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NANOSTRUCTURED ELECTRODE MEMBRANES

Technical Field
’fhis invention relates to electrochemical devices such as sensors, fuel
cells and batteries, and in particular to electrode membranes used in such

devices.

Background of the Invention

The electrochemical sensors can be divided into those utilizing high
temperature nonporous, inorganic electrolytes and those using gas permeable
low temperatﬁre electrolytes. Of the latter category a further divi|sion can be
made according to whether the electrolyte is a solid polymer on one hand, or
a liquid, paste or gel on the other.

A typical solid polymer electrolyte (SPE) based electrochemical sensor
has at least a working (sometimes referred to as a sensing electrode) and
counter electrodes in contact with an SPE. A reference electrode may also be
used to form a 3-electrode device. The electrode material preferably a metal
with catalytic properties is typically Au, Pt, Pd or noble metals and their

- alloys in the form of wire grids, powders or films.
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; forming a network of interconnected islands of Pt particles interspersed with

Various structures and means have been used to appiy or otherwise
bring a catalyst in contact with an electrolyte to form working, counter, and '
referenee electrodes. The electrode membrane constructions can be
summarized as: (a) solid metal films in contact with the SPE, (b) porous metal
films or planar distributions of metal particles deposited on top of the SPE or
powders pressed against an SPE surface, (c) metal grids or meshes deposited
on top of the SPE or embedded within an SPE layer, or (d) separate sheets of
catalyst particles bonded in Teflon, which are pressed against'the SPE.

Examples of such art known electrode membrane constructions include:

o '."(’-'1) o metal Pt ﬁlms formed by electroless chemical plating directly
onto Nafion™ membrane surfaces,
(2) ~-porous Pt layers chemically plated onto a Nafion™ film,
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reference el egjtflede negplatidun®;, £”) used to forma 3- eI ect rode device. The
electrode materi al , referably a netal with cataly
5) Pt discs spin coated with Nafion™ solutlon followed by
electrodeposited ruthenium ad-atoms onto a Nafion™ film.
5 Examples of metal grid or mesh based elecﬁpdes include:
(1) membrane electrodes with a conducting layer of contiguous
metai particles deposited by vacuum evaporation on, and adhering to a
non-porous material, overcoated with a permeable membrane layer;
(2) porous 100 nm thick Au films vacuum vapor deposited on to
10 Nafion™ films; |
(3)  grid electrode membranes have been produced by vacuum
evaporation of Au onto Nafion™ substrates thi'ough photolithographically
etched masks, followed by spin coating Nafion™ solutions over such electrode
configurations; the length-to-width ratio of the grid wires being varied;

15 ~ (4) thin film electrode Nafion™ film structures. constructed by -
sputtering Pt through photolithographically etched masks onto various
substrates and overcoating the Pt electrodes with various Nafion™ films coated
from solution; |

(5)  ultrafine grid structures made by photolithographically etching

20 30 nm thick Au films pfeviously deposited on oxidized Si wafers, and after

etching, spin coaﬁng_ with Nafion™ solutions; and

©6) | multiple electrodes, biased to null out environmental effects,
formed on a common substrate by depositing a metal film and overcoating
with a Nafion™ membrane. |

25 Examplés of electrode membranes wheréin catalyst particles are
pressed onto an SPE include: o

(1) Pt and Ag powders pressed to the sides of SPEs made of
compacted discs of Teflon™ and zirconium phosphate powders and antimonic
oxide powders;

30 ) metal powders pressed into Nafion™ sheet surfaces, and
contacted with a gold mesh;
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prop‘erti'és, Is typically Au, Pt, Pd or noble metals and their alloys in the
2formof wire grids. powders or filns. Various structures and neans have

been used to apply or otherwise bring a catalyst i'n contact with an
_electrolyte to form working, counter. and reference el ectrodes The

*el ect rode nmenbrane constructions can be sgrrmari zed as: (a) solid netal

fi I'ms. in contact with the SPE, (b) porous netal films or planar 4
pr assed agai nst an GUE Sl Ad PRk Raddl iR hurkit? o Rt 0l on 1o
- of the SPE or membriesiand placed imcdiibict withecarbon bladk loatied Teflon ahemnbraney;
catalyst particl es gondegoLp TeLLop sol WLyl Peshateus et ™™
surface of a Nafion™ film, followed by "gluing" the pressed minigrid to the
5 membrane by solution casting a further layer of Nafion™ solution over the
assembly since the mechanical pressing tends not to give good contact by
itself; and ' .
(5) Pt wire meshes partially hot pressed into a Nafion™ surface.
Other examples of electrode membranes include:

10 (1)  -electrodes comprised of hydrophobic Teflon™-bonded Pt black

layers pressed against Nafion™ membranes; and o

(2)  electrodes pressed against Nafion™ membranes, the electrodes
being fabricated from platinoid black and Pt-5% Ir catalyst compositions
blended with a Teflon™ binder.

15 Processes for bonding a catalytic material coated ohto a current
collecting screen and embedding it into the surface of a polymeric cation
exchange membrane and other basic processes and properties of an electrode
formed of a mixture of noble metal particles bonded with hydrophobic
materials have been described.

20 While the art known electrode membranes have proven useful, such

| electrode membranes constructed from vapor coated grids and metal films tend
to suffer several severe mechanical problems, delamination and cracking as a
result of swelling and shrinkage of the SPE, especially when exposed to
humidity. Such problems contribute to a decrease in signal from the

25 electrodes with time over and above changes due to catalytic site effects. The

| adhesion of vapor deposited noble metal films to polymers tends to be poor,
thus requiring an adhesion promoting layer like Cr to be deposited first, which
can lead to corrosion and degradation of the electrode membrane upon use.
Furthermore, the pressed metal meshes generally suffer delamination problems

30 as known in the art. | |
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Exanpl es of such art known el ectrode menbrane constructions include:

smetal (Pt) filns forned by el ectrol ess chem cal
Naf i on TM nmenbr ane sur - faces; (2) porous Pt |ayers chemcally

pl ated onto a Na- tion TMfilm form ng a network of interconnected
particles interspersed w thgsoughly circul ar regions

~ %islands of Pt

(40-100 [err]mdianeter) of Na- tion TMfilmcontaiing little or

pl ati num and

10

Summary of the Invention

The present invention is directed to electrochemical sensors either
using solid polymer electrolytes or a liquid, paste or gel electrolyte, and more
specifically demonstrates advances over the art using solid polymer
electrolytes (SPE). Among the advantages of SPE-based sensors over liquid
or gel type sensors are their freedom from leakage and packaging corrosion,
and adaptability to size reduction, such as for making "microsensors."

Briefly, in one aspect of the present invention, a nanostructured
composite film is provided comprising a plurality of nanostructured elements,
wherein the nanostructured elements are acieular, disbrete, sub-microscopic
two-phase structures compi'ised of whiskers conformally coated with a
conducting, preferentially catalytically active material, and then an

encapsulating polymer.
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In another aspect of the present invention, a nanostructured electrode
membrane is provided comprising a plurality of nanostructured elements,
wherein the nanostructured elements comprise whiskers coated with a
conductive material embedded in an ericapsulating solid polymer electrolyte.

Another aspect of this invention is the method for fabricating the
electrode/membrane, which when used with solid polymer electrolytes
improves processing efficiency, thus allowing large sheets of the electrode
membrane to be produced economically. Further, the new process is
environmentally friendly because the process eliminates the solvent casting
step that can be used to coat the nandstructured elements. |

The nanostructured composite film (NCF) of the present invention and
process of fabrication have several advantages over art known electrode
membrane designs. | |

In contrast to the art known electrode membrane designs, the
nanostructured elements of the NCFs are automatically protected because they
are substantially discrete (separated) and buried or embedded just under the
surface. Embedding the nanostructured elements beneﬁcially protects them

from abrasive forces.
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A second advantage of the nanostructured electrode membranes of the
present invention is signiﬁca:itly less electrically conductive material is
required for the same or larger sensitivity than for art known designs. Art
known grid constructions pmféss to use significantly less (50 to 375 times
less) catalytic or electrically conductive material than more conventional metal
powder/bonded Teflon™ electrodes. However, these grid constructions still
employ a significant fraction of the catalyst or conductive material in bulk
form, often functioning as a support for the surface metal. |

In contrast, the nanostructured elements used in the present invention
preferably comprise an inert core coated with a thin electrically conductivé
coating, and as such the elements have a much larger fraction of the coating
material’s volume contributing to the surface active area, and much less is
required since the inert core is the support for the conducting catalyst coating.

