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Abstract

Chromia-lanthana—zirconia catalysts prepared by wet impregnation and microwave plasma enhanced chemical vapour deposition methods
have been characterized by temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS). The impregnation procedure
requires large amounts of solvent and calcination at high temperatures producing Cr* species. Unlike this, it is found that the microwave plasma
enhanced chemical vapour deposition (PECVD) method predominantly produces Cr3* species on zirconia-based supports. Moreover, it has been
shown that the dispersion of chromium species deposited on zirconia-based support by the PECVD method is higher than the dispersion of those
prepared by wet impregnation. Thus, the advantages of PECVD over the impregnation method consist in this case in preventing the use of large
amounts of solvent and avoiding the primary formation of poisonous Cr®* species as well as in enabling the deposition of chromium species with

high dispersion on zirconia-based supports.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium oxides supported on alumina, silica or titania
have been known for many decades as highly active and
selective catalysts for a wide range of important reactions,
including polymerization, non-oxidative as well as oxidative
dehydrogenation, hydrogenation, isomerization, aromatization
and oxidation [1-3]. Recently, chromium oxides supported
on pure or modified zirconia, because of the high thermal
and chemical stability of the support, have been investigated
as catalysts for aromatization [4], dehydrogenation [5-7] or
combustion [8] of hydrocarbons as well. We have also found
that chromium oxide supported on lanthana-doped zirconia,
CrO,/Lay03-Zr0O,, is able to catalyse the dehydrocyclization
of Cg+-alkanes with promising selectivities for alkyl aromatics

[9].
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The properties of chromia—lanthana—zirconia catalysts
strongly depend on the chemical and surface states of chromium
oxides on zirconia-based supports [3-14]. This, in turn, may
be influenced by preparation methods. Usually, chromium
oxide supported catalysts are prepared by wet impregnation
of corresponding supports with chromium-containing solvents
followed by high temperature (HT) treatment in air. This
procedure, on the one hand, is environmentally detrimental
because of the necessity of using large amounts of solvents
and the production of poisonous Cr* compounds [15,16].
This may strongly complicate the production and the storing
of large amounts of Cr-containing catalysts. On the other hand,
high temperature calcination unavoidably leads to sintering
and/or agglomeration of chromium oxides, which may be
the cause of catalyst deactivation and, therefore, prevents
successful applications of catalysts. On the contrary, the low
temperature microwave plasma enhanced chemical vapour
deposition (PECVD) offers a non-conventional method for
preparing chromium oxides on zirconia-based supports that
avoids the use of large amounts of solvents and, therefore,
it is environmentally more friendly. Moreover, with avoiding
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thermal treatment at high temperature as well, the PECVD
method may allow the deposition of chromium oxides as the
catalytically active components in the form of highly dispersed,
nano-structured and stable species on supports.

The application of the PECVD method for preparing
chromium oxides on zirconia-based supports was first reported
in Refs. [17,18]. Concerning the lanthana-containing zirconia
(LZ) support prepared by calcination with the procedure applied
in this work, cf. Section 2, it is worth mentioning that its tex-
tural, structural and surface properties have been characterized
in detail in Ref. [18] by X-ray diffraction, Raman spectroscopy,
FT-IR spectroscopy and thermoanalysis, TG/DTA-MS. It was
found that the calcination of lanthana-doped zirconium hydrox-
ide forms the meta stable tetragonal phase, -ZrO;, with the
composition Lag 1Zro.901.05, in which the La®* cations partly
occupy the lattice sites of Zr** cations. The results also evi-
denced that the oxygen plasma treatment with low or medium
microwave power, short treatment duration and moderate oxy-
gen partial pressure used in this work, cf. Section 2, does
not significantly change the bulk as well as surface chemical
properties of the support. In particular, it does not affect the
hydroxyl groups required for anchoring Cr species. In this paper,
temperature-programmed reduction (TPR) and X-ray photoelec-
tron spectroscopy (XPS) characterizations are used to compare
redox behaviour and surface dispersion of chromium oxides
supported on lanthana-zirconia support prepared by wet impreg-
nation and by PECVD methods.

