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Significant hydrogen production (0.33 mol% in products) from
H2O splitting by atmospheric dielectric barrier discharges has been
achieved with tubular PACT reactors at room temperature. Effects
of different experimental parameters, such as different metal
(either Ni, Pd, Rh, or Au) coated inner electrodes, types and lengths
of outer metal (either Al or Cu) electrodes, grounding states of the
inner and outer electrodes, AC peak voltages applied on the reactor,
and the flow rate of the feed (2.3 mol% in Ar), have been system-
atically studied. The water splitting activity varies when the type
of metal-coated inner electrodes, peak voltage, the length of outer
electrode, and the flow rate of the feed change, but does not depend
on the types of outer metal electrodes and the grounding states of
the inner and outer electrodes. c© 2001 Academic Press
1. INTRODUCTION

The unevenly distributed and limited world fossil fuel
reserves are predicted to be exhausted in the middle of
the twenty-first century (1). Recently, the concern over the
environmental pollution by the usage of fossil fuels, par-
ticularly by automobiles, has been growing vigorously. All
of these have driven various studies to search for alterna-
tive cleaner energy sources. Hydrogen, as an energy car-
rier, is one of the most favorable alternative energy sources
because it is a clean, renewable, and nonpolluting fuel.

Presently, most of the world’s hydrogen is produced via
catalytic steam reforming of hydrocarbon sources, such as
coal, oil, or natural gas. To eliminate the reliance on fossil
fuels, an alternative source of hydrogen must be found. The
unlimited water source appears to be the most appealing
for extracting large amounts of hydrogen for widespread
energy use. Many processes have been proposed to exploit
this abundant source of hydrogen; all of them involve the
splitting of water into hydrogen and oxygen.

Czuppon et al. (2) presented an excellent review on dif-
ferent water-splitting techniques, such as, one-step thermal
1 To whom correspondence should be addressed.
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or multistep thermochemical water splitting, water split-
ting by solar energy, and electrochemical water splitting
(electrolysis). One-step thermal water splitting requires
very high temperatures, usually higher than 2000◦C. The
devices that can withstand such high temperatures are
presently both inefficient and uneconomical. More practical
interest has been focused on multistep water splitting pro-
cesses, which generally involve multistep thermochemical
reactions and/or electrolysis steps. These thermochemical
reactions are thermally conducted at temperatures much
lower than those for one-step thermal water splitting, and
electrolysis steps are driven at voltages lower than those
used in conventional water electrolysis in order to re-
duce the electrical cost. Generally, the thermal efficiency of
hydrogen production from water splitting is currently about
50% (1).

Bolton (3) and Bard et al. (4) wrote two review articles
on solar splitting of water to hydrogen and oxygen in 1996
and 1995, respectively. Although it is very attractive to use
two vast resources, water and sunlight, to produce unlimited
energy in the form of hydrogen, the efficiency of the con-
version of solar energy into chemical energy is estimated to
not likely exceed 16% (3).

The different water splitting techniques mentioned above
are still under development, except for the electrolysis
methods. Although sophisticated large-scale commercial
electrolysis units generally have a high electricity-to-
hydrogen efficiency of at least 75% (1), electrolysis methods
are in industrial use only to a limited extent due to the low
overall efficiency of 20–35% (2) and the usually high cost
of electrical energy required to operate such units.

Kizling and Järås (5) have recently reviewed applica-
tions of plasmas in catalyst preparation and catalytic re-
actions. Plasmas have been successfully employed to pre-
pare not only dispersions of metal particles on supports but
also various support materials, such as silica, alumina, and
perovskites. The surface properties of different oxide cata-
lysts can be modified with plasma treatment at low temper-
atures. These prepared or pretreated catalysts by plasma
8
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methods generally have modified activities and selectivi-
ties compared to those by conventional methods. Novel
catalytic activities and selectivities for catalytic reactions
can also be achieved by the direct application of plasmas to
activate reactions, such as nitrogen oxide synthesis, ammo-
nia decomposition or synthesis, and conversion of natural
gas into higher hydrocarbons.