For example, the ultrafine gold grid sensors of Buttner (Sensors and
Material 2 (1990) 90) use 0.2 mg/19 mm? or ~ 1000 pug/cm®. On the other -
hand, nanostructured electrode membranes of the present invention typically
use a mass equivalent thickness of 100 nm to 200 nm of metal applied to the
planar area of .the whiskers, giving a coating thickness of ~ 10 nm on the
sides of the whiskers since the geometric area of the nanostructured whiskers
is 10-15 times the planar area for 1-2 um tall and 0.05 pm wide |
nanostructured elements. This amounts to only ~2 ug/cm? of gold, which is
500 times less than the finest grid (50 micrometer holes) electrode structure of
the art and ~ 10° times less than used by conventional sensors with metal
powder bonded Teflon™ electrodes.

-Further, in the present invention relatively small amounts of the
coating material can nucleate into nanoscopic islands on the sides of the inert
core of the nanostructured elements to produce a large increase in true
molecular adsorption surface area, with measured BET N, values indicating an
increase in surface area on the order of 3000.

Adv_antageously, the process of the present invention for fabrication of

-the nanostructured composite films is conducive to large area coated web

2 (3) Pt discs spin coated
. fol |l owed by el ectrodeposited rutheni um ad-at ons
oncc a Nafion TMfilm Exanpl es of nmetal grid or nesh based el ectrodes
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evaporation on, and adhering to a non-porous ma- terial, overcoated

“wi th a. perneabl e nmenbrane | ayer; (2) porous 100 [err]mthick Au films
vacuum vapor de- . posited on to Nafion TMfil ns; (3) grid electrode
menbr anes has been produced by vacuum evapor ati on of Au onto Nafion TM
“sub- strates through photolithogragically etched masks,
fol |l owned by spin coacing Nafion TM sol u- tions over such el ectrode

confi gur ati ongrodubion meahs; Hﬁﬁl&n%&lé’%léé&bde%érﬂbﬁheﬁ hRrdeddhoicS BRI N9 var -

i ed; (4) thin filmelectrode fion TMfilm structures con- structed
by sputt er i ngnmostrieturashcqrposite iftims gam b fabricated either in a batch process or

by continuous web processes. Once the nanostructured elements have been
constructed, the elements can be embedded in the encapsulant by coating the
5 nanostructured elements and then curing the encapsulant. _Altemati\;ely, the
nanostructured elements can be embedded by hot roll calendering them into a
solid polymef surfaCe; Continuous web processes result in large sheets of
nanostructured membrane media, which can be cut, shaped, and folded as
required. |
10 Another advantage is the geometric shape, size and distribution of the
nanostructured elements embedded in the surface of the encapsulant gives the
nanoétructured membrane significantly enhanced catalytic activity. This
results in enhanced sensitivity for detection of gases and vapors.
The enhanced sensitivity derives from many'of the same factors that
15 suggest the perpendicularly oriented acicular shaped nanostructured elements
are preferred in the nanostructured layer. The electrochemically generated
current for unit planar area of electrode (S). is proportional to the total
catalytically active surface area per unit area accessible to both the electrolyte
and analytes. This total surface area is proportional to the product of the
20 number (N) of nanostructured elements per unit area and the geometric area
(A) of each nanostructured elements, S = aNA, wherein « is proportionality
constant. ) '
For éxample, if the elements have length (1) and radius (r) are oriented
perpendicular to the surface, then the number per unit planar area of surface is
25 N < 1/4r% each having a surface area A = 27tl, then S, = a#l/2r. In
contrast, if the particles were oriented parallel to the surface, N < 1/(2rl) and
Sy = ax. So, S,/S; = /2r >> 1, it is preferable to have the acicular
particles oriented perpéndicular to the surface. .
Similarly, it can be deduced that it is perferable to have acicular
30 nanostructured elements with I/r large rather than more spherical partlcles

with 1 = 1, since again Sacic/Ssph = 1/2r.
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i cally etched masks onto various substrates and overcoating the Pt

-el ectrodes with various Na- fion TMfilns coated from sol ution: (5)
ultrafine grid structures made by photolithograph- . ically etching 30 nm
thick Au filnms previously deposited on oxidized Si wafers, and after
“et chi hg. spin coating with Nafion T® solutions: and (6) multiple
el ectrodes, biased to null out environ- mental effects, fornmed on a

common substrate byFinally,di¢ poknowmtp those irathefart of catalysiscthab thei cngalyﬁq h a
Naf L on, T ety e n AR abl S s T e RO R o
to the sides gk pwifesictive than the surface of bulk-hke metal. By having the conductive
coating present as a discontinuous coating on the whiskers, the catalytic
5 material in a form more advantageous for catalytic activity, as well, as
presenting a further increase in surface area for adsorption of the
electrochemical species. |
Definitions as used in this application:
"acicular” means having an aspect.ratio of >3;
10 "aspect ratio” means a ratio of an element’s height to its average
cross-sectional width; .
"discrete” means distinct elements, having a separate identity, but does
not preclude elements from being in contact with one another; |
"nanostructured element" means an acicular, discrete, onented
15 sub-mlcroscopxc preferably a two-components structure compnsed ofa
whisker coated with an electrically conductive material; alternatively, the
nanostructured element may be a one-component structure wherein the
electrically conductive material only forms the discrete, oriented structure;
"nanostructured i:omposite film" means a film containing
20 nanostructured elements embedded in an encapsulant, wherein the encaﬁsulant
may contain an electrolyte; "nanostructured composite film" includes a
"nanostructured electrode memb‘réme";
"nanostructured electrode membrane” means a film containing
nanostructured elements in an encapsulant, wherein the encapsulant is an
25 electrolyte-containing polymer and the membrane may be configured for either
a two-electrode or three-electrode sensor; '
"oriented" includes random or uniaxial;
"solid electrolyte” includes non polymeric materials of a solid
consistency that will allow ionic .conductivity;_
30 - "solid polymer electrolyte“ includes polymer materials of a solid
consistency that will allow ionic conductivity; |
-
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made of conpacted discs of Teflon TM and zirco- ni um phosphat e powders
< and antinoni c oxide powders; (2) nmetal powders pressed into Nafion
Tm sheet sur- faces, and contacted with a gold nesh; (3) catalyzed
carbon bl ack | oaded into the surface of Nafion T™M rrerrbranes and pl aced
*in contact with carbon bl ack | oaded.gefi on nenbranes;

"submicroscopic” means having at least one dimension smaller than

pmmmately a micrometer; and
"whlsker" means the inert core of the nanostructured element:

s * Brief Description of the Drawing(s)
Figure 1 is a perspective view of an electrode membrane of the present
invention.
Figure lais a cross-secnonal view of a nanostructured element having
a discontinuous conformal coating.
10 Figure 2 is a schematic of a two-electrode sensor according to the
present invention. : '
Figure 3 is a schematic of a three-electrode sensor according to the
- present invention. |
| Figure 4 is a schematic of an alternative two-electrode sensor -
15 acbdrding to the present invention.
Figure 5 is a schematic of an alternative two-electrode sensor
according to the present invention.
Figure 6 is a gmphical representation of current versus time for a
sensor of the present invention.
20 Figure 7 is a graphical representation of EMF (mV) versus relative

humidity for a sensor of the present invention,

" Description of the Preferred Embodiment(s)
Electrochemical devices typically cbmprise three primary components,
25 (i) a gas, liquid or solid material that is consumed in an electrochemical (EC)
reaction, (ii) two electrically conducting catalyst electrodg membranes on
which surfaces the EC reactions take place, and (iii) an electrolyte to conduct
ionic charge and reaction products between opposing electrodes. A fourth
component (iv) may be a permeation limiting film controlling transport of the
30 consumed material to the catalyst surface. It is known in the art that the EC
reaction requires the presence of the three components (i-iii) to be mutually

This Sheet Has Been Regilaced




3 (4) a gold m rri grid (500 wires/inch) mechani caIIy_ pressed into the

“surface of a Nafion TMfilm fol - | owed by " gl ui ng" %HdiBeenRe laced
mnigrid to the menbrane by sol ution casting a further

Nafi on TM sol uti on over the assenbl y sr nce the mechani cal '
tends not to give good contact : ts®lf; and (5) Pt wire

partially hot pressed into a Na- f| on TM surf ace. O her exarrpl es of

el ectrode nenisoaiiguous and thas Optm(lmpg dhe-mutuadi eonjuaction eftheser thrgedr ophobi ¢
Teflon T™ . components will optimize the device performance. More specifically this

invention describes a new geometric structure for the catalyst electrode
material (ii), which when incorporated intimately into a solid polymer
5 electrolyte (iii) or film (iv) offers a number of advantages over the prior arts’

‘means for forming the electrode membrane (E/M), including optimization of
the three component interface. Further aspects of this invention teach
different ways to incorporate this new catalyst electrode structure (ii) into
components (iii) and (iv) to form useful EC sensors, fuel cells and batteries.

