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Significant hydrogen productivity (0.33 mol% in products) from
H2O splitting by atmospheric dielectric barrier discharges has been
achieved with tubular plasma reactors at room temperature. The
water splitting activity varies with different metal-coated inner elec-
trodes and different peak voltages across the reactor. An optimal
emission spectroscopic study was performed in order to explain the
metal effect. O∗/Ar∗ emission intensity ratio as well as excitation
temperatures were used for rationalizing the metal effect. c© 1998

Academic Press

I. INTRODUCTION

The predicted exhaustion of limited and unevenly dis-
tributed world fossil fuel reserves in the middle of the 21st
century has focused attention on water splitting technolo-
gies to produce hydrogen which is a clean, renewable, and
nonpolluting fuel and an energy carrier from an unlimited
source (1). Czuppon et al. presented an excellent review on
different water splitting techniques, such as electrochemi-
cal water splitting (electrolysis), one-step or multistep ther-
mochemical water splitting, and water splitting with solar
energy (2). Amouyal (3), Bolton (4), and Bard et al. (5) pub-
lished reviews on splitting of water to hydrogen and oxygen
via solar energy. These different water splitting techniques
are still in development and only the electrolysis method is
in industrial use to a limited extent, due to the low overall
efficiency of 20–35% (2).

Nonequilibrium cold plasmas have been considered as
highly efficient ways to use electrical energy to excite
gaseous reactants and several technological applications in
chemical processes have been summarized by Badyal (6).
Applications of plasmas in catalyst preparation and cata-
lytic reactions have been recently reviewed by Kizling and
Järås (7). The silent discharge, a kind of nonequilibrium
cold plasma also known as an atmospheric dielectric barrier

1 To whom correspondence should be addressed.

discharge, is ideal for dissociating molecules which are very
difficult to be decomposed thermodynamically, such as am-
monia, hydrogen sulfide, methane, and water, as suggested
by Fridman and Rusanov (8). Many studies have been done
with ammonia (9–11), hydrogen sulfide (11), and methane
(12, 13), but we are not aware of studies of water splitting
with plasmas.

II. EXPERIMENTAL SECTION

A. Plasma Reactors

Recently, we have studied water splitting with atmo-
spheric dielectric barrier discharges in a tubular reactor
using plasma and catalyst integrated technologies (PACT)
(14). A schematic diagram of the tubular PACT reactor is
shown in Fig. 1. The basic principle of the reactor involves
an inner metal-coated electrode which is used as a catalyst
for activation of the reactants. The atmospheric dielectric
barrier discharge between the inner electrode and the part
of the quartz tube that covers the outer electrode produces
a plasma zone for excitation of molecules when a high al-
ternating current (AC) is applied to both electrodes. Syn-
ergistic effects of catalytic activation and plasma excitation
are expected to exist in this reactor.

Tubular PACT reactors with metal (either Ni, Pd, Rh, or
Au) coated inner electrodes (M-tubular PACT reactors)
and outer electrodes made of aluminum foil were used
in our experiments at room temperature and atmospheric
pressure. Feed compositions were 2.3 mol% of H2O with
a balance of argon and a total flow rate of 10 mL/min at
1 atm. The circuit diagram for the tubular PACT reactor is
shown in Fig. 2.

The water concentration was determined from the par-
tial pressure of water vapor in a bubbler at room tempera-
ture assuming that argon is saturated by water vapor after
passing through the bubbler. This assumption has been con-
firmed by measurements of the weight of water collected in
a cold trap after the bubbler.
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FIG. 1. Schematic diagram of the cross section of a tubular PACT
reactor: 1. outer electrode; 2. quartz tube; 3. glow discharge zone; 4. inner
electrode; 5. discharge gap.