Nonequilibrium plasmas have been considered as highly
efficient media for use of electrical energy to excite gaseous
reactants into highly ionized excited states (the degree of
ionization is typically about 10−5). Heating on the order of
10,000 K is required to reach a comparable level of gas
excitation by common thermal means. The high energy
efficiency in nonequilibrium plasmas can be provided by
vibrational excitation of molecules, such as CO, CO2, N2,
H2, CH2, H2O, and O2 (6). The vibrational energy accounts
for overcoming the activation threshold of endothermic
chemical reactions.

Nonequilibrium plasmas have been demonstrated to be
effective for methane coupling into higher hydrocarbons,
ammonia synthesis from N2 and H2, ozone synthesis from
air, and the activation of heterogeneous catalysts (7).
Rosocha et al. have demonstrated that the atmospheric
dielectric barrier discharge is a feasible method for destroy-
ing halogenated hydrocarbon wastes (8).

Activation of stable abundant molecules, which are very
difficult to decompose thermodynamically such as NH3,
H2S, H2O, CH4, and CO2, is very important in environ-
mental monitoring and protection and vital for exploring
their application as raw materials in the areas of synthesis,
catalysis, and energy conversion (9). The atmospheric
dielectric barrier discharge is ideal for dissociating such
stable molecules, as suggested by Eliasson et al. (10). Many
studies have been done with ammonia (11–13), hydrogen
sulfide (13), and methane (14, 15).

Many early studies (from 1900s to 1960s) of water vapor
dissociation in electrical discharges at low pressures were
carried out with the main purpose of producing free hy-
droxyl radicals, HO·, and then investigating its chemistry;
some had interest in synthesizing hydrogen peroxide (16).
Only a few studies on hydrogen production from water
splitting with plasmas can be found in the literature.

Antonov et al. (17, 18) investigated the mechanisms of
dissociation of water molecules for steady-state water va-
por discharge at low pressure (0.1–20 Torr). A degree of
conversion of initial water molecules of 10–15% has been
achieved and a pressure increase in the system is necessary
to increase the (H2+O2) output.

Hydrogen production by plasma pyrolysis of water
molecules has been evaluated by Srivastava (19) as being
technically feasible. The reaction temperature of the pro-
cess should be around 3400 – 3500 K and the pressure should

be 1 atm. The best source for high temperatures would be
a plasma jet, which has advantages like instantaneous heat-
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ing and immediate quenching to avoid a backward reaction
of H2 and O2 recombination.

Recently, Suib et al. (9) have reported the decomposition
of CO2, NO, and H2O at atmospheric pressure in fan-type
ac glow discharge plasmas using plasma and catalyst inte-
grated technologies (PACT) (20). Greater than 60% con-
version of H2O into hydrogen and oxygen can be obtained
for H2O concentration of less than 1.5%.

The H2 production from water splitting has also been
studied with atmospheric dielectric barrier discharges in a
tubular PACT reactor in our group (21, 22). The reactor
consists of an inner metal-coated electrode that is also a
catalyst for the activation of reactants. The atmospheric
dielectric barrier discharge between inner and outer elec-
trodes produces a plasma zone for the excitation of
molecules. Synergistic effects of catalytic activation and
plasma excitation are expected to exist in this tubular
reactor.

In this paper, we have more systematically studied the
effects of different experimental parameters on the activ-
ity for H2O splitting in the tubular PACT reactors. The
experimental parameters are different metal-coated inner
electrodes, AC peak voltages applied on the reactors, flow
rates of the feed, types and lengths of outer metal elec-
trodes, as well as grounding states of the inner and outer
electrodes. Especially, the different types and lengths of
outer metal electrodes, as well as grounding states of the
inner and outer electrodes, are first discussed in this paper.

