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Carbon combustion synthesis of oxides (CCSO) is a novel process to rapidly produce
high-purity, submicron, and porous powders of complex oxides. It is a modified form of
self-propagating high temperature synthesis (SHS) that uses carbon as the fuel instead of
a pure metal. The CO, release increases the porosity and friability of the products. Like
SHS, it is much faster (order of minutes) than the calcination processes (order of hours).
CCSO has several advantages over SHS (the initial components are less expensive,
porosity of the products is up to 70%). CCSO can produce complex oxides, such as
LaGaO;, which cannot be produced by SHS. The feasibility and features of CCSO are
illustrated by its use in producing barium titanate, lithium manganese, and lanthanum
gallium oxides. The carbon concentration enabled control of the moving front temperature
and average velocity and the particle size and surface area. © 2005 American Institute of
Chemical Engineers AIChE J, 51: 2801-2810, 2005
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Introduction

Because of their unique physical-chemical properties oxide
ceramics have many important industrial applications, such as
ferroelectrics, hard and soft magnetic ferrites, superconductors,
optoelectronics, solid-oxide fuel cell components, battery elec-
trode materials, catalysts, membranes, and pigments, to cite
some of the primary uses.> The market demand for these
oxides is continuously growing.?

Complex oxides can be synthesized by several processes that
differ in the production price and product properties. The oldest
and most common is calcination for 2-24 h in a furnace at a
temperature of up to 1400°C.#> In some cases, because of
incomplete conversion the sintered material requires grinding
and a second calcination. The process requires an expensive
high-temperature furnace and high-energy consumption. Be-
cause of the long processing time at high temperatures, the
particle size of the calcination products is often rather large,
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requiring extensive size reduction to enable manufacturing of
the desired devices.

Several wet-chemical methods have been developed that
produce more homogeneous products. They also provide better
control of the particle size, which enables production of com-
ponents with superior mechanical properties.® These tech-
niques include coprecipitation,” sol—gel,® spray-drying,® aque-
ous combustion  synthesis,!!! hydrothermal,'>  and
cryochemical methods.!* The wet-chemical methods require, in
general, calcination at a high temperature to obtain a product
with the desired composition and structure. Although the wet-
chemical processes produce high-quality powders, the produc-
tion costs are usually much higher than those in calcination.

Another method of producing oxides is self-propagating
high-temperature synthesis (SHS), also referred to as combus-
tion synthesis.!#-!° In this process a highly exothermic reaction
between a metal powder (such as Fe, Ti, Zr, Al, Mg, Ni, Cu,
Hf, Nb) and an oxidizer generates a high-temperature (order of
2000°C) front that propagates through the reactant mixture
(velocity of 0.5-50 mm/s) converting them to products. The
solid-state reaction continues after the combustion front pas-
sage in the postcombustion zone. SHS may also be conducted
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in the thermal explosion mode, in which the reactants are
heated uniformly and the combustion is simultaneously initi-
ated on the whole surface of the sample. The particle size is
smaller than that produced by calcination but larger than that
attained in several of the wet-chemical methods. Reported
synthesis of complex oxides by SHS include superconduct-
ing,20-22 magnetic ferrites,?32¢ solid-oxide fuel cell compo-
nents,?’-3 and catalysts.3!

The major advantages of SHS of oxide materials are: (1) low
external energy consumption and no need for a high tempera-
ture furnace; (2) a very short reaction time—the typical com-
bustion front velocity is from a few millimeters to a few
centimeters per second; (3) simplicity of the process and a
versatile reactor that can be used to synthesize various oxides;
(4) products often have superior properties over those synthe-
sized by other methods; and (5) possible in situ densification to
form desired parts or articles.

Although several industrial applications of SHS have been
reported in Russia and Europe, only a few have been reported
in the United States. One reason is the lack of familiarity of the
U.S. industry with the process. Several other reasons prevented
the application of SHS for some specific applications. For
example, SHS involves the use of a pure metal as a combustion
fuel. When the price of the metal is a large fraction of the whole
reactant mixture, the production costs by SHS may exceed that
by the calcination process, which may use less-expensive metal
containing precursors, such as carbonates or oxides. Moreover,
SHS cannot be used when the pure metal combustion is not
highly exothermic, or when the pure metal is either highly
pyrophoric (such as lanthanum or lithium) or melts at room
temperature (such as gallium). In addition, melting of the metal
or intermediate oxide phases during SHS may have a deleteri-
ous impact on the product homogeneity. In addition, when the
reactants are hygroscopic it may be difficult to mix them
adequately by ball milling, and preparation and storage of the
metal powders may affect the reactivity of the combustion.

