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Thermal decomposition of NH4VO3 under N2 and NH3 + H2O has been studied on a molecular level by in situ Raman
spectroscopy in the temperature range 150–400 °C. Under N2 , the decomposition mechanism leading to formation of V2O5 has
been observed to proceed via two intermediates: viz. an amorphous, transitional (NH4 )2V4O11 and NH4V3O8 . Under NH3+H2O,

a slightly different decomposition pathway, rationalized in terms of stability of intermediates, leading to the formation of V2O3 has
been observed. The identification of Raman-inactive V2O3 is further supported by the formation of V2O4 and V2O5 , along with
monomeric vanadyl species, through oxidation of V2O3 at 400 °C.

Vanadium pentoxides have attracted serious attention due to Linkam THMS 600 heating cell up to the designated tempera-
tures either under flowing N2 with a flow rate of 200 cm3 min−1their applications in selective oxidation of hydrocarbons, selec-

tive catalytic reduction of nitrogen oxides and oxidation of or by closing the outlet of the cell to prevent release of
NH3+H2O. The Raman spectrometer used in this study wassulfur dioxide.1–3 Thermal decomposition of NH4VO3 in air,

involving formation of NH4V3O8 around 190–250 °C, is the a Renishaw system 2000 micro-Raman spectrometer. A 25 mW
HeNe laser, operating at 632 nm, formed the excitation source.most popular method to prepare vanadium pentoxide.4–10

In addition to NH4V3O8 , several other intermediates such A 5 mm exit slit offered resolution better than ±1 cm−1 . All
Raman spectra were recorded in situ at designated tempera-as NH4V3O8Ω0.5H2O,5 (NH4 )2V4O11 ,6,10 discrete NH4V3O88

and V2O5ΩH2O9 have been proposed by different researchers tures. Thermogravimetry was performed on a Du Pont Model
2200 at a heating rate of 10 °C min−1 in N2 atmosphere withusing thermal analysis and X-ray powder diffraction, whereas

in situ IR emission spectroscopic study has suggested direct a flow rate of 60 cm3 min−1.
transformation of NH4VO3 into V2O5 .11 In the presence of
NH3 , however, a completely different decomposition mechan- Results and Discussion
ism and final products are obtained. Von Sacken and Dahn6
have studied the effect of different atmospheres on these The results of TG–DTG on NH4VO3 are presented in Fig.

1.6,7 Two major mass losses appear in the temperature rangesreactions by thermogravimetry and evolved gas analysis (EGA)
and concluded that NH3 plays a critical role in determining 160–210 and 260–300 °C; while no significant mass loss was

observed in the temperature range 210–250 °C. Additionally, athe stoichiometry of the final products above 250 °C. Lampe-
Onnerud and Thomas have studied the effect of rates of heating decrease in rate of mass loss is noticed at ca. 195 °C by DTG,6

corresponding to 88.7% of the initial mass. When the tempera-and release of NH3+H2O by DSC, X-ray diffraction and
EGA, and concluded that V2O5 , V3O7 and V6O13 can be ture is raised above 300 °C, desorption of volatile components

(ammonia and water) is complete and no more mass loss isobtained as final products through formation of the intermedi-
ates NH4V3O8Ω0.5H2O and V3O7ΩH2O.5 Although thermal observed. Fig. 2 shows the in situ Raman spectra of NH4VO3 ,

heated to 150, 165, 180 and 190 °C under flowing N2 , recordeddecomposition studies of NH4VO3 have been extensive, a
universally acknowledged mechanism, especially at a molecular in situ during heating. At 150 °C, a strong band at 927 cm−1 ,

medium and weak bands at 260, 320, 378, 495, 645 andlevel, is still lacking. In the last two decades, Raman spec-
troscopy has been demonstrated to be a powerful technique 895 cm−1 are observed [Fig. 2(a)]. This spectrum is no different

than that of NH4VO3 at room temperature, which is comprisedfor characterization of a wide range of vanadium-related
compounds.12–17 Therefore, thermal decomposition of
NH4VO3 is investigated in this study under either flowing N2
or in the presence of NH3+H2O by in situ Raman spec-
troscopy. A comparison of these two different reaction path-
ways provides information at the molecular level, pertaining
to the identification and structure of both stable as well as
transitional intermediates in the bulk as well as on the surface.
As part of a research program aimed at development of
vanadium-based SCR catalyst, studies on the synthetic and
mechanistic chemistry of novel vanadium oxides using struc-
ture-directing templates under hydrothermal condition are
in progress.