2. EXPERIMENTS

2.1. Tubular PACT Reactor

A schematic diagram of a tubular PACT reactor is shown
in our previous paper (21). A metal (either Ni, Pd, Rh, or
Au) coated (electroless plating, 2 µm thick) copper rod is
used as an inner electrode (diameter φ: 9.5 mm) and placed
in the center of a quartz tube (inner diameter φinner: 9.9
mm; outer diameter φouter: 12.0 mm). Two sets of T-type
three way unions at both ends of the quartz tube are used to
serve as a reactant inlet and a product outlet, respectively.
Two sets of bearings and nuts are employed to keep the
inner electrode in the center position of the reactor and
to seal the openings between the inner electrode and the
unions. The metal-coated inner electrode is believed to act
as a catalyst for the activation of reactants. Either Al or Cu
foil is wrapped on the outside of the quartz tube to act as an
outer electrode. When a high AC voltage (up to 3.0 kV) is
applied to both inner and outer electrodes, an atmospheric
dielectric barrier discharge is produced between the inner
electrode and the part of the quartz tube that is wrapped
by the outer electrode. The atmospheric dielectric barrier

discharge acts as a plasma to excite molecules carried in
through the reactant inlet. Synergistic effects of catalytic
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activation and plasma excitation are expected to exist in
this reactor.

Tubular PACT reactors with different metal (M) coated
inner electrodes (referred as M-tubular PACT reactor)
were used to produce H2 from H2O splitting at room
temperature and atmospheric pressure. Feed compositions
were 2.3% of H2O with a balance of argon and a total flow
rate of 10 ml/min. The water concentration was determined
from the partial pressure of the water vapor in a bubbler
at room temperature assuming that argon is saturated by
water vapor after passing through the bubbler. This assump-
tion has been confirmed by measurements of the weight of
water collected in a cold trap after the bubbler.

2.2. Circuit for a Tubular PACT Reactor

The circuit diagram for a tubular PACT reactor is also
shown in Fig. 1. Reactions are started by initiating a plasma
in the tubular PACT reactor. The power to produce the
plasma is supplied by a UHV-10 type high frequency
(8.1 kHz) AC power supply (made by Nihon Inter Electro-
nics Corporation, Japan). The output voltage of the power
supply can be increased directly by increasing its volt-
age dial setting. The AC voltage waveforms between the
inner and outer electrodes in the reactor were recorded
with a Yokogawa (Yokogawa Electric Corporation, Japan)
DL 1540 digital oscilloscope during reaction via a Tektronix
P6025A high voltage probe. The current (I) through the in-
ner and outer electrodes was calculated after measuring the
voltage across a standard resistor (100Ä) with the DL 1540
digital oscilloscope with an Yokogawa 70996 voltage probe.

The typical voltage (V) and current (I) waveforms app-
lied on the tubular PACT reactors are shown in Fig. 2. There
is a small phase difference between V and I waveforms. Half
of the peak to peak value of the AC voltage waveform and
current waveform are defined as the peak voltage (Vp) and
peak current (Ip), respectively. Vrms and Irms are the root
mean square values of Vp and Ip, respectively. The power
consumed, P in W or J/s, in the reactor can be obtained
using an integration method by taking the time average of
FIG. 1. Circuit diagram for a tubular PACT reactor. R1, 50 kÄ; R2,
100 kÄ; Rs, 100 Ä.
T AL.

FIG. 2. Typical voltage and current waveforms applied for a tubular
PACT reactor.

the integration of the product of V and I recorded in the
waveforms, or simply calculated by Eq. [1] when integration
is not available:

P = 0.64Vrms Irms, [1]

where the constant, 0.64, is used to adjust the difference
between the result from integration methods and that obtai-
ned from the product of Vrms and Irms due to the small phase
difference between V and I, and is obtained from calibration
experiments.

2.3. Product Analysis and Calculations

The outlet gases from the reactor were analyzed on-line
with a Hewlett Packard 5890 Series II gas chromatograph
(GC) equipped with a Carboxen-1000 (45/60 mesh) column
and a thermal conductivity detector. The formation of hy-
drogen and oxygen in the products was observed with GC
methods at levels of 0.2 and 0.1 mol%, respectively.

H2 yields (YH) are calculated from the concentrations of
H2 (CH) in the product outlet and H2O (CW) in the reactant
inlet as given in

YH = (CH/CW)× 100%. [2]

H2 production rate, RH, is defined as the number of moles
of H2 produced per unit time (s) in the reactor and calcu-
lated according to

RH = QCwYH/(RT), [3]

where Q is the feed flow rate of H2O/Ar in L/s, Cw is
the molar concentration of H2O in the feed, R is the gas
constant (0.08206 L · atm/mol ·K), and T is room tempera-
ture (298 K).

