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Polycrystalline vanadium oxynitrides have been prepared by
heat-treating V,0s at high temperature in a flowing ammonia
atmosphere. Single-phase cubic samples, with the rock salt
structure, were produced by nitridation at 600-700°C. Powder
diffraction data from neutrons at two wavelengths and CuK«
X-rays of these oxynitrides were analyzed using the Rietveld
method, but strong correlation among the atomic displacement
parameters, site occupancies, and the N/O ratio did not allow
a refinement of unique compositions. Measured densities and
cell volumes were used to limit the possible compositional space
for each sample, and these were further limited by the charge
neutrality requirement. The electrical resistivity of the single-
phase sample is about 2 X 10~* - cm and is weakly tempera-
ture dependent below room temperature. Magnetic susceptibil-
ity measurements show no evidence of magnetic ordering and
yield a magnetic moment of 0.25 u; per V atom. Electrochemi-
cal lithium intercalation measurements indicate that only a
small concentration of lithium ions were inserted into the cath-
ode due to the close-packed NaCl structure of cubic vanadium
oxynitride. 01996 Academic Press, Inc.

INTRODUCTION

A number of vanadium oxides have been recently stud-
ied because of their special accommodation to lithium in-
sertion reactions (1-5). Thin film lithium batteries based
on amorphous V,0s cathodes have been investigated in
this laboratory for several years (6, 7), and it has been
found that the IR loss in these batteries is due to slow
lithium ion diffusion in the cathode. In an attempt to im-
prove lithium ion transport, we have investigated the struc-
ture and physical properties of vanadium oxynitrides as
potential cathode materials with the idea that the forma-
tion of mixed-valence vanadium will increase the ionic
and electronic conductivity. Cathode materials with high
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conductivity will reduce the internal IR loss and improve
battery performance. Metal oxynitrides are also of great
interest as advanced catalysts because dual active sites
are presented by the metal and the oxygen. The metallic
functions include hydrogenation and dehydrogenation of
hydrocarbons whereas the acidic functions include isomer-
ization and cracking (8, 9).

Structure—composition relationships have been pre-
viously reported for the vanadium oxynitrides (10, 11).
Potorochin et al. (10) have studied the compositional limits
and the lattice parameters of cubic vanadium oxynitrides.
Brauer and Reuther (11) investigated the phase relation-
ships in the V-N-0O system by X-ray powder diffraction
as a function of pressure. However, there are no reports,
to our knowledge, of a systematic study of the structure
and physical properties of vanadium oxynitrides. In this
paper, we report the synthesis, Rietveld structure analysis,
electrical, magnetic, and electrochemical properties of va-
nadium oxynitrides.

EXPERIMENTAL PROCEDURES

Vanadium oxynitrides were prepared by heat-treating
V,05 (Alfa, 99.8%) at 500 to 800°C for 24 to 48 h in flowing
anhydrous ammonia (SFC purity, 99.995%). About 10 g
of V,0s5 powder were placed in an alumina boat inside a
quartz tube. After heat-treating in ammonia at high tem-
perature, the samples were furnace cooled to room temper-
ature. The product formed was black and pseudomorphic
to the original V,0s5 crystal shapes.

Powder X-ray diffraction (PXRD) measurements were
made with a Scintag diffractometer equipped with a high-
purity Ge detector using CuKa radiation. Data were col-
lected in the 26 range of 10°-70° with a scan rate of 2°/
min. X-ray data sets for Rietveld refinements were col-
lected using step scans at 0.02° 26 and 2-s counting time,
over the range 10°-160° 26. The density of the samples
was measured by using a Penta-Pycnometer PP-6 equipped
with a 5-cm?® sample cell. Helium gas was used for purging
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and as the fluid. Before the measurement, the samples were
outgassed by purging for 30 min. The standard deviation of
repeated measurements was less than 0.04%. Rutherford
backscattering spectrometry (RBS) was used to determine
the N/O ratios in the samples.

