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Abstract Hydrogen gas detection at low parts per million
concentration levels in sensors based on polymer mem-
brane electrolytes and catalytically active electrodes, oper-
ating at room temperature, is sensitively dependent on the
morphology of the electrode. This effect has been investi-
gated using Nafion® as polymeric proton conducting
membrane onto which a catalytic electrode was deposited
by an in situ impregnation-reduction (I-R) technique. In this
work, Pt was selected as active catalyst for hydrogen
oxidation. The deposition conditions were modified to
optimise the parameters with regard to the application of
the electrode in low-level hydrogen sensors in the 10—
1,000 ppm range and to improve the metal utilisation for
reduced electrode loading without loss of electrochemical
performance. Models of electrode kinetics are proposed and
compared with experimental results. Increasing porosity as
a result of decreased reductant concentrations was observed
by scanning electron microscopy and other surface charac-
terisation methods. The response time of the hydrogen
sensor was in the range of 10-30 s and a stable linear
current output was observed under short-circuit conditions.
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Introduction

Hydrogen has many potential applications, especially as
an energy carrier and especially for combustion in fuel
cells, which provide clean, quiet and more efficient energy
conversion than other techniques. Hydrogen is also an
important raw material in many industrial sectors, such as
aerospace, semi-conductor, chemical and food industry.
However, handling of hydrogen requires special safety
concerns. As hydrogen is explosive above the lower
explosive limit (LEL) of 4% in air at room temperature,
a sensor is indispensable, which detects traces of
hydrogen already in the early stages of leakag. Although
different types of sensors are currently known [1-3], most
of them show poor response in sensing low hydrogen
concentrations in the parts per million (ppm) range.
Therefore, the present work is focused on the development
of sensor devices with very high sensitivity and selectivity
towards hydrogen, especially at or near room temperature.

Polymer electrolytes with high proton conductivities
were employed in the present work. The ionically
conducting membrane consists of a polymer structure
with pendant sulfonic acid groups; a commercially
available polymer electrolyte membrane is Nafion® [4].
Such electrolytes with acid group membrane base use
widely noble metals such as platinum or noble metal alloys
as electrodes [5]. Platinum has excellent electrocatalytic
activity for H, oxidation as compared to other metals [6, 7],
high electrical conductivity and high chemical stability in
contact with the membrane. However, the electrocatalytic
activity of Pt for the H, redox reaction is critically related to
the morphology and geometry of the electrode—electrolyte
contact and the three-phase boundary. This is strongly
dependent on the particle size and electrode structure. The
electrodes must be sufficiently porous to allow the gas to
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equilibrate rapidly with the electrolyte and electrode at their
interface but not too porous to become a poor electrical
conductor. In this paper, an amperometric detector is
presented for sensing hydrogen at a Pt|Nafion composite
electrode prepared by the chemical reduction method
applied subsequently to both sides of the membrane.
Surface characterisation techniques such as low-angle X-
ray diffraction (XRD), optical microscopy, atomic force
microscopy and scanning electron microscopy were used to
analyse the chemically reaction-deposited electrodes.

Theoretical and general considerations

Electrostatic potential drops occur only at the interfaces
between the polymer electrolyte and the Pt electrodes in the
case of emf measurements as all materials are good
electrical (ionic or electronic) conductors. Only for driving
electrical currents across the galvanic cell are the common-
ly small additional electrical fields observed within the
electrolyte and across the interfaces (ohmic bulk and
interfacial polarisations). The electrostatic potential drops
occurring at the interfaces are the result of the equilibration
of all mobile charge carriers [8].

Figure 1 shows schematically the chemical potential,
electrostatic potential and electrochemical potential of both
electrons and protons across the Pt electrode | polymer
membrane interface and within the polymer membrane.
The fluxes of the protons and electrons by diffusion (jp) are

Fig. 1 Schematic diagram of
the chemical potentials of
hydrogen, protons and electrons,
electrostatic potential and
electrochemical potential drop
of both electron and proton
concentrations along the Pt
electrode/polymer membrane
interface and within the polymer
membrane. Solid line

represents higher Py,; dotted
line represents lower Py,

compensated by fluxes in the electrical field (jg) generated
by the displacement of the charge carriers, i.e. in the case of
ideal behaviour:
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where D, ¢, 0, ¢ and ¢ are the diffusivity, concentration,
electrical conductivity, elementary charge and electrostatic
potential, respectively.

