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Hydrothermal Synthesis of Metal Oxide Fine Particles at
Supercritical Conditions
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Supercritical water can provide an excellent reaction environment for hydrothermal crystal-
lization of metal oxide particles. Because of the drastic change of properties of water around
the critical point, density, dielectric constant, and ionic product, the phase behavior for the
supercritical water—light gas (O, H,, etc.) system and reaction equilibrium/rate can be varied
to synthesize new materials or define particle morphologies. In this work, hydrothermal
crystallization experiments were performed with several types of flow apparatuses that allow
convenient manipulation of variables such as temperature, pressure, and residence time. The
proposed supercritical hydrothermal synthesis method has the following desirable features: (1)
ultrafine particles can be produced, (2) morphology of the produced particles can be controlled
with small changes in pressure or temperature, and (3) a reducing or oxidizing atmosphere can
be applied by introducing oxygen, hydrogen, or other gases. An overview of this method is given
for functional material synthesis of significant industrial interest including barium hexaferrite
magnetic particles, YAG/Tb phosphor fine particles, and lithium cobalt fine crystals.

Introduction

Hydrothermal crystallization, metal oxide formation
from metal salt aqueous solutions, is typically used at
temperatures ranging from 373 to 474 K. We are
developing hydrothermal crystallization processes that
use supercritical water.1~8 In this work, we refer to this
process as supercritical hydrothermal synthesis. The
supercritical state of water allows one to vary the
reaction rate and reaction equilibrium by shifting the
dielectric constant and solvent density with pressure
and temperature. Thus, supercritical water can be
expected to provide many benefits such as high reaction
rates and small particle sizes. From several of our
fundamental studies on material production in super-
critical water, we have identified the following key
features of the supercritical hydrothermal synthesis
method: (i) ultrafine particles are produced, (ii) mor-
phology of the produced particles can be controlled to
some extent with pressure and/or temperature, and (iii)
homogeneous reducing or oxidizing atmospheres can be
provided by introducing gases or additional components
(02, Hz, H20,).1 For understanding the mechanism of
hydrothermal synthesis at supercritical conditions, our
group has conducted solubility measurement® and de-
velopment of estimation methods for metal oxide solu-
bility in high-temperature water.’® Information has
been used in considering the heating requirements
necessary in the continuous production of highly func-
tional materials including barium hexaferrite BaFe;2019
magnetic particles,® YAG/Tb phosphor fine particles,’
and Li ion battery cathode material, LiC00,.8

The objective of this paper is to clarify the specific
features of the supercritical hydrothermal synthesis
method by analyzing the previously obtained results in
view of kinetic and equilibrium theories. First, the
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Table 1. Lead Oxide and Copper Oxide Dissolution
Reaction

PbO(s) + 2H* < PbZ* + H,0
PbO(s) + H* = PbOH*

PbO(s) + H,0 < Pb(OH),

PbO(s) + 2H,0 < Pb(OH);~ + H*
CuO(s) + 2H* < Cu?" + H,0
CuO(s) + H* < CuOH*

CuO(s) + H20 = Cu(OH),

CuO(s) + 2H,0 < Cu(OH)3™ + H*

solubility of metal oxides in supercritical water is shown
and interpreted with a simple mathematical model.
Then, some specific features of supercritical hydrother-
mal synthesis will be described by showing some
experimental results, which are interpreted based on
the understanding of the metal oxide solubility and the
distribution of chemical species under those conditions.
Applications of the hydrothermal crystallization method
to be discussed are the continuous production of
BaFe12019,8 YAG/Th,” and LiCoO,® particles.

