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WICKING CHANNELS
CROSS-REFERENCE TO RELATED APPLICATIONS
6001} This application claims priority to PCT Patent Application Serial No. PCT/US15/41449
entitled “Inert Corrosion Barriers for Current Collector Protection”, filed 22 July 2015 and PCT
Patent Application Serial No. PCT/US15/46461 entitled “Sensing Electrode Oxygen Control in an
Oxygen Sensor”, filed 24 August 2015, which are both incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

6002} Not applicable.
REFERENCE TO A MICROFICHE APPENDIX
{(6003] Not applicable.
BACKGROUND

{6004} Electrochemical gas sensors generally comprise electrodes in contact with an electrolyte
for detecting a gas concentration. The electrodes are electrically coupled to an external circuit
though lead wires that are coupled to connector pins.  When a gas contacts the electrolyte and the
electrodes, a reaction can occur that can create a potential difterence between the electrodes or cause
a current to flow between the electrodes. The resulting signal can be correlated with a gas
concentration in the environment.

{G005] In some instances, the sensors can be used to detect a concentration of oxygen in an
environment adjacent to the sensor over a range of environmental conditions. Electrochemical
sensors such as oxygen sensors can experience a nuraber of issues during operation.  For example,
when the sensor operates at a cerfain temperature, a concentration of a target gas, or a reaction
product formed by the oxidation or reduction of a target gas, can be dissolved in the electrolyie

within the sensor.  As the temperature increases, the solubility of most gases, including oxygen and
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nitrogen, can decrease and result in the formation of bubbles of the gas or gases. In an oxygen
sensor, these small bubbles of air containing a mixture of nitrogen and oxygen may diffuse to the
sensing electrode and cause instability in the sigoal at the sensing electrodes, where the oxygen may
react by a process of electrochemical reduction at the catalyst surface, resulting in a temporary or
transient artificially high oxygen reading as the finite volume of oxygen gas is consumed at the
sensing electrode.  Other issues, including the availability of electrolyte in contact with the
electrodes and 1ssues with corrosion, can also be present. The presence of bubbles of even an inert
gas such as nitrogen within the sensor can also be a problem as they may create an easy gas phase
path through which oxygen can rapidly diffuse and get to the sensing electrode.
SUMMARY

{3006} Embodiments of the disclosure mclude an electrochemical sensor comprising a
housing defining a reservoir; a sensing electrode; a counter electrode; at least one separator
retaining an electrolyte, wherein the electrolyte provides an ionically conductive pathway
between each of the sensing electrode and the counter electrode within the housing, and a
plurality of channels located on the interior of the reservoir, operable to transport electrolyte
from the reservotr into the separator.

{6007} Embodiments of the disclosure include a method for transporting electrolyte within an
electrochemical sensor comprising providing a housing defining a reservoir; forming channels on
the interior walls of the reservoir, wherein the channels are small enough to create a capillary
effect within the channels; and placing liquid electrolyte within the reservoir, wherein the
channels transport the liqud electrolyte through the reservoir toward a separator within the

electrochemical sensor.
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{6008} These and other features will be more clearly understood from the following detailed
description taken in conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
{6009} For a more complete understanding of the present disclosure, reference is now made to
the following brief description, taken in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like parts.
{6010} FIG. 1 illustrates a schematic cross section of an embodiment of an electrochemical gas

sensor according to an embodiment,

{6011} FIG. 2 illustrates an tsometric view of the electrochemical sensor according to an
embodiment.
{6012} FIG. 3 illustrates an exploded view of an electrochemical gas sensor according to an
embodiment.

{6013} FIG. 4 illustrates a cross-sectional view of an electrochemical gas sensor according to an
embodiment, where the electrochemical gas sensor comprises a stacked arrangement.

6014} FIGS. 5A-5B illustrate an electrode and a separator for use with an electrochemical gas
sensor according to an embodiment,

{6015} FIG. 6 illustrates another cross-sectional view of an electrochemical gas sensor
according to an embodiment.

{6016} FIG 7 illustrates the compression of a housing on a portion of an electrode within an
electrochemical gas sensor according to an embodiment.

{6017} FIG. 8A illustrates a housing for use with an electrochemical gas sensor according to an

embodiment.
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{6018} FIG. 8B illustrates a cross-sectional view of the housing of FIG. 8A incorporated into an
electrochemical gas sensor according to an embodiment.

{6019} FIGS. 9A illustrates a housing for use in an electrochemical sensor according to an
embodiment.

{6020} FIG. 9B illustrates a table for use in an electrochemical sensor according to an
embodiment.

{6021} FIG. 9C illustrates an exploded view of an electrochemical gas sensor according to an
embodiment,

6022} FIG. 9D illustrates a table for use in an electrochemical gas sensor according to an

embodiment.
6023] FIGS. 9E-9G illustrate steps of asserubling an electrochemical gas sensor according to an
embodiment.

{6024] FIG. 10 illustrates an exploded view of an electrochemical gas sensor according to an
embodiment.

{6025} FIG. 11 illustrates a planar separator tor use in an electrochemical gas sensor according
to an embodiment.

{86026} FIGS. 12A-12C iHustrate different methods of removing material from a planar
separator according to an embodiment.

{6027} FIGS. 13A-13B illustrate a shaped separator and a planar arrangement of electrodes
according to an embodiment.

{6028} FIG. 14 illustrates a breather tab used in an electrochemical gas sensor according to an

embodiment.
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6029} FIG. 15 illustrates another view of the breather tab used in an electrochemical gas sensor
according to an embodiment.
{6036} FIG. 16 illustrates a counter electrode and breather tab according to an embodiment.
16031} FIG. 17 illustrates a housing comprising a protrusion according to an embodiment.
{6032} FIG. 18 illustrates a cross-sectional view of an electrochemical gas sensor comprising a
breather tab according to an embodiment.
{6033} FIG. 19 illustrates another view of an electrochemical gas sensor comprising a breather
tab according to an embodiment.
6034} FIG. 20 ilustrates yet another view of an electrochemical gas sensor comprising a
breather tab according to an embodiment.

DETAILED DESCRIPTION
{6035} It should be understood at the outset that although illustrative implementations of one or
more embodiments are illustrated below, the disclosed systems and methods may be implemented
using any number of techniques, whether currently known or not yet in existence. The disclosure
should in no way be liratted to the ilustrative implementations, drawings, and techniques illustrated
below, but may be modified within the scope of the appended claims along with their full scope of
equivalents.
{6036} The following brief definition of terms shall apply throughout the application:
{06637} The term “comprising” means including but not liraited to, and should be interpreted in
the manner it is typically used in the patent context;
{3038] The phrases “in one embodiment,” “according to one embodiment” and the like
generally mean that the particular feature, structure, or characteristic following the phrase may be

included in at least one embodiment of the present invention, and may be included in more than one
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embodiment of the present invention (importantly, such phrases do not necessarily refer to the same
embodiment);

{6639] If the specification describes something as “exemplary” or an “example,” it should be
understood that refers to a non-exclusive example;

{3040} The terms “about” or “approximately” or the like, when used with a number, may mean
that specitic number, or alternatively, a range in proximity to the specific number, as understood by
persons of skill in the art field; and

4 29 6C

{6041} if the specification states a component or feature “may,” “can,” “could,” “should,”

kN4 27 e

“would,” “preferably,” “possibly,” “typically,” “optionally,” “for example,” “often,” or “might” (or
other such language) be included or have a characteristic, that particular component or feature is not
required to be included or to have the charactenistic.  Such component or feature may be optionally
included in some embodiments, or it may be excluded.

{6042} Described herein are various designs and configurations for electrochemical sensors.
Electrochemical gas sensors generally detect the presence of a gas in the atmosphere adjacent the
sensor by allowing a controlled flow (or diffusion) rate of the ambient gases to enter and react within
the sensor. The composition of the electrodes and electrolyte within the sensor can be selected to
react with different gases, thereby enabling a degree of selectivity in determining the ambient
concentration of a targeted gas. The electrochemical sensors can comprise components and
electronic instrumentation (e.g., electronic circuitry such as potential meters, current meters,
potentiostats, and the like) that collectively are capable of detecting gases or vapors that are
susceptible to electrochemical oxidation or reduction at the sensing electrode, such as carbon

monoxide, hydrogen sulphide, sulphur dioxide, nitric oxide, nitrogen dioxide, chlorine, hydrogen,

hydrogen cyanide, hydrogen chloride, ozone, ethylene oxide, hydrides, and/or oxygen.  While some
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embodiments described herein refer to an oxygen sensor, the same configurations and methods can
be used with the appropriate materials to pertorm electrochemical oxidation and/or reduction to
enable detection of any suitable target gas.

{6043} In some aspects, the electrochemical sensors described herein may comprise an oxygen
sensor which relies upon the principle of an oxygen pump. In thistype of sensor, oxygen is reduced

at the sensing electrode and water s oxidized at the counter electrode according to the following half

reactions:
At the sensing electrode: Oz +4H" + 4e” — 2H0 (Eq. 1)
At the counter electrode: ZH:0 — 02+ 4H + de” {Eq. 2)
{6044} The overall reaction results in the consumption of oxygen at the sensing electrode with

an equivalent production of oxygen at the counter electrode.  The overall reaction 13 maintained by
means of a reference electrode and a potentiostat, which drive the sensing electrode 1o a potential
which allows the reaction to proceed. The resulting current between the sensing electrode and the
counter electrode 1s proportional to the oxygen concentration of the ambient gas.  As embodied by
Fick’s Law, this proportionality applies for sensors operating under diffusion limited gas access of
the capillary and full consumption of the target gas at the sensing electrode. In contrast to other
sensors, there is no consuming reaction in which the electrodes or the electrolvte themselves are
consumed.

{0045] Described herein are a number of features for use with an oxygen sensor that can
contribuie 1o the operation of the sensor. In an aspect of the present sensor, contact between an
electrode material and an electrical lead can be maintained over a limited area of the sensor.  This
may allow the separator in contact with the electrode to be separately compressed, generally at a

iower compression level than that of the electrical lead. This may allow the separator that acts to
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retain the electrolyte in contact with the electrode to avoid being over-compressed, which can limit
the amount of available electrolyte in contact with the electrode. Also, linuting the compression to
the contact between the elecirode and electrical lead could even remove the need for a separator at
all, if the electrolyte ts operable to wet the materials in the sensor sufficiently to remain in contact
with them {e.g ionic liquids). At the same time, adequate compression between the electrode and
the electrical lead may be maintained so that the electrical connection between the electrical lead and
the electrode 1s maintained.

{(046] In an aspect of the present sensor, the result of the reactions at each electrode is an
oxygen concentration gradient in the electrolyte. The concentration of the dissolved oxygen in the
electrolyte varies with the composition of the electrolyte, the temperature of the electrolyte, the
atmospheric pressure, and the position relative to the sensing electrode and the counter electrode.
The oxygen concentration at or near the sensing electrode may be around 0%, while the oxygen
concentration in the electrolyte at or near the counter electrode may correspond to a concentration
close to or above the ambient gas concentration.  Within this gradient, the dissolved oxygen and/or
nitrogen concentration may exceed a saturated concentration due to a temperature rise.  As the
temperature rises above the saturation concentration, a gas phase comprising oxygen and/or nitrogen
can form, and the resulting gas phase bubbles can travel to the sensing electrode where they may
react. The resulting spike in the concentration value can result in a false alarm.

{06647} In some aspects, the air/electrolyte interface can be controlled so that the closest interface
is positioned a suitable distance away from the sensing electrode in order to control the oxygen
concentration in the electrolyte surrounding the sensing electrode within the sensor itself
Specifically, a low oxygen zone can be created around the sensing electrode that is substantially

seated off from the air/electrolyte interface. This zone may limit the oxygen introduction to the



WO 2017/014853 PCT/US2016/036684

sensing electrode to that occurring through the wetted separator. In order to control the inlet
oxygen diffusion rate, the relative geometric parameters of the separator can be adjusted along with
the relative distances between the sensing electrode, the reference electrode, and the counter
electrode so that a flux of the oxygen to the sensing electrode is controlled. This may provide an
oxygen sensor having an improved resistance to spiking failures across a broad range of
temperatures.  In some embodiments, a sealed area around the sensing electrode can be used to limit
the amount of oxygen reaching the sensing electrode to a liqund-phase diffusional flow, which may
be orders of magnitude slower than gas phase ditffusional flow. The sealed area may himit or
prevent oxygen in a gas from contacting the separator adjacent to the sensing electrode, which may
help to avoid any spiking failures.

{0048] In other aspects, the interface for the sensing electrode can occur based on gas diffusion
through a gas diffusion membrane that is part of the sensing electrode.  In this embodiment, the gas
can contact the membrane within the sensor and diffuse to the electrode interface to form a
three-phase gas/electrolyte/electrode interface for carrying out a reaction, which can produce the
signal used to indicate an armount of the gas present.

