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Abstract

In the preparation of nanostructured materials, it is important to optimize synthesis parameters in order to obtain

the desired material. This work investigates the role of complexing agents, oxalic acid and tartaric acid, in the

production of MgO nanocrystals. Results from simultaneous thermogravimetric analysis (STA) show that the two

different synthesis routes yield precursors with different thermal profiles. It is found that the thermal profiles of the

precursors can reveal the effects of crystal growth during thermal annealing. X-ray diffraction confirms that the final

products are pure, single phase and of cubic shape. It is also found that complexing agents can affect the rate of

crystal growth. The structures of the oxalic acid and tartaric acid as well as the complexation sites play very

important roles in the formation of the nanocrystals. The complexing agents influence the rate of growth which

affects the final crystallite size of the materials. Surprisingly, it is also found that oxalic acid and tartaric acid act as

surfactants inhibiting crystal growth even at a high temperature of 950°C and a long annealing time of 36 h. The

crystallite formation routes are proposed to be via linear and branched polymer networks due to the different

structures of the complexing agents.
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Background

Magnesium oxide (MgO) is a versatile metal oxide having

numerous applications in many fields. It has been used as

a catalyst and catalyst support for various organic reac-

tions [1,2], as an adsorbent for removing dyes and heavy

metals from wastewater [3,4], as an antimicrobial material

[5], as an electrochemical biosensor [6] and many other

applications. Conventionally, MgO is obtained via thermal

decomposition of various magnesium salts [7-9]. The

drawback with this method of obtaining MgO is the large

crystallite size with low surface area-to-volume ratio that

limits its applications for nanotechnology. Some proper-

ties of MgO, such as catalytic behaviour, can be further

improved if it is used as nanosized particles compared to

micron-sized particles. Therefore, the formation of MgO

nanostructures with a small crystallite size of less than

100 nm and homogeneous morphology has attracted

much attention due to their unique physicochemical prop-

erties including high surface area-to-volume ratio. It is

widely accepted that the properties of MgO nanostruc-

tures depend strongly on the synthesis methods and the

processing conditions. Much effort has been devoted to

synthesize MgO nanostructures using various methods

such as precipitation [10], solvothermal [11], chemical

vapour deposition [12], electrochemical [13], sonochem-

ical [14], microwave [15], electron spinning [16], combus-

tion [17], template [18] and carbothermic reduction [19].

Each method has its own advantages and disadvantages.

An important issue regarding synthesis and preparation of

nanostructured MgO is controlling the parameters in

order to obtain a more uniform size as well as morphology

of the nanoparticles.

Over the past decades, various starting materials were

used in the synthesis methods producing nanosized MgO
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that may give multiple morphologies. Precursors that may

be obtained from the synthesis methods may take many

forms such as magnesium hydroxide [10,15], magnesium

carbonate [20,21] and basic magnesium carbonate [22,23].

Each precursor is annealed at a different temperature to

produce highly crystalline and pure MgO. Another pre-

cursor, magnesium oxalate dihydrate (MgC2O4 · 2H2O),

has also received considerable interest among researchers

[24,25]. A sol-gel method is a promising technique for the

formation of magnesium oxalate dihydrate followed by

annealing at a suitable temperature to form MgO. The ad-

vantages are its simplicity, cost-effectiveness, low reaction

temperature, high surface area-to-volume ratio, narrow

particle size distribution and high purity of the final prod-

uct. Early attempts to prepare magnesium oxalate dihy-

drate were by using either magnesium methoxide or

magnesium ethoxide that was reacted with oxalic acid in

ethanol to form a precursor based on the sol-gel reaction

[26-28]. Later on, inorganic salts like magnesium nitrate

hexahydrate [29-31], magnesium chloride hexahydrate

[32] and magnesium acetate tetrahydrate [33] are pre-

ferred. The sol-gel reaction of magnesium oxalate dihy-

drate and annealing of the obtained precursors give

various morphologies of MgO nanostructures [29-32].

However, the controlled synthesis of MgO nanostruc-

tures with homogeneous morphology, small crystallite

size and narrow size distribution is a challenging aspect

to be investigated. Understanding the growth mechan-

ism is an important part of controlling the size of nano-

structures. The synthetic strategies of tailoring the size

and shape of the nanostructures are key issues to be ad-

dressed in nanomaterials research.

To the best of our knowledge, there is no report on

the effect of the molecular structure of complexing

agents on MgO nanostructures even though the control

of nanostructures presents an important part of nano-

technology work. Our work is focused on the effect of

complexing agents on the MgO nanostructures finally

obtained after synthesis. The study is done by using two

different types of complexing agents, namely oxalic acid

and tartaric acid. The molecular structures of these

complexing agents are taken into account, and chemical

reactions involving the complexing agents and site at-

tachments of the Mg2+ and O2− ions in the process of

the formation of MgO nanostructures are considered.