10 The catalyst membrane structure is comprised of nanostructured
composite films (NCF), generally described in U.S. Pat. Appl. 07/720,188,
filed June 24, 1991. Contemplated to be within the scope of the présent
invention are various electrochemical cell configurations using the catalyst
membrane structures of the present invention. The catalyst membrane

15 structures have been categorized to illustrate the present invention. Among
the various configurations contemplated are the following non-limiting
examples:

(1)  The membrane structure may be fabricated such that an

electrochemical cell could use at least two pieces of a nanostructured

20 composiie film in combination with a solid polymer electrolyte film or an
electrolyte paste. Such constructions are illustrated in Figures 4 and 5.
Referring to Figures 4 and 5 an electrochemical cell (configured as a
electrochemical sensor) is schematically illustrated. A working electrode is
comprised of a first encapsulant (37) wherein a first set of nanostructured

25 elements (33) are embedded therein. A counter electrode is comprised of a
second encapsulant (38) wherein a second set of nanostructured elements (32)
are embedded therin. A conductive wire (31) is adhered to the
electrochemically active surface of the two electrodes. Positioned between
and in intimate contact with the electrochemically active surface is either an

30 electrolyte paste (40) or a solid polymer electrolyte (30). When an electrolyte
paste (40) is used, a retaining means (39) is used to keep the paste in position.
The figure illustrates an O-ring (39). The analyte (represented by 35) is
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counter electrode has a lower permeability than the workmg electrode.
Typically, the first and second sets of nanostructured elements are coated with
different electrically conductive materials, although this is not required. Other
various coatings and enclosures can also be used. '
(2)  An electrochemical cell could be constructed using at least two
pieces of a nanostructured composite fiim wherein the nanostructured elements
are embedded in a solid polymer electrolyte. In such an instance, the film
pieces could be laminated together with the electrochemically active surface of
the film pieces opposite each other, that is, the electrochemically active
surfaces face outward. Counter and working electrodes could be fabricated
using different solid polymers. Furthermore, the nanostructured elements can

be coated with different electrically conductive materials.

15

(3)  An electrochemical cell could be constructed using at least two
pieces of a nanostructured composite film wherein the nanostructured elements

. embedded m a solid polymer electrolyte are laminated together with the active

20
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surface of the films facing outward and separated from each other with an
ionically conductive material, for example a solid polymer electrolyte or an
electrolyte paste. Counter and working electrodes could be fabricated using
different solid polymers. Furthermore, the nanostructured elements can be
coated with different electrically conductive materials. .

(4) - Figures 2 and 3 illustrate yet another contemplated
configuration for an electfochemica.l cell. Referring to Figure 2 an
electrochemical cell (configured as a electrochemical s'ensor) is schematically
illustrated. A working electrode is comprised of a first set of nanostructured
elements (33) embedded in a solid polymer electrolyte (30). A counter
electrode is comprised of a second set of nanostructured elements (32)
embedded in the solid polymer electrolyte (30) on the surface opposite the
first set of nanostructured elements (33). A conductive wire (31) is adhered to
the electrochemically active surface of the two electrodes. The analyte
(represented by 35) is sensed through the working electrode. The counter



shrinkage of the SPE, especially when exposed t prob- |ens
contrjbute to a decrease in signal fromthe ele |ne over and
“above changes due to cata- lytic site effldtcts. The adhesi on of vapor

deposi ted noble metal filnms to polyners tends to be poor, thuys requiring an
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materials, although this is not required. '
5 Referring to Figure 3, a three-electrode electrochemical cell is

from-vapior coat ed grids and netal filns tend taq sy al evere
~-mechani cal probl ens, delam nation and cracking iﬁﬁiﬁ 2 I'1'ing and

illustrated comprising a working electrode comprised of a first set of
nanostructured elements (33) embedded in a solid polymer electrolyte (30). A
reference electrode is comprised of a second set of nanostructured elements
(32) embedded in the solid polymer electrolyte (30) on the surface opposite
10 the first set of nanostructured elements (33). Preferably, these two sets of
nanostructured elements are directly opposed to each other on the poinmon
~ solid polymer electrolyte. A counter electrode is comprised of a third set of
nanostructured elements (36) embedded in the solid polymer electrolyte (30)
on the same surface as the reference electrode, but above or to the side of the
15 second set of nanostructured elements (32). A conductive wire (31) is
adhered to the electrochemically active surface of the two electrodes. The
analyte (represented by 35) is sensed through the working electrode. The
counter electrode is shielded from the analyte (35) by an impermeable layer
(34), in this illusﬁaﬁon, a piece of tape. The first, second and third sets of
20 nanostructured elements may be coated with different electrically conductive
materials, although this is not required. Although a specific arrangement of
the 3—electrodes is illustrated, other configuration could also be used.
In the preferred embodiment of the present invention, the electrically
conductive material can be incorporated directly at the surface of an
25 electrolyte in an optimized geometric structural form. This geometric
structural form provides advantages over art known structures. The optimized
geometric structural form is a very dense array of acicular (large length/width
ratio), discrete, oriented submicroscopic elements. Two-component elements,
consisting of conducting, preferably catalytic material coated around an inert
30 core whisker, have lengths of ~ 1-5 micrometers (um), diameters ~0.05-0.1
pm, orientations substantially parallel to one another with long axes normal to
the polymer surface, and number densities of 3 to 4 billion per cm?. Single



The present invention is directed to el ectrochem cal sensors ei t her using

- solid electrolytes or a liquid, paste or gel electrolyte, T Been Rep laced
specifically denonstrates advances over the art using soli ”|I|I IIL
el ectrolytes (SPE). Anong the advantages of SPE-based séns

“or gel type sensors are their freedomfrﬂm

phése elements can also be used, although the two-phase elements are
preferred. These single phase elements have dimensions similar to the two
phase elements, however, the single phase elements consist only of an
'electrically conductive material. . |

5 The nanostructured elements can be randomly of uniaxially oriented.
Perferably, the elements are uniaxially oriented because this orientation allows
the close packing to be optimized, thereby increasing the surface area
available for reaction per unit area of membrane. The shape, orientation, size
and numbers of elements optimizes the surface area for EC reactions. Coating

10 the electrically conductive material around (conformally) (refer to Figure 1a)
the inert core whisker further maximizes the surface area while minimizing
the amount of coating material needed. Coating this material such that it
consists of small rough particles covering the sides of the inert core whisker
(refer to Figures land 1(a)) further increases the surface area for reaction,

15 even over the conformally coated whiskers. '

A process for making the nanostructured composite film used to
demonstrate this invention is described in U.S. Patent Application No.
07/681,332, filed April 5, 1991 and such description is incorporated herein by
reference. Particularly useful nanostuctured elements comprising the

20 nanostructured composite film are described in U.S. Patent No. 4,812,352 and
such description is incorporated herein by reference.