{6049] in some aspects, the separator used with the sensor can be planar, and the use of a
specific geometry may allow for various oxygen gradients to be controlled.  Various features such
as the cross-sectional area along the length of the separator can be controlled through the shape of
the separator. In some aspects, various ablation patterns can be used to control a diffusion rate
through a portion of the separator. The overall design of the separator may then allow a specific
gradient of reactants (e.g., dissolved oxygen, ions, etc.} to be maintained during operation of the

SEnSOrs.
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{8050} In an aspect of the sensor, a breather tab can be used to allow gases that collect within the
sensor body to be vented.  Problems can arise when a liquid electrolyte level within the sensor body
covers a breather vent. By himiting the contact between any accumulated gas phase and the breather
material, the gas cannot pass through the vent to an exterior of the sensor body.  As disclosed
herein, a breather tab can be used that passes through the sensor body along an elongated path. The
path allows the breather tab to be in contact with the gas phase, and thereby vent gas from the sensor
body at a wide variety of electrolyte hiquid levels and onentations of the sensor.

{6051} in still other aspects, various wicking designs can be used with the sensor to aid in
electrolyte transport between an electrolyte reservoir and the separator.  The sensor can generally be
designed so that the electrolyte is in contact with the separator, which serves as a wick to retain the
electrolyte in contact with the electrodes. In some instances (e.g., low electrolyte levels, differing
orientations, etc.), the electrolyte may not property wick into the separator.  In order to transport the
electrolyte from a reservoir to the separator, wicking channels can be included within the sensor
body or housing to further transport the electrolyte to the separator. Various structures such as
capillary channels can be formed 1n one or more portions of the inner surface of the housing.  This
may serve to wick the electrolyte to the separator at a wide variety of angles and electrolyte levels.
{8052} FIG. 1 illustrates a cross-section of an embodiment of an electrochemical sensor 100, and
FI1G. 2 illustrates an isometric view of the electrochemical sensor of FIG. 1 with the layout of the
separator and electrodes illustrated. The electrochemical sensor 100 can comprise a multi-part
housing including at least a body 102 defining a hollow interior space 110 for receiving and
retaining an electrolyte (e.g., forming an electrolyte reservoir), a base 104, and a cap 106. The base

104 and the cap 106 can sealingly engage the body 102 to form an integral umt.
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{8053} The body 102 may have a generally rectangular or square shape, though other shapes
such as cylindrical, oval, oblong, or the like are also possible.  The body 102, the cap 106, and the
base 104 can all be formed from materials that are inert to the selected electrolyte.  For example, the
body 102, the cap 106, and/or the base 104 can be formed from one or more plastic or polymeric
materials. In an embodiment, the body 102, the cap 106, and/or the base 104 can be formed from a
material including, but not limited to, acrylonitrile butadiene styrene (ABS), polyphenylene oxide
(PPO), polystyrene (PS), polypropylene (PP), polyethylene (PE) {e.g., high density polyethylene
{(HDPE)), polyphenylene ether (PPE), or any combination or blend thereof.

{8054} One or more openings can be formed through the body to allow the ambient gas to enter
the interior space 110 and/or allow any gases generated within the housing to escape. In an
embodiment, the electrochemical sensor 100 may comprise at least one inlet opening 140 to allow
the ambient gas to enter the housing, and at least one exhaust opening 142 to allow any gases
generated by the counter electrode 111 to exhaust from the housing. The inlet opening 140 and/or
the exhaust opening 142 can be disposed in the cap 106 when a cap 1s present and/or in a wall of the
body 102, The inlet opening 140 and/or the exhaust opening 142 can comprise a diffusion barrier to
restrict the flow of gas (e.g., oxygen) to the sensing electrode 115 The diffuston barrier can be
created by forming the inlet opening 140 and/or the exhaust opening 142 as a capillary, and/or a film
or membrane can be used to control the mass flow rate through one or more of the openings 140,
142.

{0055} The inlet opening 140 and/or the exhaust opening 142 may serve as capillary openings to
provide a rate limited exchange of the gases between the interior and exterior of the housing. Inan
embodiment, the inlet opening 140 may have a diameter between about 20 pum and about 200 pm,

where the opening can be formed using a conventional drill for larger openings and a laser drill for

3!
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smaller openings. The inlet opening 140 may have a length between about 0.5 mm and about §
mm, depending on the thickness of the cap 106, The exhaust opening 142 may have a diameter and
length in the same ranges as the inlet opening 140, In some embodiments, two or yoore openings
may be present for the inlet gases and/or the exhaust gases.  When a membrane 1s used to control the
gas flow {or ditfusion) into and/or out of the housing, the opening diameter may be larger than the
sizes listed above as the film can contribute to and/or may be responsible for controlling the tlow rate
of the gases into and out of the housing. In general, the gas access between the ambient
environment and the interior of the electrochemical sensor 100 1s intended to occur through the inlet
opening 140, When exhaust opening 142 is present, the exhaust opening 142 can be configured so
that the rate of ditfusion through the exhaust opening 142 may be less than that through the inlet
opening 140, thereby reducing any access through the exhaust opening 142 relative to the inlet
opening 140

{3056} A porous membrane {e.g., vent membrane 314 in Figure 3} can also be disposed within
the sensor 100, a portion of which can serve as a vent membrane to allow any gas formed within the
sensor to pass through the membrane and out the exhaust opening 142 to the atmosphere.  The vent
membrane may be porous to a gas, but can generally form a barrier to the passage of any liquids such
as the electrolyte solution in order to form a liquid seal relative to the outside environment. In an
embodiment, the vent membrane can be formed from polytetrafiuoroethylene (PTFE), fluorinated
cthylene propylene (FEP), polyethylene (PE), polypropylene (PP), polymethyl methacrylate
(PMIMA), polyethylene terephthalate (PET) polvaryletheretherketone (PEEK), perfluoroalkoxy
(PFA), ethyvlene chlorotrifluoroethylene (E-CTFE), and any combination thereof. The vent
membrane can cover the exhaust opening 142, and in some aspects can be sealed around the vent to

prevent fluid leakage from the interior of the sensor through the exhaust opening 142, The flow rate
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of the gas between the reservoir 110 and the vent membrane covering the exhaust opening 142 can
be controlled by the relative permeability of the vent membrane to selected gases.

{B057] A porous membrane 122 can also be disposed within the sensor 100, a portion of which
can serve as a breather tab to allow any gas forming within the sensor to pass through the membrane
to the vent membrane. In some embodiments, the porous membrane 122 can serve as a vent
membrane over the exhaust opening 142 The porous membrane 122 may be porous to a gas, but
can generally form a barrier to the passage of any Hquids such as the electrolyte solution in order to
allow any gas to pass through the porous membrane 122 to the vent membrane and/or the exhaust
opening 142 In an embodiment, the porous membrane 122 can be formed from
polytetrafluoroethylene (PTFE), fluorinated ethylene propylene (FEP), polyethylene (PE},
polypropylene (PP), polymethyl methacrylate (PMMA), polyethylene terephthalate (PET)
polyaryletheretherketone (PEEK), perfluoroalkoxy (PFA), ethylene chlorotrifluoroethylene
(E-CTFE), and any combination thereof. The porous membrane 122 can cover the exhaust opening
142, The flow rate of the gas between the reservoir 110 and the porous membrane 122 can then be
countrolled by the relative permeability of the porous membrane 122 to selected gases. When the vent
membrang 1s present, the porous membrane 122 may have a higher gas permeability to allow the
gases within the sensor 100 to pass to the vent membrane.

{6058] A higher density, lower porosity bulk flow mermbrane 124 can be disposed within the cap
106 to serve as a barrier to the bulk flow of gases into the sensor 100 while allowing for relatively
free diffusion of gas through the bulk flow membrane 124, which can impart tolerance to local
environmental pressure changes that can disrupt the diffusion controlled operation of the inlet
opening 140. The inlet opening 140 through the cap 106 and/or the bulk tlow membrane 124 may

provide a restrictive and/or tortuous diffusional path to allow the gases 1o the atmosphere to pass into

13
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the sensor 100 to react with the electrodes and electrolyte solution at a flowrate that does not cause
undesirable sensor response characteristics, which can manifest as significant increased responses
over an extended period such as minutes to hours depending upon the magnitude of the bulk flow
gas volume that diffused through the capillary.

{3059] The inlet opening 140 may provide an opening into the central space within the housing.
The resulting incoming gases {e.g, including the target gas) may contact the electrolyte, for
example, within the separator 120, In an embodiment, the exhaust opening 142 can be disposed
adjacent to the counter electrode 111 and can serve to allow gases generated at the counter electrode
111 to escape from the housing so that the gases do not accumulate within the housing and create
false readings by flowing to the sensing electrode 115.

{3060} It can be usetul to minimize the parts count in the sensor design due to the implications
for cost and complexity of manufacture and reproducibility of assembly. It can also be
advantageous during the assembly of the sensors to use full or partial automation when there are
fewer parts to handle. There is a constraint within most instrurment designs that the gas access must
be on the upper x-y plane due to the need to allow clear gas access while the instrument 1s being held
in the hand with the display clearly visible. This constrains many of the geomeitrical options for the
designer. One aspect of the design which helps to meet this requirement is the cap section, and in
particular, the portion of the cap 106 containing the inlet opening 140. This is designed to be located
in the outer shell of the instrument. In this way, the internal sensor volume can be created n a
region which would normally be left as a void n traditional sensors.  In some aspects, the cap can
contain various elements such as the filter, bulk flow membrane, and inlet opening.

6061} Within the electrochemical gas sensor 100, a separator 120 may be disposed between the

body 102 and the cap 106.  The separator 120 can comprise a porous member that acts as a wick for

14
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the retention and transport of the electrolyte between the reservoir and the electrodes.  In general,
the separator 120 is electrically insulating to prevent a direct electrical connection between the
electrodes through the separator matenial itself (e.g., as opposed to through the electrolyte). In an
embodiment of the separator, the separator may comprise high volume, non-woven separator
materials such as a porous felt and/or a non-woven, unbound, glass fiber separator material
described as Whatman GFA separator. This typical separator matenial is manufactured in roll form
where the glass density (or “grammage”) 1s nominally uniform along and across the roll. The
separator 120 can comprise a woven porous material, a porous polymer (e.g., an open cell foam, a
solid porous plastic, etc .}, or the like, and is generally chemically inert with respect to the electrolyte
and the materials forming the electrodes.  In an embodiment, the separator 120 can be formed from
various materials that are substantially chemically inert to the electrolyte including, but not Hinuted
to, glass (e.g., a glass mat), polymer (plastic discs), ceramics, or the like.

{6062} In some aspects, the electrolyte can comprise an aquecus electrolyte, an ionic liquid, a
solid electrolyte, and/or a liquid non-aqueous, non-ionic additive.  In an aspect, the electrolyte can
comprise any aqueous electrolyte such as an aqueous solution of a salt, an acid, or a base depending
on the target gas of interest. In an embodiment, the electrolyte can comprise a hygroscopic acid
such as sulfuric acid for use in an oxygen sensor.  Other target gases may use the same or different
electrolyte compositions.  In addition to aqueous electrolytes, 1onic hiquid electrolytes can also be
used to detect certain gases. The electrolyte can be maintained within the sensor 100 to allow the
reactions to occur at the sensing electrode 115 and the counter electrode 111, In some embodiments
the electrolyte can comprise a non-ionic, non-aqueous fluid, gel, or solid, which can be appropriately
doped to provide the 1onic characteristics to the electrolyte.  In an embodiment, the electrolyte can

be a liquid that is maintaived in the separator 120, which acts as an absorbent medium to retain the
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electrolyte in contact with the electrodes. In some embodiments, the electrolyte can be present in the
form of a gel.  In an embodiment, the electrolyte may comprise a carrier or other additive, such as
poly(ethylene glycol), poly(ethylene oxide), poly(propylene carbonate).

{6063} In an embodiment, the electrolvie can comprise a solid electrolyte. Solid electrolytes
can include electrolytes adsorbed or absorbed into a solid structure such as a solid porous material
and/or materials that allow protonic and or electronic conduction as formed.  In an embodiment, the
solid electrolyte can be a protonic conductive electrolyte membrane. The solid electrolyte can be a
perfluorinated ion-exchange polvmer such as Nafion. Nafion is a hydrated copolymer of
polytretaflucroethylene and polysulfony! fluoride vinyl ether containing pendant sulfuric acid
groups. When used, a Nafion membrane can optionally be treated with an acid such as HsPOy,
sulfuric acid, or the like, which mmproves the moisture retention characteristics of Nafion and the
conductivity of hydrogen ions through the Nafion membrane. The sensing, counter and reference
electrodes can be hot-pressed onto the Nafion membrane to provide a high conductivity between the
electrodes and the solid electrolyte.

{6064} The counter electrode 111, reference electrode 113, and sensing electrode 115 within the
electrochemical gas sensor 100 can be electrically connected to an external circuit through one or
more electrical connections. In an embodiment, the electrodes 111, 113, 115 may have connector
pins 112, 114 extending through the base 104 and/or the body 102 that can be electrically coupled,
directly or indirectly, with the electrodes 111, 113, 11S. While not shown 1n FIG. 1, the sensing
electrode 115 can have a connector pin disposed through the base 104 to contact the sensing
electrode 115, The external surfaces of the connector pins 112, 114 can be electrically coupled to

an external circutt.  The connector pins 112, 114 may sealingly engage the base 104 and/or the body
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102 so that the connector pins 112, 114 are substantially sealed from the interior space 110 of the
electrochemical gas sensor 100

6065} The connector pins 112, 114 can be formed from an electrically conductive material,
which may be plated or coated.  In an embodiment, the connector pins 112, 114 can be formed from
brass, nickel, copper, or the like. The connector pins 112, 114 can be coated to reduce degradation
due to the contact with the electrolyte. For example, the connector pins 112, 114 can include a
coating of precious metal such as gold, platinum, silver, or the like, other base metals such as tin, or
other metals such as niobium and tantalum.  In an embodiment of an electrochemical sensor, the
pins may comprise gold flash plated, nickel coated brass pins.