The residence time, tres, of the reactant in the plasma zone
with a volume of U in L within the tubular PACT reactors
can be calculated by
tres = U/Q. [4]
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TABLE 1

Effects of Different Metal-Coated Inner Electrodes on H2O Splitting in Tubular PACT Reactorsa

Vrms Irms P CH YH RH Eeff

±0.02b ±0.2b ±0.05b ±0.01b ±0.5b ±0.1 × 10−8b ±0.05b

Coated Metals (kV) (mA) (W) (mol%) (%) (mol/s) (%)

Au 0.33 2.3 0.49 0.18 7.8 1.2 × 10−8 0.59
Ni 0.33 2.3 0.49 0.16 7.0 1.1 × 10−8 0.52
Rh 0.33 2.3 0.49 0.13 5.7 9.0 × 10−9 0.42
Pd 0.33 2.3 0.49 0.11 4.8 7.6 × 10−9 0.36
a Feed: 2.3 mol% H2O/Ar, 10 ml/min; outer electrode: Al, 6.0 cm, grounded; discharge gap: 0.20 mm.
b Standard deviations.
The energy efficiency Eeff is defined as the ratio of the
theoretical energy required to produce a certain amount of
H2 to the actual energy consumed. Eeff is calculated from
RH, P, and the free energy change for water decomposition
[1Go = 228.74% 103 J/mol at 25◦C for H2O(g)→H2(g)+
1/2O2(g)] (23), as given by

Eeff = Theoretical energy required
Actual energy consumed

= (RH1Go)/P × 100%. [5]

3. RESULTS

3.1. Effects of Different Metal-Coated Inner Electrodes

The experimental results for H2O splitting in the tubular
PACT reactors with different metal (Au, Ni, Rh, and Pd)
coated inner electrodes have been reported in our previ-
ous paper (21) and are summarized in Table 1 (see Fig. 3).
All experiments were started with fresh metal coated inner

FIG. 3. H2O splitting in tubular PACT reactors with different metal

Pd) coated inner electrodes (feed: 2.3 mol% H2O/Ar,

electrode: Al, 6.0 cm, grounded; discharge gap: 0.20 mm).
electrodes. The experimental results show that the activities
for H2O splitting in the tubular PACT reactors with diffe-
rent metal (Au, Ni, Rh, and Pd) coated inner electrodes are
different and decreased in the order

Au > Ni > Rh > Pd.

Because all other experimental conditions besides the types
of metal coated inner electrode are the same, the energy
efficiencies in the tubular PACT reactors with different
metal-coated inner electrodes decrease in the same order
as above.

3.2. Effects of Vp

Effects of different peak voltages on H2O splitting in
tubular PACT reactors were investigated with the reactor
with a used Au-coated inner electrode. The results are sum-
marized in Table 2. When Vp increases from 1.2 to 1.8 kV,
Vrms, Irms, and the power applied to the reactors also in-
crease rapidly. Meanwhile, H2O splitting activity increases
sharply, as shown by the increases in H2 concentrations in
the product, H2 yield, and H2 production rates. Meanwhile,
the energy efficiency of the reactor achieves a maximum of
0.69% when Vp is 1.4 kV. When Vp was increased further
to 3.00 kV, Vrms, Irms, and power applied on the reactors
also grew gradually, but H2O splitting activities gradually
leveled off. This causes the energy efficiency to drop further.
The result achieved here suggests that a certain optimal high
Vp is needed to efficiently achieve significant H2O splitting
activity in Au-tubular PACT reactors.