B. Plasma Reactions

The reaction was started by applying a high alternat-
ing current produced by a UHV-10 type high frequency
(8.1 kHz) AC power supply (made by Nihon Inter Electron-
ics Corporation, Japan). The output voltage of the power
supply can be increased directly by increasing its voltage
dial setting. The AC voltage waveforms between the in-
ner 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 peak value of the AC volt-
age waveform is defined as the peak voltage (Vp). The input
voltage Vin(p-p) (peak to peak value on the AC input volt-
age trace) for the reactor was recorded when the reactor is
disconnected with the dial setting on the UHV-10 type high
frequency (8.1 kHz) power supply at the value to be used
in experiments. The gap current (i) through the inner and
outer electrodes was calculated after measuring the voltage
of a standard resistor (100 Ä) with the DL 1540 digital oscil-
loscope with a Yokogawa 70996 voltage probe. The voltage
across and current through the reactor were recorded as a
function of time with the Yokogawa DL 1540 digital oscillo-
scope. The power consumed by the reactor was determined

FIG. 2. Circuit diagram for the tubular PACT reactor: R1 = 50 kW;
R2 = 100 kW; Rs = 100 W.

by integrating the product of the current and voltage as a
function of time and dividing it by the total time period.

C. Chemical Analysis

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.

D. Optical Emission Spectroscopy Study

Optical emission spectroscopy (OES) was used to under-
stand the unique role the metal plays in water splitting. OES
studies were carried out in the 200–900 nm range using a
270M Spex instrument with a liquid nitrogen-cooled CCD
detector. Light emitted from the plasma is collected and
directed to a monochromator with a fiber optic cable. The
accuracy of the position of the emission lines in the spectra
is 0.1 nm. The helium and argon used for these studies were
99.99% pure.

An aluminum jacket with a series of holes was used to col-
lect the light emitted from different plasma regions. Argon
and helium emission spectra were collected first in two dif-
ferent set of experiments: (a) with a constant input voltage
for different metals in order to observe emission changes
due to metal effects and (b) with the same metal and dif-
ferent input voltage (Vi) to measure the Vi effect on the
distribution of the excited states.

III. RESULTS AND DISCUSSIONS

A. Plasma Reactions

Figure 3 shows experimental results for H2O splitting
in the tubular PACT reactors with different metal-coated
(electroless plating) inner electrodes. All experiments were
started with fresh metal-coated inner electrodes. The time
on-stream was from the beginning of plasma formation
when the high AC voltage was applied between the inner
and outer electrodes.

The H2 concentrations in the products were stable dur-
ing long time runs in the tubular PACT reactors with either
Pd- or Rh-coated inner electrodes, but the H2 concentra-
tions increased slowly in the cases of using either Ni or Au
coated copper rods as inner electrodes, as shown in Fig. 3.
These experimental results show that the activities for H2O
splitting in the tubular PACT reactors with different metal
(Au, Ni, Rh, and Pd) coated inner electrodes are different
and decreased in the order shown in Eq. [1]

Au > Ni > Rh > Pd. [1]

All other experimental conditions besides the type of metal-
coated inner electrode are the same.
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FIG. 3. H2O splitting activity in the tubular PACT reactors with different metal coated inner electrodes. Feed: H2O, ∼2.3% in Ar; flow rate:
10 mL/min. Outer electrode: Al, 6.0 cm, grounded. Discharge gap: 0.20 mm. Vp = 1.40 kV; Vin(p-p) = 3.3 kV; i = 32 mA.

Discolorations were found on all metal-coated inner elec-
trodes, where the plasma existed after H2O splitting reac-
tions. Plasmas formed in the tubular PACT reactors near
the inner electrode. High activity of the inner electrodes
led to more discoloration of the resultant inner electrode.

As soon as the plasma was started in the reactors, the
initial hydrogen concentration in the product increased to
very high values and then dropped sharply. Meanwhile,
the oxygen concentration detected with GC methods was
much lower, compared to the stoichiometric concentration
according to the water-splitting reaction. The low oxygen
concentration is due to adsorption of initially formed oxy-
gen that reacts with the fresh inner electrodes. The rate
of the reverse reaction (hydrogen reacting with oxygen to
form water) was low, due to the low oxygen concentration
in the gas phase. After the fresh inner electrode surface re-
acted with the adsorbed oxygen, the oxygen concentration
increased. The rate of the reverse reaction then increased
and the hydrogen concentration decreased. The initial high
hydrogen yield occurs on fresh inner electrodes that have
more active sites than after reaction, due to the subsequent
poisoning of active sites on the inner electrodes.

