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a  b  s  t  r  a  c  t

The  reaction  of  Nb2O5 with  96%  H2SO4 was  studied  at  200–300 ◦C  for 3  h. No  reaction  occurred  at  200 ◦C.
An  amorphous  niobium  oxysulfate  was  formed  when  the  reaction  temperature  was  250 ◦C.  However,
the  crystaline  niobium  oxysulfate  was  produced  when  the  temperature  reached  300 ◦C.  XRD  analysis
shows  that  the crystal  form  of  the  product  is stable  when  it is  calcinated  at  550 ◦C. The  product  almost
completely  decomposed  to  Nb2O5 when  the calcination  temperature  reached  750 ◦C. TG analyses  show
that  a 23.05%  mass  loss  is  observed  from  560 to  850 ◦C,  due  to the  release  of  SO3 and  the  formation  of
Nb2O5.  The  chemical  formula  of the  product  was  estimated  as  Nb2O4(SO4) by  the  results  of  TG  analysis.
oncentrated sulfuric acid
iobium oxide
hermal stability

The  product  Nb2O4(SO4) has  a different  crystal  form  compared  with  the  reported  �-Nb2O4(SO4) (JCPDs
16-671).  Based  on powder  XRD  analysis,  it was  found  that  the  compound  crystallizes  in the  orthorhombic
system  with  a  space  group  Pmma  (no.  51),  and  the  corresponding  lattice  parameters  were  calculated.  The
crystal form  was  estimated  as  a single-crystal  and  multcrystalline  with  sizes  in  the  micron  range  by  SEM
and TEM  analysis.  The  molar  ratio  of  H2SO4 to Nb2O5 (4.8:1–120.7:1)  and  reaction  time  (3–20  h)  did  not
make  any  difference  for the  reaction  at  300 ◦C.
. Introduction

Metal oxysulfates (e.g. the vanadyl oxysulfate, lanthanide oxy-
ulfate and magnesium oxysulfate) is well known as excellent
aterials due to their unique properties and potential applications.

here are many valuable applications of metal oxysulfates in mod-
rn science and technology, for instance, the efficient catalysts,
ptical properties, semiconductors, dopants of phosphorescent
aterials, oxygen storage materials, reinforcing agents and flame

etardant products, etc. [1–12].
Niobium compounds cover a large class of diverse materials

hose applications include: catalysts [13–15],  photoluminescence
16], microwave dielectric ceramics [17–25].  However, only lim-
ted work focused on the structure of Nb2O4(SO4) [26]. There was
ven much less work on the preparation of Nb2O4(SO4). There was
nly the �-type crystal offered in the crystallographic database, the
rystal system and space group were all unknown.

The method for the preparation of niobium oxysulfate com-
ounds was carried out by reacting Nb2O5 with concentrated
2SO4 or pyrosulfate. Successive stages and possible products were

rst summarized by Goroshchenko [27] as below:

b2O5 + H2SO4 → Nb2O4(SO4) + H2O (1)

∗ Corresponding author. Tel.: +86 413 6860790; fax: +86 413 6860790.
E-mail address: hjiang78@hotmail.com (H. Jiang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.033
© 2012 Elsevier B.V. All rights reserved.

Nb2O4(SO4) + H2SO4 → Nb2O3(SO4)2 + H2O (2)

Nb2O3(SO4)2 + H2SO4 → Nb2O2(SO4)3 + H2O (3)

Nb2O2(SO4)3 + H2SO4 → Nb2O(SO4)4 + H2O (4)

Nb2O(SO4)4 + H2SO4 → Nb2(SO4)5 + H2O (5)

Reactions (1) and (2) could occurred in aqueous solution, form-
ing two  stable sulfates Nb2O4(SO4) and Nb2O3(SO4)2. However, the
product Nb2O(SO4)4 can only be formed in non-aqueous media in
reaction (4).  The product Nb2(SO4)5 in reaction (5) has not been
reported ever before.

Goroshchenko and Andreeve repeated the above experi-
ments under the conditions of different temperatures (100, 150
and 200 ◦C) and different concentrations of SO3 (equivalent to
12.25–110.25 wt% of H2SO4) [28]. The formula of the gelatinous
solid obtained at 100 ◦C was expressed as 2Nb2O5·xSO3·yH2O. The
solid consist of various products, i.e., Nb2O4(SO4), Nb2O3(SO4)2,
Nb2O2(SO4)3 and Nb2O(SO4)4, due to the different reaction temper-
atures and relative concentrations of SO3. The � form of Nb2O4(SO4)
was obtained, however, it is different with Ref. [27].

