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The dispersion of sodium nitrate on tetragonal zirconia and the
effect of the dispersed sodium species on the textural properties
of the support are investigated by using XRD, LRS, DTA, and
BET surface area measurement. The results indicate that
NaNOs can be dispersed on the surface of tetragonal zirconia by
the incorporation of Na* ions into the surface vacant sites. The
experimentally measured dispersion capacity of sodium nitrate
on t-ZrQO; is consistent with the value deduced from the incorp-
oration model, i.e., 8.6 Na*/nm?t-ZrQ,. The dispersed Na* ion
species can effectively hinder the sintering of zirconia and prevent
its phase transformation from tetragonal to monoclinic. The
crystallization temperature and surface area of the samples are
strongly dependent on the loaded amount of NaNQO; when it is
below the dispersion capacity. Crystalline NaNQ; is detected
when its loading exceeds the dispersion capacity and has less
effect on the structural and textural properties of the t-ZrQO..
© 1998 Academic Press
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INTRODUCTION

Interaction between metal compounds and supports has
attracted much attention because of the wide applications of
supported-metal compound systems and has been discussed
in several papers (1-3) that assume metal cations are incorp-
orated or penetrate into the surface layer or the bulk phase
of the support. The incorporation model proposed by Chen
et al. has suggested that the dispersed metal cations are
incorporated into surface vacant sites of the support, with
their accompanying anions positioned on the top for extra
charge compensation. Dispersion capacities of some metal
oxides and halides on y-Al,O; and CeO, derived by the
model are in good agreement with the experimental results
4-7).

Zirconia, a versatile ceramic material of great technical
interest, has found wide practical or potential applications,
e.g., it is a promising category of catalyst or catalyst support
for some important chemical synthesis industries, due to its
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excellent mechanical, electronic, and optical properties
(8—13). Several metal oxide—zirconia systems have already
been the subject of study (14—16).

Zirconia exhibits three polymorphic forms, the mono-
clinic (m), tetragonal (t), and cubic (c) phases. Although the
monoclinic phase is thermodynamically more stable, the
tetragonal form can be stabilized at room temperature un-
der certain conditions. It has been reported that tetragonal
zirconia (t-ZrO,) can be stabilized by introducing some
metal cations, e.g., V** (15), Mo®* (17), and Y3* (18, 19).
Recently, studies have been devoted to the interaction be-
tween the doped metal cations and zirconia (14, 15, 17).
Cimino and co-workers demonstrated that a high-surface-
area t-ZrO, can be obtained by impregnating hydrous
zirconia with Cr®™* solution; the supported Cr®* species
prevent the phase transition from tetragonal to monoclinic
(14). So far, attention has mainly focused on transition-
metal compounds, and only a few studies consider the
effects of alkali-metal compounds (20, 21).

Alkali promoters are often used to improve catalytic
activity or selectivity in industrial supported catalysts.
It seems reasonable that the interaction between the alkali
promoter and the support should have a major impact
upon the influence of the promoter on the dispersion and
reducibility of the active component, which is obviously
important in modifying the catalytic behaviour of the cata-
lyst (22). In this paper, the interaction between NaNO;
and the zirconia support is studied using X-ray diffrac-
tion (XRD), differential thermal analysis (DTA), laser
Raman spectroscopy (LRS), and BET surface area measure-
ments. Special attention is given to the dispersion behav-
iour of sodium species on tetragonal zirconia and the
effect of the dispersed species on the textural properties of
zirconia.

EXPERIMENTAL
Materials

Hydrous zirconia was prepared by rapid addition of
concentrated NH,OH into a ZrOCI,8H,0 (A. R.) aqueous
solution (0.3 M) to produce a suspension with a pH value of
about 10.5. The precipitate was washed with distilled water
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to pH 7 with no detectable Cl1~ and then dried at 373 K for
10 h.