We describe here a novel, modified SHS process that main-
tains the advantages of SHS and circumvents some of its
disadvantages. Specifically, it enables a more economical syn-
thesis of complex oxides when the price of the pure metal is a
large fraction of the whole reactant mixture. It also enables
synthesis of some oxides that cannot be produced by SHS.

Moreover, it enables synthesis of powders having a smaller
particle size and a higher surface area. We describe the appli-
cation of the process to synthesize three complex oxide pow-
ders that have important industrial applications, and the depen-
dency of the process and product properties on the reactants’
composition and operating conditions.

Carbon Combustion Synthesis of Oxides (CCSO)
Process

The price of the reactant mixture used by SHS may be
reduced by use of a fuel that is much cheaper than the metal
fuel, and a metal-containing precursor such as a carbonate or
oxide that is less expensive than the pure metal. The experi-
ments reported here show that carbon powder may replace the
pure metal as the fuel in the combustion synthesis of various
oxides. This novel method, which we refer to as carbon com-
bustion synthesis of oxides (CCSO) is a modified form of the
traditional SHS.3> The reactant mixture used in the CCSO is
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usually less expensive than that used in SHS because, instead
of a pure metal, it uses a less-expensive metal-containing
precursor (such as oxide, carbonate, nitrate, etc.) and carbon.
The CCSO may be used to produce oxides even when SHS
cannot be applied, such as when the pure metal is pyrophoric
(such as Li or La) or that it melts at room temperature (such as
Ga), or when the metal heat of combustion is relatively low. In
contrast to the common SHS, the combustion product (carbon
dioxide) is not incorporated in the product and exits from the
sample. Moreover, the lubricating properties of the carbon
enhance the mixing by ball milling.

The carbon combustion synthesis of oxides consists of the
following overall chemical reaction

> X + aC + O = X PY + aCO + 0 (1)

i=1 j=1
where

B x/12
(100 — x)/ Y, wMY

(0%

X is a solid compound containing the metal needed to form
the oxide (such as an oxide, super oxide, nitride, or carbonate,
chloride, or oxalate, etc.); M f“) is a molecular weight of each i
component; P_}“) is a solid product; w, and 3 are stoichiometric
coefficients; x is the carbon wt % in the mixture; and Q is the
heat of the reaction. The superscripts (s) and (g) denote solid
and gas, respectively. After local ignition, the exothermic re-
action between carbon and oxygen (AH = —393.5 kJ/mol)
provides the heat for the solid reactions and heats the adjacent
reactant layer. This generates a self-sustaining temperature
wave that propagates through the reactant mixture. The com-
bustion features (such as moving front maximum temperature
and velocity) and product properties may be adjusted by the
amount of carbon in the mixture of reactants. We describe
below the synthesis of three oxides by CCSO and the corre-
sponding process features. Two of the oxides, BaTiO; and
LiMn,O,, may also be produced by SHS (using a fuel of
titanium and manganese powder), whereas the lanthanum gal-
lium oxide (LaGaO;) cannot be produced by SHS.

Experimental System and Procedure

The CCSO was conducted by loading a loose mixture of
reactant powders (relative densities of about 0.3) into a ceramic
boat that was placed inside a cylindrical stainless steel vessel
(ID: 70 mm; length: 60 mm) fed by oxygen at a flow rate of up
to 10 L/min. An infrared transparent sapphire window on top of
the vessel enabled viewing and recording of the sample surface
radiation by a high-speed (60 frames/s) infrared camera (Mer-
lin Mid InSb MWIS, Indigo Systems). The IR images were
used to determine the temperature, shape, and average com-
bustion front velocity. The local combustion temperature (7,)
was measured by inserting in the center of the sample an S-type
(Pt—Rh) thermocouple of about 0.1-mm diameter. The thermo-
couple readings were recorded and processed using an Omega
data-acquisition board connected to a PC.