The density of Nb2O3(SO4)2 with orthorhombic structure is
3.418 g/mL [27]. Accompanied by the release of SO3, Nb2O4(SO4)

and Nb2O5 could be formed when Nb2O3(SO4)2 was heated from
539 to 665 ◦C. Land et al. prepared Nb2O3(SO4)2 by evaporat-
ing the mixed solution of Nb2O5 and H2SO4 [26], however, the
density of Nb2O3(SO4)2 is 3.124 g/mL. According to TG and DSC

dx.doi.org/10.1016/j.jallcom.2012.01.033
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hjiang78@hotmail.com
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matches well with the standard JCPDs 27-1003 (Nb2O5) when S300
was  calcinated at 750 ◦C.

The FTIR spectra of S300 calcinated at 200, 550, 650 and 750 ◦C
are shown in Fig. 2. It can be seen from Fig. 2a–c, the spectra of
Q. Wang et al. / Journal of Alloy

easurements, it can be concluded that 90% of Nb2O3(SO4)2 was
ecomposed to Nb2O5 and SO3 at 743 ◦C and the second weightless-
ess occurred at 838 ◦C which is much higher than 665 ◦C reported

n Ref. [27].
Nb (+V) in solution was the niobium oxysulfates in the form

f Nb2O3(SO4)2 and Nb2O4(SO4). The blue precursor was  prepared
y boiling the mixture of the metal Nb (2.0 g) and concentrated
2SO4 (200 mL)  at 338 ◦C, and then the precursor was  washed
y the ethanol and distilled water to get Nb2O3(SO4)2·0.25H2O
29]. Through heating 1.000 g Nb2O5 (3.762 mmol) and 100 mL
oncentrated H2SO4 (96%) at 300 ◦C, Nb2O3(SO4)2·0.25H2O can be
btained by washing with distilled water after separating and fil-
ering the colorless product [30]. Betke and Wickleder synthesized
y Nb2O2(SO4)3 single crystal reacting NbCl5 with fuming sulfu-
ic acid [31]. Ra’ad et al. studied the reaction of K2S2O7 and Nb2O5
t high temperatures [32]. The product obtained was  determined
s �-Nb2O4(SO4) if the molar ratio of Nb2O5 to K2S2O7 was  8:5 at
50 ◦C, however, this synthetic method cannot be repeated.

Although niobium oxysulfate has been reported in the above
iterature, there are obscure descriptions and inconsistent views
uch as synthetic method and thermal stability. In this paper, the
roduct was prepared by reacting Nb2O5 with concentrated H2SO4
t 300 ◦C (lower than the b.p. 338 ◦C of H2SO4). The chemical for-
ula of the product was estimated as Nb2O4(SO4) by TG analysis.

he decomposition temperature is lower than 665 ◦C (Ref. [27]) and
43 ◦C (Ref. [26]), and its XRD pattern is different with the reported
-Nb2O4(SO4).

. Experimental

.1. Material characterization

FTIR spectrum was  obtained in KBr discs on a Perkin-Elmer Spectrum GX. Eight
cans were co-added with a resolution of 4 cm−1, in the range of 4000–400 cm−1.
G  analysis was carried out on a Perkin-Elmer Pyris 1 TGA. The atmosphere was
ir  with a flow rate of 20 mL/min at 20 K/min in the range from 30 to 800 ◦C. X-
ay powder diffraction patterns were obtained with a D/max-RB diffractometer in
he 2� range using graphite monochromated Cu K� radiation (40 kV, 100 mA). The
tep scan mode was  performed with a step width of 0.02 ◦C, at a rate of 4◦ (2�)
er  min. The morphologies were observed using a scanning electron microscope
SEM) (JSM-7500F-EDS). High resolution morphology and selected-area electron
iffraction (SAED) were performed using a transmission electron microscopy (TEM)

EOL-2100 operating at 200 kV. After crushed in ethanol, the samples were dis-
ersed on a carbon-coated copper grid for TEM observation. X-ray photoelectron
pectroscopy (XPS) analyses were performed in a Thermo Multilab 2000 spectrom-
ter  using Mg K� (1253.6 eV) radiation. The binding energy scale was calibrated
sing C 1s line of aliphatic carbon, set at 284.6 eV.

