
J Sol-Gel Sci Technol (2017) 82:611–619
DOI 10.1007/s10971-017-4321-3

ORIGINAL PAPER: SOL-GEL, HYBRIDS AND SOLUTION CHEMISTRIES

Sol–gel synthesis and characterization of two-component systems
based on MgO

Aleksey A. Vedyagin 1,2
● Ilya V. Mishakov1,2 ● Timofey M. Karnaukhov1,3 ●

Elena F. Krivoshapkina4,5 ● Ekaterina V. Ilyina1 ● Tatyana A. Maksimova1 ●

Svetlana V. Cherepanova1 ● Pavel V. Krivoshapkin4,5

Received: 19 August 2016 / Accepted: 24 January 2017 / Published online: 10 February 2017
© Springer Science+Business Media New York 2017

Abstract A series of two-component MOx–MgO systems,
where M is Cu, Ni, Co, Fe, Mo or W, was synthesized by
sol–gel technique. Aqueous solution of inorganic salt-
precursor was used as a hydrolyzing agent. Initial xerogels
and final oxides were characterized using X-ray diffraction
analysis, scanning electron microscopy and low-
temperature nitrogen adsorption. Decomposition of xer-
ogels was studied by differential thermal analysis.
According to X-ray diffraction analysis, all xerogel samples
are characterized with turbostratic structures regardless of
nature of the second component. At the same time, presence
of inorganic salt in magnesium hydroxide matrix shifts the
temperature of decomposition of latter towards lower
values. Structural and textural characteristics of MgO-based
oxide systems were found to be strongly affected by the
additive. Formation of joint phase was observed in the case
of cobalt oxide. In most cases, additives turned out to be
even distributed in the bulk of MgO, except for WO3. This

oxide formed large agglomerates because of low solubility
of precursor.
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1 Introduction

Nowadays nanostructured oxide materials attract much
attention due to its unique properties, which opens new
horizons and widens areas of its application [1, 2]. Such
nano-oxides are known to be efficiently used as antibacterial
agents, adsorbents, catalysts, and destructive sorbents of
toxic chemicals [3]. Among this class of materials, MgO
being characterized by an abundance of low-coordinated
surface sites occupies a special place [4]. Recently we have
shown that both catalytic activity and reactivity of pristine
magnesium oxide can be significantly improved by doping
with other oxides (VOx, CoO, etc.) [5–7]. From the other
hand, MgO by itself is known to affect the properties of
second component. Thus, reducibility of metal oxides can be
noticeably changed by strong interaction with MgO lattice
[8]. It allows one to consider MgO-based multi-component
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systems as a hydrogen acceptor with controllable hydrogen
uptake within desired temperature region.

In order to obtain multi-component oxide systems, the
methods of deposition including impregnation are usually
used as the simplest and fastest ones [9–15]. Incipient
wetness impregnation provides accurate loading of depos-
iting component while its distribution in a bulk of the
support is not uniform. It stipulates the tendency to sintering
of these systems especially in locations enriched with sec-
ond component. Impregnation with excess solution, in its
turn, allows one to distribute the additive in the support
evenly. Disadvantageously, it requires large volume of
impregnating solution, thus increasing the losses of second
component. Relatively low dispersity of supporting com-
ponent is another disadvantage attributed to the most
deposition methods.

The alternative methods to prepare multi-component
oxide systems include thermal or thermo–chemical
approaches where high-temperature sintering and alloying
procedures play a key role [16–19]. At the same time, high
temperatures are known to facilitate solid state interactions
followed by formation of joint phase products. However,
appearance of joint phases as usual worsens the reducibility
of oxides. It is obvious also, that high temperature synthesis
results in a product with high degree of agglomeration and
low surface area which whittles away the nanostructural
effects.

Another class of preparation methods, co-precipitation,
deals with versatile and relatively simple synthetic routes
[19–30]. Both chemical and phase composition can be
easily varied using this approach. Nevertheless, such
aggressive reagents as strong acids and bases are implied to
be used in preparation procedures. Additionally, the process
of preparation involves formation of harmful wastes in a
large amount. Intensive interaction between components
which can take place starting from the stage of solution
preparation and results in appearance of joint phases should
be mentioned as well.