Neutron diffraction data for vanadium oxynitrides were
collected using the HB4 powder diffractometer at the
High-Flux Isotope Reactor at ORNL (12). The samples
were contained in vanadium cans, and two data sets
were collected for each sample at 295 K over the 26
range from 11° to 135° in steps of 0.05° using wavelengths
of 1.4177 and 1.0315 A. The structural refinements were
made with the computer program GSAS (13), using the
Rietveld method (14). Because V contributes weakly to
the diffracted intensity, combined refinements of the
neutron and X-ray data were attempted. Even with
this approach, the atomic displacement parameters, site
occupancies, and N/O ratios were highly correlated, and
a reliable determination of the sample compositions was
not possible.

The electrical resistivity measurements were made by
the classical four-probe method. Thermoelectric power
was also measured on the same samples against a copper
standard (15). Samples for these measurements were made
by cold pressing finely ground powders into a pellet and
sintering the pellet at 500°C in flowing N,. After sintering,
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the pellets were cut into thin plates with dimensions of ~4
mm X 8 mm by ~1 mm thick. Silver paint was used for
metal contacts. Magnetic susceptibility measurements
from 10 to 300 K were made on the single-phase cubic
material using a Faraday magnetometer (15).

The electrochemical lithium intercalation properties of
the vanadium oxynitride were measured in two lithium
cells with (a) liquid electrolyte and (b) thin film solid
electrolyte. The cell with liquid electrolyte consisted of
a single-phase cubic vanadium oxynitride (700°C/24 h
sample) pellet (sintered at 500°C in flowing N,) as the
cathode and lithium metal foil as the anode. The elec-
trodes were separated by an Al,O; fiber paper soaked
with an electrolyte of 1M LiClO, in propylene carbonate.
The cathode pellet measured about 0.10-cm thick by
1.22 cm in diameter and weighed 351 mg. The cell was
placed between stainless steel dies inside a glass tube
and held in place with a spring that was compressed
when O-ring sealed brass caps were pressed over the
ends of the tube. Electrical contact with the cell was
made through leads clamped to the brass caps. The
contacts were made through a spring load inside the
tube. For the thin-film solid electrolyte cell, the cathode
consisted of 60 wt% single-phase cubic vanadium oxyni-
tride (700°C/48 h sample), 30 wt% (PEO)sLiClO, ionic
conducting polymer, and 10 wt% carbon. The materials
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FIG. 1.
of the V,0; phase are indicated by asterisks.

X-ray powder diffraction patterns (CuKa radiation) for samples heat-treated in NH; at 600 and 800°C for 24 h. The diffraction peaks
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were dissolved in acetonitrile to give 3 wt% solution and
stirred in a plastic beaker for 24 h. A film of the
composite cathode was formed on a 13-mm diameter
vanadium disk by spin coating followed by drying at
60°C for 24 h. The thickness of the dried composite
cathode measured with a profilometer was 26 um, and it
weighed 13 mg. An approximately 1-um thick amorphous
lithium phosphorus oxynitride electrolyte film was depos-
ited on the top of the cathode by rf magnetron sputtering
of LizPO, in N,. This material has a typical composition
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of Li,oPO33Ng46 and a conductivity of 2 X 107® S-cm™!
at 25°C (6). A lithium anode film about 10-um thick
was then deposited at a pressure of about 107° Torr by
evaporation of lithium metal contained in a Ta crucible.
The area of the lithium film was 0.54 cm?, and the
corresponding active cathode mass calculated based on
this area was 3.2 mg. This assumes that lateral diffusion
of lithium in the cathode can be neglected. All the cells
were tested in an argon-filled glove box using a 1 mA
channel of a Maccor battery test system.
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FIG. 2. Observed, calculated, and the difference neutron diffraction profiles for (a) single-phase cubic 600°C/24 h sample (wavelength = 1.0315
A), and (b) mixed cubic V(O, N) phase and corundum-type V,O; phase sample (wavelength = 1.4177 A). The observed data are indicated by +,
and the calculated profile is the continuous solid line in the same field. The short vertical lines below the profiles mark the positions of all possible
Bragg reflections, and the bottom curve is the difference between the observed and calculated intensity plotted using the same vertical scale as the

observed and calculated profiles.