2. Experimental
2.1. Catalyst preparation

At first, the supports were prepared by calcination of
lanthana-doped zirconium hydroxide (7.0 wt.% La,O3) supplied
by MEL Chemicals, serial number XZ0681/01 at 873 K for 4 h.
The calcination procedure was described in detail in Ref. [18].
It is worth mentioning that, with respect to this calcination treat-
ment, the supports used in this work are different from those that
have been used in Refs. [9-14], where the hydroxide precursors
were not pre-calcined at high temperatures. The samples used
in Refs. [9-14] will be denominated below as CLZ.

2.1.1. Impregnation

In the impregnation method, the lanthana—zirconia obtained
after calcination were immersed under stirring into aqueous
solutions containing appropriate amounts of chromium precur-
sor, (NH4)2CrO4 (Fluka). By addition of ammonia aqueous
solution, the solution was kept at pH of 10. While stirring, the
water excess was slowly evaporated at 323-333 K. The products
obtained were dried in a static air atmosphere at 393K for 12 h
and then calcined at 873 K for 4 h, resulting in lanthana-zirconia
supported chromium oxides. The samples prepared by impreg-
nation will be denominated below as (x)C/LZ-imp, where (x)
indicates the chromium content, LZ the lanthana/zirconia and
imp is the impregnation method.

2.1.2. PECVD

A Siemens microwave plasma chamber has been used for
deposing chromium oxide on the zirconia and lanthana—zirconia
supports. A mixture of the powdery catalyst support and
chromium acetylacetonate, Cr(acac)s, precursor (Merck, No.
802485) was placed into a quartz flask. This flask was mounted
on a metallic rod that was placed into the recipient and rotated
during the treatment by means of an electric rotary engine in
order to achieve an even coating of the support. Thereafter the
chamber was evacuated to 5 Pa before oxygen flow of 300 sccm
(standard cubic centimeter per minute) was fed into the plasma
chamber by a mass flow controller. The pressure of the chamber
was controlled with a baratron. A 2.46 GHz magnetron together
with a power supply was used for generating of microwaves
and ignition of the plasma discharge. During the plasma treat-
ment, Cr(acac)s is evaporated and adsorbed on the supports.
The subsequent oxidative decomposition of adsorbed Cr(acac)s,
the mechanism has been discussed in detail elsewhere [17],
forms supported chromium oxide species. The influences of
microwave power, oxygen partial pressure and the PECVD treat-
ment duration on the structural, textural and surface properties
of catalysts were reported elsewhere [17,18]. In this work, for
the purpose of comparison, the microwave power and oxygen
partial pressure were kept constant for all samples prepared at
300 W and 70 Pa, respectively. The treatment duration depends
on the carbonaceous amount of the samples, which resulted from
the organic ligands of the chromium acetylacetonate, i.e. the
plasma treatment was finished if no more carbon (<0.5wt.%)
was found by carbon-hydrogen analysis, separately performed
by a CARLO ERBA combustion system. Below, the samples
prepared by PEVCD will be denominated as (x)C/LZ-pl, where
(%) indicates the chromium content, LZ the lanthana/zirconia
and pl is the PECVD method.

2.2. Characterization

The apparatus for TPR experiments has been already
described in detail in Ref. [14]. The experimental procedure
consists of (i) the first reduction run (TPR1), (ii) the reoxidation
and (iii) the second reduction run (TPR2). Such a procedure
enables to examine the reduction—oxidation behaviours of sup-
ported Cr species. The TPR runs were carried out in 5.15%
hydrogen in argon flow at a heating rate of 10 K/min. Opti-
mum sample weights corresponding to a reduction gas flow rate
of 15 ml/min had been estimated according to the equation by
Monti and Baiker [19]. All the samples were treated in argon
flow at 575 K for 1 h prior the TPR experiment, which was car-
ried out from 323 to 1023 K. The reoxidation step was carried
out in He flow containing 20% O, at 873 K for 1 h. With the
samples (x)C/LZ-pl, TPR2 was followed by a second reoxida-
tion at 873 K for 1 h, before the third reduction run (TPR3) was
carried out with conditions of TPR1 and TPR2. The quantita-
tive analysis of the TPR results was carried out by the method
described elsewhere [12-14].