{6066} In some aspects, the connector pins 112, 114 can contact the electrode directly, through a
conductive layer, and/or one or more current collectors such as a metal wire or conductive ribbon
can be used to conduct electrical charges generated at active electrode surfaces to the connector ping
112, 114, which tend to be more robust than the metal wire or ribbon.  When current collectors are
used, the connector pins 112, 114 can facilitate connection between the current collectors and an
external electronic circuit.

{6067} The external circuitry can be used to detect a current between the sensing electrode 115
and the counter electrode 111 to determine the target gas concentration in an ambient gas in contact
with the sensor 100, A potentiostatic circuit can be used to maintain the potential of the sensing
electrode 115 at a predetermuined value relative to the reference electrode 113 independently from
the counter electrode 111, whose potential remains uncontrolled and limited only by the
electrocatalvtic properties of the electrode.  In an embodiment, the potential of the sensing electrode
115 relative to the reference electrode 113 can be set at a value of between about -300 and -800 mV

for the electrochemical sensor 100 when the target gas is oxygen. In some embodiments, the
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sensing electrode 115 and the reference electrode 113 may comprise platinum when the potential of
the sensing electrode 115 relative to the reference electrode 113 is set at a value of between about
-300 and -800 mV for the electrochernical sensor 100 when the sensing gas is oxygen.

{6068} The electrodes 111, 113, 115 generally allow for various reactions to take place to allow
a current or potential to develop in response to the presence of a target gas such as oxygen. The
resulting signal may then allow for the concentration of the target gas to be determined. The
electrodes 111, 113, 115 can comprise 4 reactive matenal suttable for carrying out a desired reaction.
For example, the electrodes 111, 113, 115 can be formed of a mixture of electrically conductive
catalyst particles in a binder such as polytetrafluorcethylene (PTFE). For an oxygen sensor, an
exemplary electrode can comprise carbon (e.g., graphite) and/or one or more metals or metal oxides
such as copper, silver, gold, nickel, palladium, platioum, ruthenium, intdiom and/or oxides of these
metais. The catalyst used can be a pure metal powder, a metal powder combined with carbon, a
metal powder supported on electrically conductive medium such as carbon, or a combination of two
or more metal powders either as a blend or as an alloy. The materials used for the individual
electrodes can be the same or different.

{6069] The electrode can also comprise a backing material or substrate such as a membrane {o
support the catalyst mixture. The backing material or substrate can comprise a porous material to
provide gas access to the electrode through the substrate. The backing material may also be
hydrophobic to prevent the electrolyte from escaping from the housing.

{6070} The electrodes can be made by mixing the desired catalyst with a hydrophobic binder
such as a PTFE emulsion and depositing the mixture on the backing material.  The electrodes might
be deposited onto the substrate, by for example, screen printing, filtering in selected areas from a

suspension placed onto the substrate, by spray coating, or any other method suitable for producing a
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patterned deposition of solid material. Deposition might be of a single material or of more than one
material sequentially in layers so as, for example, to vary the properties of the electrode material
through its thickness or to add a second layer of increased electrical conductivity above or below the
layer which is the main site of gas reaction.

{6071} When the target gas is oxygen in a sensor using a diffusion limited opening {(eg, a
capillary, etc.), the oxygen concentration at the sensing electrode 115 within the sensor results from
both the oxygen diffusing to the sensing electrode 115 through the separator 120 as well as oxygen
entering the separator 120 as a result of a gas/separator 120 interface at any point along the separator
120 within the sensor 100, When the gas can contact the electrolvte in the separator 120 adjacent to
the sensing electrode 115, a substantial portion of the oxygen contacting the sensing electrode 115
can result from the contact between the gas and the electrolyte in the separator 120 adjacent to the
sensing electrode 115, This can result in a localized oxygen concentration in the electrolyie that
exceeds the saturation concentration or solubility at certain temperatures. A temperature rise could
then result in a higher rate of gaseous oxygen diffusion to the active catalyst of the sensing electrode
115, as a direct result of gas evolution from the electrolyie and subsequent contact with the sensing
electrode 115 1o create a transient “spike” in the cutput cusrent.

6072} In some aspects, the design of the separator 120 can be used to help prevent spiking
failures by designing the separator 120 to provide a pressure resistance to a bubble gas containing
oxygen from passing through the separator 120 and reaching the sensing electrode 115 during
environmental pressure changes. The separator 120 can be designed so that the pressure resistance ts
higher than the pressure resistance through the vent, thereby routing the gas through the vent to exit
the sensor housing.  As an example, pressure changes of up to about 400 maillibar can be associated

with teraperature changes from -40 °C to +60 °C and back again. The separator 120 can be
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designed to provide a pressure resistance to a gas bubble of at least about 400 millibar, at least about
SO0 millibar, or at least about 600 millibar.

{6673] In order to avoid the potential for spiking in some aspects, the oxygen concentration at or
near the sensing electrode 115 can be controlled to a level less than the threshold oxygen solubility at
the operational temperature. In general, the dissolved oxygen concentration in the electrolyte at or
near {e.g., within several millimeters) the sensing electrode 115 should be as close to zero as
possible, thereby ensuring that the majority of the measured sensor response results from the
controlied diffusion rate of gaseous oxygen through the capillary gas entry hole, rather than the less
controlled, internal diffusion rate of dissolved oxvgen through the separator 120, Limiting or
preventing the internal diffusion rate of oxygen can improve the correlation between the sensor
response and the gaseous oxygen concentration of the external environment. Ideally, the rate at
which the oxygen reaches the sensing electrode 115 from the environment in which the oxygenisto
be detected should be less than the consumption rate of the oxygen at the sensing electrode 115 (such
that the electrode may be diffusion limited over all conditions over the life of the sensor). Typically,
for most embodiments of this sensor type, the consumption rate of oxygen at the sensing electrode
115 {e.g., the reduction rate) may be greater than the diffusion rate of gaseous oxygen to the sensing
electrode 115 from the environment in which the target gas is to be detected through all openings in
the sensor 100, When additional internal diffusion of dissolved and/or gaseous target gas occurs
from the electrolyte near the sensing electrode 115, the current generated 1o the circuit may correlate
poorly with the external target gas concentration.

{6074] In an embodiment, the threshold may be a saturation concentration at a design
temperature.  For example, the threshold may be the oxygen saturation concentration in the

electrolyte at the upper operating temperature specified for the sensor 100, In some embodiments,
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the threshold may be a percentage of the saturation concentration at a specified temperature. This
may allow for a safety factor to be included in the design of the electrochemical sensor 100, For
example, the target gas (e.g., oxygen) concentration may be controlled to less than about 90%, less
than about 80%, or less than about 70% of the saturation concentration at a specified temperature.
{6075] The target gas concentration at or near the sensing electrode 115 can be controlled in a
number of ways including providing a spacing between the counter electrode 111 and the sensing
electrode 115, limiting a gas/electrolyte contact at or near the sensing electrode 1135, and/or selecting
a geometry for the separator 120 retaining the electrolyie to limit the flux of the target gas to the
sensing electrode 115 to a rate that is less than a consumption rate of the target gas at the sensing
electrode 115 (e g, a target gas reduction rate at the sensing electrode 115}

{6076} In an oxygen sensor, a dissolved target gas concentration gradient can be established in
response to the operation of the electrochemical sensor between the counter electrode 111 and the
sensing electrode 115 under normal operational conditions. Alternatively, in another sensor such asa
CO sensor or even in oxygen sensors having a different configuration, there may be no gradient of
target gas within the separator, since CO 15 not evolved at the counter electrode and the incoming CO
from the capillary should be consumed by the sensing electrode 115, In some oxygen sensors, the
dissolved target gas concentration gradient may generally be expected to represent a concentration
either at, or approaching, the solubility limit of dissolved target gas in the electrolyte surrounding the
counter electrode 111 and either low, or approximately zero, concentration of dissolved target gas in
the electrolyte arcund the sensing electrode 115 when the electrochemical sensor 100 is used in
typical operational environments. Since the target gas concentration in the electrolyte decreases

towards the sensing electrode 115, the creation of a suitable distance between the counter electrode
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111 and the sensing electrode 115 can be used to limit the concentration of dissolved target gas in the
electrolyte near the sensing electrode 115 to less than the threshold.

{6677} In an embodiment, the separation distance can be provided by forming an ionically
conductive pathway between the electrodes 111, 113, 115 having a desired length. The sensing
electrode 115, the reference electrode 113, and the counter electrode 111 can be disposed on the
ionically conductive pathway, with a distance separating each electrode. In an embodiment, the
ionically conductive pathway can extend in any direction within the housing in order to achieve a
desired spacing. The resulting separation may include a labyrinth configuration so that the ionically
conductive pathway is not in a straight line, which would result in an oxygen sensor having
relatively large dimensions.

6078} In an embodiment as shown in FIG. 2, the separator 120 can comprise a planar
counfiguration, and each of the electrodes 111, 113, 115 can be disposed in a planar configuration in
contact with the electrolyte retained in the separator 120.  As shown, the separator 120 may form an
ionically conductive pathway, hereafter referred to as a “conductive pathway,” by virtue of the
electrolyte being retained in the separator 120, The separator 120 can extend in a plane within the
housing between the counter electrode 111, the reference electrode 113, and the sensing electrode
115, In this embodiment, each of the electrodes 111, 113, 115 may be disposed in a substantially
planar arrangement to contact the electrolyte in the planar separator 120, The conduction pathway
may not extend in a straight line within the housing, which may allow the conduction pathway to
attatn the desired length or separation between the electrodes while maintaining a compact sensor
design. While the conduction pathway does not extend in a straight line, a single conduction

pathway 1s formed in which the sensors are arranged in series on the pathway. For example, the



WO 2017/014853 PCT/US2016/036684

middle electrode is disposed between the two end electrodes, and a shorter path is not present
between the end electrodes than between either of the end electrodes and the middle electrode.
{6079} In an embodiment as shown in FIG. 2, the sensing elecirode 115 and the counter
electrode 111 can be disposed at the ends of the conduction pathway, and the reference electrode 113
can be disposed between the sensing electrode 115 and the counter electrode 111.  This
configuration locates the reference electrode 113 at a position where 1t is subject to relatively steady
concentration gradients of dissolved target gas and 1ons diffusing through the electrolyte, which may
reduce the current variations generated by the potentiostatic driver circuitry that manifest as
measurement fluctuation or drift.  The steady concentration gradients across the reference electrode
in this configuration may be considered a more robust design solution for producing a stable
reference potential than the highly varable and fluctuating concentrations of protons and dissolved
target gas that might be generated across the reference electrode 113 when it is positioned outside of
the potential gradient, which can result in increased tluctuation or drift in the circuit.

{3089} The distance between the electrodes 111, 113, 115 on the conduction pathway may affect
the potential for spiking to occur. In an embodiment, the distance along the conduction pathway
{e.g., along a centerline of the conduction pathway} between the counter electrode 111 and the
reference electrode 113 may be between about 1 mm and about 20 mm or between about Zmm and
about 15 mm, where the reference electrode 113 1s disposed between the counter electrode 111 and
the sensing electrode 115 In some embodiments, the distance (e.g., along a centerline of the
conduction pathway} between the sensing electrode 115 and the counter electrode 111 may be
between about 5 mm and about 30 mm, or between about 7.5 mm and about 25 mm. The relative
ratio between the electrodes 111, 113, 115 may also affect the target concentration gradient. In an

embodiment, a ratio of a distance between the counter electrode 111 and the reference electrode 113



WO 2017/014853 PCT/US2016/036684

to a distance between the counter electrode 111 and the sensing electrode 115 can be between about
1:1 and about 1:10, or between about 1:1.5 and about 1:5.

