Os, where one half of vanadium atoms
have the oxidation state +4, the other half the oxidation state
+5.

For selected measurements Figure5 shows a 20 range
within which the (001)- and (101)-peak of Na,V,Os appear.
The shift of the peak positions to lower 26 values with increas-
ing <x> may be clearly seen. The sample JBB0O88 shows (in
the displayed 26 range) nearly the same peak positions as ssr-
NaV,0s. The peaks are significantly, but not drastically broad-
ened.

The measurements with a smaller amount of sodiation show
more severely broadened peaks. Figure 6 shows the distribu-

www.zaac.wiley-vch.de 3199

Special Issue



Special Issue

ARTICLE

R. Haberkorn, J. Bauer, G. Kickelbick

u

5 20000
b ©01) -

intensity / a

15000 |‘_ (101) _)|
JBB061
JBB088

JBB084
JBB072

10000

5000 - JBB069
JBB102
JBB00O
O T T T T T
18 19 20 21 22
2theta / deg

Figure 5. XRD patterns of selected Na,V,05 samples.
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Figure 6. Distribution functions of n(x) of selected samples Na,V,Os.

tion functions n(x) calculated from the same measurements as
displayed in Figure 4.

The top and bottom curves in Figure 5 represent the refer-
ence materials V,0s and NaV,0s. Minor sodiated samples
(JBB102, JBB069) still show a significant mol fraction with
x = (. For x = 0.3 and x = 0.6 a fraction peak may be found,
which is broader than for the reference materials with x = 0
and x = 1, but rather small in comparison with distributions
n(x) with maxima at other values of x. This behavior was also
found for samples not displayed in Figure 6. This might be
correlated with ordering of sodium as it is described for lithi-
ation of Li, ,V50g 2!, However the quality of the measure-
ments with severely broadened Bragg peaks did not allow de-
termination of such an effect.

The complex model of the Rietveld analysis of the XRD
measurements enables a rather proper fit even of the Na,V,0s5
phase. In Figure 7 the Rietveld-Plot of observed, calculated,
and difference intensities is given. But the markers of the 34
fractions of Na,V,0s, the three reference phases, and Na,S,
have not been implemented. The fraction distribution n(x) cal-
culated from this fit is shown as an inlet. Again maxima in the
fraction distribution at x = 0.3 and x = 0.6 may be seen.
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Figure 7. Rietveld plot of XRD pattern for JBB066 and (small picture)
fraction distribution n(x).

For many systems a linear relation between lattice param-
eters and composition may be found. Assuming such linear
correlation in the case of the fractions of the phase Na,V,05
caused a significant misfit by Rietveld analysis. Therefore as
simple extension a combination of two linear ranges for n(x)
were assumed instead of one: linear correlation for the a, b
and ¢ axes for the range -0.12 = x = 0.5 and 0.5 < x =
1.2. The dependence of the lattice parameters a, b, and c, as
determined by the Rietveld analysis of the XRD pattern of the
sample JBB066 is given in Figure 8 for the range 0 = x = 1.
Especially the b axis shows these two different ranges of linear
correlation. The lattice parameters of “NagsV,05” are given
in the Supporting Information (Table S3).
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Figure 8. Lattice parameters of the fractions of the phase Na,V,05 vs.
amount of sodiation of the sample JBB066.

Conclusions

Chemical sodiation of V,0s is possible by Na,S in aceto-
nitrile as solvent or dispersion medium. To the best of our
knowledge this is the first chemical sodiation of V,0Os, while
electrochemical sodiation is already known. Simple ball mill-
ing for 2 h allows to get a sample of a mean sodium content
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of up to 0.3 sodium per molecular formula (<x>,, = 0.3),
which is equivalent to a mean composition of Nay3V,0s. This
may not be understood as a homogeneous compound but a
mixture of fractions of the phase Na,V,05 with a broad distri-
bution of sodium contents n(x).

Higher amounts of sodiation were achieved by stirring pow-
der at room temperature (<x>_,.. = 0.5) or under reflux
(<x>pax = 0.6) for 1 d. If stirring of the suspension was done
over 7 d even higher sodium contents could be obtained. If the
starting material V,0s was ball milled prior to the reaction
with sufficient Na,S in boiling acetonitrile a more narrow dis-
tribution n(x) and a composition close to <x> = 1 was ob-
tained. This is equivalent to a compound NaV,0s. The same
compound was prepared by a solid state reaction and is already
known as 0.'-Na,V,0s.