Experimental

Reagent-grade NH4VO3 was purchased from Aldrich and
99.9% N2 was purchased from Lian Hua Gas (Taiwan). These
chemicals were used without any further purification. Each Fig. 1 Thermogravimetric analysis of NH4VO3 under an N2

atmospheresample was subjected to a heating rate of 10 °C min−1 by a
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respectively, can be identified. However, the understanding of
the properties of these intermediates differs dramatically in the
literature owing to their contrasting stabilities.19–22A consensus
on composition has been reached for NH4V3O8 [Fig. 3(b)],19–22
whereas a variety of compositions, such as NH4V3O8Ω0.5H2O,5
(NH4 )2V4O11 ,6,10 discrete NH4V3O88 and V2O5ΩH2O9 have
been proposed for the intermediate around 190 °C [Fig. 2(d)].
Structural studies by X-ray,19 NMR,20 IR21 and Raman22 on
a series of MV3O8 (M=K, Cs, Li, Rb, NH4 ), prepared in the
form of aqueous solutions under acidic conditions, have been
reported. These compounds are comprised of chain-like
vanadium–oxygen polyhedra, that are formed by edge-sharing
distorted VO6 octahedra and VO5 square-pyramids connected
by cations to form a sheet-like structure.19 According to the
reported Raman spectra of vanadium oxides,12–15 frequencies
of VMO vibrations can be divided into VMO stretching (800–
1100 cm−1 ), VMOMV stretching (400–800 cm−1 ), VMO bend-
ing and the lattice modes (below 400 cm−1 ). Amongst these
vibrations, critical structural information, pertaining to
geometry and bond distance, can usually be obtained from the
analysis of the features of VMO stretching.13–15 The reported
Raman spectrum of NH4V3O8 , prepared in acidic aqueous

Fig. 2 In situ Raman spectra of NH4VO3 at (a) 150 °C, (b) 165 °C, (c) solution,22 displays an identical spectrum to that in Fig. 3(b).
180 °C and (d ) 190 °C, during heating under an N2 atmosphere

The bands at 963 and 992 cm−1 are assigned to VNO stretch-
ing of distorted octahedra and distorted square pyramids,
respectively, while the strong band at 675 cm−1 is due to theof tetrahedral basic units connected to form a chain-like
coordination of vanadium atoms with three oxygen atoms.22structure.18 At 190 °C, a strong band at 675 cm−1 , medium
The bands at 983 and 1000 cm−1 in Fig. 2(d) can be assignedand weak bands at 294, 345, 385, 515, 560 and 895 cm−1 as
to VNO stretching modes of the distorted octahedra13,15well as a broad band containing two unresolved components
whereas the unresolved feature reflects the distribution of bondat 983 and 1000 cm−1 is observed [Fig. 2(d )]. The Raman
lengths over a wide range, which can be attributed to thespectra in Fig. 2(b) (165 °C) and (c) (180 °C), consist of a
amorphous nature of the sample.13,15 The band at 895 cm−1combination of various bands in Fig. 2(a) and (d ), with different
can be assigned to a weakened VNO stretching mode, probablyratios. Fig. 3 shows the Raman spectra of NH4VO3 at 195,
due to hydrogen-bonding caused by ammonium ions.16,23 The220, 275 and 325 °C under flowing N2 . At 195 °C, in addition
bands at 514, 555 and 675 cm−1 can be assigned to VMOMVto the bands in Fig. 2(d ), new bands of medium intensity at
stretching modes, while other bands in the frequency range370, 963 and 992 cm−1 are observed [Fig. 3(a)]. At 220 °C,
below 400 cm−1 can be assigned to VMO, VMOMV andstrong bands at 675, 963 and 992 cm−1 and medium and weak
NMH bending modes.13–17 The overwhelming intensity of thebands at 255, 297, 370, 429, 412, 514, 555 and 810 cm−1 can
band at 675 cm−1 , characteristic of coordination of vanadiumbe observed [Fig. 3(b)] whereas at 325 °C, a strong band at
atoms with three oxygen atoms,22 confirms the existence of a995 cm−1 and medium and weak bands at 286, 303, 406, 480,
more expanded framework7 than the chain-like structure of527 and 695 cm−1 can be observed [Fig. 3(d)]. All these bands
NH4VO3 , consisting of tetrahedral building units.18 Althoughare associated with crystalline V2O5 .13 At 275 °C [Fig. 3(c)],
some structural information can be obtained from the spectruma combination of the bands in Fig. 3(b) and (d ) can be seen.
in Fig. 2(d ), none of the reported Raman spectra for a wideFrom the above Raman results, two discrete vanadate inter-
range of vanadates show a close resemblance to this spectrum,mediates, characterized by the spectra in Fig. 2(d ) and 3(b),
thus precluding the exact determination of the structure of the
corresponding compound. On the other hand, the intermediate
(NH4 )2V4O116,10 shows a stoichiometry close to the results of
thermal analysis, viz. 88.9% (calc.) vs. 88.7% (exptl.) of initial
mass. However, no discussion on the structure of this intermedi-
ate was presented. The Raman spectra reported for the
hydrated vanadium pentoxide systems23 show that
V2O5Ω0.6H2O exhibits strong bands at 890 and 707 cm−1 , and
medium and weak bands at 1020, 985, 670, 515, 485, 395, 350,
325, 280 and 265 cm−1 . However, since a significant amount
of ammonium ions is still present, formation of V2O5Ω0.6H2O
appears unlikely. On the other hand, although the V10O286−
ion has been proposed to be critical to generate NH4V3O8 in
acidic aqueous solution,19 its Raman spectrum13,15 shows
dramatic differences from that in Fig. 2(d ). Moreover, there is
also some discrepancy in the stoichiometry calculated from
thermal analysis. Therefore, (NH4 )6V10O28 is not considered
to explain the spectrum in Fig. 2(d ). In order to further
investigate its properties, isolation of this intermediate was
attempted by cooling to 25 °C under ambient conditions.
Fig. 4 shows the Raman spectrum of the cooled intermediate
which, in addition to a better signal-to-noise ratio, consists
of NH4V3O8 and NH4VO3 (asterisked). This behavior not
only confirms its transitional nature as reflected in the thermo-Fig. 3 In situ Raman spectra of NH4VO3 at (a) 195 °C, (b) 220 °C (c)

