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Abstract: The reduction of Ti0O2 to Ti203 with hydrogen cold plasma generated by a DC pulsed glow discharge was

realized under 2 500 Pa at 1 233 K. Only a little of Ti0O19 and TivO17 was detected for using molecular hydrogen.

Enhancement effects of hydrogen cold plasma on the reduction were discussed in terms of thermodynamic coupling,

kinetics and plasma sheath. The exited hydrogen species are considered more effective reducing agents. It is instruc-

tive to reduce refractory oxides with plasma hydrogen at the reduced temperature.
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1 INTRODUCTION

In extractive metallurgy many metal oxides
are reduced with carbon. The carbothermic reduc
tion process produces a great lot of CO2 which is
responsible for greenhouse effect. Hydrogen in
place of carbon for the reduction of oxides should

be a clean reductant'" .

However, if the substi-
tution of hydrogen for carbon is made, the hydro-
gen reduction should first be enhanced ™ . Tt is gen-
erally accepted that the hydrogen reduction of re-
fractory oxides will not produce their metals unless
there is significant atomic hydrogen species in the

4 .
4 Some researches have been carried out on

system

the reduction of metal oxides in thermal plasma hydro-
[5°13]

gen

in those researches as a high-enthalpy source. The

. In fact, the thermal plasmas are mainly used

effect of active plasma hydrogen is significantly influ-
enced by the plasma type(thermal or cold plasma).

In this study, hydrogen cold plasma was used
to reduce metal oxide. Cold plasma is one of the
plasma in which the temperature of gas molecular
and ions is significantly lower than that of free e
lectrons. The temperature of heavy particles is less
than 1 300 K, whereas the electron temperature

reaches around 10 000 K .

reduce refractory oxides with plasma hydrogen at

This is instructive to

the reduced temperature.

2  FEASIBILITY OF REDUCTION OF METAL
OXIDES WITH HYDROGEN COLD PLASMA

The Gibbs free energies for reduction of TiO-

and Cr203 with molecular and monatomic hydrogen
are plotted in Fig. 1. Monatomic hydrogen is one of
the active species in the cold plasma. It can be seen
from the graph that there is a contrary trend of the
free energy variation for different hydrogen species
reduction. With the increase of reaction tempera
ture, the Gibbs free energy for molecular hydrogen
reduction decreases and its reducibility goes up,
whereas that for plasma hydrogen is in an opposite
way. As the reaction temperature is higher than
several thousands K, the Gibbs free energy for
plasma hydrogen reduction becomes positive and
the reaction of Ti02 and Cr203 can not occur spon-
taneously. Despite using 100% atomic hydrogen
reactant, the calculation result is indicative of
trouble for reaction. The background temperature
must be well below 4 400 K the temperature at
which water produced by the reduction will be dis-
sociated into hydrogen and oxygen, leading to a
back-reaction, as shown in Fig. 2. The lifetime of
the active hydrogen species should be long enough
to react with metal oxides, especially with refrac
tory oxides. The work by Belmonte et al''” has
discussed that the high density of atomic hydrogen
can be obtained in Ar-H> glow discharge, if a sur
face process(i. e. hydrogen recombination on the
reaction walls) is limited by making the wall tem-
perature as low as possible. Indeed, the diffusion
of atomic hydrogen to the wall is extremely fast.
While the gas temperature is high, the heterogene-
ous recombination of atomic species occurs rapidly
on the wall.

All analyses as above indicate that compared
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Fig.2 Gibbs free energy variation for

dissociation of H20 with temperature' "

with thermal plasma in traditional extractive met-
allurgy, a cold plasma with properly low tempera-
ture is a more feasible system for oxide reduction.
In this paper, the reduction of TiO2 in hydrogen
cold plasma produced by DC pulsed glow discharge
was studied.

3 EXPERIMENTAL

The experimental apparatus is schematically
shown in Fig. 3. A pulsed power electrical source
was applied to generate and maintain hydrogen cold
plasma between the cathode and anode consisting
of stainless steel plates. The vertical reaction
chamber was made of a fused silica tube. During
the experiments, an oxide sample was placed on
the nether plate. The hydrogen gas was introduced
through a hollow pipe connected to the upper elec
trode plate. Oxide tablets with a diameter of 11
mm and a thickness of 2 mm were prepared from

pure TiO2 powder after pressing and sintering. At
the beginning, the reaction chamber was first evac
uated by a vacuum pump and then flushed with
high-purity-grade hydrogen. A power supply to
the heater and a gas flow were adjusted to the de-
sired temperature and pressure. DC power was
turned on and cold plasma was ignited. The tem-
perature was checked by a thermocouple under-
neath the sample.