Solubility of Oxide Species in
High-Temperature Water

To study hydrothermal crystallization, information
on the solubility of the crystalline substances formed
and identification of the ionic species are essential.
As examples, the equilibrium reactions for copper and
lead oxide are shown in Table 1. For the estimation
of the solubility of metal oxides in high-temperature
water, the equilibrium constant K for each reaction
should be known. The data for equilibrium constants
or Gibbs free energy changes for various reactions are
available at ambient conditions. The ion product of
water, Ky, is available over a wide range of tempera-
tures and pressures including the supercritical region.
Using these data, we proposed a simple correlation
model that is applicable even to the supercritical
region.®1% The following equation includes the Born
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Figure 1. Dielectric factor for water plotted against 1/T.
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Figure 2. Solubility behavior of CuO in sub- and supercritical
water: (®) 280 bar; Sue et al.;® (O) 280 bar; (») saturation pressure;
Hearn et al.®
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term, which expresses an electrostatic interaction of ion
with dielectric field,

In K(T,p) = In K(Tg.pg) + (3 In K)po(% _ Tio) _

(/)
of 1 1
T(E(T,p) 6o(Toﬁoo)) @)

where K is an equilibrium constant, T is the absolute
temperature, ¢ is a dielectric constant, and o is a
parameter determined by a reaction system.

Figure 1 shows the dielectric factor as a function of
temperature and pressure. Water at ambient temper-
ature and pressure was chosen as the reference state.
At the reference density and over a wide range of
temperatures, the dielectric factor is small enough to
be considered negligible. On the other hand, at the lower
pressures, the dielectric factor becomes large especially
above the critical temperature.

The solubility of copper oxide is shown in Figure 2.9711
Curves shown in this figure are the solubilities esti-
mated by the model, with the term w being treated as
a fitting parameter for each dissociation reaction.
Evaluation of w by using the database of the Helgeson—
Kirkham—Flowers model?? is also available. As shown
here, the measurements could be correlated adequately
especially in the retrograde region around the critical
point. The solubility of metal oxide varies with the
existing cation and anion and the pH of the solution.
In general, the solubility decreases, showing the mini-
mum, and then increases with elevating pH at constant
temperature. The pH showing the minimum solubility
shifts toward lower pH with increasing temperature,
because of the increase of the Ky, for water. One more
important point is the distribution of the ionic species
in solution. As shown in Figure 2, the Cu?* species does
not exist at conditions above about 200 °C. From 300 to
400 °C the single charge cation and anion copper species
sharply decrease and neutral solute increases and
dominates the solubility behavior above 400 °C at 280
bar. As discussed later, understanding the temperature
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Figure 3. Experimental apparatus.
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and pH dependence of the solubility and of the distribu-
tion of chemical species is the key to providing the
optimum condition for supercritical hydrothermal syn-
thesis.

Specific Features of Hydrothermal Synthesis
under Supercritical Conditions

Experimental Section. Figure 3 shows a typical
experimental apparatus that we use for hydrothermal
crystallization syntheses. An aqueous metal salt solu-
tion is prepared and fed into the apparatus in one
stream. In another stream, distilled water is pressurized
and then heated to a temperature that is above the
temperature desired. The pressurized metal salt solu-
tion stream and the pure supercritical water stream are
then combined in a mixing point. This leads to rapid
heating and subsequent reaction in the reactor. After
the solution leaves the reactor, it is rapidly quenched
and in-line filters remove larger particles. Pressure is
controlled with a backpressure regulator. The fine
particles are collected in the effluent. Productivity of the
metal oxide particles is determined by the feed rate of
the feed solution (3—5 mL/min) and its concentration
(0.001—-0.1 mol/L). Thus, the production rate of the
metal oxide in this experiment was in the range from
0.1 to 10 g/h.

Specific Features. In this section, the specific
features of the supercritical water crystallization were
summarized. Table 2 shows products obtained in the
previous experiments with a flow-type apparatus.1—8
Metals used were Fe, Al, Ni, Co, Ti, and Zr and the
anions were NOs~, Cl—, SO4%, CO3~, and ammonium
citrate. As shown here, this method could be applied
for various systems to produce metal oxide fine particles.

(a) Ultrafine Particles Formation. Figure 41 shows
typical scanning electron microscopy (SEM) photos for
the obtained particles (TiO, and ZrO). The particle size
obtained under these conditions was 20—50 nm. As
shown in this figure and in Table 2, with the super-
critical hydrothermal crystallization method, particle
sizes in the range from 10 to 1000 nm can be produced.
In many cases, particles have well-developed crystal
faces, which suggests single crystals.

