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Reactions of nitrides of Mo, W, V, and Ti with hydrogen peroxide, especially Mo and W, were investigated. The
reactions were characterized by elemental analysis, NMR, IR, Raman, XPS, TOF mass, and TG/DTA spectroscopy and
titration of ammonia and peroxo group. The major oxometalate species in reaction solution for Mo and W were [MoO-
(02)2(00H)]22~ and [W203(02)e(H20)12~, respectively. As for the nitrogen-containing species, ammonium ions were
initially formed, followed by the nitrate ions. Protons formed by the reaction take part in the formation of ammonia. The
removal of unreacted hydrogen peroxide and the evaporation to dryness resulted in the formation of isopolymetalates.
The peroxooctamolybdate, peroxododecatungstate, and decavanadate were suggested to be formed. Among them, the
peroxopolytungstate was the most thermally stable and provided homogeneous thin films. The films showed protonic
conductivity and the logarithm of conductivity changed linearly with the relative humidity or the inverse of the temperature.

Solid inorganic metal nitrides have attracted attention
in the field of inorganic chemistry because many nitrides
have novel compositions and coordination environments.! >
Some of them showed high stability to thermal and mechan-
ical treatments and specific surface reactivity.*—® There-
fore, they have been applied to material science,'?
catalysis,> ™' and so on. However, much less is known of
the reactivity of solid inorganic metal nitrides having atomic
nitrogen at an interstitial position, except that some nitrides
are chemically quite inert or those do react tend to decompose
and hydrolyze to give corresponding metal hydroxides and
ammonia, respectively.'s—® It is also shown that the surface
reactivity of nitrides with hydrogen sulfide is important for
the catalytic hydrodenitrogenation.'®

In addition, the reaction of molybdenum, tungsten, vana-
dium, and titanium metals, carbides, and nitrides with
hydrogen peroxide formed unknown amorphous peroxo-
metalates,”® 2 and the resulting solid peroxo compounds
have attracted much attention because of their applica-
bility to inorganic precursors to proton conductors,’?”
photoresists,” electrochromic devices,”®>" and metal ox-
ides of hexagonal tungsten trioxide,*® tungsten bronzes,**—3
and vanadium dioxide.’” The investigation of the solu-
tion chemistry as well as the produced inorganic precur-
sors themselves are important for the better understanding.®
On the other hand, to date the reactivity of organometallic
compounds of Mo with dinitrogen ligands has extensively
been studied and ammonia, hydrazine, and dinitrogen have
been identified as products.®®—*? However, almost nothing is
known about formation of nitrate ions even for the reactions
of these organometallic compounds.

In this report, we investigated the reaction solution of in-
organic nitrides of molybdenum, tungsten, vanadium, and
titanium with hydrogen peroxide, and we characterized the
solid inorganic precursors formed by the reactions. In ad-
dition, the protonic conductivity of the most stable peroxo-
polytungstates was studied.

Experimental

Reagents. Nitrides of metals of Mo, W, V, and Ti (High Purity
Chemicals), 30% aqueous hydrogen peroxide (Junsei Chemical),
0.01 M aqueous NaOH (1 M =1 mol dm™?), and 0.002 M aqueous
KMnO, (Wako Pure Chemicals) were commercially obtained and
used without further purification.

Reaction with Hydrogen Peroxide. = The reaction of metal
nitride with hydrogen peroxide was carried out as follows: (1)
Finely powdered solid metal nitride (200 mesh; 2 g) was added
to an aqueous solution (200 ml) of hydrogen peroxide (15%, 0.94
mol). The solution was kept at room temperature for 24 h (final
pH=2.0). The solution was filtered to remove unreacted metal
nitride. (2) Then Pt net was put into the solution to decompose
excess hydrogen peroxide. The resulting solution was evaporated
to dryness at 33+2 °C. Finally the powder was dried in vacuo
at room temperature for 12 h. The powder samples were used
for the characterization. These samples prepared from nitrides of
molybdenum, tungsten, vanadium, and titanium were abbreviated
by (I), (I), (I), and (IV), respectively. The yields of (I)—(IV)
were 88, 85, 16, and 6%, respectively.

Characterization.  Infrared spectra were measured as KCl
pellets with a Perkin—Elmer Paragon 1000 PC spectrometer. The
NMR spectra of samples (solvent, D,0O; 27 °C) were recorded on
JEOL-GX 270 FT spectrometer using liquid ammonia as a ref-
erence. X-Ray photoelectron spectra were recorded for self-sup-
porting discs with a JEOL JPS-90SX spectrometer using a Mg Ka
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source (1253.6 eV). The binding energies were corrected by using
the value of 285.0 eV for the C 1s peak resulting from carbon con-
tamination. Raman and TOF-MASS spectra were measured with
T-64000 (JOBIN YVON) and KOMPACT MALDI IV (Shimadzu),
respectively.

