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1. Introduction and Background

Hydrogen, Ho, is one of the most important of the reducing
gases and is used in many chemical processes and various
industries including aerospace, medical, petrochemical,
transportation, and energy.'~® The use of hydrogen in fuel
cells for transportation and power generation applications
has renewed interest today and can lead to less polluting
vehicles where the emissions are only water.” Hydrogen finds
extensive application as a cryogenic-fuel in rockets and as a
lift gasin weather balloons. Hydrogen batteries and fuel cells
are used in satellites. In power plants, gaseous hydrogen is
used for removing friction-heat in turbines. Hydrogen is
involved as a product in many chemical reactions including
the charging of acid electrolyte batteries.

Hydrogen is a colorless, odorless gas which, when mixed
with air, is flammable/explosive in the 4—75% (by volume)
concentration range. The minimum energy for hydrogen gas
ignition in air at atmospheric pressure is about 0.02 mJ, and
it has been shown that escaped hydrogen can be very easily
ignited; the ignition temperature in air is 520—580 °C.
Hydrogen gasisthe lightest element, having arelative density
of 0.07, and is extremely buoyant and will accumulate near
the celling of an airtight room. Moreover, in high concentra-
tions, hydrogen will exclude an adequate supply of oxygen,
causing asphyxiation.

Hydrogen must be monitored for many reasons. Under
process conditions, monitoring isimportant to provide control
of reactions. The measurement of diffusible hydrogen is
important in the certification of welds. Accumulation can
be dangerous, and safety monitoring of confined spaces is
important. Transportation applications will further increase
the demand for cheap, simple, reliable, and low-cost hydro-
gen gas sensors to guard against possible accidents. The
emergence of a safety sensor is vital to the widespread use
and the public acceptance of hydrogen as a fuel.

The required sensor(s) for hydrogen will need to have a
sensitivity that can range from the detection of trace amounts
of hydrogen (on the order of parts per million [ppm]) to levels
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near the lower explosive limit, or LEL (4% H in air), and
to concentrations near 100%. The sensor(s) will need to
function in ambient air, in cryogenic and high-temperature
process environments. The H, sensor will be most valuable
if it can provide its measurements with high sensitivity, high
selectivity, and fast response time but even more important
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Figure 1. Schematic diagram of H, sensors with (&) two- and (b) three-electrode configurations.

arelogistical properties of long-term stability, low cost, and
simple operation in al applications.

Many different hydrogen sensor technologies have been
reported. Hydrogen sensors based on thermoel ectric effects,
thermal conductivity, catalytic combustion (combustible gas
sensors), surface plasmon resonance, both agueous and solid-
state electrochemistry, heated metal-oxide (HMOX) elec-
tronic devices, surface acoustic wave or cantilever mechan-
ical devices, optical and electronic effects in carbon
nanotubes,® optical and electronic palladium film technology,
and other techniques have been reported for various
applications.319-1® However, in this review, we consider
electrochemical sensors including amperometric, potentio-
metric, and conductometric devices, their mechanism of
operation and performance to the need for improved hydro-
gen sensing capability.®®

Hydrogen sensors are needed that can operate at temper-
atures from —30 to 1000 °C, and this results in the use of
unique designs and new materias. Some applications demand
extremely high selectively over a wide concentration range
from 10 ppm to 100% in many different background gases.
For many widespread applications, a sensor with simplicity
and low cost as well as small size and minima power
consumption is desired. Electrochemical approaches to
sensing H, can provide one of the lowest power approaches
for gasmonitoring combinedwithgood analytical performance.

Potentiometric sensors can be fabricated with very small
size, since the generated voltage can be easily measured with
very high precision and the potentials generated are inde-
pendent of the dimensions of the sensor. In contrast, the
amperometric sensor’ s signal (current) is proportional to the
electrode area and will get smaller as the size is reduced.
However, small amperometric sensors with improved signal/
noise ratio are becoming available through the use of
nanostructured electrodes and high-precision electronics.’®

The possibility to work at room temperatures (RT) is an
important advantage of liquid electrolyte electrochemical
hydrogen sensors, since a power consuming heater is not
needed and the gas sample and sensing environment are
unperturbed by the measuring device.?®?! The RT operation
is also an important criterion to achieve intrinsically safe
performance in potentially hazardous situations.

Liquid and polymer electrolyte gas sensors are not yet as
robust as those devices that can be made with solid state
materials such as the heated metal oxide (HMOX) sensors
based on the conductivity change. But the amperometric and
potentiometric devices typicaly offer higher selectivity than
the chemi-resistor semiconductor sensors. In general, elec-
trochemical sensors are reported to last for years, and as is
typical for all sensors, the actual lifetime will depend upon
the conditions of use, but 5 years is not unusual.?

The overall electrochemical sensing approach including
the potentiometric, amperometric, and conductometric sen-

sors, offers an attractive package of combined analytical and
logistical characteristics that result in being able to provide
relatively high analytical performance at modest cost for
many applications.?®>~? Therefore, a variety of eectrochemi-
cal sensors are found in real-world gas detection process,
stationary, and portabl e applications. These hydrogen sensors
and hydrogen sensing technologies are reviewed in the
following sections.

2. Fundamentals of Electrochemical H, Sensors

Understanding the electrochemistry is only the first step
in understanding a sensor. After understanding the principles,
the sensor’s performance must be linked to the operating
environment, the device design, and the specific materials
and structures used. Trying to link the fundamental electro-
chemical theory to the observed analytical performanceis a
challenge often met only by a careful synthesis of empirical
and theoretical work and is not complete for many sensors.

Electrochemical hydrogen gas sensors can be divided into
three main classes according to the operating principle:
amperometric, potentiometric, and conductometric sensors. 1222
Operation at low temperature typically utilizes liquid or
polymer electrolytes while high temperature requires solid
state materials for sensor component parts. The genera
characteristics of many H, sensing systems have been
reported, but hydrogen sensors generally demand electrolytes
with specific proton (H) or mixed conductivity.?® Due to
the large number of related publications, this review will
consider selected results that are important for understanding
the principles of operation of hydrogen gas sensors, and a
more detailed discussion of general principles of a broad
range of electrochemical sensors for detection of gases other
than hydrogen can be found elsewhere, 9232740

2.1. Amperometric H, Sensors

The amperometric gas sensor, or AGS,%28384041 combines
versatility, sensitivity, and ease of use in common gas
detection situations with arelatively low cost and, recently,
with the possibility for miniaturization.®4> The simplest
amperometric cell consists of two electrodes (see Figure 1a),
i.e., a working electrode and a counter electrode, and the
electrolyte solution in which the two electrodes are immersed.
The amperometric gas sensor is operated under an externally
applied voltage, which drives the electrode reaction in one
direction. Thistwo electrode detection principle presupposes
that the potential of the counter electrode remains constant.
A potentiostat is usually used to fix this working electrode
potential. In reality, the surface reactions at each electrode
cause them to polarize, and significantly limit the concentra-
tions of reactant gas they can be used to measure. Therefore,
in practice many amperometric sensors have a more com-
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Figure 2. Schematic diagram of the hydrogen AGS thin film
structure, operated in a fuel cell mode: (1) PTFE membrane; (2)
Pt/Ru mesh (embedded into the catalyst layer); (3) working
electrode (Pt/C catalyst thin layer); (4) Nafion-117 membrane; (5)
counter electrode; (6) reference electrode; (7) insulator. (Adapted
from ref 43, Copyright 2005, with permission from Elsevier.)

plicated physical configuration and, specificaly, are built
according to the three-electrode schemeillustrated in Figure
1b. In three electrode designs, it is till the current between
working and counter electrodes that is measured and the
reference electrode maintains the thermodynamic potential
of the working electrode constant during sensing. Since the
reference electrode is often shielded from reactions, it
maintains a constant thermodynamic potential during sensing.

The inlet shown in Figure 1 can be simple diffusion or
aided by a small air pump that transports the sample to the
gas porous membrane through which the analyte diffuses/
permeates to the sensing electrode. Figure 2 illustrates an
H, AGS in athin film “fuel-cell” configuration.

In this variant of AGS, the current generated by reaction
of hydrogen at the sensing or working electrode is measured
as the sensor signal and it can be measured at a fixed or
variable electrode potential. Electroactive analyte, i.e. the H,
participating in electrochemical reaction, diffuses from the
surrounding gas to the cell, through the porous layers, and
dissolves in the electrolyte, through which it proceeds to
diffuse to the working electrode surface. The reaction rate,
reflected by the current at the sensing electrode, can be
limited by the rate of reaction at the surface or the rate of
diffusion of the H, to the electrode surface. If operated under
diffusion-limited conditions, the current is proportional to
the concentration of the analyte in the surrounding gas.®
Application of Faraday’s law relates the observed current
(sensor signal) to the number of reacting molecules (con-
centration) by

I =nFQC (1)
where | = current in coulombs/s, Q = the rate of gas
consumption in m%/s, C = the concentration of analyte in
mol/m3, F = Faraday’s constant (9.648 x 10* coulombs/
mol), and n = the number of electrons per molecule
participating in the reaction.

In general, the Nafion electrolyte H, sensor electrode
processes include the anode reaction*

H,(g) —2H" + 2e~ (2)
and the cathode reduction reaction*
V,0,+2H" + 26" — H,0(liq) (3)

Under short-circuit conditions, reaction 2 occurs at the
sensing or working electrode, WE, whereas reaction 3 occurs
at the counter, or CE, electrode. Simultaneously, the protons
move toward the counter electrode through the proton
conducting electrolyte. This process results in a flow of an
equivalent number of electrons in an external electrical
circuit. The anodic oxidation reaction of hydrogen is often
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Figure 3. Calibration curves for the Pt/Nafion-based H, sensors
with different aperture PTFE diffusion membranes. (Reprinted from
ref 43, Copyright 2005, with permission from Elsevier.)

limited by the diffusion process to the sensing electrode by
the sensor design. The number of protons produced is
proportional to the hydrogen concentration. Since, the
number of H, molecules reaching the WE are limited by
diffusion of H, from the air to the WE surface, the external
current is proportional to the hydrogen concentration in the
gas phase,*® which can be derived from combining Fick’s
law and Faraday’s law, correlating the flux/number, Jy,, of
hydrogen molecules being pumped per second to the current
I

3y, = 112q (4)

where | = current in coulombs/s and g = the electric charge
of an electron (1.6 x 107*° coulombs).

The flux of hydrogen diffusing through the aperture of an
amperometric sensor is given by Fick’s first law:

J. =A-D il 5
H, ™ Hy 9x ()

where A is the area of the diffusion barrier in m?, D is the

diffusion coefficient in m?s, Py, is the hydrogen concentra-

tion in mol/m?, and x is the thickness of the barrier in m.

Thus, egs 4 and 5 can be rearranged to give the current:
oP

2

H, X (6)

It is necessary to note that, in a“fuel cell” mode, the same
reactions (egs 2 and 3) take place on the electrodes with
one distinction: reaction 3 takes place with participation of
oxygen from the gas phase. As derived from eq 6, the
properly designed diffusion limited amperometric gas sensor
has alinear relationship between the H, partial pressure and
the generated electrical current, which can be easily measured
with very high precision (see Figure 3).

Linear response is often an advantage in a sensor, since
sensitivity is constant over a broad range of concentrations,
and electronics and compensation are simplified. However,
asensor with an exponential response can sometimes provide
advantages like sensitivity at the lowest levels.*® However,
the AGS for hydrogen can detect low levels (see Figure 4)
when optimized,*” and the AGS with Nafion and liquid
electrolytes has been demonstrated for ppm and subppm level
detection in various applications.*~5!

| = 2gAD
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Figure 4. Cdlibration plot for Pd/PVA-H3;PO,/Pt-based ampero-
metric sensors showing the dependence of limiting current against
hydrogen concentration. (Reprinted from ref 47, Copyright 2003,
with kind permission from Springer Science+Business Media.)

Pd thin film
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Figure5. Schematic diagram of the polymer/acid electrolyte AGS
(Adapted from ref 47, Copyright 2003, with kind permission from
Springer Science+Business Media.)

The specific configuration of a hydrogen sensor having a
very low limit of detection isshown in Figure 5. This sensor
uses PV A-HsPO, dectrolyte and functions like an Hy/air fuel
cell.

The reference electrode in this AGS can be Pt/air; that is,
the hydrogen activity (or combined water and oxygen
activities) in air is used as a reference. While thisis not the
most reversible of systems, the thermodynamic potential of
the Pt in this case remains stable over long periods and alows
the cell to run for long periods. Under potentiostatic control,
the sensor response/current is controlled by the rate of bulk
hydrogen diffusion to the WE surface when the oxidation
rate of hydrogen at the WE surface is much higher than the
diffusion rate. This diffusion-limited processis the condition
that often provides the most stability for sensing hydrogen
in the surrounding gas.>

The mechanism of a hydrogen gas sensor can be described
in four steps:
(i)the gas (Hy) diffuses through the gas-diffusion barrier to
the electrode and is then absorbed on the sensing electrode
Hy(ads),
(ii)the electrochemical reaction (eq 2) occurs with electron
transfer and generation of H™,
(iii)the protons move toward the counter electrode through
the proton-conducting membrane,
(iv)the resulting reaction (eq 3) occurs with electron transfer,
and the product desorbs from the counter electrode and
diffuses away. The electronic charge is transferred to or from
the electrodes in steps ii and iv and is observed as a current
through the external circuit.5253
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Figure6. Working principle of a hydrogen concentration cell using
a proton-conducting membrane. Reprinted with permission from
Elsevier. (Adapted from ref 54, Copyright 2005, with permission
from Elsevier.)

2.2. Potentiometric H, Sensors

Potentiometric sensors are thermodynamic equilibrium
sensors for specific electrochemical reactions involving a
redox reaction. Examples include ion sensors or ion-selective
electrodes (ISEs) that are based on redox or ion exchange
reactions. 33343 The simplest configuration of potentiometric
gas sensors consists of two electrodes in contact with an
electrolyte, similar in arrangement to the two electrode
version of an amperometric sensor except that the measure-
ment is taken at zero current (or as near to zero as possible)
and all reactions must be in equilibrium to observe the
themodynamic potential. In the ssimplest concept, the opera-
tion of a potentiometric gas sensor is based on the concentra-
tion dependence of a potential (E) of a sensing electrode
compared to a reference electrode (RE). The chemical
concentration effect on the potential of an electrodeis given
by the Nernst equation as

o, RT
E=E"+ r= Ina (7)
where E° = the standard electrode potential in volts, R =
the universal gas constant (8.314472 J-K t-mol 1), T = the
absolute temperature in kelvin, F = Faraday’ s constant (9648
x 10* coulombs/moal), n = the number of electrons partici-
pating in the electrochemical reaction, and a = the chemical
activity of the analytes; ax = yx[X], where yx isthe activity
coefficient of species X. (Since the activity coefficient tends
to unity at low concentrations, activities in the Nernst
equation are frequently replaced by simple concentrations.)
The Nernst equation expresses the chemical concentration
effect on the observed electrical potential; for example, for
areaction involving 1 electron, a change in potential of 59.1
mV is observed for each order of magnitude change in the
activity of analyte a. The “In &” term is derived by writing
the Nernst equation for the chemical reaction at the sensing
electrode. Since activity is often approximated by concentra-
tion, the measured value of E is a measure of the concentra-
tion of target analyte a. In the more general Nernst equation,
Inaisexpressed as In K, where K isthe equilibrium constant
for the reaction under consideration.

In most cases, modern potentiometric sensors function as
concentration cells (see Figure 6).

The potential observed between the two electrodesis given
by the Nerst equation summed for the two reactions, i.e.
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sumof E,=E + RT/F In[H"]/[H,]"?and  (8)
E,=E + RT/F In[H*]/[H,,]"? 9)

where a and b represent each side of the membrane with a
different concentration of H, as above. So, for the concentra-
tion cell the Nernst equation is written

E,=E + RT/F In[H,]/[H,]"? (10)

and the potential depends upon the difference in the pressure
of the H, on each side of the membrane.

A potentiometric sensor can measure analyte concentra-
tions over a very wide range,>* often more than 10 decades.
In potentiometry, the chemical and diffusion processes must
be at equilibrium conditions in the sensor for a thermody-
namically accurate signa to be observed, while the ampero-
metric sensors rely on Faraday’ s law and a dynamic reaction
achieving a steady-state condition in the sensor. In poten-
tiometric sensors where equilibrium is not obtained or severa
reactions are involved, deviations from Nernstian behavior
are observed and these systems are often called “mixed”
potentia sensors. These sensors are often able to be calibrated
and provide useful sensing performance, but understanding
the molecular and chemical reaction basis for the signal is
more difficult.

Interestingly, the amperometric sensor signal will get
smaller with the size of the electrode and the decreasing rate
of analyte reaction at the electrode surface, while the
potentiometric sensor has no such dependence on geometry.
This situation becomes most interesting in nanostructures
wherein the thermodynamic potential can be characteristic
of aggregates of atoms and different from a bulk system of
components. The amperometric sensor reaction rate is
typically enhanced by the high surface areas afforded by
nanostructured electrode materials.