The particle size seems to be most strongly influenced
by the initial concentration of the feed and heating rate,
and thus ultrafine particles can be formed even at
subcritical conditions.'®~15 Here, we compare the size
of the particles obtained at subcritical and supercritical



Table 2. Metal Oxide Particles Produced by the
Supercritical Hydrothermal Synthesis Technique

particle
metal salt used as size
the starting material product [nm] morphology  ref
Al(NO3); AIOOH 80—1000 hexagonal 1,2, 7
plate

rhombic

needlelike
Fe(NO3)s3 a-Fe,03 ~50 spherical 1
Fe,(S04)3 a-Fe,03 ~50 spherical 1
FeCl, a-Fe,03 ~50 spherical 1
Fe(NH,4),H(CsHs07), Fez0q4 ~50 spherical 1
Co(NOg), Co0304 ~100 octahedral 1
Ni(NOs). NiO ~200 octahedral 1
ZrOCl, ZrO; (cubic) ~10 spherical 1
Ti(SOs)2 TiO, ~20 spherical 1
TiCly TiO; (anatase) ~20 spherical 1
Ce(NOg)3 CeO, 20—300 octahedral 3,4
Fe(NOgz)s, Ba(NOs), BaO-6Fe,O;  50—1000 hexagonal 6

plate

Al(NOg)s, Y(NO;;)S, A|5(Y+Tb)3012 20—600 dodecahedral 7
ThClI

3

Li(NOgz), Co(NO3), LiCoO, 40—400 dodecahedral 8

conditions by using the same apparatus and keeping the
feed concentration and feed rate the same.

Figure 5a shows ceria fine particles obtained at 573
K and 30 MPa from Ce(NOgs)s. The SEM photographs
show the reaction at increasing residence time. Using
reactors of different lengths varied the residence times.
Cloudlike products with fine crystals were observed at
0.7 s. These cloudlike products tended to disappear, and
crystal particle sizes increased with reaction time.
Figure 5b shows the particle formation in supercritical
water at 673 K and 30 MPa. For this case, no cloudlike
products were observed even at very short residence
times. Further, as shown in the photograph, there was
little change in the particle size with residence time,
indicating that the reaction was complete. The particle
size was approximately 18 nm.

Supercritical water hydrothermal synthesis reactions
proceed faster than the corresponding reactions in
subcritical water. One reason for this is because the
lower dielectric constant results in an enhancement of
the reaction rate, k, according to the theory of Born:

|nk:|nk0—ﬂ(1—l) )

where o is a constant determined by a reaction system,
€ is the dielectric constant, ko is the reaction rate at
dielectric constant ¢, R is the gas constant, and T is
the absolute temperature.

We examined the reaction rate above the critical point
in a series of experiments using different lengths of
reactors; namely, a different reaction time, t, was
conducted for the AI(NO3)3; system. From the decrease
of the concentration of the Al ion in the effluent, the
conversion degree of the Al ion, X, was determined. The
apparent first-order reaction rate constant, k, was
evaluated from the slope of the plot of —In(1 — X) versus
t, as shown in Figure 6. Figure 7 is the Arrhenius plot
of the first-order rate constant evaluated. In the range
of subcritical temperature, the rate constant fell on a
straight line, but above the critical temperature, the
reaction rate seemed to greatly increase, as shown by
the data in Figure 7. This enhancement in rate in the
critical region is also predicted by eq 2.

After fast nucleation, crystal growth occurs through
further addition of intermediates. In subcritical water,
the solubility of intermediate species is expected to be
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high. The cloudlike products observed only in subcritical
water experiments probably are a result of aggregation
of intermediate species. At supercritical conditions, the
solvent power of supercritical water is much less than
that of subcritical water, and the solubility of interme-
diates is very low. Therefore, a very high degree of
supersaturation exists, and rapid nucleation occurs.
Intermediates are consumed at the nucleation stage,
and ultrafine particles are obtained.3* A schematic
mechanism of CeO, formation in sub- and supercritical
water is shown in Figure 8.