.2. Material preparation

Typical procedures are as follows: 40 mL  H2SO4 (96%) was added to a quartz
rucible containing 20 g (0.075 mol) Nb2O5 (99.5%, AR.) under stirring at the room
emperature. The heating procedure was performed in two  steps. Firstly, the mixture
ere heated from room temperature to 200 ◦C with a heating rate of 10 K/min and

hen held 5 min  at 200 ◦C. Secondly, heating from 200 to 300 ◦C with 5 K/min and
hen held 3 h at 300 ◦C. The prepared sample was diluted with large amount of
ater and the supernatant was discarded after settlement for several hours. The
recipitate was filtered and washed with distilled water several times. The filtrate
as tested with BaCl2 solution until there was no observation of BaSO4 precipitation.

he filter cake was  dried at 65 ◦C for 12 h. The sample obtained is referred to as S300.

. Results and discussion

.1. Characterization of S300

The XRD patterns of S300 calcinated at 200 ◦C, 550 ◦C, 650 ◦C and
50 ◦C for 3 h are investigated (Fig. 1). The XRD patterns of S300 cal-
inated at 200–550 ◦C are consistent with that of the as-prepared

300. However, all the diffraction patterns of the as-prepared S300
isappear and new peaks are observed when the temperature is
igher than 550 ◦C. The pattern at 650 ◦C is the mixture of Nb2O5
nd small amount of S300. As it is shown in Fig. 1, the pattern
Fig. 1. XRD patterns of the S300 calcinated at different temperatures for 3 h. As a
reference, the pattern of standard JCPDs 27-1003 (Nb2O5) is shown at the bottom.

at 750 ◦C is well-crystallized Nb2O5. It is clear that the pattern
Fig. 2. FTIR spectra of S300 calcinated at different temperatures for 3 h (a, S300; b,
200 ◦C; c, 550 ◦C; d, 650 ◦C; e, 750 ◦C; f, pure Nb2O5).
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conformity with those of standard JCPDs 16-671 (�-Nb2O4(SO4)).
Fig. 3. TG and DTG curves of S300.

he sample calcinated at 200 and 550 ◦C is similar with that of
s-prepared S300. A few weak bonds in S300 disappear, and the
bsorption peaks of Nb2O5 become more apparent when the tem-
erature is increased to 650 ◦C. It can be seen from Fig. 2e and f that
he SO4

2− peaks disappear and all the peaks are consistent with the
b2O5. It is observed that the S300 almost completely decomposes
t 750 ◦C. These results agree well with the above XRD analyses.

Summing up, S300 is stable when the temperature is below at
bout 550 ◦C. It almost completely decomposes to Nb2O5 when the
emperature reached 750 ◦C.

The TG and DTG curves of the as-prepared S300 are presented in
ig. 3. The first mass loss step occurs within the temperature range
f 30 ◦C to 400 ◦C. This initial mass loss is attributed to the removal
f small amount of water. The second decomposition step shows

 23.05% mass loss from 560 to 850 ◦C, in which stage SO3 was
eleased and the residue of Nb2O5 was formed at about 750 ◦C. The
ormula of S300 could be hypothesized as Nb2Ox(SO4)5−x. Accord-
ng to the 23.05% weight loss due to the release of SO3, it can be
alculated that x is 4.01. So the chemical formula of S300 is esti-
ated as Nb2O4(SO4).
The symmetry of the SO4

2− ion is approximately Td. When
O4

2− coordinates to a metal, its symmetry is lowered and marked
hanges in the spectrum are expected because of changes in the

2−
election rules. The degenerate vibrations split when SO4 coor-
inates to a metal, which may  be act as unidentate, chelating
identate or bridging bidentate ligands [33]. As shown in Fig. 2a,
ands within the range from 900 to 1200 cm−1 are the significant

ig. 4. XRD patterns of S300. As a reference, the pattern of standard JCPDs 16-671
�-Nb2O4(SO4)) is shown at the bottom.
Fig. 5. Scanning electron micrograph of S300.

feature of SO4
2−. In Fig. 2a, �1 appears with medium intensity, �3

splits into three bands (996, 1057 and 1180 cm−1). These results
suggest that the symmetry is further lowered to C2�. Thus the
SO4

2− group in this complex is concluded to be chelating biden-
tate or bridging bidentate ligands. The SO4

2− group in S300 can
be estimated as bridging bidentate ligand because the maximum
absorption peak is less than 1200 cm−1 [34–36].  Compared with
Fig. 2f, the Nb O and Nb O stretching of Nb2O5 shifted to low-
frequency region because of the present of SO4

2−, as shown in
Fig. 2a.

