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Abstract�Presently available methods for the determination of hydrogen in the gas phase are analyzed.
Various procedures for the detection of hydrogen both at pre-explosion and at very low (less than 50 ppm)
concentrations by means of thermocatalytic, semiconductor, amperometric, and potentiometric electrochem-
ical sensors are considered.
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INTRODUCTION

Progress of hydrogen power engineering suggests
extending application field of hydrogen. Domestic use
of hydrogen brings to the fore fire and explosion
safety problems. Even customary natural gas causes
accidents with its inflammation and explosion.
Hydrogen, while being ecologically attractive, is even
more dangerous in operation. Mixtures of hydrogen
with oxygen are highly explosive at hydrogen con-
centrations ranging from 4 to 75%. Hydrogen is odor-
less and colorless, it cannot be doped with mercap-
tanes, like natural gas, since sulfur-containing com-
pounds are strong catalytic poisons for electrode
materials in fuel cells (FC). In this connection de-
velopment of devices for trace analysis of hydrogen
is an urgent problem.

Hydrogen sensors can also be used to detect in-
flammation. Hydrogen is already released at the stage
of smoldering in the course of pyrolysis of wood,
paper, plastics, and other hydrocarbon materials.
Therewith, its concentration, even at a considerable
distance from the inflammation site, can reach 10�
100 ppm (the background hydrogen level in air is
about 0,5 ppm). Moreover, hydrogen diffuses at a
high rate and penetrates outside of even closed rooms,
and the ability to detect low concentrations of hy-
drogen can aid in preventing fire long before it
develops.

Commercially available hydrogen leak detectors
are unsuitable for routine use as testers for fuel cells
and fire safety systems because of their large size and
high cost. New sensors are required, with a minimum
power consumption and capable of operating at room
temperatures. The sensors should be compact, low-
cost, and readily integrable into chips and printed
circuit boards.

The present review is devoted to compact hydrogen
sensors [1].

A sensor is a structure capable of responding to a
change in a value to be measured by changing its
electrophysical, optic, mechanic, and other properties.
A sensor most commonly consists of a layer selec-
tively sensitive to a component to be detected, which
generates a signal proportional to the component
concentration, and a signal converter. Depending on
the sensor parameter changed and the principle of
operation of the response converter, several types of
gas sensors can be recognized (Fig. 1).

The general requirements for sensors of any type
are high sensitivity, selectivity, short response time,
durability, small size, and low cost.

At present catalytic, semiconductor, and electro-
chemical hydrogen sensors have enjoyed the widest
application.
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Fig. 1. Classification of gas sensors [2, 3].

THERMOCATALYTIC SENSORS

Thermocatalytic sensors are widely used for
measuring fairly high concentrations of hydrogen in
air (0.1�10 vol %). These sensors measure the com-
bustion heat of a flammable gas to be detected, which
is proportional to its concentration. A platinum�pal-
ladium catalyst applied on fine alimuna is used [4]. A
catalytic sensor comprises two heaters, and the ca-
talyst is applied on one of them. The second heater is
insensitive to the composition of the gas medium and
serves to generate the reference signal. The analyzed
gas is oxidized on the catalytic layer, the energy that
releases changes the heater resistance, thus forming a
primary sensor signal. The minimal operating tem-
perature of such sensors is 450�C, which adversely af-
fects the sensitivity of the determination. The response
time may attain 20 s [5].

Up to now platinum spiral heaters have been used
in most thermocatalytic sensors. The diameter of the
platinum spiral in best sensors was 10 �m, power
consumption 120 mW.

The principal drawback of thermocatalytic sensors
of this type is complexity in fabrication, which limits
their application field. These limitations are overcome

by using thin-film heaters on a membrane of silicon
oxide (nitride), aluminum oxide, or their combination.

In a multilayer membrane comprising alternating
silicon oxide and silicon nitride layers, the layer
voltages have opposite signs that can be compensated
for by a certain combination of the layers. As a result,
a membrane several mm2 in surface area and 1�2 �m
in thickness can be obtained.