Referring to Figure 1, nanostructured comﬁosite film (14)is
comprised of high aspect ratio whiskers (2) comprised of an organic pigment
grown such that their long axes are perpendicular to a temporary substrate (1),

25 such as copper-coated polyimide. Whiskers (2) are discrete, oriented normal
to substrate (1), predominantly noncbntacting, have cross-sectional dimensions
on the order of 0.05 um or less, lengths of 1-2 um and areal number densities

of approximately 40-50/pm?. Whiskers (2) are then coated with a thin shell
(3) of an electrically conductive material, for example, by vacuum evaporation
| 30 or sputter deposition. Nanostructured elements (15) are then embedded into
an encapsulant (16). Typically, to construct an electrochemical cell, at least
one "set" of nanostructured elements are embedded in the encapsulant (16).



| eakage' and packaging corrosion. and adaptability to size reduction. such
-as for making "m crosensors."” Briefly in one aspect of the present

i nvention, a nanostructured conposite filmis provided conprising a
plurality of nanostructured el enments wherein the nanostructured elenents
‘are sub-m croscopic two -com ponent §£$yctures conprised of whiskers
conformal ly coated with a conducting preferentially catalytically active

material and me%%fél‘é uirser%e gﬁ?gg@z{'g surfdte 2RAIE e aﬁexe%éﬂfeléﬂ&t?r esent

i nvention. a nanos- truc menbrane 1s provi conprising a
plurality of afsefibédded onctte Oppositetside, thatiis;i the otteer maajors surface of ¢hie solighent s

conpri se whi skers optignally ) )
polymer, as illustrated. Nanostructured composite film (10) (referred to as
"film") is then peeled from temporary substrate (1), cleanly carrying

5 nanostructured elements (15) along, embedded on one surface of film (10),

thereby exposing the electrochemically active surface (20) of nanostructured
composite film (10). Encapsulant (16) can be (2) a solid electrolyte film, (b)
a film former or (c) a solid solution or mixture of a polymer and an
electrolyte.

10 Materials useful as temporary substrate (1) for the present invention
include those which maintain their integrity at the temperatures and pressures

~imposed upon them during any deposition and -annezling steps of subsequent
materials applied to the temporary substrate. The temporary substrate may be
flexible or rigid, planar or non-planar, convex, concave, aspheric or any

15 combination thereof.

- Preferred temporary substrate materials include organic or inorganic
materials, such as, polymers, metals, ceramics, glasses, and semiconductors.
The preferred organic substrate is metal-coated polyimide film (commercially
available from DuPont Corp. under the trade designation KAPTON).

20 Additional examples of substrate materials appropriate for the present
invention can be fdund and described in U.S. Patent No. 4,812,352 and such
description is incorporated herein by reference.

Starting materials useful in preparing whiskers (2) include organic and
inorganic compounds. Whiskers (2) are essentially a non-reactive or passive

25 matrix for the subsequent thin metal coating and encapsulant. Several
techniques or methods are useful for producing the whisker-like configuration
of the particles. Such methods for making inorganic-, metallic-, or
semiconductor-based microstructured-layers or whisker-like structures are
described in J. Vac. Sci. Tech. A 1983, 1(3), 1398—1402; U.S. Patent Nos.

30 4,969,545; 4,252,864; 4,396,643; 4,148,294; 4,155,781; and 4,209,008, and
such descriptions are incorporated herein by reference.

. This Sheet Has Been Reﬂlaccd




coated with a conductive material enbedded in an en- capsulating solid

el ectrol yte. I n anot her aspect, a nanostructured conposite filmis

provi ded conprising a plurality of nanostructured ele- nents, wherein the °
nanostructured el enents are sub- microscopic electrically conductive,
‘preferentially cat- alytically active si®A§t e conponent structures enbedded

I n an encapsul ant. Anot her, aspect of this inventjon is the nethod for
fabricating the el dsefdsganiswpmpaundsineludeplapar malecyles comprsing rol ytes

| 0vES PTG ek vt ot R BSOS dide o et oce
envi ronnent al lofgdni¢ aiatdrialdgamrdly drpallize 4Pa heftingboné cenfiguration.

Preferred organic materials can be broadly classified as polynuclear aromatic

5. hydrocarbons and heterocyclic aromatic compounds. Polynuclear aromatic

hydrocarbons are described in Morrison and Boyd, Organic Chemistry, 3rd

ed., Allyn and Bacon, Inc. (Boston, 1974), Chap. 30. Heterocyclic aromatic

-.compounds are described in Chap. 31 of the same reference.

Preferred polynuclear aromatic hydrocarbons include, for example,

10 naphthalenes, phenanthrenes, perylenes, anthracenes, coronenes, and pyrenes.
A preferred polynuclear aromatic hydrocarbon is N,N’-di(3,5-xylyDperylene-
3,4:9,10 bis(dicarboximide) (commercially available from American Hoechst
Corp. under the trade designation of "C. 1. Pigment Red 149") [hereinafter
referred to as perylene red]. |

15 Preferred heterocyclic aromatic compounds include, for example,
phthalocyanines, porphyrins, carbazoles, purines, and pterins. More preferred
heterocyclic aromatic compounds include, for example, porphyrin, and

_phthalocyanine, and their metal complexes, for example, copper
phthalocyanine (commercially available from Eastman Kodak).

20 The organic material used to produce whiskers inay be coated onto a
femporary substrate using well-known techniques in the art for applying a |
layer of an organic material onto a substrate including but not limited to
vacuum evaporation, sputter coating, chemical vapor deposition, spray

. coating, Langmuir-Blodgett, or biade coating. Preferably, the organic layer is

25 applied by physical vacuum vapor deposition (i.e., sublimation of the organic
material under an applied vacuum). The preferred temperature of the
temporary substrate during deposition is dependent on the organic material
selected. For perylene red, a substrate temperature near room temperature
(i.e., about 25°C) is satisfactory.

30 - In a particularly useful method for generating organic whiskers, the
thickness of the deposited organic layer will determine the iﬁajor dimension of
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The sol vent cast i ng step that can be used to coat the nanostructured

" efigoshieét $las BeeTReplas®nost ruct ured conposite film (NCF) of the present
cess of fabrication have sev- eral advantages over art

in
_kn Q nbr ane desi gns. In contrast to the art known el ectrode
" menbrane designs, the .nanostructured eldfents of the NCFs are automatically
prot ected because they are substantially discrete (separated) and buried or
enbedded j ustthe mierostrictures whiche forfandheriitg amandealingstept rWoiskersdire igeomamt s

beneficially protects themfrom.,gabrasive forces. A second., agvant age of
t he nanost r uch# EMRATERY; UgsE éﬁé@@ﬁ@%ﬂ%ﬁmﬁﬁni s that

significantl y g patent No. 5,039,561, and such descriptions are incorporated herein by
~ reference. An alternative process for generating the whiskers includes
5 depositing a whisker generating material on a temporary substrafe wherein the
whisker generating material and the temporary substrate are at an elevated
temperature. Material is then deposited until high aspect ratio randomly-
oriented whiskers are obtained. The preferred process for obtaining the
perylene red whiskers includes depositing the whisker generating .material at
10 or near room temperature and then elevating the substrate temperature to
anneal the whisker generating material (described in Exéiniple 1 hereinbelow).

In both instances, perylene red is the organic material preferred.
When the organic material is perylene red, the thickness of the layer (when
using the prefer;'ed process), prior to annealing is in the range from about

15 0.05 to about 0.25 um, more preferably in the range of 0.05 to 0.15 um.
When the organic materials are annealed, generally uniaxially-oriented
whiskers are produced. Preferably, the whiskers are monocrystalline or
polycrystalline rather than amorphous. The properties, both chemical and
physical, of the layer of" whiskers are anisotropic due to the crystalline nature

20 and uniform orientation of the nanostructured elements.

Typically, the orientation of the whiskers is uniformly related to the
temporary. substrate surface. The whiskers are preferably substantially |
uniaxially—dﬁented normal to the temporary substrate surface, that is,
perpendicular to the temporary substrate surface. The major axes of the

25 whiskers are generally parallel to one another. The whiskers are typically
uniform in size and shape, and have uniform cross-sectional dimensions along
their major axes. The preferred length of each whisker is in the range of 0.1
to 2.5 um; more preferably in the range of 0.5 to 1.5 um. The diameter or
cross-sectional width of each whisker is preferably less than 0.1 um.

30 The whiskers preferably have a high aspect ratio, (i.e., length of the
whisker to diameter or cross-sectional width of the whisker ratio is in the
range from about 3:1 to about 100:1). The major dimension of each whisker
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is directly proportional to the thickness or amount of the initially deposited
organic material. The areal number densities of the conformally coated
nanostructured elements are preferably in the range of 40-50/xm?.