275 °C and (d ) 325 °C, during heating under an N2 atmosphere gravimetric result, but also can be used to reject other proposed
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poisoning, thermal decomposition of a vanadium-containing
heteropolyacid (H3PW11VO40Ω14H2O) and NH4VO3 at elev-
ated temperatures. In contrast, no discrete vanadate species,
exhibiting reasonable stability and acidity (i.e. H2VO4− ),15,27
such as H

n
V10O28n−6 , H

n
V2O7n−4 , VO2+ or H2VO4 are

observed in the present study. Third, a direct transition from
NH4VO3 to V2O5 has been observed by IR spectroscopy,11
the capability of which towards identification of vanadates is
limited by the broadness of the characteristic vibrational bands
within a narrow range of frequencies.12,28 On the other hand,
there have been a number of reports recently upon (V3nO8nn− )-

Fig. 4 Raman spectrum of NH4VO3 heated to 190 °C under an N2 related novel compounds synthesized by structure-directing
atmosphere, and subsequently cooled to room temperature under

surfactants,29,30 for example, a mesoporous structure isambient conditions
assigned to C20.1H48.0N1.0V2.9O11.429 {[C16H33N(CH3 )3]-
V3O8Ω3H2O30} whereas a layered structure is assigned to

intermediates such as NH4V3O8Ω0.5H2O5 and V2O5ΩH2O,9 [C12H25N(CH3 )3]4V12O32Ω6H2O;30 while their coordination
since the former can not generate NH4VO3 and the latter can geometries remain unclear. Amongst various characterization
not generate NH4V3O8 upon cooling. Moreover, the molar techniques, IR spectroscopy has been employed as a major
ratio between NH4VO3 and NH4V3O8 of the cooled intermedi- probe to obtain molecular details pertaining to their structural
ate can be estimated by comparing the area ratio of their and mechanistic properties.29,30 IR spectroscopy, however,
designated peaks, e.g., the 927 cm−1 peak vs. the 810 cm−1 does not provide complete understanding of these properties.
peak, with area ratios obtained from reference mixtures of In contrast, a detailed and clear specification for various
known composition.24 The molar ratio between NH4VO3 and vanadate compounds can be established by complementary
NH4V3O8 of the cooled intermediate (Fig. 4) is determined to Raman spectroscopy, which will be published elsewhere.
be 0.94±0.10, which supports the stoichiometry proposed for Fig. 5 shows the Raman spectra of NH4VO3 at 150, 220,
the intermediate since (NH4 )2V4O11=NH4V3O8+NH4VO3 . 280 and 350 °C, heated in a closed cell, thus maximizing the
The deviation from unity may be linked to either the formation effects of releasing gases, viz. NH3 and H2O. At 150 °C, Fig.
of Raman-inactive species upon cooling or the quantitative 5(a) displays an identical spectrum to that in Fig. 2(a), whereas
limitation of Raman spectroscopy.12 Thus, a composition of a spectrum predominantly comprising NH4V3O8 bands with
(NH4 )2V4O11 , with an amorphous structure consisting of edge- a trace of bands of NH4VO3 , is obtained when the temperature
sharing distorted VO6 octahedra or VO5 square pyramids, is is raised to 220 °C [Fig. 5(b)]. At 280 °C, a spectrum character-
proposed to be responsible for the Raman spectrum in Fig. istic of NH4V3O8 is observed [Fig. 5(c)]; upon further heating,
2(d ). However, the exact structure of this compound is as yet, intensities of the bands associated with NH4V3O8 diminish
undetermined. When the temperature is raised to 275 °C, bands gradually and these bands become almost invisible at around
due to V2O5 begin to appear in the presence of NH4V3O8 , 350 °C [Fig. 5(d )]. Notably, no difference can be observed