3.3. Effects of Feed Flow Rate

Table 3 gives a summary of effects of feed flow rate Q
on H2O splitting in an Au-tubular PACT reactor. When
the feed flow rate increases from 10 to 80 ml/min, the resi-
dence time, tres, of 2.3 mol% H2O/Ar in the plasma zone in
the reactor gradually decreases from 2.2 to 0.3 s. The H2

concentration in the products increases at first from

0.17 mol% at 10 ml/min to 0.22 mol% at 20 ml/min, but de-
creases gradually to 0.15 mol% at 80 ml/min. The H2 yield
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Vp and Vrms are kept
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TABLE 2

Effects of Vp on H2O Splitting in Au-Tubular PACT Reactora

Vp Vrms Irms P CH YH RH Eeff

± 0.02b ±0.02b ±0.2b ±0.05b ±0.01b ±0.5b ±0.1 × 10−8b ±0.05b

(kV) (kV) (mA) (W) (mol%) (%) (mol/s) (%)

1.20 0.28 1.8 0.32 0.09 3.8 6.1 × 10−9 0.43
1.40 0.33 2.3 0.49 0.21 9.2 1.5 × 10−8 0.69
1.80 0.42 3.2 0.86 0.29 12.7 2.0 × 10−8 0.54
2.50 0.59 4.2 1.59 0.32 14.0 2.2 × 10−8 0.32
3.00 0.72 4.8 2.21 0.33 14.2 2.3 × 10−8 0.23

a Feed: 2.3 mol% H2O/Ar, 10 ml/min; inner electrode: Au; outer electrode: Al,

6.0 cm, grounded; discharge gap: 0.20 mm.

b Standard deviations.
shows the same trend as the H2 concentration. In terms of
H2 production rates, higher feed flow rates offer higher H2

production rates. When the feed flow rate increases and all
other experimental parameters are the same, Vrms, Irms, and
power applied to the reactors do not change. The energy
efficiencies in the tubular PACT reactors increase with the
increasing feed flow rates. This suggests that high feed flow
rates are preferred in terms of energy efficiency and H2

production rate.

3.4. Effects of Different Lengths of Al Outer Electrode

Table 4 gives a summary of effects of different lengths of
Al outer electrode on H2O splitting in an Au-tubular PACT
reactor. When the length increases from 2.0 to 8.0 cm, the
residence time of 2.3 mol% H2O/Ar in the plasma zone
in the reactor linearly grows from 0.7 to 2.9 s. Meanwhile,
the H2 concentration in the products at first increases from
0.17 mol% at 2 cm to 0.23 mol% at 4.0 cm and levels off
until 8.0 cm. The H2 yield and H2 production rate show
the same trend as the H2 concentration. Irms and P increase
length of outer Al electrodes when significant activity difference was observed for H2O split-
n the grounding was
the same. Because the variation of

TABLE 3

Effects of Feed Flow Rate Q on H2O Splitting in Au-Tubular PACT Reactora

Q tres Vrms Irms P CH YH RH Eeff

±1b ±0.1b ±0.02b ±0.2b ±0.05b ±0.01b ±0.5b ±0.1 × 10−8b ±0.05b

(ml/min) (s) (kV) (mA) (W) (mol %) (%) (mol/s) (%)

10 2.2 0.43 3.4 0.94 0.17 7.2 1.1 × 10−8 0.28
20 1.1 0.43 3.4 0.94 0.22 9.4 3.0 × 10−8 0.73
30 0.7 0.43 3.4 0.94 0.21 9.1 4.4 × 10−8 1.06
40 0.5 0.43 3.4 0.94 0.19 8.3 5.3 × 10−8 1.29
60 0.4 0.43 3.4 0.94 0.18 7.7 7.4 × 10−8 1.80
80 0.3 0.43 3.4 0.94 0.15 6.7 8.5 × 10−8 2.09

a Feed: 2.3 mol% H2O/Ar; inner electrode: Au; outer electrode: Al, 6.0 cm, grounded;

ting in Au-tubular PACT reactors whe
ischarge gap: 0.20 mm; Vp: 1.80 kV.
b Standard deviations.
H2O splitting activity is much less than the change of the
power applied to the reactors, energy efficiency decreased
almost linearly with increasing length. This suggests that
the length of the Al outer electrode has a significant effect
on the energy efficiency for H2O splitting activity in tubular
PACT reactors and should be optimized in order to achieve
both high H2O splitting activity and high energy efficiency
(see also Fig. 4).

