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Abstract
In this study nanoscale clusters of Li/MgO oxidewith varying lithium contents are prepared via the sol–gel method. The preparation routine consists

of co-gelation of LiNO3 and Mg(OCH3)2 in methanol/water solution followed by drying at 50 8C under vacuum and calcination at 500 8C in air. The

structural and textural transformations that take place during oxide formation are studied with TGA–DSC–MS and FTIR spectroscopy. The obtained

materials are characterized by TEM, N2 physisorption and XRD. Presence of increasing amounts of lithium precursor causes extensive hydrolysis of

the alkoxide sol. Appreciable amounts of lithium ions can be incorporated in the magnesia gel even under the mild conditions during sol–gel

transformation. Non-incorporated lithium ions form a separate carbonate phase, which has a detrimental effect on the surface area due to enhanced

sintering. The Li/MgO oxide materials thus prepared possess high surface area (50–190 m2/g) depending on Li content. Small amounts of lithium ions,

when present as a dispersed phase, do not seem to influence the structural and textural characteristics of the magnesia gel and, in these cases, nanoscale

Li/MgO oxide clusters with high surface areas similar to pure MgO can be prepared. Sol–gel derived Li/MgO provides significantly higher olefin yields

in ODH of propane in comparison with conventional Li/MgO catalysts, especially at lower temperatures.

# 2006 Published by Elsevier B.V.
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1. Introduction

Oxides, in which defects act as catalytic sites, attract

considerable attention as catalysts in processes involving

oxidation reactions [1–3]. Oxidative dehydrogenation (ODH)

is an example. ODH is an exothermic reaction, converts alkanes

such as ethane or propane to olefins (ethylene, propylene) from

which a variety of polymers and chemicals are made. The process

has definite advantages over conventional dehydrogenation

basically due to the presence of oxygen which prevents coking

and overcomes thermodynamic equilibrium limitation [4].

Despite being an attractive possibility, the efforts focused

on the redox-type ODH catalyst systems gave low yields (e.g.,

<30% propene yield from propane) due to total combustion to

carbon oxides [5]. On the other hand non-redox1 catalysts, such
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as Li/MgO mixed oxides, are reported in literature as

promising catalytic systems for oxidative dehydrogenation

and cracking of LPG, C2–C4 range alkanes, due to their high

activity and selectivity towards olefins formation (>50%

yields) [6–8]. This study focuses on oxidative dehydrogena-

tion/cracking of propane; the term ODH is used though for

convenience.

Defect sites are reported to play a key role in Li/MgO

catalyst and [Li+O�] type defect sites are considered to be

responsible for the catalytic activity [9,10]. Li/MgO materials

prepared conventionally, e.g., by impregnation of MgO with

aqueous solution of Li salts followed by drying and

calcination, are generally characterized by low surface areas

[11]. It was shown that for MgO (90 m2/g), incorporation of

Li caused substantial loss of surface area of Li/MgO (2 m2/g)

after heat treatment at 650 8C [11]. This is mainly caused by:

(i) high temperature treatments necessary to build Li into the

MgO lattice to create active sites [12] and (ii) alkali

compounds facilitating sintering. As a result these catalysts

have low activity. Enhancement of the surface area and defect

site ([Li+O�]) concentration can help to improve activity of

the Li/MgO catalysts and operate at lower temperatures. In
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order to achieve this, preparation of small oxide clusters

in the nanometer range would be needed; spherical

nanoparticles of 3 nm contain 50% of atoms or ions in the

surface [13]. Such high surface area Li/MgO materials

could be appropriate for ODH reactions, in contrast to

oxidative coupling of methane, since the temperature of

operation is much lower (<600 8C) than for the latter

(>750 8C) [14,15].

Sol–gel method is suitable for preparing MgO oxides, as

extensively discussed by Klabunde and co-workers [16], and

homogeneous Li/MgO mixed oxides [17]. Typically MgO

oxides thus obtained possess high surface area. The mild

conditions during the formation of the hydroxide/oxide

networks in gel result in porous and well dispersed systems.