Considering that the electrical conductivity may be
expressed by the product of the concentration and diffusion
coefficient [9]

2.2
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where z;, k and T are the charge number of species i,
Boltzmann’s constant and absolute temperature, respective-
ly, Egs. 1 and 2 result in
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In the case of non-ideal behaviour, the chemical potential
gradient Ou/Ox has to be considered as driving force, which
results in the general formula:

do 190yt 10y,

E:_E ox  q Ox )

Accordingly, equal magnitudes of chemical potential
gradients of protons and electrons are established across the
interface. An increased hydrogen concentration in the gas
phase results in increased proton and electron concentration
in the electrolyte and electrode. This is most noticeable in
the phase in which the species are minority charge carriers,
i.e. protons in the metallic-conducting Pt and electrons in
the proton-conducting electrolyte.

There are two general models of pathways for the
protons to reach the electrolyte—electrode interface after
they are initially generated from the H, molecule at the Pt
surface exposed to the gas by spending two electrons to the
metal electrode. This is schematically shown in Fig. 2.

Fig. 2 Schematic diagram of

The dissociative adsorption rate of hydrogen at the
platinum surface is determined by the initial sticking
coefficient [10] and the probability of molecules/atoms
hitting the surface and becoming bound to the surface. The
adsorption of hydrogen occurs favourably at Pt surfaces
which have a high density of d-electron states, i.e. the
sticking coefficient of the (111) Pt surface is close to 1, and
there is no energy barrier for the dissociative adsorption of
hydrogen [11]. The surface diffusion and the incorporation
of hydrogen into Pt are fast. With increasing hydrogen gas
partial pressure, the surface area or the number of
adsorption sites may eventually become rate limiting for
the adsorption of species.

If hydrogen is sufficiently rapidly dissolved and mobile
in the platinum, both protons and electrons diffuse to the
electrolyte/electrode interface and equilibrium is achieved
when the chemical potential of neutral hydrogen is the same
at the electrolyte and the platinum electrode side of the
interface. It may happen, however, as this is commonly
observed for Pt electrodes on oxide ion conductors, that the
solubility and transport rate of the mobile ions, i.e. oxide
ions, are slow in the bulk of the electrode and the ions
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diffuse along the Pt surface to the electrolyte—electrode—gas
triple-phase boundary (TPB). This generates a driving force
for the ions and electrons along the electrolyte—electrode
interface by chemical diffusion [12]. The electrons may
move rapidly in the metallic-conducting Pt while the ions
are moving in the electrolyte. The concentration change of
the ions results in an equivalent change of the concentration
of electrons in the electrolyte and the electrostatic potential
drop across the interface will be adjusted accordingly. The
galvanic cell voltage is in this case only determined by the
equilibration of electrons across the interface. The device
may be considered to be a common electronic junction with
the only difference that the concentration of the electrons is
variable with the outside H, partial pressure at one side (i.e.
in the electrolyte) of the junction. This mechanism was
described initially for noble metals in contact with ceramic
oxide ion conductors for O, partial pressure measurements
[12].

The equivalent circuit of the diffusional transport
mechanism of protons to the Pt—electrolyte interface is
shown in Fig. 3. The circuit components R, Ry, Cy and C,
correspond to the resistance of the charge transfer reaction
between the Pt electrode (anode) and electrolyte interface,
the ionic resistance of the electrolyte, the new double layer
capacitances at the left- and right-hand electrode interface
upon change of Py, and the capacitance of the double layer
at the air reference side (cathode), respectively. The gas
diffusion in the electrode may be represented by a Warburg
(W) diffusion based on the resistor R and capacitor Ci.

It is possible that the latter mechanism also holds in the
presently employed galvanic cells because of the low
operating temperature and the comparatively fast H'
motion along the Pt surface. The chemical diffusion is —
in contrast to the bulk of electrolytes — not controlled by the
simultaneous motion of slow electrons but by the mobility
of the ions in the electrolyte as electrons may move in the
metal along the interface for fast compensation of electrical
charges.