and transformation to a single phase of crystalline V2O5 is between the spectra at 150 °C, heated in the presence of NH3observed at 325 °C. and H2O [Fig. 5(a)], and N2 atmosphere [Fig. 2(a)]. This can

It is important to note here that, upon comparison with be attributed to the fact that release of NH3 and H2O has not
previous studies, some of the differences between the present been initiated at this temperature. At 220 °C, instead of only
and other reported results can be explained in terms of the NH4V3O8 , a mixture of NH4V3O8 and NH4VO3 is observed,
lack of sensitivity of Raman spectroscopy towards certain which suggests suppression of decomposition of NH4VO3 and
product compounds such as amorphous vanadium pentox- formation of the transitional (NH4 )2V4O11 owing to the pres-
ides.17 However, since an excess of N2 is intentionally intro- ence of NH3 and H2O. At 350 °C, suppression of decomposition
duced into the heating cell, formation of V3O7 , V3O7ΩH2O of NH4V3O8 can be observed as compared to that in flowing
and V6O135 which has been observed in other studies under N2 , which is complete around 260 °C. The inability to observe
different conditions, appears to be minimized throughout the
decomposition process.

Several interesting features can be noted from the above
spectra. First, the conversion of NH4VO3 to V2O5 can be
characterized by framework rearrangement and formation of
(NH4 )2V4O11 and NH4V3O8 , brought about by the modifi-
cation of coordination of vanadium atoms as a consequence
of release of NH3 and H2O. Accordingly, the thermal evolution
pathway can be summarized as shown in Scheme 1. It should
be noted that while both (NH4 )2V4O11 and NH4V3O8 consist
of a more expanded framework7 rather than a chain-like
structure, only NH4V3O8 exhibits a layer-like structure facili-
tated by cross-linking ammonium ions,16 which however do
not function similarly in (NH4 )2V4O11 , as evidenced by its
transitional and amorphous nature. Secondly, the presence
of various oxovanadate species such as H3VO4 ,25
[VO(H2O)6]2+ 26 and (V3O8 )8 has been proposed in zeolite

Fig. 5 In situ Raman spectra of NH4VO3 at (a) 150 °C, (b) 220 °C, (c)
Scheme 1 280 °C and (d ) 350 °C, heated in the presence of NH3+H2O
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other bands, despite dramatic decreases in the intensities of characteristic frequencies of the various reported vanadium
oxide systems,37–44 the spectra in Fig. 6(b) and (c) can bebands corresponding to NH4V3O8 at 350 °C [Fig. 5(d )], sug-

gests the formation of Raman-inactive product compounds associated with a mixture of three components: viz. vanadyl
(270 and 1040 cm−1 ),38,44 V2O4 (295, 408, 430, 530 andwhose composition can not be specified. In contrast, an

intermediate V3O7ΩH2O has been identified by XRD, while 695 cm−1 ) and V2O5 (286, 303, 406 480, 527, 695 and
995 cm−1 ), whereas a single phase of crystalline V2O5 iscrystallization of amorphous vanadium pentoxide has been

proposed based on the DSC results, in the presence of NH3 ascribed to the spectrum in Fig. 6(d ). Identification of surface-
bound monomeric vanadyl species, containing one terminaland H2O in the temperature range 200–400 °C.5 Thus, the

spectra in Fig. 5 suggest that a slightly different decomposition VNO bond and three bridging VMOMM (M=Al, Ti, Zr, Nb
and Si) bonds, have been established based on a single sharppathway occurs under the influence of NH3 and H2O, which

can be rationalized in terms of stability of the intermediates band, attributed to VNO stretching, in the range 1020–
1040 cm−1 .39–41 In contrast, vanadium oxide supported onas well as sensitivity of the present characterization technique