PROPERTIES OF VANADIUM OXYNITRIDES

379

TABLE I
Crystal Data and Density Measurements of Vanadium Oxynitrides
Samples 600°C/24 h 700°C/24 h 700°C/48 h 800°C/24 h
Crystal phase Cubic Cubic Cubic Cubic (84.2 vol%)
V,0; (15.8 vol%)
a(A) 4.12237(8) 4.13439(6) 4.13128(7) 4.13795(8)"
4.9541(1),% 13.9988(5)¢
V (A% 70.055(4) 70.670(3) 70.511(4) 70.852(4).% 297.55(2)¢
dp (g/cm?) 5.467(4) 5.928(1) 5.677(2)
Formula Mass (g/mol)* 57.672 63.084 60.279

“ Cubic phase.

b Hexagonal V,0; phase, a (A).
“ Hexagonal V,0; phase, ¢ (A).
4 Hexagonal V,0; phase.

¢ Calculated by using measured density and cell parameters.

RESULTS AND DISCUSSION
1. Structure and Compositions

X-ray powder patterns show that samples prepared at
600 and 700°C were single phase with the cubic NaCl struc-
ture, while the samples heat-treated at 500 and 800°C were
mixtures of two phases, the cubic phase and a corundum-
type V,0; phase (Fig. 1). Since the ammonia used for
nitridation gives both a nitriding and a reducing atmo-
sphere at the heat-treatment temperatures, both the reduc-
tion of V> and the nitridation of V,0s will take place.
When the reaction temperature was low, both the reduc-
tion and nitridation reactions were slow. Thus, the reaction
product was a mixture of the cubic phase and the V,0;
phase with the poor crystallinity as confirmed from the X-
ray powder diffraction pattern of the 500°C heat-treated
sample (not shown). The nitridation reaction was dominant
in the temperature range between 600 and 700°C and re-
sulted in single-phase cubic vanadium oxynitrides. How-
ever, the reduction reaction was rapid at the higher temper-
ature (800°C) and some V°>* was reduced to V3*. Further
nitridation of V,0; was difficult due to its high melting
point (1760°C). At the same time, the nitridation of V,Os5
continued to form the cubic phase. Therefore, the overall
product at the higher temperature was a mixture of the
cubic phase and the V,0; phase with good crystallinity of
both phases (Fig. 1).

Examples of the observed, calculated, and difference
neutron powder diffraction profiles of the single cubic
phase 600°C/24 h sample and the mixed cubic and V,0;
phase 800°C/24 h sample are presented in Fig. 2. Full occu-
pancy of the cation and anion sites was assumed in the
calculations. Precise cell parameters can be determined
from the Rietveld refinement since the cell parameters
are not correlated with other structural parameters in the
refinement (Table 1). The smaller cell parameter in the
600°C/24 h sample is probably due to a lower cation and

anion occupancy in the structure. The high concentration
of cation and anion vacancies in cubic NaCl structure has
also been observed in other materials such as VO (16).
A summary of the crystal data, measured densities, and
formula masses of samples is given in Table 1. The refined
cell parameters were used with the measured densities to
determine the formula mass for each sample. The mea-
sured masses of the single cubic-phase samples in this study
are smaller than those of the ideal solid solutions VN —
VO (64.948 — 66.941 g/mol), which implies that vacancies
are present. The formula masses were used to limit the
possible compositional space for each of the single cubic

FIG. 3. Phase diagram of V-O-N showing the possible composition
regions (light shaded areas) of single-phase cubic vanadium oxynitrides
in this study: £ 700°C/24 h; O 600°C/24 h; & 700°C/48 1, and the
compositions studied by Potorochin et al. (10): single-phase cubic V(O,
N) O; mixed cubic V(O, N) phase and corundum-type V,0; phase H;
mixed cubic V(O, N) and other hexagonal phase A. The dark shaded
area shows the single-phase cubic vanadium oxynitride region studied
by Brauer and Reuther (11).
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FIG. 4. Full-width-half-maximum (FWHM) as a function of sin 6 for
the NaCl-type reflections observed in the neutron diffraction data for
the vanadium oxynitride samples.

