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The development of technology for the synthesis of metals
and alloys continues to be one of the most important
challenges in materials science. A general method for the
synthesis of metals is to reduce metal oxides with hydrogen or
carbon at high temperature. Pure metals are then used as
starting materials to synthesize alloys by a melting method.
There are some existing methods used to synthesize metals
and alloys that have improvement of their capabilities.'™!
However, the reduction of energy costs in the synthesis
process is one of the critical factors for making the overall
products cost-effective. Autocombustion is a self-sustaining
method for heat generation from its own exothermic reac-
tion."! In addition, the sol-gel technique has been widely
used for the synthesis of a variety of metal oxides by mixing of
different elements at the atomic level.['*

Herein, we describe a versatile new strategy for producing
pure metals and alloys by combining the sol-gel method and
autocombustion; similar methods have been successfully used
for the synthesis of metal oxides."*!! We used metal nitrate,
citric acid, and ammonia as starting materials; the dried gels
were prepared through a routine sol-gel approach. The
autocombustion was activated at 300 °C in a tube furnace. The
resulting materials were characterized by X-ray diffraction
(XRD) with Cug, radiation. This method has the following
features: 1) simple apparatus with inexpensive raw materials;
2) a relatively simple synthesis process with fine and highly
homogeneous powder products; and 3) a very low temper-
ature is required to activate the reaction, and importantly the
combustion can then continue without extra energy supply.

Pure metals are important materials that are extensively
used for their unique properties (such as magnetic, catalytic,
superconducting). Furthermore, atoms of pure metals can be
used as building blocks in the construction of different kinds
of alloys. As shown in Figure 1, pure Co, Ni, Cu, Ag, and Bi
were identified. The morphologies of the synthesized metals
were characterized by transmission electron microscopy
(TEM), which showed that the metals and alloys were
composed of nanoparticles of size from several nanometers
to 100 nm.
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Figure 1. XRD patterns of the products from sol-gel autocombustion.
All the peaks can be indexed to the corresponding metals and alloy
with no impurities detected.

Figure 2 shows a typical TEM image of the metallic nickel.
The inset of Figure 2 is a high-resolution TEM image of one
grain. The distance between two fringes is 2.03 A, which fits

Figure 2. TEM image of the prepared nickel metal. Inset: high-resolu-
tion TEM image of one grain. The particle size is estimated as between
10 and 25 nm. The grain size of the nickel is about 10 nm.

very well to the d spacing of the (111) plane in nickel. From
this image it is estimated that the grain size of nickel is about
10 nm. TEM images of the metals Co, Cu, Ag, and Bi and
CoysNiys alloy can be found in the Supporting Information.

In addition to the synthesis of pure metals, we have
demonstrated the successful synthesis of a series of Co,Ni,_,
(x=0.2, 0.4, 0.5, 0.6) alloys. The XRD pattern of Co,sNis is
shown in Figure 1 (see the Supporting Information for other
XRD patterns). The (111) peak shifts to a higher angle with
an increase of the ratio of the Ni atom. As the crystalline unit
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cell parameter of Ni metal is a little smaller, this result
indicates the formation of Co-Ni alloys.

To obtain a good understanding of the sol-gel autocom-
bustion process in the synthesis of metals and alloys, we
characterized the gel for metallic Ni by using thermogravim-
etry (TG) and differential thermal analysis (DTA). The
experiments were carried out at up to 600°C at a heating rate
of 4 Kmin™" under an argon atmosphere. Figure 3a shows
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Figure 3. a) TG and DTA curves of Ni gel. The abrupt drop in the TG
curve represents the violent combustion of the gel. The three endo-
thermic peaks (marked with arrows A-C) indicate the evaporation of
the remaining water, the desorption of chemically absorbed water, and
the decomposition of NH,NO; in the gel, respectively. The exothermic
peak at about 244°C results from the combustion of the gel. b) Mass
spectrometry of the Ni gel, from which H, and CH, can be detected
near the combustion temperature.