(b) Control of the Oxidizing or Reducing Atmo-
sphere with O, or H,. When ferrous ammonium
citrate is used as the feed, magnetite (Fe;O4) particles
are formed! in a single phase. For this case, Fe(lll) is
reduced to Fe(ll), which is probably due to the reduction
of Fe(l1l) by CO formed by the thermal decomposition
of ammonium citrate. Because CO is miscible with
supercritical water, a homogeneous reaction atmosphere
is provided, which allows for magnetite particles to form
in a single phase. Formation of a homogeneous phase
for supercritical solution and light gases provides a
uniform oxidizing or reducing environment, and this
probably promotes the oxidizing/reducing capability,
when O, or H; gas is introduced. This is discussed later
for the oxidative production of LiCoO, from Co(NO3);
and LiOH, which considers the introduction of oxygen
gas.

(c) Control of Morphology. When aluminum ni-
trate was used as the starting material, particles of a
variety of morphologies were obtained around the
critical point. An aluminum nitrate aqueous solution
was heated rapidly to reaction temperatures by mixing
with supercritical water at a mixing point. As shown in
Figure 9, various morphologies could be found.?

In previous literatures,16-18 it was demonstrated that
morphology changes with the feed concentration, pH,
and type of salt in subcritical hydrothermal conditions.
The results in Figure 9 show that the morphology
changed with temperature and pressure especially
around the critical point.2 This is most likely due to the
change of properties of water, especially the dielectric
constant and ion product of water. We have studied the
relation between the crystal habit of boehmite (AIOOH)
particles and the chemical equilibrium in hydrothermal
conditions. The results are schematically shown in
Figure 10. Calculation results of the aluminum ion
species distribution in the crystallization atmosphere
suggest that AIOOH particle morphology is determined
by selective adsorption of positively charged species, Al-
(OH)2* or AI(OH),™, on the negatively charged surface
of the AIOOH crystal.®> Around the critical point, the
equilibrium constant of the chemical reaction changes
greatly with the temperature and pressure. This leads
to a change in the chemical species distribution and thus
the crystal habits.

Applications of the Method for Producing
Complex Metal Oxides

Formation of Barium Hexaferrite and YAG/Tb
Phosphor. The supercritical hydrothermal crystalliza-
tion method was applied to the production of complex
metal oxides, (i) barium hexaferrite (BaFe;,010)® used
in high-density recording media, (ii) metal-doped oxide
(Als(Y+Tb)3012, YAG/Th)” used in phosphor screens, and
(iii) lithium cobalt oxide (LiCoO,) used in Li ion battery
cathodes. The experimental apparatus for the produc-
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Figure 4. (a) ZrO, particles obtained from 0 to 2 M ZrCl,0 at 673—763 K and 30 MPa. (b) TiO; (anatase) particles obtained from 0.01

M TiCl, at 673 K and 30 MPa.
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Figure 5. (a) CeO, obtained at 573 K and 30 MPa. (b) CeO; obtained at 673 K and 30 MPa.
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Figure 6. —In(1 — X) vs time curves (Al(NO3)3). Concentration:
0.01 mol/L. Pressure: 30 MPa.

tion of barium hexaferrite is shown in Figure 11. A
mixture of Ba(NO3), and Fe(NO3); was mixed with a
KOH solution, and after preheating the solution, the
mixture was combined with supercritical water at a
mixing point. The preheating was found to be essential
for good results. The solubility estimation by eq 1
suggests that the solubility of Fe(OH); or Ba(OH),
increases with temperature in the higher pH region.
Thus, mixing with supercritical water at the second
mixing point could be achieved in a homogeneous phase.
By this method, barium hexaferrite particles could be
continuously produced with a large excess of Ba(NOs3),
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Figure 7. Arrhenius plot of the apparent first-order rate constant.

against Fe(NO3); and at OH/NO3 higher than 4. The
reaction time required was approximately 1 min. The
commercial method is a batchwise high-temperature
solid-state method. The products of BaO-6Fe,O3 ob-
tained in this experiment were 100 nm size hexagonal
plate shaped particles, while a commercially produced
product has a more rounded appearance and is larger,
being on the order of 1 um in size. Magnetic properties
of the produced particles (Coercivity 1724 Oe and
saturation magnetization 51.2 emu/g) were comparable
with those of commercial products (Coercivity 880 emu/g
and saturation magnetization 54 emu/g; Toshiba). The
supercritical technique does not require heat treatment.
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Figure 8. Schematic of CeO, formation.