Tetragonal ZrO, support was prepared following the
procedures reported in the literature (23). In particular,
sodium hydroxide solution (4 M) was added to the above
suspension until pH > 14; the precipitate was washed with
distilled water to pH 7 with no detectable Cl~ and then
dried at 373 K for 10 h. The dried sample calcined at 773 K
for 4 h had a BET surface area of 60 m?/g. LRS and XRD
measurements proved that the calcined ZrO, samples were
tetragonal zirconia.

Samples with different Na™ ion content were prepared by
two methods: (i) incipient wetness impregnation of hydrous
zirconia powder with an aqueous solution of NaNO; fol-
lowed by calcination at 773 K for 2 h in flowing air; (ii)
impregnation of tetragonal ZrO, with an aqueous solution
of NaNO;.

Characterization

BET surface areas were measured by nitrogen adsorption at
77 K on a Micrometrics ASAP-2000 adsorption apparatus.

Differential thermal analysis (DTA) was carried out from
room temperature to 1073 K (heating rate 10 K min~!) us-
ing a Rigaku TG-DTA thermoanalyzer in flowing air.

X-ray powder diffraction patterns were collected with
a Shimadzu XD-3A diffractometer using Ni-filtered CuKu
radiation (0.15418 nm). The X-ray tube was operated at
35kV and 15 mA.

Raman spectra were recorded on a Bruker RFS-100 spec-
trometer with a wave number accuracy of 4cm™!. The
samples were measured in powder form, and a Na: YAG
crystal laser was used for excitation.

Related physical parameters of samples as prepared are
listed in Table 1.

TABLE 1
Physical Properties of Samples

Content of NaNO,

BET surface area

Sample* (wt. % NaNO,/ZrO,) (Na't/nm?) (m?/g)
N,Z(0) 3.0 46 454
N,Z(0) 6.0 74 583
N,Z(0) 8.7 9.8 62.1
N,Z(I) 25 . 202
N.Z(I) 51 - 10.5
N, Z(11) 6.7 7.9

N,Z(II) 8.5 10

N,Z(1I) 15.4 182

N,Z(1T) 34.0 40.1

N, Z(IT) 51.0 60.2

“N: NaNOs, Z: ZrO,, (I) and (IT) designate (i) and (ii) in the preparation
methods, respectively.

RESULTS AND DISCUSSION
The Dispersion of Na™ Species on t-ZrO,

Since conventional XRD technique is not sensitive
enough to detect very small crystalline particles and our
XRD profiles (Fig. 1B) cannot clearly discriminate the cry-
stalline forms of t-ZrO, and ¢-ZrO,, LRS is used to identify
the crystalline form of the support as well as to monitor the
dispersion of NaNOj; on it. As shown in Fig. 1A, the 643,
463, 269, and 148 cm~ ! Raman peaks of the zirconia sup-
port are consistent with the characteristic peaks of tetrag-
onal zirconia, t-ZrO, (21, 24-26). The weak shoulder peak
around 610 cm ! coexisting with the above peaks has also
been attributed to the contribution of t-ZrO, (24, 25), al-
though it has been reported that c-ZrO, gives only a single
broad peak around 610 cm ™! in the 100-700 cm ! region
(24, 25). The XRD profile of the same support in Fig. 1B
shows an asymmetric peak around 20 = 35°. This peak is
broader (with half-width about 0.7°) than the main peak
around 20 = 30° (half-width about 0.4°). Although the peak
of t-ZrO, at 20 = 34° has not been detected, the combina-
tion of the above LRS and XRD results leads to the con-
clusion that the support as prepared is predominately in the
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FIG. 1. (A) Raman spectrum and (B) XRD pattern of t-ZrO, as sup-

port calcined at 773 K.
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FIG. 2. Raman spectra of samples calcined at 773 K. a: N,;Z(II);
b: N,Z(II); c: N;3Z(11); d: pure NaNOj.

form of t-ZrO, with no appreciable amount, if any, of c-
710,.

