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Abstract

Y(CH,COO), - 4H,0, Y(NO,); - SH,0 and Y,(C,0,); - 8H,0 were used as precursor
compounds for the formation of Y,0; at 100—~700°C. Thermal events occurring during the
decomposition courses were monitored by means of TG and DTA. Intermediates and final
solid products were characterized using infrared spectroscopy and X-ray diffractometry. The
Y, 0, residues thus formed were subjected to surface and texture investigations. The results
indicate that Y(NO;); - SH,O is completely decomposed at 450°C via different unstable
intermediates to give high surface area (58 m? g~') Y,0,. Both Y(CH;COO), - 4H,0 and
Y,(C,0,); - 8H,0 are completely decomposed at 650°C via Y,0,CO; intermediate. How-
ever, Y(CH;COO), - 4H,0 yields a higher surface-area Y,0, product (55 m? g=!) than
Y,(C,0,); - 8H,0 (12 m* g™).
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1. Introduction

Cubic-structure yttrium oxide, whose thermal genesis is studied in the present
investigation, has numerous applications in various fields. It is an important
ingredient in the manufacture of superconductors [1-5] and ceramics [4]. It is also
employed as a catalyst [6] and as a support for metal [7] and metal oxide catalysts
[8] which have potential applications. The literature has revealed that Kotawski and
Lehl [9] studied the thermal decomposition of Y(CH,COO), - H,O; they reported
that dehydration occurs in two steps, at 150 and 220°C. At 350°C the anhydrous
acetate decomposes to give Y,0,CO;. The latter then decomposes to Y,0; at 630°C.
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Patil et al. [10] looked at the decomposition of rare earth nitrates; they stated that
the formation of Y, 05 takes place via the oxynitrate (MONO;) with a low energy
of activation. They also reported that the formation of anhydrous nitrate is possible,
in contrast to Wendland and Bear [11] who reported that the anhydrous nitrate is
unstable. Also Zaki and Baird [12] studied the decomposition of (NH,),Ce(NO,)q,
and suggested that the decomposition takes place via different intermediates:
(NH,)HCe(NO;)s at 150°C, H,CeO(NO,), at 180°C, and CeO(NO;), at 210°C. At
265°C, CeQ, is formed. Wendlandt [13] and Moosath et al. [ 14] studied the thermal
decomposition of Y,(C,0,), - 3H,O and stated that the dihydrate oxalate is stable
up to 360°C. Complete dehydration occurs at 400°C, then a rapid decomposition
takes place up to 540°C. Finally, Y,0; is formed at 750°C.

It has been established [15] that the composition, structure and surface area of
metal oxide catalysts are largely dependent on the method of preparation, the
nature of the precursor and the thermal pre-treatment conditions. Accordingly, the
present study investigates the thermal genesis pathways of Y,0; from different
precursors, namely the acetate, nitrate and oxalate of yttrium, using TG and DTA
techniques. The thermal processes revealed were characterized by infrared spec-
troscopy and X-ray diffractometry.

The Y,0, thus formed from the different precursors were subjected to surface
texture assessments, in order to select the best precursor from which and the
optimum temperature at which the Y,0; of greatest surface area can be obtained.

2. Experimental
2.1. Yttrium precursors

The Y(CH;COO), - 4H,0, Y(NO;); - 5SH,O and Y,(C,0,);  8H,O were high
purity (99.9%) Aldrich products (USA), abbreviated as YAc, YNit, and YOx,
respectively. In view of the thermal analyses results (see below), YAc, YNit and
YOx were decomposed by heating at various temperatures (150—800°C) for 1 h in
a static air atmosphere. For the sake of simplicity, these products are denoted in the
text by YM, where M is Ac or Nit or Ox, followed by the calcination temperature.
Thus YNit200 indicates the decomposition products of YNit at 200°C for 1 h. The
abbreviation WL stands for weight loss.

2.2, Apparatus and techniques

Thermogravimetry (TG) and differential thermal analysis (DTA) were carried
out using a Shimadzu model 30-H (Japan), heating to 700°C at various heating
rates (0 =2, 5, 10 and 20°C min ") in a flowing air atmosphere (20 ml min~!). The
techniques adopted here have been described in detail in a previous paper [16].

Analysis of the solid and gaseous decomposition products of yttrium precursors
was performed by means of infrared (IR) and X-ray diffractometry (XRD) using
the apparatus and techniques reported earlier [16].
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N, adsorption isotherms of YAc700, YNit500, YNit700 and YOx700 were
determined volumetrically at —195°C using an apparatus based on the design of
Lippens [17]. The test samples were pre-outgassed (107¢ Torr) (1.33 x 1075 Pa) at
250°C for 6 h. The surface areas (Sypr) were calculated using the BET method [18].