In the case of Li/MgO the doping is done by co-gelling a

lithium salt and the magnesia precursor [18]. In this study

attempts are made to prepare oxide clusters of Li/MgO via

the sol–gel method and to understand the structural and

textural transformations that take place during oxide

formation. Simultaneously we aim at achieving high

incorporation of Li in the MgO lattice under mild

temperatures. The catalytic performance of sol–gel

derived catalysts is compared with conventionally prepared

Li/MgO.

2. Experimental

2.1. Materials

Commercially available Mg(OCH3)2 solution (Aldrich,

8.7 wt.%, in methanol), methanol (Merck) and LiNO3

(Merck) were used. Water added to the solution was double

de-ionized.

2.2. Catalysts preparation

A solution of Mg(OCH3)2 in methanol (0.4 M) containing

LiNO3 (in appropriate amounts to obtain 0, 1, 3 and 5 wt.% Li

in MgO) was mixed with water in methanol (0.8 M) at room

temperature and allowed to stand for 24 h for gelation (wet

gels). After drying at 50 8C in vacuum for 7 h the dried gels

were calcined at 500 8C in air for 1 h.

2.3. Characterization of gel/oxide

The composition of the samples was determined by

chemical analysis (AAS). X-ray diffraction patterns were

recorded by a Philips PW1830 diffractometer using Cu Ka

radiation, l = 0.1544 nm. XRD patterns were measured in

reflection geometry in the 2u range between 208 and 508. N2

adsorption measurements were carried out using a Micro-

metrics Tristar instrument. The samples were out-gassed in

vacuum at 200 8C for 24 h prior to the analysis.

FTIR measurements were conducted using a Fourier

transform spectrometer, Nicolet 20 XSB. In all experiments

10 mg of dried gel or oxide was mixed with KBr (catalyst:

KBr ratio 1–4) and pressed into a disk. The disk was placed in
a cell, heated up to 100 8C and purged with air, before

recording IR spectra at the desired temperatures.

The thermal analysis of the gels was done using a Setaram

TGA–DSC 111, heating rate 5 8C/min in air. Gases evolved

during these measurements were analysed with mass spectro-

metry (QMS-Omnistar). Transmission electron microscopy

(Philips CM30) was used to determine the size and shape of the

particles.

2.4. Catalytic test

Sol–gel Li/MgO samples were calcined at 500 8C for 1 h,

pressed, crushed and sieved to 0.3–0.35 mm particles.

Catalytic tests were carried out in a fix-bed reactor (quartz

tube, internal diameter 4 mm) in the range of temperature

between 500 and 650 8C. The catalyst bed (50 mg) was

packed between two quartz–wool plugs. Before each catalytic

test the catalysts had been pretreated in O2/He flow (30 ml/

min, 1 h) at temperature 50 8C higher than the reaction

temperature. The feed consisted of 10% propane, 10%

oxygen, 2% carbon dioxide and balance helium. Carbon

dioxide has been added to the feed in order to achieve a

constant CO2 concentration over the whole catalyst bed, as

CO2 has an inhibiting effect upon the reaction. The total flow

rate was 100 ml/min. A Varian 3800 GC was used to analyse

all the gases.

Impregnated Li/MgO catalysts have been tested under the

same conditions.

3. Results

3.1. Characterization of the gels

3.1.1. Magnesia gel

Fig. 1a shows the result of TGA in air for a sample of

magnesia gel (Mg-gel) obtained from hydrolysis of

Mg(OCH3)2. The small weight loss of 3% observed below

100 8C is associated to residual methanol and water still present

in the dried gel. This was typical for TGA profiles of all the gels

recorded and will not be discussed further. The experimental

weight loss of 34%, between 300 and 350 8C, corresponds to

the decomposition of Mg-gel. Fig. 1b shows the analysis of

gases evolved during the above TGA experiment as followed by

mass spectrometry. Evolution of CO2 in the temperature range

corresponding to the weight loss in TGA indicates combustion

of the organic species. Fig. 1c shows the DSC signal in air

recorded during the gel decomposition. Two exothermic

transitions are observed in the temperature ranges 200–250

and 300–350 8C, respectively. For the first peak there is no

corresponding weight loss in TGA (see Fig. 1a) and it should

represent an isomorphic transformation. The second exother-

mic peak at 350 8C corresponds to the combustion of the

alkoxide gel.