Results give some insights into the mechanisms of size

and shape formation of MgO nanostructures.

Methods

All the chemicals used were analytical grade and directly

used as received without further purification. Magnesium

acetate tetrahydrate, Mg(CH3COO)2 · 4H2O (Merck, 99.5%

purity); oxalic acid dihydrate, C2H2O4 · 2H2O (Merck, >98%

purity); tartaric acid, C4H6O6 (Merck, 99.5% purity); and

absolute ethanol, C2H5OH (J. Kollin Chemical, 99.9%

purity) were used for the formation of MgO nanostruc-

tures. These chemicals were manufactured by Merck

KGaA Company at Darmstadt, Germany. The MgO sam-

ples were synthesized using the sol-gel method with two

different types of complexing agents, namely oxalic acid

and tartaric acid. Magnesium acetate tetrahydrate of mass

Figure 1 TG/DSC curves of the precursors. (a) Magnesium

oxalate dihydrate and (b) magnesium tartrate, as a precursor for

MgO-OA and MgO-TA, respectively.

Figure 2 XRD patterns of the intermediate products. They are

formed when MgC4H4O6 is annealed at 400°C for 30 min.
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53.2075 g was initially dissolved in 150 ml of absolute

ethanol under constant stirring. The pH of the solution

was then adjusted to pH 5 using 1 M oxalic acid. The mix-

ture was continuously stirred until a thick white gel was

formed. The gel formed was left overnight for further gel-

ation process before being dried in an oven at 100°C for

24 h. The dried materials were grounded using mortar

and pestle to produce fine powder precursors. Subse-

quently, the precursors were annealed at 950°C for 36 h to

form MgO nanostructures. The samples were identified as

MgO-OA and MgO-TA for complexing agents oxalic acid

and tartaric acid, respectively.

All the MgO samples were systematically characterized

using various instruments. The thermal profiles of the

precursors were studied using simultaneous thermogra-

vimetric analysis (STA; SETARAM SETSYS Evolution

1750, Caluire, France). This thermal analysis method has

the advantage of giving very accurate calorimetric data

that is simultaneously measured and calculated with

weight loss. It gives more accurate insight into the pro-

cesses occurring while the precursor is heated. The ob-

tained precursors were heated from room temperature

to 800°C at a heating rate of 10°C min−1. The X-ray dif-

fraction (XRD) patterns of MgO-OA and MgO-TA were

obtained by XRD PANalytical X'Pert Pro MPD (Almelo,

Netherlands) with CuK
α
radiation. The Bragg-Brentano

optical configuration was used during the data collection.

The size and morphology of the MgO crystallites were

determined using a field emission scanning electron

microscope (FESEM; JEOL JSM-7600 F, Tokyo, Japan)

and a transmission electron microscope (TEM; JEOL

JEM-2100 F, Tokyo, Japan).

Results and discussions

In this sol-gel method, the metal salt (magnesium acetate

tetrahydrate) and the complexing agents (oxalic acid and

tartaric acid) were dissolved in ethanol to form a mixture

of cation (Mg2+) and anion (C2O4
2− or C4H4O6

2−). At pH 5,

it is believed that the complexation and polymerization

processes took place simultaneously resulting in the for-

mation of a thick white gel which is dried and a white pre-

cursor is obtained. Chemical reactions (1) and (2) show

the formation of the precursors, hydrated MgC2O4 and

anhydrous MgC4H4O6, for the oxalic acid and tartaric acid

routes, respectively. Acetic acid and water as side products

of the sol-gel route were evaporated during the drying

process for the formation of precursors. Even though the

boiling point of acetic acid is 119°C, the process of evapor-

ation occurs at lower temperatures as well and must have

evaporated during the long drying process at 100°C. Thus,

this process did not appear in the thermal profiles of the

Figure 3 XRD patterns of the MgO samples. They are prepared using (a) oxalic acid and (b) tartaric acid, as a complexing agent.

Figure 4 FESEM micrographs of the MgO samples. (a) MgO-OA and (b) MgO-TA.
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precursors at 119°C as shown in Figure 1a,b. A small and

very gradual weight loss can be observed at about ambient

to about 160°C for both precursors that correspond to the

removal of water still remaining in the precursors.