The nanostructured elements, submicrometer in width and a few
micrometers in length, are composites comprising whiskers conformially
coated with a thin electrically conductive material coating. In addition to
providing an-electrically conductive coating material, the coating material will
generally strengthen the nanostructured elements. The electrically conductive
material can be fully conformally coated over the whiskers, producing a
generally smooth thin shell aroixnd the whiskers (refer to Figure 1).
Alternatively, this material can be discontinuously conformally coated such
that it consists of small rough particles covering the sides of the whiskers
(refer to Figure 1a) further increasing the surface area available for reaction,
even over thé fully conformally coated whiskers. Generally, the conductive
coating material is selected to optimize the electrochemical reaction being
sensed. Preferably, the conductive coating material is catalytically active and
selected from the group consisting of conducting metals, semi-metals and

semiconductors. Such materials include Cr, Co, Ir, Ni, Pd, Pt, Au, Ag, Cu,

Be, Mg, Sc, Y, La, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Mn, Tc, Re, Fe, Ru,
Os, Rh, Zn, Cd, Hg, B, Al, Ga, In, Tl, C, Si, Ge, Sn, Pb, As, Sb, Bi, Se,

" Te and alloys thereof, such as CrCo, NiCr, PtIr. The wall thickness of the

25

30

coating material surrounding the whiskers is in the range from about 0.5 nm
to about 50'nm. The thickness of the coating material may be such that the
resulting nanostructured elements remhain substantially discrete although there
may be substantial contact between the elements.

The coating material may be deposited onto the whiskers using
conventional techniques, including, for example, those described in U.S.
Patent Application No. 07/271,930, supra. Preferably; the coating material is
deposited by a method that avoids the disturbance or destruction of the
whiskers by mechanical or mechanical-like forces. More preferably, the
coating material is deposited by vacuum deposition methods, such as, vacuum
sublimation, sputtering, vapor transport, and chemical vapor deposition.

is required for the sg| Oe;HasEegneIEe‘ilaced

il

il
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conductive material than nore conventional netal powder/bonded Teflon TM

* el ectrodes. However, these grid construction.- still enploy a significant
fraction of the catalyst or conductive material in bulk form often
functioning as a support for the surface netal . In contrast, the

" nanostructured el ements used in the pregent invention preferably conprise
an inert core coated with a thin electrically conductive coating, and as

such the el ements ”ﬂh@hm#x@itﬁﬁ:{ur&i elehicAs I%Vfdg% nﬁgﬁtﬁiﬂ&nﬁ%ﬁlﬁ' 'S

vol ume contributing to the surface active area, an ess Is required

. since the i ndistributed enlancéd surfarparea whichtis poteotialiy all ayailable: forsaatalytic i ng.
D e 1% BRe S S 30 3csBhalty PS8 Vet
known grid surfaces contacting an SPE.

5 The encapsulant is such that it can be applied to the exposed surface of
the nanostructured elements in a liquid or liquid-like state, which can then be
solidified or polymerized. The encapsulant may be in a vapor or vapor-like
state that can be applied to the exposed surface of the nanostructured
elements. Alternatively, the encapsulant is a solid or solid-like material,

10 preferably powder or powder—iike, which can be applied to the exposed
surface of the nanostructured layer, transformed (e.g., by heating) to a liquid
or liquid-like state (without adversely affecting the nanostructured layer
composite), and then resolidified.

Organic encapsulants include thermoplastic polymers and 'co-polymers

15 and include, for example, polymers derived from olefins and other vinyl
monomers, condensation polymers, such as polyesters, polyimides,
polyamides, polyethers, polyurethanes, polyureas, and natural polymers and

- their derivatives such as, cellulose, cellulose nitrate, gelatins, proteins, and
natural and synthetic rubbers. Inorganic encapsulants that would be suitable,

20 include for example, gels, sols, semiconductors, or metal oxides applied by,
for example, vacuum processes. Preferably, the thickness of the encapsulant
is in the range from about 1 um to about 1 cm, and more preferably in the
range from ‘about 25 pm to about 2 mm. |

The encapsulant may be applied to the nanostructured elements by
25 means appropriate for the particular encapsulant. For example, an
- encapsulant in a liquid or liquid-like state may be applied to the exposed
surface of the nanostructured elements by dip coating, vapor condensation,
spray coating, roll coating, knife coating, or blade coating or any other art
known coating method. An encapsulant may be applied in a Vapor or vapor-

30 like state by using conventional vapor deposition techniques including, for

example, vacuum vapor deposition, chemical vapor deposition, or plasma

vapor deposition.
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mierr] or -1000 [err]Jg/cnferr]. On the other hand, nanostruc- tured

" el ectrode nenbranes of the present invention typi i cal | y use a fﬂasSheetHasBeenRe laced

equi val ent thickness of 100 nmto 200 nm of netal appli ed to t
area of the whis- kers, giving a coating thickness of - 10 nm

" of the whiskers since the geonetric areggof the nanos- tructure
Is 10-15 tinmes the planar area for 1-2 [errJmtall and 0.05 [err]mvmde

nanostructured el @I‘iﬁ&lcﬁpsuﬂ]'it&hﬁfi?ﬁﬂi&oi Solitilike mag Uecdpplied ¢aritey éxiposéd gol d,
‘which is 500 tinmes |less than the finest grid (50 mcrorreter hol es)

el ectrode st suidacgref the nanesteucturechelemeofsevhen liquified by application @f@d by -

conventi onal SiRR5S Saihalof Btk 1o EekmptBORy Sbadp s Hbaborhisi>
to transform the solid or solid-like material to a liquid or liquid-like material,

5 and then solidifying the liquid or liquid-like material. Alternatively, the

nanostructured elements may be embedded into a solid or solid-like
encapsulant by hot-roll calendering, that is using heat and pressure with a
force sufficient to embed the nanostructured elements into the solid
encapsulant, but without damaging the nanostructured elements.

10 The applied encapsulant, if liquid or in a liquid-like state, may be
solidified by means appropriate to the particular material used. Such
solidification means include, for éxample, curing or polymerizing techniques
known in the art, including, for example, radiation, free radical, anionic,

| catjonic, or step growth processes, and solvent evaporation, or combinations
15 thereof. Other solidification means include, for example, freezing and
gelling. .
After the polymer is cured, the resulting nanostructured'composite film
of the present invention comprising nanostructured elements intimately'
encapsulated in an encapsulant is delaminated from the temporary substrate at
20 the substrate:nanostructured element layer interface by mechanical means such
as, for example, pulling the film from the temporary substrate, pulling the
temporary. substrate from the film, or both. In some instances, the film may
self-delaminate during solidification of the encapsulant. Removal of the
temporary substrate exposures the active surface of the nanostructured
25 composite film.
Alternatively, the encapsulant can be a solid polynieric electrolyte.
One example of such a solid polymer electrolyte is Nafion™ 117, a
perfluorinated sulfonate ion exchange polymer commercially available in sheet
form 0.028 cm thick or as a dilute solution, which can then be coated onto the
30 nanostructured elements and then solidifed using art known techniques.
| Alternatively, an electrolyte can be mixed with a curable encapsulant and
cured or the electrolyte can be incubated or allowed to permeate into a cured



ahount's of the coating material can nucleate into nano- scopic islands on
“ the sides of the inert core of the nanos- tructured elenents to produce a
| arge increase in true nol ecular adsorption surface area. wth neasured BET
_Nerr] values indicating an increase in,surface area on the order of 3000.
Advant ageously, the process of t he presb I nvention for fabrication of the

nanostructur By .ng°‘{’¢%‘leﬁz ?% mleﬁi txﬂtﬁéﬁé%ﬁeﬂﬁﬁ@e?&ﬂs eW_?_ﬁ

pr oducti on mean ranes nore econom ca

nanOStrUCthﬁdu@eléﬂﬁmilﬁthEldnﬁipsﬁhﬂt femérely dissdlesll ini theencdpsulantyach process
or by continuous web pro- cesses. Once the nanostructured el enments have

been constr UQPWMBCEEM@@M thersaeapselant’s ehemiga structure.
Alternatively, a solventless process for embedding the nanostructured

5 elements into a solid encapsulant can be used. Although apphcable in concept
to any nanostructured surface phase, that is, one comprising nanostructured
elements of various materiél compositions, shapes, orientations, and packing
densities the description of the process refers to the electrode membranes.

The nanostructured elements are hot pressed into the surface of the
10 solid encapsulant by a calendering process, using controlled heat and pressure.
For example, the nanostructured elements are brought into contact with the
solid encapsulant at the nip part of a pair of heated rollers. The témpomry
substrate (from the nanostructured elements) is then stripped away, leaving the
~ nanostructured elements penetrating the solid encapsulant that completely
15 preserves their orientation and areal number density.