It is necessary to note that, during the past decade, the
chemical sensing abilities of ISEs have been improved to
such an extent that it has resulted in a “new wave of ion-
selective electrodes’.®>% This can be attributed to the
considerable improvement in the lower detection limit of
ISEs, new membrane materials, new sensing concepts, and
a deeper theoretical understanding and modeling of the
potentiometric response of 1SEs.® The response of poten-
tiometric ion sensors, i.e., ion-selective electrodes (1SES) and/
or ion-sensitive sensors (1SSs) and sensors with solid-state
contact made of conducting polymer films, is a complex
time-dependent phenomenon that depends on the electroac-
tive material (membrane/film) and the electrolyte solution
as well as the specific membrane—solution interface’'s
composition and thermodynamics and kinetics of reactions.3
This technology is relevant to understanding the fundamen-
tals of al potentiometric sensors, including hydrogen sensors.

2.3. Conductometric Sensors

In conductometric sensors, the measurement of solution
resistance is not inherently species-selective. Therefore, this
approach to design of a H, sensor, based on liquid electro-
lytes, would observe conductivity changes, and the difference
for hydrogen is the large conductivity of the proton as
compared to other ions. This results in a similar selectivity
performance to the gas phase thermal conductivity measure-
ment wherein hydrogen has a thermal conductivity many
times higher than that of other gases. The conductometric
detectors can be useful in situations where it is necessary to
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ascertain, for example, whether the total ion concentration
is below a certain permissible maximum level or for use as
an online detector after separation by ion chromatography.®
Such situations can arise in electroremediation technologies.
Some people consider al resistance measurements and
heated metal oxide (HMOX) sensors as electrochemical,
since the resistance changes as the surface charge is altered
or as the bulk stoichiometry is changed. But HMOX devices
primarily rely on electronic changes as opposed to electro-
chemical changes, i.e. electronic vs electrolytic conductivity.
In any case, we will not consider the HMOX hydrogen sensor
here and also not consider the limited applicability of liquid
conductometric sensors further. Electrolytic conductivity can
be used for sensing and is an important aspect/property of
many electrolytes, including those used in H, sensors.

3. Electrochemical H, Sensor Designs and
Materials

The analytical performance of the electrochemical sensor
isintimately tied to the structures and materials from which
the sensor is made. It is often the major goal of research
effortsto find the link between operating characteristics and
the many kinetic factors, including mass transfer of the
analyte to the electrode as well as the electrocatalytic activity
of the electrode material. The geometry and dimensions of
the sensor device have a profound effect on a H, sensor’'s
analytical performance, including the observed sensitivity,
selectivity, response time, and signal stability. The materias
are chosen for their specific chemical interactions, their
fundamental electronic and electrochemical properties, and
their stability, so as to precisely control sensory reaction
thermodynamics and Kinetics.

3.1. Membranes

A gas permeable membrane can be used to regulate the
gas flow into the sensor, and it can aid selectivity, alowing
only the analyte gas to pass as well as provide a barrier to
prevent the leakage of the electrolyte from the interior of
the sensor. Both porous and nonporous membranes can be
used for hydrogen and some other gases. Hydrophobic porous
membranes are used with agueous electrolytes, since the
pores are not wetted by the aqueous solution but allow the
transport of dissolved gases to the electrode—electrolyte
interface. The choice of membrane, its pore size, and its
thickness can determine the sensitivity and response time of
the sensor. For example, alow-concentration gas sensor with
very high sensitivity uses a coarse, high-porosity hydrophobic
membrane and less restricted capillary to allow more gas
molecules to pass through per unit time to produce higher
sensitivity. However, this design aso allows more of the
electrolyte’s water molecules to escape out to the environ-
ment and the sensor can dry out faster. Depending on the
electrolyte, dry out can change the electrolyte concentration,
the solubility of the analyte, and the conductivity of the
electrolyte, and these changes will often negatively affect
the sensor signal/noise ratio and can lower sensitivity and
response time.

Several types of porous and gas-permeable membranes
exist and can be made of polymeric or inorganic materials.
Most common are the commercially available very thin solid
Teflon films, microporous Teflon films, or silicone mem-
branes. Issues concerning the choice of membrane include
permeability to the analyte of interest, the ability to prevent
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Table 1. Examples of Electrochemical H, Sensors Based on Liquid and Polymer Electrolytes

gas electrolyte membrane El’de mat’| sens type LOD [Hj] upper range ref
H,—air 6 N KOH or 5 N H,SO, Teflon Pt 23
H, 5 M H,SO, Teflon Pt/C 4000 ppm 45
H, 9 M H,SO, PTFE Au 57
H, 1M H,SO, Nafion Pt—Ag/AgCl A <1% 16% ppm 58
Ho—N; 1.0 M NaOH PTFE Pt/C A <0.1% 2% 59
H,—air H,SO, Teflon Pt—Ag/AgCl A <0.2% 0.2—4% 60
H,—N, H,SO, Teflon Pt—Ag/AgCl A <0.4% 1-100% 60
Hp—air Nafion PTFE Pt/C A <50 ppm 12000 ppm 43
H,—Ny(CO,) Nafion ionic polymer Pt 10% 61
H,—N, Nafion Pt A 10 ppm 10% 52
H,—N, 0.5 M H,SO, PTFE Pt/C A <0.1% 2% 59
H,—argon Nafion Teflon Pt/C A <10 ppm 4% 62
H,—argon PVA/H;PO, Teflon Pd and Pt A <10 ppm 47
H, Nafion/0.1 M H,SO, Pt 5000 ppm 63
Ho—air Nafion Pt AP 20 ppm 4000 ppm 64
Ho—ar Nafion Pt P 30 ppm 1000 ppm 65
H, Nafion Teflon Pt A <10 ppm 1000 ppm 48
H,—air PBI/H3PO, Pt/C—Ag/AgCl P <1074 Pa 1Pa 66

2 PTFE, polytetrafluoroethylene; PVA, polyvinylalcohol; PBI, polybenzimidazole; A, amperometric; P, potentiometric; LOD, limit of detection.

electrolyte leakage, manufacturability, and the thickness and
durability of the membrane. In a number of cases, the rate
of mass transport through the membrane controls the limiting
current and, hence, the sensitivity of the sensor. As seen from
the data presented in Figure 3, an increase in membrane
thickness decreases the sensor sensitivity. Ideally, the gas
membrane must have a constant permeability to the target
gaseous analyte during sensor operation over a wide tem-
perature range and possess mechanical, chemical, and
environmental stability. Electrochemical hydrogen sensors
typically use membranes of Teflon (see Table 1). The
expanded polytetrafluoroethylene (ePTFE) membrane is a
chemically stable substance and has high gas permeability
without permeation of agueous electrolytes.

3.2. Electrolytes

The role of the electrolyte is to transport charge within
the sensor, contact all electrodes effectively, solubilize the
reactants and products for efficient transport, and be stable
chemically and physically under al conditions of sensor
operation. The electrolyteis an ionically conducting medium
that ionically transports charge within the cell. For electro-
chemical gas sensor applications, the electrolyte solution
needs to support both counter electrode and sensing electrode
reactions, form a stable reference potentia with the reference
electrode, be compatible with the materials of construction,
and be stable over long periods of time under various
operating conditions. Examples of commonly used electro-
lytesin H, sensors are presented in Table 1. Most hydrogen
sensors utilize H,SO, electrolytes.

In addition to inorganic materials as electrochemical
hydrogen sensors, one can also use biological materials such
as hydrogenases,®” a class of enzymes that catalyze the
interconversion among H,, protons (H™), and electrons. The
enzymes can be found in many phylogenetically different
microorganisms, including T. roseopersicina, Allochroma-
tium wvinosum, Clostridium pasteurianum, and Ralstonia
eutropha. The bio-H,-sensor’s detection signal is generated
in a flow cell in which gaseous H, is transported to an
aqueous phase and oxidized by hydrogenase using benzyl
viologen as an artificial electron acceptor. Reduced BV ™ is
subsequently detected by chronoamperometry. The net
current obtained is proportional to the H, concentration in
the gas phase. This branch of amperometry using biomaterials

has addressed many sensing problems in medical applica
tions, but this particular design has limited sensitivity and
stability and will require additional research to achieve
practicality in many of the known field applications for
hydrogen sensing.

3.3. Electrodes

Many liquid electrolyte gas sensors use designs that are
somewhat derived from modifications of the Clark elec-
trode,%® especially those that utilize metallized membranes
for electrodes. 342 |n the latter cells, the precious metal
electrode is evaporated or sputtered directly onto the
electrolyte facing side of a polymer membrane.?®4? The
common feature of the “Clark” type of gas sensor is an
interface at the working electrode (WE or sensing electrode,
SE) that facilitates rapid transport of the gas to the
WE-—électrolyte interface. Gas sensors with el ectrodes made
as a back-side metallized porous membrane are not affected
by evaporation of water from the electrolyte as much as those
electrodes that are open to the analyte or air because the
electrode is directly in contact with the bulk of the electrolyte
solution. The mass transfer of analyte from the sample to
the working electrode can be fast, but even faster in
electrodes open to the air, resulting in short response times
and high sensitivity.

Sensors employing fuel cell electrode technology or gas
diffusion electrodes (GDES) are also well studied.>*% These
are generally composed of a sintered composite (e.g.,
powdered Teflon and noble metal black) with two or three
similar gas diffusion electrodes separated by an aqueous
electrolyte or an ion conducting membrane. The GDEs
combine the following functions:>*
ea catalytic function within the electrode structure for
electrochemical reactions;
eelectrons released in the anodic reaction or consumed in
the cathodic reaction at the reaction sites have to be collected,
i.e. the electrode composite must be electrically conductive;
eions in the membrane must be transported toward the
reaction sites, i.e. the electrode needs to house some
electrolyte to have ionic conductivity;
enoncharged reactants have to be transported toward the
reaction sites, primarily via pore diffusion inside the electrode
structure.
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Figure7. Schematic illustration of gas diffusion electrode (GDE).
(Reprinted from ref 54, Copyright 2005, with permission from
Elsevier.)

Table 2. Description of the Standard Gas Diffusion Electrodes
(Reprinted from Ref 74, Copyright 2005, with Permission from
Elsevier)

electrode ETEK SORAPECH2 SORAPECO2
platinum loading (mg/cm?) 0.5 0.2 0.35
NAFION (mg/cm?) unknown 1 0.8
roughness factor 5 80 150
active layer (107® m) 10 5 5
diffusion layer (10°° m) 250 250 250

Optimal electrode design requires a perfectly executed
balance of the different functions. This is often achieved by
preparing mixtures of ion conducting particles (made of the
membrane material), particles of an electron conductor or
metal, and catalytic particles that are the same as the metal
or different. By using well-defined particle size distributions,
one can adjust the electrode pore structure. Thisin turn offers
the possibility to optimize the transport properties of the GDE
with respect to the noncharged reactants. As a result, the
catalytically active surface area of the electrode can be
several orders of magnitude higher in comparison with
standard electrodes, allowing species with relatively poor
electroactivity to produce measurable currents. Figure 7
shows a schematic of a typical GDE.

Gas-diffusion electrodes (GDES), manufactured similarly
to fuel cell electrodes, have highly efficient three-phase
boundaries,” where the reacting gas, metallic electrode, and
electrolyte meet together. The design of GDE e ectrochemical
sensors has been shown to provide fast responses, high
sensitivities, and low detection limits.*>%® The mechanism
of transport is often modeled as a process consisting of
diffusion through the air filled pores of the porous current
collector, diffusion to the triple phase boundary, and electron
transfer occurring just as the anayte reaches the three-phases
where electrodes, ion-exchange membrane or €lectrolyte, and
gas phase meet. The GDE was first deployed for reducing
gases by Blurton.

The GDE wasfirst deployed for reducing gases by Blurton
et al.™* with free electrolyte and also for H, sensors using a
Nafion polymer electrolyte by La Conti et al.” In thiswork,
afuel cell can also be used as a gas sensor if the configuration
is appropriate.

Descriptions of the most frequently encountered Pt-black
gas-diffusion electrodes are given in Table 2. Platinum based
metal nanoparticles of around 2—5 nm supported on high-
surface-area carbon (40—50 nm particles) are often used for
the fabrication of gas-diffusion electrodes®™ as is typical
in fuel cells. It isimportant to note that, for the last 20 years,
the contents of Pt in GDES, expressed in mass of Pt per unit
of geometric area, have decreased more than 10 times from
5mg Pt cm™2 to 0.2—0.4 mg Pt cm™2,
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The gas diffusion electrodes (GDES) used in amperometric
sensors are semihydrophobic with a very developed mi-
croporous structure.®%7 Usually they are composed of two
layers deposited on an appropriated support. A diffusion layer
is prepared with a suspension of PTFE (for example DuPont
TM 30) with high-surface-area carbon (Cabot XC-72, 250
m? g~1). The mixture is filtered on a support (a carbon cloth
or acarbon paper or Teflon film that is totally hydrophobic).
Onto the hydrophobic layer, the catalytic layer is deposited
using several procedures.”®™ The catalytic layer contains
metal nanoparticles anchored on a carbon support and may
incorporate Nafion (DuPont), which is a proton exchange
material and, as such, an ionic conductor. The result is a
matrix which has pores, €electrolyte channels, electronic
pathways, and electrocatalytic surfaces intermixed. The
composite material is a good electronic conductor, porous
to gases, and can conduct ions in and around the catalyst,
which has a very high electroactive area. Because the
electrochemical oxidation of hydrogen takes place only at
the triple-phase boundary, where the Pt catalytic sites,
electrolyte or Nafion, and H, meet in the AGS, the effective
electrode surface area should be as large as possible.

The reference electrode, or RE, also presents challenges
for electrochemical sensors and especially miniaturized
sensors. A small, stable, and long-lived RE is needed. Silver/
silver chloride (Ag/AgQCl) has been used as a reference
electrode in many electrochemical applications, but it
maintains a fixed potential only when the chloride concentra-
tionisfixed, and itslifetime islimited because silver chloride
can gradually dissolve in aqueous solutions. In general, the
Pt—air electrode has been used widely for gas sensors and
is often called a pseudoreference or quasi-reference elec-
trode.”

3.3.1. Materials for Electrodes

The materia of choice for the sensor’s electrodes can be
different for each function. The RE needs to establish a stable
potential. The counter electrode, CE, or auxiliary electrode
should be able to catalyze its half-cell reaction over along
time. And, of course, the (SE or WE) should be the ideal
catalyst for its sensing reaction and be selective for it. All
of the electrodes need to be stable and manufacturable, and
provide stable and facile interfaces for the electrochemistry.
Materials used as reference or sensing electrodes in H,
electrochemical sensors are presented in Table 3.

In an electrochemical sensor, the working electrode is
typically made from a noble metal, such as platinum or gold,
that is capable of making a defined interface with the
electrolyte in the cell and is in a porous structure to allow
efficient diffusion of the gas phase to alarge-area and reactive
electrode—electrolyte interface. The noble metals generally
exhibit excellent stability under polarized potentials that may
be corrosive to other metals. The noble metals are also
excellent catalysts for many analyte reactions. Carbons,
including graphite and glassy carbon, are also popular
materials for working electrodes. Using Pt/C composites and
nanoscale materials in gas-diffusion electrodes maximizes
the effective electrode surface area, and because carbon is
conductive, the electrode can achieve an optimum combina-
tion of such properties as conductivity—porosity.*® Carbon
provides good electrical contact between the grains of the
noble metal in the porous matrix. Using thick film technol-
ogy, afew milligrams of a carbon slurry paste can be added
along with Pt grains to make effective electrodes.
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Table 3. Reference and Sensing Electrode Materials Used in H, Electrochemical Sensors

electrode material electrode type? examples working temp ref
Ag/Agt RE (Ag/AgSO,; Ag/AQC) RT 60, 66, 76
hydrated oxides RE (NiO; PbOy; etc.) RT 77,78
Ag SE Ag-loaded epoxy resin <100 °C 59, 79
Au SE; RE <500 °C 38, 48, 80—82
Pd SE (WE) >600 °C 47, 79, 88
Pt SE; RE >600 °C 78, 82—85
Pt/C SE (WE) Pt-carbon 43, 62, 86
Pt-aloy SE (WE) Pt—Au; Ag; Cu; Ni >500 °C 87
transition metal
hydrides RE; CE (ZrHy; TiHy; ThH,; NbH,) 88—92
metal oxides SE (WE) ITO, ZnO, SnO,, CdO up to 700 °C 91, 93—-95
nanocomposites SE (Au/CuO; Au/Nb,Os;

Au/Ga03; Au/TaOs) up to 700 °C 80, 81, 96, 97

aRE, reference electrode; SE, sensing or working (WE) electrode; CE, counter electrode

3.3.2. Fabrication of Electrodes

From the analysis of the literature, there are many
approaches which can be taken to create electrodes in
electrochemical sensors. Opekar! underlines four of the most
often used methods:

*Mechanical procedures. An electrode of a suitable shape
and material, e.g. afine mesh, can be pressed, under ambient
or an elevated temperature, onto the surface of a membrane,
or a wire can be tightly wound around a solid or polymer
electrolyte tube. Screen printing is also a mechanical
procedure for depositing material from an ink onto a surface.
*PVD (physica vapor deposition) and CVD (chemical vapor
deposition) plating. This procedure permits formation of
electrodes of various shapes on the surface of membranes
and solid electrolytes, but the electrodes often have poor
mechanical stability and are destroyed by changes in the
membrane dimensions due to test medium humidity varia-
tions. However, vacuum evaporation (or sputtering) is one
of the principal methods for preparation of planar sensors,
with electrodes produced photolithographically on an inert
support (glass, ceramics).