X-ray photoelectron spectra were recorded on a SAGE
100 spectrometer (SPECS) using a non-monochromatized
Mg Ko source operating at 20mA and 12.5kV. The spec-
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tra were referred to the Zr 3ds, peak of ZrO; at 182.2eV
for the ZrO, supported samples. For determining the bind-
ing energy and quantitative analysis, the peaks were fitted
with Gaussian-Lorentzian curves after Shirley background
subtraction. The obtained peak areas were divided by the
element-specific Scofield factor and the analyser-specific trans-
mission function to get the composition in the near-surface
region. The assignment of XPS peaks was carried out based on
the NIST X-ray Photoelectron Spectroscopy Database, Version
3.4 [20]. The intensity ratios of the Cr 2p3/2 and Zr 3ds;2 nom-
inated peaks, Ic;/Iz¢, were calculated and used for representing
the relative near-surface concentrations of Cr [21].

BET surface area of the catalysts has been determined after
calcination as well as after reduction by nitrogen adsorption
at 77 K, using a surface analyser ASAP 2000M, Micromeritics
and the content of chromium supported by the inductive cou-
pled plasma-optical emission spectrometry (ICP-OES) method,
using an Optima 3000 XL, PerkinElmer. The results are listed in
Table 1. The apparent surface density (ASD) of chromium, rep-
resenting the total number of Cr atoms per surface area units of
calcined as well as reduced samples, are summarized in Table 1
as well. The ASD values have been calculated according to the
formula proposed in Ref. [22]:

wN/(A x 100)
[(1 — wB)/(A x 100)]S x 108’

where w is the determined weight percent of the chromium
supported, A the atomic weight, B the molar mass of CrOx,
N Avogadro’s number, and S is the BET surface area of the sup-
port. According to De Rossi et al. [23], the ASD of chromium
represents the true Cr surface density only in the case of the
samples with low Cr loading, i.e. Cr loadings below the surface
saturation value. Nevertheless, because of its independence on
the surface area, the ASD value may be considered as a useful
parameter to express the Cr surface concentration of the catalyst
samples investigated in this paper.

ASD (Cr atoms/nm?) =

3. Results and discussion
3.1. TPR of C/LZ-imp

Fig. 1shows TPR1 (a) and TPR2 (b) profiles of the LZ support
and (x)C/LZ-imp (x=1.0, 2.0 and 4.0) catalysts. Quantitative
results of TPR1 and TPR2 on the LZ and C/LZ-imp, consisting
of Tmax values, amount of hydrogen consumed as well as changes
of the Cr oxidation state (n — m), calculated therefrom after the
equation [14]

Cr'" + [n—zm] Hy < Cr'" + (n —m)H™T,

are summarized in Table 2. For comparing purpose, the quanti-
tative TPR results obtained with CLZ catalysts [14] are listed in
Table 2 as well.

The TPR1 of the LZ support shows a wide hydrogen
consumption peak of low intensity at Tinax = 850 K. After reox-
idation by air at 823K for 1h, cf. Section 2, the TPR2 of
LZ exhibits almost the same hydrogen consumption peak, see

Hydrogen consumption (TCD signal)

1000 400 600 800 1000
Temperature, K

400 600 800

Fig. 1. TPR1 (a) and TPR2 (b) profiles of LZ support (1), (1.0)C/LZ-imp (2),
(2.0)C/LZ-imp (3) and (4.0)C/LZ-imp (4).

Table 2, indicating the reversibility of hydrogen consumption
on LZ during reduction—reoxidation treatments. This has been
observed elsewhere on zirconia-based materials [14,24,25] and
with high probability can be explained by the reversible transfor-
mation of a part of the Zr** and Zr3* species on zirconia surfaces
in oxidative and reductive atmospheres [26-28].