In the case of electrical currents, the ions are trans-
ported through the electrolyte along the cluster network
formed by hydrophilic ‘nano-channels’. When the protons

Fig. 3 Equivalent circuit of C

a single Pt particle electrode I
on polymer membrane cell | |
model | |

reach the opposite cathode—electrolyte interface, a reverse
protonic and electronic process occurs, which results in
the reaction of the proton with oxygen from air to form
H,0 molecules. These water molecules partially diffuse
into the electrolyte and maintain the required humidity in
the membrane.

Several reports describe processes of metallisation of
ionic polymers, i.e. by mechanical, electrochemical and
chemical reduction processes [13—18]. An efficient and
low-cost method of depositing porous metal electrodes onto
the membrane may be achieved by chemical reduction.
This chemical deposition process was reported by Takenaka
et al. [19], who reduced an anionic metal ion in a solution
in contact with one face of the polymer electrolyte
membrane by a reductant solution which diffuses through
the membrane from a solution in contact with the opposite
face. As a variation of this chemical route, the impregna-
tion-reduction procedure was employed by which a
cationic metal ion is first impregnated onto the Nafion
layer and subsequently reduced [20].

Electrochemical sensor devices are commonly operated
either in the current (amperometric) or voltage (potentio-
metric) measuring mode [21]. The advantage of ampero-
metric gas sensors is a linear relationship between the
partial gas pressure and the generated electrical current
which can be easily measured with high precision. A wide
range of amperometric sensors has been developed for
many gaseous compounds [22]. Moreover, amperometry
can detect gases in the ppm to percent range with very high
precision.

Experimental aspects
Membrane pre-treatment

Commercial Nafion membranes, provided by DuPont
(Wilmington, DE, USA), were employed in the present
work. Nafion membranes are generally characterised by
their equivalent weight and thickness. Specifically, Nafion
117 with an equivalent dry weight of the polymer per mol
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sulfonic acid group of 1,100 g/mol which presents a
measure for the mass-based concentration of the SOsH
groups and a membrane thickness of 0.7 pm was used.
Due to the manufacturing process, as-received Nafion
contains sodium ions at some of the exchange sites. Before
performing electrochemical measurements, these sodium
ions have to be replaced by protons and the membrane has
to be swollen in water. This process was performed by
boiling the membrane in 3% hydrogen peroxide solution
and afterwards in 1 M H,SO4 for 2 h at a temperature of
100 °C. To remove the remaining acid, the membrane was
afterwards boiled three to four times in pure de-ionised
water for 30 min. The swollen membranes were stored in
distilled water to prevent drying.

Electrode deposition by chemical reduction and surface
characterisation

The ionic polymer—metal electrodes were prepared by
chemical treatment of the ionic polymer by employing the
impregnation—reduction method [23] with an ionic salt
solution of a metal complex such as tetra-ammine platinum
(II) chloride [Pt(NH;3)4Cl,'H,0O] purchased from Sigma
Aldrich in 0.001, 0.01 and 0.1 M concentrations. The
membrane was stretched and fixed in a polyacrylic holder
with a circular opening of 16 mm in diameter. The metal
complex solution was exposed to the membrane for 3 h at a
fixed pH value of 11-12 maintained by the addition of
ammonium hydroxide solution. This addition of NH,OH to
the platinum complex solution enriches the cationic metal

Fig. 4 Schematic diagram of
the ionic polymer—metal
component sandwiched between
Plexiglas compartments

Air out T

ions. Those metal ions are easily exchanged in a protonated
polymer chain network. Then, the membrane was rinsed
two to three times with double-distilled water to remove the
excess of the platinum complex solution from the mem-
brane. The impregnated metal ions [Pt(NH;),]*" were
reduced by using a weak reducing agent, i.e. potassium
tetrahydroborate (KBH,), with 0.006, 0.008, 0.01, 0.02 and
0.04 M concentrations for 2 h. The reducing solution was
replaced every 20 min. Both impregnation and reduction
were carried out at room temperature. A similar procedure
was subsequently applied to the other side of the membrane
to prepare the counter electrode with the same thickness as
the opposite one. Different sets of samples were prepared
and became marked as sample KB m x (m represents the
molar reductant concentration and x describes various
samples of the same set by using subsequent letters, i.e.,
a, b, c, etc.). All chemically reduced ionic polymer—metal
surfaces were examined by a high-resolution optical
microscope (LEICA MZ26), a scanning electron micro-
scope (Philips XL30) and an X-ray diffractometer (Seifert
XRD 3000). Further experimental details are described in
detail elsewhere [24].