Placement of the nanostructured elements wholly within an
electroiyte-containing encapsulant maximizes the catalyst electrolyte interface,
and protects the elements from damage. Furthermore, having the elements
coincident with the electrolyte-containing encapsulant surface optimizes the

20 accessiblity of the analyte (gas or liquid coasumed) to the catalyst/electrolyte
three component interface. The discreteness of the nanostructured elements
allows the surface electrode layer to remain permeable to the analyte, while
the close ﬁaqldng of the elements assures the nanostructured composite films
(NCF) remain electrically conducting as described in co-pending U.S. Patent

25 Application, Serial No. 07/681,332, filed April 5, 1991 (FN 45674 USA 4A).

Alternative embodiments of this invention utilize the NCFs formed
with the nanostructured elements encapsulated in a nonelectrolyte containing
encapsulant, for use with liquid, paste (non-solid), or solid electrolytes. In
this configuration, the nanostructured elements provide surface conductivity to

30 the polymer and a electrochemicaily active surface in contact with the non-
solid electrolytes while the encapsulant may function also as a diffusion

T

limiting membrane (see Figures 4 and 5).



capsul ant by coating the nanostructured el enents and then curing the

" encapsul ant. Alternatively, the nanos- tructured el enents can be enbedded
by hot roll calen- dering theminto a solid polymer surface. Continuous
6 web processes result in |arge sheets 86 nanostructured

This invention is useful in electrochemical devices, such as gas, vapor
and liquid sensors, fuel cells and batteries formed using the optimized
electrode membrane construction. _ :

Objects and advantages of this invention are further illustrated by the

5 following examples, but the particular materials and amounts thereof recited in
these examples, as well as other conditions and details, should not be
construed to unduly limit this invention. All materials are commercially
available or known to those skilled in the art unless otherwise stated or

- apparent.
10 Examples

Preparation of the Whiskers
In the following examples, nanostructﬁred elements according to the
present invention were prepared using processes described in U.S. Patent Nos.
15 4,812,352 and 5,039,561 and such description is incorporated herein by
reference. | |
Briefly, N,N’-di(3,5-xylyl)perylene-3, 4:9,10 bis(dicarboximide),
(heremafter referred to as PR 149), was vacuum vapor deposited onto a
flexible polyimide web, near room temperature, to a thickness on the order of
20 0.1 to 0.15 um. Thereafter, the substrate and PR 149 coating were annealed
in a vacuum sufficient to cause the initially uniform pigment film to convert to
a highly nanostructured film. After annealing, the whiskers were discrete,
uniformly oriented single crystals, 1 to 2 um tall, with high aSpect ratios
(length to width), extremely large areal number densities (40-50/zm?), and
25 whisker to whisker spacings on the order of 0.05 um. The resulting
geometric surface area was increased by a factor of 10 to 15. The whiskers
were then coated with a conducting material. The coated whiskers
(nanostructured élements) were then embedded into the surface of a polymer
to form a nanostructured composite film.
30 In the following examples, nanostructured composite films are
demonstrated in two alternative embodiments, using two modes of operation,
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menbr ane nedi a, which can be cut, shaped, and fol ded as required. Anot her
 advantage is that the geonetric shape, size and distribution of the
nanostructured el enents enbed- ded in the surface of the encapsul ant gives
_the nanos- tructured nenbrane significantly enhanced catalytic activity.
This results in enhanced sensitivity fe2l-detec- tion of gases and vapors.
The-enhanced sensitivity derives fromnmany of the sane factors that suggest

the perpendi and in bgthdwiocandetiregcéleatiode cohfigurdtionsn(see Figures 28).el enents are
Curr ot per | EIROBRL AL e fradsiensr Bompenl A n Joke e BERAT " o < he t ot a
catal ytical | ¢earbde fheibrdrS Swherein thg conducting _coated whiskers are embedded in

a permeable polymer membrane which is then placed in contact with the

5 electrolyte (Examples 6-24), or the naﬂos_fruchxred elements may be placed
~ directly within the surface of a solid polymer electrolyte (Examples 1-5 and

25). The sensors may be operated in both a potentiometric (open circuit EMF

measurement) or amperometric mode. The amperometric mode can be of

either a two or three electrode (potentiostat controlled) configuration.

10
Example 1 .
~ This first example demonstrates the nanostructured composite films as

high surface area electrodes embedded within the near surface region of a

solid polymer electrolyte.

15 The nanostructured elements were first constructed as described above
producing discrete, oriented whiskers, 12 p#m in length on a Cu-coated
polyimide temporary substrate. The whiskers were then coated with a mass
equivalent thickness of 175 nm Pd by vacuum evaporation to produce
nanostructured elements. A curable solid polymer electrolyte formulation

20 consist_ing of 0.45 gram lithium perchlorate (LiClO,) in 1 ml tetrahydrofuran
(THF), 0.75 ml catalyst solution consisting of 25 ul dibutyl tin dilaurate in 10
ml THF, 1.5 ml 600 molecular weight poly(ethylene glycol) and 1.5 ml
Desmodur™ N100 (Farbenfabriken Bayer AG) multifunctional isocyanate.

The sensor was made as follows: Approximately 0.1 ml of the curable

25 solid polymer electrolyte solution was placed between two 10 mm diameter
discs cut from the temporary substrate supporting the nanostructured elements.
The sample was cured at a'pproximately.40°C for a period of about one hour.
The temporary substrate of the nanostructured elements was then peeled away
from the cured solid polymer electrolyte leaving the fresh, Pd-coated

30 nanostructured electrodes embedded in the surface (catalytically active surface)
of each side of the solid electrolyte disc (see Figure 2). Electrical contact to
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area per unit area accessible to both the electrolyte and anal ytes. This
~total surface area is proportional to the product of the nunber (N) of
nanostructured el enments per unit area and the geonetric area (A) of each
nanos- tructured elenments, S =aNA, wherein a is proportion- ality constant.
“For exanple, if the elements have |l engt#21) and ra- dius (r) and are
oriented perpendicular to the surface, then the nunber per ynié\spl anar area

of surface i sbathsisles of the nanosirugtyred slectrorie yaamprane was made 1588 h3 M@ r|r 1,
paral o1 o (BT Fapmer el AeRATly e o) Honhafy i £y RS
S[err]/ S err]ofcohddéting silvet paint (GE Elesttotics) Rockford AlL0). t One sidewfithe
particles oriented perpendicular to the surface. .. | .
membrane (counter electrode) was then isolated by covering the entire surface
5 with a 10 mm diameter piece of vinyl plastic electrical tape (commercially
available from 3M).

The sensor was then exposed to 10 ppm hydrogen sulfide (H,S) at
approximately 10% relative humidity. The 10 ppm H,S stream was generated
by the addition of 0.2 liters per minute from a compressed air tank containing

10 500 ppm H,S (Oxygen Services Company, St. Paul, MN) to 10 liters per
minute (/min.) air having 10% relative humidity. Exposure to the gas caused
the sensor to generate an amperometric current signal. This resulting current
signal was monitored with a Keithley 197A electrometer. A rapid response
time of less than one minute to reach a steady state current of 0.1 A with a

15 signal to noise ratio of approximately 100 was observed. This corresponds to
a sensitivity on a unit concentration, unit area basis of 0.013 uA ppm cm?2. |
Upon removal of the hydrogen sulfide stream, the sensor showed a rapid
(< 1 minute) reversible recovery to the original baseline (as measured with
10% relative humidity air). |

20

Examples 2-5

Examples 2-4 describe a 3-electrode sensor comprising a working,
counter and reference electrode membranes fabricated from nanostructured
elements pressed directly into a solid polymer electrolyte. Example 5

25 describes a 2-electrode sensor comprising: worldng and counter electrode
membranes fabricated from nanostructured elements pressed directly into a
solid polymer electrolyte. These examples show that compared to art known
sensors made with metal mesh-powders/Nafion™ or metal grid/Nafion™ film
electrodes, the nanostructured electrode membranes/Nafion™ ﬁlm Sensors

30 show 50 to 100 times the response to NO, and H,S in units of microamps per
ppm (zA/ppm) of gas per unit planar area of working electrode.
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Simlarly, it can be deduced that it is preferable to have acicul ar