Fig. 2 shows infrared spectra of gels treated at different

temperatures. Fig. 2a represents the spectrum obtained from the

Mg-gel at 100 8C. In this case, peaks characteristic for –OH

stretching (3600–3700 cm�1) and –CH3 stretching (2700–
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Fig. 1. Thermogravimetric analysis of magnesium gel (a); analysis of gases

produced followed by mass spectrometer (b); differential scanning calorimetry

data during the TGA experiments. Flow air 30 ml/min, temperature ramp

5 8C/min.

Fig. 3. Thermogravimetric analysis of 1 wt.% Li–Mg-gel (a); analysis of gases

produced followed by mass spectrometer (b); and differential scanning calori-

metry during the TGA experiment (c). Flow air 30 ml/min, temperature ramp

5 8C/min.
2900 cm�1, methoxy groups) as well as a broad band between

3600 and 3400 cm�1 due to hydrogen bond formation are

detected. As expected from the TGA/DSC data above, the

methoxy groups should decompose below 350 8C and thus

were not observed in FTIR spectrum of the sample calcined at

500 8C (Fig. 2b).
Fig. 2. IR spectra of Mg-gel heated to 100 8C in air (a), Mg-gel heated to

500 8C (b) and 5 wt.% Li–Mg-gel heated to 100 8C (c).
3.1.2. Li containing magnesia gel

Figs. 3 and 4 show the details of thermal analyses of two Li

containing magnesia gels (Li–Mg-gel), i.e., 1 and 5 wt.% Li,

respectively. The TGA profile for 1 wt.% Li–Mg-gel was

similar to that obtained for Mg-gel; the weight loss

corresponded to 33% (Fig. 3a) and occurred in a single step
Fig. 4. Thermogravimetric analysis of 5 wt.% Li–Mg-gel (a); analysis of gases

produced followed by mass spectrometer (b); differential scanning calorimetry

during the TGA experiment (c). Flow air 30 ml/min, temperature ramp 5 8C/

min.
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Fig. 5. FTIR of dried gels: Mg-gel (a) and 5 wt.% Li–Mg-gel (b). Spectra have

been taken at T = 100 8C. The signal at 1100 cm�1 is related to the bending of

Mg–O–Mg bond.
between 300 and 350 8C. In the case of 5 wt.% Li–Mg-gel

(Fig. 4a) two regions of weight losses were recorded: the first

weight loss (27%) was observed around 300 8C and the second

(24%) at 650 8C. Figs. 3b and 4b show MS analyses of evolved

gases for 1 and 5 wt.% Li–Mg-gel during the TG experiments.

The CO2 signal corresponding to the gel combustion was

observed in both cases (300–350 8C). However, it has to be

noted that both the temperature of CO2 evolution and the peak

shape are different in the case of 5 wt.% Li–Mg-gel, indicating

that the nature of gel was different.

Additionally, two NO peaks around 350 and 650 8C
(originating from decomposition of nitrate species present in

gel) were observed with MS. The NO peak at 350 8C is typical for

Mg(NO3)2 decomposition [19]. Since the starting precursors for

Li–Mg-gel were Mg(OCH3)2 and LiNO3, some magnesium

nitrate is apparently formed during gelation. Decomposition of

bulk LiNO3 was found around 650 8C and, hence, the second NO

peak observed is assigned to decomposition of unreacted LiNO3

present in the gel. For the 5 wt.% Li–Mg-gel, the intensity of the

NO peak at 650 8C is much higher. The corresponding TGA

weight loss at 650 8C (24%, Fig. 4a,) indicates that about 60% of

Li added was present as free LiNO3 in the gel.
Table 1

BET surface areas for samples obtained using the sol–gel method, after

calcination at 500 8C for 1 h

Samples BET (m2/g)