There are four technologies for fabrication of low-
power sensors. (1) Chips on the basis of silicon tech-
nology and thin dielectric silicon oxide/nitride
membranes. (2) Sensors on the basis of hanging
miniature silicon elements. (3) Sensors with thin si-
licon dioxide membranes and a platform, fabricated
by the �silicon-on-isolator� technology. (4) Sensors
with a porous (silicon, alumina) low-heat-capacity
membrane as support and isolator.

The choice between the technologies is mostly
determined by the tendency to minimize power con-
sumption but preserve reasonable cost and fabrication
burden.

Such device can be exemplified by a construction
described in [6]. The membrane is fabricated by
consecutive chemical vapor deposition of silicon
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oxide, silicon nitride, and silicon oxide layers, the
heater is of polycrystalline silicon, and its contacts
are platinum. Therewith, the contacts are located in
the hot zone. This chip is disadvantageous in that it
has a nonoptimal heater/membrane size ratio, which
results in an unreasonable power gain (to about
60 mW). Furthermore, a polycrystalline silicon heater
is unstable at high operating temperatures. Its yearly
resistance drift is about 30�50%.

The best material for heaters operating at 400�
500�C is platinum which is tolerant to oxidation un-
der these conditions. The main problem consists in
platinum adhesion to membrane material. Most
commonly, for better adhesion of the platinum layer
to membrane some intermediate sub-layers, for ex-
ample, platinum, are used. However, the platinum
film can flake away due to oxidation of the titanium
adhesive layer. Gas-sensitive layers formed at a higher
temperature (up to 900�C) tend to flake away faster.
This makes unsuitable group technologies for fabrica-
tion of thermocatalytic sensors and welding for
making leading-out wires for sensors with adhesive
layers. With tantalum layers, similar adhesion prob-
lems arise. These layers, too, are oxidized near 500�C,
as a result of which the platinum coating flakes away
from the silicon oxide surface.

One of the best, in terms of power consumption, is
a thermocatalytic sensor described in [7]. The sensor
works at 500�C and consumes about 20 mW (Fig. 2).

Qui et al. [8, 9] suggested a modified termocata-
lytic sensor. To measure the concentration of hydro-
gen, the referees made used of the thermoemf effect.
As a result, the sensor temperature could be lowered
to 100�C and the catalyst selectivity could be in-
creased. The sensor features a linear dependence of
thermal emf on hydrogen concentration [8].

SEMICONDUCTOR SENSORS

Semiconductor sensors operate by changing elec-
trophysical parameters in response to chemisorption
or redox reactions of a gas to be detected. Such
sensors can be divided into two big groups: metal
oxide sensors and metal�dielectric�semiconductor
(MDS) or metal�semiconductor structures [10].

Metal Oxide Resistance Sensors

In a general case, such detector comprises an oxide
semiconductor sensitive layer, for example, SiO2,
applied to a dielectric support [11]. Metal oxide semi-
conductor sensors operate by changing resistance of
the gas-sensitive layer in response to chemisorption
or oxidation of donor gases (various flammable gases:

(b)

(a)

50 �m

50 �m100 �m

Fig. 2. Thermocatalytic sensor with platinum heaters on
silicon oxide membranes: (a) working element with a
catalytic coating and (b) reference element.

hydrogen, methane, propane, gasoline vapors; CO,
ammonia, hydrogen sulfide, etc.) or electron acceptors
(ozone, nitrogen oxides, fluorine) [12, 13]. The pro-
cesses that occur change irreversibly the concentration
of current carriers in the semiconductor and the
conductivity of the sensitive layer by decreasing the
potential barrier (Fig. 3) [14, 15]. The sensitivity
threshold of metal oxide semiconductor sensors with
respect to hydrogen is about 1 ppm.

When hydrogen is detected, the first stage of the
process involves chemisorption with simultaneous
ionization:

H2
�
�

H2
+ + e�.