{6081} In some embodiments, a diffusion barmer may be provided within the sensor 100 to
prevent the cross-diffusion of target gas to the sensing electrode 115, This configuration may allow
the conduction pathway to place the sensing electrode 115 relatively close to the counter electrode
111 without any target gas generated at the counter electrode 111 reaching the sensing electrode 115,
The use of a diffusion barrier may also allow the separator 120 to be positioned within a compact
sensor while providing the separation needed to control the spiking type errors. In some
embodiments of the sensor 100, the body 102 may comprise one or more breather slots 220
{described in more detail below).
{6082} As shown in FIG. 2, the diffusion barrier can be formed around the sensing electrode 115
while the reference electrode 113 and the counter elecirode 111 are disposed outside of the area
defined by the diffusion barrier. The diffusion barrier can comprise a seal formed between the cap
106 and the body 102, In an embodiment, the seal can comprise a shoulder 202 formed on the body
102 and/or the cap 106, with a corresponding recess 204 or mating structure on the other component.
A compliant material may be disposed on the shoulder 202 and/or the recess 204 to form a seal
between the body 102 and the cap 106. The shoulder 202 can be formed from the same material as
the body 102 and/or the cap 106, and may comprise an integral structure with the body 102 or the cap
106. The compliant seal, when present, may comprise any iropermeable materials that 15 inert with
reapect to the electrolyte and has a sufficiently low gas permeation rate to ensure a low dissolved
target gas concentration is maintained in the electrolyte around the sensing electrode 115,

{6083} When the cap 106 and the body 102 are enclosed, the shoulder 202 may contact the

recess 204, and any compliant seal may be positioned there between so that a seal is formed in the
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area around the sensing electrode 115, In some embodiments, a joining process {e.g., ulirasonic
welding, etc.} can be used to fuse the two components to enhance the seal between the body 102 and
the cap 106. A similar barrier may be formed around the perimeter of the body 102 and the cap 106
as part of the manufacturing process for the sensor 100 to seal the housing and prevent the electrolyte
from leaking.

6084} In some embodiments, a small gap may exist between the shoulder 202 and the recess
204, or at an edge of the joint between the shoulder 202 and the recess 204, When the material of
the shoulder 202 and the recess 204 are hydrophilic, a small amount of the electrolyte may be
retained in the gap due to capillary action, resulting in a layer of the electrolyte being maintained at
the seal between the cap 106 and the body 102. The relatively small gap size along with the
electrolyte disposed 1o the gap may form a diffusion barrier that has a greater diffusional resistance
than the separator 120, thereby effectively hmiting the diffusion of any gas through the chamber
edge as compared to the diftusional path through the separator 120.

G085} When the body 102 and the cap 106 are engaged, a chamber 206 can be formed by an
inner surface of the body 102, an inner surface of the cap 106, and the inner surface of the shoulder
202. The edge seal may also define a surface of the chamber 206, The chamber 206 may have an
opening 208 through which the separator 120 retaining the electrolyte can extend. Within the
chamber 206, the separator 120 may be positioned to maintain contact between the electrolyte and
the sensing electrode 115, The separator 120 retaining the electrolyte may substastially fill the
opening 208 so that any gas within the sensor 100 is substantially prevented from entering the
chamber 206 through a convective flow.

{0086} When the separator 120 substantially fills the opening 208, the target gas reaching the

sensing electrode 115 may onginate from target gas diffusing through the electrolyte retained in the
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separator 120 from ocutside of the chamber 206, for example, as resulting from a gas/electrolyie
interface outside of the chamber 206. The distance between the opening 208 and the sensing
electrode 115 may be small compared to the conduction pathway length between the counter
electrode 111 and the sensing electrode 115, In an embodiment, the portion of the separator 120
contained within the chamber 206 may be configured to provide a target gas concentration within the
electrolyte within the separator 120 corresponding to less than about a 1%, less than about a 0.8%,
fess than about a 0.6%, less than about a 0.4%, less than about a 0.2%, or less than about a 0.1%
target gas concentration at the sensing electrode 115, In an embodiment, the distance between the
opening 208 and the sensing electrode 115 may be between about 0.1 mm and about 4 mm, or
between about 0.5 mm and about 1.5 mm. A similar distance may be provided around the sensing
electrode 115 within the chamber 206 in the event that any target gas is able to enter the chamber 206
through the seal.

{6087} The positioning of the sensing electrode 115 within the chamber 206 may limit the area
of the gas/electrolyte interface and reduce or prevent a gas/electrolyte interface within the chamber
206, which can himit the potential for creating a high target gas concentration at or near the sensing
electrode 115, Rather, any target gas diffusing to the sensing electrode 115 must diffuse through
the electrolyte in the separator 120 over a short distance between the exterior of the chamber 206 and
the sensing electrode 115 within the chamber 206. The resulting zone of decreased target gas
concentration within the electrolyte roay help limit the potential for the target gas concentration to
exceed a saturation concentration in the electrolyte within the chamber 206, Any gas evolving due
to a temperature rise may then be prevented front reaching the sensing electrode 115 except through

the electrolyte in the separator 120
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{0088} In any of the embodiments described herein, the geometry of the separator 120 may
atfect the flux of target gas to the sensing electrode 115 through the electrolyte in the separator 120,
and the geometry can be selected so that the rate of target gas diffusion to the sensing electrode 115
is less than a consumption rate of target gas at the sensing electrode 115 {e.g., an oxygen reduction
rate at the sensing electrode 115). The thickness of the separator 120 (e.g., a distance perpendicular
to the plane of the separator 120) near the chamber 206 may be determined by the available distance
between the cap 106 and the body 102 when the sensor i3 assembled. In an embodiment, the
separator 120 may contact both the cap 106 and the body 102, In some embodiments, the thickness
of the separator 120 may be between about 0.5 mm and about 5 mm.  The width of the separator 120
at the opening 208 may be based on a total area available for the diffusion of target gas into the
charber 206 through the electrolyie retained n the pores of the separator 120 Tn general, the area
for diffusion {e.g., the product of the width times the thickness along with the porosity of the
separator 120} may affect the total amount of target gas diffusing into the chamber 206 through the
electrolyte to contact the sensing electrode 115, In some embodiments, the width of the separator
120 at the opening 208 may be between about 0.5 mm and about 20 mm, between about S mm and
about 17 mm, or between about 6 mm and about 15 mum. The selection of the material for the
separator 120, the selection of the electrolyte and electrolyte concentration, and/or the desired target
gas detection range can affect the selection of the available area of the separator 120 at the opening
208,

{0089} In use, the sensor 100 can detect a target gas concentration of a gas tn the environment in
which the sensor 100 is disposed. Referring to FIG. 1 and FIG. 2, the gas in the environment
around the sensor 100 can enter the housing through an inlet opening 140 so that the target gas can

be received within the housing. As described herein, the housing can comprise the counter
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electrode 111, the reference electrode 113, and the sensing electrode 115. The target gas can
contact the separator 120 retaining the electrolyte.  The separator 120 with the electrolyte retained
therein forms the ionically conductive pathway between each of the electrodes 111, 113, 115, which
can be disposed in a planar alignment. In an oxygen sensor, a potentiostatic circuit can be used to
maintain a potential of the sensing electrode 115 lower than the reference electrode 113, and as a
result, the target gas may begin to be reduced at the sensing electrode 115 while water 1s oxidized at
the counter electrode 111, The target gas can thus be consumed at the sensing electrode 115 and

in another elecirochemical sensor, a

S

regenerated at the counter electrode 111, Alternatively
potentiostatic circuit may maintain a potential of the sensing electrode 115 higher than the reference
electrode 113. The target gas generated at the counter electrode 111 can pass through a diffusional
barrier and pass out of the sensor 100 through an exhaust opening 142, A target gas concentration
gradient can then be formed in the electrolyte in the separator 120 between the counter electrode 111
and the sensing electrode 115, A current can be developed based on the reaction of the target gas
and water at the sensing electrode 115 and the counter electrode 111, which may allow the target gas
concentration in the gas contacting the separator 120 to be determined.

{6090] During the detection process, the target gas concentration in the electrolyte at or near the
sensing electrode 115 can be limited to less than a threshold amount. In general, the target gas
concentration in the electrolyte in the separator 120 can be himited to less than a saturation
concentration at a predetermined temperature, and in some embodiments, the target gas
concentration in the electrolyte in the separator 120 can be Hmited to less than a percentage of a
saturation concentration at a predetermined temperature. In an embodiment the length of the
separator 120 and the distance between the counter electrode 111 and the sensing electrode 115 can

be selected so that the target gas concentration along the target gas concentration gradient 1s below
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the threshold at or near the sensing electrode 115, For example, the target gas concentration along
the target gas gradient may be below the saturation concentration in the electrolyte at a
predetermined temperature, or below a percentage of a saturation concentration at the predetermined
temperature, within about 0.5 mm, within about 1 mm, within about 2 mm, within about 4 mm, or
within about 5 mm of the sensing electrode 115,

6091} In some embodiments, the sensing electrode 115 can be disposed within the chamber 206
formed within the housing.  The separator 120 can extend 1nto the chamber 206 to provide contact
between the electrolyte in the separator 120 and the sensing electrode 115, The separator 120 can
be positioned within the chamber 206 and the opening 208 to prevent or limit any gas/electrolyte
contact within chamber 206. Controlling how gas moves within the sensor 100 may rely on the fact
that gas ditfusion through the gas phase is orders of magunitude faster than gas diffusion through
liquid. Therefore, while a wetted separator is a very effective barrier to gas diffusion, even a small
void or aperture can immediately create a relatively facile gas path. Thus, the separator must
completely fill the opening 208 in the barrier to provide the required control. In some
embodiments, sorne amount of gas/electrolyte contact roay occur within the chamber 206, but the
gas may not be able to be exchanged with a gas outside of the chamber 206, thereby limiting the
potential for the formation of a high-target gas concentration gas contacting the electrolyte in the
separator 120 near to the sensing electrode 115, The use of the chamber 206 may limit the rate at
which the target gas can ditfuse to the sensing electrode 115 during the detection process and thereby
limit the target gas conceniration along the target gas gradient near the sensing electrode 115 to less
than the threshold amount.

6092} In some embodiments, limiting the target gas concentration in the electrolyte can include

iumuting the diffusional flux of target gas through the electrolyte in the separator 120 to less than a
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rate of target gas oxidation and/or reduction at the sensing electrode 115, In some embodiments, the
diffusional flux may be controlied to be lower than the lowest detection limit required of the sensor.
The choice of the geometry of the separator 120, the geometry of the chamber 206, the use of one or
more breather slots, and/or the relative positioning of the electrodes may all be used to limit the
diffusion of target gas in the electrolyte to and/or from the sensing electrode 115,

6093} In the sensor 300 shown in FIG. 3, the sensor 300 may comprise a body 330, a support
table 302, one or more O-rings 334 located below the support table 302, a shaped separator 312, a
reference electrode 308, a counter electrode 310, and a sensing electrode 306, The sensor 300 may
also comprise a vent membrane 314, a sensing electrode diffuser 316, and one or more contact
pressure pads 318 operable to apply pressure to the one or more electrodes 306, 308, 310. The sensor
300 may also comprise a top cap 320 with a sealing ring, an adhesive ning 322, a condensation
blocker 324, a dust membrane 328 and dust membrane support 326, As shown in the sensor 300, an
injection molded thermoplastic elastomer (TPE} (or similar soft material) can be molded to positions
on one or more surfaces of the sensor 300, For example, TPE can be molded to one or more
surfaces of the body 330 and/or support table 302, where the TPE can aid in creating a seal at
different material interfaces. This may prevent electrolyte leaking out of the sensor at the TPE to
plastic interfaces and the TPE to electrode matenial interfaces, and may prevent the electrolyte from
contacting corrodible parts, such as the contact pins 332, The compliant nature of the TPE can also
take up voids around the sensing electrode 306 further reducing the opportunity of having small air
pockets migrating to the sensing electrode 306 and/or reference electrode 308, potentially creating
signal instability and/or false alarms. The molded TPE may prevent gases {e.g., (2 on the sensing
electrode 3006, other cross sensitive gases on the reference electrode 308, etc.) from entering the

sensor 300 via the TPE to plastic interface and reacting on the electrodes 306, 308, 310, As shown in
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FI(3. 3, the support table 302 may comprise a raised ring 304 operable to seal around the sensing
electrode 306, when the sensor 300 is assembled. In some embodiments of the sensor 300, the
support table 302 may comprise one or more breather slots 340 (described 1n more detail below).
{06094} The sensor 300 may be assembled by over-molding the plastic body component using a
suitable material, in this case TPE. One or more applications or components could be used,
although for cost reasons, a single over-molded application to create the pin seals, oxygen cross over
barrier, and/or reference cross over barrier can be used.  The compression of the seals may be in the
same direction as the component assembly, in this case the Z direction, to facilitate fault finding,
although it is possible to assemble in the Z direction and seal in the X and Y directions. The area of
the electrode backing tape that is not covered by catalyst may be compressed with the TPE to
remove any voids in this area.

{6095} In order to reduce any current loss resulting from internal electrical resistance between
the electrades and the current collectors and/or contact pins, a low contact resistance between the
current collector and the electrode surface is usetul.  Typical contact solutions within gas sensors
rely on the compression of porous separator components to physically push the current collector into
contact with the electrode material.  However, this type of compression can result in
over-compression of materials such as the separator that is electrically non-conducting and has a low
mechanical strength and poor elasticity.  Geometric tolerances of the internal sensor components
surrounding the compressed separator, variations in the mechanical properties of the separator under
compressive load forces, and the susceptibility of all supporting components to compressive creep
affect the compression force used to obtain a low contact resistance. Additionally, throughout the
operational lifetime of the sensor, the compressive force applied by the separator material on the

current collector can be affected by the mechauical forces resulting from external stresses such as
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vibration, impact, and thermal cycling. For many sensor designs, the resultant increase in electrical
contact resistance can potentially result in various failure modes such as partial/complete loss of
sensor output and/or slow speed of response to the target gas.