MgO 250

1 wt.% Li/MgO 190

3 wt.% Li/MgO 70

5 wt.% Li/MgO 50
Figs. 3c and 4c show the DSC in air for the two lithium

containing magnesia gels. In both Li containing gels, the

isomorphic transition, observed for pure magnesia gel

T < 250 8C, was absent. For the 1 wt.% Li–Mg-gel, one

exothermic peak (320 8C) corresponding to gel combustion

was recorded (Fig. 3c). In contrast, for the 5 wt.% Li–Mg-gel

two endothermic peaks were seen between 250–320 and at

630 8C (Fig. 4c). The first DSC signal between 250 and 320 8C
is typical for bulk Mg(NO3)2 decomposition. These two

endothermic transitions therefore correspond to decomposition

of Mg and Li nitrates, respectively.

For the 5 wt.% Li–Mg-gel sample, the exothermic peak

corresponding to alkoxide gel combustion (Fig. 1c) was not

observable for two reasons: (i) the endothermic Mg(NO3)2

decomposition occurs in the same temperature range and

overlaps with the exothermic signal and (ii) the alkoxide

content of the gel was low. In agreement, the infrared spectra of

the 5 wt.% Li–Mg-gel (Fig. 2c) showed much less intense –

CH3 stretching vibration. This also implies that the extent of

hydrolysis in this sample is much higher.

Fig. 5 shows the IR spectra of the gels in the range 850–

1250 cm�1, i.e., the region typical for Mg–O–Mg bending

vibrations [17]. The band at 1100 cm�1 is related to the

presence of Mg–O–Mg bonds. The signal decreases when

lithium is present in the Mg–gel (see Fig. 5b).

3.2. Characterization of oxide materials (Li/MgO)

Table 1 hows the BET surface areas of oxide powders

obtained after calcination of the gels at 500 8C. Two important

conclusions could be drawn: (i) high surface area materials

could be made by the sol–gel method and (ii) even in the

presence of Li, for sol–gel Li/MgO oxide samples, high surface

area (190 m2/g) could be maintained in comparison to materials

prepared conventionally (<10 m2/g). However, at higher

lithium concentration (5 wt.%) the resulting surface area is

less spectacular.

XRD patterns of the oxide samples are shown in Fig. 6. The

peaks corresponding to MgO phase became narrower for

samples with higher lithium loading. From the X-ray line

broadening analysis (XLBA) we estimated particle size of 5 nm

in the case of MgO and this increased up to 10 nm for

5 wt.% Li/MgO sample. In the case of samples containing

higher amounts of lithium, peaks of Li2CO3 could also be

observed. No other phases of Li, including LiNO3, were

detected by XRD.

Semi-quantitative experiments were carried out with X-ray

powder diffraction in order to estimate the amount of lithium

present as a separate phase (Li2CO3) and thus to evaluate the

amount of lithium incorporated into the lattice of MgO (solid

solution). In Fig. 7, the relative intensity of the strongest line

[0 0 2] of Li2CO3 and [2 0 0] of MgO is plotted for mechanical

mixtures of Li2CO3–MgO2 and for sol–gel Li/MgO samples.
2 XRD detection limit for bulk Li2CO3 in mechanical mixture with MgO is

below 0.1 wt.% Li.
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Fig. 6. XRD pattern for pure MgO (a), 1 wt.% Li/MgO (b) and 5 wt.% Li/MgO

(c).