Like TPR of CLZ catalysts [14], the main hydrogen consump-
tion signals are recorded in TPR1 at Trmax1 = 642-667 K with
all the C/LZ-imp catalyst. This has been assigned elsewhere to
the hydrogen consumed for reducing high valent Cr**(n=5 or
6) species into Cr3* [13,14]. As in case of CLZ catalysts, this
Tmax1 value is slightly shifted to lower values with the increasing
chromium loading, in detail from 667 to 642 K. The TPR2 pro-
files of C/LZ-imp, concerning the Trmax position as well as the
intensity of hydrogen consumption signals, cf. Table 2, do not
significantly differ from the TPR1 ones. Although the hydrogen
consumption peaks in TPR2 seem to be slightly narrower than
the ones in TPR1 that may hint on the formation of a more uni-
form kind of Cr species after reoxidation, this similarity of TPR2
with TPR1 indicates a quantitatively reversibility of Cr species
in C/LZ-imp samples in reduction—reoxidation treatments. This
reversibility has been also observed in Refs. [12-14] and sug-
gested to be caused by redox properties of La—Cr mixed oxide
compounds, e.g. La,CrOg and/or LaCrO4. La—Cr compounds
may be formed after catalyst calcination and, in consequence of
esterification with surface hydroxyl groups, be anchored as real
surface species on zirconia as overlayer. The shifting Tmax to
lower values with increasing Cr content, cf. Fig. 1 and Table 2,
may be correlated with the decreasing strength of this anchor-
ing. As evidenced by Raman spectroscopy [12,13], after being
reduced during TPR1 to Cré*-containing species, these com-
pounds on the catalyst samples containing <4 wt.% Cr can be
restored again by reoxidation at 823 K.

Besides the main hydrogen consumption peak around 660 K,
the TPR1 as well as TPR2 profile of (1)C/LZ-imp catalyst
exhibits a wide hydrogen consumption peak of low intensity
at higher temperatures with Timax = 800 K. At first glance, this
seems to be caused by a partial reduction of the LZ support, see
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Table 1

Cr content (wt.%), BET surface area (m?/g) and Cr apparent surface density (Cratoms/nm?) of (x)Cr/LZ-imp and (x)Cr/LZ-pl samples

Catalysts BET as-prepared ASD as-prepared BET after reduction ASD after reduction
(m?/g) (Cratoms/nm?) (TPR2) (m2/g) (TPR2) (Cratoms/nm?)

(1.0)C/LZ-imp 92 13 78 15

(2.0)C/LZ-imp 97 24 94 25

(4.0)C/LZ-imp 88 5.2 84 55

(0.6)C/LZ-pl 92 0.8 73 0.9

(0.7)C/LZ-pl 92 0.9 65 13

(0.8)C/LZ-pl 87 11 53 1.8

(1.3)C/LZ-pl 85 1.9 72 2.2

(1.4)C/LZ-pl 80 21 78 2.3

(1.5)C/LZ-pl 80 2.2 72 25

(1.7)C/LZ-pl 79 2.6 79 2.6

(2.0)C/LZ-pl 85 2.8 70 43

(4.2)CLZ-pl 120 4.4 103 5.1

above. As supposed in Ref. [14], the shifting of this high temper-
ature TPR signal to lower temperature may perhaps be explained
by an activation of hydrogen by chromium oxide species, facil-
itating the hydrogen uptake of LZ support. With increasing Cr
content, however, unlike the CLZ catalyst, cf. [14], this second
hydrogen consumption signal totally disappears as in the case
of (2)C/LZ-imp, or appears only as shoulders as in the case of
(4)C/LZ-imp sample. The reason for this different behaviour is
not clear yet. It is supposedly related with the different ways of
support treatment.

In Fig. 2, the amounts of hydrogen consumption (mmol/g¢at)
measured during TPR1 and TPR2 are depicted versus the Cr
loading of catalysts. For comparison, the hydrogen consumption
theoretically expected for the total reduction of Cr®* or Cré*
to Cr3*, which would required for an oxidation state change
of (n—m)=2 or 3, respectively, are plotted in Fig. 2 as well.
Apparently, Fig. 2 actually evidences the redox reversibility of
Cr species supported on LZ by showing no significant differ-
ences between hydrogen amounts consumed during TPR1 and
TPR2. With the samples containing <2 wt.% Cr, the amounts of
hydrogen consumed during TPR1 and TPR2 correspond to the
ones expected for the total reduction of Cré* or Cr®* to Cr3*. The