that the weight loss started around 50 °C, and the correspond-
ing endothermic peak (arrow A) can be assigned to the
evaporation of the remaining water in the gel. The weak
weight loss at 130°C (arrow B) arises from desorption of
chemically absorbed water. Another endothermic peak at
170°C (arrow C) may come from the decomposition of
NH,NO; formed during the pH adjustment of the solution
mixture. The TG curve shows an abrupt weight loss from 220
to 245°C, which indicates the combustion of the gel. The
strongest exothermic peak is at about 244 °C, which is related
to burning. No more weight loss was seen after combustion.
The TG-DTA studies showed that the sol-gel combustion
reaction was finished at about 244 °C.
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To dissociate and analyze the resulting molecules while
heating the gel, we used mass spectrometry to record the ion
currents released from the gel. The results show that H,, H,O,
CH,, NO, CO,, NH;, and NO, species were identified near the
combustion temperature. H, and CH, are reducing agents
that can be used in the redox reaction for synthesizing metals
from oxides. The mass spectrometric data for H, and CH,
near the combustion temperature (Figure 3b) illustrate the
release of reducing gas during combustion.

Based on the data obtained from the TG-DTA and mass
spectrometry analysis, we speculated that there might be five
reactions occurring during burning of the gel at high temper-
ature: 1) exothermic reaction between fuel and oxidant;
2) the formation of metal oxide(s) through decomposition of
the nitrate(s); 3) generation of CH, and H, by the decom-
position of CH_-containing groups of citric acid; 4) exother-
mic reaction between CH,/H, and oxidant; and 5) reduction
of metals from their corresponding metal oxides by CH, and
H, in nascent form.

As others have shown, many oxides were synthesized by
the autocombustion method with high temperature (even
more than 1000°C) from the exothermic reaction between
fuel and oxidant during the combustion process.'>!® In our
work, citric acid is used as the fuel and the nitrate ion is used
as an oxidant. Various ratios between fuel and oxidant led to a
variety of maximum temperatures of the reaction, which
would affect the composition of the gas and thus play an
important role in forming the product. Deshpande et al.!'¥)
reported that the temperature in an inert atmosphere would
be high when the ratio between fuel and oxidant was low.
Although a high temperature would be helpful for reduction
of metal oxides, superfluous oxidant would constrict this
reduction. However, when the ratio was too high, the
temperature would be decreased and thus not be favorable
for the reduction of metal oxides.

The appropriate ratio between fuel and oxidant is critical
for the synthesis of metals by sol-gel autocombustion. We
optimized the reaction by varying the ratio between fuel and
oxidant; the optimization of nickel synthesis is demonstrated
here. Six samples were synthesized with a CgHzO,/Ni(NOs),
stoichiometric ratio of 0.3:1, 0.5:1, 0.8:1, 1:1, 1.2:1, and 1.5:1.
The XRD patterns of the samples are shown in Figure 4.
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Figure 4. XRD patterns of the products from sol-gel autocombustion
with different fuel/oxidant ratios as indicated. The NiO peaks are
marked with * and the peaks belonging to Ni metal are marked with
0. The optimized fuel/oxidant ratio is around 1:1.
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There was a very strong XRD signal from NiO in the sample
with the ratio of 0.3:1. By carefully analyzing the XRD data,
we concluded that when the ratio is higher than 1.5:1 or lower
than 0.5:1, nickel oxide is formed in the products. For the
synthesis of nickel metal, the optimized ratio is from 0.8:1 to
1.2:1. The fuel/oxidant ratio was 1:1 in the synthesis of the
metals and metal alloys.

We also noticed from the XRD patterns that the peak
becomes sharper with increasing oxidant content, which
suggests an increase of the reaction temperature. This result
fits well with the analysis of the influence of fuel/oxidant ratio
on the reaction.

In summary, the technique described herein offers a
convenient way for the synthesis of metals and alloys. We
believe this technique will find broad application as a versatile
and energy-efficient method for synthesizing magnetic mate-
rials, catalysts, and conducting colloids, and be useful in the
metallurgy field.

Experimental Section

Metal nitrates and citric acid (CsHgO,-H,O) were used as starting
materials. The gel was prepared by a routine sol-gel method. In the
cases of Co, Ni, and Cu, the pH value of the aqueous solution was
adjusted to 7 by ammonia. In the cases of Ag and Bi, the metal
nitrates were first dissolved in dilute nitric acid, then an appropriate
amount of citric acid was added, and finally the pH value was adjusted
to around 3 with ammonia. In the case of CoNi,_, (x=0.2, 0.4, 0.5,
0.6) alloy, cobalt nitrate and nickel nitrate with stoichiometric ratio
x/(1—x) were dissolved in aqueous solution, then the pH value was
adjusted to 7 by ammonia. The resultant solution was poured into a
beaker and heated at 95°C to develop a dried gel. Under the
protection of inert gas (such as argon or nitrogen), these dried gels
were heated to the preset temperature to activate combustion. Then,
the gel was combusted violently and a large amount of white gas was
released. After cooling to room temperature, the metals were
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obtained in the remaining loose powder. The activation temperature
for sol-gel autocombustion in a tube furnace was 300°C.