Fig. 8. (a) Surface areas of MgO and Li/MgO samples obtained by sol–gel

method after calcination at different temperature; (b) surface area of 1 wt.% Li/

MgO obtained by sol–gel method and by conventional impregnation of high

surface area MgO after calcinations at different temperature.
The differences between the data for mechanical mixtures and

for the synthesized sol–gel samples with the same composition

correspond to the amounts of lithium incorporated into MgO

lattice. Based on these observations we can estimate the amount

of Li incorporated into MgO lattice – 40% for 1 wt.% Li, 25%

for 3 wt.% and 16% for 5 wt.% Li in MgO. This means that

solid solution in sol–gel Li/MgO samples is already formed

under mild conditions, i.e., by co-gelling Mg(OCH3)2 and

LiNO3 and calcination at 500 8C.

Fig. 8a shows the influence of calcinations temperature on

the surface areas. For the 1 wt.% Li/MgO sample, high surface

area could be maintained even after the thermal treatment at

700 8C. Pore size distribution for 1 and 5 wt.% Li/MgO

samples does not change even after treatment at 700 8C. TEM

data (not presented here) show only a slight increase in the

particle size in line with BET results. For the sample with

5 wt.% Li, thermal treatment had a drastic influence on the

surface area; this may be due to the fact that the sample

contained a considerable amount of free Li2CO3. In order to
Fig. 7. Ratio between peak area of Li2CO3 and MgO in standard mechanical

mixtures (&) and for Li/MgO samples obtained by sol–gel method (*).
check this, samples of 1 wt.% Li prepared by sol–gel method

and wet impregnation of MgO (Li present as LiNO3) were

subjected to similar thermal treatments. MgO used for

impregnating LiNO3 was the same high surface material

prepared with the sol–gel route. It can be seen from Fig. 8b

that indeed: (i) Li when present as a free phase before

calcinations affects surface area drastically with increase in

temperature and (ii) this influence is minimized when most of

Li is built into the MgO lattice, i.e., in the case of sol–gel

method samples.

3.3. Textural properties of gel and oxide samples

N2 sorption isotherms were recorded for the dried gels and

oxides to study the influence of lithium incorporation on the

textural properties of the gel and oxide phases. For Mg-gel and

1 wt.% Li–Mg-gel (Fig. 9) the isotherms are similar and typical

for particles possessing mesoporosity (average pore size

3.5 nm, surface area 300 m2/g). For the 5 wt.% Li–Mg-gel,

the surface area was lower (25 m2/g) and average pore size was

much higher (20 nm). The results indicate that the texture of

Mg-gel can be retained in the presence of small amounts of Li.

At higher Li concentrations the texture is already changed at the

gel stage.
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Fig. 9. Nitrogen adsorption isotherms of Mg-gel (a), 1 wt.% Li–Mg-gel (b) and

5 wt.% Li–Mg-gel (c).
Fig. 10. Nitrogen adsorption isotherms MgO (a), 1 wt.% Li/MgO (b) and

5 wt.% Li/MgO (c) after calcinations at 500 8C.
Fig. 10 shows nitrogen adsorption isotherms for samples

calcined at 500 8C. In the case of MgO and 1 wt.% Li/MgO, the

hysteresis loop is typical for agglomerates of spherical

particles, Type H1 [20]. For the 5 wt.% Li/MgO sample,

hysteresis loop was typical for pore structure made by

aggregates of platelets, Type H3 [20]. This sample showed

an appreciable loss in surface area as described earlier.

TEM photographs for MgO and 5 wt.% Li/MgO are

presented in Scheme 1a and b, respectively. It can be seen

from the photographs that lithium influences the shape of the

oxide aggregates. For MgO a spherical particle shape was
Scheme 1. Different chain length and arrangement at the gel stage: Mg-ge
observed. About 5 wt.% Li/MgO showed typical cubic particle

shape. Cubic particles are usually observed for sintered,

crystalline MgO [21].