3.5. Effects of Different Outer Electrodes

Different outer electrodes (Al or Cu foils) were used
to investigate their effects on H2O splitting in tubular
PACT reactors and the results are shown in Table 5. No
significant activity difference was observed for H2O split-
ting in Au-tubular PACT reactors with different outer
electrodes.

3.6. Effects of Grounding Inner or Outer Electrodes

For safety reasons, the circuit for the tubular PACT reac-
tors should be connected to ground at a certain point. No
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TABLE 4

Effects of Different Lengths of Al Outer Electrode on H2O Splitting in Au-Tubular PACT Reactora

Length tres Vrms Irms P CH YH RH Eeff

±0.1b ±0.1b ±0.02b ±0.2b ±0.05b ±0.01b ±0.5b ±0.1 × 10−8b ±0.05b

(cm) (s) (kV) (mA) (W) (mol%) (% ) (mol/s) (% )

2.0 0.7 0.32 1.3 0.27 0.17 7.7 1.2 × 10− 8 1.05
4.0 1.5 0.32 2.0 0.41 0.23 10.1 1.6 × 10− 8 0.90
6.0 2.2 0.32 2.4 0.49 0.24 10.5 1.7 × 10− 8 0.78
8.0 2.9 0.32 3.1 0.63 0.22 9.8 1.6 × 10− 8 0.56

a Feed: 2.3 mol% H2O/Ar, 10 ml/min; inner electrode: Au; outer electrode: Al, grounded; discharge gap:

0.20 mm; Vp: 1.40 kV.
b Standard deviations.

switched between the inner Au electrode and Al outer elec-
trode, as shown in Table 6.

4. DISCUSSION

4.1. Effects of Different Metal Coated Inner Electrodes

The activities of water splitting in the tubular PACT
reactors with different metal-coated inner electrodes
(thereafter referred as metal reactors) are significantly dif-
ferent, as shown in Table 1. Table 7 summarizes the activ-
ities and some electrical properties of the coated metals.
No direct relationship can be found between the activities
and either the resistivities or work functions of the coated
metals, suggesting that some chemical properties, possibly
catalytic effect, of coated metals may play important roles in
H2O splitting in tubular PACT reactors. Furthermore, when
compared to a tubular plasma reactor with a nonmetallic
(quartz) inner electrode with similar dimensions (there-
after referred as all quartz reactor), the H2 yields are
much higher in the metal reactors, indicating the catalytic

FIG. 4. H2O splitting in tubular PACT reactors with fresh and used

electrodes (feed: 2.3 mol% H2O/Ar, 10 ml/min; outer
cm, grounded; discharge gap: 0.20 mm).
effect of metal coated inner electrodes on the reaction
(22).

Argon is the main component of the feed to tubular
PACT reactors and is excited initially in the plasma zone, as
evidenced by OES (optical emission spectroscopy) studies
(22). The OES studies also reveal that emission intensities
of all excited Ar∗ species in the plasma zone decrease in
different proportions after H2O is introduced into the sys-
tem. This suggests that excited argon species will selectively
transfer their energy to the introduced water molecules
and excite them into excited states, H2O∗, as evidenced by
the detection of hydroxyl radicals in H2O/Ar plasmas. The
probability that water molecules are excited directly in the
plasma zone is much smaller due to the much lower popula-
tion of water molecules. The possible reaction mechanism
for H2O splitting in the plasma zone can be proposed as

H2O+Ar∗ ↔ H2O∗ +Ar [6]

H2O∗ ↔ HO· + H· [7]

HO· + Ar∗ ↔ H· + O· + Ar [8]

2H· ↔ H2 [9]

2O· ↔ O2. [10]

The excited water molecules in metal reactors can be ad-
sorbed on the metal surfaces and involved in catalytic dis-
sociation reactions, leading to dissociation into hydrogen

TABLE 5

Effects of Different Outer Electrodes on H2O Splitting
in Au-Tubular PACT Reactora

H2 in products H2 yield
Outer electrode (±0.01b, mol%) (±0.5b, %)