The conductor conductivity is proportional to the
square root of the hydrogen concentration in the gas
phase:

� � �[H2] .
��

(1)

The second stage involves the reaction of protons
with adsorbed oxygen to form water. Therewith, the
concentration dependence is described by the follow-
ing empirical relation:

� � p�.��
�0

(2)

Here �0 is the conductivity of the material in the
absence of hydrogen; p, partial pressure of gas; and
�, coefficient varying from 0.25 to 1.
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Fig. 4. Metal�dielectric�semiconductor transistor: (a) structure and (b) current�voltage characteristics [4].

For the sensor operation speed to be about a few
second, the surface chemical reactions should be fairly
fast. Therefore, the sensor is heated above 250�C for
detection of alcohol vapors or hydrogen and to 500�C
with methane.

Fine metal oxides (SnO2, ZnO, In2O3, etc.) with a
specific surface area of about 50 m2 g�1 are used as
sensitive semiconductor layers. These materials are
sufficiently stable at operating temperatures. Nano-
sized catalysts are applied to the surface of semicon-
ductor materials surface and provide selectivity of
surface oxidation reactions and enhance selectivity of
semiconductor sensors [16]. In an oxygen medium (in
air), the response and make-up times of such sensors
are a few seconds, whereas in an inert atmosphere, a
few minutes. Detailed analysis of the response times
is given in [17].

The selectivity of the sensors can be improved by
means of physical silicon oxide filters applied to the

surface of a metal oxide sensitive layer [18]. Hydro-
gen sensors of this type are among the most wides-
pread, since they are fairly easy to produce. They are
produced by a number of companies, and the most
known of them is Figaro.

MDS Structures

Structures of this type can be divided into MDS
structures as such, MDS transistors, and metal�semi-
conductor structures (Schottki diodes). Figure 4
presents a typical design of a sensor on the basis of an
MDS transistor.

The principle of gas detection with an MDS tran-
sistor consists of hydrogen adsorption on the surface
of a gate (most commonly, platinum or palladium),
dissociation of molecules and diffusion of hydrogen
atoms inside the gate to the metal�dielectric interface.
As a result, an additional electric field arises, which
changes the zone diagram of the MDS transistor.
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At a zero gate potential (VG = 0), the current
between the input and output is lacking (ID = 0), since
one of the p�n transitions is always locked. If the gate
potential differs from zero (VG � 0), a conducting
channel appears between the input and output, and the
current ID is generally given by the equation ID 	
K(VG � VT)UD, where UD is the input�output potential
difference and VT, threshold voltage (at VG < VT, ID =
0). The threshold potential VT is linearly related to the
metal gate work function. Thus, the gate is a sensitive
element, and gas absorption on its surface changes the
surface charge on the metal�dielectric interface and,
as a result, gate potential (VG), and this potential
change is proportional to the quantity of adsorbed gas.

Lundstrom et al. [19, 20] showed that the potential
change (
V) of a palladium-gated MDS transistor,
induces by formation of a double electric layer in the
presence of hydrogen can be described by empirical
relation (3):

��� = ����� ,

Vmax


V

1 + �PH2
/P0

���
�PH2

/P0
���

(3)

where 
Vmax � 750�1000 mV is the maximum poten-
tial change due to integral charge (depends on the
nature of metal and dielectric); P0, maximum hydro-
gen concentration (	130 ppm); and PH2

, hydrogen
concentration in air.

Sensors of this group offer important advantages
of the high sensitivity, good reproducibility, and
lowcost microelectronics technology. The disadvan-
tages are the low selectivity and fairly high operating
temperatures (>100�C).

Schottki diodes are used as semiconductor struc-
tures for detecting low hydrogen concentrations.
These structures comprise platinum and palladium
applied to a monocrystalline silicon or silicon carbide.
Hydrogen response of Schottki diodes is associated
with the generation of charge on the metal/silicon
interface, which affects the diode current.