*Chemical deposition. A metal can be deposited from a
solution, especially cases where the electrode is produced
on the surface of membranes and solid electrolytes, by
chemical reduction of a suitable metal compound. This
approach was patented for platinum and gold electrodes but
also can be used for other metals (e.g., Ni, Cu, Ag).
eImpregnation. The polymer or solid electrolyte membrane
isimmersed in a solution of a suitable compound of the metal
to be deposited and is saturated with the solution; the
saturation can be accel erated for Nafion by adding methanol
to the solution. The membrane is then immersed, one or both
sides, in a solution of a strong reductant and the metal
deposits where the reductant is placed. The procedure can
be repeated to obtain a thicker metal film.

In addition, the GDE of the fuel cell can be sprayed onto
the substrate or vacuum filtered onto the substrate with
subsequent curing to bond the electrode structure together.
Of course, every method has both advantages and disadvan-
tages and some detailed information is available in reviews.!

3.3.3. Mechanism of Electrode Reactions

The kinetics of the H, electro-oxidation on a Pt electrode
in acid media is relatively fast.®1% Possible mechanisms
of H, electro-oxidation on Pt have been considered.’®
Reports by Bagotsky et al.,% Harrison et al.,% and Gasteiger
et al.1® all agree that, for smooth Pt surfaces in acid media,
the mechanism is areversible direct discharge (in this case,

the reaction is not limited by adsorption). Pd has also shown
high electrocatalytic activity for the hydrogen oxidation
reaction (HOR).X® Contrary to the case of Pt and Pd, the
HOR on Au surfaces shows a relatively low activity.' Not
much has ever been reported about the role of the exchange
current density in the AGS. But, in order to establish a new
steady state rapidly, i.e. a state where the net anodic or
cathodic current is constant, the exchange current should be
large compared to the sensor signals. Study of the exchange
current can offer insight into sensor mechanism, response
time, and other analytical performance parameters.

3.4. Bias Control of Selectivity and Sensitivity

It is necessary to note that the control of the sensing
electrode potential is another effective way to change or
optimize the performance of the sensor. Through selection
of operating potential, we can provide conditions that
thermodynamically favor either the oxidation reaction or the
reduction reaction for a particular analyte. The applied
potential between working and reference electrodes set by
the potentiostat is critical for the observed sensitivity and
the selectivity of the sensor.?32810%5

4. Practical Electrochemical H, Sensors with
Liquid Electrolytes

The development of an amperometric sensor demonstrates,
by example, many of the important considerations in the
fabrication of a practical hydrogen sensor.® As illustrated
in Figure 8, three sensor designs address three i ssues present
in liquid electrolyte hydrogen sensors generalizable to all
AGSs.

In device I, the WE, RE, and CE were Pt electrodes
deposited onto the same side of a 1.5 cm diameter Teflon
membrane. The Teflon membrane with Pt electrodes was
mounted onto a polypropylene cell body and sealed. The
backside of the cell body contained a reservoir into which
0.5 mL of 30% (w/w) H,SO, electrolyte was added. The
electrolyte was in direct contact with the electrodes. Device
Il was identical to device | except that a2 mil (50 xm) thick
semipermeable FEP membrane (Type 200A, DuPont, Cir-
cleville, OH) was mounted over the gas inlet hole. And
device Il isidentical to device Il except that an alternative
RE is inserted.
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Figure 8. Schematic diagram of the AGS. (Left) Orientation of
the WE, CE, and RE on a porous Teflon membrane. This electrode
structure was mounted onto polypropylene cells. (Right, top) Device
| simulated a commercial sensor design. (Right, middle) Device Il
incorporated a semipermeable FEP membrane. (Right, bottom)
Device |1l incorporated a semipermeable FEP membrane and an
alternative and stable RE. (Reprinted from ref 60, Copyright 2005,
with permission from Elsevier.)
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Figure 9. Response of device | to 500 ppm H,—air for 24 min.
At 12 min, the gas mixture was changed from 500 ppm H,—air to
500 ppm H; with 50 ppm CO in air and finally to zero filtered air
at 24 min. (Reprinted from ref 60, Copyright 2005, with permission
from Elsevier.)

4.1. Details of Electrode and Sensor Fabrication

Electrodes were fabricated from a suspension prepared
with 60 mg of platinum black (Englehard, fuel cell grade Pt
black), 400 L of Teflon suspension (Type 30, DuPont,
Circleville, OH), and 1600 L of 18 M DI water prepared
with acommercial water purification system (Model D7381,
Barnstead Thermolyne Corp., Dubuque, IA) using a well-
known procedure.’® Electrode structures were fabricated
directly on porous Teflon membrane sheets as the supporting
material (Type G110, Northern Performance, Wayne, NJ)
using a vacuum filtration apparatus with a precut die that
outlined the electrode shapes and positions. Three individual
electrodes, which serve as the WE, the counter electrode
(CE), and the RE, were s multaneously deposited on the same
side of the Teflon membrane in a planar geometry, as
illustrated in Figure 8. Once formed, the electrode—membrane
structure was sintered at 310 °C for 90 min and had a
platinum black loading of about 7 mg/cm?.

The results, obtained with sensors I, 11, and Ill, clearly
demonstrate the i ssues resolved by each unique sensor design.
Sensor design | has a response to H, (see Figure 9) that
illustrates that using a standard configuration (device l) does
not provide a stable or selective hydrogen detector. The Pt
WE is sensitive to both CO and H,,'% 1% and as a result
the presence of CO interferes with the H, measurement. For
example, as is shown in Figure 9, the H, signal was
dramatically affected by low concentrations of CO. Upon
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Figure 10. Response of device |l to CO and hydrogen in air and
then to zero filtered air. (Reprinted from ref 60, Copyright 2005,
with permission from Elsevier.)

exposure to only 50 ppm of CO, the signal magnitude
dropped by nearly 33% while the hydrogen concentration
was kept constant.

Embedding a solid FEP membrane (device Il), to prevent
CO and other gases from reaching the working electrode,
makes the sensor very selective to H, gas. Hydrogen has a
much higher permeability through polymeric films such as
FEP Teflon than CO and other gases.1®~ 5 This modification
fixed the first problem of the traditiona amperometric H,
sensor, its selectivity, and it also reduced the large amount
of H, getting into the sensor. Device || exhibited aresponse
to 100% H, and 2% H, in air and no detectable response to
10% CO over a 10 min exposure (Figure 10). So, it is seen
that the FEP membrane was effective at improvement of
selectivity.

However, just simply embedding an additional membrane
does not resolve a second important problem of hydrogen
sensors with Pt electrodes, i.e. related to diffusion and
adsorption of hydrogen molecules on the Pt—air RE. This
results in a sizable shift in the thermodynamic potential of
the reference electrode. The shift in the RE potentia
immediately trandates into a shift in the thermodynamic
potential of the working electrode because the bias (e.g., the
potential difference between the WE and RE) is held constant
by the potentiostat circuit. The potential shift of the RE can
be observed at even moderate hydrogen concentrations and
is a reason for the unstable hydrogen signal from Design |
and Il sensors. As a result, device Il, similar to device I,
showed dramatic decreases in signal magnitude during
extended exposures at high H, concentration (Figure 10
above). A measurable change in the reference potential was
observed amost immediately following the hydrogen expo-
sure. Over time, the magnitude of this drift can become quite
large (more than 150 mV). Because of the unstable signals,
a reliable hydrogen calibration curve was limited to con-
centrations less than 3% H, with sensor designs | and 1l
(Figure 11).

This second deficiency of the design, the hydrogen-induced
potential drift of the RE, was eliminated by the replacement
of the Pt-based RE with an RE not sensitive to hydrogen
gas, such asthe Ag/AgCI electrode. This change led to device
[l of Figure 8 with an Ag/AgCl RE and the performance
shown in Figure 11. Device 1l was identical to device Il
but incorporated the alternative RE by mounting the Nafion-
coated Ag/AgCl wireinto the bulk electrolyte through a hole
in the side of the sensor body.

The Ag/AQCl reference electrodes were prepared by
modification of an electrodeless chloridization method.*® The
chloridization of Ag wireswas carried out for 24hinalM
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Figure 11. Hydrogen calibration curves for device Il. The CO
concentration in curve A was 0 ppm and was maintained at 1000
ppm in curve B. (Reprinted from ref 60, Copyright 2005, with
permission from Elsevier.)
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Figure 12. Response of device 1l to various concentrations of
H, and CO mixtures in air. In region A, the gas mixtures were
50% H,—air with 0.5, 1, 2.5% CO (each for 15 min). In region B,
the gas mixture was 5% CO—air. (Reprinted from ref 60, Copyright
2005, with permission from Elsevier.)

FeCl;—0.1 M HCI solution. The wires were rinsed with DI
water and put in a saturated AgCl solution for 24 h to remove
traces of FeCls. Finaly, the wires were dried at 100 °C
overnight. A uniform gray black layer of AgCl developed
on the surface of the Ag wire. The chloridized wires were
dipped in a 5% Nafion 117 solution (Aldrich, Milwaukee,
WI) and allowed to dry at room temperature. Immersion of
the wires in the Nafion solution and air-drying was repeated
several times to make a uniform Nafion coating on the wires.

Testing has shown that design Ill sensors exhibited a
reversible, drift-free response even at high levels of H, with
negligible cross-sensitivity to CO (see Figure 12). The
steady-state signal remained constant for more than a 2 h
continuous exposure to 100% H,, and no detectable interfer-
ing CO responses were observed for device Il as gas
mixtures of 0.5—2.5% CO + 50% H./air were introduced.
The sensor responses to H, before and after CO (5%)
exposures were the same. It is noted that device IIl also
showed no detectable responses to 500 ppm of NH3 or 500
ppm of H,S in air when exposed for over 10 min to these
potential interferants.

The AgCl electrode had to be designed specifically for
this amperometric sensor.®° While the Ag/AgCl electrodeis
awell-known standard reference electrode, '’ the basic design
of the Ag/AQCl RE is unstable in many electrolytes. The
AgCl layer may dissolve in an electrolyte such as sulfuric
acid, causing the Ag/AgCl RE potential to change as the
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chloride layer is dissolved. In addition, free chloride ionsin
the electrolyte may form complexes with the platinum
particles on the WE and CE. This can have del eterious effects
on the chemical stability of the electrodes and adversely
affect the sensor performance. Nafion is a cation exchange
membrane that allows only small cations such as protonsin
the electrolyte to move freely from the bulk solution to the
Ag/AgCl wire surface. Anions such as CI~ will not readily
diffuse into the electrolyte due to the electric repulsion
(Donnan exclusion) within the positively charged Nafion ion
exchange layer. The protective Nafion coating both mini-
mizes the dissolution of chloride ions into the bulk solution
and, at the same time, maintains ionic contact between the
RE and the bulk solution. In addition, the geometric
placement of this Nafion-coated Ag/AgCl RE isfurther from
the WE than the RE in device Il, and this also minimizes
the chance of significant hydrogen levels from reaching the
RE. The solid Teflon membrane is effective at providing
differential selectivity, but it slows the response time of the
sensor from 5—90% signal to a few minutes from a few
seconds.

4.2. Design of Electrochemical Sensors for Field
Applications

The physical size, geometry, selection of various compo-
nents, and construction of an electrochemical H, sensor
usualy depends on its intended use as well as on the
manufacturing processes and materials used in construction.
There are significant variations in sensor design. However,
the main characteristics and requirements for H, electro-
chemical sensors applications share many similarities with
each other and with other electrochemical sensors.*8

4.2.1. Temperature

Electrochemical sensors are quite sensitive to temperature.
In general, when the temperature is above 25 °C, the sensor
will read higher; when it is below 25 °C, it will read lower.
The temperature effect istypically 0.5% to 1.0% per degree
centigrade, depending on the manufacturer and type of
sensor. In general, the lowest temperature at which a sensor
can be expected to function properly over long periods of
time is 0 °C, but acid electrolytes do not freeze and allow
operation to about —40 °C. The sensors are typicaly
internally temperature-compensated. For this purpose, elec-
trochemical H, sensors should incorporate a sensitive tem-
perature sensor, which the electronics use to compensate for
temperature variations. However, it is better to keep the
sample temperature as stable as possible or, for maximum
accuracy, calibrate and operate the sensor at the same
temperature.

4.2.2. Humidity

Unlike many solid-state or semiconductor devices, elec-
trochemical H, sensors with aqueous electrolytes are not
affected directly by humidity. However, continuous operation
below 15% or above 90% relative humidity can change the
water content of the electrolyte affecting the signal from the
sensor. This process often occurs very slowly and depends
upon the temperature, the electrolyte, and the vapor barrier.
Under high-humidity conditions, prolonged exposure can
cause excessive water to build up and create leakage in some
sensor designs. Under low-humidity conditions, the sensor
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can dry out. Under dry conditions, the acid content of the
electrolyte can rise, causing crystallization, or allowing the
acid to attack the seals. In general, high-temperature and low-
humidity conditions are most likely to result in a shorter
lifetime for the sensor. In many workplace situations, the
RH varies cyclicaly with the season and the sensitivity of
the sensor can be seen to follow the seasons and last for
many years.

4.2.3. Pressure

The thermodynamics of electrochemical H, sensors are
minimally affected by pressure changes. However, pressure
changes do change the concentration (mol/cc) of the analyte,
and this is reflected linearly in the sensor signal. Electro-
chemical sensors are minimally affected by pressures within
the normal range of ambient pressures +10% and should be
calibrated and operated at the same pressure for the best
accuracy. It isimportant to keep the entire sensor within the
same pressure, since rapid differential pressure changes
within the sensor can cause damage to the sensor’ s diffusion
membrane. Sudden changes in pressure can cause more gas
to be forced into the sensor, producing a current transient.
These transients rapidly decay to zero asthe normal diffusion
conditions are re-established. Some transients could trigger
false alarms.

4.2.4. Calibration

For electrochemical sensors used to monitor H,, stable
cylinders of calibration gases in the concentration range of
interest aswell as other, less convenient chemical generation
systems (e.g., permeation tubes or electrochemical genera-
tors) may be used for calibration. The frequency of calibra-
tion cannot be prescribed exactly for all sensors and varies
widely with design. The best accuracy can be obtained with
more frequent calibration, and typical industrial applications
use monthly to yearly calibration. Manufacturer’ s instructions
or user experience is the best guidance for frequency of
calibration.

The environmental conditions (temperature, relative hu-
midity, barometric pressure) of the monitor at the time of
calibration should be as near as possible to those that will
be encountered during use. Of these three, temperature is
most important because changes in temperature are most
often encountered in the field and can cause readings to
change. Even with the temperature compensating circuitry
employed in most sensors, the time required for equilibrium
to be reached can vary. If it is not possible to calibrate at
the working temperature, the user must allow sufficient time
for field equilibration of temperature. Changes in barometric
pressure are usually less significant than temperature changes,
and so are of less concern to the user.

4.2.5. Potential Failure Mechanisms

4.2.5.1. Blocking Mechanisms. Blocking is a condition
which causes the sensor to function poorly or not at all until
the condition is removed. Normally the block does not
damage the sensor permanently as a poison would. Some of
the most common blocking mechanisms for electrochemical
cells are as follows:

Freezing the Electrolyte. As the temperatures of the cell
decreases, the chemical reaction which the user sees as a
signal decreases. At some point, depending upon the
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electrolyte, the cell current stops. Usually, upon returning
to a normal temperature, the cell will reactivate.

Filter or Membrane Clogging. If the cell's diffusion
barrier becomes clogged or coated, the normal supply of
analyte gas may be cut off. Sensorsused in front of air inlets,
in front of exhaust fans, or in dusty areas are can be clogged
or partially clogged. A dust filter should be used, and it
should be cleaned regularly to prevent the cell’s gas supply
from being blocked. In a sample draw system, pump failure
will produce the same effect as a clog. As one can imagine,
any blockage of the analyte gas will stop the signal.