“nanostructured elenments with |/r large rather than nore spherical particles

with 1[err]r, since again S[err]/S[err] = 1/2r. Finally, it is known to

_those in the art of catalysis that the surface of very Small particles is
nore catalytically active than the surf28e of bulk-like netal. By having

t he conductive coating present as a discontinuous coating on the whiskers,

‘the catal ytic mat Gi’heaianostrucml'adt:omposmrﬁlrmmeﬁb hgsed aledtrochemical senisor
Sasor pt | on’ oelecimdes Shob Besand it et 50 worfli &h&nsis‘é%?»%%n%ﬁef‘hf .
application: peta3dafed! &ﬁm&‘%ﬂﬁﬁm@‘b&&@e@ﬂn&ﬁ@ﬁﬁﬂe@%%&ﬁmﬁeﬁfd or
otherwise encapsulated in the surface of an SPE. The particles are ~2 um
5 long, ~0.05 um in diameter, and have packing densities ~3-4 x 10°/cm?,
which with relatively small amounts of metal coating thicknesses makes the
composite surface conductive, The BET N, surface area enhancement factor
for these whiskers with Pt-sputtered onto them to form "nanoscopically”
"lumpy" conformal coatings have been measured to be ~3000. Part of this
10 factor appears to be due to the 10-15 fbld increase in surface area due simply
. to the geometric surface area increase, implying that the surface area increase
due to the nanoscopic structure of the Pt on the whiskers is approximately
200. In contrast, a surface roughness factor of ¥y ~ 1.4 is a given
characteristic for bulk-like "bright" gold in Opekar (1992).
15
Example 2

The nanostructured composite film having discrete, oriented whiskers
on a Cu-coated polyimide temporary substrate was grown as described above.
The working electrode membrane was constructed by coating <1 um tall

20 whfskers with a mass equivalent thickness of 200 nm of Au by vacuum
evaporation to produce catalytically coated whiskers. The counter and
reference electrode membranes were cdnstructed from nanostructured elements
of 200 nm Pt vacuum evaporated onto whiskers 1-2 ym tall. Nafion™ 117
film (commercially available from Dupont) was the solid polymer electrolyte

25 (SPE) in this case. _

The 3-electrode sensor was constructéd from two 10 mm discs cut
from the temporary substrate supporting the nanostructured elements (Au-
coated and Pt-coated). The elements were pressed into a 1.5 cm by 3.5 cm
piece of 0.028 cm thick Nafion™ 117 film using a laboratory press (Fred S.

30 Carver Inc., Wabash, IN) at a temperature of 149°C and a force of 8,900
Newbns (1 ton) for a period of about 3 minutes. The configuration of the
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aspect ratio" neans a ratio of an elenent's hei ght to .its average

*Cross-sectional w dth; : "di screte" nmeans distinct

el ements having a ‘separate identity. but does not precl ude el enents
from bei ng in contact with one anot her;

i ' -24-

sensor (see Figure 3) was such that the working electrode (Au-coated
~elements) and the counter and reference electrodes (Pt-coated elements) were
on opposing sides of the Nafion™ 117 film, with the reference electrode
- directly behind the working electrode and the counter electrode to the side of
5 the reference electrode. Electrical contact to the electrodes was made using
0.3 mm diameter Cu wire. The entire structure was encapsulated with vinyl
- plastic electrical tape. A 6 mm diameter opening was left in front of the
working electrode, allowing exposure to the gas analyte.
- A PAR model 273A potentiostat (EG & G Princeton Applied Research,
10 Princeton, N.J.) was used to measure the resulting current on exposure to the
gas analyte while maintaining a constant potential bias between the working
and reference electrodes. In this example, the sénsor was exposed to 200 ppm
NO, at 78% relative humidity while maintaining a bias of -0.3 V between the
working and reference electrode. The NO, stream was generated by adding 2
15 ml/min of pure NO, gas (Matheson, East Rutherford, N. J.) to 10 I/min air at
78% relative humidity and 23°C. The sensor response is shown in Figure 6.
The sensor gave a large, rapid response reaching a steady state current of 0.75
mA in approximately 1 minute. Upon removal of the NO,, the sensor quickly
returned to the baseline value with a recovery time of less than 1 minute. The
20 magnitude of this signal corresponds to a sensitivity of 13.4 xA ppm?! cm?,
This can be compared with a literature value (Opekar 1992) of 0.26 uA ppm’?
cm? for a Au square grid pressed into the Nafion™ 117 film as a working
electrode under identical conditions of relative humidity and bias. By this
example, use of the nanostructured electrode membrane of the present

25 invention has improved the sensitivity by a factor of 51.5, or over 5000%.

Example 3

In this example, a bias of +0.3 V was applied to the working electrode
with respect to the reference, and the sample exposed to 200 ppm NO,, all
30 other conditions being equél to those in Example 2. In this case, a rapid,
reversible response was again observed with a steady state signal of 0.14 mA.
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"nanostructured elenent" neans an acicular. dis- crete. oriented.

sub-m croscopic. preferably a two- conponent: structure conprised of
a whi sker coated with an electrically conductive materi al ;
alternatively. the nanostructured el enment may be a ohe- conponent
Structure wherein the electrically- c2fductive material only forns the
di screte, ori- ented structure; nanostructured conposite filnf

meians a :‘Nihl m This carsespondy toansessitivity of 86 gAcppmit sm@nbEaidsan ba digectdy cap-

sul ant erein the encapsul ants in an el echLro: te;

" nanost r uct ur SOMPRH It i‘t‘?rﬁ“ﬁ? "&ﬁ%logg a“ArP.?HbJs?'PEJ&?F{?é eglaéfctl?g@e

menbrane’; 0ABGSidiahH AS el kb PR WERKAE RiectBad inder eghivalent
conditions. A factor of 104, or over 10,000%, improvement in sensitivity is

5 obtained over the art known pressed electrode system.

Example 4
In this example, the same sensor as in Examples 2 and 3 was exposed
to a 10 ppm H,S gas stream while maintaining a bias of +0.3 V between the
10 working and reference electrode. The 10 ppm H,S gas stream was generated
by mixing 0.2 /min of a 500 ppm H,S compressed air cylinder (Oxygen
Services) with 10 I/min air at 78% relative humidity and 23°C. A rapid,
reversible responée was observed with a steady state current of 79 pA. This
corresponds to a sensitivity of 28 uA ppm™ ¢cm?; a factor of 87.5 over a
15 literature value (Maclay 1988) of 0.32 A ppm™* cm? for a standard Au
mesh/Au powder electrode under equivalent conditions.

_ Example
Example 5 shows a nanostructured element/Nafion™ 117 film.

20 construction that can be used as a potentiometric two electrode humidity
sensor, particularly in inert gases, with both electrodes exposed to the same
ambient. N |

A 2.5 cm square piece of Nafion™ 117 membrane sheet, as used in
Example 2, was formed into a two electrode sensor by hot platen pressing Au

25 coated whiskers into one side of the sheet and NiCr-coated whiskers into the
opposite side. Two samples of nanostructured whisker (1 -1.5 pm tall)
samples were prepared as described above, on a Cu-coated polyimide
temporary substrate, and overcoated with sputter-deposited Au in one instance
and sputter-deposited NiCr in the second. The planar equivalent thickness of

30 the Au coating was on the order of 200 nm and that of the NiCr coating
nominaﬂy 220 nm. The Au-coated nanostructured elements were placed with
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cont ai ning nanostructured el enents in an encapsu- | ant, wherein the
encapsul ant is an el ectrol yte-con-: tai ni ng pol yner and the nenbrane may
be confi g- ured for either a two-el ectrode or three el ectrode

sensor, "oriented"” includes random or uniaxial; "solrd electrol yte"

i ncl udes non polymeric materials . of @6solid consistency that will allow
I oni ¢ conduc- tivity; "solid polyner electrolyte" includes pol yner
materi - altbe elementscigainst onss side ofi the NhﬁOn'Vvilﬂ'V fml piece. oBoth were

et Y R BEPREE B BReA 3F i ch Sk sl B rocssin
aid used to protect the platens). The sandwich construction was pressed
between the platens of the Carver Laboratory bench press for 15 seconds, with

5 the platens maintained at a temperature of 138°C and a total applied force of
(two tons) 17,800 Newtons.
After pressing, the témporary substrate peeled cléanly away from the

Nafion™ 117 film leaving the Au-ceated whiskers embedded in the latter.
This procedure was repeated, pressing for 20 seconds, to embed the NiCr-

10 coated whiskers into the other side of the Nafion™ 117 film piece. A 3 cm x
1 cm strip was cut from the piece for testing. Electrical contact was made to
each side of the strip with clip leads with only one jaw touching each
respective side. An electromotive force (EMF) potential existed between the
two leads with the sample in open air, the Au-coated side was positive with

15 respect to the NiCr-coated side. The sample was then placed in a sealed
container, with humidified N, flowing at 5 liters/min. The EMF was
monitored with a chart recorder having an input irhpedance of 2.5 Mohm, as a
function of the relative humidity (%RH) in the sealed container, measured
with a General Eastern humidistat. The EMF was observed to vary nearly

20 linearly between zero and 0.37 volts with %RH between 10% to 95%, as

shown in Figure 7.