—&— TPR1

—— TPR2

------------ Cr(VI)/Cr(1II)
e Cr(V)/Cr(111)

Hydrogen consumption, mmol/g
:

Cr content, %

Fig. 2. Amounts of hydrogen (mmol/gcat) consumed during TPR1 and TPR2
for reduction of Cr in (x)C/LZ-imp samples.

oxidation state changes listed in Table 2 are actually between 3.1
and 2.2. This indicates that the oxidation states of Cr, in calcined
as well as reoxidized samples, should be +5 and/or +6, which
is in line with the conclusions made elsewhere, e.g. in Refs.
[3,6,12,13]. With the sample contains 4.0 wt.% Cr, the amount
of hydrogen consumption strongly deviates from the expected
one. This deviation is more pronounced than the one observed
in Ref. [14] with CLZ catalysts, where the LZ support has not
been pre-calcined at 873 K, cf. Table 2.

As described, the TPR1 and TPR2 behaviours of C/LZ cat-
alysts are not basically different from the ones of CLZ and,
therefore, can be similarly interpreted [14]. High valent species
Crb*/Cr°* are believed to be anchored by esterification with sup-
port hydroxyl groups up to saturation coverage. Beyond this
saturation, i.e. beyond certain Cr content, which is determined
by the nature of the support, excess Cr are converted to bulky and
non-reoxidable Cr,O3 during calcination at high temperature
[3,4,13]. Therefore, the more pronounced deviation observed
on the C/LZ-imp samples, as shown in Fig. 2, can be caused
by the transformation of excess and non-anchored Cr*/Cr>* to
Cry03 that can not more be reoxidized before TPR1 and TPR2.
This also indicates that, in C/LZ-imp samples, Cr loading of
ca. 2wt.% reaches the support saturation coverage. The satu-
ration coverage of the CLZ catalysts was shown to be higher,
with Cr content of ca. 4 wt.% [14], which can correlated with
higher amounts of hydroxyl groups required for esterification
on non-precalcined support.

3.2. TPR of C/LZ-pl

Fig. 3 demonstrates TPR1 (a) and TPR2 (b) profiles of
some (x)C/LZ-pl (x=0.6, 1.4, 2.0 and 4.2) samples. Quantitative
results of TPR1 and TPR2 are summarized in Table 2 as well,
consisting of Trmax values, amount of hydrogen consumed and
changes of the Cr oxidation state (n — m) calculated therefrom
[14].

Like the calcined LZ, the PECVD treated LZ exhibits in
TPR1 as well as in TPR2 almost the same hydrogen consump-
tion peaks at ca. 850 K, cf. Fig. 1. This once more affirms that
the plasma treatments applied in Section 2 does not affect the
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Table 2

Quantitative TPR results: amounts of hydrogen consumed (mmol/gcat), Tmax and oxidation state change (n — m)?

Catalysts ~ Cr content (%) TPR1

Hydrogen consumption expected

(mmol/gcat)
Tmaxz (K) Cr(VI/Cr(1IT)_ Cr(V)/Cr(Il)

TPR2

Tmax1 (K) n—m Hydrogen consumption, HT peak

Tmax1 (K) n—m Hydrogen consumption, HT peak  Tmax2 (K) Hydrogen consumption, LT peak

Hydrogen consumption, LT peak

(mmol/gcat)

(mmol/gcat)

0.062

(mmol/gcat)

(mmol/gcat)

0.061

855
804

853
796

0.0

LZ-cal

0.192
0.385

0.289

31 0.074

669
663
646

0.303
0.419
0.585

31 0.064

660

0.296

C/LZ-imp 1.0

0.769

0.577
1.154

22
15

0.480
0.661

841

0.061

832

0.115
0.269
0.384
0.808

0.173
0.404
0.577

0.090

825/970
762

0.313

0.342

775/900
775/970

1.212

0.581
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0.192
0.769

0.289

810
795

0.235

815
795

@ Calculated from the intensity of the low temperature (LT) hydrogen consumption peak [14].

b Cr-free LZ support, calcined and treated in O,-plasma.