3. Results and discussion

The thermal processes encountered throughout the decomposition course of YAc,
YNit and YOx between room temperature and 800°C in flowing air atmosphere (20
ml min~") are shown in the TG and DTA curves, Fig. 1.

Fig. 2 shows the IR gas-phase spectra over the range 4000-500 cm™!, from the
atmosphere surrounding 0.5 g of parent precursor heated to various temperatures
(150-600°C) for 5 min.

The IR spectra of the parent precursors and their different calcination products,
150-700°C for 1 h, are given in Fig. 3 and their XRD patterns are shown in Fig.
4.

The N, sorption isotherms for YAc700, YNit500, YNit700 and YOx700 are
given in Fig. 5. The Sggr values computed for YAc700, YNit500, YNit700 and
YOx700 are given in Table 1.

3.1. Characterization of the decomposition courses

3.1.1. Yttrium acetate tetrahydrate, Y(CH;COO), - 4H,0

From the TG and DTA curves (Fig. 1A), it can be seen that process I is an
endothermic WL process maximized at 140°C. The WL (21.5%) is very close to that
expected (21.3%) for the release of 4 moles of water

Y(CH,COO), - 4H,0 — Y(CH,COO), + 4H,0 (1)

In accordance with this, the IR gas-phase spectrum at 250°C (Fig. 2A) displays
a broad absorption centred around 3420 cm~! and a strong absorption at 1650
cm~! which are due to the v(OH) and §(HOH) vibrations, respectively, of H,O
molecules [19].

The IR spectrum of YAc150 (Fig. 3A) bears a great similarity to that obtained
for untreated YAc. It displays bands at 1660, 1560, 1490, 1410, 1360, 1050, 1020,
970, 940, 685 and 620 cm~! which are assignable to the vibration modes of the
acetate anion [20,21]. Also the XRD of YAc150 (Fig. 4) displays diffraction lines
which are consistent with the existence of anhydrous YAc.

The second step (process II) (Fig. 1A) occurs between 350 and 400°C, causing a
59.8% WL, very close to that expected (60.1%) for the formation of Y,0,CO;. This
process takes place through three overlapping exothermic peaks. This behaviour
suggests that YAc decomposes to Y,(CO;); (first exothermic peak at 350°C), then
to Y,O(COy), (second peak at 375°C) and finally to the stable form Y,0,CO; (at
400°C)

350°C 375°C 400°C
Y(CH;C0O0); — Y,(CO;); — Y,0(CO;), — Y,0,CO; 2
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Table 1
The Sger values in m? g=! computed for YAc700, YNit500, YNit700 and YOx700
YAc700 YNit500 YNit700 YOx700
Seer 55 58 20 12

The IR spectra of the gas phase at 350 and 450°C (Fig. 2A) were taken as
support for the above results. These spectra display bands due to acetone at 1740,
1430, 1370 and 1220 cm~' [21]. Also, bands due to CO, (at 2345 and 670 cm~') and
CO (at 2140 cm™"') are observed. The IR spectrum of YAc500 (Fig. 3A) no longer
shows acetate absorption bands, and absorption bands assignable to oxycarbonate
species appear at 1560, 1450 and 840 cm~' [22]. Also the strong absorption at
600-300 cm~' is mostly related to Y—QO vibration modes [22]. However, the XRD
pattern of YAc500 (Fig. 4A) indicates an effective loss of crystal coherency,
revealing the predominantly amorphous nature of Y,0,CO;.

The third WL step (process I1II) is endothermic and is maximized at 620°C (Fig.
1A). The total WL (66.9%) is very close to that anticipated (66.6%) for the
decomposition of Y(CH,COO), - 4H,0 to Y,0,.
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This process involves primarily the decomposition of Y,0,CO; to Y,0,. From
the IR gas-phase spectrum at 600°C (Fig. 2A), it can be seen that bands due to CO,
and CO were intensified. Moreover, bands due to CH,, at 1310 and 3010 cm™', and
isobutene at 890 cm~! are observed. These results were reported previously
[15,16,20] and were attributed to the surface bimolecular reaction of acetone, i.e.
Y,0; can catalyse the transformation of acetone to isobutene and methane.

The IR spectrum of YAc700 (Fig. 3A) exhibits bands due to Y,0O; at 560, 450,
410 and 310 cm~! [22]. In addition the XRD pattern of YAc700 (Fig. 4A) matches
that of Y,0; (ASTM No. 25-1200).