Received: June 25, 2009
Revised: August 5, 2009
Published online: October 1, 2009

Keywords: alloys - autocombustion - metals - sol-gel processes -
thermochemistry

[1] T. Osaka, M. Takai, K. Hayashi, K. Ohashi, M. Saito, K. Yamada,
Nature 1998, 392, 796.

[2] K.S. Suslick, S.B. Choe, A.A. Cichowlas, M. W. Grinstaff,
Nature 1991, 353, 414.

[3] J. Van Wonterghem, S. Morup, C.J. W. Koch, S. W. Charles, S.
Wells, Nature 1986, 322, 622.

[4] J.J. Moore, H. J. Feng, Prog. Mater. Sci. 1995, 39, 243.

[5] J.J. Moore, H. J. Feng, Prog. Mater. Sci. 1995, 39, 275.

[6] E.B. Duoss, M. Twardowski, J. A. Lewis, Adv. Mater. 2007, 19,
3485.

[7] V.G. Kessler, G. A. Seisenbaeva, M. Unell, S. Hakansson,
Angew. Chem. 2008, 120, 8634; Angew. Chem. Int. Ed. 2008, 47,
8506.

[8] C. Peroz, V. Chauveau, E. Barthel, E. Sondergard, Adv. Mater.
2009, 21, 555.

[9] N. Pinna, M. Niederberger, Angew. Chem. 2008, 120, 5372,
Angew. Chem. Int. Ed. 2008, 47, 5292.

[10] T. Uemura, D. Hiramatsu, K. Yoshida, S. Isoda, S. Kitagawa, J.
Am. Chem. Soc. 2008, 130, 9216.

[11] H. M. Xiong, Y. Xu, O. G. Ren, Y. Y. Xia, J. Am. Chem. Soc.
2008, 130, 7522.

[12] Q. Yuan, A. X. Yin, C. Luo, L. D. Sun, Y. W. Zhang, W. T. Duan,
H. C. Liu, C. H. Yan, J. Am. Chem. Soc. 2008, 130, 3465.

[13] L. Z. Zhang, 1. Djerdj, M. H. Cao, M. Antonietti, M. Nieder-
berger, Adv. Mater. 2007, 19, 2083.

[14] W. Morales, M. Cason, O. Aina, N. R. de Tacconi, K. Rajeshwar,
J. Am. Chem. Soc. 2008, 130, 6318.

[15] A. Varma, A.S. Mukasyan, K. T. Deshpande, P. Pranda, P. R.
Erri, Synthesis, Characterization and Properties of Energetic/
Reactive Nanomaterials 2004, 800, 113.

[16] K. Deshpande, A. Mukasyan, A. Varma, Chem. Mater. 2004, 16,
4896.

Angew. Chem. 2009, 121, 8681-8683

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

8683


http://dx.doi.org/10.1038/33888
http://dx.doi.org/10.1038/353414a0
http://dx.doi.org/10.1038/322622a0
http://dx.doi.org/10.1016/0079-6425(94)00011-5
http://dx.doi.org/10.1016/0079-6425(94)00012-3
http://dx.doi.org/10.1002/adma.200701372
http://dx.doi.org/10.1002/adma.200701372
http://dx.doi.org/10.1002/ange.200803307
http://dx.doi.org/10.1002/anie.200803307
http://dx.doi.org/10.1002/anie.200803307
http://dx.doi.org/10.1002/adma.200702484
http://dx.doi.org/10.1002/adma.200702484
http://dx.doi.org/10.1002/ange.200704541
http://dx.doi.org/10.1002/anie.200704541
http://dx.doi.org/10.1021/ja8030906
http://dx.doi.org/10.1021/ja8030906
http://dx.doi.org/10.1021/ja800999u
http://dx.doi.org/10.1021/ja800999u
http://dx.doi.org/10.1021/ja0764308
http://dx.doi.org/10.1002/adma.200700027
http://dx.doi.org/10.1021/ja8012402
http://dx.doi.org/10.1021/cm040061m
http://dx.doi.org/10.1021/cm040061m
http://www.angewandte.de