Vapor condensation on the sensor diffusion barrier can
also effectively cut off the signal gas. Thisisaform of sensor
clogging. If the sensor temperature is lower than the
atmospheric temperature and the RH is high, it is likely that
condensation will occur. To prevent this, the cell may need
to be warmed or the air being circulated to the cell may need
to be dried.

4.2.5.2. Poisoning M echanisms. A poison blocks and/or
degrades the sensor’ s operation on atemporary or permanent
basis. Prolonged exposure to a poison can eliminate the
sensor response. Most sensors are not directly poisoned by
agas or vapor, but they may be poisoned indirectly. Common
poisons include the following:

Solvent Vapors. High concentrations of solvent vapors
which can attack the plastic housing or filters. The most
common solvents which can cause problems (depending upon
the construction of the sensor) are alcohols, ketones, phenols,
pyridine, amines, or chlorinated solvents. Sensors used in
these atmospheres may have a shorter life depending upon
design. Chlorine containing compounds can sometimes
corrode electrodes or adsorb at catalytic interfaces to change
reaction sensitivity.

High Temperatures. Continuous operation at high tem-
peratures (usually above 40 °C) in addition to reactive
compounds (e.g., amines can react with acid electrolytes)
will accelerate failure mechanisms including dry out and
poisoning.

4.2.6. Sensor Life

The life expectancy of an electrochemical H, sensor
depends on severa factors, including the total amount of
gas exposed to the sensor during its life, as well as other
environmental conditions, such as poisons, temperature,
pressure, and humidity. Exposure to a signal producing gas
can degrade catalytic response over time, but typically the
sensor is designed with excess catalyst to maintain a long
useful sensor lifetime. Low humidity, high temperatures, and
exposure to poisons can combine to shorten a sensor’s life.
Normal life expectancy from modern design electrochemical
sensors may be five years or more from the date of
manufacture. Some manufacturer’s recommend that the
electrochemical cells be stored with a shorting clip to extend
life during nonuse. Others recommend keeping sensorsin a
refrigerator rather than storing them at ambient temperature.
Sensor’s with in-board filters can last beyond the lifetime
of the filter, and interference signals can change with filter
degradation. Exposure to gases being removed by the filter
shortens its effective life.
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5. Amperometric and Potentiometric H, Sensors
with Polymer Electrolytes

5.1. Advantages/Limitations of Polymer
Electrolyte H, Sensors

One of the approaches to design a room temperature H,
sensor is the employment of solid polymer electrolytes
(SPESs). 2054119120 Bohacka?! underlined the following reasons
to explain the utility of using conducting polymers in
electrochemical sensors: (i) conducting polymers can form
an Ohmic contact to materials with high work function, such
as carbon, gold, and platinum; (ii) conducting polymers can
be conveniently electrodeposited on the electronic conductor
by electrochemical polymerization of a large variety of
monomers; (iii) several conducting polymers are soluble and
can therefore be deposited from solution; (iv) conducting
polymers are often materials with mixed electronic and ionic
conductivity, which means that they can transduce an ionic
signal into an electronic one in the solid state. These
multifunctional properties are advantageous for ion-to-
electron transduction solid state devices.

Solid polymer electrolytes became important during the
mid-1970s because of the inefficiencies and maintenance
requirements of liquid electrolytes. Originaly, a solid
polymer electrolyte (SPE) was described as a solid plastic
sheet of perfluorinated sulfuric acid polymer that, when
saturated with water, became an excellent ionic conductor.
lonic polymers in contact with a conductive medium such
as ametal alow electrochemical reactions at this interface.
Early SPEs, e.g. Nafion, were not electronic conductors.
Nafion, a typical solid polymer electrolyte, is a hydrated
copolymer of polytetrafluoroethylene (PTFE) and polysul-
fonyl fluoride vinyl ether containing pendant sulfonic acid
groups (Dupont) and is a cation-exchanger containing
hydrophilic SO;™ radicals firmly bound to the hydrocarbon
backbone, whose charge is compensated by counterions
(mostly H™). The counterions are dissociated and solubilized
by water present within the polymer structure and give rise
to theionic (proton) conductivity of the polymer. The water
required for proton solubility is bound in the hydration
mantles of the ions present, and thus, the polymer is a solid
which contains no macroscopic liquid phase unless excess
water is present.!

Nafion has good proton conductivity, high gas perme-
ability, outstanding chemical stability, and good mechanical
strength, and it has been widely used in fuel-cell and sensor
applications. However, the geometric dimensions of Nafion
and its electrical properties (primarily itsionic conductivity)
are strongly dependent on the amount of water contained in
the polymer. The maximum water content, corresponding
to 22 water molecules per single sulfo group of the polymer,
is attained by boiling Nafion in water, and this humber
decreases to 14 for the polymer in contact with a gaseous
phase saturated with water vapor; the water content fluctuates
with the relative humidity (RH) of the surrounding me-
dium.*?? In general, perfluorated polymer membranes show
high ionic conductivities at high water vapor pressure.’?
Nafion electrolyte gas sensors, because Nafion conductivity
is a function of RH, typically produce a gas response that
depends on the RH.5124126 The RH response is not desired
for an ambient air sensor wherein the RH can change over
wide limits and typically is either eliminated or compensated.

Nafion and polymer electrolytes such as PBI (sulfonated
polybenzimidazole), S-PEEK (sulfonated polyether ether
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ketone), 548127128 gnd PVA/H3PO, can be used in H,
sensors.*1*° Some of these solid polymer electrolytes have
excellent mechanical and thermal properties and good
protonic conductivity even in dry atmospheres.”*'?” The
remarkable properties of these polymers lie in the combina-
tion of the high hydrophobicity of the perfluorinated polymer
backbone and the high hydrophilicity of the sulfonic acid
branch. The hydrophilic branches act as a plasticizer, and
the backbone retains strong mechanical properties.> More
detailed information about polymers used in el ectrochemical
gas sensors can be found in various reports in the
literature.?1-92.131-135

In some cases, hydrogels or an electrolyte inside a porous
matrix are used to replace free liquid electrolytesin order to
raise viscosity, lower evaporation rates, and resist |eakage
of the eectrolyte from sensor devices. The polymers or
hydrogels can prevent the evaporation of electrolyte during
sensor fabrication, especially for microsensor devices where
very small amounts of electrolyte are used. Using polymer
electrolytes provides opportunities for the design of planar
sensors and the applications of standard microelectronic
fabrication technologies.? Polymers allow decreasing es-
sentially both the size and weight of electrochemical sensors.
In addition, polymer electrolytes alow a larger range of
operating temperatures for the electrochemical sensor. As
research has shown, polymer-based H, sensors successfully
operate in the temperature range RT—100 °C,*%? and
compared to liquid electrolytes, solid polymer electrolytes
can be used as separators in electrochemical cells, do not
dissolve impurities from the gas as easily, and permit the
construction of miniaturized devices that are leak proof to
help avoid premature sensor failure.

5.2. Response Characteristics of Polymer H,
Sensors

The electrode reaction, i.e., electron-transfer reaction at
the WE, is part of a mechanism of response that is similar
to all AGS technologies and has several steps, including gas
diffusion to the electrode—electrolyte interface, dissolution
of the analyte gas, adsorption of the analyte onto the surface,
electroreaction at the triple phase boundary, and desorption
of products from the electrode surface.® Similar reactions
in air are proposed for anode and cathode, respectively:

H,—2H" +2e or (11)

H,+20H =2H,0+ 2e" (12)

These reactions are the idealized version, and the actual
electrode reaction at the electrode surface is dependent on
the nature of the electrode material, the electrolyte solution,
the thermodynamic potential, the interface of the electrode—
electrolyte, and, of course, the analyte, which in this caseis
hydrogen. If the products of the reaction are sensor poisons,
the sensor lifetime or response characteristics may be
severely limited, but in this case, hydrogen produces water
and is a very “green” system and makes the choice of
materials and methods for the electroanalytical processes
simple.

Metallization of the polymer, i.e.,, how the electrode is
deposited, is a most important process in the manufacturing
of polymer sensors. The Nafion surface has to be metallized
by noble metals to create reference, counter, and sensing
electrodes. A laminated structure or one with intimate contact
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Figure 13. Response time of the sensor with (a) Ag and (b) Pd
reference electrodes to various concentrations of hydrogen in
nitrogen: (a) for short exposure times. The sensor was flushed with
air prior to the introduction of each new hydrogen gas mixture.
(Reprinted from ref 79, Copyright 2004, with permission from
Elsevier.)

of electrode and electrolyte isrequired. This contact between
the two solids, i.e., the membrane and catalytic metal, with
a provision for gaseous contact, is a very critical factor in
obtaining performance. The Nafion itself must also be
cleaned by leaching/cleaning with ethanol for several hours,
by boiling in nitric or perchloric acid, or sometimes by
mechanical abrasion to obtain optimal performance.®

Various noble metals, including Ag, Pd, and Pt, are typical
electrode materials. However, Pt and Pd electrodes seem to
have better stahility, reliability, and rate of response.” The
performance is compared in Figure 13, for H, sensors made
with the hydronium Nasicon system.

Figure 13 shows that this potentiometric H, sensor with
Ag electrodes does not reach equilibrium at very low
hydrogen gas concentrations even after 1 h. The sensor
response with Pd electrodes is extremely rapid for all
hydrogen concentrations from 1 to 100%. The response time
is typically less than 10 s to achieve a signal level of 90%,
and additional research on this system has indicated that,
with Pt electrodes, the response time is even faster.'*

The response time seems to be a function of the H,
concentration and is observed to be longer as the concentra-
tion islowered. This could be due to the presence of adsorbed
O, on the WE surface, which has to be removed by the
reaction with the sparsely available hydrogen in the system,
and only after this process is satisfied, can one observe the
hydrogen equilibrium at the palladium electrode.

The same effect of H, concentration influence on response
time was observed for amperometric type sensors as well.
Research has shown that, for the amperometric polymer H,
sensor, both response and recovery times decrease with
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Figure 14. Response time vs hydrogen concentration (1—10%)
for a Pt Nafion electrode prepared from 0.01 M Pt(NH3),Cl, and
0.04 M NaBHj. (Reprinted from ref 44, Copyright 2006, with
permission from Elsevier.)

increasing hydrogen concentration.** At higher concentra-
tions, a higher number of hydrogen gas molecules can reach
the electrode surface, which promotes rapid achievement of
steady-state conditions. In Figure 14, the response time (tgg)
versus H, concentration in the range 1—10% for a Pt/Nafion
sensor illustrates a 6-fold decrease in response time, but the
recovery time was always a few seconds.*

The observed asymmetry in response and recovery times
is due to the fact that the two reactions, i.e. the reactions
responsible for rise and decay, are different and not sym-
metrical. The response reaction has to do with the hydrogen
reacting with the electrode surface and setting up a steady-
state surface concentration. In the reverse reaction, oxygen
from the air must remove the hydrogen and re-establish the
electrode’ s surface condition in air. The responsetime is also
complicated by mass transport and the potential interference
of coreactants. Mass transport to the sensor and through the
membrane pores can be slow or fast relative to the surface
reactions. Further, for a Nafion sensor, the RH of the sample
affects the water activity in the electrolyte and can change
the conductivity,”® thereby affecting the response of the
system and the establishment of steady state. Therefore, the
sensor system design (mass transport) as well as the
fundamental electrochemical thermodynamics and kinetics
needs to be considered in order to understand sensor
performance characteristics. (See Figure 3, part 2.1).

In some structures, the metal electrode is deposited directly
onto the polymer electrolyte. Any one of severa methods
can be used for polymer/electrolyte metallization (see above
discussions in section 3.3.2) during H, sensor fabrication,
e.g., mechanical, electrochemical, and chemical reduction
processes.’®” Each method produces a different quality
electrode and electrode—electrolyte interface and thereby
affects the analytical performance of the resulting sensor.
Potentiometric H, sensors prepared by sputtering, electroless
plating, and Pt powder molding have been compared.**® The
sputtered electrode had the highest catalytic activity, and the
sensitivity of the sensor was 16 times higher than that
prepared by the molding method.™*® The sensitivity of the
sensor was about 4 ©A/100 ppm, with alinear output from
0 to 10* ppm. The sensors with electroless plating electrodes
were unstable.

The most efficient method for electrode preparation is
believed to be a chemical reduction process,*® which can
be divided into two types, the Takenata—Torikai method™*®
and the impregnation—reduction method,*° and both meth-
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Figure 15. Particle size effect on PT electrode preparation using
different concentrations of the reducing agent NaBH,. (Reprinted
from ref 44, Copyright 2006, with permission from Elsevier.)

ods have a low investment and production cost. Chemical
reduction produces mechanically stable el ectrodes with good
interfacial contact.*® The control of the reductant concentra-
tion provides control of the size of the resulting metal
particles and their average grain size* As a result, one
obtains possihilities to optimize the H, sensor electrode
performance (Figure 15).

The average particle diameter increases with increasing
reductant concentration (Figure 15). The increase in grain
size is believed to be due to higher nucleation growth with
fast reduction of the [Pt(NH3)4)?" in the electrode. The
optimum particle size of 74 nm with good interparticle
connections was found at 0.04 M concentration of NaBH,,*
and this may correspond to the optimum electrochemical
sensor performance. Smaller particles with enhanced surface
area can be expected to have high electrocatalytic activity
but were isolated from each other, resulting in an interruption
of the electrical contact. In contrast, a Pd layer deposited at
high concentrations showed good electronic contact, but as
one may expect, when the particles were grown to microme-
ter size, the surface area and the electrocatalytic activity
decreased.

Some polymer amperometric H, sensors discussed earlier
(Figure 2, part 2.1) used a microporous PTFE as a gas
permeabl e diffusion membrane and Pt/Ru mesh as a current
collector.*® The sensor was prepared with a Pt/Ru mesh that
was placed onto the PTFE membrane, and its upper side was
coated with a thin layer of the P/C catalyst mixture. Then
the Nafion-117 membrane was placed onto the thin layer
and the other side of the membrane was coated with a thin
layer of the Pt/C catalyst mixture divided into two parts of
different surface areas by an insulator. Afterward, two Pt/
Ru meshes were placed onto the two parts of the thin Pt/C
catalyst layer, making a CE and RE, respectively. Finaly,
the assembly was placed in a hot-press at 110 °C and kept
in a nitrogen atmosphere for 10 min under a pressure of 40
kg/cm?. The diameter of the sensor with 3.0 mg/cm? Pt
loadingwas15mm, makingtheoverdl PEM (polymer—electrode—
membrane) structure small and suitable for small portable
H, sensor applications.

The performance of the assembled H, sensors illustrates
a useful sensitivity, stable sensing current, short response
and recovery time, and long-term stability (Figure 16).* For
a step change of the hydrogen concentration, the toy response
time (time required to reach 90% of the steady-state current)
of the sensor is about 20—50 s, suitable for most monitoring
applications.*®
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Figure 16. Response curves of the sensor for various concentra-
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Figure 17. Response of the Pd/PVA-H3PO,/Pt-based sensor for
various concentrations of H, in ar. (Reprinted from ref 47,
Copyright 2003, with kind permissionfrom Springer Science+Business
Media)

The response of many polymer H, sensors is sensitive
enough to detect below 10 ppm and perhaps even 1 ppm
with the appropriate electronics and controlled exposures
(Figure 17).4"52 The results (Figure 17) were obtained using
a PVA/H3;PO, electrolyte that was prepared by casting the
structure onto a Teflon sheet.*"!% The electrolyte film was
fixed to a supporting ring and coated with palladium as an
anode on the sensing side and platinum as a cathode on the
counter electrode side. The electrolyte thickness was about
2 mm. The housing assembly for the sensor was made from
polycarbonate. The schematic diagram of this sensor is shown
in Figure 5. The palladium anode was deposited by vacuum
vapor deposition. The thickness of the anode film in the
sensor was of the order of 1000 A. The cathode on the
counter electrode side of the sensor was platinum supported
on carbon prepared by screen-printing. Before coating,
20—25% of a Teflon emulsion was added to the mixture.
The electrode was sintered at 100 °C under vacuum. Two
gold-coated nickel grids were used as current collectors on
both sides.

Pt was chosen as cathode material because of the lower
overpotential for oxygen reduction and lesser solubility for
hydrogen. Pd is not a suitable material for the cathode, since
the cathodic overpotential for oxygen reduction at Pd is high
and it does reach a diffusion controlled electrode process
because of the high solubility of hydrogen in palladium. Pd
also exhibits a decrease in catalytic activity at the cathode
due to the oxide formation on the air side. However, as an
anode, Pd can be effective, since the high solubility, large
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Figure 18. Cyclic behavior of 4% H, exposure to the sensor Pt
Nafion WE with an area of 2 cm? made from 0.01 M Pt(NH3)4Cl,
and reduced with 0.04 M NaBH, inal1 mintimeinterval. (Reprinted
from ref 44, Copyright 2006, with permission from Elsevier.)