3.4. Catalytic properties

Catalytic performance in oxidative dehydrogenation of

propane in the range of temperature between 500 and 650 8C is

compared for 1 wt.% Li/MgO catalysts prepared by sol–gel and

conventional wet impregnation (Fig. 11a and b). In the reported

experiments propane conversion is below 13% (using high
l (a), 5 wt.% Li–Mg-gel (b) and resulting oxide material, respectively.
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Fig. 11. Oxidative dehydrogenation of propane. Conversion (a) and selectivity

to olefins (b) over 1 wt.% Li/MgO catalyst obtained by sol–gel method (SG,

square symbols) and conventional impregnation (IMP, round symbols) as

function of temperature. Conditions: 10% propane, 10% oxygen, 2% CO2

and 78% He; GHSV = 120,000 h�1.

Scheme 2. Examples of interconnected gel molecules of Mg(OH)(OCH3)

through hydrogen bonding (1) or oxygen–magnesium bonding (2 and 3)

[18–20].
space velocity) in order to avoid heat and mass transfer

limitation. The sol–gel catalyst gave appreciable higher

propane conversion especially at 600 8C. Olefins selectivity

in the explored range of temperature is also higher for sol–gel

Li/MgO than for conventionally prepared catalyst. Remarkably,

at 500 8C sol–gel Li/MgO catalyst presents olefins selectivity

(propene and ethene) around 60% while the conventional Li/

MgO catalysts show 100% selectivity to complete oxidation

(CO2). Selectivity to olefins increases with temperature in both

cases, but sol–gel Li/MgO is always more selective. Moreover,

in the case of sol–gel catalyst the main olefin specie formed is

propene. Ratio C3=/C2= is always above 1 varying from 4.5 to

1.2 when increasing temperature from 500 to 650 8C. In the

case of catalysts prepared by wet impregnation the ratio C3=/

C2= is always close to 1. Therefore, the data clearly illustrate the

advantage of sol–gel Li/MgO catalysts in propane ODH

compared with conventionally prepared catalyst. Detailed
testing of the sol–gel Li/MgO catalysts, varying the experi-

mental conditions, Li loading and feed composition are in

progress and will be discussed in a subsequent paper.

4. Discussion

4.1. MgO

The sol–gel process involves two main reactions, i.e.,

hydrolysis and condensation [22]. In the case of Mg-gel

obtained from Mg(OCH3)2 these reactions are

MgðOCH3Þ2þ xH2O ! MgðOHÞxðOCH3Þ2�xþ xCH3OH

(i)

�Mg�ðOCH3Þ þ OH�Mg� ! �Mg�O�Mg� þ CH3OH

(ii)

�Mg�OH þ OH�Mg� ! �Mg�O�Mg� þ H2O (iii)

Gel formation can be attributed to presence of: (i) chains of –

Mg–O–Mg– bonds (chemical gel) and their internal interaction

(Scheme 1) and/or (ii) smaller molecules of Mg(OH)(OCH3)

which interact with each other by hydrogen bonding and/or

electrostatic interaction (physical gel) as described in literature

(Scheme 2) [16,23]. Our results from thermal analysis and IR

spectroscopy indicate partial hydrolysis of the Mg-alkoxide

during gel formation.

In the case of partial hydrolysis (e.g., 50% or x = 1 in Eq. (i),

i.e., formation of Mg(OCH3)(OH)) or complete hydrolysis

(100% or x = 2 in Eq (i), i.e., formation of Mg(OH)2), one

would expect for gel-oxide transformation under thermal

treatment weight loss of 44 or 31%, respectively. The

experimental weight loss during Mg-gel decomposition to

MgO is 34%. From this we can calculate the molecular

composition of the Mg-gel to be Mg(OCH3)0.15(OH)1.85

suggesting about 92% hydrolysis. However, other reactions,

such as condensation and dehydration (Eqs. (ii) and (iii)) also

occur. These reactions cause rejection of methoxy groups (as

methanol) or hydroxyls (as water) resulting in oligomers

containing –Mg–O–Mg– type species. Observation of the band

at 1100 cm�1 in IR spectra (Fig. 5), assigned to the bending

vibration of Mg–O–Mg bond [17], suggests that both

condensation and dehydration occur at the gel stage. The

extent of this will determine the amount of –(OH) and –(OCH3)

groups retained in the gel. Three observations indeed confirm
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significant presence of hydroxyl and methoxy groups at gel

stage: (i) FTIR experiments show presence of strong methoxy

bands in the gel (at 2800 cm�1, Fig. 2), (ii) strong exothermic

decomposition of the gel in air and (iii) the large amounts of

CO2 formed during gel combustion (Figs. 3 and 4). Thus,

hydrolysis occurs to a much smaller extent than estimated

above (92%).