6096} In order to address potential over-compression issues, the elements of the sensor may be
designed to separate the compression requirements for ensuring contact between the
electrolyte-retaining materials with the electrodes (e.g., the separator, etc.} and between the electrical
countacts by which the electrodes are conuected to the external circuit. The separation of the
compression regions may allow a solid pin {(e.g., a contact pin surface) to contact the electrode,
rather than requiring an intermediate connection to a flexible ribbon current connector, which is
compatible with compression within a stack.

{3097} FIG 4 illustrates a means of facilitating hard contact points between electrodes and
current collectors 1n electrochemical sensors. The sensor 400 shown in FI(G. 4 takes the electrical
connection between each electrode 410 and its associated contact pin outside of the electrode stack
(defined as the area of layered components wherein each component is in intimate contact with
components both above and below it). The sensor 400 can have an alternative electrode geometry
{shown in FIG. SA}that incorporates at least one protruding tab 411 that can be oriented to the point
of electrical connection to the pin outside of the electrode stack where a hard plastic or sprung plug
412 can be used to create a low contact resistance under high compressive force without applying the
compressive force to the separators 404 within the electrode stack. In an embodiment of the sensor
400, one or more of the separators 404 may comprise a shape matched to the electrode 410 shown in
FIG. 5A, where the tab of the separator 404 may be compressed with the tab of the electrodes 410.
The electrical contact can be made with the electrode material. When a separator 404 is present, a

foil or other contact can extend between the electrode and the separator, where the presence of the
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separator should not interfere with the electrical contact formed by the compression of the materials.
Utilizing a protruding tab 411 has the added benefit that a sensor designer may be able to optimize
the electrode stack compression differently than the electrical contact compression to thereby
provide for effective electrolyte wicking and retention by the porous separator material(s) and
extend the operational humidity and temperature range(s) of the sensor 400.

{6098} The sensor 400 may comprise a housing 401 defining an interior space {Or reservoir)
430, The sensor 400 may comprise one or more separators 404 (also shown in FIG. SB), wherein the
separators 404 may be shaped to fit around the plugs 412, In an embodiment of the sensor 400, the
electrodes 410 may comprise a shape matched to the separator 404 shown in FIG. 5B, where the
edges of the electrodes 410 and/or separator 404 may be compressed by the plugs 412, In the sensor
400 shown in FIGS. 4 and 6, a flexible current collector 414 may be electrically coupled to the
electrodes and the external contact pins. A portion of the current collector(s} 414 may be held
between the tabs 411 of the electrodes 410 and the plugs 412, wherein the plugs 412 create a first
compression force on the portion of the current collector 414 and the tab 411, The plugs 412 can
comprise a resilient material that provides a biasing force when corapressed.  The plugs 412 can
also be formed from a chemically inert material to avoid corroston issues within the sensor when
contacted by the electrolyte.  The electrode stack may be held between the top cap 402 and the table
420. During assembly of the sensor 400, the electrode stack can be placed under a second
compression force by the assembly of the top cap 402 and the table 420, The first compression
force may be different from the second compression force. In an embodiment of the sensor, the first
compression force may be greater than the second compression force. Alternatively, the second
compression force may be greater than the first compression force. In FIG. 6, the top cap 402 of the

sensor 400 may comprise an indent 403 allowing the tab 411 to extend into the indent 403.
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60991 In some aspects, a lead frame can be used to improve contact between a current collector
or contact pin and an electrode in an electrochemical gas sensor.  This configuration may help to
avoid the use of current collectors and improve sealing around the edges of electrodes to prevent gas
access via diffusion, bulk flow etc.  As shown in FIG. 7, instead of using a wire or ribbon current
collector pressed against the sensing electrode, the edges of the electrode 710 and/or the supporting
tape {(or separator} 712 may be clamped between two or more parts of the housing 702 and 704.
The housing 704 may comprise a polymer with a molded-in lead frame 714 so that the lead frame
714 contacts the edge of electrode 710. The housing 702 and 704 may be designed such that the lead
trame 714 does not contact the electrolyte 718 but is sealed from it by compression against the
electrode 710 and supporting tape 712, Alternatively, exposed parts of lead frame 714 could be
plated with a metal which will not adversely interact with the electrolyte, including any of those
metals described herein with respect to the contact pins such as gold, platinum, silver, tantalum,
niobium, tin, or the like, where the composition may depend on the electrolyte used.

{60100] In FIG 7, the electrode 710 is supported on supporting tape 712. The edge 711 of the
electrode 710 and backing tape 712 can be clamped between two parts of housing 702 and 704
which may optionally contain a molded in lead frame 714. The approach may be used with the
sensing electrode where regions 718 and 716 can be electrolyte and air respectively, or a reference or
counter electrode where regions 718 and 716 may both be electrolyte.  Additionally, the approach
of clamping the edge 711 ruay be used with a separator or ionically conducting membrane in place of
frame 714 may not be required.

{60101}  As shown in FIGS. 8A-8B, the sensor 800 may use contact pins 802 passing through the

sensor body to press directly against the electrode. The required compression can be applied via a
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compliant pad such as the plugs described herein.  As described in more detail herein, the
compression of the contact pins 802 with the electrodes may be separate from the compression
applied to the electrolyte contaimng wicking elements {(e.g., one or more separators, ¢fc.} in the
sensor.  Sealing of the contact pins 802 against electrolvie leakage may be achieved by a variety of
methods. For example, the sealing may be achieved by using epoxy potting at the base of the
contact pins. The sealing may alternatively or additionally use a long molded-in section with barb
or side extension structures to increase electrolyte tracking path-length between the countact pin
surface and the wall of the housing. The overall path-length used to prevent leaks can increase the
thickness of the wall section as the path-length increases, wherein the path-length may be limited in
some instances by the available thickness of the wall section.  The seal may also use one or more
O-ring seals disposed in a suitable recess in the contact pin and/or body. In some designs,
over-molded O-ring seals can be used instead of separate seal components disposed in any recesses.
{30102] The material of the contact pins 802 1n any of the configurations described in this entire
disclosure can be chosen to protect the pins from the electrolyte. For example, the connector pins can
be formed from an electrically conductive and corrosive material (brass, nickel, copper, or the like)
which may be plated or coated to reduce degradation due to the contact with the electrolyte. For
example, the coating may comprise one of gold, tungsten, niobium, tantalum, platinum, or any alioy
or combination thereof. Alternatively, the material of the connector pins may be non-corrosive.
Exemnplary materials include gold, tungsten, wobium, tantalum, platinum, or any alloy or
combination thereof.

{60103] While the above sensor is described in the context of an oxygen sensor, similar concepts

and practices could be used in a variety of electrochemical sensors.
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{60104] In some aspects, wicking structures can be used with the sensor to improve the sensor
performance. Electrochemical systems employ a variety of electrolytes having a range of physical
properties. Typically, successful practical designs for small, low cost, low power sensors may rely
on liquid electrolytes such as sulfuric acid. Despite the challenges involved in retaining such
aggressive materials within housings and dealing with material compatibility issues, liquid
electrolytes still may offer improved environmental performance, which is a key driver for devices
which must operate 1n a wide range of environmental conditions, including a large range in
temperatures and humidity.

{80105]  Proper transport of the electrolyte within the sensor allows the separator, and more
particularly the desired portions of the separator, to remain wetted to maintain proper operation of
the sensors.  In general, the electrochemical reactions occur at the three~-phase interface between the
catalysts, gas, and electrolyte. For systems utilizing liquid electrolytes, the electrolyte must be
transported from a reservoir to the areas adjacent to the electrodes to form the three-phase interface.
It the electrolyte is not adequately transported to the appropriate locations within the separator, then
a sensor placed under environmental stress may fail due to an inadequate formation of the
three-phase interface. For example, the separator may dry out at or near an electrode, resulting in an
inadequate performance of the sensor.

{60106} In order to improve the electrolyte transport within the sensor, channels can be used
within the sensor that preferentially move the liguid to the perimeter of the reservoir where the
electrolyte can be transported into contact with the separator and/or a specially formed and treated
separator, which is differentially compressed by mating features on the sensor casing parts.

{60107] The channels can be used in conjunction with wicking features to transport the

electrolyte to the internal components in order for them to function correctly. For example, gas
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diffusion electrodes need to be partially wetted and provided with ionic connection between other
electrodes in order to produce a functional electrochemical cell and separators require the electrolyte
to form barriers to internal gas flow.  Additionally, the ratio between the total available internal free
space and the electrolyte volume contributes to (and may define) the environmental “window” {(or
time to failure) under specified operational environmental conditions of temperature and humidity,
and so it 1s desirable to utilize a component that fills as small a volume as possible in order to
improve the environmental window for the product.

{60108] In an embodiment of a sensor, the walls, floor, and cetling of the reservoir may be
utilized to create surface “buttresses” provided with channels, where the dimensions of the channels
are chosen to promote electrolyte transport. In some aspects, larger channels can be used to direct the
fluid flow to certain areas within the reservoir where the electrolyte can contact wicking features.
The dimensions of the wicking features may be small encugh to create a capillary effect, allowing
the liquid electrolyte to be transported by the channels to the separator. The one or more melded or
machined channels located within the reservoir may be used to transport the free electrolyte towards
a separator material, which has a pore size volume distribution under the local conditions of
compression to produce a differential capillary atiraction which draws the electrolyte from the
mechanical wicking channel into the separator to thereby enable both the separator and contacting
gas diffusion electrodes to function correctly. By using the appropriate combination of larger
channels to direct the electrolyte and wicking features to transport the electrolyte from the reservoir
to the separator, the location of the wetting of the separator can be conirolled to some degree. For
example, the wicking features may be aligned to provide the electrolyte at or near one or more of the

electrodes.

I
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{60109}  As shown in FIG. BA, the base of the housing 804 may comprise one or more pins 802
(described above}. The pins 802 may fit into bosses 805, wherein the bosses 805 may comprise
narrow corners 806 at the attachment point between the bosses 805 and the housing 804. These
corners 800 may have features comprising at least three-sided channels with dimensions that are
suitable for wicking the electrolyte located within the housing 804 upward toward the pins 802,
wherein the electrolyte may be directed into the separator at or near the contact point with the pins
802, Additionally, the housing may comprise one or more wicking channels 808 located
throughout the base of the housing 804, wherein the wicking channels 808 may be operable to direct
electrolyte flow, particularly when the level of electrolyte within the reservoir of the housing 804 is
low. In other words, the channels 808 may cause the electrolyte to flow and/or be directed by
capilary forces to the corners 806 of the bosses 805, where the electrolyte may then be directed
upward, via capillary forces at the corners 809, into the separator.

{60110} In some embodiments, one or more surfaces of the channels 808 and/or the capillaries
can be surface treated to provide a suitably attractive finish to aid in directing the fluid flow. For
example, when the electrolyte comprises an aqueous fluid, the surfaces can be treated to be
hydrophilic to attract the electrolyte and aid in transporting the electrolyte to the desired area in the
base and into the separator. Various surface treatments such as a plasma treatment can be used to
modity the surface. In some embodiments, portions of the base can be treated to be hydrophobic to
direct the electrolyte to the desired wicking areas, which can then be suitably hydrophilic. The
selection of material for the formation of the base may also be based on the type of electrolyte to take
into account the desire to direct the tlow of the fluid into the desired area. For non-agueous
electrolytes, the surface treatment can be selected to produce the desired attractive or repulsive

forces to help direct the electrolyte to the wicking features.
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{60111} FIG. 8B shows a cross-sectional view of the assembled sensor 800, where the channels
808 may direct electrolyte flow within the reservoir 810 toward the corner 806 of the boss 80S. Then,
the corner 806 may ditrect electrolyte flow into the separator 812, The channels 808 may be
particularly effective in areas located furthest from the bosses 805 along relatively large, flat
surfaces along the base of the housing 804.

{00112} In some sensors, the channels 808 may comprise a width of approximately 250
rotcrometers (pum). To some sensors, the channels 308 may comprise a width of approximately 300
um. In some sensors, the channels 808 may comprise a width between approximately 200 um and
400 um. In some sensors, the channels 808 may comprise a width between approximately 100 um
and 500 pym. In some sensors, the channels 808 may comprise a width less than approximately 500
um.  In some sensors, the channels 808 may comprise a depth of approximately 500 um. In some
sensors, the channels 808 may comprise a depth less than approximately 600 pm. Io some
embodiments, the channels 808 can be significantly larger (e.g., to server as bulk flow channels) and
only the wicking features 806 at or around the bosses 805 may comprise small dimensions.

{60113] The use of the channels, as described above, may ensure that even when there is
relatively little electrolyte within the sensor, the electrolyte is localized at or near wicking features
and then moved {via the channels) to the points where the buttresses intersect the separator. The
separator may then absorb the liquid, thereby ensuring that the electrodes are preferentially wetted.
This functionality is assisted by the use of differential compression and/or selective control of the
degree of hydrophobicity of different regions of the separator. The buttresses may access the
separator at a number of cut-outs around the perimeter of the support table which align with the

capillary buttresses in the reservoir walls below.
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{00114} When the electrolyte volume is high (for example after extended periods spent in high
humidity environments}, there 1s likely to be free electrolyte (i.e. not localized within the separator
ot the buttress slots) within the reservoir. Io this case, depending upoun the orientation of the sensor,
the electrolyte may additionally contact the separator through the free space where the counter
electrode breather tab (as described in more detail herein} can pass through the support table and/or
through the breather slots in the support table under the counter electrode.