phase samples inside the VN-V-N;,,0;,, region of the
V-O-N phase diagram shown in Fig. 3. This region was
defined partly by the previous study by Brauer and Reuther
(11) and by the RBS results which show that the N/O ratios
of samples are >1. The N/O ratios cannot be accurately
determined since RBS is a thin-film technique. These single
cubic phase regions were further limited by the charge
neutrality requirement. The average oxidation state of va-
nadium was assumed to be between +2 and +3, since these
vanadium oxynitrides were black. The possible composi-
tion regions of the single cubic phase vanadium oxynitrides
of this study displayed in Fig. 3 are in agreement with the
composition of vanadium oxynitrides previously reported
by Potorochin et al. (10) and by Brauer and Reuther (11).

For the mixed cubic and V,0j; phase the refined volume
fraction (Table 1) indicates that NaCl-type V(O, N) phase
is the dominant phase in the sample. Moreover, the refined
cell parameters for V,0; match those of pure V,03;, sug-
gesting that the N partitions preferentially to the NaCl-
type V(O, N) phase.

The full-width-half-maximum (FWHM) as a function of
sin §for the NaCl-type reflections in the neutron diffraction
data is shown in Fig. 4. This Williamson—Hall plot has
been advocated by Langford et al. (17) for rapid assessment
of the nature of the peak broadening. The intercept and
slope of a Williamson—Hall plot give a qualitative measure
of the crystallite size and lattice strain, respectively, where
the intercept is inversely proportional to the crystallite size
and the slope is directly proportional to the strain. The
broadened peaks of the samples were deconvoluted from
the instrumental broadening as measured with the NIST
standard reference material silicon 640a. From Fig. 4, the
intercepts for all temperatures are about the same, so strain
appears to be the major contributor to peak broadening
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rather than a reduction in crystallite size. Furthermore, the
strain is significantly relieved as the preparation tempera-
ture increases. A possible inconsistency with this analysis
is that samples prepared at 700°C showed a greater lattice
strain with longer heat treatments. In studies of the cata-
lytic properties of metal oxynitrides, the measured surface
areas often exhibit a dependence on the temperature of
the ammonolysis, which is interpreted as due to a change
in the particle morphology and/or size. In the case of the
vanadium oxynitrides studied here, the analysis of the neu-
tron powder diffraction data supports the contention that
changes in the particle morphology or size do not contrib-
ute to peak broadening in the neutron powder diffraction
pattern. The crystallite size, which can be distinctly differ-
ent from the particle size, remains essentially constant as
the processing temperature is varied.

2. Electrical and Magnetic Properties

The temperature dependence of the absolute thermo-
electric power and resistivity for the single cubic phase
vanadium oxynitride 600°C/24 h sample are shown in Fig.
5. The thermoelectric power is negative and small for the
entire temperature range; the magnitude and temperature
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FIG. 5. Thermoelectric power (a) and electrical resistivity (b) as a
function of temperature for single-phase cubic vanadium oxynitride
600°C/24 h sample.
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FIG. 6. Thermoelectric power (a) and electrical resistivity (b) as a
function of temperature for the mixed cubic V(O, N) phase and V,0;
phase 800°C/24 h sample.

dependence are typical for either a metal or a heavily
doped semiconductor. The deviation from linearity for
temperatures near 60 K is most likely due to phonon drag.
The magnitude and sign of the thermopower are indicative
of a large number of electrons present in the sample. The
weak temperature dependence and magnitude (2 X 1073
Q-cm) of the resistivity are characteristic of a heavily
doped semiconductor.

The temperature dependence of the thermoelectric
power and resistivity for the mixed cubic and corundum
V,0; phase sample are similar to that of pure V,0; (Fig.
6). The transition from a metallic to a semiconductive
phase is due to a structural phase transition at 170 K from
high temperature hexagonal to low temperature mono-
clinic symmetry (20-23). Neutron diffraction data collected
at 12 K on the sample prepared at 800°C also confirmed
that a hexagonal to monoclinic structural phase transition
occurs. No phase transitions occurred for the single-phase
NaCl-type V(O, N) between 293 and 12 K.