Figure 19. Equilibrium emf of a Pd/Nafion-based sensor vs the
logarithm of the hydrogen partial pressure for hydrogen—air gas
mixtures. (Reprinted from ref 79, Copyright 2004, with permission
from Elsevier.)

sticking coefficient, and fast diffusion coefficient for hydro-
gen are advantageous for sensing a low concentration of
hydrogen in argon or another gas. The low overpotential for
hydrogen oxidation on the Pd film anode was also found to
provide sufficient catalytic oxidation rates to make the above
sensor function well.

While many measurements of the rate of response are
limited by the apparatus, in genera, the rate of response of
the polymer hydrogen sensor is at least a minute to 90%
signal. For example,*% Figure 17 shows cyclic exposure
of the Pt Nafion sensor element to 4% hydrogen and no
hydrogen.** Results (Figure 18) can be used to calculate the
measurement precision during cyclic exposures. Also, short-
term drift and long-term drift under laboratory conditions
(downward drift in the output current) was reported to be
about 2% of signal per day.

The potentiometric response of a polymer sensor is given
in Figure 19, and, as is typical for potentiometric sensors,
H, can be detected over many orders of magnitude in
concentration. The EMF dependence on the logarithm of the
hydrogen partia pressure is very close to linear but is non-
Nernstian. A nonlinear least-squares fit (NLL SF) of the data
yielded a slope of 166 mV, well above the value predicted
by the Nernst equation. If the data for 0.01% hydrogen is
discarded, the value of the resultant slope is 145 mV and
still significantly greater than the expected theoretical value.
The reasons for the non-Nernstian behavior of this sensor
to hydrogen—air mixtures are not clear. The fast, linear,
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Figure 20. Potentiometric response of the Pt electrode (E-TEK)
in PBI-H3;PO, electrolyte sensors to various H, partial pressuresin
dry air: experimental response (a); curve of the mixed potential
mode (+). (Reprinted from ref 66, Copyright 2001, with permission
from Elsevier.)

reproducible, and large, stable output of the sensor makes it
very useful for detection of hydrogen leaks in air. The sensor
performance thus suggests that it can be incorporated into a
fuel cell or into other hydrogen process applications to detect
explosive levels of hydrogen gas.

However, it would be most advantageous if the sensor
would respond over the entire range of 0—100% hydrogen.
The linearity of the semilog plot for the potentiometric H,
sensor (Figure 19) is observed in the range 0.1—10%, and
outside this range, there appears to be what is often called a
mixed potential.®® Over a wide range of hydrogen partial
pressures, gas diffusion electrodes usualy exhibit a sigmoidal
response (Figure 20) on the semilog plot.

Calculations show that, in ambient air, the hydrogen sensor
sensitivity (defined as the lope of the E versus log(P(H.))
curve) is always higher than that given by the Nernst equation
and the potentia is influenced by €lectrode morphology.1#*
The electrodes deposited on Nafion exhibit a non-Nernstian
open-circuit voltage™ that is characteristic of a mixed
potential resulting from at least two simultaneous electrode
reactions, e.g., the hydrogen oxidation reaction (HOR) and
the oxygen reduction reaction (ORR).*** According to this
model:

For low hydrogen partial pressure, the sensor potential varies
linearly with the logarithm of the hydrogen partial pressure
and the sensitivity, deduced from the ORR Tafel slope, and
is of the order of 120 mV/decade.

eFor high hydrogen partial pressure, the sensor potential
varies linearly with the logarithm of the hydrogen partial
pressure and the sensitivity is in agreement with the Nernst
equation (30 mV/decade at room temperature).

*The abrupt change of potential between these two zones
can be explained by mass transport limitations of both HOR
and ORR reactions.

While some have suggested that these characteristics
reduce the utility of Pt potentiometric hydrogen sensors,’
there is hardly another metal better suited for the hydrogen
oxidation reaction. Theideal metal would have the response
for the hydrogen reaction only; this is the challenge of
selectivity.

5.3. Methods to Improve H, Sensor Performance

One can alwaysimprove on sensor performance in agiven
application. There are five general areasto improve sensors:
(1) sensitivity, signal-to-noise ratio, and limit of detection,
(2) selectivity, (3) response time, (4) stability for short and
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Figure 21. Schematic diagram of the cell construction showing
top and side views of the sensor DHS-IV with the heating element
on top. (Adapted from ref 61, Copyright 2008, with permission
from Elsevier.)

long-term performance, including lifetime, and (5) logistical
or applications specific properties such as cost, size, weight,
power requirements, ruggedness, and packaging. Sometimes,
improvements can come from packaging or software and
include pumps or membranes to improve sensitivity and
selectivity or even algorithms to predict steady-state values
for improved response time. But overall, most electrochemi-
cal H, sensors are not perfect for al applications, and
fundamental improvements to the sensor are always desired.

Control and improvement in amperometric sensors can be
enhanced by physical optimization of the sensor package;
for example, a diffusion hole can control the concentration
range for H, sensitivity.* This diffusion hole type ampero-
metric limiting current sensor have a linear current with
Py,,25142 and small changes in the hydrogen partial pressure
may be measured with high accuracy.*43

Several engineering designs targeted toward optimization
of the H, sensor have also been suggested. A schematic
diagram of the H, sensor designed by Sakthivel and
Weppner®! is shown in Figure 21.

The decrease of the inlet diameter to 0.5 mm at a length
of 5 mm, i.e. a length to diameter ratio or L/D of 10,
improved selectivity to H, with respect to CO,. This same
idea was used in a prefilter to gain selectivity for CO over
H, using a prefilter to remove hydrogen.® Since hydrogen
diffuses much faster than other gases, this diffusion barrier
would alow a significant (approximately factor of 4 over
air) advantage to hydrogen over other gases. Further, catalytic
electrode poisoning by CO, gas mixtures along with H, could
be eliminated with a Pd diffusion barrier on the top of the
sensing Pt electrode.’* The result is that the amperometric
H, sensor performance was improved in environments
containing high concentrations of CO, (Figure 22).

Additional improvements in this sensor include a screen
printed Pt heater to compensate for any temperature variation
within the diffusion hole in the sensor chamber. The heater
further keeps the gas mixture and sensor measurements at
constant temperature. The decrease of space between the Pd
barrier and the diffusion hole avoids the excessive condensa-
tion water vapor from the reactor samples.

The membrane can aso be optimized to improve sensor
performance. lon implantation of the ePTFE membrane is
an effective way to improve H, selectivity.>” Implantation
of the PTFE membrane with various kinds of ions (N*, N,
Of, and O,"; 1 x 10% ions/cm?) decreases the detection
current for the interference gases such as H,S, SO,, NO, and
NO; relative to H,. It was proposed that structure modifica
tion of ePTFE under ion implantation (Figure 23) can provide
ahigh rate of H, permeation when compared with permeation
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Figure 22. Typica step response of design DHS-1V up to 100%
H, in Ar + 20% CO, measured at 80 °C. (Reprinted from ref 61,
Copyright 2008, with permission from Elsevier.)
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Figure 23. SEM images of a nonimplanted ePTFE membrane and
one NT-implanted with 5 x 10 ions/cm?. (Reprinted from ref 57,
Copyright 2007, with permission from Elsevier.)

for other gases (H,S, SO,, NO, and NO,). It is known that
the chemical bonding structural change of ePTFE, especially
the pore surfaces, influences the interactions between gas
molecules and polymer surface, which induces a change in
the permeability unique to each gas.

The required operating temperatures can add complexity
to a gas sensor system. For example, sensors using Nafion
117 often do not reach a steady state at temperaturesin excess
of about 50 °C.** This instability is caused by the rapid and
continuous drying of the membrane in gas streams that affect
the membrane's conductivity. Nafion is a hygroscopic
polymer, and changes in the water content cause the
membrane to physically swell.2 This swelling dters the size
and shape of the membrane and thereby changes the rate of
proton diffusion; that is, proton diffusion isthe charge-carrier
mechanism within the polymer. Therefore, a changeable very
dry or very wet atmosphere provides a difficult working
environment for Nafion-based H, sensors. Even Nafion in
contact with a water phase to maintain the water content
constant is sometimes not sufficient to remove the signal
dependence on RH, since local chemical and physical effects
at the sample—electrode interface can dominate the re-
sponse®! and the rate of water exchange in the Nafion itself
can change.*#

New polymersthat are fast proton conducting membranes,
based on hybrid inorganic—organic phosphosilicate polymers
prepared from othophosphoric acid, dichlorodimethylsilane,
and tetraethoxysilane, have been synthesized.** Membranes
are amorphous, translucent, and flexible. The proton con-
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ductivity increased with rising temperature following an
Arrhenius behavior and an activation energy of 20 kJ/mol.
Under dry conditions at 120 °C, the conductivity was 1.6
S/Im. A potentiometric gas sensor with a TiHy reference
electrode and a Pt sensing electrode exhibited a fast, stable,
and reproducible response to dry H, and O, gases at
temperatures above 100 °C.

Operation at high temperature might be at least one way
to resolve the RH response of polymer H, sensors. However,
at higher temperatures, any degradation mechanism will be
enhanced, and this can cause drift. The new hybrid-inorganic-
polymer-electrolyte sensors did exhibit drift,*** which results
in a need for frequent calibration. The hybrid-polymers
appeared to be stable up to 400 °C, but the membrane slowly
degrades, as was revealed by the thermal analysis.!*

Another polymer, H3PO,4-doped polybenzimidazole (PBI),
has sufficiently high proton conductivity in dry air for sensor
applications.”*2” Experiments® have confirmed operation in
RH of only 10—30%, and this is about the same as the
performance of the PVA/H3PO, polymer electrolyte.’

Pt/air electrodes designed with a PV C polymer composite
have much better stability in comparison with electrodes
made from Nafion/metal composites. Pt/air or Au/air elec-
trodes are very often used as pseudo-reference electrodes in
amperometric gas sensors.® These electrodes are not revers-
ible electrodes, but their potential is reported to be sufficiently
stable for use over along time in gas sensors.**” The Pt/air
electrode potential isamixed potential determined by oxygen
reduction; 48

0,+4H" +4e” < 2H,0 (13)

0,+2H,0+4e” < 40H" (14)

According to reactions 13 and 14, the electrode potential
depends on the activity of water. In agueous solutions, the
effect of the water activity is not considered to change, as
the water is actually at a 55 M concentration and small
changes produced by reactions have little or no effect on its
activity. This does not hold for solid-state sensor systems
with solid-state electrolytes. These systems contain no
macroscopic water phase, and the concentration of water in
the solid-state electrolyte is determined entirely by the
relative humidity (water fugacity) of the surrounding gaseous
environment and by the partition coefficient (equilibrium
constant) for water between the gas phase and the solid state
electrolyte phase. Therefore, the electrode potential in such
a sensor is influenced by a change in the relative humidity
(RH) of the test gas. Measurements show that the potential
changes with RH are less for the hydrophobic PVC com-
posite RE than for the hydrophilic Nafion composite RE.**°
Quantitatively, over a 30—70% RH range, the potential of
the Pt-PVCl/air RE changes by only a few millivolts as
opposed to by tens of millivolts for the Pt-Nafion RE. For
this reason, the Pt-PVC/air RE is preferable to the Pt-Nafion
electrode for sensors that operate in environments with
variable humidity.

6. Solid Electrolyte H, Sensors

Solid electrolyte electrochemical sensors function much
like their liquid and polymer electrolyte counterparts except
that the mobility of ions in crystalline or polychrystalline
solidsistypically much lower than that in liquids. This often
requires solid electrolyte sensors to operate at higher tem-
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Table 4. Solid Electrolytes Used in Electrochemical Solid
Electrolyte H, Gas Sensors

solid temp of type of ref

electrolyte stability  gas sensor®
HUO,PQO,*4H,0 <100°C P, C 33, 157
Sh,O5+4H,0 <100°C P A 82, 158, 159
Sh,O5+H,0—H3PO, <100°C P 76
Zr(HPOy)2*nH,O <350°C P, A 89, 158, 160, 161
H4SIW 1,040 NH,O 100 °C P 78
MeHz xPW 1,04 NH,O 100 °C P 78
(NH4),HPW,049°nH,O 100 °C P 162
hydronium NASICON 100 °C P 79, 80, 85, 136
5P,05- 95510, glass P 163
NagPO, >600 °C P 164
K3PO, >600°C P 164
In®*-doped SnP,0;, 86
YSz >1000 °C 87, 93, 165—167
a-Al,Os/Mg >1500°C 168
CepeGdy 019 >1000 °C P 169
Perovskites
SrCe0s >1000 °C P 90, 164, 170
SrCeOs/Yb >1000 °C C P 171-175
CaZrOs >1000°C P 83, 164, 176, 177
(CazrO4/In) = 164, 178
BaCeO; >1000 °C P 164, 179
BaCeyGdy»03 >1000 °C P 180—183
BaZry4Cep4lng 203 >1000 °C 185
BagCay 18N bl'gzog_a >1000 °C P 185
K CaNbzO19 >1000 °C P 84

2P, potentiometric; A, amperometric; C, conductometric; NASICON,
NagZ rzsi 5POq.

perature in order to have high concentrations of mobileions
in the bulk solid phase.?® The solid state ions participate in
the electrode reactions involving gaseous components and
electrons, and the electrodes act as a catalyst for the electrode
reactions, very similar to their liquid electrolyte sensor
counterparts.

6.1. Solid Electrolytes Used in H, Sensors

The majority of electrochemical H, sensors are based on
proton conductors.*® Among a number of fast proton
conductors reported during the past two decades, polymer
membranes such as Nafion are well-known to show high
conductivities, eg. ~1072 S/cm below 100 °C.**! By
comparison, solid electrolyte proton conductors have attracted
significant interest because of their chemical and physical
durability, especialy at elevated temperatures, thus their
ability to extend the application of electrochemical hydrogen
sensor systems.8082152-155 There are quite a large number of
solid-state materials that can potentially meet the require-
ments for application in solid electrolyte H, sensors.'>®
Similar to liquid systems, solid-state electrochemical cells
for hydrogen sensing are typically constructed by combining
a membrane of solid electrolyte (proton conductor) with a
pair of electrodes (electronic conductors). As typical of all
electrochemical systems, the interface of solid electrolyte and
electrode plays a most important role in determining the gas
sensor’ s analytical characteristics. A list of solid electrolytes
that have been tested as materials for H, sensorsis presented
in Table 4.

Each solid material hasits own range of temperatures over
which it possesses the required proton conductivity and is
stable. The proton mobility is a function of temperature
(Figure 24 illustrates this for some solids vs liquids and
polymers), and each material has an optimum temperature
or temperature range for operation. For example, the working
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Figure 24. Conductivity as a function of temperature for some

proton conductors. (Reprinted from ref 89, Copyright 2001, with
permission from Elsevier.)

temperature range of the BaCeO;-based sensor, due to the
high protonic conductivity of BaCeOs, varies from 200 to
900 °C.'™ Also, the €electrical conductivity measurements
of BaZrOs/Y showed predominantly proton conduction at
temperatures below 500 °C, which is suitable for hydrogen
sensor operation.'® Many of these materials compare favor-
ably to Nafion and should be suitable for H, sensing
applications.

6.2. Solid Electrolyte H, Sensors: Fundamentals
of Operation

Most of the H, sensors that use solid €electrolytes are
operated potentiometrically. The simplest scheme for such
a sensor is represented in Figure 25. The voltage produced
is from the concentration dependence of the chemical
potential, which at equilibrium is represented by the Nernst
equation.

Basically, such a potentiometric (Nernst-type) sensor is
often called a concentration cell, where the gas activity at
the sensing electrode can be obtained from the open circuit
potential E (EMF), if awell defined, constant gas activity at
the reference electrode is established. This cell potential (or
open circuit potential) isrelated to the concentration (activity
or fugacity) of the active species at the sensing electrode
according to the Nernst equation:

Korotcenkov et al.

aef i = oA

Figure 25. Diagram illustrating the potentiometric sensor mech-
anism: A is the analyte with variable activity/concentration, a is
the constant activity of analyte A on the reference side of the solid
electrolyte membrane, AB is a solid electrolyte membrane (A™ ion
conductor), and the electrodes facilitate the reaction A* + e =
A; when the activity of A isdifferent on each side of the membrane,
a potential, V, is observed.

E="0 In=2 (15)

with R the gas constant, F the Faraday constant, T the
temperature (K), Px the partial gas pressure in the sample
gas mixture, P, the reference partial pressure, and n the
number of electrons involved in the basic electrochemical
reaction of the sensor (n = 2 for hydrogen and n = 4 for
oxygen). The sensing electrode potential usually isafunction
of the logarithm of the H, concentration in air.

Configurations for potentiometric hydrogen sensors have
been reported.®318” There are typical advantages and limita-
tionsin using the solid electrolytes. Water can often interfere
because water can affect the activity of the proton through
well-known reactions such as H,O = HT + OH™ and these
reactions can be accelerated at high temperature. Further,
oxides can be formed, and so the presence or absence of
oxygen often affects certain solid electrolytes. Findly,
poisoning by strongly adsorbed species such as CO or CO,
can affect the electrode or electrolyte performance and
thereby affect observed sensor operating characteristics.
Therefore, solid electrolyte sensors must be characterized
for each application to ensure performance, and the choice
of materials for electrodes and the electrolyte are extremely
important to the development of the desired analytical
characteristics. A review of H, sensor performance in
different applications is summarized in Table 5.