Hydrogen gas measurements
The schematic drawing of the assembled hydrogen sensor
cell is shown in Fig. 4. Sensor testing was performed at

ambient pressure and room temperature with a common
moisture of 50-60% relative humidity (RH) at a gas flow
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rate of 80 sccm. High-purity dry hydrogen and hydrogen—
nitrogen gas mixtures (Messer-Griesheim, Germany), con-
taining 1 and 10% hydrogen partial pressures, were used for
the investigations. The parent gases from the gas cylinders
were diluted by mixing with N, in various ratios down to
the ppm level using commercial mass flow controllers (EL-
Flow mass flow meter/controller, Bronkhorst, Ak Ruurlo,
Netherlands). The hydrogen gas response of the cell was
analysed by using an Ionic Systems potentiostat/galvanostat
PG2 (Stuttgart, Germany). Gas exposure times were
typically 60 s or as specified in the figure captions, during
which the sensor signal usually reached a steady-state
value. The sensitivities are given by the slope of the
calibration curve (LA ppm ') and the response time #o0 is
given by the time to reach 90% of the change of the steady-
state signal.

Results and discussion
Bulk and surface characterisation of the electrode

The crystal structure and the particle size were both
analysed by means of XRD. Figure 5 shows the X-ray
diffraction patterns of the platinum electrode samples
deposited by applying 0.01 M Pt(NH;3)4,Cl, metal salt
solution and five different concentrations of reducing agent,
i.e. 0.006, 0.008, 0.01, 0.02 and 0.04 M KBH, (from top to
bottom). The vertical line pattern shows the data of the
standard JCPDS card 4-802 [25]. All peaks could be well
indexed according to the standard. All five XRD patterns
show only Pt peak angles, irrespective of the concentration

of the reducing agent, i.e., the [Pt(NH;)4]*" ions of the
impregnated Nafion membrane were reduced completely.
The peaks observed for lower concentrations of the
reducing agent show larger distortions than that observed
for higher concentrations as well as larger broadening,
which is attributed to induced strain between the Pt
particles. Smaller particle sizes are expected in the case of
broader peaks. The size of the Pt particles was calculated
using Scherrer’s equation [26], evaluating the full width at
half maximum of the peak broadening by using the peakfit
program (http://www.clecom.co.uk/science/peakfit/index.
html). The instrumental broadening is subtracted, using
the expressions as described elsewhere [27].

Optical microscope images of the chemically reduced
platinum electrode surfaces have shown different surface
morphologies for the five reductant concentrations of
0.006, 0.008, 0.01, 0.02 and 0.04 M KBH4. Micrograph
images show Pt surfaces of less strain and porous structures
unlike those observed in the case of NaBH, reductant [28].

Scanning electron microscope (SEM) images of the
porous structures of the chemically reduced ionic polymer—
platinum electrode surfaces are shown in Fig. 6. Pt
deposited at the lowest (0.006 M) KBH, concentration
resulted in isolated and inhomogeneous platinum particles
deposited on the Nafion membrane. This phenomenon can
be understood by considering insufficient reduction time at
low reductant concentration to reduce all [Pt(NH;),]*" ions.
The Pt surface of the sample prepared with 0.04 M KBH,4
shows high strain and an increased particle size. In addition,
both sample surfaces show a large variation in porosity. The
samples prepared with an intermediate 0.01 M concentra-
tion of KBH, as reducing agent provide more homoge-

Fig. 5 X-ray diffraction
pattern of Pt| Nafion electrode
prepared from 0.01 M Pt
(NH3)4Cl, and five different
reductant concentrations:

a JCPDS 04-802, b 0.04 M,

¢ 0.02M,d0.01 M, e 0.008 M
and f 0.006 M KBH,4
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Fig. 6 SEM photograph of Pt
electrode deposited on
Nafion117 membrane using
0.01 M Pt(NH3),Cl, and
reductant concentrations:

a 0.04 M, b 0.02 M, ¢ 0.01 M,
d 0.008 M and e 0.006 M KBH,

neous pores than in the case of 0.02 and 0.008 M. Porous
structures were obtained due to the weak reducing nature of
the KBH,. Similar conditions were applied when five Pt
electrodes were prepared using five different NaBH,
concentrations with different reduction rates. The higher
the reduction rate, the more strain and particle growth is
observed. Lower reductant concentrations show less strain
and slow growth rate, resulting in poor interparticle contact.