Contrary to the approaches described above, sol–gel
technology is considered as the most attractive way to
prepare multi-component oxide system with desired prop-
erties and satisfying the requirements. Wide controllability
of the sol–gel process provides obtaining of oxide compo-
sites with preferred chemical composition, textural and
structural properties. Being consisted of nanosized particles,
these materials, as usual, are characterized by developed
surface area and large values of pore volume. From the
other hand, sol–gel method is believed to simplify the
technological realization of materials preparation process,
since most of the stages can be carried out in one reactor.
Shaping of the final products into powders, fibers, thin
films, granules and monoliths is regarded as an ease task in
the most cases.

A variety of sol–gel approaches for synthesis of multi-
component oxide systems based on MgO is described in
literature. Thus, in [9] sol–gel method was used to obtain
precursor of second component which was deposited on
crystalline magnesium oxide resulting in formation of
NiO–MgO system. Sharma et al. [20] reported about
sol–gel preparation of MgO followed by slurrying in
diphenyl ether with subsequent deposition on cobalt oxide.
In reference [31], organic precursor of second component
(iron ethylate) was synthesized and then hydrolyzed
simultaneously with magnesium methoxide. In our recent
works [6, 32] we have used similar approach when organic
precursor of additive was added to freshly prepared mag-
nesium hydroxide gel (in accordance with [33]), and then
two-component system was turned into oxide by drying and
calcination.

All examples mentioned above can be unified by using
organic precursors of components of target oxide systems.
However, if obtaining such precursors for magnesium and
some other metals does not appear to be a problem, then for
the most metals it does. In addition, inorganic salts, which
are known to be more available precursors, are poorly dis-
solve in different organic solvents. As a consequence, it
requires development of more complicated, as a rule mul-
tistage and exotic methods of preparation of organic com-
pounds containing one or other metal. Besides the
additional technological difficulties, complication of syn-
thetic schemes leads to increased residual content of carbon-
containing substances in the final oxide product.

In present work, we have applied sol–gel approach to
synthesize two-component systems based on MgO. An
aqueous solution of inorganic precursors was used instead
of distilled water in order to hydrolyze magnesium meth-
oxide. Obtained xerogels and oxides were studied by a set
of physicochemical methods that include X-ray diffraction
(XRD) analysis, scanning electron microscopy and low-
temperature nitrogen adsorption.

2 Experimental

2.1 Preparation of the samples

Pristine MgO was prepared by sol–gel method according to
scheme presented in Fig. 1. A sample of magnesium metal
ribbon (Aldrich, USA, 99.9 %, 0.15 mm) was cut onto small
pieces and blended with dry methanol. Then, toluene was
added as a gel stabilizer. Methanol to toluene volume ratio
was 1:1. The obtained magnesium methoxide was hydro-
lyzed dropwise by distilled water at room temperature
during 1 h. As a result, fairly stable Mg(OH)2 gel was
formed. The gel was dried at room temperature during 2 h,
and at 200 °C during another 2 h. In order to obtain MgO,
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xerogel was calcined stepwise as follows: heating up from
room temperature to 300 °C with ramping rate of 5 °C/min,
heating up to 400 °C with ramping rate of 1 °C/min, and,
finally, heating up to 500 °C with ramping rate of 5 °C/min.

MOx-MgO systems (where M is Cu, Ni, Co, Fe, Mo or
W) were prepared analogously (Fig. 1). Aqueous solution of
corresponding inorganic salts was used as a hydrolyzing
agent instead of distilled water. Inorganic precursors used in
this research and chemical composition of final composites
are listed in Table 1. The concentration of second compo-
nent in all cases was 15 wt.% in regard to corresponding
oxide.

2.2 Characterization of the samples

In order to select the temperature profile for calcination
procedure, the xerogel samples were investigated by dif-
ferential thermal analysis (DTA). DTA curves were recor-
ded on a Netzsch STA 409 PC/PG device in the temperature

range of 25–700 °C. The heating rate of the samples was 5 °
C/min.

The specific surface areas (SSA) of the synthesized
samples were measured using low-temperature nitrogen
adsorption. The pore size distributions were determined
from the nitrogen adsorption isotherms at 77 K using

Fig. 1 Scheme of MgO and
MOx-MgO synthesis

Table 1 Inorganic precursors used in this work and chemical
composition of resulting two-component oxide systems

# Sample Inorganic precursor Chemical composition of
oxide systems

1 W–Mg–O (NH4)10(W12O41)·5H2O WO3–MgO

2 Fe–Mg–O Fe(NO3)3∙6H2O Fe2O3–MgO

3 Mo–Mg–O (NH4)6Mo7O24∙4H2O MoO3–MgO

4 Co–Mg–O Co(NO3)2∙6H2O Co3O4–MgO

5 Ni–Mg–O Ni(NO3)2∙6H2O NiO–MgO

6 Cu–Mg–O Cu(NO3)2∙3H2O CuO–MgO
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ASAP-2400 (Micrometrics, USA) and Digisorb–2600
instruments (Quantochrome, USA).