For producing barium hexaferrite in a short reaction
time, one important point is the barium ion ratios.
Figure 12 shows X-ray diffraction patterns for various
reaction products produced under supercritical con-
ditions. The diffraction pattern for the barium ion
stoichiometric ratio of 1:12, only a-hematite was pre-
cipitated. As described above for the experimental
method, preheating of the BaOH—Fe(OH); gel (523
K and 0.5 min) before the supercritical crystalliza-
tion is essential for producing barium hexaferrite in a
single phase. As the ratio of barium to iron is elevated,
barium hexaferrite starts to form along with the hema-
tite. For the higher barium iron ratios, only barium
hexaferrite precipitates as a single solid phase for 1 min
of reaction time. For these cases, further heating of the
mixture caused the conversion of some barium hexa-
ferrite to barium diferrite. That is, diferrite is the
equilibrium product under these conditions. So, most
remarkably, this means that at these ratios the meta-
stable product is produced under supercritical condi-
tions.

We also conducted a series of experiment in a sub-
critical temperature at 523 K using the same apparatus
and with the same feed concentration and feed rate. Also
at this temperature, production of BaO-6Fe,O3 in a
single phase was achieved. The particle size was around
1 um, and particles were thinner than the particles
obtained by the supercritical hydrothermal synthesis
method. However, the magnetic properties obtained
(Coercivity 1622 Oe and saturation magnetization 35.1
emu/g) were less favorable than those of the latter
method. Thermogravimetric analysis of the particles
obtained in a nitrogen atmosphere showed a 3 wt %
decrease of the weight in 473—673 K, while that for the
particles obtained by the supercritical synthesis method
shows little decrease of the weight. This suggests the
desorption of water or OH groups, and this might be
the reason for the difference in magnetic properties at
subcritical conditions.

Another example is for YAG/Tb phosphor synthesis.”
The commercial method for the YAG phosphor synthesis
is via a batchwise solid-state reaction at 2300 K. During
the process, two phases form (AlYO3; and Al,Y,05). Long
reaction times are required to transform the two-phase
system into a single-phase YAG. The doping of Tb (an
activator ion) onto the Y3Als01, (YAG) crystal is made
after producing it. In the proposed process, a mixed
solution of Y(NO3)3, AI(NO3)3, and TbCl; were used. It
was demonstrated that single-phase YAG/Tb particles
could be produced at 673 K and 30 MPa in 1 min. The
luminescence properties of obtained YAG/Tb particles
were comparable with that of particles produced by the
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conventional solid-state reaction at high temperature,
which requires long reaction times.

LiCoO;, Production. Applications for producing
LiCoO, double oxides are expected to be of importance
because of commercial applications in battery technolo-
gies. For a good electrochemical performance, smaller
particle size with high crystallinity is required for
LiCoO,. However, it is difficult to reduce the particle
size to a submicron order by conventional solid-state
reactions followed by comminution steps. For liquid-
phase synthesis methods, where a Co?" ion is the
starting species, the oxidation conditions for Co?* do not
always match that required for the crystallization
atmosphere. By using the supercritical hydrothermal
synthesis method, we thought ultrafine particles could
be produced and the effective oxidation of Co?* with O,
could take place because a homogeneous reaction at-
mosphere would be formed between O, and aqueous
solutions under supercritical conditions.