To initiate the propagating temperature front the reactant
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Table 1. Characteristics of the Reactants Used during Carbon Combustion Synthesis of Oxide Composites

Reagent Purity (%) Average Particle Size (um) Standard Deviation (um) Melting Point (°C) Source
BaO 99.5 22 3.6 1923 Alfa Aesar
BaO, 95.0 16 22 450 Aldrich
BaCO; 98.0 18 2.7 1000-1200 (decomp.) Aldrich
Mn,O4 98.0 5 0.8 940-1090 (decomp.) Alfa Aesar
La,04 99.9 0.03 0.01 2280 Aldrich
Ga, 04 99.99 0.8 0.12 1725 Aldrich
Li,O 99.5 26 4.8 1453 Alfa Aesar
TiO, 99.5 0.95 0.17 1870 Alfa Aesar
Carbon 96.0 0.04 0.01 3800 Alfa Aesar
Oxygen (extra dry) 99.99 — — — Aeriform Corp.

mixture was locally ignited by an electrically heated coil. The
green mixture consisted of 7-40 wt % carbon and noncombus-
tible oxide precursors. The molar ratio among the reactants was
set according to the stoichiometry of the desired product. The
powder mixture of reactants was thoroughly mixed by ball
milling for about 15 min. The properties of the reactants are
listed in Table 1. The effluent gas composition was determined
by a three-channel gas microchromatograph analyzer (Varian
Star Workstation 4100).

The quenched front method®* was used to determine the
structural transformations and product conversion during the
CCSO. These experiments were conducted in a 62-mm-high
copper cylinder with a 20-mm conical hole at the top and a
I-mm tip at its bottom. The cylinder was made of two separa-
ble halves to enable characterization of the dependency of the
chemical composition on the position in the cone. After igni-
tion at the top, the front extinguishes before reaching the
bottom of the cone. The quenching rate was estimated to be
10°-10* K7s.

The composition and crystal structure of the products was
determined by X-ray diffraction (XRD; Siemens D5000 dif-
fractometer) with Cu-K,, radiation. Scans were taken in the
range of 5° < 260 < 80° at 0.1° intervals. Particle morphologies
and microprobe analysis were determined by scanning electron
microscopy (SEM; JEOL JAX8600, Tokyo, Japan) of loose
powder affixed to a graphite disk with colloidal graphite paste.
Particle size distribution and the surface area of the synthesized
powder were determined by a Coulter SA 3100 Brunauer—
Emmett-Teller (BET) analyzer. Surface areas were determined
by the BET and Langmuir methods.

Experimental Results

Carbon combustion synthesis of oxides was used to produce
three oxides, which have important applications. Specifically,
we used the CCSO to synthesize: ferroelectric barium titanate
(BaTiO;); lithium manganese oxide (LiMn,0,), a common 4V
cathode material; and lanthanum gallium oxide (LaGaOs;) used
in various fuel-cell components.

The CCSO of BaTiO;
BaTiO; was produced by the CCSO using three different

Ba-containing precursors, by the following reactions
BaCO; + TiO, + a(C + O,) = BaTiO; + (a + 1)CO, 1
2
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BaO, + TiO, + 2.4C + 1.90, = BaTiO; + 2.4C0,1 (3)

BaO + TiO, + 2.4(C + O,) = BaTiO; + 2.4CO, 1 (4)

The impact of the carbon concentration (up to 40 wt %) on
the maximum reaction temperature and average front velocity
during the CCSO of BaTiO; with BaCO; as the barium pre-
cursor (reaction 2) is shown in Figure 1. The stoichiometric
coefficient «, in reaction 2, was 3 (equivalent to 11.5 wt %
carbon in the reactant mixture) in all the experiments except
those in Figure 1. A self-sustaining reaction was not attained
when x, the carbon wt % in the reactant mixture was <7. The
combustion proceeded in an unstable mode at x = 7-8 wt %
and the front extinguished after moving for about 2—4 mm. A
stable combustion mode, in which the combustion front prop-
agated at a constant velocity, was attained for reactant mixtures
with carbon wt % >8. The reaction front propagated at a
relatively slow velocity of about 0.3—0.4 mm/s using a reactant
mixture with 8—10 wt % carbon and formed a friable and
porous product. Increasing the carbon concentration in the
green charge increased the average front velocity and maxi-
mum temperature. The stable front motion, generated using
8—40 wt % of carbon, led to maximum temperatures of 900—
1200°C, well below the melting temperature of the BaTiO4
product (~1600°C) and of carbon (3550°C). The velocity
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Figure 1. Influence of the carbon concentration in the
green charge on the maximum reaction tem-
perature and average front velocity and com-
bustion regime during the carbon combustion
synthesis of BaTiO; by reaction 2.
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Figure 2. Typical temporal temperature at the center of

the loose sample during the formation of
BaTiO, by the CCSO with three different bar-
ium precursors (BaO, BaO,, and BaCO,).