The XRD patterns of the samples were acquired using a
X’TRA (Thermo ARL, Switzerland) diffractometer operat-
ing with a CuKa radiation source (k= 1.5418 A) in the 2 h
angle range 5–85° with 5 s accumulation in each point.
Lattice constants for all compounds were refined using
TOPAS software (Bruker, Germany). The average crystal-
lite sizes were calculated using the Scherrer equation.

The morphology and structure of the xerogel and oxide
samples were studied using a JSM-6460 (Jeol, Japan)
scanning electron microscope. The microscope ensured
magnifications from ×8 to ×300,000.

3 Results and discussion

3.1 Simplification of preparative procedure

As it was already mentioned, sol–gel approaches to synth-
esis of multi-component oxide systems described in litera-
ture implicate using of organic precursors, thus
complicating the synthetic method and increasing the resi-
dual content of organic substances in final product. In
present work, we have modified the traditional procedure
and refused to use alkoxide precursors of second compo-
nent. Whereas during the synthesis, water is needed as
hydrolyzing agent; we have decided to prepare aqueous
solutions containing required amount of corresponding
salts, and used it instead of water while hydrolyzing mag-
nesium methoxide.

It should be noted that this simplified approach has one
serious disadvantage. Presence of a salt in the moment when
colloidal system is being formed destabilizes forming par-
ticles, facilitates its agglomeration (coagulation) and, thus,

leads to worsening of textural characteristics of the oxides
being prepared. The most probable reason of it is a rise of
acidity of the precursor’s aqueous solution which takes
place due to hydrolysis of metal cation in the hydration
shell.

Here, we had not intentionally tried to affect the stability
of obtaining colloids with an aim to keep the preparation
conditions the same and to compare the characteristics of
final products. At the same time, an increase of volume of
the gel stabilizing agent (toluene) as well as pH control on
the stage of colloid formation by preliminary addition of
reagents facilitating mild decrease of acidity (epoxides, as
example) are known to enhance the stability of colloidal
particles. All these tricks will be used on the next stages of
the study.

3.2 Study on decomposition of M–Mg–O xerogels

Figure 2a shows thermogravimetric curves for pure Mg
(OH)2 and M–Mg–O xerogels. Two temperature regions
should be taken into consideration. The first one, from room
temperature to near 200 °C, is attributed to removal of
adsorbed (weakly bonded) water. The second region is
presented in Fig. 2b for more evidence. It is seen, that
corresponding peak for pure magnesium hydroxide is sig-
nificantly larger if compare with two-component samples.
The main peak assigned to decomposition of hydroxide has
a maximum at 386 °C (Table 2). The process of decom-
position ends almost completely at about 500 °C. It is
obvious that introduction of second component leads to a
shift of the main peak towards lower temperatures. In the
case of iron-containing system the peak is shifted on a
maximum value of 76 °C. At the same time, W-Mg-OH and
Mo-Mg-OH samples are characterized with widening and
splitting of main peak, which means that at least two steps

a b

Fig. 2 DTA of pure magnesium hydroxide and two-component xerogels M–Mg–OH
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of dehydration and salt-precursor decomposition are pre-
sent. Note that in these cases, inorganic precursors used
were different from those for other metals. In other cases
decomposition of metal nitrate is believed to occur simul-
taneously with dehydration process.

The observed shift of main decomposition peak toward
low-temperature area can be explained as follows. It is
known that intercalation of salt into interlayer space of
magnesium hydroxide increases distance between layers
and, correspondingly, its pore sizes [34]. It eases the
dehydration process and leads to reduction of decomposi-
tion temperature. Additionally, the process of precursor
decomposition itself can affect positively on dehydration
process by loosening the hydroxide matrix.

It can be concluded here that the calcination temperature
of 500 °C is enough for both complete dehydration of
hydroxide and decomposition of inorganic salts used.