Each application has forced the development of a different
sensor using different electrodes and solid electrolytes, filters,
and/or various constructions. There is not yet a universal
electrochemical H, sensor for all applications and it is still
required to optimize the design of each sensor to obtain the
needed analytical performance; for example, to eliminate the
need for a standard reference concentration of hydrogen, a
sensor with an internal reference has been designed,®® as
illustrated in Figure 26.

This design cleverly employs electrochemica pumping of
hydrogen by means of electrolysis of water vapor in the
atmosphere to create a constant activity for H, in the sensor
reference compartment. The water vapor partial pressure

Table 5. Summary of Publications on Performance of Electrochemical H, Sensors Designed for Different Applications

field of application ref
H, in N2 (Ar) 59, 62, 80, 95
H, in air 43, 60, 87, 91, 93, 132, 188
H, with presence of CO and CO, 60, 61, 91

H, in wet atmosphere

H; in dry atmosphere

H, in water

H, in molten metals

sensors for RT

high-temperature sensors

operation without a standard reference gas

43, 61, 64, 83, 90, 157, 170, 176, 177, 179, 189
47, 66, 76, 91, 144

148, 190, 191

168, 171, 178, 192, 193

33, 76, 78, 82, 89, 156— 159, 163, 194

91, 93— 95, 167, 169, 188, 195

83, 163
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Figure 26. Example of an H, sensor with an electrochemically
supplied hydrogen standard. (Reprinted from ref 83, Copyright
2001, with permission from Elsevier.)
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Figure 27. Solid electrolyte electrochemical cell used for H,
sensing. (Reprinted from ref 78, Copyright 2005, with permission
from Elsevier.)

could be determined from the EMF of the pumping cell using
the pumped hydrogen as a standard gas. Combining the
pumping and sensing function, the partial pressure of H, can
be automatically controlled, and one can make a hydrogen
pressure regulator, in principle. This concept actually com-
bines the idea of potentiometry and amperometry in asingle
device and results in taking advantage of Faraday current
and Nernstian potentials for a sensor that has automatic
compensation features.

6.3. Low-Temperature Solid Electrolyte H,
Sensors

There are advantages in working at low temperature
because materials are more stable and corrosion reactions
much sower. The compounds HUQO,PO,*4H,0%" and
Sb,0s5+ 4H,0'81%° were two of the earliest low-temperature
solid electrolytes tested in protonic conductor H, sensors.
Compounds such as H4SiW12040‘28H20, H3PW15040°
29H,0, HSbPzOg‘ 10H,0, and HsM 012PO40'29H20 also can
be included in the category of low-temperature solid
electrolytes with sufficient proton conductivity.®® These
heteropoly compounds are electrocatalytically active in
reactions involving hydrogen and can be used in the design
of H, sensors. Reports have shown solid-state sensors for
hydrogen concentrations from 1072 to 5 vol % in inert gases
and air without the need for maintaining constant tempera-
ture.”® Operation over the ambient temperature range from
—60 to +60 °C has been reported.”® The design and
performance of this solid electrolyte cell is shown in Figures
27 and 28. Although the sensor response and recovery rate
decreased with a decrease in temperature, the concentration
dependence remained virtually unchanged over all operating
temperatures (Figure 28), an important advantage in ambient
Sensors.
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Figure 28. H, concentration vsthe absolute EMF in air at different
temperatures. (Reprinted from ref 78, Copyright 2005, with
permission from Elsevier.)
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Figure 29. Schematic diagram of the H, gas sensor designed with
P,0Os—SiO, glass. (Reprinted from ref 163, Copyright 2006, with
permission from Elsevier.)

The search for lower temperature solid ionic conductors
has likewise led to potentiometric hydrogen sensors that can
work near room temperature. A P,Os—SiO, glass has high
conductivity, e.g. ~1072 S/cm at room temperature,®® and
very good chemical and thermal stability as well as a
potentially low fabrication cost.® Nogami et al.*%® reported
about a thin film potentiometric H, sensor with this same
glass that does not require the use of reference gas (Figure
29).

As might be anticipated, the hydrogen sensor was ex-
tremely sensitive to water vapor.®® This RH effect is
generaly applicable and is found in solid electrolyte room
temperature protonic conductors such as uranylphosphate, >’
zirconium phosphate, 191! P,0s—Si0, glass,*® and anti-
monic acid.*® In this regard, they operate like the polymer
sensors described above and are generally applied only in a
gas with defined or constant RH (as a rule at the highest
RH) because the conductivity of these solid electrolytes
strongly depends on the relative humidity of the ambient.
Quantitative investigation of the RH effects on the conduc-
tivity of HSbP,Og*H,0 have measured a more than 4 orders
of magnitude change in conductance with RH varying from
0 to 100%. For the P,Os—SiO, glass, it is possible to work
only in humid atmosphere with an RH of 50% or more at
room temperature.'®®

Potentiometric hydrogen sensors designed using a NASI-
CON solid electrolyte similarly exhibited a strong RH effect,
and this makes it difficult to work in a dry atmosphere.®
Figure 30 illustrates the large, orders of magnitude changes
that can occur in the sensor signal with RH changes. This
electrolyte (a bonded hydronium NASICON) was produced
by the two-stage process of powder ion-exchange followed
by abonding and pressing method. Engelhard platinum paste
A-4338 with a modified curing procedure was used as the
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Figure30. P/NASICON/Pt-based sensor EMF versus cell relative
humidity. (Reprinted from ref 85, Copyright 1991, with permission
from Elsevier.)

electrode materia for both the anode and cathode. Measure-
ments of EMF were made at constant hydrogen concentration
with a Hewlett-Packard digital voltmeter with input imped-
ance > 10% Q for accurate potential determination.

The RH dependence of room temperature solid electrolytes
can have serious deleterious effects on sensor performance.
In spite of the fact that heteropoly compounds, such as the
ammonium salts of phosphotungstic acid, are very stable to
environmental oscillations of RH and temperature, at low
RH, the conductivity of the salt and hence the sensor signal
are reported to change significantly. Moreover, such sats
are able to be reduced if they are in very high hydrogen
concentration for extended periods of time, and this is
evidenced by the appearance of electronic conductivity in
the material.

Solutions to the problems with low-temperature heteropoly
compound solid electrolytes have led to the development of
composite structures. For example, a four-layer cell contain-
ing two solid electrolytes has been constructed.” In this
structure, Pt directly contacts the ammonium salt of phos-
photungstic acid, and the rate of the hydrogen exchange
reaction israpid at this electrode. Lead dioxide is in contact
with silicotungstic acid such that it is not rapidly reduced
chemically on exposure to hydrogen. The entire cell only
produces a signal when hydrogen is present, due to the
asymmetry of the electrode/electrolyte.

Other investigators’® have suggested that composites based
on hydrated antimonium pentoxide and phosphoric acid are
less sensitive to humidity in comparison with other known
protonic electrolytes. 57159160 DTA (differential thermal
analysis) experiments demonstrate that these composite
materials retain water better than the initial pure Sb,Os-
xH,O material. The conductivity of the electrolyte
Sb,0s+ H,O0—H3PO, does not greatly depend on the relative
humidity in the midrange RH (20—80%RH). Hence, an H,
sensitive element with this electrolyte should operate without
RH drift under conditions where the humidity varies
throughout the midrange of RH, and experiments confirm
this prediction (20—95%RH produces a 15 mV EMF change
at constant H, concentration). Sensors, based on hydrated
antimonium pentoxide and phosphoric acid, were also found
not to degrade with long-term storage (4 years) under ambient
conditions.” This successful sensor consisted of an Ag or
Ad/(Ag + Ag,SO,) RE, the solid composite electrolyte, and
a Pt or Pd H, sensitive electrode. The sensor detection limit
was in the low-ppm range (10 ppm), and the EMF of the

Korotcenkov et al.
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Figure 31. Schematic representation of sensors using pellicular
zirconium phosphate as a proton conductor and titanium hydride
as a reference electrode: (a) potentiometric sensor, (b) three-
electrode amperometric sensor. (Reprinted from ref 89, Copyright
2001, with permission from Elsevier.)

sensor varied logarithmically with H, concentration for
hydrogen partial pressures in the range 100—2000 ppm. The
slope of the EMF vslog(pH>) plot was 170 and 200 mV for
Pt and Pd, respectively, which exceeds the Nernst value,
presumably due to the formation of a mixed potential in air.
Moreover, the sensor’'s characteristics did not appear to
depend on the temperature within the range 286—303 K.
It has been suggested that many problems of low-
temperature solid electrolyte H, sensors could be resolved
by using pellicular zirconium phosphates.®®16! These com-
pounds are sufficiently good proton conductors, have thermal
stability up to 350 °C, and can be directly deposited over
the reference electrode as a very thin skin. A potentiometric
and amperometric sensor design with this material is il-
lustrated in Figure 31. Limitation of this electrolyte includes
the relatively low chemical and mechanical stability.%
Additional low-temperature proton conductors have been
found that are based on layered perovskite oxides.9"~1%
These compounds do not take up any measurable amount
of water. An example of alayered perovskite D-J type oxide
is ACaNbsO4o, Where A is an alkali metal. In these niobates,
the A atom is sandwiched between Ca,Nb;O,y perovskite
dlabs composed of corner-sharing NbOg octahedral and Ca
ions. The electrical conductivity has been explained to be
due to the migration of alkali metal ions in interlayer
conduction paths?® However, when the compound is
exposed to hydrogen, alarge increase in the ionic conductiv-
ity is observed. This is attributed to the added mobility of
protons. For example, 2D-layered KCa,Nb;O,4 exhibits an
electrical conductivity of 3.2 x 10~* S/cm with activation
energy of 0.25 eV at 45 °C in an H, atmosphere.?®* Proton
conductivity in H, is commonly understood by assuming
point defects according to the specific defect equations for
KCaNbsOy0 under hydrogen atmosphere, as follows:

V3 + 205 + H,— 20H, + 2 (16)
%Hz—’ H+ e (17)
1 . .
H; + 05— OHg (19)
x , 1 . _
Vit sH,— Hi e (20)

where Vg, Og, e, hr, H*, OHp, Hk, and Hj represent oxygen
vacancy, lattice oxygen, excess electrons, holes, protons,
protons attached to | attice oxygen, protons at avacant K site
inthelattice, and intergtitial protons, respectively. The proton
conductivity mechanism in acceptor-doped 3D perovskite
oxides due to the migration of hydroxyl ions or protons has
been described in detail.5” The K Ca;NbsOy layered perovs-
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Figure 32. Total mass of constituent atoms in a unit cell versus
the H™ ion conductivity at 600 °C for several perovskite-type proton
conductors. A least-squares line is drawn through the data
(Reprinted from ref 210, Copyright 2005, with permission from
Elsevier.)

kite contains neither oxygen vacancies nor structural protons
nor water, but yet behaves as an electrolyte.

Amperometric type H, sensors using KCaNb;O,9 have
been described.® The sensors were able to work in the
temperature range of RT—65 °C. The sensitivity of thistype
of sensor is highly influenced by the electrode particle size
and the operating temperature. The optimum particle size
of 300—500 nm and a Pt loading of 1.85 mg/cm? were found
to have high catalytic activity and be useful for H, detection.
The best operating temperature for the sensor appeared to
be about 45 °C with respect to long-term stability, and at
this temperature, the sensor exhibited reproducible results
in 1-8% Ho.

6.4. Performance of Mixed-Potential H, Sensors

Most of the high-temperature solid electrolyte H, sensors
are designed as potentiometric sensors. In most of the sensor
systems, the potential is the result of several simultaneous
reactions taking place, and this is called a mixed-potential
Waem.93,95,165,166,169,187,2227228

The YSZ and many perovskite materials are compounds
with mixed conductivity.?® Therefore, sensors made from
these materials will have at least the electrochemical reactions
(egs 2 and 3) taking place simultaneously on the sensing
electrode. The non-Nernstian response of these sensors has
usually been observed at relatively low temperature (e.g.,
350—600 °C) and explained by invoking a mixed potential,
which appears at the sensing electrode due to the simulta-
neous occurrence of the cathodic reduction of oxygen and
the anodic oxidation of the reducing gas.®2?2% This
phenomenon has led to the proposed use of zirconia-based
potentiometric sensors for reducing gases and some basic
explanations of the mechanism of mixed potential gas
sensor394*188'229'23°

A typical representation of a mixed-potential device is
shown in Figure 33. In this case both electrodes, with each
forming a different electrolyte—electrode interface, are
exposed to the analyte gas, usualy a mixture containing
oxygen and an oxidizable or reducible gas that is the target
analyte (e.g., sometimes hydrogen).
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Figure 33. Schematic illustration of a mixed potential sensor
fabricated from yttrium stabilized zirconia. Both electrode materials
are exposed to a gas mixture containing an oxidizable or reducible
gas and oxygen. (Reprinted from ref 230, Copyright 2000, with
permission from Elsevier.)

The mixed potential at an electrode is established by the
competing reactions of oxygen reduction (oxidation) and
analyte (CO, H,, or hydrocarbon) oxidation (reduction).
Equations 21—23 illustrate this for H,, and reaction 23 can
take place in the gas phase or on the surface of the electrodes
with the participation of adsorbed species.

%Oz(g) +V" 4 26" = 0L(YSZ) 21)
Hy(Q) + Og(YSZ) = H,0(Q) + V" + 26~ (22)

1040+ Hy(e) = H,0(0) 23

In these equations, V* is an oxygen vacancy and Og is a
[attice oxygen in the electrolyte. The potential of the electrode
is achieved at equal current exchange densities of the
reactions (egs 21 and 23). The device response voltage is
the difference in the mixed potential attained at each
electrode. Depending on the rates of the two reactions, a
nonequilibrium potential that is more negative than that
predicted by the Nernst equation develops under oxygen rich
conditions (i.e., more oxygen present than would be required
for stoichiometry). Experiments show that the sensor re-
sponse may vary from a logarithmic potential dependence
on gas concentration to a linear concentration—potential
dependence with elevated sensitivities at low concentra-
tions.% This mixed potential, being dependent on catalytic
kinetic parameters, is expected to be a strong function of
the electrode material % Further, it should be a function of
the electrode geometry and structure, since catalytic activity
is very sensitive to material composition, structure, and
geometry. For optimal sensor operation in a mixed-potential
mode the material of the measuring electrode should exhibit
alow catalytic activity for the combustion of the oxidizable
gas to be detected. In contrast, at the catalytically active
electrode, hydrogen can be adsorbed and then oxidized
electrochemically with oxygen ions. These oxygen ions are
delivered from the solid electrolyte, as indicated by egs 21
and 22.

The sensor configurations reported in the literature either
measure the potential between two different electrodes
exposed to the same gas™ or measure the potential of one
electrode with respect to an air reference.®%16%.21 |mportant
sensor parameters such as sengitivity, selectivity, and long-
term stability are correlated mainly with the performance of
the materials in the mixed potential electrode. During the
past decade, many efforts have been made to understand the
electrode processes and the interdependence between elec-
trode defect chemistry and the mixed potential behavior.81%+1%8
It was shown that the response behavior of the mixed
potential depends on whether Tafel type, mass transport
limited, and/or linear Butler—Volmer kinetics is observed
for the electrochemical reactions.?® This means that the non-
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Nernstian behavior clearly comes from the reaction kinetic
control and not equilibrium thermodynamic control at the
sensing electrode. Clearly, interfacial properties of electrode
materials, geometry, morphology, and solid electrolytes will
influence the mixed potential response.® In the fina analysis,
it is difficult to maintain several kinetic rates invariant over
long periods of time and, therefore, difficult to prepare
sensors with low drift, although significant progress has been
made.

6.5. High-Temperature Solid Electrolyte H,
Sensors

6.5.1. Solid Electrolytes for High-Temperature H, Sensors

Typical solid electrolytes for high-temperature H, sensors
include YSZ and perovskites that become sufficiently
conductive only when the temperature exceeds
400 °C 167.172202-206 Qyer a wide range of temperatures, they
have a high ionic conductivity and high activity for gas
sensing. Often having high melting and/or decomposition
temperatures, they can provide microstructural and morpho-
logical stability to improve the reliability and long-term
performance of sensors. The perovskite structure has two
differently sized cations, which makes it amenable to a
variety of dopant additions. This doping flexibility allows
controlling the transport and catalytic properties to optimize
sensor performance for particular applications.?%®

The most well-known are perovskite structured oxides,
including SrCe0s, SrCe0s/Y b, SrCeO4/In, BaCeOs, BaCeO4/
Gd, SrZrOs, BazrOs, and CaZrOs, which have high thermal
stability and exhibit appreciable proton conduction with low
activation energy at elevated temperatures (>700 °C) in
steam and hydrogen atmospheres!’"197:207-210 gnd have been
used for hydrogen sensors.*”® The conductivity of these ion
conducting materials is strongly dependent on the temper-
ature,> and data on proton conductance for several perovs-
kites are presented in Figure 32. As a rule, the embedding
of the fourth element is used to control the conductivity; for
example, in the case of SrCeO5/Y b, doping with 5% of Y b3t
achieved the maximum of ionic conductivity.