x is the carbon wt % in the green charge.

approached an asymptotic value of about 3 mm/s and the
maximum temperature an asymptotic value of about 1200°C at
a carbon concentration of 40 wt %.

The temporal temperature at the center of the loose powder
sample during the CCSO of BaTiO; by three different barium
precursors (reactions 2—4) is shown in Figure 2. Using BaO, as
the barium precursor (reaction 3 with x = 10.36 wt %), the
temperature rapidly rose after the sample temperature reached
420°C. At this temperature the barium peroxide decomposed
(BaO, — BaO + 0.50,). The oxygen release increased the rate
of the carbon combustion and the temperature rose at a rate of
about 700°C/s. The corresponding combustion front propa-
gated at an average velocity of about 0.4 mm/s and emitted a
profusion of sparks. In contrast, when BaO was the barium
precursor (reaction 4) the rate of the temperature rise was much
lower, about 22°C/s, and the average velocity was 0.36 mm/s.
When barium carbonate was the barium precursor (reaction 2
with x = 11.5 wt %), the temperature front velocity was 0.3
mm/s and the rate of the temperature rise about 16°C/s. The
corresponding maximum combustion temperature of about
950°C was lower than that obtained using either BaO, or BaO
as a barium precursor. The lower maximum temperature prob-
ably resulted from the heat consumed by the decomposition of
the barium carbonate, BaCO; — BaO + CO.,.

IR thermal images of the temperature during the CCSO of
BaTiOj; by reaction 4 are shown in Figure 3. They show that
the moving temperature front was not exactly planar. The front
propagated with an average velocity of about 0.36 mm/s and its
maximum temperature was about 1120°C. The IR images did
not show a clear boundary between the combustion zone and
the postcombustion zone. The images suggest that the total
reaction zone in the CCSO is wider (order of 15 mm) than that
in conventional SHS.

To determine the dependency of the combustion temperature
on the distance from the sample surface during reaction 4 we
measured the temperature using four microthermocouples lo-
cated at different depths within the sample. The total height of
the loose mixture was about 30 mm. The maximum tempera-
ture of nearly 1080°C (same as that in Figure 2) was around the
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middle of the sample, at a distance of 15 mm from the surface.
The smallest maximum temperature (~800°C) was generated
on the bottom of the sample, close to the boat wall. The surface
temperature was about 1000°C.

Experiments showed that the maximum temperature during
the combustion of pure carbon was about 1300°C. The corre-
sponding average front velocity was about 3.5 mm/s. Ignition
of a mixture containing 11 wt % of carbon and BaTiO; gen-
erated a front with a maximum temperature of about 1100°C
and a velocity of 0.32 mm/s. The combustion rate is limited by
the rate of oxygen infiltration. The limiting reaction rate and
the heat loss from the sample cause the temperature rise to be
much smaller than the adiabatic temperature rise of carbon
combustion.

The XRD patterns of the as-prepared BaTiO; product (Fig-
ure 4) indicate that the CCSO led to an almost complete
conversion of the reactants to the perovskite-phase BaTiO4
when either one of the two barium precursors (BaO and BaO,)
was used. The XRD patterns of the synthesized powders from
these precursors have a flat background, indicating that amor-
phous reactants/intermediates/products were not present. The
low-angle patterns do not include any ‘“amorphous hump,”
which is indicative of the presence of amorphous material.
Moreover, the sharpening of the diffraction peaks after a 1-h
calcination at 1000 °C indicates that the product contains
crystallites that grow on calcinations. In all XRD patterns of
the products major reflection peaks corresponding to barium
titanate (BaTiO;) were observed. In the synthesis of BaTiO5
using BaCOj as a precursor (Figure 4c) the combustion product
contains some small amounts of barium and titanium oxides.
Apparently, the incomplete reaction is caused by the difficult
decomposition of barium carbonate. The reaction was com-

Direction of front propagation

20 mm

Figure 3. IR thermal images obtained during the car-
bon combustion synthesis of barium titanate
BaTiO; by reaction 2.