4.2. Li–Mg-gel

The presence of Li ions in the sol–gel system influences

the extent of hydrolysis/condensation quite drastically. This

can be concluded from the following observations: (i) lower

intensity of –CH3 stretching in the IR spectra (Fig. 2c as

compared to a), (ii) lower weight loss during calcination for

5 wt.% Li–Mg gel (24%) versus Mg-gel (34%) and (iii) lower

amounts of CO2 formed during combustion. These observa-

tions suggest that Li ions definitely enhance hydrolysis. Thus,

the presence of Li ions changes the composition of the gel.

Difference in the gel structure is also confirmed by N2

adsorption isotherms shown in Fig. 9, demonstrating that Mg-

gel is typically mesoporous whereas 5 wt.% Li–Mg-gel

contains macropores.

Thus, addition of lithium precursor seems to generate a

different ordering in the gel, as also supported by the fact that

the isomorphic transition observed at 210 8C for the Mg-gel is

absent in the case of Li–Mg-gels. Reller and co-workers [24]

qualitatively, attributed this transition for magnesia gel to either

(i) a re-crystallization or (ii) formation of a new phase by

intermediate species containing bridging of OH groups as

shown in Scheme 2, case 1. The exact nature of these structures

are neither relevant to this study nor taken up for further

discussion, but the fact that such a transition is absent when Li

ions are present in the gel confirms that the ordering in the

presence of Li ions is different.

It is thus likely that lithium ions are incorporated already in

magnesia at Li–Mg-gel stage. The incorporated lithium can be

directly bound in magnesium gel structure and located as a

terminating entity (–Mg–O–Li). A consequence of this is that

the presence of lithium as a terminating entity will prevent

further condensation and chain growth as shown in Scheme 3.

Moreover, chain termination by Li as –Mg–O–Li instead of –

Mg–OH or –Mg–OCH3 decreases the presence of hydroxyl or

methoxy groups as observed in Fig. 2.
Scheme 3. Role of lithium, terminating chain at the gel stage during con-

densation reaction and chain growth.
4.3. Li/MgO oxide

Samples containing 1 wt.% Li/MgO obtained by sol–gel

route posses low amount of free Li (about 0.6 wt.% Li) and

maintain high surface area even after treatment at higher

temperatures (190 m2/g, see Fig. 8a). This indicates that small

amounts of Li, even when present as free phase of Li2CO3, are

not detrimental for making high surface area Li/MgO catalysts.

The sol–gel method applied to Li/MgO materials synthesis

achieves two objectives simultaneously: (i) allows incorpora-

tion of Li in the magnesia under milder conditions during

gelation and (ii) minimizes sintering during thermal treatments.

The approach is less successful in the case of the 5 wt.% Li

containing sample. In this sample free Li carbonate phase

(about 4.2 wt.% Li) is present and, as expected, the oxide

formed on calcinations at 500 8C has a relatively low surface

area (50 m2/g). The effect of Li assisted sintering is also seen

from the nitrogen sorption curves: MgO and 1 wt.% Li/MgO

show typical mesoporosity and high surface area whereas, the

hysteresis loop for 5 wt.% Li/MgO material indicates more

macro-porosity.

Calcination of Mg-gel gives rise to presence of spherical like

particles as observed by TEM. Extensive condensation and

chain growth at the gel stage in the absence Li may lead to more

random agglomerates and spherical type structures. On the

contrary, short chains, formed in the presence of Li, tend to

form a more ordered gel structure giving rise to cubic Li/MgO

particles after calcination. A qualitative representation is shown

below in Scheme 1. However, in this case due to the presence of

Li, we cannot rule out that enhanced sintering is responsible for

the observed changes in the particle shape [25].