Mg CH3COOð Þ2 � 4H2OþH2C2O4 � 2H2O→MgC2O4 � 2H2O
MgO‐OA precursorð Þ

þ 2CH3COOHþ 4H2O

ð1Þ

Mg CH3COOð Þ2 � 4H2OþH6C4O6→ MgC4H4O6
MgO‐TA precursorð Þ

þ2CH3COOHþ 4H2O

ð2Þ

Figure 1a shows the thermal profile of the MgO-OA

precursor. It exhibits two major weight losses which are

ascribed to the dehydration and decomposition of the pre-

cursor. The first weight loss occurred in the temperature

range of 160°C to 240°C accompanied by two endothermic

peaks at about 180°C and 210°C. The first endothermic

peak is due to the removal of water, and the second endo-

thermic peak is attributed to the dehydration of MgC2O4 ·

2H2O. This weight loss is 24.5% which agrees very well

with the proposed weight loss in chemical reaction (3).

However, no corresponding weight loss is observed for the

MgO-TA precursor as can be seen from Figure 1b. It is

then clear that the routes of MgO formation from these

two synthesis methods are different. For the MgO-TA pre-

cursor (Figure 1b), the sharp endothermic peak at about

190°C is due to an isomorphic transformation of phase

without change in mass as similarly observed by several

researchers before [34-36]. The second weight loss of the

MgO-OA precursor of about 47.9% between 400°C and

510°C is attributed to the decomposition of MgC2O4 to

MgO. A broad endothermic peak at about 500°C is evi-

dence of the reaction occurring resulting in the formation

of MgO nanostructures. The weight loss for the formation

of MgO-OA is calculated as shown in chemical reaction

(4) and found to be 48.5% which is very close to the ex-

perimental value of 47.9%. The whole reaction mechanisms

are shown below.

MgC2O4 � 2H2O→
24:3% wt: loss

MgC2O4 þ 2H2O

ð3Þ

MgC2O4→
48:5% wt: loss

MgO
MgO‐OAð Þ

þ CO þ CO2

ð4Þ

Thermal gravimetric analysis (TGA) curve of the MgO-

TA precursor shows two pronounced weight losses as

shown in Figure 1b. The first weight loss occurs at 380°C

to 410°C which is 40.4% corresponding to the removal of

the two additional carbons within MgC4H4O6. This reac-

tion started with the absorption of heat, but the decom-

position is accompanied by the release of heat energy as

can be observed by the endothermic and exothermic

peaks at 400°C and 430°C respectively shown in the DSC

curve. A mixture of MgC2O4 and MgO is believed to have

been formed at this point. To confirm this, the MgO-TA

precursor is heated at 400°C for 30 min and the obtained

products examined by XRD. Figure 2 shows the XRD pat-

tern of the material, and the phases MgC2O4 (ICDD refer-

ence number 00-026-1222) and MgO (ICDD reference

number 01-0178-0430) are confirmed to exist in the sam-

ple as indexed in the dataset shown. This validates the

proposed chemical reaction as can be seen in Equation 5.

The second weight loss of 32.9% occurring at a starting

Figure 5 TEM micrographs of the MgO samples. (a, b) MgO-OA and (c, d) MgO-TA.
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temperature of 410°C to 500°C accompanied by a broad

endothermic peak approximately at 450°C can be ascribed

to the decomposition of the intermediate product,

MgC2O4 to MgO. These weight losses are in good agree-

ment with the calculated values proposed in the chemical

reactions (5) and (6). The whole reaction mechanisms are

shown below.

MgC4H4O6→
39:0% wt: loss

0:9MgC2O4

þ 0:1MgOþ 2:2COþ 2H2 þ 0:05O2

ð5Þ

0:9MgC2O4

þ 0:1MgO→
37:6% wt: loss

MgO
MgO‐TAð Þ

þ CO

þ 0:8CO2 þ 0:05O2

ð6Þ

For both MgO-OA and MgO-TA precursors, the TGs

show a horizontal line after 500°C indicating that the

MgO stable phase is formed at this temperature. These

are confirmed by the XRD results shown in Figure 3.

The XRD patterns for both samples are indexed accord-

ing to ICDD reference number 01-0178-0430 showing a

MgO cubic crystal structure of space group Fm-3 m. All

the fingerprint peaks (111), (200), (220), (311) and (222)

are clearly observable. The samples are pure and single

phase with no impurities present.

Since the decomposition of the MgO-TA precursor

starts at a lower temperature (380°C) compared to the

MgO-OA precursor (420°C), the rate of MgO crystal

growth will not be the same when identical thermal con-

ditions are used on the precursors (950°C, 36 h). MgO-

OA will have a slower rate of growth compared to

MgO-TA resulting in smaller crystallites for MgO-OA.

The two types of complexing agents seem to have quite

different effects on the particle size of the MgO final

products. It is remarkable that using these two types of

complexing agents and annealing them at a relatively

high temperature of 950°C with a long duration time of

36 h, the crystallite sizes of both samples are still very

Figure 6 TEM micrographs of single crystal for each shape of

nanostructures. (a) Cube, (b) sphere and (c) cube/cuboid.