¢ Already reported in Ref. [14].

cLz®

1.154

0.975

(a) (b)

Hydrogen consumption (TCD signal)

b

T T T T
1000 400 600 1000

Temperature, K

T T
400 600 800 800

Fig. 3. TPR1 (a) and TPR2 (b) profiles of LZ pretreated by plasma (1),
(0.6)C/LZ-pl (2), (1.4)C/LZ-pl (3), (2.0)C/LZ-pl (4) and (4.2)C/LZ-pl (5).

surface properties of LZ [18]. In Fig. 3a, the TPR1 profile of all
the C/LZ-pl catalysts show weak hydrogen consumption signals
at ca. 770-800 K and higher but no signals around 650 K being
assigned to the reduction of Cr®* and/or Cr°* to Cr3*. After
reoxidation, cf. Section 2, however, these signals appear again
in the TPR2, cf. Fig. 3b, as well as in the TPR3 profiles, which
are not shown here. This restored signal is also shifted to lower
temperatures with increasing Cr indicating, as supposed, differ-
ent extend of anchoring. All this indicates that chromium ions
deposited by PECVD on LZ support should be predominantly
non-reducible, namely Cr3*. XPS experiments confirm this sug-
gestion by recording the Cr 2ps/2 peaks (not shown here) with
the binding energy of around 576 eV characterizing chromium
species of oxidation state (+3) as prevailing. With this finding,
the advantage of the PECVD method over the impregnation was
shown to consist in this case not only in preventing the use of
solvents, as mentioned in Section 1, but also in avoiding the
primary formation of poisonous Cr8* species.

As described above, the TPR1 profiles of C/LZ-pl samples
exhibit hydrogen consumption peaks at ca. 800 K. This may,
as known, be caused by hydrogen consumption on the support.
However, unlike Cr-free LZ (Figs. 1 and 3), C/LZ-imp (Fig. 1)
and CLZ samples [14], this signal disappears in TPR2, even
with low Cr loading. This complicates a clear and unequivocal
assignment of these peaks. Furthermore, the restored TPR2 sig-
nals show Trax at the positions that are slightly different from the
ones obtained for the C/LZ-imp or CLZ samples, cf. Table 2. The
reasons for this result are not clear yet. It is supposedly related
to different chemical forms of Cr species deposited by impreg-
nation and by PECVD. For identifying such species, further
investigations, e.g. by means of IR and/or Raman spectroscopy,
will be required.

Fig. 4 depicts the amount of hydrogen consumed for reduc-
tion of Cr during TPR1, TPR2 and TPR3 in dependence
on chromium loading. Apparently, hydrogen consumption is
actually extremely low during TPR1, but it is drastically
increased during TPR2 and the TPR3 hydrogen consumption
does not differ from those of TPR2, quantitatively affirming
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Fig. 4. Amount of hydrogen (mmol/gcat) consumed during TPR1, TPR2 and
TPR3 for reduction of Cr in (x)C/LZ-pl samples.

the reduction—-reoxidation reversibility of Cr species deposited
by PECVD on LZ support. Concerning this, they seem to be
similar with the ones deposited by impregnation. However, it
is worth noting that, unlike in the case of CLZ and C/LZ-imp
catalysts, the hydrogen consumption amounts as well as (n — m)
values obtained in TPR2 and TPR3 for C/LZ-pl, particularly
with the samples containing <2 wt.% Cr, cf. Table 2 and Fig. 4,
rather correspond to the reduction of Cr>* into Cr3*. It may
correlate with the differences of Cr precursors used in impregna-
tion and PECVD deposition. At higher Cr content, the hydrogen
consumption amounts also deviate from this, indicating, as dis-
cussed above, a formation of non-reoxidable Cr species, such as
a-Cry03.