9
11 10
L

Fig. 3 Schematic diagram of experimental apparatus
1 —DC power; 2 —Pulse generator;
3 —Reaction chamber; 4 —Electrodes;
5 —Support rods of electrodes; 6 —Vacuum pump;
7 —Sealing plug; 8 —Thermal couple;
9 —Pressure gauge; 10 —Vacuum meter; 11 —Flow meter;
12 —H: container; 13 —N: container; 14 —H eater

Upon completion of an experiment, the plas-
ma was extinguished and the specimen was allowed
to cool in the chamber under a continuous flow of
nitrogen. The specimen was analyzed by a X-ray
diffractometer( Rigaku D/ max-rC, Cu-K) to deter-
mine w hat crystalline products were formed during
an experiment. A scanning electron microscope
and an optical microscope were used to detect the
configuration of specimen surface and its cross sec
tion.

In these experiments, the space between the
two plates was 10 mm and a pulse on/ off time ratio
was 300 Hs/500 Hs. To compare the reactivity of
plasma hydrogen with molecular hydrogen, TiO:
tablets were reduced by molecular hydrogen with a
heater placed around the same reaction chamber.

4 RESULTS AND DISCUSSION

4.1 Xray diffraction analysis

Fig. 4 shows X-ray diffraction patterns for the
raw and reduced samples. The patterns illustrate
that under the condition of a pressure of 2 500 Pa
and a temperature of 1233 K, after 60 min, TiO2 is
reduced with plasma hydrogen to Ti203, Ti305 and
a small quantity of TivO17. A few of Tii O and
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TioO17 are detected and the main phase is TiO: af-
ter molecular hydrogen reduction. T he input pow-
er for plasma hydrogen is 300 W. This indicates
that TiO: reacts rapidly and intensely with plasma
hydrogen compared with molecular hydrogen. The
plasma hydrogen is obviously more reactive than
molecular hydrogen.
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Fig. 4 X-ray diffraction patterns for
different Ti02 specimens
(a) —Raw TiO2 specimen;
(b) —Ti02 reduced by molecular hydrogen;
(¢) —Ti02 reduced by plasma hydrogen

Visual examination of different TiO2 speci-
mens is shown in Fig. 5. The raw TiO2 specimen is
white. With molecular hydrogen reduction, the
specimen becomes light gray, and X-ray diffraction
analysis of the gray material reveals the presence of
TiO2 and a slight amount of Ti0Ow and TisO17.
The intensity of the diffraction peaks for TiO2 de-
creases with the increase of reaction time, indica-
ting that the molecular hydrogen reduction takes
place continuously throughout the experiment. A
white layer of Ti02 is observed below the gray lay-
er. The white TiO2 underneath the gray layer is
considered an unreduced core.

When reducing with plasma hydrogen, the
specimen looks black, as shown in Fig.5(c).
Based on the observation of its cross section by an
optical microscopy, it is found that a gray layer
and an unreacted layer exist under the black layer,
as shown in Fig. 6. A black thickness of Imm is
measured for a specimen exposed to hydrogen plas-
ma with 10 min and 2 mm with 60 min. The prod-
uct layer thickness varies with applied voltage, gas
pressure and reaction time. As the reaction inter-
face gradually moves forward from the surface to
the inner region, the reaction should obey the
shrinking core model. According to a prediction
from the related stability diagram''”, the products
reduced from Ti0:z at 1233 K are TisO7, Ti305 and

Ti20s, respectively.

Fig. 5 Photos of different TiO2 specimens
(a) —Raw TiO: specimen; (b) —Ti02 reduced with H2 gas;
(c¢) —Ti02 reduced with plasma hydrogen

_Black layer

-Gray layer

- Unreacted layer

Fig. 6 Scheme of reacted specimen

4.2 SEM images

The raw TiO: particles are nomspherical, as
shown in Fig. 7(a). With molecular hydrogen re-
duction, the size of the particles has no change( see
Fig. 7(b)). As previously mentioned, the surface
color changes from white to light gray. The speci-
men reduced with hydrogen cold plasma takes on
black and its main phase is Ti203 for 60 min, as
shown in Fig.7(c). Fig. 7(d) gives an evidence of
sputtering when the reaction lasts 200 min.

Form the SEM images, the etching effect of
hydrogen cold plasma on oxide particles appears

distinctively. The oxide smooth surface becomes
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Fig.7 SEM images of different TiO2 specimens
(a) —Raw TiO2 specimen; (b) —Ti02 specimen reduced with H2 for 60 min;

(¢) —Ti02 specimen reduced with plasma hydrogen for 60 min;

(d) —Ti02 specimen reduced with plasma hydrogen for 200 min

much rough. The amount of etching spot on the
particles depends on the reduction time. After ex-
periments, black deposits are found on the elec
trodes and the reaction chamber wall. T he deposits
are considered being T1203 and Ti:05 by sputtering
during the reduction.