Preparation of Li/MgO catalysts by conventional method

(impregnation of bulk MgO with Li salts) leads to the formation

of mixture of phases of Li2CO3 and MgO [26]. This is because

Li2O formed on calcinations easily sorbs CO2 from atmosphere

and forms Li2CO3. Only a high temperature treatment allows

the incorporation of lithium (Li2CO3 melts/decomposes around

750 8C) because it makes possible for Li+ ions to diffuse into

the MgO lattice replacing Mg2+ ions. The disadvantage of this

is that this mobility of the Li species and high T facilitate

sintering of MgO and subsequent loss of surface area. This is

also seen clearly from Fig. 8b. The high surface area MgO

(250 m2/g) is drastically reduced on impregnation with LiNO3

and subsequent calcinations at 600 and 700 8C (1 wt.% Li/

MgO, respectively, 25 and 10 m2/g).

Both catalytic activity and selectivity in ODH of propane of

the sol–gel catalyst are superior in comparison with Li/MgO

prepared by conventional impregnation. This is probably the

result of two effects: (i) the sol–gel derived catalyst has a

significant higher surface area (130 m2/g versus 25 m2/g) and

(ii) the sol–gel derived catalyst contains a higher amount of Li

incorporated in the MgO matrix. Both effects contribute to an

increase in the number of active sites, i.e., [Li+O�]. A third

effect may contribute as well: the number of low-coordination

sites is increasing when decreasing the size of the primary

particles, and when lithium is incorporated and this could well

influence the generation and/or properties of [Li+O�] sites on
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the surface. In future work we will study this effect with IR

spectroscopy of CO adsorbed at low temperatures. The

observed effect on activity is not very surprising. However,

the effect on selectivity is not obvious at all taking into account

the complex mechanism of catalytic ODH process, which

includes radical generation at the active site in combination

with radical chain reactions in gas-phase as well as quenching

reactions on the catalyst surface [11].

The catalysts obtained have sufficient thermal stability for

application in oxidative dehydrogenation and cracking as the

operation temperature is typically below 650 8C, in contrast to

the classical application of Li/MgO catalysts for the oxidative

coupling of methane at much higher temperatures (750–

800 8C).

5. Conclusions

High surface area nanoscale Li/MgO oxide clusters can be

synthesized by sol–gel method, co-gelling Mg(OCH3)2 and

LiNO3 in methanol/water solution followed by drying at 50 8C
under vacuum and calcination at 500 8C in air. Lithium ions

are incorporated in the magnesia structure already at the gel

stage, probably enhancing formation of [Li+O�] type active

sites at relatively low temperatures. Moreover, the enhanced

lithium incorporation can result also in an increased number of

low coordinated sites. At this stage we cannot rule out any

influence of low coordinated sites on the catalytic activity.

When the Li loading is low (1 wt.%), the structural and

textural characteristics of the magnesia gel and eventually

magnesium oxide are not significantly affected; the resulting

Li/MgO retains high surface area and mesoporosity. At higher

Li loading, the characteristics of the gel are changed: the gel is

more ordered.

The sol–gel procedure allows significant incorporation of Li

ions at temperatures below 650 8C, i.e., temperature at which Li

ions are not incorporated at all in impregnated Li/MgO

catalysts. Consequently, less Li2CO3 is present in sol–gel

derived catalysts during calcination. This effect is responsible

for both high surface area obtained after calcination as well as

for enhanced thermal stability of Li/MgO. Sol–gel derived Li/

MgO provides significantly higher olefin yields in ODH of

propane in comparison with conventional Li/MgO catalysts.

Olefins dominate even at 500 8C when catalysts by wet

impregnation produce only CO2.

Sol–gel derived Li/MgO is a very promising catalyst for the

oxidative dehydrogenation of propane to olefins.
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