Another example is provided by a PbS/Si semicon-
ductor heterojunction [21]. In this case, hydrogen
response, too, is associated with a change in the
concentration of charge carriers in the PbS layer upon
dissociative dissolution of hydrogen. Hydrogen selec-
tivity of such crystalline systems is due to diffusion
limitations for transport of more complex molecules
in the heterotransition region. An interesting example
is a Pd/TiO2/n-Si diode structure [22] which exhibits
an anomalously high hydrogen response at romm tem-
perature: The resistance of this system changes
50 times for 4 ppm and five orders of magnitude for

Table 1. Comparative characteristics of amperometric and
potentiometric sensors
�����������������������������������������

Amperometric � Potentiometric
�����������������������������������������
Presence of mass transfer �Lack of mass transfer and
and, as a result, low durability�high durability
Narrow concentration range �Wide concentration range
(1 order) �(3�4 orders)
High precision �Medium precision
High power consumption �Low power consumption
Signal depends on the �Signal is independent of
electrode/electrolyte interface �geometric parameters
surface area �
�����������������������������������������

10 000 ppm H2 with respect to a hydrogen-free at-
mosphere. The signal is considered to be mostly con-
tributed by the TiO2 layer.

ELECTROCHEMICAL SENSORS

Electrochemical sensors generally include two elec-
trodes intervened by a solid electrolyte layer. The
electrode signal goes to a converter. In terms of the
measurement mode, electrochemical sensors are clas-
sed with amperometric that measure current generated
when a preset potential difference is applied to the
electrodes and potentiometric that measure cell poten-
tial at zero current. Comparative characteristics of
amperometric and potentiometric sensors [23] are
presented in Table 1.

Amperometric Sensors

The principle of operation is based on the fact that
if a certain potential corresponding to oxidation or
reduction of an analyte is applied to the cell, the cell
current is proportional to the concentration of the
analyte. As a result, such sensors are more precise and
have narrower detection ranges than potentiometric.
Amperometric sensors (conductometric, current) are
of limited use because of the low durability.

The selectivity of amperometric sensors is defined
by the nature of the electrode surface material and by
the potential of reactions involving the analyte. Both
electrodes are most commonly the same, and elec-
trode/ionic conductor interface should be reversible.
Only one of the electrodes contacts with the at-
mosphere.

Potentiometric Sensors

Potentiometric gas sensors respond to a change in
the potential difference between the working and
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Fig. 5. Scheme of a potentiometric sensor with a
(a) solid and (b) gas reference electrode: (1) reference
electrode, (2) solid electrolyte, (3) sensitive electrode,
(4) reference gas, and (5) housing.

reference electrodes. A conceptual sketch of a solid
state sensor is given in Fig. 5.

The reference electrode functions here, like in any
other electrochemical system, to maintain a stable
potential jump on the interface with the electrolyte,
independent of the composition of the gas phase. A
classical reference electrode in liquid and solid state
cells is a hydrogen electrode, but it is unsuitable for
sensors. Hydrogen�oxide, calomel, and silver chloride
electrodes have received wide use in solution chem-
istry. The potential of the working electrode, by
contrast, should depend on the concentration of an
electroactive component of the gas phase. Potentio-
metric systems have attracted considerable attention
[3] due to the following advantages:

(1) Potentiometric sensors convert the energy of
a chemical reaction into an electric signal (potential
difference) and, therefore, no external power source is
needed.

(2) The magnitude of the electric signal is inde-
pendent of sensor size, which creates prerequisites for
miniaturization.

(3) The signal is linearly related to the log con-
centration of the analyzed gas, which allows measu-
rements in a wide concentration range.

(4) Potentiometric sensors function reversibly,
and measurement of the electrode potential does not
disturb the electrode�electrolyte equilibrium.

One of the main problems associated with these
sensors is that the steady-state potential of the work-
ing electrode and the time of its stabilization depend
on the composition of the solid electrolyte. Most
characteristics of electrochemical sensors are deter-
mined by the composition of the solid electrolyte, as
well as its electrocatalytic properties and working
temperature range. Table 2 lists the available pub-
lished data on solid electrolytes and certain character-
istics of hydrogen sensors.

Basic principles of highly selective and reliable
detection of various gases have been described in
[50, 51]. A known example is an oxygen sensor on
the basis of zirconium oxide stabilized with yttrium
oxide, which is widely used in motor industry.