In contrast to high temperature processes all values of x
within the range of 0 = x = 1 may exist within the a-/a'-
Na,V,0s. Compositions with x = 0.3 and x = 0.6 possibly
are more preferred than other sodium contents. A nonlinear
dependency of the lattice parameters on <x> is suggested by
Rietveld analysis. Possibly both effects are caused by different
types of ordering of sodium. Whether such ordering exists or
not is a challenging question. Perhaps further studies aiming
for synthesis and characterization of Na,V,Os with a narrow
distribution function n(x) and 0.25 < x < 0.75 might allow to
answer this question.

The sulfur of Na,S may be reduced by sodiation of V,0s5 to
the oxidation state S! and S°, while S~! as Na,S, seems to be
preferred for high amounts of Na,S as starting material.

Experimental Section

The chemicals used were of the grade “pro analysi” or of a higher
grade. V,05 was annealed in a stream of 95 %Ar/5 %H, for 16 h at
700 °C. The product was repeatedly ground and annealed in a reducing
atmosphere of the same composition until pure V,0; was yielded.
NaVO; was prepared by calcination of Na,CO3 and V,05 at 600 °C
for 6 h using a platinum crucible. NaV,05 was synthesized by a high
temperature process according to Equation (3):

4NaVOs + V,05 + V,0; — 4NaV,0s5 ©)

The starting materials were ground in an agate mortar after adding n-
pentane. The dried mixture was heated to 600 °C for 6 h in a sealed
silica tube. In the following the product of this reaction will be called
ssr-NaV,0s.

Starting materials or mixtures of starting materials were often treated
in a ball mill to get fine grained powder, a homogeneous mixture or
even a tribochemical reaction. A Fritsch Pulverisette 7 (Fritsch GmbH,
Idar-Oberstein, Germany) was used with agate grinding beakers of a
volume of about 25 cm?®. A beaker was filled with 1 to 2 g of the
material, 10 agate balls with a diameter of 1 cm, and 10 mL of solvent.
Ball milling was done over 2 h at the speed level 6 to 7 of the Pulver-
isette. As solvents n-pentane and absolute acetonitrile were used. To
yield absolute acetonitrile the acetonitrile as received was filtered
through a column filled with molecular sieves 3 A similar to the pro-
cedure described in literature!?”! and stored over molecular sieve.

Na,S was used to sodiate V,0Os acting as sodium source and reducing
agent. Commercially available Na,S-9H,O was dried by slowly heat-
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ing to 100 °C in vacuo over several days and stored in a glove box.
The purity of the product was verified by XRD measurements under
inert conditions.

Different methods were applied for sodiation:

(1) ter-method (tribochemical reaction): Different amounts of Na,S and
about 1 g of V,05 were weighed inside the glove box and filled into
a beaker of the Pulverisette already containing the balls. After locking
out and quick addition of absolute acetonitrile the mixture was ball
milled for 2 h. After opening the beaker one or two drops of suspension
were dabbed on a low background sample holder for X-ray diffraction.
The remaining suspension was dried by allowing the solvent to evapo-
rate at room temperature. Thereafter a standard sample holder was
used for X-ray measurements.

(2a) strtl-method (stirring at room temperature, 1 d): Different
amounts of Na,S and about 1 g of V,05 were weighed inside the glove
box and filled into a two necked round-bottomed flask. After locking
out of the glove box the flask was connected to an argon supply and
absolute acetonitrile was added under a counter flow of argon. The
mixture was stirred for about 24 h at room temperature in an argon
atmosphere. Subsequently, the solvent was removed under inert condi-
tion and the product dried in vacuo. For X-ray powder diffraction
(XRD), a small fraction of the product was transferred to a “dome”
sample holder in the glove box.

(2b) strfl-method (stirring under reflux, 1 d): Like method strtl, but
refluxing the solvent by heating the flask in an oil bath.

(2c) bmrfl-method (balled milled V,Os, stirring under reflux, 1 d):
Like method strfl, but the V,05 was ball milled in n-pentane for 2 h
prior to locking in into the glove box.