3.1.1. XRD analysis of S300
As shown in Fig. 4, the main peaks due to S300 are 10◦, 20.2◦, 22◦,

23.6◦, 24.2◦, 26.2◦, 28.6◦, 33.5◦, 34.7◦, 48.3◦, 51.8◦ and 54.3◦, respec-
tively. The standard XRD patterns of �-Nb2O4(SO4) are 20.5◦, 22.7◦,
24.5◦, 26.7◦, 29◦, 34.1◦, 35.4◦, 49.2◦, 52.2◦, 54.8◦, 60◦, 61.7◦, 63.7◦,
67.9◦, 71.2◦ and 73.9◦, respectively. It can be seen from Fig. 4 that
there are not any diffraction patterns at about 10◦ for the standard
XRD patterns of �-Nb2O4(SO4). Furthermore, all the diffraction
patterns attributed to S300 shift to the lower 2� values at the range
from 20 to 60◦ compared with that of JCPDs 16-671. There are not
obvious diffraction patterns from 60 to 80◦ in the XRD patterns of
S300. It can be confirmed that the XRD patterns of S300 are lack of
X-ray powder diffraction intensities for structural determina-
tion were collected at 298 K with a step-scan technique in a 2�
range from 5◦ to 118◦ with a fixed counting time (t) of 15 s/step

Fig. 6. EDS spectrum of S300 coated with platinum.



Q. Wang et al. / Journal of Alloys and Compounds 521 (2012) 60– 65 63

h and SAED pattern of S300.
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Table 1
Crystallographic data of Nb2O4 (SO4).

Chem formula Nb2O4(SO4)

Mol  wt (g/mol) 345.89
a (Å) 17.643
b (Å) 5.273
c (Å) 6.567
V (Å3) 610.9
Z 4
Space group Pmma (no. 51)
Crystal system Orthorhombic
Dcalc (g/cm3) 3.760
Fig. 7. TEM micrograp

nd a step interval (�2�) of 0.02◦. Peak positions were determined
fter K�2 stripping on a computer program POWDERX, followed by
he indexing procedure on a computer program TREOR90. Table 1
resents the details of the crystal data information for Nb2O4(SO4).
he metric of the unit cell suggested an orthorhombic setting
ith a /= b /= c and  ̨ =  ̌ = � = 90◦. Nb2O4(SO4) crystallizes in the

rthorhombic with space group Pmma (no. 51) and contains four
ormula units in the unit cell.

.1.2. SEM-EDS investigations
The morphology of the S300 was observed by SEM (Fig. 5). As
hown in Fig. 5, most of the S300 particles exhibit irregular shapes,
ig particles with diameters from 1 to 1.5 �m and small parti-
les with dimensions from 50 to 300 nm are present. All of them
ggregate together due to soft aggregate.

Fig. 8. XPS spectra of S300. (a) Survey spectrum, (b)–(d) detaile
d spectra of Nb 3d, S 2p and O 1s core levels, respectively.
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Table 2
Elemental composition of S300 by EDS (atom%).

Element O S Nb
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Fig. 10. FTIR spectra of the products obtained at different reaction temperatures: a,
EDS values 74.95 9.44 15.62
Theoretical values 72.72 9.09 18.18

An EDS spectrum of S300 (coating with platinum on S300 sur-
ace) is given in Fig. 6, and the elemental composition is presented
n Table 2. It can be seen from Fig. 6 and Table 2 that S300 consists of
xygen (O), sulfur (S) and niobium (Nb). It can be seen from Table 2
hat the atomic percentage of each element by EDS is approximately
onsistent with that of calculated values.

.1.3. TEM-SAED investigations
Fig. 7 displays the TEM micrograph and the SAED pattern (inset)

f S300. It can be observed that the individual grains exhibit sizes
n the micron range. The inset of SAED pattern recorded from an
ndividual particle confirms that the S300 is single-crystal and/or

ulticrystalline.