The above specific features of the supercritical hy-
drothermal crystallization method are attractive for
producing fine LiCoO; crystals. Experiments were per-
formed with a similar type of apparatus shown in Figure
11. A Co(NOg3), aqueous solution (0.02 M) was first
mixed with a LiOH aqueous solution (0.4 M) at a mixing
point. For oxidizing a Co?" ion in the reaction atmo-
sphere, O, gas was introduced into the reactor after
decomposing a H,0, aqueous solution (0.07 M). The
mixed solution of LiOH and Co(NO3), was contacted
with a supercritical water—oxygen mixture fed from
another line. At the supercritical water mixing point,
solutions were rapidly heated to the reaction tempera-
ture (573, 623, or 673 K) and hydrothermal crystalliza-
tion occurred.

Figure 13 shows X-ray diffraction (XRD) patterns for
the particles produced. This figure clearly indicates that
LiCoO, particles were produced in a single phase at 673
K and 30 MPa. The LiCoO; particles were found to have
rock salt type structure belonging to the Fd3m space
group. However, at 573or 623 K, Co0304, which is
composed of Co?" and Co3®", was produced. Thus, at
supercritical conditions, a more effective oxidation of
Co?" took place than at 573or 623 K. One reason for
this is because of the homogeneous oxidizing atmo-
sphere and reaction environment. Figure 14 shows
transmission electron microscopy (TEM) and electron
diffraction images of lithium cobalt oxide synthesized
in supercritical water with our method.2 The dodeca-
hedron particles had well-developed crystal faces, and
the electron diffraction pattern provided conclusive
evidence that the particles were single crystals. It
should be pointed out that single-crystal particles have
yet to be synthesized by the commercial solid-state
reaction method.

The electrochemical characterization was performed
by a constant current discharge and charge, where a
mixed solvent of ethylene carbonate and diethyl carbon-
ate containing 1.0 M LiClO4 was used as the electrolyte.
At the first charge, the capacity was 153 mA h g3,
which was larger than 150 mA h g~ of the theoretical
capacity. The discharge capacity slightly decreased with
discharge and charge cycles. However, the discharge
ratio decreased after a given number of cycles, which
was around half of that for materials obtained by the
conventional solid-state method. This small decrease in
the discharge capacity indicates a high reversibility of
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Figure 9. AIOOH fine particles obtained at various reaction conditions: (a) 0.02 M AI(NOg)s3, 650 K, 35 MPa; (b) 0.05 mol/L, 373—573
K, 30 MPa; (c) 0.006 mol/L, 623 K, 35 MPa; (d) 0.05 mol/L, 673 K, 40 MPa.
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the lithium insertion and extraction processes, which
means that LiCoO; prepared by our method has a very
high stability. These favorable characteristics are prob-
ably due to the single crystalline nature of the produced
particles.
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Figure 13. XRD profiles of particles obtained at 573, 623, and
673 K in 30 MPa: (O) LiCoOg; (O) Co304.
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electron diffraction pattern.

Electron Diffraction

Conclusions

The specific features of the supercritical hydrothermal
synthesis method are (i) quantitative production of
ultrafine particles and (ii) control of the particle mor-
phology or the crystal structure by varying the pressure,
temperature, or reaction atmosphere (reducing or oxi-
dizing).

The supercritical hydrothermal synthesis method was
applied for the production of barium hexaferrite, YAG/
Tb phosphor, and a lithium ion battery material,
LiCoO,. By rapid heating of the reactant solutions,
continuous production of the metal oxide fine particles
could be achieved. An understanding of the metal oxide
and ionic species solubility is essential for determining
process conditions. For the production of LiCoO,, oxygen



gas was introduced into the system for oxidizing Co?*
during the hydrothermal synthesis reaction. Under
supercritical conditions, LiCoO, could be formed in a
single phase, whereas in contrast, at subcritical condi-
tions, Co304 was the main product formed. This implies
that effective oxidation could be achieved in supercritical
water because of the formation of a homogeneous phase
for oxygen gas and water.

In conclusion, the general features of the supercritical
hydrothermal synthesis method can be expected to open
the door to a wide range of new applications in material
production. Material production with the supercritical
hydrothermal synthesis method can be expected to have
a bright future.
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