The Raman spectra of samples with various loading
amounts of NaNOj are shown in Fig. 2, with pure NaNO;
listed for comparison. For the sample with 7.9 Na*/nm?
(Fig. 2a), in addition to the Raman bands of the support and
the new band at 1053.4 cm ~ ! are tentatively ascribed to the
surface NaNOj species strongly interacting with the zirco-
nia. With the increase of the loading of NaNOj, another
band at 1067.7 cm ™! appears in Figs. 2b and 2c, indicating
the existence of bulk-phase NaNOj; in those samples, in
contrast to the Raman spectrum of NaNOj; (Fig. 2d).

The above results suggest that there are two forms of
supported NaNQOj species on the surface of zirconia: the
surface species strongly interacting with the support and the
bulk-like species less influenced by zirconia. From the above
results, the NaNOj dispersion capacity of 7.9-10 Na*/nm?
on t-ZrO, is estimated.

The XRD profiles of the same series of samples are shown
in Fig. 3. No bulk-phase NaNOj; has been detected in the
sample with 7.9 Na*/nm? (Fig. 3a), indicating that in this
case NaNOj is highly dispersed on the surface of the sup-
port. As can be seen from Figs. 3b—3e, the intensities of the
peaks corresponding to bulk-phase NaNO; increase with
the increase of the loading amount of sodium nitrate. The
results are consistent with those obtained from LRS.

To investigate the effect of calcination temperature on the
interaction between NaNO; and ZrO, and the stability of
the samples, the XRD patterns of the NsZ(II) sample
(60.2 Na*/nm?) calcined at various temperatures are shown
in Fig. 4. The intensities of the diffraction peaks of bulk-
phase NaNOj; decrease dramatically from 393 to 623 K and
then remain unchanged with the further increase of the
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FIG. 3. XRD patterns of samples calcined at 773 K for 1 h. a: N, Z(II);
b: NLZ(IT); ¢: N3Z(IT); d: NLZ(IT); e: NsZ(II).

temperatures to as high as 813 K. The results indicate that
appropriate calcination temperature is necessary to pro-
mote the dispersion of NaNOj on t-ZrO,. In addition, the
sample is stable after being calcined at 773 K for 2 h (Fig.
4d) or even at 813 K for 1 h (Fig. 4e).

The DTA results are presented in Figure 5. The two
endothermic peaks at 576 and 975 K for the pure NaNO;
sample (Fig. 5f) are attributed to the melting and decompo-
sition of bulk sodium nitrate, respectively. The features of
the DTA profiles of the supported samples are dependent on
the loading amount of sodium nitrate. Apparently, no en-
dothermic peaks similar to these two can be observed when
the loadings are relatively low, as shown in Figs. 5a and 5b
for samples with Na* loading of 7.9 and 10 Na*/nm?,
respectively. The loading amount of sodium nitrate in the
above two samples was lower than or close to the dispersion
capacity of sodium nitrate on t-ZrO,. Similar results for
LiNOj; supported on y-alumina samples have been obtained
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FIG. 4. XRD patterns of sample N;sZ(II) calcined at varying temper-
atures. a: 393 K (4 h); b: 623 K (1 h); c: 723 K (1 h); d: 773 K (1 h); d: 773 K
(2 h); e: 813K (1h).
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FIG.5. DTA curves of the samples before calcination. a: N,;Z(Il);
b: NLZ(IT); ¢: N3Z(IT); d: NLZ(IT); e: NsZ(II); f: NaNOs.

in our lab under N, atmosphere with the same heating rate.
An endothermic peak corresponding to the decomposition
of the dispersed lithium nitrate has been observed for
a sample with LiNOj; loading around 6.5 Li*/nm? (7). The
absence of the decomposition endothermic peak in the
above two samples might be due to the strong interaction of
the highly dispersed NaNO; with t-ZrO,, although there is
a possibility that the endothermic effects of these two sam-
ples are too low to be detected by DTA. For samples with
loadings beyond the dispersion capacity, the decomposition
temperature of NaNOj; remains almost unchanged in the
range 936-942 K.

The above LRS, XRD, and DTA results point out that
NaNOj; can be highly dispersed on the surface of t-ZrO,,
with a dispersion capacity of around 7.9-10 Na*/nm?.