Maximum combustion temperature: 1120°C; average front
velocity: 0.36 mm/s. Mixture of reactants contained: 58.51 wt
% BaO; 30.49 wt % TiO,; and 11 wt % C.
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X-ray powder diffraction patterns of BaTiO,

obtained after: (a) the calcination (1000° C, 1 h)
of combustion products synthesized using
BaO as a precursor; the CCSO using three
different Ba precursors: (b) BaO, (c) BaCO;,
and (d) BaO..

The major diffraction peaks are of barium titanate.

pleted after a 1-h calcination of the product at 1000°C. The
product was a pure, single-phase BaTiO;. X-ray patterns of the
product produced by reaction 4 using three different carbon
concentrations (8, 20, and 30 wt %) in the green charge
identified only BaTiO;. The microprobe analysis confirmed
that in all the experiments the product was BaTiO,,, where y =
3+0.1.

The characteristic microstructure of the barium titanate pow-
der produced by the CCSO for three precursors and different
carbon concentrations is presented in Figure 5. The average
product particle size was about 0.2—-1 wm for all precursors
when a low carbon concentration of 8—11.5 wt % was used
(Figures 5a—5d). Higher magnification of these samples shows
that the agglomerates contained small particles with a smooth
surface. The carbon combustion caused considerable gas (car-
bon dioxide) evolution, which generated many pores so that the
synthesized powders became friable (porosity of the products
was up to 70%) and loosely agglomerated. Increasing the
carbon concentration up to 30 wt % decreased the fraction of
the submicron particles and increased the pore size. The prod-
uct was always spongy and the microstructure was homoge-
neous. After milling under identical conditions for 60 min, the
surface area of barium titanate produced by the CCSO was 3.6
and 1.1 m?%/g, using mixtures with carbon concentrations of
11.5 and 30 wt %, respectively. The lower combustion tem-
perature obtained at lower carbon concentrations (950°C with
11.5 wt % of carbon) apparently produced particles with
smaller size and thus larger surface area.

Figure 5. Characteristic microstructure (SEM images) of as-synthesized BaTiO; powders produced by carbon com-
bustion synthesis by: (a-c) reactions 2, 3, and 4, respectively; (d—f) using BaCO, as a barium precursor with
carbon concentration of (d) 8 wt %, (e) 20 wt %, and (f) 30 wt %.
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Figure 6. Local temporal temperature generated by car-
bon combustion synthesis of lithium manga-

nese and lanthanum gallium oxide by reac-
tions 5 and 6, respectively.

The CCSO of LiMn,0, and LaGaO;

The CCSO was used to produce LiMn,O, and LaGaO; by
the following reactions

Mn,0; + 0.5Li,O + 2C + 2.250, = LiMn,0, + 2CO, 1
)

La,0; + Ga,05 + 4.5(C + O,) = 2LaGa0; + 4.5CO, 1
(6)

After ignition of the loose green charge for either reaction 5
or reaction 6 a stable combustion front propagated through the
sample and converted the reactant mixture to the products. The
IR thermal images of these reactions were similar to those
during the CCSO of BaTiO;. Figure 6 shows the temporal
combustion temperature during the carbon combustion synthe-
sis of lithium manganese and lanthanum gallium oxides. The
maximum combustion temperature was about 920°C during the
formation of LiMn,O, and 1160 °C during that of LaGaOs.
The corresponding average combustion velocities were about
0.3 and 0.5 mm/s. The rate of the temperature rise by reaction
5 was about 100°C/s, whereas that during reaction 6 was
slower, about 45°C/s. The maximum combustion temperatures
in both cases were below the melting temperature of the prod-
ucts LiMn,O, (>1000°C) and LaGaO; (~1700°C). Thus, the
products were not affected by melting.

The microstructure of as-synthesized powders of lithium
manganese and lanthanum gallium oxides, produced by reac-
tions 5 and 6, is shown in Figure 7. Both products were friable
with a spongy structure and composed mainly of agglomerated
fine particles with a size of =1 um. The texture of the as-
synthesized samples was homogeneous, consisting of many
open pores.