Contents of nitrogen and hydrogen were determined using a gas
chromatographic CHN analyzer (Yanagimoto MT-3). The contents
of metals were determined with an ICP spectrometer (Shimadzu
ICPS 2000). It was confirmed that the content of Mo in (I) was
52 wt% and in good agreement with 52 wt% obtained from the
weight of MoO3 formed by heating (I) up to 500 °C in air. The
formation of MoOj; was confirmed by XRD. In the same way, the
good agreement of the content of W measured by ICP analysis and
that measured by the heat treatment was observed for (II).

Numbers of ammonia were quantitatively analyzed by using
indophenol as follows:* 20—100 mg of sample was solved in
aqueous KOH solution (40 wt%) and this solution was heated. Am-
monia evolved was trapped in aqueous H,SO; solution (1 M). To
this solution, aqueous solutions containing phenol and sodium ni-
troprusside were added. Then aqueous solutions containing sodium
hydroxide and sodium hypochlorite were added and the resulting
solution was kept for 3 h. The blue color developed and the ab-
sorption at 630 nm was measured with a Perkin—Elmer UV-vis
spectrometer (Lambda 12). Numbers of peroxo group 0,2~ and
proton were quantitatively analyzed by using KMnO,4 and aqueous
NaOH reagents, respectively.

Proton Conductivity. Conductivity measurements were car-
ried out for a film (300—800 nm in thickness) on a borosilicate glass
substrate with a pair of interdigital sputtered Au electrodes on the
surface. Sample films were prepared by a spin coat method. Proton
conductivity of films was evaluated by the ac impedance method
between 1 and 500 kHz using an impedance analyzer (Solartron
SI-1260) in a compartment kept at the desired temperature and
humidity.

Results and Discussion

Starting Metal Nitrides. The data of structure and ele-
mental analysis for metal nitrides are summarized in Table 1.
It was confirmed that the structures of nitrides of metals of
Mo, V, and Ti were cubic Mo,N (with a trace amount of
Mo metal), VN, and TiN, respectively. The values of atomic
ratio of N/Mo, N/V, and N/Ti were 0.50, 1.00, and 1.00, re-
spectively, which well agreed with the stoichiometric ratio

Table 1. Data of Structure and Elemental Analysis for Metal
Nitrides

Min metal Structure® Elemental analysis®/wt% Atomic ratio

(M) nitride M N of N/M

Mo  Cubic Moo,N 92.8 7.1 0.52
(Trace Mo) (93.2) 6.8)

W Amorphous  95.8 42 0.58
(96.3)° 3B.7)°

A Cubic VN 78.4 21.6 1.00
(78.4) (21.6)

Ti Cubic TIN 774 22.6 1.00
(77.4) (22.6)

a) By XRD. b) Numbers in parentheses were calculated values
based on the structures confirmed by XRD. c¢) Calculated on the
assumption that the structure is W, N.

Reaction of Metal Nitrides with H,O;

of Mo;N, VN, and TiN, respectively. It was confirmed for
nitrides of molybdenum and tungsten that the content of hy-
drogen was <0.04% and that metallic impurity was <0.1%.

Reaction of Metal Nitrides with Hydrogen Peroxide
(Step (1)). Peroxometalates Species. Figure 1a shows
the ®> Mo NMR spectrum of the reaction solution of molybde-
num nitride with hydrogen peroxide after 1 h. The spectrum
changed little after 24 h. The specrum showed a signal
at —199 ppm (Av1/2, ca. 700 Hz), which is assigned to
[M0oO(0,),(0O0H)],>~. * Figure 1 b shows the '3W NMR
spectrum of the reaction solution of tungsten nitride with hy-
drogen peroxide after 1 h. The spectrum changed little after
24 h. The spectrum showed two signals at —643 and —697
ppm with the intensity ratio of 0.2 : 1.0, respectively. The for-
mer signal is assigned to [WO,(02)21%>, [WO(0,2),(0H)]~,

'Ij T T T T 7T TT T T T 17T T T7TT | T T T 71771 T T7 ( T7771
200 0 -200 -400
Chemical shift / ppm
T I TTTTTTTTT l FrrrTTT T T I TrT 1T rrrrrd l TT T T T TTT ' 1
0 -200 -400 -600 -800