It has been suggested that the low index (111) plane is
preferentially exposed on the surface of t-ZrO,, and this
plane has been reported as being identified with virtually no
ambiguity by HRTEM (high resolution transmission elec-
tron microscopy) (27,28). As shown in Fig. 6, one can
estimate that there are two vacant sites in each unit mesh
(approximately 0.23 nm?) corresponding to a vacant site
density of ~8.6/nm>?. According to the incorporation
model, Na™ ions can incorporate into the surface vacant
sites of the support with the accompanying anion groups
positioning on the top of the occupied sites for charge
compensating. Taking 0.066 nm as the oxygen covalent
radii and 0.12 nm as the N-O bond length (29), the size of
the NOj3 groupis estimated to be around 0.11 nm?, which is
approximately half of a unit mesh on the (111) plane. Thus
the capping NO3 group will not produce any shielding
effect to prevent the vacant sites from being occupied by
Na™ ions. Accordingly, the dispersion capacity of NaNOj is
calculated to be 8.6 Na*/nm?, which is consistent with the

@ Zr4+

@ Capping NO; @ Na'

FIG. 6. A tentative model of the surface NaNO; formed on the (111)
plane of t-ZrO,.

experimental results mentioned above. A tentative model
for the incorporation of NaNOj; on t-ZrO, with a loading
amount below its dispersion capacity is also depicted in
Fig. 6.

In light of the structure of the dispersion NaNOj; species,
as can be seen from Fig. 6, the interaction between the
capping NOj3 anions and their nearest-neighbor Zr** ca-
tions is also inevitable. As a result, these interactions might
lead to the distortion of the anion groups, which might
account for the presence of the Raman band at 1053.4 cm ~ .
After all the available surface vacant sites have been occu-
pied, the continued increase of the loading of NaNO; would
lead to the formation of bulk-phase NaNOj; on the support,
identified by its characteristic Raman band at 1067.7 cm ~?

(cf. Fig. 3).

The Effect of Dispersed Na™ Species on the Texture of ZrO-

Reported in Fig. 7A are the X-ray diffraction patterns of
samples prepared by the impregnation of powder hydrous
zirconia with varying amounts of NaNOj; from an aqueous
solution after calcination at 753 K. For all samples, the
crystalline peaks of ZrO, are weak and broad, indicating
the poor crystallization of zirconia. When the calcination
temperature is increased to 773 K, the samples are better
crystallized, as can be seen in Fig. 7B. Interestingly, a small
amount of m-ZrO, coexisting with the tetragonal zirconia
has been detected in the samples with NaNO; loading
amount lower than dispersion capacity, and the intensity of
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FIG. 7. XRD patterns of samples calcined at (A) 753 K and (B) 773 K.
a: NyZ(I); b: NLZ(); ¢ N3Z(I); d: NoZ(I); e: NsZ(I).

the m-ZrO, peaks gradually decreases with the increase of
NaNO; loading (Figs. 7B(a) and 7B(b)). When Na™ loading
exceeds dispersion capacity, around 9.8 Na*/nm?, only t-
Zr0, is detected. Finally, bulk-phase NaNOj is observed
with the further increase of NaNOj; loading. Apparently the
stability of t-ZrO, has been improved by the addition of
sodium nitrate. The stabilization effect is enhanced by the
increase of the amount of Na™* cations incorporated until all
the available vacant sites are occupied.

It has been argued that the crystal form (tetragonal or
cubic phase) of Na™-stabilized zirconia has been fraught
with controversy (21, 30). Raman measurements have been
carried out to clarify the crystal form of the zirconia in the
above samples calcined at 773 K. Typical results are shown
in Fig. 8. The spectroscopic features in the range 700—
1100 cm ! are basically the same as in those samples pre-
pared by the impregnation of t-ZrO, with NaNOj; from an
aqueous solution and calcined at 773 K. However, for the
low loading sample (Fig. 8a) two small but rather sharp
bands at 183 cm ™! and 193 cm ™! corresponding to m-ZrO,
phase (25) have been observed in addition to surface
NaNOj species (1053.4 cm ~1). The above two bands disap-
peared when the loading of NaNOj increased to about
9.8 Na*/nm?, with only t-ZrO, phase existing. These results
are consistent with the XRD results discussed in the above
section.
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FIG.8. Raman spectra of samples calcined at 773 K. a: N,Z(I);
b: NLZ(I); c: N, Z(I); d: N Z(1).