Argon is the main component of the feed to the tubular
PACT reactor and is probably excited initially in the plasma
zone. The excited argon atoms may transfer their energy to
excite water molecules into excited states during collisions
with each other. The probability that water molecules are
excited directly in the plasma zone is much smaller due to
the much lower population of water molecules. The excited

water molecules are chemisorbed on the metal surface and
are involved in catalytic dissociation reactions, leading to
dissociation into hydrogen and oxygen atoms which then
form hydrogen and oxygen molecules. Direct dissociation
of water in the gas phase is minimal, based on comparisons
with nonmetallic (glass) electrode systems. The catalytic
effect of different metal-coated inner electrodes shown here
also supports this energy transfer mechanism.

The used Au-coated inner electrode of the Au-tubular
PACT reactor was used in further studies. Figure 4 shows
the results of H2O splitting in the tubular PACT reactors
with used Au-coated inner electrodes, compared to the
results for the case of fresh Au-coated inner electrodes.
The used Au-coated inner electrodes presented signifi-
cantly higher H2O splitting activity than fresh Au-coated
inner electrodes. This suggests that the first use of the
fresh Au-coated inner electrode in H2O splitting by plasma
served as a beneficial pretreatment for the Au-coated inner
electrode.

Effects of different peak voltages (Vp) on H2O splitting
by plasmas were studied with used Au-coated inner elec-
trodes of Au-tubular PACT reactors. These results are sum-
marized in Table 1. When Vp increases, the input voltage
Vin(p-p) and the gap current (i) through the inner and outer
electrodes also increase. H2O splitting activity increases
when Vp increases from 1.20 kV to 2.50 kV, as shown by
the increase of H2 concentration in the product. When Vp

was increased further to 3.00 kV, the H2 concentration was
almost as high as that when Vp was 2.50 kV. This suggests
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FIG. 4. H2O splitting activity in the tubular PACT reactors with fresh and used Au-coated inner electrodes. Feed: H2O, ∼2.3% in Ar; flow rate:
10 mL/min. Outer electrode: Al, 6.0 cm, grounded. Discharge gap: 0.20 mm. Vp = 1.40 kV; Vin(p-p) = 3.3 kV; i = 32 mA.

that a certain optimal high Vp is needed to achieve signifi-
cant H2O splitting activity in Au-tubular PACT reactors.

Theoretically, the complete decomposition of 2.3% water
in an argon mixture flowing at 10 mL/min requires 0.033 W
of power. The power consumed during the above operating
conditions was 1.59 W when Vp is at 2.50 kV and 2.17 W
at 3.00 kV. For complete (100%) conversion the theoret-
ical reactor efficiency for the optimum conditions would be
2.07% when Vp is at 2.50 kV and 1.52% at 3.00 kV. The
actual conversions were both approximately 14.2%, corre-
sponding to 0.32 mol% H2 concentration in the product
stream, which required 0.0047 W of power. Therefore, the
actual efficiencies for these conditions were 0.29% when Vp

is at 2.50 kV and 0.22% at 3.00 kV.

TABLE 1

Effect of the Peak Voltage Vp for H2O Splitting
in Au-Tubular PACT Reactora

Vp Vin(p-p) i H2 in products,
(kV) (kV) (mA) mol%

1.20 2.8 20 0.09
1.40 3.3 32 0.21
1.80 4.3 40 0.29
2.50 5.9 45 0.32
3.00 >6.8 48 0.33

a Feed: H2O, ∼2.3% in Ar; Flow rate: 10 mL/min. Inner electrode: Au;
outer electrode: Al, 6.0 cm, grounded; discharge gap: 0.20 mm.

Although the efficiency of this process is low it has ad-
vantages over other processes in that the reaction occurs
at room temperature and atmospheric pressure. There are
still other variables that can be changed to further improve
the efficiency of this process including flow rate, water con-
centration, and different carrier gases. The circuit design
and power supply frequency are other variables that can
influence the reaction efficiency.