Al 0.24 10.4
Cu 0.23 9.8

a Feed: 2.3 mol% H2O/Ar, 10 ml/min; inner electrode: Au; outer elec-

trode: 6.0 cm, grounded; discharge gap: 0.20 mm; Vp: 1.80 kV.

b Standard deviations.
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TABLE 6

Effects of Grounding Inner or Outer Electrodes on H2O Splitting
in Au-Tubular PACT Reactora

H2 in products H2 yield
Grounded electrode (±0.01b, mol%) (±0.2b, %)

Outer Al electrode 0.20 8.5
Inner Au electrode 0.21 8.9

a Feed: 2.3 mol% H2O/Ar, 10 ml/min; inner electrode: Au; outer elec-
trode: 6.0 cm; discharge gap: 0.20 mm; Vp: 1.80 kV.

b Standard deviations.

and oxygen atoms which then form hydrogen and oxy-
gen molecules. Especially, oxygen radicals (O· ) will be
adsorbed on metal surfaces and ether combined into O2

or react with the metal surfaces, and therefore shift the
equilibrium of water splitting toward the decomposition of
H2O and producing H2 with high yields, even higher than
that predicted by thermodynamics. This is supported by the
absence of O· and much lower concentration of HO· with
metal reactors. In the case of all quartz reactors, interac-
tions between the quartz surface and O· are not observed
and some homogeneous reactions in the plasma zone, such
as reactions 7 and 8, are probably governed by thermody-
namic equilibria, as evidenced by the OES studies (22). This
explains the much lower H2 yield in the all quartz reactor
with respect to the metal reactors.

4.2. Effects of Vp

When Vp applied across the inner and outer electrodes of
an Au-tubular PACT reactor increases, the power applied in
the reactor and H2O splitting activities jump quickly at low
values of Vp (1.2 to 1.8 kV), as shown in Table 2. When Vp is
further increased to 3.0 kV, which is the highest Vp that can
be reached with the UHV-10 power supply in this research,
the H2O splitting activities gradually level off while the
applied power continuously grows. The energy efficiency
jumps sharply at low Vp (1.2 to 1.4 kV) and achieves a max-

TABLE 7

H2O Splitting Activity in Tubular PACT Reactors with Different
Metal-Coated Inner Electrodes and Some Electrical Properties of
Coated Metals

H2 in products, Resistivitya at 20◦C Work functiona

Metal (±0.01b, mol%) (µÄ · cm) (eV)

Au 0.18 2.24 5.1
Ni 0.16 6.84 5.15
Rh 0.13 4.51 4.98
Pd 0.11 10.54 5.12
a From Ref. (23).
b Standard deviations.
T AL.

imum of 0.72% when Vp is 1.4 kV, but gradually decreases
at higher Vp values.

When Vp increases, higher excitation temperatures in
the plasma zone can be achieved. Therefore, more excited
species are populated at higher energy levels, as evidenced
by the increasing intensities of emission lines with increas-
ing Vp for plasmas of pure carrier gases (such as Ar, He, and
N2) (22). The efficiency for the energy transfer from excited
carrier gas species to reactant molecules generally increases
with increasing Vp, as concluded by Luo and coworkers
from their OES studies using the tubular PACT reactor sys-
tem (22). This may explain the effects of Vp on the activity
of H2O splitting in Au-tubular reactor.

On the other hand, the quartz tube in the tubular PACT
reactors in the circuit can be considered as a combination
of a capacitor and a resistor in parallel with each other (24).
The decreasing energy efficiency at high Vp may be due to
most of the increasing energy being consumed to overcome
the increased resistance and impedance of the reactor due
to higher temperature of the reactor at high Vp. This may
explain the leveling off behavior of H2O splitting activities
at very high Vp values (>2.5 kV).