[601158] The use of channels within the reservoir may reduce the part count necessary to produce
the internal capillary forces required for directional flow of an aqueous electrolyte. Introducing sharp
geometric edges, either by insert molding or machining, may create high energy surfaces that
preferentially wet and produce desirable ditferential surface energies that effectively retain the
electrolyte within the mechanical wicking “channel”. The effectiveness and wettability of a wicking
channel (generated by higher surface energy) seems from practical experimentation to be superior
for channels previously wetted by acid and/or plasma conditioning,

j60116] Referring now to FIG. 9A the mechanical wicking features in the housing 904 comprise
a mixture of channels 908 and vertical ridges (or buttresses) 905 whose profile includes narrow
portions 906 shaped to promote the required capillary motion of electrolyte. In the housing 904
shown in FIG. 9A the connection pins 902 are encased in the housing 904 along only a portion of
their length. This may provide manutacturing advantages (in terms of pin retention in the molding
tool used to form the housing), and may provide a flat top to the boss 903 where an O ring 922
(shown in FI(G. 9C} can be located as an electrolyie seal.

{60117}  As the pin bosses 903 no longer reach the table, additional upstanding buttresses 905
have been added to transport electrolyte up the side walls ("up’ refers to the ‘normal’ sensor

orientation but is understood to have little meaning in practical applications where the device can
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rest in any orientation). Referring now to FIG. 9B, the table 910 may comprise saucer-shape
connection points 912 operable to fit over the pins 902 held within the housing 904, wherein an
O-ring may fit between the bosses 903 and the connection points 912, Additionally, the table 910
may comprise indentations 914 around the edge of the table, where the buttresses 905 may mate with
these indentations 914 and theretore aliow contact with the separator (wherein the table 910 may be
lpcated between the buttresses 905 and the separator. The table 910 may also comprise wicking
channels 918 operable to direct electrolyte toward the indentations 914,

{60118] Referring now to FIG. 9C, an exploded view of the electrochemical gas sensor 900 is
shown. As described above, O-rings 922 may fit over the pins 902 within the housing 904, and the
table 910 may fit over the O-rings 922 The O-rings 922 may be compressed by the saucer-shaped
features on the underside of the table 910. The separator 920 may be located against a surface of the
table 910, wherein electrolyte may be wicked through the table 910 into the separator 920. The
separator 920 may be in contact with a plurality of electrodes 930, 932, and 934. A top cap 924 may
fit over the other elements onto the top of the housing 904, wherein compression plugs 936 may be
located over the contact points between the pins 902 and the electrodes (where the pins 902 extend
through the table 910 and the separator 920). The top cap 924 may also comprise a filter 926, a
restrictor 928 and/or a dust cover 929 located over the inlet/cutlet of the sensor 900,

{60119} The sensor table 910 may comprise a rectangular cutout 916 to allow a protrusion
feature 925 of the top cap 924, as well as a breather tab 931 to pass through the table 910 into the
housing 904 (as described in more detail below).

{60120} FIG 9D illustrates another embodiment of a table 940 comprising saucer-shaped

connection points 942, indentations 944, and wicking channels 948 The pattern of the wicking
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channels 948 may vary depending on the application and use of the sensor. Additionally, the table
940 may comprise a cut-out 946 located somewhere within the table 940,

{60121] FIGS. 9E-9G illustrates an assembly of the sensor 900, The O-rings 922 may be installed
over the pins 902 of the housing 904. The top cap 924 may be assembled with the table 910 (and
separator) and installed onto the housing 904, wherein the table 910 contacts the O-rings 922, FIG.
9G shows the assembled sensor 900.

{60122] The sensors as described herein can use a suitable electrolyte to provide the ionic
conduction of charge necessary for correct electrochemical operation. Typically, sensor designs
have electrode components nominally perpendicular to a common axis, referred to hereafter as a
“stacked” design. Such stacked designs can include a plurality of separators between the stacked
electrodes to electrically isolate the electrodes while maintaining the electrolyte in contact with the
electrodes.

{00123}  Typical separators may be formed from fiber sheet material that is cut or punched into a
simple geometric shape for ease of manufacture. When filled with an electrolyte, the separator may
bias the effective cross sectional areas of the interfacial phases towards solid/liquid/solid (e.g.,
catalyst/electrolyte/catalyst) interfaces rather than the liquid/gas (e.g., electrolyte/internal “air”
reserveir) interfaces at the edges of these stacked components.

{60124} In an embodiment of a sensor, the sensor may comprise a shaped separator containing
electrolyte that is 1n intimate contact with two or three electrodes orientated nominally in a common
plane, referred to hereafter as a “planar” design, to provide the ionic connectivity required for
operation of an electrochemical sensor. A planar arrangement of electrodes offers a practical
solution to the primary issue of separately improving the compression required for fluid transport

and electrical connectivity, as described in more detail herein.
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{60125]  Lateral separation of electrodes allows separation and simplified, more accurate control
of the compression applied to fluid transport and connection aspects. For example, one separator
overlaying an electrode (which can be connected electrically via a completely different part of the
structure) has a more controllably defined compressibility than a conventional stacked design having
3 electrodes, 3 or more separators, insulators, and current collectors, all of which can have
competing compression needs.  In addition to better fundamental control, the planar arrangement
also allows lateral variation of compression across these well-defined structures which can be
beneficial (e.g., in promoting and/or selectively controtling electrolyte transport). This can be
achieved by hard features on the sensor casing and/or table to increase/decrease pressure on chosen
arcas of absorbents. For example, a distance or gap between the sensor casing and table can vary
laterally to thereby vanably compress the separator across the sensor.  Another benefit of planar
designs is that the overall volume of separator material required to ensure the full electrode areas
remain in contact with electrolyte is reduced, even without shrinking the size of the electrodes
themselves.

{60126} A planar electrode arrangernent can use a planar separator arrangernent. A planar
separator aliows for the use of a single shaped component rather than separate components for each
separator, thereby allowing for simplifications in assembly and improvements in reliability. Planar
separators can suffer from electrolyte transport issues, which may result in portions of the separator
having an insufficient supply of electrolyie, even while other portions may be saturated with the
electrolyie. This may be true, for example, when a gas is evolved from an electrode, which can result
in the evaporation of a portion of the electrolyte.  As a result, electrolyte transport within the planar

separator may need to be controlled during operation.
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{80127} The variance in geometry of the shaped planar separator may also allow the ionic
resistance between the electrode pairs to be selectively modified during the design and construction
of the sensor. For example, a thin strip of wetted separator may connect an “isolated” (e.g., not
located directly on a flow path between the sensing and counter electrode) reference electrode to the
potentiostatic controlled sensing electrode, providing similar functionality to that of a “Luggin”
capillary.

[60128] Forming the shaped separator may comprise laser cutting of a sheet material, which may
allow for complex and accurate parts to be manufactured, thereby reducing geometric tolerances in
the X-Y plane and reducing variations in the stack compression due to the localized glass density,
pore volume, and tortuosity. By reducing the number of separator layers used for a typical stacked
sensor design and the large cross sectional areas of the separator that are used to provide a
suffictently large area of contact between opposing separators, the “environmental window” {as
described above} of operation can be increased as a result of needing less electrolyte to wet the
smaller volume of separator material.

{60129}  Further modification of the glass density, and thereby the porosity of the separator, can
be made in the Z axis by local compression of the separator between opposing faces of the sensor
enclosure, care being required not to damage the fibers (e.g., glass fibers, polymer fibers, etc.) of the
separator. The separator might be configured to improve the electrochemical performance of the
electrochemical sensor, for example, by reducing any “polarization” effects associated with the local
proton concentration in the electrolyte which can lead to a dramatic disturbance in the
electrochemistry occurring at the three electrodes.

{60130]  Additional benefits to a planar electrode and separator configuration can include the

effective formation of a feature known in the wndustry as a “partition” between the reference and
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sensing electrodes. According to standard fluid dynamics for a non-compressible liquid in a tube
{(e.g. the Hagen-Poiseuille equation states that the volumetric flow rate is inversely proportional the
length of the tube, analogous to the length of the porous wetted separator in this case) the increased
resistance to electrolyte flow will effectively make the sensor more tolerant to internal pressure
differences resulting from environmental transients of pressure and/or temperature that might
generate a current “spike” or “glitch,” as described in more detail herein.  However, any increase in
the resistance to electrolyte flow may also reduce the ability for the electrolyte to flow and wet
various areas of the separator.

{60131} FIG 10 illustrates an exploded view of a sensor 1000, wherein the sensor 1000
comprises a body 1004 and base 1002. The body 1004 may comprise contact pins 1006 operable to
pass through a separator 1012 (which may be a shaped separator) to contact electrodes {counter
electrode 1010, reference electrode 1008, and sensing electrode 1009). The sensor 1000 may also
comprise pressure pads 1018 operable to apply pressure to the electrodes 1008, 1009, 1010 and the
contact pins 1006 to ensure a low resistance electrically coupling between the contact pins 1006 and
the electrodes 1008, 1009, 1010, As noted herein, current collectors could also be used in various
configurations to electrically couple the contact pins 1006 with the electrodes1008, 1009, 1010
The sensor 1000 may also comprise a top cap 1020 operable to seal with the body 1004, as well asa
carbon cloth 1022, or other filter(s) or membranes.

{60132}  The shaped separator 1012 can be used to create an ionic path with the width of the
separator 1012 controliing the ionic resistance between each electrode. Also, the separator 1012 can
create electrical isolation between the electrodes when required. The separator 1012 also provides
water management by compression of specific areas of the separator 1012, or by thinning the

separator 1012 with a laser, both of which can be used to control the local density and porosity of the
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separator 1012, The separator 1012 may create a wetted barrier to prevent gases (e.g., gases
comprising oxygen} from directly contacting the sensing electrode 1009, By using the shaped
separator 1012, the force {or pressure) required to create an electrical contact with the electrodes
may be separately controlled from the compression force required for the destred ievel of capillary
action through the separator 1012,

{60133] Controlling the density and/or compression of the separator 1012 along its length may
allow for one or more gradients to be formed within the separator 1012 material, where the flow of
the electrolyte through the separator 1012 may be controlled by the gradients. The separator 1012
may be formed of a fiber material (such as glass fibers) where the tibers may have a consistent size
or diameter. Therefore, when portions of the fiber material are removed, and the separator is
compressed within the assembled sensor, different sized voids may be created between the glass
fibers. This may create differences in capillary attraction within the separator 1012 and therefore
directionality for the electrolyte to flow within the separator 1012, The voids may also create
localized reservoirs for retention of the electrolyte.  The retained electrolyte can then flow into an
arca as needed in the event of electrolyte loss, for example as a result of drying out at one or more
locations {e.g., at or near an electrode).

{60134] An application of this technique may allow for localization of electrolyte around one or
more of the electrodes. For example, water exchange between the interior and exterior of the sensor
may occur more rapidly at certain focations within the sensor (such as the counter electrode and/or
the sensing electrode). By altering the density and compression of the separator, the flow of the
electrolyte within the separator may be directed toward these locations where water is lost,

increasing the performance of the sensor. Additionally, the flow of the electrolyte within the
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separator may be controlled for sensors used in extreme dry or wet conditions, depending on the
problems created within the sensor by these conditions.

{60135} FIG 11 shows the shaped separator 1012, which may be defined as “planar” The
separator 1012 may be formed from any of the materials described herein as being used to form the
separator 1012, The planar shaped separator 1012 may comprise a width 1102, alength 1104, and a
thickness 1106. The planar shaped separator 1012 may also comprise elements (contact points,
cut-outs, thinned portions, shaped portions) which may vary and may be adjusted based on the
application and use of the separator 1012,

{80136] In an embodiment of a planar separator 1012, the ratio of the length 1104 and/or width
1102 to the overall thickness 1106 may be at least 20/1. In an embodiment of a planar separator
1012, the ratio of the length 1104 and/or width 1102 to the overall thickness 1106 may be at least
40/1. In an embodiment of a planar separator 1012, the ratio of the length 1104 and/or width 1102 to
the overall thickness 1106 may be approximately 70/1.

{60137} In an embodiment of a planar separator 1012, the thickness 1106 may be less than
approximately 10% of the width 1102 and/or length 1104, In an embodiment of a planar separator
1012, the thickness 1106 may be less than approximately 2% of the width 1102 and/or tength 1104
In an embodiment of a planar separator 1012, the thickness 1106 may be approximately 1.5% of the
width 1102 and/or length 1104,

{60138]  To some cases, the separator 1012 may have a thickness 1106 of less than approximately
0.5 millimeters (mm). In some cases, the separator 1012 may have a thickness 1106 of
approximately 0.25 mm. In some cases, the separator 1012 may have a width 1102 of at least
approximately S mm. In some cases, the separator 1012 may have a width 1102 of at least

approximately 10 mom. To some cases, the separator 1012 may have a width 1102 of approxirnately
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17.5 mm. In some cases, the separator 1012 may have a length 1104 of at least approximately 5 mm.
In some cases, the separator 1012 may have a length 1104 of at least approximately 10 mm. In some
cases, the separator 1012 may have a length 1104 of approximately 17 mm.