(Raman spectroscopy) towards these intermediates. SiO2 by wet impregnation shows bands at 266, 521, 706, 1014
and 1033 cm−1 , whereas bands at 521, 706 and 1014 cm−1Fig. 6(a) presents the Raman spectra of NH4VO3 at 400 °C,

heated in the presence of releasing gases, viz. NH3 and H2O, disappear and bands at 492 and 787 cm−1 emerge upon
heating, caused by increasing the laser power.44 These bandswhich do not give any Raman spectrum. In order to determine

the compositions and structure of the species giving the can be explained in terms of VNO groups of square-pyramidal
moieties within the extended layers42–44 which transform intospectrum in Fig. 6(a), air was intentionally introduced at

400 °C, aimed at oxidizing vanadium suboxide which may small clusters owing to laser-induced spreading.44 In compari-
son with Fig. 6(b), not only the difference in thermal behaviorspossibly exist.31–35 After 3 min, a clear spectrum exhibiting

strong bands at 270, 530 and 695 cm−1 , medium and weak of these bands but also a dramatic difference in the ratio
between bands at 521 and 706 cm−1 can be noted. Therefore,bands at 295, 408, 430, 995 and 1040 cm−1 [Fig. 6(b)] was

obtained. After 6 min, a slightly modified spectrum exhibiting the bands at 295, 408, 430, 530 and 695 cm−1 in Fig. 6(b) are
attributed to V2O4 , which is further supported by goodstrong bands at 270, 286, 530, 695 and 995 cm−1 , and weak

bands at 303, 406, 430 and 480 cm−1 was observed [Fig. 6(c)]. agreement with the Raman spectrum of single phase V2O4 .37
The oxidation stoichiometry, as indicated by the spectra inUpon longer exposure to air, a spectrum corresponding to

crystalline V2O5 was obtained [Fig. 6(d)]. Fig. 6, can be explained as follows. Initially, a mixture of
predominantly V2O4 with trace amounts of V2O5 is formedFormation of V2O3 by thermal decomposition of NH4VO3 ,

as evidenced by XRD, has been reported by Von Sacken and upon oxidation of V2O3 , while vanadyl appears to be only a
transitional surface species [Fig. 6(b)]. Upon further oxidation,Dahn in the presence of an excess of NH3 ,6 whereas formation

of a single phase, V6O13 , has been reported by Lampe-Onnerud V2O5 gradually becomes dominant at the expense of V2O4
and vanadyl [Fig. 6(c)], and finally a single phase of V2O5 isand Thomas5 in a closed cell. Previous studies on adsorption

of NH3 on V2O5 at 400 °C have concluded that the formation obtained [Fig. 6(d )]. Since vanadyl appears to coexist with
V2O4 , it might be responsible for facilitating oxidation ofof V2O4 occurs through the stoichiometry: 3V2O5+2NH3�

3V2O4+N2+3H2O.31 Whereas in the presence of an excess of V2O4 . However, the exact role of vanadyl can not be specified
by the present characterization technique. More detailedNH3 , a wide range of intermediate adsorbates as well as further

reduction of vanadium to the +3 oxidation state have been investigations in this direction are underway.
discussed.34–36 Therefore, the spectrum in Fig. 6(a) may be
attributed to formation of Raman-inactive V2O3 on the surface

Conclusioninstead of V2O4 ,10 which would exhibit characteristic Raman
bands at 295, 408, 430, 530 and 695 cm−1 .37 Analysis of Fig. Thermal decomposition of NH4VO3 under N2 and an
6(b)–(d ) indicates that a correlation between various bands can NH3+H2O atmosphere has been studied by in situ Raman
be established by noting their dependence on the degree of spectroscopy in the temperature range 150–400 °C.
oxidation by air. Based on this observation as well as the Identification of both stable as well as transitional intermediate

bulk and surface species that form in the decomposition process
has been carried out and their structures have been examined
in detail. The present study provides not only complementary
information on decomposition of NH4VO3 at a molecular
level, but also sheds new light on the structural and mechanistic
properties of vanadates and vanadium oxides.
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