B. OES: Theoretical Background

The electron temperature (Te) is a central diagnostic pa-
rameter for plasmas. Usually, the excitation temperature
is also associated with the kinetic temperature of the elec-
trons, since excitation processes are mostly caused by elec-
trons. OES has been used for determining the excitation
temperatures. This parameter is frequently applied in high
electron density plasmas using concepts derived from the
local thermodynamic equilibrium (LTE) approximation.
In LTE the atomic-state distribution function follows the
Saha–Boltzmann equation [2] which predicts the relative
direct excitation of the lower excited state,

ni = Ngi exp −(Ei /kT)

Z
, [2]

where ni is the number of atoms in the ith energy state Ei, N
is the total number of atoms, Z is the partition function, gi is
the statistical weight of state i usually called degeneracy; k is
the Boltzmann constant; and T is the absolute temperature.
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The radiant intensity Ii is given by

Ii = Ai gi hcvi

4π
, [3]

where Ai is the transition probability; h is Plank’s constant;
c is the speed of light; vi is the wavenumber of the transition;
and ni is the number of atoms in the ith state. Equation [3]
can be rearranged to yield

ln
Iobs

Ai ni gi
= ln

hcN

4π Z
− Ei

kT
. [4]

Consequently a graph of ln(Iobs/Ai vi gi ) vs Ei should be
linear with a slope of 1/kT.

C. OES: Results and Discussion

The observed emission intensities (Iobs) were measured,
integrated, and corrected with instrumental response fac-
tors. The wavelength (λ), the statistical weight of the transi-
tion upper level (gi), and the spontaneous transition prob-
ability Ai were used to obtain 1/kTexc from the slope of the
fitted Boltzmann plot.

The excitation temperature is a pseudo-temperature
which has to be estimated and carefully used. The spec-
troscopic data for several Ar and He lines were used to
generate linear Boltzmann plots. The relative intensities
of atomic emission lines confirm a Boltzmann distribu-

FIG. 5. Boltzmann distribution plot using atomic helium transitions
for Ar + 1% He mixture at P = 1 atm, Vp = 5.9 kV, and Au as inner elec-
trode.

tion with an excitation temperature of 4300 ± 200 K for
Ar + 1% He at Vi = 5.9 kV using Au as an inner electrode.

Water dissociates in the plasma discharge reactors gen-
erating O, OH, and H. There are four possible ways to split
water molecules: (1) by direct electron impact; (2) by energy
transfer from Ar∗, (3) by electron transfer to Ar+ and/or
Ar+

2 ; and (4) by a combination of 1, 2, and 3.
We were able to observe Ar∗ emissions of Ar(I) = 696.5,

706.7, 738.4, 750.4, 763.5, 772.4, 794.8, 800.6, 801.4, and
811.5 nm; and Ar(II) 396.8, 397.9, 480.6, 506.2 nm which
are drastically quenched by water during reaction. Also
OH (308.9 nm), O∗ (844.6 nm), Hα (656.3 nm), and Hβ

(486.1 nm) were weakly observed.
The O∗(844.5 nm)/Ar∗(750.4 nm) emission intensity ratio

can be used to monitor the O∗ metal interaction (15). This
ratio was also used for quantitative analysis of the oxygen
radical.

The O∗/Ar∗ emission intensity ratio depends on the metal
and follows this tendency:

O∗/Ar∗: Ni > Pd > Rh > Au [5]

and the corresponding excitation temperatures were

Texc: Au > Ni > Pd > Rh. [6]

Metal Texc (K)

Au 4300
Ni 4000
Rh 3200
Pd 3800

Note. Vi = 5.9 kV, Texc(Ar + 1% He) ± 200 K.

We believe a complex combination of mechanisms are
playing important roles in the water-splitting reaction,
where surface and gas phase reactions both occur. The use
of excitation temperatures as a diagnostic parameter with
an OES suggests that metal/rare gas interactions may play
an important role in the splitting of water via plasma chem-
ical processes.

IV. CONCLUSIONS

In summary, significant activity for H2O splitting by at-
mospheric dielectric barrier discharges has been achieved
with tubular PACT reactors. Further studies are being car-
ried out to determine the combined effects of different ex-
perimental parameters, such as different inner and outer
electrodes, the lengths of outer electrodes, the discharge
gaps between the inner electrode and the inner side of the
quartz reactor tube, and different power supplies with dif-
ferent frequencies. Ultimately, the mechanism of H2O split-
ting will be studied by more detailed detection of species in
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the plasma zone by using optical emission spectroscopy with
charge coupled detectors (CCD) in order to optimize the
activity of H2O splitting in tubular PACT reactors. Highly
correlated quantum-chemical ab initio calculations are cur-
rently in progress in order to understand the metal/carrier
gas interactions.
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