Electrochemical hydrogen sensors are based on
proton and oxygen conductors. The very problem of
electrochemical detection of hydrogen can be divided
into two parts: detection in an inert atmosphere and
in the presence of oxygen. In the first case, the be-
havior of the sensor in the presence of hydrogen is de-
scribed by the Nernst equation; therewith, in the case
of proton conductors, the working electrode process
involves proton formation. With oxygen conductors,
water is formed. The concentration dependence of emf
is described by the Nernst equation:

E = E0 � �� ln [H2],
2F
RT

where R is the universal gas constant; T, absolute
temperature; and F, Faraday’s constant.

Side processes attendant on the detection of hydro-
gen in air result in that the concentration dependence
deviates from Nernstian. Such deviations are ex-
plained by a number of reasons. Among them, concur-
rent occurrence of several potential-determining pro-
cesses, accumulation of products, and retarded adsorp-
tion on three-phase interfaces. Most commonly such
deviations are associated with the presence of oxygen,
specifically oxygen discharge or hydrogen oxidation
on the working electrode surface. In this case, the
concentration dependence of emf can be nonlinear but
is frequently described by a logarithmic function:

E = E0 + kln [H2],

where k is an empirical constant.

A typical example of a detector on the basis of
oxygen conductors is provided by a potentiometric
sensor comprising a tube of stabilized zirconium di-
oxide, in which stability of the gas reference electrode
is maintained by blowing air inside the tube [25, 52].
The working electrode was ZnO; therewith, the pro-
cess that occurs on the ZrO2/ZnO/H2 three-phase in-
terface involves water formation complicated with
oxygen discharge. As a result, the concentration
dependence deviates from Nernstian, and the slope is
100 mV at a 10-fold concentration change.

The above sensor works at 600�C, exhibits good
response to H2 in mixtures with NO, NO2, CH4, CO2,
and H2O, and its emf varies linearly with log hydro-
gen concentrations in the range 450�600�C (Fig. 6).
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Table 2. Characteristics of solid electrolyte hydrogen sensors
������������������������������������������������������������������������������������

Solid electrolyte � Concentration range, vol % � Working temperature, 
C � Reference
������������������������������������������������������������������������������������

Sensors on the basis of proton conductors
H4SiW12O40 �nH2O � 0.01�10 � �60�60 � [24�26]
or MexH3�xPW12O40 �nH2O
Nafion � 0.005�0.15 � 10�90 � [27�30]

� 0.056�1.15 � �
PBI (polybenzimidazoles) � � 100�250 � [31, 32]
Nasicon with Na+ substituted by H+ � 0.01�100 � 0�50 � [33]
Sb2O5 � 4H2O � 0.001�0.5 � 0�50 � [34�36]
Zr(HPO4)2 �nH2O � 0.001�0.1 � 10�200 � [37, 38]
Na-�-Al2O3 with Na+ substituted by H+� 0.01�1 � 150�200 � [39]
Sb2O5 �4H2O + polyvinyl alcohol � 0.005�1 � 10�50 � [40]
Polyvinyl alcohol�H3PO4 � 0.0005�0.005 � 0�40 � [41]
Sb2O5 �H3PO4 � 0.001�0.2 � 0�50 � [42]
H2Ti3O7 � 0.01�1 � 400�700 � [43]
P2O5 . SiO2 glass � 0.1�4 � �30�50 � [44]
CsHSO4 composites � 0.015�1 � 100�200 � [45]

Sensors on the basis of oxygen conductors
YSZ (ZrO2, stabilized by yttrium) � 0.002�0.1 � 400�800 � [46�48]
BaZr0.4Ce0.4In0.2O3 � 0.02�1 � 300�700 � [49]
������������������������������������������������������������������������������������

The principal drawbacks of such sensors include
high working temperatures and a gas reference elec-
trode. The first drawback makes this sensor unusable
in air because of the possible hydrogen inflammation
and the second much complicates its design. In this
connection most researcher’s emphasis is given to
potentiometric sensors with solid proton electrolytes
whose use makes it possible to lower the working
temperatures to ambient and to get rid of a gas re-
ference electrode.