Figure 8 is an XRD pattern of the combustion product
LiMn,O, obtained by reaction 5. The low-angle XRD and the
wide-angle scans (260 = 20—80°) of the as-synthesized powder
had a flat background, indicating that the combustion product
was crystalline and no amorphous material was present. The
XRD indicates that the synthesized powder was essentially
pure LiMn,O, with a cubic crystal structure. All the major

2806 October 2005

Figure 7. Microstructure of as-synthesized powders of
(a) LiMn,0, and (b) LaGaO, produced by car-
bon combustion synthesis.

diffraction peaks for as-synthesized and calcined powders were
of lithium manganese oxide. The lack of diffraction patterns of
other species indicates that the concentrations of any other
crystalline species must be very low.

By use of the quenched front method, we followed the phase

[1*1 1] *-LLiMn, Oy
a
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Figure 8. X-ray diffraction patterns of lithium manga-
nese oxide (LiMn,O,): (a) after the calcination
of the as-synthesized product at 1000 °C for
1 h; (b) as-synthesized powder.
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Figure 9. (a, b, c) X-ray powder diffraction patterns at
various distances, from prefront plane in
quench front experiment of the CCSO of
LaGaO,; (d) XRD after 1-h calcination of prod-
uct at 1000°C.

Key: (*) La,05; (#) Ga,05; (M) C; (O) La,Ga,0, intermediate

phase; (@) orthorhombic LaGaO,. The major diffraction
peaks of the product are of LaGaO;.

and structural transformations occurring during the synthesis of
lanthanum gallium oxide by carbon combustion synthesis. The
sample in the conical copper cylinder was cut into two halves
for analysis by XRD and microprobe. The combustion front,
inside the copper cone, during the synthesis of LaGaO; by
reaction 6 moved at a velocity of about 0.45 mm/s and was
arrested at a distance of 1 mm from the tip of the cone. The
combustion temperature in the middle of the sample rises to its
maximum value of about 36 s. Thus, we estimate the average
length of the total preheating and reaction zone at about 16
mm. Figure 9 shows some XRD patterns taken at a distance (/)
from the prefront zone, chosen as the position at which the
color of the green mixture began to change. The XRD pattern
shows that La,0O5 and Ga,O5 and carbon were mainly present
in the combustion front zone at a distance of about 2 mm from
the prefront zone. The diffraction peaks in that zone differ from
those of the reactant mixture and of the final products and were
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of the intermediate La,Ga,04. The LaGaO; started to form in
the combustion zone at a distance of about 6 mm from the
prefront zone. Almost complete conversion of the reactant to
the orthorhombic-phase LaGaO; was achieved in the postcom-
bustion zone at a distance of 20 mm from the prefront line.
We note that, although lanthanum gallium oxide was pro-
duced by the CCSO, it cannot be synthesized by SHS using
either La or Ga as the fuel because the lanthanum powder is
highly pyrophoric and gallium powder melts at about 29°C.

Characterization of effluent gas

A potential health hazard associated with the CCSO is the
generation of carbon monoxide. The effluent gas composition
during the CCSO of barium titanate, lithium manganese, and
lanthanum gallium oxide was determined by a three-channel
gas microchromatograph analyzer. Typical data, shown in Fig-
ure 10, revealed that the effluent contained only oxygen and
carbon dioxide. The partial pressure of CO, and O, was about
6.7 and 93.3%, respectively. No carbon monoxide CO was
detected in the effluents during these CCSO. Evidently, some
reactants and intermediate oxides catalyzed the complete con-
version of the carbon to CO,.

Discussion

Our experiments demonstrated the feasibility of producing
complex oxides by the CCSO process, which is a modified
SHS process in which the metal fuel is replaced by carbon.
Similar to SHS, the features and stability of the self-propagat-
ing reaction during the CCSO depends on the heat generated by
the carbon combustion reaction, enthalpy of phase transforma-
tion and reactions among the reactants, and the rate of the heat
loss from the sample. A stable self-propagating reaction can be
sustained only above a critical fuel (carbon) concentration. It
was about 8 wt % in the synthesis of barium titanate (Figure 1).