3.3 Characterization of M–Mg–OH xerogels

All prepared M–Mg–OH xerogels were characterized by
low-temperature nitrogen adsorption. Corresponding iso-
therms are presented in Fig. 3 and Supplementary Fig. S1. It
is seen that all isotherms are of type IV with hysteresis
loops caused by capillary condensation taking place in
micro/mesopores. Calculated values of specific surface area,
pore volume and average pore diameter are summarized in
Table 3. In general, samples synthesized by sol–gel
method are characterized by developed surface area (above
200 m2/g) and large values of pore volume. Addition of
second component decreases surface area of xerogels. This
effect is heavily represented in the case of iron and cobalt
when SSA reduces in 2.5 times and higher. Note that
surface area of pure Mg(OH)2 was as high as 680 m2/g.
The minimal effect was observed for W-Mg-OH sample. It
is also seen that an increase of average pore diameter (Dav)
occurs in all cases. The maximum value of Dav (149 Å) was
found for the Fe-Mg-O sample. At the same time, the

smallest average pore diameter (67 Å) achieved for Co-Mg-
O explains the difference in the form of hysteresis loop in
isotherm of this sample (Supplementary Fig. S1c).

According to results of XRD analysis shown in Fig. 4, all
M-Mg-O samples are very similar to each other. XRD
patterns for the samples correspond to layered disordered
(turbostratic) structure which is specified mostly by mag-
nesium hydroxide. Appearance of the turbostratic structure
for the systems based on Mg(OH)2 was approved in our
recent work [35]. No other phases were detected. Size of
coherent-scattering regions (CSR) of crystallites is of few
nanometers for all samples of the series. A considerable
expansion of interlayer distance (d001) comparing with
brucite (4.77 Å) was observed in all cases. Numerical data
of XRD analysis are presented in Table 4. Average sizes of
CSR for perpendicular and parallel layers are labeled as D?
and Dk accordingly.

As it was reported earlier [35], expansion of interlayer
distance in the case of systems prepared using sol–gel
approach is connected with incorporation of methanol
molecules between the magnesium hydroxide layers. It
should be noted that even larger expansion of d001 was
observed for two-component systems in the present study.

Table 2 Second temperature interval of weight loss for pure
magnesium hydroxide and two-component M-Mg-OH xerogels
according to DTA

Sample Temperature interval of weight
loss (°C)

Main peak position
(°C)

Mg(OH)2 300–440 386

W–Mg–OH 270–390 330, 367

Fe–Mg–OH 260–380 310

Mo–Mg–OH 270–440 370, 385

Co–Mg–OH 260–390 342

Ni–Mg–OH 250–370 331

Cu–Mg–OH 260–360 331

Table 3 Textural properties of M–Mg–OH in accordance with low-
temperature nitrogen adsorption

Sample SSA (m2/г) Vpore (cm
3/g) Dav (Å)

W–Mg–OH 564 1.58 112

Fe–Mg–OH 269 1.00 149

Mo–Mg–OH 475 1.36 114

Co–Mg–OH 235 0.40 67

Ni–Mg–OH 465 0.92 79

Cu–Mg–OH 406 1.20 118

Fig. 3 Type IV isotherm of Mo–Mg–OH xerogel sample
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Most probably, anions of salt-precursor of second compo-
nent in addition to methanol are incorporated into interlayer
space of magnesium hydroxide matrix.

The xerogel samples were studied by scanning electron
microscopy. As an example, SEM image for Mo–Mg–OH is
shown in Fig. 5a. Corresponding images for other samples
of this series are presented in Supplementary Fig. S2. No
evident differences in terms of morphology were observed.
All systems are represented by disordered layered
agglomerates of few microns in size.

Thus, it can be concluded that introduction of second
component in the form of salt-precursor has very poor effect
on morphological structure of the xerogels. At the same

time, it noticeably modifies textural and structural properties
of magnesium hydroxide in relation to the nature of addi-
tives. The value of surface area decreases in a row:
W–Mg–OH>Mo–Mg–OH>Ni–Mg–OH>Cu–Mg–OH
> Fe–Mg–OH>Co–Mg–OH. Interlayer distance changes
in a following order: W–Mg–OH>Mo–Mg–OH>
Fe–Mg–OH>Ni–Mg–OH>Cu–Mg–OH>Co–Mg–OH.
It is obvious that tungsten-containing sample occupies
leading positions on these parameters. As it was already
mentioned, precursor of this metal has low solubility which
means that it is contained in hydroxide matrix in a form of
small particles or even agglomerates. The mechanism of
intercalation changes in this case, thus resulting in increased
interlayer distance and highest surface area.