{60139} The separator 1012 may comprise openings {(or contacts} 1110, 1112, and 1114 for
providing contact points between the electrodes and the pins. The distance along the separator 1012
between the contacts 1110 and 1112 may be at least approximately 10 mm (between counter
electrode 1010 and reference electrode 1008). In some cases, the distance along the separator 1012
between the contacts 1110 and 1112 may be at least approximately 15 mm.

{80140] The distance along the shaped separator 1012 between the contacts 1112 and 1114 may
be at least approximately 10 mm (between reference electrode 1008 and sensing electrode 1009}, In
some cases, the distance along the separator 1012 between the contacts 1112 and 1114 may be at
least approximately 10 mm.

{60141} The distance along the separator 1012 between contacts 1110 and 1112 may be greater
than the length along the separator 1012 between contacts 1112 and 1114, The width of the separator
1012 between the contacts 1110 and 1112 may be greater than the width of the separator 1012
between the contacts 1112 and 1114 In other words, the overall area of the separator 1012 between
the contacts 1110 and 1112 may be greater than the overall area of the separator 1012 between the
contacts 1112 and 1114

{00142}  Asshownin FIGS. 12A-12C, when the separator material 1s placed and retained between
parallel surfaces, a distribution of “pores” may be created throughout the separator material, which
can be utilized to both retain and wick (by capillary atiraction) aquecus electrolytes. One method of

modifying the local porosity of these materials involves the inclusion of local geometric features.
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Additionally, by employing a laser cutting process to selectively ablate (or remove) glass fiber
material from the separator, the local glass density can be reduced.

{00143] A typical “reservorr” design would involve an internal volume that 1s free of glass fiber
material {maximum volume with minimum electrolyte retention) that contains “free” electrolyte that
might contact the compressed separator material (1.¢. a step change to uniform porosity) and thereby
be wicked away from the reservoir by capillary attraction. A separator may also comprise additional
separator geometrical features {e.g. tabs, rings etc ) to improve the effectiveness and likelthood of
electrolyte contact under the target application conditions.

{60144] The separator materials illustrated in FIGS. 12A-12C incorporate continuous separator
geometry of graduated glass density to optimize the capillary attractive forces to draw electrolyte
from the reservoir with the minimum amount of glass material. A laser may be used to produce an
array of “holes” or ablate material from the target surface to modity the glass density locally.
{60145] FIG 12A illustrates a first example of material comprising holes 1202 {(or removed
material), wherein the geometry of the holes 1202 varies along the length of the material, thereby
varying the density of the material along the length. A first section 1204 may comprise a first pattern
of holes 1202. A second section 1206 may comprise a second pattern of holes 1202, wherein the
holes 1202 of the second pattern are spaced further apart than the first pattern. A third section 1208
may comprise solid material, where no holes have been created in the material. In the example
shown in FIG. 12A, the density of the material may increase from the first section 1204 to the second
section 1206, and may increase from the second section 1200 to the third section 1208,

{60146] FIG 12B illustrates a second example of material comprising holes 1212 {(or removed
material), wherein the geometry of the holes 1212 varies along the length of the material, thereby

varying the density of the material along the length. A first section 1214 may comprise a first pattern
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of holes 1212 A second section 1216 may comprise a second pattern of holes 1212, wherein the
holes 1212 of the second pattern are spaced further apart than the first pattern. A third section 1218
may comprise solid material, where no holes have been created in the material. In the exarople
shown in FIG. 12B, the density of the material may increase from the first section 1214 1o the second
section 1216, and may increase from the second section 1216 to the third section 1218,

{60147} FIG 12C illustrates a third example of material comprising holes 1222 (or removed
roaterial), wherein the geometry of the holes 1222 varies along the length of the matenal, thereby
varving the density of the material along the length. A first section 1224 may comprise a first pattern
of holes 1222 A second section 1226 may comprise a second pattern of holes 1222, wherein the
holes 1222 of the second pattern are spaced further apart than the first pattern. A third section 1228
may comprise solid material, where no holes have been created in the material. In the example
shown in FIG. 12C, the density of the material may increase from the first section 1224 1o the second
section 1226, and may increase from the second section 1226 to the third section 1228, though the
density of the separator material can increase or decrease in any order in adjacent sections.
Additionally, lateral vanations across the width of the separator may be incorporated, where the
same principles as defined here can be used in any combination in the XY plane of the separator.
{60148] FIGS. 12A-12C illustrate examples of how the density of a material may be varied along
the length of the material. In some cases, the variation may be measured by percentage of material
removed. In some cases, the variation may be measured by percentage of material remaining.
Multiple patterns of holes may be utilized in one separator, wherein the patierns may be located
strategically along the separator to create variations in density along the separator. The variations in

glass density can be leveraged to improve electrolyte diffusion through the sensor. Where an
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electrolyte “reservoir” is required, it is beneficial to minimize the glass density so that the maximum
free volume 1s realized that can be completely accessed by remaining glass fibers.

{60149}  The holes in the material may be created using a laser cutter. For example, a COz laser
cutter may be used with a wave length of approximately 10600 nanometers. The laser cutter may
comprise a 370 mm lens which gives a spot size of approximately 540 microns. The laser cutter may
comprise an 80 watt air cooled laser.

[60150] Reducing the volume of material in defined sections of separator material (which may be
GFA) could be achieved using the laser in spot marking mode to add perforations to areas of the
GFA. Reducing the volume of material in defined sections of separator material may also be
achieved using the laser on different power or speed settings to remove layers of GFA in certain
sections.

{60158} FIGS. 13A and 13B illustrate another example of a shaped separator 1312 that may be
used with a planar arrangement of electrodes 1302, 1304 and 1306. The shaped separator 1312 may
comprise variations in width, length, and density between the contact points with the electrodes
1302, 1304, 1306. The separator 1312 roay use the variations in width to control the amount of
electrolyte retention as well as an ion gradient between electrodes 1302, 1304, 1306, For example,
sections of the shaped separator 1312 having narrower widths may act as choke points to control the
ion concentration gradient between the counter and sensing electrode.

{60152]  While the above sensor 18 described in the context of an oxygen sensor, similar concepts
and practices could be used in a variety of electrochemical sensors.

{30153] Some sensors use three electrodes orientated nominally in a common plane. This
configuration allows for a shift of the bias of the effective cross sectional areas of the interfacial

phases further towards the hquid/gas (electrolyte/internal “air” reservoir) interfaces rather than the
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solid/liquid/solid (catalyst/electrolyte/catalyst) interfaces. By designing the geometry of internal
components to modity the effective contact areas between the electrolyte and gas phase within the
sensor, the local rates of interfacial diffusion of oxygen between the electrolyte and the internal gas
volumes can be controlled to improve the electrochemical performance of the electrochemical
sensor. This may minimize any “polarization” effects associated with the limiting diffusion rates of
dissolved oxygen away from the site of generation at the counter electrode and may prevent the local
formation of bubbles or micro-bubbles of gases (typically oxygen and nitrogen) in the electrolyte
which can lead to a disturbance in the electrochemistry occurring at the three elecirodes, reducing
counter electrode (anode) “activity” as a result of the reduction in the effective contact area between
the catalyst and electrolyte or producing transients currents at the sensing electrode (cathode).
{60154]  The inclusion of openungs or cavities in internal components of the sensors, referred to
hereafter as “breather slots,” in the body component of a planar sensor may provide control of the
gas exchange between the electrolyte in the separator and the gas phase in the reservoir of the sensor.
In other words, the breather slots may provide sufficient contact area between the electrolyte
contained in the separator and the gas phase in the reservoir of the sensor to allow for control of the
equilibrium between the gases dissolved in the electrolyte and the gas phase. The breather slots
may provide gas access to the free space in the reservoir, and may also allow excess free electrolyte
(that is not localized elsewhere in the reservoir) to contact the separator directly if the sensor is in the
right orientation. Additionally, the breather slots may allow for the electrolyte concentration in
portions of the separator material to be controlled, further affecting and controlling the movement of
the electrolyte within the separator.

{60155]  For example, breather slots located near the counter electrode may be operable to vent

bubbles (or gases} generated at the electrode into the reservoir, so that the counter electrode may
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remain wetted by the electrolyte and tunctioning. The breather slots near the counter electrode may
prevent the produced gases from drying out the electrode.

{60156]  Iu another example, breather slots located near the reference and/or sensing electrodes
may allow for faster exchange of water vapor from the reservoir to the electrodes, where the
electrodes may function in dry conditions. The breather slots near the reference and/or sensing
electrodes may allow gas from the reservoir to more quickly contact the electrodes. Water transport
through the gas phase 1s orders of magnitude faster than diffusion through a liquid, so localised
increases in electrolyte concentraiton due to drying out are better managed by allowing gas phase
access of water to the dried regions, rather than requiring it to diffuse through the electrolyte itself
from wetter parts.

{60157} Electrochemical oxygen pump sensors can employ three electrodes that operate in an
electrolyte having different concentrations of dissolved oxygen in intimate contact with the
electrocatalyst. To improve the electrochemical reactions occurring at all electrodes, any
constraining concentrations of reactants and products {Le Chatelier's principle) can be reduced
within their local environments.

{B0158]  The effective cross sectional areas of the breather slots may be optimized for the specific
requirements of each of the electrodes. Around the counter electrode in an oxygen sensor, the cross
sectional area of the breather slots may be increased, as it is beneficial to increase the rate of
diffusion of a dissolved target gas (such as oxygen) away from the site of generation 1nto the internal
sensor reservoir.  Around the reference electrode, the cross sectional area of the breather slots may
be balanced to control the dissolved target gas concentration in the vicinity of the reference
electrode, imparting greater sensor tolerance to external target gas concentrations. Around the

sensing electrode, the cross sectional area of the breather slots may be controlled to create an

3



WO 2017/014853 PCT/US2016/036684

anaercbic zone around the sensing electrode, thereby reducing baseline currents generated in oxygen
free environments and also improving the response times to reach baseline conditions.

{60159}  Referring back to FIG. 2, an exemplary embodiment of breather slots 220 are shown
molded into the body 102 near the counter electrode 111, where the cross sectional area of the
breather slots may be maximized, as it is beneficial to increase the rate of diffusion of dissolved
oxygen away from the site of generation into the internal sensor reservoir. Additionally, 1in FIG. 3,
another exemplary embodiment of breather slots 340 are shown ruolded into the support table 302
near the counter electrode 310, where the cross sectional area of the breather slots 340 may be
maximized, as it is beneficial to increase the rate of diffusion of dissolved oxygen away from the site
of generation into the internal sensor reservorr.

{60160]  While the above sensor 18 described in the context of an oxygen sensor, similar concepts
and practices could be used in a variety of electrochemical sensors.

{60161} In order to avoid spiking and glitch issues as described herein, one or more features to
control the pressure within the sensor can be used.  Such a feature can allow the gas to move from
bulk free space of the body as the gas expands or contracts due to pressure and temperature etfects.
When the electrolyte level in the sensor is at a high level, e g when the sensoris new, in a filled state,
and/or operated in high relative humidity conditions, it is not likely that there will be spaces
connecting into a gas path. Therefore, it is important to ensure that good gas communication is
maintained at all times in all orientations.

[60162] In an electrochemical sensor, a highly porous breather tab may be used to form a
pathway for air contained within the sensor to vent out through the breather tab (in the case of an
increase in internal pressure} and/or vent in through the breather tab (in the case of a decrease in

internal pressure} via a suitable aperture (capillary or other) in the sensor enclosure to provide
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gaseous communication between the sensor interior and environment. A sensor may normally
contain sources of air or other gases, where gas can be produced by the electrochemical reaction at
an ¢lectrode (normally the counter electrode), or air can be found in voids between mechanical parts
or in the free volume in the reservotr. The breather tab can comprise a hydrophobic yet porous
material such as PTFE. The hydrophobic nature of the membrane may reduce the likelihood of a
liquid entering the membrane and blocking gas flow.  Further, the porous nature of the breather tab
can allow gases to flow through the membrane between a surface of the membrane in contact with a
gaseous space in the sensor and a surface of the membrane in contact with a vent hole. The
hydrophobic nature of the membrane may also aid in preventing any liquid (e.g., the electrolyte)
from reaching the vent hole and leaking from the sensor.

{60163] It the breather tab is not secured in position by design, or if the sensor takes on water
when in a high humidity environment, a vent blockage or partial blockage could be caused by the
electrolyte, thereby preventing gas from accessing the breather tab. Also, the sensor may be
positioned, either by design or during use, in an orientation which allows the electrolyte to prevent
the gas from accessing the membrane. In some instances, an attachment (such as a heat stake or other
connection between the breather tab and the housing} can block or partially block the vent by
compressing and thus restricting the air flow through the breather tab.  This may prevent a gas from
flowing between an access surface on the membrane to a vent located on an opposite side of the
attachment point.