Increasing the carbon concentration in the reactant mixture
increased the moving front temperature and velocity, which
eventually approach asymptotic values. This occurred when the
carbon concentration was about 40 wt % in the synthesis of
barium titanate. The asymptotic front temperature and velocity
were close to values obtained during the combustion of carbon
powder in oxygen. Because the maximum temperature during
the CCSO did not exceed about 1250°C the CCSO did not
cause melting of the desired products. The maximum temper-
ature obtained in the CCSO depended on the metal containing
precursors and the energy needed to decompose them. For
example, the maximum temperature during the carbon com-
bustion synthesis of BaTiO5; was close to the decomposition
temperature of barium carbonate precursor (Figure 2), which
starts at about 1000°C.3* It was pointed out by Hedval®’ that the
decomposition temperature of carbonates may be significantly
decreased by the presence of other oxides as a result of the
increased ionic mobility and defect concentration on the par-
ticle surface. Thus, the presence of TiO, may have decreased
the decomposition temperature of the barium carbonate.

Clearly the maximum temperature generated by the CCSO
has to be sufficiently high to decompose the metal-containing
precursors. This is not a limitation in most practical cases
because this maximum temperature is similar to that used in
conventional calcination processes to produce oxides (range of
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Figure 10. Chromatogram of the effluent gas during the carbon combustion synthesis of (a) BaTiO; by reaction 2; (b)

LaGaO; by reaction 5.

Dotted arrows show the retention time of the nitrogen and carbon monoxide.

800-1200°C). Most metal-containing precursors, such as car-
bonates and nitrates, readily decompose in this temperature
range. A major advantage of the CCSO over the calcination
processes is that it is completed in a much shorter time and with
a minimal energy input.

The maximal front temperatures and average velocity during
the combustion of mixtures containing either BaO-TiO, or
pure BaTiO; with about 11 wt % of carbon were approximately
the same (~1100 °C and ~0.32 mm/s, respectively). This
suggests that the heat of the reaction between BaO and TiO, to
form barium titanate had a negligible impact on the front
temperature and velocity. The typical rate of the temperature
rise rates during the CCSO of different complex oxides were
16—100°C/s (using oxides or carbonates as a metal-containing
precursor). The use of different barium precursors affected the
rate of the net heat release by the reactions and the temperature
rise during the synthesis of BaTiO; (Figure 2). Using BaCO; as
the barium precursor led to the lowest rate of temperature rise
(~16°C/s) because of its relatively slow decomposition. On the
other hand, the active oxygen release by the decomposition of
BaO, accelerated the combustion and led to a significantly
higher rate of temperature rise (~700°C/s).

The length of the reaction zone in SHS is usually a few
millimeters. A much wider reaction zone exists in the CCSO.
For example, during the synthesis of BaTiOj;, the reaction zone
length was about 15 mm (Figure 3). During the synthesis of
lanthanum gallium oxide in the quenched front experiments it
was about 16 mm. The larger length of the combustion zone
can be explained by several effects. The temperature during
SHS is usually higher and the rate of the metal combustion is
much faster than that of the carbon combustion in the CCSO.
Moreover, a slow decomposition rate of metal-containing pre-
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cursor in the CCSO increases the time needed to complete the
overall reaction.

As in SHS, increasing the sample size can lead to limitation
of the gas infiltration rate into the sample and increase the
temperature gradients within the sample. These factors affect
the reaction front propagation velocity and cause the velocity,
temperature, and conversion to depend on the distance from the
sample surface. The release of the CO, in CCSO generates a
more porous product than in traditional SHS. This increases the
oxygen infiltration rate and minimizes its impact. The larger
the sample size, the larger the temperature difference between
the surface and the bottom of the sample and the impact of the
oxygen infiltration. For example, a temperature difference of
280°C existed between the sample surface and sample bottom
during reaction 4 and the reaction completion time of the
barium titanate about doubled as the sample depth was in-
creased from 10 to 30 mm. Although there is some critical
sample depth above which the infiltration rate limitations will
cause incomplete conversion of the carbon, this did not happen
in any of our experiments using a sample depth of 30 mm.