S CONSIDERATIONS OF PLASMA ENHANCE-
MENT EFFECT

5.1 Thermodynamic coupling

Thermodynamic coupling for the reduction of
metal oxides with hydrogen cold plasma can be de-
scribed as follows:

Reduction with molecular hydrogen:

MeO+ Hz(g)= Me+ H20(g) AG >0 (1)

A ctivation of molecular hydrogen:

H:(g)= 2H(g) AGy >0 (2)

Thermodynamic coupling( 1) 7(2):

MeO+ 2H(g)= Me+ H20(g)

AGS'= AGT= AGY'< 0 (3)

For reaction (2), high-energy electrons(e" )
produced in the plasma push the reaction, H2(g) +
e = 2H(g)+ e, to the right, forming active atom-
ic hydrogen and an electron with reduced energy
(e). This kind of dissociation for molecular hydro-
gen by high-energy electrons is much more effec

tive and advantageous than thermal dissocia

tion' "

Through thermodynamic coupling, the
Gibbs free energy for the reduction of metal oxides
with hydrogen becomes negative from positive or
further negative even at low temperature. Since
the system temperature is determined by molecular
and ions temperature, the reduction of oxide will

take place at low temperature.

5.2 Importance of plasma sheath

In principle of plasma chemistry, the plasma
sheath plays an important role for reaction. The
plasma sheath, as shown in Fig. 8, forms around a
specimen in contact with plasma. In this figure,
H* and e denote an ionic species and an electron,
respectively. This sheath develops as a result of
the difference in mobility of the free electrons and
ions species in the plasma ' .

With different charge-to-mass ratio, mobility
is various. As a result, free electrons impact the
specimen surface more frequently than ions and
neutrals. Eventually, the specimen takes on nega-
tive charge. By coulombic force, positive ions are
attracted and accelerated, while the velocity of fol-
lowed free electrons are decreased. T he accelerated
ions impact the specimen surface, breaking the
bonds of Me —O to allow the reduction proceeding.
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Fig. 8 Schematic diagram of plasma sheath in
plasma hydrogen

For a discharge under the condition of high
gas pressure and voltage, the phenomenon of heav-
y etching and sputtering( see section 4. 2 and Fig.
7) also indicates that active hydrogen species with
high energy and specimen interact strongly on each
other. The high-energy hydrogen species impact
the specimen surface and transfer their energy to
the surface. As aresult, there are more active spe-
cies arriving at the surface. This is very important
for the generation of new phase nucleus. The par-
ticles with over activation energy increase. All
these effects offer improved thermodynamics and
kinetics over the conventional hydrogen reduction.

A schematic diagram of activation energy for
reduction of oxides with different hydrogen species
is plotted in Fig. 9. The reaction, Ho+ MeO= Me
+ H20, may proceed at high temperature. But the
high activation energy actually presents the reduc
tion occurring. Hydrogen should be excited to ac
tive states( atoms or ions) with high energy. The
energy of excited species is high. The activation
energy(E2 and E3) of reactions with the active hy-
drogen species are lower than the one( E1) with hot
molecular hydrogen. When the active species are of
much higher energy, the activation energy ( Ea)
may be zero or negative. A" is present of the hy-
drogen species with higher energy. So, the excite-
ment of hydrogen is necessary for oxide reduction.
This means that the activation energy of hydrogen
reduction for active species is much smaller than
that for molecular hydrogen.

6 REDUCIBILITY OF DIFFERENT HYDROGEN
SPECIES

The reported TiO2 reductions with different
hydrogen species under condition of normal atmos-
phere and hot plasma are illustrated in Fig. 10.
The ratio of O to Ti of the final reduction products
is plotted as a function of temperature. The solid
marks represent the reduction with molecular hy-
drogen, and the hollow ones are with plasma hy-
drogen. The molar ratio of O to Ti decreases with

Energy

Reactants

Products

Reaction proceeding direction

Fig. 9 Schematic diagram of
activation energy for reduction of oxide
with different hydrogen species

the increase of temperature if hydrogen gas is used
as a reducing agent. Though the same product,
Ti,03, has been detected after reduction with er
ther hot or cold plasma, the reaction temperature
with hot plasma is much higher. So, the oxide re-
duction with cold plasma hydrogen is very effec
tive.
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Fig. 10 Comparison of molar ratio of O to Ti
obtained products reduced with plasma hydrogen
and hot molecular hydrogen
W—»=101 kPa, 3.4%H,'7;

@ p=101kPa, 6. 4% H,"";

A—p=101 kPa, 14. 7% H,"";

v —Present work, p=1.5-2.5 kPa, 100%H, plasma;
O—p=101 kPa, 10% H,-Ar plasmal';
O0—p=101 kPa, 5%H,-Ar plasma"®;
O—p=101 kPa, 50% H,-Ar plasmat**

7 CONCLUSIONS

Hydrogen gas can be chemically activated by
DC glow discharge to reduce refractory oxide
Ti02. The experiment results show that the reduc
tion products are Ti203, Ti30s5 and a small quanti-
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ty of TisO17 under the condition of hydrogen cold
plasma with 2 500 Pa and 1233 K. However, only

a little of Ti10 019 and Ti9017 is detected and the
dominant oxide is unreduced TiO. with molecular

hydrogen. The enhancement mechanism is thought

to be an effect of active hydrogen species. Oxide

reduction with active hydrogen species needs smal-

ler activation energy. The acceleration of hydrogen

ions across the plasma sheath around a specimen

makes the reduction effective.
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