These proton conductors are ceramic materials and typi-
cally do not have high porosity but rather can reach 96—99%
of the theoretical density.® Because of the exceptional
thermal and chemical stability of the materials, a hydrogen
sensor for molten metals has been developed and widely used
in the process control in the metal melting industry. 7176211
In order to produce high-quality castings, it is necessary to
reduce the hydrogen concentration in the molten metals
during the casting process to an acceptable level, and a
hydrogen sensor provides important process control data.*’

One novel protonic conductor includes BaZrg 4Cep4lng 205
(BZCI), amaterial that has practical durability in the presence
of steam and hasrelatively high conductivity.'® This material
was able to produce a very stable H, sensor at 800 and 1000
°C in a wet but pure hydrogen atmosphere. The crystal
structure and the composition of all samples did not change
during a test with hydrogen. The actual EMFs almost
coincided with the theoretical values below 800 °C but were
lower than the theoretical values at 1000 °C. Protonic
conduction in BZCl was confirmed below 800 °C and seems
to decrease at higher temperature.

Many of the oxides discussed above (SrCeOs;, BaCeOs)
easily react with carbon dioxide to form carbonates of the
alkaline earth elements and therefore are not good candidates
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for applicationsin sensors exposed to CO,, including ambient
atmosphere  sensors.®2?  Barium cerate  ceramics
(BaCeygGdy 203, i.e., BCG) also were affected by steam or
CO, and have met with problems in practical use,!81-183213
The SrCeO3/Y b reacts with 10% CO, at temperatures below
800 °C, and this reaction can take place already at 500 °C.*%
Research has demonstrated that cerates such as BaCeO; are
thermodynamically unstable when a critica H,O vapor
pressure is exceeded.?*? It was established that BaCeOs in
an H,O vapor containing environment (~430 Torr H,0)
decomposed into CeO, and Ba(OH), in relatively short
periods of time at temperatures less than 900 °C and that
doped BaCeO; decomposed at a faster rate than the undoped
BaCeQs. It was assumed that the rapid decomposition of both
powder and sintered samples is the result of the high
solubility of H,O in BaCeOs, which accelerates the kinetics
of decomposition.

The zirconates, such as CaZrO; and BaZrO;, are less
reactive with CO, than cerates and are more stable in H,O-
and CO,-containing atmospheres. "2 The Y -doped BaZrO;
has been reported to exhibit high proton conductivity and
good chemical stahility.?>?*6 Furthermore, it has been
demonstrated?!’ that strontium cerate is not stable in a
simulated coal gasification atmosphere containing 0.0033 vol
% H,S a 800 °C, since SrS and CeO, are formed.
Consideration of stahility issues, therefore, causes the major-
ity of practical H, sensors to use the Y SZ electrolyte.

Recently, nonstoichiometric complex or mixed perovskite-
type oxides of the formula A,B(1)1+xB(2)1-xOs-s and
A3B(1)14xB(2),-xOs-s have been demonstrated to become
proton conductors upon exposure to H,O vapor.?#21° Among
them, the A3B(1)1+xB(2)2-xOg—s (A = Sr, Ba) compounds
are particularly interesting because of their excellent protonic
conductivity.?? In addition, unlike Ce-based perovskites,
these compounds have a wide band gap??* and are superior
insulators without producing detectable electronic conduction
under either oxidizing or reducing gas mixtures up to 1000
°C.220

A high-temperature solid electrolyte suitable for use in
H, sensors includes Sngglng1P,07.8 The EMF of sensors
prepared from this materia varied linearly with the logarithm
of the H, concentration, and the EMF was minimally affected
by the water-vapor concentration.®® The results presented by
Mukundan et al.'®® also provoke interest. Pt/CeygGdy,01.of
Au mixed-potential sensors were used to detect H, in a gas
mixture of H,—air. The sensor response was maximum for
H, and negligible for methane; other gases followed the trend
methane < propane < CO, propylene < hydrogen.

6.5.2. Practical High-Temperature H, Sensors

An example of a high-temperature solid-state mixed
potential gas sensor designed for hydrogen detection and
aimed at commercialization is given in Figure 34.

The H, sensors were fabricated by using a half-open,
yttrium-stabilized-zirconia tube (Y SZ, 8 mol % Y ,0; doped,
NKT).%31% The tube was 30 mm in length and 5 and 8 mm
in inner and outer diameter, respectively. This design is
essentially the same structure as that used for potentiometric
Y SZ oxygen sensors except that the sensing electrode on
the outer surface is provided with a porous ZnO layer. The
Pt mesh is designed to work as an electron-collector. Pt black
and Pt mesh were pressed on the inner surface of the YSZ
tube at the closed end to form a reference electrode. This
RE was always exposed to static atmospheric air. An oxide



Electrochemical Hydrogen Sensors

Figure 34. Mixed-potentia type H, sensor using a'Y SZ- and ZnO-
Pt electrode. (a) Device structure with the ZnO layer deposited
around the Y SZ tube. (Reprinted from ref 93, Copyright 1996, with
permission from Elsevier.)

(b)
600 °C

=

H2 concentration / ppm

Figure 35. Mixed-potential H, sensor using a YSZ- and ZnO-
electrode. EMF as a function of concentration of H, in air.
(Reprinted from ref 93, Copyright 1996, with permission from
Elsevier.)

powder paste containing a-terpineol and ethyl cellulose was
applied beltlike (width, 10 mm; total area, 2.5 cm?) on the
outside of the tube, followed by calcination at 650 °C for
2 h, to form the sensing oxide layer. The oxide layer thus
formed was porous and about 30 um thick. This device
generated a fairly large EMF response to H, in air at
temperatures in the range 450—600 °C, as shown in Figure
35.

The EMF response is seen to be linear to the logarithm of
H, concentration, but the slopes are about —100 mV/decade,
inconsistent with the behavior of an equilibrium type device™
and more typical of a mixed-potential device. The EMF
appears to decrease rapidly with arise in temperature, and
this seems to result from the enhancement of catalytic
oxidation of H, on the sensing electrode with temperature.
In this particular device with the ZnO electrode, the EMF
response is still large at 600 °C, being capable of detecting
50 ppm H; in air. The 90% response and recovery time to
200 ppm H, at 600 °C for this device are 5 and 10 s,
respectively. The stability of this sensor (Figure 36),
exemplified by both air and H, EMF responses, provides
encouraging results for the design of elevated temperature
H, sensors.

Other approaches to the design of high-temperature H,
sensors have been reported, and one is shown in Figure 37.
The goal of this approach isto simplify and miniaturize the
sensor structure.

The chip type device was fabricated by using a small bar
of yttrium stabilized zirconia (8 YSZ, 6 x 2 x 1.5 mm®), as
shown in Figure 37, and applying two kinds of oxide pastes,
one at each end of the zirconia bar, leaving about 1 mm of
space in between, followed by calcining at 650 °C for 2 h,
to form a couple of belt-shaped oxide electrodes (width,
about 2 mm; thickness, about 30 mm). A Pt wire was wound
around each oxide electrode as an electrical collector.®* The
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Figure 36. Long-term stability of the ZnO-attached Y SZ—based
device at 600 °C. (Reprinted from ref 93, Copyright 1996, with
permission from Elsevier.)

1.5 mm)

2mm 1mm 2mm
f———— 6 mm ———»
Figure 37. Chip type Y SZ-based device attached with CdO and

SnO, electrodes: schematic view of the device structure. (Reprinted
from ref 94, Copyright 1998, with permission from Elsevier.)

sensing characteristicsillustrate that the EMF varied almost
logarithmically with the concentration of H, in the range of
20—200 ppm. Furthermore, the authors operated the chip-
type device at 600 °C for approximately 400 h and the EMF
was relatively stable during the test period. Due to favorable
sensing characteristics, the Y SZ-based device has the po-
tential to be used as a H, sensor that can operate in high-
temperature combustion exhaust without the requirement for
a reference gas.

6.5.3. Role of Sensing Electrodes in High-Temperature
H, Sensors

Typica examples of high-temperature potentiometric solid
electrolyte H, sensors that use YSZ solid electrolytes are
summarized in Table 6. Various combinations of solid
electrolytes and electrodes have been tested for H, sensing.
Certainly one key to the search for improved performance
is the choice of the sensing electrode material.

Noble metals (Pt, Pd, Au, etc.) were first used as sensing
electrode (SE) material s.2%32352% \While the response of a Pt
electrode was found to be stable at both 600 and 550 °C,
the Au electrode had stability problems at 600 °C dueto the
changing morphology of the gold film,'%® and in general, the
noble metal Pt was more acceptable as a sensing electrode
for the mixed-potential type H, gas sensors.’®” The rapid
recrystallization rate of gold electrodes at elevated temper-
atures has made Au electrodes unstable in high-temperature
long-term operation. Unfortunately, sensors using the Pt
electrodes exhibited small EMF responses to target gases at
operating temperatures above ca. 500 °C and gave poor gas
selectivity at lower temperature below ca. 400 °C unless
covered with an additional catalyst layer. In order to get over
these difficulties, a search for sensing electrode materials was
carried out to include other noble metals and noble alloys.
However, other metals often do not have the required
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Table 6. Examples of High-Temperature Potentiometric Solid Electrolyte H, Sensors

Korotcenkov et al.

target gas sensor structure operation gas temp ref
(RE) (SE)
H, Pt/Y Sz/ Au—Pt-(Hy+air) 550 °C 0—10 000 ppm 87
H, Pt/Y Sz/ ZnO-Pt-(Ha+air) 400—600 °C 50—500 ppm 93
H, Pt/Y Sz/ Pt(CuO—2ZnO/Al,03)-(H,+air) 420 °C 0—1400 ppm 165
H, Pt/Y Sz/ Pt-(Hy+air) 550 °C 0.05—1% 166
H, NaWO,/YSzZ/ Pt-(H,—air) 232
H, Au-LaMnOgy/Y SZ/ Tb-Y SZ-Au-(H,—air) 600 °C 20—1000 ppm 188
H, Pt/Y Sz/ Au-(Hp—air) <500 °C 233
H, AglYSZ/ ITO-(Ha+Ny) 460 °C 50—2000 ppm 95
H, LaMOgy/YSzZ/ (Pt—Al,05)-(H,—air) 400—500 °C 2000 ppm 234

aY Sz, yttria stabilized zirconia; RE, reference electrode; SE, sensing electrode.

CO Hz NO NO2
CHa4 CO2 H20

(600°C)

Figure 38. Cross-sensitivities to various gases at 600 °C for the
tubular Y SZ-based device using CdO and SnO, electrodes. (Gas
concentration CO, H,, NO, NO,, CH,; 200 ppm each, CO,; 10000
ppm, H,O; 1.5 kPa). (Reprinted from ref 94, Copyright 1998, with
permission from Elsevier.)

activity; for example, a Ni-sensing electrode was consider-
ably less sensitive to hydrogen.”

Sensors using Pt-based alloy electrodes can provide higher
EMF responses to H, at temperatures of about 550 °C.#’
Among the Pt-based alloys investigated, a Pt—Au aloy
electrode had the highest response to H,. The increased gas
sensitivities of the sensors with aloy electrodes were
considered to be due to a reduction in the catalytic activity
for the gas phase oxidation of H, by alloying Pt with Au,
Ag, Cu, Ni, and Rh. Tests of a non-Nernstian type zirconia
sensor with a Pt—Au sensing electrode®® also established
improved selectivity for CO against H,.

Using metal oxides for electrode modification provided
improved results for H, sensing.’®® The use of refractory
oxide electrodes for metal electrodes offers promise in
improving both the selectivity and the long-term stability of
hydrogen sensors.®3%+23! Y S7-hased sensors with metal oxide
electrodes such as SnO, or CdO can be operated at the rather
high temperatures of 485—700 °C, and certain formulations
can give relatively good sensing performances for HC's or
H,, even under rather severe operating conditions.?*”

ITO, SnO,, and CdO were used also by Miuraet al.* and
Martin et al.% as sensing electrodes in devices configured
as shown in Figure 37. Some results from these sensors
(CdO/Y SZ/Sn0,) are summarized in Figure 38.

Although results have shown that the SnO, and CdO metal
oxides can be used in the sensor system CdO/Y Sz/SnO, for
H, detection, this approach was even more effective for the
design of a CO sensor. The response of CdO/Y SZ/SnO--
based sensors to H, (Figure 38) is considerably smaller than
the response to CO. Conversely, the results illustrate that it
is possible to detect CO sensitively and selectively in the
presence of H,, which is aso an important problem. It is
scientifically interesting that devices with single oxide
electrodes (SnO,/YSZ/SnO, or CdO/YSZ/CdO) have a
sensitivity to CO that is amost aways smaller than the

2hippen
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Figure 39. Sensitivities of the ZnO-electrode device to various
gases at 600 °C. (Reprinted from ref 93, Copyright 1996, with
permission from Elsevier.)

Table 7. EMF Response to H, and CO at 600 °C for the
Y SZ-Electrolyte Device Using Various Oxides (Data Extracted
from Refs 61 and 94

EMF (mV)
oxides 200 ppm H, 200 ppm CO
AuO —136 -9
ZnO —125 —44
CdO —-104 —126
SnO, —-95 —50
In,05 —70 —47
Sh,03 -15 -7
WO3 _7 O
TiO, -7 0
MoO3 -5 -1
Fe,0Os -4 -2
Pt (only) -3 -1
CuO -1 0
Mn,O3 0 0
Co30, 0 0
Cr,03 0 0
NiO 0 0
PbO, 0 0

sensitivity to H,. Also, for the same devices, the EMF signal
was less than that when noble metals are used as el ectrodes.
Simultaneous sensitivity to CO and H, provides interesting
responses, but not a selective H, sensor. Using ITO with a
thickness of 2—13 um as the sensing electrode succeeded
in decreasing the RH influence on the operating character-
istics of sensor devices.®* The thicker ITO € ectrodes resulted
in asmaller response due to the increased rates of hydrogen/
oxygen recombination, which dilutes the effective H, con-
centration reaching the sensing region of the electrode.

Detailed studies of the metal oxide influence on YSZ H,
sensors’ analytical characteristics were conducted.®® In Table
7, the EMF response is shown to be clearly dependent on
the oxides used. The maximum H; response was obtained
with ZnO €electrodes, and similar examinations were carried
out for the response to CO (also see Table 7). The response
to CO was visible with ZnO, In,0O3, and SnO,, but it was
much smaller than the response to H,. The EMF was linear
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Figure 40. Hydrogen sensitivity of YSZ-based devices with
composite electrodes (Au/20 mass % MeO) at ¢(H,) = 10 ppmv,
@(0,) = 1.5 vol %. The REs were prepared from commercialy
available Pt-paste.?®® (Reprinted from ref 229, Copyright 2006, with
permission from Elsevier.)

with the logarithm of the H, concentration in the range of
50—500 ppm at each temperature.

The oxide electrode sensors exhibited an excellent selec-
tivity to H, in the presence of NO, NO,, CH,, CO,, and H,0,
as well as good stability during 450 h of testing at 600 °C
(Figure 39). In the device with a Pt-sensing electrode, for
comparison, the EMF response was not observed above 500
°C. Among the various oxides tested for the sensing
electrodes, the EMF response to a fixed concentration of H,
(200 ppm in air) at fixed temperature (600 °C) was in the
following order: ZnO > SnO, > In,O3 > TiO,, with many
transition metal oxides such as Fe;Os, Cr,03, NiO, Mnz0s,,
and Coz04 giving insignificant or no response. These results
suggest that semiconducting oxides with modest catalytic
activity tend to make the best sensing electrodes.

Composite electrodes, made of Au and metal oxides
(MeO), have been studied.?+%%" Compared to electrodes
made of mixed oxides or perovskites, electrodes made of
these composites show elevated sensitivities to a variety of
hydrocarbons and H, (Figure 40).

Comparing different materials, the slope (dU/dg) of the
potential/concentration plot a ¢(H;) = 10 ppmv was
calculated by regression. The decreasing catalytic activity
of the electrode materialsis closely correlated with increasing
sensitivity.?® At 600 °C, the composite materials Au-MeO
with Nb,Os and Ta,Os have the highest sensitivities to H,,
and the Nb,Os sensor had a sensitivity > 20 mV/ppmv and
a potential value (EMF) of 600 mV at 800 ppmv H,. The
calibration curve for Au/CeO electrodes exhibits the typical
logarithmic behavior of a potentiometric sensor. The Eu-
NbO4/Au composite electrode had higher sensitivity, but the
signal drifts even at constant Hp-concentration and the rate
of the electrochemical oxidation depends on the time of
exposure to hydrogen. This observation is not unique and
was also observed at some composite electrodes containing
TbNbO,, and it can be due, at least in part, to the elevated
H,-solubility in these materials. The perovskite LaCrgg-
Gay203-5 provides an example of an electrode material with
very low sensitivity to H,, and this is more typical of these
composites analytical characteristics from data reported
originally with regard to the detection of hydrocarbons
(HCs).?® In summary, the above-mentioned research has
shown that Au—Nb,Os and Au—Ta0s are good candidates
for sensing electrodes in H, sensors.