3.4 Characterization of the oxides MOx–MgO

Figure 5b and Supplementary Fig. S3 illustrate SEM images
of two-component systems after being calcined at 500 °C
according to temperature profile described above. As seen,
all oxide samples are represented by microsized agglomer-
ates of small plates (crystallites). No noticeable features
were found using this characterization technique.

Nitrogen adsorption isotherms are presented in Fig. 6 and
Supplementary Fig. S4. Character of isotherms is very
similar for all samples. Table 5 summarizes the textural
characteristics of two-component oxides. As it follows,
surface area of the samples after calcination procedure is
significantly lower if compare with xerogels. The highest
value (342 m2/g) was observed for Mo–Mg–O sample,
while the lowest (113 m2/g)—for Co–Mg–O. Addition of
second component has the same trend in influence on sur-
face area as in the case of xerogels. SSA of M–Mg–O differs
from that of MgO (216 m2/g) in 1.5–2 times. The only
exception was Mo–Mg–O sample which has enhanced
surface area. Average pore diameter increases in all cases.
Among the studied series, Cu–Mg–O sample was found to
have the largest pore size of 331 Å.

Figure 7 shows the results of XRD analysis for M–Mg–O
samples. Table 6 summarizes the following parameters
obtained by XRD: a—lattice parameter of MgO; D1—

average size of CSR for main phase (MgO with intercalated
cations of other metal); D2-average size of CSR for second
phase (if present); w1—weight fraction of main phase.
Reflexes corresponding to magnesium oxide can be clearly
seen in XRD patterns of all samples. Lattice parameter of
MgO is lightly increased regarding to periclase (4.13 Å),
which indicates an intercalation of larger cations of second
metal into it (see Table 6). Asymmetry of the 111 peak for
MgO facilitates towards inclusion of spinel-like fragments
into its structure [36]. In some cases, formation of small
amount of joint phases was observed. Thus, appearance of
MgCo2O4 phase was detected for Co–Mg–O system. XRD

Fig. 4 XRD patterns for M–Mg–OH xerogel samples

Table 4 XRD data for M–Mg–OH xerogel samples

Sample d001 (Å) D? (nm) Dk (nm)

W–Mg–OH 7.58 3.7 5.8

Fe–Mg–OH 7.17 5.3 5.7

Mo–Mg–OH 7.24 5.3 5.5

Co–Mg–OH 7.03 4.1 4.8

Ni–Mg–OH 7.16 4.8 4.6

Cu–Mg–OH 7.14 5.2 5.2
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pattern for W-containing samples shows reflexes of tung-
sten oxide WO3 in a form of large (about 100 nm) particles.
WO3 is monoclinic (PDF#43-1035, space group P21/n, a=
7.297 Å, b= 7.539 Å, c= 7.688 Å, β= 90.91°). Refined
lattice constants for tungsten oxide in W-Mg-O are

represented in Table 6. This sample clearly shows the
limitation of the approach applied, which is connected with
poor solubility. Ammonium paratungstate used as a pre-
cursor in this case has significantly lower solubility in water
if compared with nitrates (Cu, Co, Ni, and Fe) or even

Fig. 5 SEM images for Mo–Mg–OH (a) and Mo–Mg–O (b) samples

Fig. 6 Type IV isotherm of Mo–Mg–O oxide sample

Table 5 Textural properties of M–Mg–O in accordance with low-
temperature nitrogen adsorption

Sample SSA (m2/г) Vpore (cm
3/g) Dav (Å)

W–Mg–O 212 0.95 180

Fe–Mg–O 120 0.70 233

Mo–Mg–O 342 1.30 153

Co–Mg–O 113 0.64 225

Ni–Mg–O 154 0.72 189

Cu–Mg–O 125 1.03 331

Fig. 7 XRD patterns for M–Mg–O oxide samples
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ammonium heptamolybdate. Thereby, aqueos solution of
ammonium paratungstate being used as a hydrolyzing agent
rapidly reaches local oversaturated state. It leads to salt
sedimentation occurred prior to its fine distribution in
magnesium hydroxide matrix.

4 Conclusions

In present study, a series of hydroxide and oxide Mg-based
systems were synthesized by simplified sol–gel method. It
was shown that inorganic salt of second component can be
used as a precursor instead of traditionally applied
metal–organic compounds. The salt can be added in the
form of aqueous solution used as a hydrolyzing agent.
Water solubility of precursor affects the dispersion and
distribution of the second component in the lattice of MgO.
Structural and textural properties of both M–Mg–OH xer-
ogels and M–Mg–O oxides were found to be determined by
the nature of intercalant.
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