The magnetic susceptibility of single-phase NaCl-type
600°C/24 h sample versus 1/7 is shown in Fig. 7. A well-
defined Curie law with a temperature-independent con-
stant term is found for temperatures between 10 and 300 K:

x=x+CIT
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A least-squares fit of y, and C to the experimental data
gives xo = 1.5 X 10* emu/mol and C = 7.8 X 103 K - emu/
mol. An effective magnetic moment of 0.25 up per vana-
dium was calculated from these fitting results (u =
V3kgC/N; kg is the Boltzmann constant and N is the
Avogadro constant). This rather small effective moment
suggests that the magnetism likely arises from a small frac-
tion (about 10%) of the total number of vanadium atoms
since for typical V>* and V3 compounds the effective
moments are 2.8 and 3.8 ug, respectively (22).

3. Lithium Intercalation

A cycle of discharge and recharge of the lithium cell
based on the single-phase cubic vanadium oxynitride cath-
ode with the liquid electrolyte is shown in Fig. 8. The small
specific capacity of the cell corresponds to about 0.02 Li
inserted into the cubic vanadium oxynitride cathode during
the discharge between 3.5 and 1.5 V. This is significantly
smaller than the ~3 Li inserted into V,0Os on the first
discharge between 3.5 and 1.5 V (6, 7). The insertion of
smaller amounts of lithium into the structure of cubic vana-
dium oxynitride compared to V,0s can be attributed to
the differences in the crystal structures. The layered struc-
ture of V,0s is favorable for the lithium insertion: VOs
square pyramids share edges and corners to form layers
along the c axis (1, 2). Lithium ions can be inserted into sites
between these layers while preserving the V,0s5 structure
(1-5). The close-packing of cations and anions in the NaCl
structure of the cubic vanadium oxynitride limits the inser-
tion of lithium ions and leads to the low capacity of the cell.
The capacity of the cell with the thin film solid electrolyte is
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FIG.7. Magneticsusceptibility versus inverse temperature for 600°C/
24 h sample. The solid line through the data points is the least-square
fit of the results based on Curie law with a temperature-independent
constant term: y = yo + C/T. Analysis of the data gives an effective
magnetic moment of 0.25 up per vanadium.
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FIG. 8. One cycle of the single-phase cubic vanadium oxynitride cell
with liquid electrolyte between 3.5 and 1.5 V at a constant current density
of 200 wA/cm? at 25°C. The voltage was held constant until the current
decreased to about 20 wA for both the discharge and recharge half cycle.

much smaller than that of the cell with the liquid electrolyte
(Fig. 9). This loss of the capacity is probably due to the
lack of good contact between cathode particles in the spin-
coated composite cathode film. The decrease in voltage
with increasing discharge current shown in Fig. 9 is due to
the large internal resistance of the cell. Comparing the 1
and 20 wA/cm? curves in Fig. 9, this particular cell had a
resistance of 42 K() near the midpoint of the discharge
curve. Since the cubic vanadium oxynitride has a small
electronic resistivity (2 X 107* Q- cm), the major source
of this large internal resistance of the cell is due to the
slow diffusion of lithium ions into the close-packed NaCl
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FIG. 9. Discharge curves of the single-phase cubic vanadium oxyni-
tride cell with thin film solid electrolyte for different current densities at
25°C: 1, 2, 4, 6, 8, 10, and 20 uA/cm?. The charge current density was
10 wA/cm? During the charge cycle, the voltage was held constant until
the current decreased to about 1 wA.
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structure. Nevertheless, the internal resistivity of this cell,
~107 Q - cm, is comparable to that of thin film cells based
on polycrystalline V,05 cathodes, ~107 Q- cm.

CONCLUSIONS

Single-phase cubic vanadium oxynitride can be prepared
by nitridation of V,0s5 at 600 to 700°C. The process of
nitridation introduces lattice strain in the V(O,N) product,
and this strain decreases with increasing processing tem-
perature. Heavily doped semiconductor behavior was ob-
served in the single-phase cubic vanadium oxynitride. The
low capacity of the vanadium oxynitride cell indicates that
only a small amount of lithium ions was inserted into the
cathode due to the close-packed NaCl structure of cubic
vanadium oxynitride.
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