Chemical shift / ppm

Fig. 1. *Mo and "W NMR spectra of reaction solution of
nitrides of molybdenum and tungsten with hydrogen perox-
ide after 1 b. (a) molybdenum nitride; (b) tungsten nitride.
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and/or the protonated species according to Ref. 45. The latter
intense signal is assigned to [W,03(0,)4(Hy0),]%~.%9

Thus, in the case of the reaction of nitrides of tungsten and
molybdeum, peroxodimer was mainly formed by the reaction
with hydrogen peroxide. The absence of change of NMR
spectra between 1 and 24 h is consistent with the fact that pH
values for the reaction solution of nitrides of tungsten and
molybdenum initially decreased and became almost constant
after 1 h. (These facts show that the reactions of nitrides of
tungsten and molybdenum were almost completed after 1 h.)

Nitrogen Species.  The '“NNMR spectrum of the re-
action solution of nitrides of molybdenum and tungsten with
hydrogen peroxide after 1 h showed one signal at ca. 20 ppm,
which is assigned to ammonium ion.*” After 24 h, the sig-
nal due to nitrate ion*” was additionally observed at ca. 377
ppm.

Reaction Mechanism. No reaction occurred in the
absence of hydrogen peroxide, showing that hydrogen per-
oxide is essential for the reaction of nitrides of Mo and W. No
nitrogen species were found for the reaction solution of Mo,
W, V, and Ti metals with hydrogen peroxide, showing that
ammonium and nitrate ions come from N in these nitrides.
In solution, ammonium and nitrate ions and peroxometalates
as well as protons were formed. In the gas phase, dinitrogen
and dioxygen were formed. These facts show the progress
of reaction of metal nitrides with hydrogen peroxide and
decomposition of hydrogen peroxide.

A trace amount of ammonium ion was detected with
N NMR after 7 d and no nitrate ion was detected when
the reaction of molybdenum nitride with proton was carried
out by the addition of hydrochloric acid to adjust pH to 2.0
(without hydrogen peroxide), which was the same as that of
the final pH of the reaction solution with hydrogen peroxide.
Only the ammonium ions were formed by the reaction of
tungsten nitride in the presence of hydrochloric acid. These
facts suggest that protons formed by the reaction of metal
nitrides with hydrogen peroxide take part in the formation
of ammonium ion, as has been reported in organometallic
molybdenum nitride.*®

On the basis of above results, nitrate ion may be formed by
(i) the successive oxidation of ammonium ion to nitrate ion
as the oxidation of aromatic amine can proceed with hydro-
gen peroxide and/or (ii) the oxidation of interstitial nitrogen
by the peroxometalates formed in-situ.

Formation of Powder Samples (I)—(IV) (Step (2)) and
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Characterization. Table 2 summarizes the data of XRD,
elemental analysis, titration of NHz and 0,2, and "N NMR.
(I)—IV) were amorphous and therefore, we attempted var-
ious analyses.

Peroxopolymetalate Species.  The chemical species in
(I)—() were investigated. The positive TOF mass spec-
trum of (I) in the range of m/z 1000—5000 gave the most
intense peak at 1486+5, which may correspond to peroxo-
octamolybdate on the basis of the data in Table 2. Subse-
quent loss of MoOs3 fragment is the other dominant feature
and resulted in the peak at 1342. The formation of per-
oxooctamolybdate ion was also reported by Trysberg and
Stomberg.*® The Raman spectrum of (I) showed the bands
at 970s, 870w, 815vs, 660m, 565m, 370w, 330m, and 295s
cm™! in the range of 200—1400 cm™~! and was different
from those of previously known peroxoisopolymolybdates
of [M0,03(02)s(H20)21*~, [M0307(02)41*~, [M0705,-
(02)21*~, and [M019022(02)12]8~. *® The fact is consistent
with the formation of peroxooctamolybdate.

The TOF-MASS spectra of (I) and (IIT) showed the most
intense peak at |m/z| of 2853 and 1116, respectively in the
range of 1000—4000. These mass numbers and the data
in Table 2 suggest the formation of dodecatungstate and
decavanadate ions, respectively. The formation of dodeca
tungstate well agrees with the radial distribution analysis data
previously reported.*” Raman spectrum of (IT) showed the
bands at 1040m, 962vs, 870s, 697w, 622w, 594w, 547s, and
310s cm ! in the range of 200—1400 cm ™! and was different
from those of peroxoditungstate of [W503(0,)4(H,0), 1>~ .4