3.1.2. Yttrium nitrate pentahydrate, Y(NO;); - 5H,0

Fig. 1B shows that Y(NO,); - 5H,O dehydrates via two endothermic steps
maximized at 120 and 220°C. The first WL step of 6% is very close to that expected
(6.2%) for release of one mole of water. The second step with a 13.8% WL, i.e.
bringing the WL up to 19.8%, is in agreement with the 19.7% corresponding to the
release of four moles of water

Y(NO3)3 . 5H20 _’Y(NO3)3 N 4H20 _’Y(NO3)3 N Hzo (3)

The DTA curve (Fig. 1B) shows an endothermic effect located near 180°C. A
direct visual observation of the physical changes taking place during the decompo-
sition indicates that the material melts at 180°C.

In support, the IR gas-phase spectrum at 200°C (Fig. 2B) shows absorption
bands at 3445 and 1650 cm ™' due to water molecules [19]. Also the IR spectrum of
YNit200 (Fig. 3B) is very similar to that obtained for untreated YNit. It displays
absorption bands at 1480, 1380, 1320, 1025, 820, and 750 cm~' due to the nitrate
group of a mainly shelving bidentate structure [19]. Moreover, the XRD of
YNit200 (Fig. 4B) matches that of Y(NO;); - H,O (ASTM No. 32-1438), which
reveals that processes I and II correspond to the formation Y(NO;), - H,O.

Process III (Fig. 1B) takes place through three overlapping endothermic effects
located at 270, 290 and 325°C. The total WL determined on completion of this
process is 50.0% which is near to that expected (54.2%) for the formation of
YONO;,

Y(NO,); - H,0 » YONO, + H,0 + N,O; (4)

Reaction (4) is partially corroborated by the IR gas-phase spectrum at 300°C (Fig.
2B) in which characteristic bands due to N,Os (1700, 1350, 1200 and 750 cm~") [23]
and HNO, (3040, 1700, 1400 and 870 cm™") [23] are observed. This indicates that
Y(NO,;); - H,O decomposes simultaneously to give gaseous HNO;

Y(NO,); - H,0 - Y(OH)(NO,), + HNO, (5)

Reaction (5) may explain the difference between the determined (50.0%) and
calculated (54.2%) WL values.

The IR solid-phase spectrum at 300°C (Fig. 3B) displays bands mainly due to
nitrate; the new bands at 1185 and 860 cm~! are due to w(N=0) (outside the bridge)
and v(N=0) (bridge), respectively [21].
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This may suggest the formation of bridging nitro groups. However, the evidence
for the formation of oxynitrato anion, YONOs, is quite convincing. The composite
strong absorption emerging at 600—300 cm~' is probably related to metal-oxygen-
type vibrations (Y-O). Also the band due to S(OH) (at 1650 cm~') of
Y(OH)(NO,;), is still present.

Examining the XRD of YNit300 (Fig. 4B), three different phases are detected:
Y(OH)(NO;),, Y(NO;); and YONO,. This implies that the product of process IIT
is a multi-component mixture. Therefore it is practically impossible, in the light of
these results, to come to any firm conclusions from the TG analysis as to the exact
composition of the solid products at 300°C. Nevertheless, the XRD results can
confirm that these three products are responsible for the three overlapping en-
dothermic effects (DTA, Fig. 1B).

The TG curve (Fig. 1B) shows that process IV occurs in the temperature range
400-460°C. This process brings the total WL to 69.0%, which is very close to that
expected (69.06%) for the decomposition of Y(NO,),-5H,O to Y,O;. Thus,
process IV involves primarily the decomposition of Y(NO,);, Y(OH)}(NO;), and
YONO, to Y, 05, through the three overlapping endothermic effects located at 410,
430 and 450°C

2Y(NO,); - Y,0; + 5NO, + N, O; (6)
2Y(OH)(NO,), - Y,0; + H,0 + 2N, 0, @)
2YONO, - Y,0, + N, O, (8)

The IR gas-phase spectrum at 400°C (Fig. 2B) displays bands due to HNO; and
N,O;, and new strong absorptions due to NO, at 2580, 1830, 1790 and 880 cm™'
{21] were also observed.

In support, the solid-phase IR spectrum of YNit500 (Fig. 3B) displays absorp-
tion bands due to Y,0; at 560, 460, 400 and 310 cm~! [22]. Also the XRD of
YNit500 (Fig. 4B) matches exactly with that of the standard Y,0; (ASTM No.
25-1200).