(3) strt7, strf7, and bmrf7: Stirring for about 7 d instead of about 24 h.

For XRD three different sample holders were used. Samples expected
to be sensitive to air were characterized using special sample holders,
which allow fixing of a “dome” above the sample and prevent the
sample from exposure to air. Because of the amorphous scattering of
the “dome” itself, which is made of PMMA, and a less effective shield-
ing of scattering by air for a “dome” sample holder the background
radiation is more intense than for the standard open top loading sample
holder. For other materials standard sample holder could be used, con-
sisting of a round plate with a deepening milled into. Additionally, a
low background sample holder containing a specifically cut silicon
slice, such that no Bragg reflection arises from the holder, is used. This
is especially suitable if only a small amount of material is prepared. To
prepare such a sample, one or two drops of a suspension were dabbed
to the middle of the silicon crystal and allowed to dry in air.

X-ray patterns were recorded on a D8 Advance diffractometer (sup-
plier Bruker AXS, Karlsruhe, Germany) with focusing Bragg-Brentano
geometry and a fine focus X-ray tube with Cu anode in a 20 range
from 7 to 120°, scantime 2 h usually. Samples in an inert atmosphere
were measured in a 26 range from 7 to 80° instead. No monochromator
was attached, but low energy radiation was removed by discriminating
the detector. A fast Lynxeye detector and variable divergence slits were
used.

The program Topas was used for Rietveld analysis. Modeling width
and shape of the peaks and correcting peak positions was done accord-
ing the fundamental parameters approach,'?* as implemented in Topas.
The instrumental function was determined by a scan of LaBg. For stan-
dard Rietveld refinement the following parameters were refined: lattice
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parameters, sample height displacement, microstructural parameters,
coordinates of the atomic sites, isotropic temperature parameters con-
straining the temperature factors of the same type of atoms to a single
parameter, and parameters of preferred orientation. Severely textured
samples were modeled by two March Dollase distributions with dif-
ferent orientation vectors as implemented in Topas. According to prop-
erties of the structure the main preferred orientation is (001). (100)
may be selected as the second preferred orientation.

Because the sodiated samples often showed severely broadened peaks
an extended model was used. The Na,V,05 - and o'-phase was mod-
eled with 34 fractions with —-0.12 = x =< 1.20, equidistant in x with
Ax = 0.04. If a lower number of fractions with 0 = x = 1 was applied
then often a waved fit curve was obtained. A higher number of frac-
tions would demand for additional constraints to avoid “noise” within
the scaling factors and would cause a more complex model. The value
of Ax = 0.04 was a compromise between quality of the fit and sim-
plicity and stability of the model. The fractions with x < 0 and x > 1
imply occupation densities for Na with no physical meaning, but were
added as “resource” fractions enabling recognition of special effects
and fitting of other broadening effects, like microstrain. V,05 and ssr-
NaV,0Os were used as external reference samples for position of the
atoms and values of the lattice parameters. In the case of V,0s the
hypothetical coordinates of the site of Na were estimated with a site
occupation factor of 0. The reference data were handled as “additional
phases” with a scaling factor of 0. The coordinates of the sites, the
parameters of preferred orientation, the site occupation factor of the
Na site, and the lattice parameters of the 34 fractions of Na,V,05 were
calculated by linear interpolation and extrapolation according to the
data of both the reference samples. The microstructural parameters and
the parameters of isotropic thermal vibration were refined but con-
strained to be the same for the reference phases and all fractions of
Na,V,0:s.

To improve the fit finally a third “reference” was defined to have the
composition Nay5V,05 and to have the average volume of V,05 and
ssr-NaV,0s. Nevertheless, the lattice parameters a and b could be re-
fined for this “reference”. Together with phases like Na,S typically
about 40 “phases” were used for refinement of sodiated samples.

The weight fractions (calculated by the program Topas), the volumes
of the unit cells, and the assumed values of x for the 34 fractions of
Na,V,05 were transferred to an EXCEL sheet. This was used to calcu-
late the relative molar fractions of the phase fractions and <x>, the
mean value of x.

Supporting Information (see footnote on the first page of this article):
Details of the structures of the reference phases V,0s, Nag5V,0s, and
NaV,0s as used for Rietveld refinement.
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