Thus, the removal of unreacted hydrogen peroxide resulted
in the formation of more polymerized species (I)—(III). The
progress of the polymerization by the decomposition of hy-
drogen peroxide is consistent with the depolymerization of
peroxopolymolybdates, peroxopolytungstates and peroxo-
niobium-containing anions by the.addition of excess hydro-
gen peroxide. %2

Empirical Formula of (I). The H*/(I) ratio deter-
mined by acid/base titration was 8. The number of wa-
ters in (I) was determined to be 3.0 by TGA analysis. The
large Av1/2 in Fig. 2a and the fact that no signals due to
NH4NO; were observed by XRD suggest an interaction of
NH4* and NO; ™ ions with peroxoisopolymolybdate formed.
X.p. spectrum of (I) in Mo3d region consist of an Mo3d3/2
and Mo3d5/2 doublet, 236.4 and 232.8 eV, respectively, in
agreement with those reported for Mo®*. *» On the basis of

Table 2. Data of Yields, Structure, Elemental Analysis, N NMR, Titration, and XRD for (D—1V)

Sample Yield Structure Element®/wt% Atomic ratio Ratio of Amount”/wt%
% M N H of N'M NH,*/NO;~®  NH; = 0,°~

I 88 Amorphous 52 1.6 2.1 0.21 1.2 0.92 18.4
1I 85 Amorphous 63 32 1.8 0.67 1.7 2.12 4.8
114 16 Amorphous 38 8.2 3.0 0.79 2.8 7.39 0.0
Y 6 Amorphous 45 6.1 3.0 047 1.0 —9 —9

a) Elemental analysis. b) Integrated N NMR signal intensity ratios. ¢) Measured by titration with indophenol and KMnOy,
reagents, respectively. d) As-prepared sample was only slightly soluble in water and therefore, the titration could not be possible.
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Fig. 2. “NNMR spectra of (I)—(IV). (a)—(e) are spectra
of (I)—(V), and ammonium nitrate, respectively.

the above facts, the empirical formula of (I) may be Hg(NHy4)-
Mog0,(0,)g(NO3)(H,0)5. This is the dominant species in
(I) since the intensity of the TOF mass peak at 1486 was
about 70% of the sum of the mass peaks above —m/z=1450.

Nitrogen Species. Next, the state of nitrogen was inves-
tigated. The data of elemental analysis show that nitrogen
is included in samples (I)—(IV). The N/M atomic ratios de-
creased from those of metal nitrides in Table 1. For example,
the N/Mo atomic ratio of (I) was 0.21 and decreased from
0.5 of starting molybdenum nitride. These decrease were
due to the formation of dinitrogen, which was confirmed by
gas chromatography. Figures 2a—2d and 2e show N NMR
spectra of (I)—(IV) and NH4NO3, respectively. NH4NO;

Reaction of Metal Nitrides with H,O»

showed two peaks at 20.7 and 377.0 ppm with the stoichio-
metric intensity ratio of 1.0:1.0, which are assignable to
NH4* and NO; ™, respectively.*” The spectra of ()—(IV)
showed two broad peaks at 20.6—20.9 and 377.2—377.5
ppm, which are assignable to NH,* and NO3 ~, respectively.
No signals due to N;Hy and NO,~ were seen. For exam-
ple, (I) gave peaks at 20.8 (Av1/2, ca. 100 Hz) and 377.5
(35 Hz) ppm with an intensity ratio of 1.2: 1, respectively.
In addition, the amount of NH3 (0.76 wt% as N) obtained
by the titration with an indophenol reagent approximately
agreed with that (0.87 wt% as N) calculated by {the con-
tent of N in ()} X {Inu, */(Ing,* + Ino, ~)}, where Iyg,* and
Ino,~ express the integrated '*N signal intensities of NH4*
and NO; —, respectively. The agreement shows that the two
peaks at 20.8 and 377.5 ppm include almost all the nitrogen
atoms in (I). Similar close agreements of the amounts of am-
monia obtained by the titration with those calculated based
on data of elemental analysis and NMR were confirmed for
(I—M). Thus, the present results show that nitrogen in
(D—V) exists as nitrate and ammonium ions.

The presence of ammonium and nitrate ions was also con-
firmed by IR. Figure 3a shows the IR spectrum of (I). In the
range of 1300—1600 cm™!, the IR spectrum showed a 1402
cm~! band and a 1324 cm™! shoulder, which are assigned
to 8(NH4*) and v(NO; ™), respectively.>**> As summarized
in Table 3, the bands due to S(NH;*) and v(NO3 ™) were
also observed for (IN—(IV). No bands due to  (NH;*) and
¥(NO; ~) were observed for the sample prepared by the reac-
tion of molybdenum metal with hydrogen peroxide in Fig. 3b.