3.1.3. Yttrium oxalate octahydrate, Y,(C,0,); - 8H,0

The corresponding TG and DTA curves given in Fig. 1C indicate that the
reaction decomposition course proceeds through three endothermic stages (I, IT and
III), which are maximized at 125, 200 and 380°C respectively. The overall WL is
25.0% and has good agreement with that expected (24.6%) for the release of 8
moles of water

Y»(C,0,); - 8H,0 - Y,(C,0,); - 4H,0 — Y,(C,0,); - 2H,0 - Y,(C,0,); 9

This result is in good agreement with those of Wendlandt [13] and Moosath et al.
[14]. They reported that the oxalates of rare earth metals form stable lower hydrates
up to 380°C, and that at temperatures higher than 380°C, dehydration is complete
and is followed by rapid decomposition of the oxalates, i.e. the anhydrous oxalate
is unstable. This type of process is well characterized by the exothermic behaviour
of process IV.
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In support, the IR gas-phase spectrum at 200°C (Fig. 2C) displays absorption
bands at 3420 and 1650 cm~! due to water molecules [19]; these absorptions
intensify further in the 350°C spectrum. Moreover, the IR spectrum of YOx200
(Fig. 3C) is very similar to that obtained for untreated YOx. Also the XRD pattern
of YOx200 (Fig. 4C) matches exactly with the standard pattern of Y,(C,0,); -
2H,0 (ASTM No. 32-1443).

Process IV (Fig. 1C) takes place immediately after process III, through
two overlapping exothermic processes maximized at 460 and 490°C. The WL
monitored by the end of process IV is 55.0%, close to that expected (53.9%) for the
formation of Y,0,CO,. However, the two exothermic effects may indicate that
Y,(C,0,); decomposes to Y,0,CO; via an unstable intermediate, probably
Y,0(COs),

Y,(C,04); — Y,0(CO5), - Y,0,CO; (10)

The IR gas-phase spectra at 450 and 600°C (Fig. 2C) display characteristic bands
of CO, (2345 and 670 cm™') and CO (2140 cm™!) [21] due to the decomposition
of Y,(C,0,);. One way to support the above results is to analyse the IR spectra
of YOx400 at 500°C (Fig. 3C). This analysis indicates the appearance of absorp-
tions assignable to oxycarbonate species (at 1560, 1450 and 840 cm™') [18], and
also the strong absorption emerging at 600—-300 cm ™! is related to Y-O vibration
modes [22]. The XRD of YOx500 (Fig. 4C) indicates a loss in crystallinity
(amorphous).

Fig. 1C also indicates that process V takes place endothermally at 640°C, with a
WL of 6.1%, which brings the total WL up to 62.0%, close to that expected
(61.4%) for the decomposition of Y,(C,0,); - 8H,0 to Y,0;.

In corroboration, the IR spectrum of YOx700 (Fig. 3C) lacks oxycarbonate
absorption bands. Only bands due to Y,O, are observed. Also the XRD of
YOx700 (Fig. 4C) indicates only Y,0;, which is highly crystalline in comparison
to YAc700 (Fig. 4A) or YNit500 (Fig. 4B).

3.2. Surface texture

Fig. 5 shows the adsorption—desorption isotherms of nitrogen at —196°C on
the YAc700, YNit500, YNit700 and YOx700 samples. The isotherms of these
samples generally belong to type II of the BET classification [24]. All the
isotherms exhibit closed (at P/P° > 0.45) hysteresis loops that are nearly of type
H3. This suggests that the surface pores are slit-shaped [24].

The measured surface areas (Sppr) given in Table 1 indicate that Y,O; ob-
tained from the thermal decomposition of the oxalate and nitrate salts at
700°C exhibit low values of Sppr, <20 m? g~'. These low values may result
from the internal surfaces of both being mostly inaccessible to N, molecules.
They are apparently sintered more effectively during calcination at 700°C (see
Fig. 4) than those of YAc700 and YNit500 which have higher surface areas,
>50 m? g
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4. Conclusions

The thermal decomposition of YA¢, YNit and YOx in air involves the following
pathways
375°C

140°C 350°C
Y(CH,C00), - 4H,0 5 Y(CH,C00), s ¥5(CO,);
400" 620°C
Yzo( C03)2 I Y202C03 — Y203

120°C L80°C 220°C
Y(NGO;); - 5SH,O — Y(NO,}; - 4H, 0 — Y(NO;), - 4H,O(melt) —

410-450°C

270-325°C
Y(NO;); - H,O ——— [Y(NO;); + Y(OH}NO;),} + YONO,;] —— Y, 0,

380°C

125°C 200°C
Y(C,04) - 8H,0 — Y,(C,0,), - 4H, 0 —> Y,(C,0,4), - 2H,0 —

460°C 290°C 640°C
Y (C04) — Y, 0(CO;);, — Y,0,C0; — Y0,

The thermal stability of the anhydrous salts falls in the order YAc» YNit>»
YOx.

Both the acetate and oxalate of yttrium are decomposed via Y,0,CO, as the
stable intermediate amorphous phase.

Y Ac700 and YNit300 have higher surface areas ( >50 m? g~ ') than YNit700 and
YOx700 (<20 m?> g~ ').
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