[60164] It a vent is blocked or expanding air within the sensor cannot access the vent, oxygen or
other gas can find its way to one of the other electrodes and create a spike in the sensor output. This

spiking can cause issues for the user of the sensor by creating false alarms. It 1s possible to arrange
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the breather tab so that it can be positioned to access the gas produced at the counter electrode, in
voids and the gas in the reservoir, in a repeatable way which will remain so during the sensor’s life.
{60165}  Referring now to FIG. 14, a counter electrode 1410 is made from a PTFE tape which
allows gas to pass laterally through its structure. The counter elecirode 1410 may be partially
covered by a separator 1412 (and thereby shown in dashes). In FIG. 14, a portion of the counter
electrode 1410 may function as a breather tab 1411 for the sensor. The breather tab 1411 may be
attached (via heat stakes 1421} to the cap 1420 where the breather tab 1411 (of the counter electrode
1410) bridges over a protrusion 1422 from the cap 1420. The heat stake 1421 is small encugh not to
affect the venting properties and may be located at or near the end of the breather tab 1411
Attaching the breather tab 1411 to the cap 1420 and bridging over the plastic protrusion 1422 allows
the breather tab 1411 to be retained in a fixed position and orientation for the life of the sensor.
{60166} In FIG. 15, a table 1402 may be attached over the separator 1412 (shown in FIG. 14),
where the table 1402 creates a reservoir 1430. The table 1402 may comprise an opening 1403 for the
protrusion 1422, The breather tab 1411 may be routed over the protrusion 1422 so it traverses the
reservoir 1430 and 1t 13 part of the counter electrode 1410, This allows gas to access the breather tab
1411 in anv orientation of the sensor, even in high humidity when the level of electrolyte within the
reservoir 1430 is high. The sensor elements illustrated in FIGS. 14-15 may be assembled in one
direction, making it easy to manufacture.

{60167}  FIG 16 shows the counter electrode 1410 comprising the breather tab 1411, where the
breather tab 1411 is operable to fold over the protrusion (shown above) and be heat staked in place.
A vent hole can be disposed in the housing adjacent the counter electrode 1410 to allow any gases to
pass through the length of the breather tab 1411 and exit and/or enter the sensor through the vent

hole. The counter electrode 1410 can be formed directly on the breather tab 1411, wherein the
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breather tab can form the backing tape for the deposition of the catalytic material forming the
counter electrode 1410,

{60168} FIG 17 shows a detailed view of the cap 1420 and protrusion 1422, FIG. 18 further
llustrates the use of the breather tab 1811 located within the reservoir 1830. The breather tab 1811
may be positioned such that it is not fully covered by the electrolyte 1832 in any onientation. The
breather tab 1811 may be in direct contact with the vent hole 1802, and may extend into the center of
the reservoir 1830. The vent hole 1802 may be sealed from the interior elements of the sensor (e.g.
electrolyte 1832) based on the hydrophobic properties of the breather tab 1811,

{8016%9]  The breather tab 1811 may comprise one continuous piece of highly porous PTFE to
enable continuous lateral movement of gas though its full length. The breather tab 1811 may extend
outwards in one dimension from the vent 1802 and extend down away from the vent 1802 through
the full length of the reservoir 1830, The breather tab 1811 may then extend back up to the base/table
1808 under the electrode compartment 1800, The breather tab 1811 may be secured in one or more
lpcations by heat sealing 1821 to ensure it does not move during operation.

{66176} FIGS 19 and 20 show additional views of the cap 1420 comprising the protrusion 1422,
the separator 1412, the counter electrode 1410, and the breather tab 1411 described in FIGS. 14 and
Is.

{60171} Whle the above sensor is described in the context of an oxygen sensor, similar concepts
and practices could be used in a variety of electrochemical sensors.

{60172] Embodiments of the disclosure include an electrochemical sensor comprising a housing
defining a reservoir; a sensing electrode; a counter electrode; at least one separator retaining an

electrolyte, wherein the electrolyte provides an ionically conductive pathway between each of the

(V)
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sensing electrode and the counter electrode within the housing; and a plurality of channels located on
the interior of the reservoir, operable to transport electrolyte from the reservoir into the separator.

{60173]  Io an embodiment of the electrochemical sensor, the channels are small enough to create
a capillary effect within the channels. In an embodiment of the electrochemical sensor, when the
ievel of electrolyte is fow, the electrolyte is localized at the reservoir walls by the channels and then
moved by the channels toward the separator. In an embodiment of the electrochemical sensor, the
channels comprise a plurality of ridges between raised portions located along the base of the
reservoir. In an embodiment of the electrochemical sensor, the sensor may further comprise a
plurality of pins operable to contact the electrodes, wherein the pins are located within bosses
attached to the housing. In an embodiment of the electrochemical sensor, the channels comprise
narrow corners at the attachment point between the housing and the bosses. In an erabodiment of the
electrochemical sensor, the channels comprise a plurality of channels between raised portions
iocated along the base of the reservoir, and wherein the channels are operable to direct the electrolyte
toward the narrow corners. In an embodiment of the electrochemical sensor, when the level of
electrolyte is low, the electrolyte is localized at the reservoir walls by the channels and then roved
by the narrow corners toward the separator. In an embodiment of the electrochemical sensor, the
channels comprise a width of approximately 250 micrometers {(um}. In an embodiment of the
electrochemical sensor, the channels comprise a width of approximately 300 pm. In an embodiment
of the electrochemical sensor, the channels comprise a width between approxamately 200 pm and
400 pum. In an embodiment of the electrochemical sensor, the channels comprise a width between
approximately 100 um and 500 um. In an embodiment of the electrochemical sensor, the channels

comprise a width less than approxamately 500 pm. In an embodiment of the electrochemical sensor,
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the channels comprise a depth of approximately 500 um. In an embodiment of the electrochemical
sensor, the channels comprise a depth less than approximately 600 pm.

{60174] Embodiments of the disclosure inchude a method for transporting electrolyte within an
electrochemical sensor comprising providing a housing defining a reservoir; forming channels on
the interior walls of the reservoir, wherein the channels are small enough to create a capillary effect
within the channels; and placing hquid electrolyte within the reservoir, wherein the channels
transport the liquid electrolyte through the reservoir toward a separator within the electrochemical
Sensor.

{860175] In an embodiment of the method, when the level of electrolyte is low, the electrolyte is
localized at the reservoir walls by the channels and then moved by the channels toward the separator.
In an embodiment of the method, forming channels on the interior walls of the reservoir comprises
forming bosses attached to the housing, wherein the bosses are operable to surround one or more
pins, and wherein the channels comprise narrow corners at the attachment point between the housing
and the bosses. In an embodiment of the method, forming channels on the interior walls of the
reservoir comprises forming a plurality of channels between raised portions focated along the base of
the reservoir, and wherein the channels are operable to direct the electrolyte toward the narrow
corners. In an embodiment of the method, when the level of electrolyte is low, the electrolyte is
localized at the reservoir walls by the channels and then moved by the narrow corners toward the
separator.

[60176] While various embodiments in accordance with the principles disclosed herein have
been shown and described above, modifications thereof may be made by one skilled in the art
without departing from the spirit and the teachings of the disclosure. The embodiments described

herein are representative only and are not intended to be limiting. Many variations, combinations,
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and modifications are possible and are within the scope of the disclosure.  Alternative embodiments
that result from combining, integrating, and/or omitting features of the embodiment(s} are also
within the scope of the disclosure.  Accordingly, the scope of protection is not limited by the
description set out above, but is defined by the claims which follow, that scope including all
equivalents of the subject matter of the claims. Each and every claim is incorporated as further
disclosure into the specification and the claims are embodiment(s) of the present invention(s).
Furthermore, any advantages and features described above may relate to specitic embodiments, but
shall not limzit the application of such 1ssued claims to processes and structures accomplishing any or
all of the above advantages or having any or all of the above features.

{60177}  Additionally, the section headings used herein are provided for consistency with the
suggestions under 37 C.F R. 1.77 or to otherwise provide organizational cues.  These headings shall
not limit or characterize the invention(s) set out in any claims that may issue from this disclosure.
Specifically and by way of example, although the headings might refer to a “Field,” the claims
should not be limited by the language chosen under this heading to describe the so-called field.
Further, a description of a techuology n the “Background” is not to be construed as an admission
that certain technology is prior art to any invention{s) in this disclosure. Neither is the “Summary”
to be considered as a limiting characterization of the invention(s) set forth in issued claims.
Furthermore, any reference in this disclosure to “invention” in the singular should not be used to
argue that there 1s only a single point of novelty 1o this disclosure.  Multiple inventions may be set
forth according to the limitations of the multiple claims issuing from this disclosure, and such claims
accordingly define the invention(s), and their equivalents, that are protected thereby. In all
instances, the scope of the claims shall be considered on their own merits in light of this disclosure,

but should not be coustrained by the headings set forth herein.
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{860178] Use of broader terms such as comprises, includes, and having should be understoed to
provide support for narrower terms such as consisting of, consisting essentially of, and comprised

39

substantially of.  Use of the term “optionally,” “may,” “might,” “possibly,” and the like with respect
to any element of an embodiment means that the element is not required, or alternatively, the
element is required, both alternatives being within the scope of the embodiment(s) Also,
references to examples are merely provided for illustrative purposes, and are not intended to be
exclusive.

{60179]  While several embodiments have been provided in the present disclosure, it should be
understood that the disclosed systems and methods may be embodied in many other specific forms
without departing from the spirit or scope of the present disclosure.  The present examples are to be
constdered as llustrative and not restrictive, and the intention is not to be limited to the details given
herein. For example, the vanous elements or components may be combined or integrated in
another system or certain features may be omitted or not implemented.

{60180]  Also, techniques, systems, subsystems, and methods described and illustrated in the
various embodiments as discrete or separate may be combined or integrated with other systems,
modules, techniques, or methods without departing from the scope of the present disclosure.  Other
items shown or discussed as directly coupled or communicating with each other may be indirectly
coupled or communicating through some interface, device, or intermediate component, whether
electrically, mechanically, or otherwise. Other examples of changes, substitutions, and alterations
are ascertainable by one skilled in the art and could be made without departing from the spirit and

scope disclosed herein.
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CLAIMS
What is claimed is:
I An electrochemical sensor (800) comprising:

a housing (804} defining a reservoir (810},

a sensing electrode;

a counter electrode;

at least one separator (812) retaining an electrolyte, wherein the electrolyte provides an
ionically conductive pathway between each of the sensing electrode and the
counter electrode within the housing (804}); and

a plurality of channels (808) located on the interior of the reservoir (810), operable to

transport electrolyte from the reservoir (810) into the separator (812).

2. The electrochemical sensor (800) of claim 1, wherein the channels (808} are small

enough to create a capillary effect within the channels (808).

3. The electrochemical sensor (800) of claim 1, wherein, when the level of electrolyte is low,

the electrolyte s localized at the reservoir (810) walls by the channels (808) and then moved by

the channels (808) toward the separator (812).

4. The electrochemical sensor (800} of claim 1, wherein the channels (B08) comprise a

plurality of ridges between raised portions located along the base of the reservoir (810},

S. The electrochemical sensor (800) of claim 1, further coruprising: a plurality of pins (802)
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operable to contact the electrodes, wherein the pins (802) are located within bosses (805)

attached to the housing (804).

6. The electrochemical sensor (800) of claim 5, wherein the channels (808) comprise

narrow corners {806) at the attachment point between the housing (804) and the bosses (805).

7. The electrochemical sensor (800) of claim 6, wherein the channels (808) comprise a
plurality of channels (808) between raised portions located along the base of the reservoir (810),
and wherein the channels (808) are operable to direct the electrolyte toward the narrow corners

(306).

8. The electrochemical sensor (800} of claim 7, wherein, when the level of electrolyte is low,
the electrolyte is localized at the reservoir (810} walls by the channels (808} and then moved by

the narrow corners (806) toward the separator (812).

9. The electrochemical sensor (800) of claim 1, wherein the channels (808} comprise a

width of approximately 250 micrometers (um).

10. The electrochemical sensor (800) of claim 1, wherein the channels (808) comprise a

width less than approximately 500 um.

It The electrochemical sensor (800} of claim 1, wherein the channels (808) comprise a depth

less than approximately 600 pm.
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12, A method for transporting electrolyte within an electrochemical sensor comprising:
providing a housing defining a reservoir;
forming channels on the interior walls of the reservoir, wherein the channels are small
enough to create a captllary effect within the channels; and
placing liquid electrolyte within the reservoir, wherein the channels transport the liquid

electrolyte through the reservoir toward a separator {(812) within the electrochemical sensor.

13. The method of claim 12, wherein when the level of electrolyie is low, the electrolyie is
localized at the reservoir walls by the channels and then moved by the channels toward the

separator.

14, The method of claim 12, wherein forming channels on the interior walls of the reservoir
comprises forming bosses attached to the housing, wherein the bosses are operable to surround
one or more pins, and wherein the channels comprise narrow corners at the attachment point

between the housing and the bosses.

I5. The method of claim 14, wherein forming channels on the interior walls of the reservoir
comprises forming a plurality of channels between raised portions located along the base of the
reservoir, and wherein the channels are operable to direct the electrolyte toward the varrow

cCOMmers.
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