The XPS results for (I) were also consistent with the for-
mation of NH4* and NO; ™ ions. The spectrum of (I) in N1s
region shows signals at 402.2 and 406.3 eV assigned to of
NH,* and NO; ~, respectively.’®

Thus, the elemental analysis, NHj titration, and IR,
Raman, NMR, and x.p. spectroscopy show the formation
of NO; ~ and NHy* ions by the reaction of nitrides of molyb-
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4000 3000 2000 1000 500
Wavenumber / cm™'
Fig. 3. Infrared spectra of samples prepared from molybde-

num nitride and molybdenum metal. (a) (I); (b) powder
sample prepared by the reaction of molybdenum metal with
hydrogen peroxide.
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Table 3. IR Bands Assigned to 6 (NHs*) and v(NO3 ™)

1

Sample Band position/cm™
O(NH4") v(NO3™)
I 1402 1324
I 1400 1320
I 1413 1327
v 1406 1340

denum, tungsten, vanadium, and titanium with hydrogen per-
oxide.

Thermal Stability.  The change of (I)—(II) with the
thermal treatment is investigated because the thermal stabil-
ity is important for the application. The change was traced
by IR spectroscopy. By the heat treatment of (I) in air, the
bands of d(H,0) and v(NOs~) completely disappeared at
170 °C, followed by the disappearance of the § (NH4*) band
at 240 °C. Finally, MoO; was formed above 320 °C. The
disappearance temperatures for (I)—(III) are summarized in
Table 4. Sample (II) was the most stable among (I)—(1II)
and provided a homogeneous thin film, as described in the
next section. Therefore, the protonic conductivity was mea-
sured.

Proton Conductivity. Microscopic observation of
(I—V) showed that only film prepared from (II) had a
smooth surface without microstructures, cracks, and pin-
holes even after heat-treatment. The solubility of samples
(ID—AV) in water and the gelation by hydrolysis affect
the fabrication and the properties of thin films. A com-
plex impedance plot (Cole—Cole plot) of the film prepared
from (II) consisted of a slightly depressed semicircle at the
high frequency region and a straight line with a slope of
45°, as shown in Fig. 4. That is typically seen in measure-
ments of proton conductors with a blocking electrode.?s="
The decrease in the determined conductivity to less than
1078 Scm™! owing to the polarization was observed, when
the conductivity was measured by a d.c. method. The con-
ductivity by ac impedance measurement was of the order of
10~ Scm™!; hence the transport number of ion was more
than 99.99%. The increase in conductivity with the increase
in the relative humidity (RH) suggests that charge carriers
are protons. The specific conductivity (0) was determined
from the relationship, o =d/[(2n— 1)Rtw], where R, ¢, d,
n, and w are the observed resistance (the diameter of the
semicircle), thickness of the film, distance between a pair of
fingers, number of pairs of fingers, and length of a finger of
the interdigital electrodes, respectively.

Table 4. Temperature of Disappearance of IR Bands of
J(H,0), 6(NH4"), and v(NO3 ™)

Sample Temperature of disappearance/°C
6(NH,0) O(NH4") v(NO3™)
I 170 240 170
I 305 430 240
it} 250 350 210
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Fig. 4. Cole~cole plot of the film of (II). Sample film was
pretreated at 80 °C. Measurements were carried out at 20
°C under relative humidity of 40%.

The results showed protonic conductivity of 6.2x1073,
8.3x107>, 1.1x107%, 1.9x107*, and 2.5x10™* Scm™! at
19.7, 24.7, 29.6, 39.9, and 45.0 °C, respectively, at RH of
40%, and the logarithm of conductivity linearly changed with
the inverse of absolute temperature. The linear change was
due to the thermal stability and in contrast with the discon-
tinuous change observed for high proton conductive crystals
such as 12-tungstophosphoric acid®*—% or uranyl hydrogen-
phosphate,5V this was due to dehydration of these samples
at elevated temperatures. The values of conductivity at 25
°C were 1.0x1073, 4.9x1073, 7.8x1075, 1.1x1074, and
3.4x107*Scm™! at RH of 6.0, 22.0, 42.2, 59.2, and 85.2%,
respectively, and the logarithm of conductivity changed ap-
proximately linearly with RH. These characteristics are im-
portant for the applications to a humidity sensors, electrolytes
of electrochromic displays and so on.
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Scientific Research in Priority Areas (No. 260) from The
Ministry of Education, Science, Sports and Culture.
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