The SEM images of the Pt particles deposited onto the
Nafion membrane show different crystallite sizes, which are in
agreement with the sizes calculated from XRD peak analysis.
The SEM investigations confirmed the tendency of decrease in
particle size and increase in porosity with increasing reductant
concentration. Energy dispersive X-ray spot analysis shows Pt
peaks in the M and L energy levels and a small percentage of
fluorine and carbon peaks due to the base perfluorated polymer
membrane. The images of the surfaces observed for the highest
reductant concentration show thick layers of Pt fully covering

the electrolyte surface. This coverage is less suitable for sensor
applications, in which the three-phase boundary region is of
primary importance.

Electrode kinetics

By assuming that the Pt particles are semi-spherical in
shape and homogeneous in size, the radius of the particles
is equal to the diffusion length L of the protons, and it may
be related to the response time according to:
L2

T=5 DH . (6)

According to Fig. 2, based on model 1, the response time
71 of proton diffusion through the Pt particle is 5 s by
considering that the diffusion coefficient of the protons Dy in
Pt is 10° cm?/s [29]. In contrast, based on model 2, Dyy. in
Nafion at 27 °C is 10 ® cm%/s [30]; thus, the response time 7,
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Fig. 7 Response behaviour of ]
2.4 4

the Pt| Nafion electrode sensor

element with an area of 2 cm? ]
prepared from 0.01 M Pt 21 -
(NH3)4Cl, and 0.01 M KBH,4 |
(sample KB1a) for hydrogen gas 18
in the low concentration range '

of 100-1,000 ppm 15

Current (uA)

1000 ppm

i

900 ppm
800 ppm

700 ppm

i
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T T

of proton diffusion along the electrode/membrane interface is
5 ms. According to Eq. 3, the calculated Dy, in Nafion at
27 °C is 1077 em?/s for 1 M H,SO, concentration and the
proton conductivity in Nafion is 102 S ¢cm 2 There is one
order of magnitude difference which may be due to the
presence of fluorine groups in the membrane which has not
been taken into account. As the response time 7, is three
orders of magnitude faster than what is expected from model
1, it may be assumed that the diffusion of hydrogen along the
surface of Pt is faster than the diffusion of hydrogen along the
Pt electrode/polymer membrane interface. The surface of Pt is
always covered with hydrogen gas and the gas may supply a
sufficient amount of hydrogen which is consumed at the
triple-phase boundary. Thus, the concentration of hydrogen
species arriving at the Pt electrode/polymer membrane
interface for the charge transfer reaction is related to the
surface diffusion rates and surface coverage [31].
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High hydrogen gas concentration response

Optical micrographs of the Pt electrode surfaces prepared
with 0.006-0.04 M KBH, have shown higher porosity. The
typical responses of the interface Pt electrode | Nafion
(0.01 M Pt(NH3)4Cl, and 0.01 M KBH,) (sample KB 1a)
to various concentration steps in the 100—1,000 ppm range
of hydrogen in nitrogen at room temperature are given in
Fig. 7. A plot of (sample KBla—d) the maximum output
current of the sensor vs the hydrogen gas concentration is
linear as shown in Fig. 8. The correlation coefficient R of
the linear regression is 0.9995. The average maximum
sensitivity of the sensor is 2.6 nA cm 2 ppm '. Between
100 and 1,000 ppm hydrogen, the response time fyq is in the
order of 25 and 5 s in the direction of increasing and
decreasing H, concentration, respectively.

Fig. 8 Linear relation for

0.01 M KBH, (sample KB1a)
concentration over a wide range
of hydrogen concentration
(100-1,000 ppm) and a sensing
area of 2 cm”. The dotted lines
are results from calibrations with
different samples
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Fig. 9 Response behaviour of 027 4
the Pt |Nafion electrode sensor J
element with an area of 2 cm? 0.24 -
prepared from 0.01 M Pt 1
(NH;)4Cl, and 0.01 M KBH, 0.21
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Low hydrogen gas concentration response

The same set of samples was exposed to 10-50 ppm hydrogen.
The response curve for 1 min exposure to 10-50 ppm H, is
shown in Fig. 9. Linear output current responses were
observed for different samples over this hydrogen concentra-
tion range as presented in Fig. 10. The correlation coefficient
R of the linear regression is 0.99746. The average maximum
sensitivity of the sensor is 4.6 nA cm > ppm .