The stabilization effect exerted by the incorporated Na™
should be related to the crystallization process of zirconia. It
is claimed that amorphous hydrous zirconia contains very
small regions in the form of platelets, and its structure is
very similar to that of the (111) plane of tetragonal zirconia
(27). Tani et al. (31) proposed that the presence of tetrag-
onal-like ZrO, nuclei in amorphous zirconia would result in
the formation of t-ZrO, at relatively low temperatures. It
has been mentioned that if held at high temperature for
a long period of time, t-ZrO, phase will always undergo
phase transformation to m-ZrO,, and this process will start
at the particle surface and continue toward the centre of the
crystal (27). Therefore, it is reasonable to consider that for
the samples prepared by impregnation of amorphous hy-
drous zirconia with NaNO; from aqueous solution, Na*
species might start incorporating into surface vacant sites as
soon as the t-ZrO, phase is formed during calcination. The
incorporated Na™ cations bring about the separation of
small zirconia particles, resulting in the decrease of the
surface energy of the particles and the improvement of the
stability of t-ZrO,. When the content of NaNOj is relative-
ly low, the phase transformation from t-ZrO, to m-ZrO,
still can occur since part of the surface vacant sites on
t-ZrO, have not been occupied. When the amount of
NaNO; is close to its dispersion capacity, the full occupa-
tion of the surface vacant sites prevents the phase trans-
formation of t-ZrO, to m-ZrO, from occurring, and only
tetragonal zirconia is formed. Moreover, the stabilizing ef-
fect of Na™ ions on tetragonal zirconia also results in the
increase of the surface area of the samples. As can be seen
from Table 1, such effect is most significant when the con-
tent of NaNQOj is close to its dispersion capacity, as in
sample N3Z(I) (62m?/g).
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FIG.9. DTA curves of precursors of samples. a: ZrO,; b: N, Z(I);
c: NLZ(I); d: N,Z(I); e: N,Z(I); f: N,Z(I).

It has been reported that the crytallization temperature of
amorphous zirconia starts at about 697 K (32). Our experi-
mental results indicate that the NaNOj;-containing hydrous
zirconia is not fully crystallized even after calcination at
753 K, as shown in Fig. 7A. The DTA profiles listed in
Fig. 9 show that the crystallization of zirconia is delayed due
to the presence of NaNOj species. The sharp exothermic
peak at around 697 K resulting from the crystallization of
hydrous zirconia (32) shifts to higher temperatures with the
presence of highly dispersed Na™ cations, ie., from 697 K
for pure hydrous zirconia to ~741 K for the sample with
Na* loading of 9.8 Na*/nm?2. Moreover, when the content
of NaNOj; exceeds its dispersion capacity the temperature
shift is no longer observed, indicating that further increase
of Na™ content has little effect on the crystallization of the
zirconia.

CONCLUSION

NaNOj; can be dispersed on the surface of tetragonal
zirconia through the incorporation of Na* cations into the
surface vacant sites, and its dispersion capacity quantitat-
ively evaluated by the incorporation model, ie.,
8.6 Na®/nm?, is consistent with the results determined by
LRS and XRD. Crystalline NaNOj is observed only when
the loading amount is higher than the dispersion capacity.
The experimental results reveal that due to the interaction
of the dispersed NaNO; with the surface of the tetragonal
zirconia, the phase transformation from t-ZrO, to m-ZrO,
is inhibited, and the surface area of the t-ZrO, produced by
the calcination of hydrous zirconia is increased.
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