3.3. XPS of C/LZ-imp and C/LZ-pl

As described above, Cr species deposited on LZ support by
impregnation as well as PECVD are more or less reversible
in reduction—oxidation treatments. Such a reversibility of sup-
ported Cr, as argued in Ref. [14], should be correlated with their
dispersed states, which can be estimated by the ratios of the Cr
2p3s2 and Zr 3d5s2 XPS peaks, Icy/Iz [20]. In Ref. [13], it has
been shown that depicting the Ic,/Iz; ratios versus the Cr appar-
ent surface density is useful for comparing the dispersion of Cr
species on supports with different surface areas. Therefore, for
comparing the dispersion of Cr species in C/LZ-pl with the one
of chromium in C/LZ-imp, the Ic /Iz; ratios obtained for as-
prepared as well as reduced (after TPR2) samples are depicted
in Fig. 5a and b, respectively, as function of chromium ASD, cf.
Table 1.

Apparently, Fig. 5a shows that the Ic/Iz ratios of the
as-prepared C/LZ-imp and C/LZ-pl samples increase lin-
early with increasing ASD between the values of 0.0 and
2.5-3.0 Cratoms/nm?, hinting on a uniform dispersion of Cr
species within the limited saturation coverage that can be
reached by Cr on zirconia-based supports [13,21,22]. With the
ASD values >3.0 Cratoms/nm?, the I¢,/Iz; ratios of the catalysts
prepared by impregnation decrease, indicating, in accordance
with the TPR results, an agglomeration of non-anchored Cr

into larger oxide cluster taking place during calcination. Unlike
this, with the as-prepared C/LZ-pl catalysts, the Ic/Iz; ratios are
shown to increase almost linearly with increasing ASD between
the values of 0.0 and 4.5 Cr atoms/nm?, indicating a uniform dis-
persion of Cr species in a larger ASD range. After reoxidation
followed by reduction (TPR2), cf. Fig. 5b, the Ic,/Iz ratios of
all the catalysts, prepared either by PECVD or by impregnation,
decrease and show linearity only in a narrower range of ASD
values between 0.0 and 2.5-3.0 Cratoms/nm?. This reveals the
well-known impacts of oxidative and/or reductive treatments at
high temperature causing additional agglomeration of Cr species
[21,22]. However, with the same values of ASD, the I /Iz; ratios
obtained for the reduced C/LZ-pl samples remain still higher
than the ones obtained for corresponding C/LZ-imp samples. It
is worth mentioning that the (n — m) values, cf. Table 2, obtained
after TPR2 of the C/LZ-pl samples, except for the (1.4)C/LZ-
pl, are almost independent of Cr loading. Moreover, although
the hydrogen consumption for TPR2 is less than for the C/LZ-
imp samples, the Cr dispersion is higher on the C/LZ-pl ones.
The reason for this is not clear yet. It is not excluded that a
portion of dispersed Cr3* produced by PECVD is not more reox-
idable. More detailed studies are required for clarifying this. It
should be kept in mind that these Cr-containing catalysts have
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on C/LZ-pl (M) and C/LZ-imp (O) samples.
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been prepared from different precursors, see Section 2, and this
may influence the dispersion of Cr. Nevertheless, the compar-
isons made in Fig. 5 give clear hints that the PECVD method
enables a deposition of Cr species on the LZ support with a
higher dispersion than the wet impregnation. Since the disper-
sion of Cr species usually decisively influences the activity of
Cr-containing catalysts, this may be an additional advantage of
the PECVD preparation over the impregnation method.

4. Conclusions
The following conclusions can be drawn:

e It is found that, unlike the wet impregnation, the prepara-
tion of chromia—lanthana-zirconia catalysts by the plasma
enhanced chemical vapour deposition method enables a depo-
sition of Cr3* species on zirconia-based supports. Therefore,
it can be concluded that, besides preventing the use of large
amounts of solvent, the advantages of the PECVD method
over impregnation also consist in avoiding the primary for-
mation of poisonous Cré* species.

e On lanthana-containing zirconia supports, the initial disper-
sion of Cr species deposited by the PECVD method is shown
to be more higher than the one of Cr deposited by impreg-
nation. The oxidative and/or reductive treatments at high
temperature decrease the dispersion of Cr. However, within
the certain Cr content, corresponding to ASD values of ca.
2.5 Cratoms/nm?, the Cr dispersion of the catalysts prepared
by the PECVD method remains higher than the Cr dispersion
of the catalysts prepared by wet impregnation.
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