The linear behaviour for all concentrations of the reducing
agent can be explained by the achievement of highly effective
electrodes by the formation of porous structures. The optimum
porous structure obtained for 0.01 M KBH, was most
favourable for detection at a very low concentration level.

The thicknesses of the electrodes were determined by
surface profilometry, which depends on the concentrations of
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Fig. 10 Linear relation for 0.01 M KBH, (sample KB1la) concentra-
tion over a low level of hydrogen concentration (10-50 ppm) and a
sensing area of 2 cm®. The dotted lines are results from calibrations
with different samples
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Table 1 Electrode characterisations and hydrogen sensitivities of the
Pt Nafion electrodes

Metal salt Reductant Electrode H, sensitivity
concentration concentration thickness (10 ppm) (pHA)
(mol) (mol) (1m)
0.001 0.04 0.36 0.012
0.1 0.04 2.10 0.030
0.01 0.006 0.15 -
0.01 0.008 0.20 0.023
0.01 0.01 0.30 0.050
0.01 0.02 0.46 0.031
0.01 0.04 0.62 0.008
. —e&— ppm1000
204 \ —4&— ppm500
—«— ppm200
—%— ppm100
e —m— ppm50
1.8 4 o\' —A—ppm10
21 B T o-___%l.l____‘-
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04 4%—*—* * * * 4 *
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00 A ——
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No. of Cycles

Fig. 11 Stability of the sensor element Pt Nafion with an electrode of
an area of 2 cm? and prepared from 0.01 M Pt(NH;),Cl, and 0.01 M
KBH, for different hydrogen gas concentrations up to 60 cycles
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the reducing agent being used. The electrodes prepared with
different concentrations of both Pt metal salt and reductant
deposited in various electrode thicknesses and their sensitivity
to 10 ppm H; are listed in Table 1. Even though the electrode
thickness increases by varying the reductant concentration, the
maximum sensitivity was obtained for the 0.01 M KBH,
sample. The responses of the other samples were observed to
be nonlinear in the low hydrogen partial pressure range. The
amount of large pores increases the gas diffusion in the
electrode although the increase was not large enough to
produce sufficient electronic interparticle contact.

Figure 11 shows a number of identical cycles that
attained the maximum output current measured for 10—
1,000 ppm of hydrogen gas concentrations. The typical
hydrogen responses for multicyclic gas exposure of the
sensor were observed for each concentration. The response
time (f90) was typically less than 10-30 s. Figure 11 shows
that the sensor remains stable over a large number of
cycles. It should be pointed out that with increasing
hydrogen concentration, when the hydrogen level is above
1000 ppm, the amount of water and heat generated by the
reactions of the sensor increases simultaneously. Hence, the
conductivity of Nafion and the temperature of the sensor
are increased, which likely causes the nonlinearity of the
observed response current. Up to 400 ppm, the maximum
current was constant over several cycles, but in the higher
concentration range the current was observed to decrease
after 15 cycles. A downward drift was observed to be due
to water becoming electrochemically generated at high
hydrogen concentrations which is firmly held within the
structure of the hydrophilic Nafion. Furthermore, the
process leading to the attainment of an equilibrium water
content corresponding to a given RH of the test gas is slow.
The lower detection limit for H, was 10 ppm, below which
the current signal was highly unstable.

Conclusions

The structure and gas sensing performance of a practically
applicable short-circuited amperometric sensor composed of a
chemically reduced catalytic Pt electrode and solid polymer
membrane was demonstrated. The Pt electrodes prepared with
0.01 M KBH, reducing agents showed a stable and linear
response to hydrogen gas in the 10 to 1,000 ppm range. The
charge transfer reaction is related to the surface diffusion rates
of hydrogen along the Pt surface and the surface coverage.
Among the proposed two models, the latter one is likely
consistent with the experimental results. The sensor measure-
ment results show a clear tendency of fast response rate with
increasing amounts of porosity in the electrode. Small pore
size structures provide shorter diffusion lengths of the proton
to and along the Pt|Nafion interface. A combination of high

@ Springer

active surface areas and porous electrodes allows the
application of the device in the 10-1,000 ppm range of
hydrogen gas detection at room temperature.
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