4.3. Effects of Feed Flow Rate

Although there is an optimum range of feed flow rates
(about 20–30 ml/min) in terms of high H2 yields, the vari-
ations of H2 yields are small and the highest YH is only
about 40% higher than the lowest YH, as shown in Table 3.
The increased H2 production rate mainly contributed by the
increasing of the feed flow rate is much more distinct than
the variations of H2 yields. When the feed flow rate increases
8 times from 10 to 80 ml/min, RH increases almost propor-
tionally with the feed flow rate and also grows 8 times from
1.1 × 10−8 to 8.5 × 10−8 mol/s. The energy efficiency also
increases almost proportionally with the increasing of the
feed flow rate because the higher H2 production rates are
achieved with higher feed flow rates while the power con-
sumed in the reactors is the same for different feed flow
rates. In summary, high feed flow rates are preferred in
terms of achieving high H2 production rate and reactor ef-
ficiency.

The existence of an optimum range of feed flow rates
(about 20–30 ml/min) in terms of high H2 yields reflects
that an optimum range of residence times (0.7–1.1 s) for
reactants in the plasma zone within the reactor is needed to
achieve optimum H2 yields. H2O may not achieve optimum
excitation in the plasma zone with a short tres and cannot
be further dissociated into H2 and O2. On the other hand,
reverse H2O formation from H2 and O2 is more probable
when a long tres is employed.

4.4. Effects of Different Lengths of Al Outer Electrode
The residence times of 2.3% H2O/Ar in the plasma zone
within the tubular PACT reactors become proportionally
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longer with increasing length of the outer electrode at a
fixed feed flow rate of 10 ml/min, as shown in Table 4. The
dependence of H2 yields on tres has shown the same trend
as in the case of changing feed flow rates while keeping the
outer electrode at the same length. In other words, an opti-
mum range of lengths of the outer electrode and therefore
ideal tres are needed to achieve high H2 yields.

Although there is an optimum length (about 4.0 to 6.0
cm) for the outer electrode in terms of high H2O splitting
activities, the variations of H2O splitting activities are
smaller compared to the change of energy efficiencies, as
shown in Table 4. When the length of outer electrodes in-
creases, the capacitance and the resistance or impedance of
the reactor will increase. The observed decreasing energy
efficiency at a longer length of outer electrodes may be due
to energy consumption in order to overcome increases in
the capacitance and resistance or impedance instead of us-
ing the energy in H2O splitting.

4.5. Effects of Different Outer Electrodes

No significant activity difference was observed for H2O
splitting in Au-tubular PACT reactors with different outer
electrodes (Al or Cu foils), as shown in Table 5. This may
be due to the fact that there is no catalytic effect from outer
metal electrodes because there is no direct contact of reac-
tants with outer electrodes.

4.6. Effects of Grounding Inner or Outer Electrodes

No significant activity difference was observed for H2O
splitting in Au-tubular PACT reactors when the grounding
was switched between the inner Au electrode and outer
Al electrode, as shown in Table 6. This may be because it
does not change the plasma in the reactor and because of
the catalytic effect of inner Au-coated electrode when the
grounding state was switched.

5. CONCLUSIONS

In this research, significant hydrogen production
(0.33 mol% in products) from H2O splitting by atmos-
pheric dielectric barrier discharges has been achieved with
tubular plasma reactors at room temperature. The effects
of different metal (either Ni, Pd, Rh, or Au) coated inner
electrodes, type and length of outer metal (either Al or
Cu) electrodes, grounding state of the inner and outer elec-
trodes, AC peak voltages applied on the reactor, and the
flow rate of the feed (2.3 mol% in He) have been system-
atically studied. The water-splitting activity and its energy
efficiency vary with the type of metal-coated inner elec-
trodes, peak voltage, the length of outer electrode, and feed

flow rate, but they do not depend on the type of outer metal
electrodes and the grounding state of inner and outer elec-
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trodes. In order to understand the observed phenomena of
water splitting in the tubular PACT reactors, more detailed
OES diagnostic studies of plasma chemistry and surface
characterization of used metal coated inner electrodes are
needed and currently in progress.

H2O splitting in tubular plasma reactors in this research
has advantages over other processes in that it is a sim-
ple process which occurs at room temperature and atmo-
spheric pressure. However, the energy efficiency for this
process is generally still low (<3%). There are still other
variables that can be optimized to further improve the ef-
ficiency of this process. These variables include high flow
rates, high water concentrations, and different carrier gases.
The circuit design and power supply frequency are other
variables that can influence the energy efficiency for the
reaction.
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