.1.4. XPS analysis of S300
Fig. 8(a) shows the XPS survey scan of the niobium oxysulfate,

learly showing the presence of C, S, O and Nb. The existence of
 1s peak is mainly caused by two factors: CO2 adsorption or car-
on compound from environment (contamination carbon). Fig. 8(b)
hows the Nb 3d XPS spectra with a double peak structure which is
omposed of a main peak at 211.5 eV and a satellite peak at 214.0 eV.
his doublet is different from the characteristic of Nb O bonds in
b2O5 [37]. In Fig. 8(c), the peak at 173.9 eV can be assigned to S 2p
ore level. In Fig. 8(d), the O 1s peak at 534.0 eV suggests that the
xygen exists as O2− species in the Nb2O4(SO4) [38,39].

.2. Investigation of reaction conditions

.2.1. Effect of heating temperature
It can be seen from Fig. 9 that the main XRD patterns of the

roduct obtained from the reaction at 200 ◦C are similar to the stan-
ard JCPDs 27-1003 (Nb2O5). The XRD features of Nb2O5 almost

isappear and the product exhibit amorphous phase when the reac-
ion temperature was 250 ◦C. Crystalline niobium oxysulfate can be
btained and no peaks of Nb2O5 are observed when the mixture of
2SO4 and Nb2O5 was heated at 300 ◦C.

ig. 9. XRD patterns of the products obtained at different reaction temperatures
H2SO4/Nb2O5 molar ratio 9.7:1, reaction time 3 h).
300 ◦C; b, 250 ◦C; c, 200 ◦C; d, pure Nb2O5. (H2SO4/Nb2O5 molar ratio 9.7:1, reaction
time 3 h.)

FTIR spectra of the products obtained at different temperatures
are presented in Fig. 10.  It can be found from Fig. 10c that the
peaks in the range from 600 to 850 cm−1 correspond with the peaks
of Nb2O5. These results indicate that almost no reaction occurred
between H2SO4 and Nb2O5 at 200 ◦C. The characteristic peak of
SO4

2− (at 1136 cm−1) can be obviously observed and peaks at
600–850 cm−1 broaden when the reaction temperature was 250 ◦C
(Fig. 10b). It can be better explained that a large amount of Nb2O5
reacts with H2SO4 and most of SO4

2− group with unidentate lig-
and exists in the product when the mixture is heated at 250 ◦C. The
significant feature of SO4

2− (in the range from 900 to 1200 cm−1)
became more apparent when the reaction temperature is increased
to 300 ◦C (Fig. 10a).

3.2.2. Effect of molar ratio of H2SO4 to Nb2O5

The XRD patterns of the products obtained at different
H2SO4/Nb2O5 molar ratios are given in Fig. 11.  It can be seen that
the composition and crystal form of the product were unchanged.
The molar radio of H2SO4 to Nb2O5 (4.8:1–120.7:1) does not make
any difference for the reaction at 300 ◦C for 3 h.
3.2.3. Effect of reaction time
The mixture of 40 mL  H2SO4 and 20 g Nb2O5 was heated at

300 ◦C for 3, 10, and 20 h, respectively. The XRD patterns (Fig. 12)
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Fig. 11. XRD patterns of the products obtained at different H2SO4/Nb2O5 molar
ratios after heated at 300 ◦C for 3 h [a, 4.8:1 (20 mL  H2SO4/20 g Nb2O5); b, 7.2:1
(30  mL  H2SO4/20 g Nb2O5); c, 9.7:1 (40 mL  H2SO4/20 g Nb2O5); d, 19.3:1 (40 mL
H2SO4/10 g Nb2O5); e, 120.7:1 (50 mL  H2SO4/2 g Nb2O5)].
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ig. 12. XRD patterns of the products obtained with different reaction time
H2SO4/Nb2O5 molar ratio 9.7:1, reaction temperature 300 ◦C).

emonstrate that the different reaction time has no influence on
he composition and crystal structure of the samples.
. Conclusions

The reaction of Nb2O5 with 96% H2SO4 is investigated in detail.
 different Crystal form of Nb2O4(SO4) is obtained and its thermal

[

[
[
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stability is studied. It is demonstrated that the optimum reaction
temperature is 300 ◦C for the synthesis of crystalline Nb2O4(SO4)
by reacting Nb2O5 with 96% H2SO4. No differences are observed for
the composition and crystal structure of the products when H2SO4
and Nb2O5 reacted in different molar ratios (4.8:1–120.7:1) and
reaction time (3–20 h). The structure resolution by powder XRD
reveal that Nb2O4(SO4) crystallizes in the orthorhombic with space
group Pmma (no. 51) and contains four formula units in the unit
cell.
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