Research aimed at optimization of electrodes for Y SZ-
based potentiometric gas sensors has produced some unique
formulations.* The LaMnOs, Lag7SrosMnOs, ZnM,0O, (M
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= Mn, Co), and MnFe,O, electrodes on YSZ had higher
sensitivity to CO than to H,. In these studies, only aZnFe;O,
formulation had a higher sensitivity to H, than to CO.
Analysis of the catalytic activity of these materials revealed
that the oxide electrode materials also had a higher catalytic
activity for CO oxidation than for H, oxidation. On the other
hand, ZnFe,O, had higher catalytic activity for H, oxidation
than for CO oxidation. This has led to the conclusion that
the gas selectivity of Y SZ-based potentiometric sensorsis a
direct reflection of the relative catalytic activity of electrode
materials.** And this result underscores the importance of
the choice of materials for electrodes for sensor devel opment.

Nanotechnology has apparently contributed to the hydro-
gen sensor stability because the use of nanocomposites of
Au—MeO, seemsto resolve the instability of Au electrodes®!
For example, electrodes made from Au—Ga,0s, containing
20 mass % Ga,0O; nanoparticles, in a potentiometric Y SZ
sensor, kept working with stability up to 850 °C. These
Au—Ga,0; nanocomposite electrodes were prepared by using
thick film technology and were sintered at between 900 and
950 °C.

Considerable success in sensing H, was demonstrated with
electrodes of metal(1V) hydrides.® If a MeH, is unable to
catalyze electrode processes, any possible interference due
to the diffusion of gaseous hydrogen from the sensing to
the reference compartment is avoided. Therefore, even highly
hydrogen-permeable membranes of protonic conductors can
be used with these electrode materials as well as very thin
films which can significantly lower device electrical resis-
tance and facilitate the design of simple and miniaturized
sensors. Noncatalytic metal hydrides with very low hydrogen
pressure include ZrHy and TiHy (Py, ~ 107*° and 107" atm,
respectively, at room temperature). In practice, however,
research has shown that the TiH, electrode, especialy at
higher temperature, tends to become covered by a layer of
oxide, making it increasingly less reversible. Further, al-
though sufficient for a reference electrode, its exchange
current density is only of the order of 0.3 uA/cm?.” The
candidate material for the sensor electrode must have two
main characteristics. (a) a viable electron concentration and
(b) the capability to reversibly insert protons that come from
the electrolyte.”” Another possible candidate of questionable
stability includes tungsten bronze (H,WOs), which is an
electron conductor and can exchange protons through the
following electrochemical reaction:

HWO,+de + oH"=H,, WO, (24)

Finally, experiments have a so shown that the NiO electrode
anodically doped with Ni(lll) can be used in this capacity,
and such electrodes exhibit both reversibility and stability
of potential.

6.5.4. Advantages of High-Temperature Solid Electrolyte
H, Sensors

Specific advantages of high-temperature solid state po-
tentiometric hydrogen sensors can include accuracy, sensitiv-
ity, rugged construction, the possibility for miniaturization,
and the wide concentration range that can be measured. The
use of ceramic solid electrolytes in electrochemical gas
sensors at elevated temperatures allows for the detection of
H, under harsh conditions, where typical aqueous electro-
lytes, liquids, or polymeric materials cannot be used. The
high operating temperature frequently reduces the RH
influence that is bothersome in many sensing applications.
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Figure 41. Response at 500 °C of an aged sensor with an ~13
um ITO electrode; H, in 10% (closed symbols) and ~90% (open
symbols) RH. The two curves at each humidity level represent
before (diamonds) and after (triangles) 18 h a 90% relative
humidity. Responses to CH,, CO,, and H,O are aso shown. (From
ref 91. Copyright 2005. Reproduced by permission of The
Electrochemical Society.)
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Figure42. Sensor response times as a function of H, concentration
measured from the baseline to 90% of the full response (g and
from 10 to 90% of the full response 0o (From ref 91. Copyright
2005. Reproduced by permission of The Electrochemical Society.)

These advantages can be clearly seen if one considersthe
performance of potentiometric sensors using the ITO/Y Sz/
Pt system.®® In Figure 41, the response to H, at 500 °C for
asensor with a 13 um ITO electrode is shown after aging in
air for over 100 h at 500 °C. These measurements were
carried out in the atmosphere with 10% (closed symbols)
and 90% (open symbols) relative humidity. Each pair of
curves represents measurements taken before and after 18 h
at 90% relative humidity. These data indicate that the sensor
isfarly insensitive to relative humidity in the 10—90% range,
with a change in response of <10% (decreasing with
increasing humidity) and no visible hysteresis on cycling the
humidity. In addition, the sensor response is stable and
reproducible in this humidity range over the duration of the
test.

Figure 41 d so illustrates the sensor response to CHy, H;0,
and CO, over varying concentration ranges. The reported
CO, concentrations represent an excess above the ambient
air level (~1%). It can be seen that the sensor is not
responsive to H,O and CO, over the ranges tested. In
contrast, the sensor responds to CHj, although with asmaller
response than to H,. Asarule, high-temperature sensors have
afast rate of response (see Figure 42). Response times of 2
s’ or even less than 1 s (at 500 °C) have been observed.®*
Such aresponse may be acceptable for hydrogen leak sensor
applications.®

Korotcenkov et al.

However, it is still not possible to achieve complete
selectivity with high-temperature H, sensor measurements.
Various gases other than H, can also be detected (Figure
41) whenever they produce or consume protons through any
electrode reaction. Typical examples are CO and NH3,*¥" and
especialy various combustible hydrogen-containing gases
including hydrocarbons.®* Research has shown that the easiest
way of resolving of this problem is the creation of additional
passive filters, preventing penetration of unwanted reacting
molecules and yet allowing the fast diffusing and very
penetrating hydrogen to access the sensing surface. This
would also suggest the use of time dependent thermal,
chemical, or electrical properties to sort out the various
specific molecular interactions, as can be utilized in sensor
arrays.?® For example, a Pd film has been used as a barrier
to prevent chemical attack of the solid electrolyte by
aggressive gases but allow hydrogen permeation for sens-
ing.*° A solid Teflon membrane was used on low-temperature
sensors,®® and certain ceramics and glasses only a few
hundred nanometers thick (e.g., SiO, or SisN,) can also make
an effective barrier for gases while alowing hydrogen to
pass. While Pd is a most suitable material for a barrier, Pd
can change crystal form in H, (this effect is reduced by aloys
with Ni or Ag) and can also change permeation rate with
deposits on its surface. It remains a challenge to engineer a
barrier that does not grossly slow the response time (theoreti-
cal calculations show a 10 s slower response is expected if
a Pd protection cap with a thickness of 0.25 mm is used)
but immensely increases the lifetime while retaining the
sensitivity and stability of the measurement.

6.6. Conductometric Solid Electrolyte H, Sensors

Conductometric solid electrolyte H, sensors are a class of
devices with atmosphere-sensitive conductivity,}? and in
order to be utilized, the materials (solid electrolyte) need to
have their stoichiometry (and therefore electrical conductiv-
ity) change as a function of gas composition. The conductiv-
ity is defined by the transport properties and the impurity
levels in oxides, which in turn can be described, to a first
approximation, by the defect equilibrium and diffusion
rates.’®® The conductivity response to a change in gas
composition is important and should be considered as a
criterion in the selection of a sensor material. The sensor
temperature will affect the time response of condutometric
sensors because ions drift faster at higher temperatures and
the conductometric sensor responds more rapidly to changes
in the H, content of the sample gases at elevated tempera
tures. Therefore, current conductometric sensors are generally
equipped with a heater to maintain the solid electrolyte at a
constant, controlled, and/or elevated temperature.

Most of the available solid electrolytes can be used for
the design of conductometric sensors. However, only avery
limited number of solid electrolytes have been evaluated as
H, sensors,318.172 and most of these are from the family
of perovskite materials.?®® Conductometric solid €lectrolyte-
based H, sensors typically have a configuration similar to
standard semiconductor gas sensors with Pt contacts embed-
ded in the electrolyte.?®>23-241 |n contrast to amperometric
sensors, the conductometric gas sensor electrodes are de-
signed simply for measurement of the conductivity change
taking place in solid electrolytes under hydrogen gas. In this
case, an open porosity of the solid electrolyte is advantageous
and allows rapid gas interaction with the solid. There are



Electrochemical Hydrogen Sensors

0.00008

T T T T T
000007 ] S'C®o0.5"P0,0503

thin film on Al,O,-substrate
0.00006{ T=1000°C

Hy 4

S0%H, i
70%H, r—r—\ 4

50%H,
30%H, 1
20%H,

0.00004 4 i ]

10%H, i

I%H,
L
" H

0 4000 8000 12000 18000 20000
Time - £(s)
Figure 43. The conductance of SrCeygsY by 0505 thin filmsat 1000

°C changes as the ambient changes from N to H,. (Reprinted with
permission from ref 172. Copyright 1998 Elsevier.)

—

0.00005

0.00003

Current- T (A

0.00002 4

0.00001 4

U5 T T 1 d [] d T
1 5rCeq g57bp 5504 "
.1.0d T=1000°C ____..---“ A
/“.’d—-.
:-'-‘-____.--".
-1.54 thin film on - 1
E ALO,-subsirste
[+ d,=70nm
-2.0 1 ]
b
D 25. 14 i
3 ----.-..-....__.-_-—-I
304 T = oop 4
polycryatal, d,=2000nm
3.5 T T T T T T T
-1.5 -1.0 05 0.0
Log Py,

Figure44. Comparison of the electrical conductivity of nano- and
microcrystalline SrCep 95YboosOs as a function of hydrogen
concentration at 1000 °C. (Reprinted from ref 172, Copyright 1998,
with permission from Elsevier.)

several reported constructions of the above-mentioned sensor,
and discussion of mechanismsof operation canbefound. 2352324

The perovskite solid electrolyte material’ s conductivity is
sensitive to the change in H, gas concentration (Figure 43).
The conductivity of SrCepgsY bposOs follows a (PHZ)”4 or
(P1,)Y2 dependence over the hydrogen activity of 1072 <
P, < 10°. The response characteristics, such as sensitivity
and equilibration time, are affected by the microstructure of
the films.*> M easurements show that, for the SrCey g5Y 0503
films (Figure 44), the amplitude of the conductivity deter-
mined for nanocrystalline films was approximately 2 orders
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of magnitude higher than that for microcrystalline materials.
The effect is probably related to the fact that the conductivity
of nanocrystalline specimens is determined by the grain
boundary conduction, where a much higher rate of diffusion
exists compared to that of the bulk.*™

A plot of the temporal response to hydrogen pulses of the
material SrCeyosY boosOz as a conductometric sensor is
shown in Figure 45 at an elevated temperature. Even at high
temperature, the rate of response is relatively slow. There
must be a stoichiometric but reversible reaction that is a
function of hydrogen concentration to account for this change
in conductivity of the solid electrolyte. Both the time of
response and time of recovery depend on hydrogen concen-
tration in the gas blend and can exceed 10 min at concentra-
tions < 10%. The response time is also not exactly
symmetrical, illustrating the fact that the rise and decay are
most likely two different chemical reactions with different
rates and rate determining steps. Sensors with thick films
can have even slower responses,”* undoubtedly due to slower
mass transport in thicker structures. The CH,4 conductometric
sensors designed using a proton conductor, such as
CaZr0;,%* and CO sensors designed using NdCoO; were
also quite slow in response.*” Slow response is a funda-
mental property of perovskite type solid electrolytes most
likely caused by the relatively low rates for ion diffusion in
these materials. In this survey and review, the solid electro-
lyte conductometric sensors do not have any particular
advantage over either classical electrochemical sensors or
the typical semiconductor (HMOX chemiresistor) sensors
that operate at a considerably lower temperature and typically
have afaster regponse.?®~2% The future of perovskite materials
in conductometric sensors seems to be focused not on hydrogen
gas sensors but on investigations of sensorsfor oxygen, acohoal,
CO, and hydrocarbons, 2426247250 At the present, it is apparent
that the functional mechanism of these sensors is most com-
monly a surface one rather than a bulk effect.

7. Outlook

There are no doubts that an ideal sensor for any widespread
application must have both the correct analytical performance
and appropriate logistical properties to be successful. How-
ever, we have to note that there is no universal sensor and
no universal electrochemical sensor, not even for a single
simple gas such as hydrogen. As shown in this review,
electrochemical H, sensors can be stable, require very little
power, and have good signal/noise in many practical ap-
plications. In many designs, sensors have linear operating
characteristics, practical selectivity, excellent repeatability,
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(Reprinted from ref 172, Copyright 1998, with permission from Elsevier.)
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and accuracy. However, at the same time, like virtually any
sensor, electrochemical H, sensors are not completely
specific. We should define practical selectivity as not causing
false positive or negative readings that interfere with the
application. For example, if the sensor improves safety by
saving lives, property, or time and causes so few false alarms
(e.g., 1in 10,000) and the cost of the false alarms is low
compared to life and operational savings, then benefits
outweigh any issue caused by the lack of selectivity and the
selectivity is sufficient for that application.

Most electrochemical H, sensors have a limited temper-
ature range of operation and are sensitive to changes in
temperature. Humidity extremes can destabilize most sensors.
Sensors can have limited storage life and slow start-up if
depolarized. However, the presence of disadvantages does
not outweigh the advantages of having low-power, sensitive
electrochemical H, sensors in many field applications.

There are many crestive and innovative solutions to hydrogen
monitoring in specific cases that have been provided by
electrochemical sensors. Electrochemical sensors compete well
with the myriad of optical, electronic, mechanical, and therma
sensing techniques and particularly when the sensitivity must
be combined with low cost and low power. In general,
electrochemical sensors can be much less expensive than optical,
mechanical, or thermal sensors that include spectrometers or
complex eectronics, and electrochemica sensors can till be
amenable to microfabrication batch processes. ! Unlike cata-
lytic and semiconductor sensors, the el ectrochemical sensor
can often provide a response at room temperature, where
the power required is much lower. Electrochemical sensors
can often operate in the absence of oxygen on the sensing
side whereas the availability of oxygen is essential for
pellistor and semiconductor sensors. In applications such as
cover gas monitoring in Fast Reactors, where there is no
oxygen on the sensing side, the solid—electrolyte proton
conductor hydrogen sensor can be used. Thus, one can state
that electrochemica hydrogen sensors have and will continue
to have an important impact on the market for hydrogen
Sensors.

Many of the electrochemical H, sensors discussed herein
have either advantages or shortcomings in one or more
applications. Potentiometric sensors have a wide dynamic
range but lack accuracy at higher concentrations because of
their logarithmic response. Amperometric sensors are usually
optimized for hydrogen detection in a considerably more
narrow concentration range but have asimple linear response.
Ultimately, the choice of the specific sensor will be condi-
tioned by the requirements the application makes of the
measuring system.

The many alternatives illustrated herein show the pos-
sibilities but have not completely solved all the problems of
hydrogen sensors. New electrode materials with greater
stability are possible. New electrolytes not yet utilized to
any significant extent, such asionic liquids, need to make a
contribution. The structure of the material, i.e. nanostructures,
has just begun to emerge as electrodes and electrolytes. The
geometry of the sensor and control of each interface is
critical, and new MEMS sensors need to emerge for H,
sensing.? Finally, the operating modes for these sensors
have not really been explored. Time dependent signals and
sensor array's can solve many of the selectivity problems that
are till present in today’s hydrogen sensors.

Overadl, there is a growing need for hydrogen sensors for
safety, security, process control, and medical diagnosis. The
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applications will dictate the challenges remaining and put
the pressure on sensor developers for improvements. The
improvements will evolve through the application of human
creativity and the basic knowledge of materias, structure,
fabrication, and operation methods illustrated by the scientific
and engineering reports cited in this review. The most
difficult applications defy all types of sensor technologies,
including electrochemical sensors. The issues yet to be solved
include sensor stability and durability when operating in
severe environments, e.g. environments that exist in places
such as gasifiers and combustion processes. But great
progress has been made. The results reviewed herein illustrate
the insight we have today and provide the fundamental
knowledge needed to move forward. This is to say, there
are more practical opportunities for monitoring today than
ten years ago, and one can envision practical solutions that
integrate new materias, structures, and technology over the
next ten yearsto produce ever better electrochemical sensors
and sensor systems.
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