Efficiency of sensors on the basis of proton con-
ductors depends on whether optimal electrodes and
electrolytes are chosen. In a hydrogen sensor, an
oxygen process can also occur on the working elec-
trode in air; therewith, the potential of this process is
determined by ionization of hydrogen and oxygen, as
well as by the oxidation degree of the electrode [53].

The sensors feature an electrochemical equilibrium
with mobile protons of the solid electrolyte (SEL),
i.e. the exchange current on the SEL/electrode inter-
face should be high enough for stable equilibrium.
Therewith, the interface potential should be indepen-
dent of the composition of the medium. We can men-
tion four types of materials that meet this requirement
[54, 55]: transition metal hydrides PdHx, TiHx, or
ZrHx; hydrogen bronzes HxMoO3 and HxWO3; hyd-
rated metal oxides PbO2 and MnO2; and Ag, AgI, and
Ag, Ag2SO4 electrodes.

The main drawback of hydrides is gradual hydro-
gen release, which results in potential drift. Hydrogen
bronzes like HxWO3 are oxidized when stored in air:

H0.35WO3 + 0.0875O2 �� 0.175H2O + WO3.

The electrode potential of PbO2 in solid proton
electrolytes can be associated with the follwing elec-
trode reaction:

H2O(H+-SEL) �
�

O(PbO2) + 2H+(H+-SEL) + 2�e (PbO2).

Parenthesized are phases accommodating the cor-
responding particle, and H+-SEL stands for proton

� �

5

2

1

1
4

3

5

Air

gas
Analyzed

Fig. 6. Scheme of an YSZ hydrogen sensor: (1) Pt gauze,
(2) ZnO layer, (3) ZrO2-coated tube, (4) Pt paste, and
(5) Pt wire.
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electrolyte. The electrode potential is given by the
formula:

EPbO2
= E0

PbO2
� �� ln [Pb2+] + �� ln [H+]

2F
RT

F
RT

+ �� ln [H2O].
F
RT

The silver sulfate electrode probably features the
following electrochemical equilibrium:

Ag2SO4 + H+ + �e �
�

Ag + �-AgHSO4.

or

3Ag2SO4 + 4H+ 4�e �
�

4Ag + Ag2SO4 �2H2SO4.

Since silver hydrosulfates form separate phases,
the potential of the silver sulfate electrode is described
by the following equation:

EAg, Ag2SO4
= E 0

Ag, Ag2SO4
+ �� ln [H2].

F
RT

There has also been research into detectors on the
basis of proton conductors with a gas reference elec-
trode and CaZr0.9In0.1O3�� membranes [26]. These
sensors showed a close-to-linear concentration depen-
dence of emf (in log coordinates) in the working
temperature range 500�900�C.

Bouchet et al. [31] reported a solid state selective
cell for hydrogen detection, with a hydrogensubsti-
tuted Nasicon as an ionic membrane and silver in
contact with a silver-conducting electrolyte (Ag+�
Nasicon) as a reference electrode. This cell shows a
Nernstian dependence of emf on hydrogen concentra-
tion and works at room temperature.

Ukshe and Leonova [56] considered general prin-
ciples of operation and characteristics of solid state
electrochemical hydrogen sensors with proton solid
electrolytes. Hydrogen sensors on the basis of various

heteropoly compounds were found to be highly ef-
ficient [23]. These sensors are insensitive to carbon
monoxide at room temperature, which makes them
promising devices. One more feature of such sensors
deserves mentioning: The concentration dependence
of its emf is temperature-independent (Fig. 7b).

Along with potentiometric hydrogen sensors,
amperometric sensors are also being actively studied.
Thus, Ramesh et al. [40] described a sensor capable of
measuring very low hydrogen concentrations, begin-
ning with 5 ppm. The sensor is highly selective and
shows a linear dependence of current on hydrogen
concentration (in ppm), which makes it feasible for
controlling fire risk situations.
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