An important feature of the CCSO is that an increase in the
carbon concentration in the reactant mixture increases the front
temperature and the product particle size and decreases the
product surface area. Thus, variation of the carbon concentra-
tion enables control of the particle size and surface area. For
example, during the CCSO of BaTiO; increasing the carbon
concentration in the reactants mixture from 11.5 to 30 wt %
increased the combustion temperatures from about 950 to about
1200°C and the average particle size from <1 to 5 wm, while
decreasing the particle surface area from 3.6 to 1.1 m*/g. Figure
5 clearly shows that a decrease in the maximum combustion
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temperature decreases the product size and leads to a narrower
particle size distribution.

The XRD patterns of the as-synthesized BaTiO; product
(Figure 4) indicate that CCSO led to almost complete conver-
sion, irrespective of which of the three different precursors was
used. The single-phase products BaTiO;, LiMn,O,, and
LaGaO; synthesized by the CCSO (Figures 4, 8, and 9) were
friable, with submicron particle size (Figure 5 and 7) and a high
porous crystalline structure. The extensive CO, evolution dur-
ing the carbon combustion most probably increased the poros-
ity of the products. This, in turn, simplifies the particle size
reduction by milling.

The carbon combustion synthesis of LaGaO; in the
quenched front experiments shows that, similar to SHS, the
CCSO proceeds in steps that involve production of intermedi-
ates. The experiments show that the decomposition of the
precursor occurred very close (~2 mm) to the prefront zone.
An intermediate product of La,Ga,0, formed well ahead of the
combustion front. The formation of LaGaO; started when
almost all the lanthanum and gallium oxides were consumed at
a distance of about 6 mm from the prefront line. The transfor-
mation of the green mixture to LaGaO; was essentially com-
plete at about 20 mm from the prefront line. The time to
complete this reaction (~60 s) is much longer than the typical
reaction time in SHS, which usually occurs at much higher
temperatures.

An important concern involved in the CCSO is the possible
formation of carbon monoxide. This did not occur and the
effluent consisted of oxygen and carbon dioxide and no detect-
able carbon monoxide. Probably, any CO that formed was
rapidly oxidized to CO, in the presence of the oxide precursors
at the relative high reaction temperature (>900°C).

Our experiments demonstrate the ability of the CCSO to
efficiently produce high-quality oxide powders that have im-
portant applications. The process has the same advantages as
those of SHS: that is, it is rapid (order of 1-10 min), requires
very simple and versatile equipment, requires minimal external
energy input, and can be readily scaled-up for continuous
operation. When the price of the metal is a significant fraction
of that of the reactant mixture, the synthesis by the CCSO may
be less expensive than that by SHS. Moreover, the CCSO may
be used even under situations that SHS cannot be applied
because of the pure metal being pyrophoric or melting at room
temperature. Moreover, the lower temperature of the CCSO
and the extensive release of CO, yield a product that has a
lower particle size, a higher surface area, and is easier to mill.
Our experiments indicate that carbon combustion synthesis of
oxides has potential applications and that it is important to
enhance our understanding of its features and its dependency
on the feed composition and operating conditions.

Conclusions

The carbon combustion synthesis of oxides is a modified
form of SHS, in which carbon is used as the fuel instead of a
pure metal. The process has several advantages over SHS and
can be applied even in cases in which it is not possible to
produce the complex oxide by SHS. The process is signifi-
cantly faster than the common calcination processes and pro-
duces powders with a smaller particle size. We used the
method to successfully produce high-purity, submicron, and
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porous powders of barium titanate (BaTiO;), lithium manga-
nese (LiMn,0,), and lanthanum gallium oxide (LaGaOs;). The
major parameters affecting the process are the carbon concen-
tration in the reactant mixture and the metal containing precur-
sor. A stable self-propagating reaction front can be obtained
only at carbon concentrations exceeding a critical value. The
reaction front temperature and average velocity increased as
the carbon concentration in the reaction mixture increased,
eventually approaching asymptotic values. The maximum
combustion temperature (~1200°C) was close to that of a
mixture of carbon and the products. The high rate of CO,
release increases the porosity of the particles and the friability
of the powder.

The experiments suggest that CCSO has the potential to
enable a more economic and energy-efficient production of
complex oxides, which have wide applications. The process is
certainly capable of generating many complex oxides different
from the three we produced. It is of practical importance and
academic interest to gain better knowledge of the process and
its dependency on the operating conditions and feed composi-
tion.
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