Figure 7 Crystallite size distribution plots. (a) MgO-OA and (b) MgO-TA.
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small as can be seen from the FESEM micrographs of

Figure 4a,b for samples MgO-OA and MgO-TA, respect-

ively. They show tiny crystallites of uniform size distri-

bution. The shapes, however, are not clearly discernable

due to the small size of the crystallites. This requires the

higher resolution capability of a field emission TEM.

The TEM micrographs in Figure 5a,b,c,d clearly show

the shape and size of the MgO nanocrystals. The

amorphous-like structure seen in the micrographs is ac-

tually the amorphous carbon of the lacy-type TEM grid

and not an MgO feature. This is well known to electron

microscopists involved in TEM work. The morphology

of MgO-OA is cubic crystals while that of MgO-TA is

of mixed cube, cuboid and spherical shapes. The high-

magnification image shown in Figure 6a of the single

crystal for MgO-OA is clearly evident of that of a cube

while Figure 6b,c illustrates the shapes of sphere, cube and

cuboid for the MgO-TA sample. The average crystallite

size for MgO-OA is 30 nm which is smaller than MgO-

TA with an average crystallite size of 68 nm. Figure 7

shows the crystallite size distribution plots for both sam-

ples. As can be seen, the size distribution characteristics

for the two samples are different. For MgO-OA, there is a

high frequency of crystallite size at the lower part of the

size distribution plot while for MgO-TA, the size distribu-

tion is more of a normal type plot where the frequency is

highest in the middle part of the plot at around 70 nm.

Thus, not just the average crystallite size is different for
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the two samples but also the size distribution characteris-

tics. These results demonstrate that the synthesis route

employing tartaric acid has a faster growth rate than the

one using oxalic acid. Oxalic acid and tartaric acid not

only act as a complexing agent but also as a surfactant

that inhibits crystal growth. These MgO nanostructures

are believed to be very stable because they are prepared at

a high temperature with a long annealing time. It is nor-

mal for MgO nanostructures not to have high stability be-

cause they are often annealed at lower temperatures for

short periods of time [37-39].

As is well known, complexing agents play an important

role in crystal formation by fixing the metal ions prior to

the formation of the final product. We will, henceforth,

propose an explanation for the effect of the complexing

agents on the different crystallite sizes of the final prod-

ucts of MgO. Figure 8 shows that the complexation sites

for tartaric acid are more numerous than those for oxa-

lic acid. The oxalic acid, due to its smaller molecular

structure with only two complexation sites, can fix less

Mg2+ ions compared to the larger tartrate molecule.

The tartrate molecule has more complexation sites and

will be able to fix a larger number of Mg2+ ions, thus

producing larger crystals.

Figures 9 and 10 illustrate the growth mechanisms of

the MgO nanostructures. Linear polymer networks are

expected to be formed for oxalic acid during the sol-gel

reaction due to the position of the two complexation

sites being at the end of the polymer chain that can bind

the Mg2+ ions forming the Mg-O ionic bonds as shown

in Figure 9. For the tartaric acid complexing agent, the

available four complexation sites at various positions for

the attachments of the Mg2+ ions will result in branched

polymer networks being formed as shown in Figure 10.

The branched polymer networks that formed during the

sol-gel reaction influence the crystallite growth. In the

sol-gel route, the linear polymer networks can be packed

close to one another to produce very dense macromole-

cules which decompose at a higher temperature. In con-

trast, the branched polymer networks form larger masses

which are more unstable and can be decomposed at a

lower temperature as is illustrated in Figure 11. This ex-

planation agrees very well with the STA results of the

MgO precursors. Therefore, at the same annealing condi-

tion (950°C, 36 h), the MgO-TA crystals start to nucleate

earlier and have a faster growth rate compared to the

MgO-OA crystals, which explains the mechanism of crystal

growth and the effect of the structure of the complexing

agents on the final size of the MgO nanocrystals.

Conclusions

The use of oxalic acid and tartaric acid has been demon-

strated to be very useful in producing thermally stable

MgO nanostructures with a relatively uniform particle

size. The growth mechanisms of the MgO nanostruc-

tures have been attributed to the very different molecu-

lar structures of the complexing agents which affected
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the crystal growth rate of MgO giving different crystal-

lite sizes of the final products. The molecular structures

and complexation site density play an important role in

the fixing of the metal cation, Mg2+, and the formation

of MgO nanoparticles. It is also clear that MgO-OA is

able to produce nanocrystals not only of narrower size

distribution but also of uniform morphology.
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FESEM: field emission scanning electron microscope; OA: oxalic acid;

STA: simultaneous thermogravimetric analysis; TA: tartaric acid;
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