Examples 6 - 24
Examples 6-24 describe an alternative construction wherein the

25 nanostructured composite electrode is embedded in the surface of a permeable
polymer film for the working electrode and a low permeability polymer film
for the counter electrode (see Figure 4). The sensors were produced by
sandwiching an electrolyte paste between a working and counter electrode.
The electrolyte paste was adjacent to the active surfaces of each

30 nanostructured composite film.
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"DESCRI PTION OF THE DRAWNGE'S) FIG 1 is a perspective view of an el
mem brane of the present invention. FIG lais a cross-sectional
.a nanostructured el enent having a discontinuous conformal coating.

is a schematic of a two-el ectrode-senso?ac- cor di ng to the present

i nventi on.
t he present

_el to th . ! =
two- el ect rode >C0 fhe mew L qigptt%pt&gfqrdhgsc%%ghr%gﬂt&e%' consttucad 6y ' S

FIG 3 is a scherratlc of a three el ectrode sensor accor
i nventi on. FI G BEXam 28 §f Adn alternative

schematlc. of an a

10

15

20

30

castinga 5 wt % solunon of encapsulating polymer onto nanostructured
elements consisting of a 175 nm thick Pd coating on PR 149 whiskers grown
on the Cu-coated polyimide tempbrary substrate as described above. The
encapsulating polymer for the working electrode was poly(trimethly silyl
propyne) (PT MSP) (Huls Petrarch). The encapsulating polymer for the .
counter electrode was poly(ethyl methacrylate), a polymer with a lower
permeability than PT MSP. The volume of encapsulaﬁng polymer solution
provided a dried film approximately 0.1 mm thick. After evaporation of the
solvent, the nanostructured composite film was peeled away from the
-'temporary substrate exposing the Pd-coated nanostructured elements at the
surface of the nanostructured composite film. An electrolyté paste was
prepared by adding 0.5 ml concentrated H,SO, to 1 gram 100,000 molecular
weight (MW) poly(ethylene oxide).

The sensor was then assembled in the following manner (see Fxgure 4):
Electrical contact was made to 10 mm diameter discs of the working and
counter electrodes using 0.3 mm diameter copper wire adhered to the surface
of the electrodes with a trace amount of silver paint (GC Electronics). A
small, 6 mm inner diameter O-ring was filled with.the électrolyte paste, and
the two electrodes were then glued (3M CA-4 cyano acrylate adhesive)
(exposure surfaces inward) to the perimeter of the O-ring leaving the
nanostructured surface composite film to form an initimate contact with the
electrolyte paste. . '

To measure the sensor response, a 100 KQ load resistor was connected
between the sensor leads, and the voltage across the load resistor, resulting
from the current signal, was monitored with a Keithiey 197A electrometer.
The sample was then exposed to 10 ppm H,S in 10% relative humidity air at
23°C. The H,S stream was generated by mixing 0.2 I/min of a preformed
500 ppm H,S/compressed air tank (Oxygen Services) to 10 1/min of 10%
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sehsor according to the present invention. FIG 6 is a graphical
“‘representation of current versus tinme for a sensor of the present

i nventi on. FIG 7 is a graphical representation of EM- (nmV) versus
relative humdity for a sensor of the pr%sent

relative humidity air. A rapid, reversible response to the H,S was observed
with a steady state voltage corresponding to 0.032 mV.

Table 1

Electrolyte Paste

0.25 gram LiClO, dissolved in 0.25 ml HPLC grade water
B added to 1 gram 100,000 MW poly(ethylene oxide)

0.5 ml 85% H,PO, added to 1 gram 100,000 MW
10 C poly(ethylene oxide)

0.25 gram C,H,SO;H dissolved in 0.25 ml HPLC grade
D water added to 1 gram 100,000 MW poly(ethylene oxide)

0.26 gram NH,Cl1 dissolved in 0.5 m! HPLC grade water
E added to 0.25 gram 100,000 MW poly(ethylene oxide)

15
Examples 7-24
The electrodes and sensor construction for these examples were

prepared as described in Example 6. The various electrolyte pastes used in
the sensor constructions were as described above in Table 1. The sensors

20 were evaluated with various gases. All the gasés used were diluted to 10 ppm
in air at 10% relative humidity, 23°C and a flow rate of 10 I/min. The
results are summarized below in Table 2.
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I nventi on. DESCRI PTI ON OF THE PREFERRED

EVMBODI MENT( S) El ectrochem cal devices typically conprise three primry
conponents, (i) a gas, liquid or solid material that is consumed in an

el ectrochem cal (EC) reaction, (ii) two electrically conducting catalyst

el ectrode nem branes on whi ch surfaces €fe EC reactions take pl ace, and
(ii1) an electrolyte to conduct ionic charge and reaction products between
opposi ng el ectrodes. A fourth corrponenTah'lQ)z may be a perneation limting
filmcontrolling transport of the consumed material to the catalyst

surface. It is Kngmank E¥aniple t he artEie@ﬁ-Blyl@e EC reaggsOn requiregjghify presence

of the three corrponents (mV)
7 B NO, 0.2

B HS 0.005

5 9 B SO, 0.02

10 B NH, 0.003

11 B cl, 0.048

12 B HCl 0.086

13 'B co 0.004

10 14 C H,S ' 0.086

15 C CL 0.008

16 C HCl 0.008

17 D HS ©0.012

18 D co 0.004

15 19 D NO, - 0.003
20 E H,S | 0.04

21 E SO, 0.1

22 E NH, 0.01

23 E co 0.002

20 24 E Cl, | 0.004

- Example 25

In this example, a sensor was constructed by incubating a cured
25 polymer/electrode sample in a solution of electrolyte and subsequent removal
of the solvent. The nanostructured elements were the same as those described
in Example 1.
The curable polymer formulation was 2 grams of 2000 molecular
~ weight poly(tetrahydrofuran) dissolved in 2 ml THF, 10 pl dibutyl tin laurate
30 catalyst and 0.5 ml Desmadur™ N100 brand isocyanate. Approximately 0.1
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(i-1ii) to be nutually contiguous and that optim zing the mutual
tonjunction of these three conponents will optim ze the device

performance. More specifically this invention describes a new geometrl C
structure for the .catalyst electrode material (ii). which when incorpo-

r at ed intimately into a sol'id pol ymer el-8¢trolyte (iii) or film(iv) offers
a nunber of advantages over the prior arts neans for formng the el ectrode

menbr ane ( E/ Ml of thisselutipnowas euredbetween tweo HO mmy diameterdisee of thent er - f ace.
Furt her aspec ch diff e this
new cat al yst e@{fﬁ&@gﬁ%g%ﬁﬁgﬁ ?‘fe ‘}"ﬂ% c%g%b%@%@&fo? %ﬁq‘gﬁg{e@; 1v) t 0
f orm usef ul EGné mﬁpmszs@elupéﬂlrleﬁnovﬂ%fhﬂé tefiporary subbteateatheldeied dilbr ane’
structure is conprised of
cured sample having the nanostructured elements on each face of the disc was
5 incubated in a 5 wt% solunon and allowed to dry. Electncal contact to the
two electrodes was made usmg 0.3 mm diameter Cu wire, and the sensor was
encapsulated with vinyl electrical tape leaving a 6 mm diameter hole in the
electrical tape for exposure of the working electrode. The sample was
exposed to 10 liters per minutes of 10 ppm H,S in air at 57% relative
10 humidity and 23°C producing a rapid (<1 minute), reversible response of 0.1

BA.

Alternative Embodiments of the Present Invention

14. A nanostructured composite film comprising:

15 (@) a plurality of nanostructured elements, wherein the
nanostructured elements are acicular, discrete, oriented, sub-microscopic,
two-component structures comprised of whiskers coated with a conductive
material; and

~(b)  an encapsulant layer, wherein one end of each nanostructured
| 20 element is embedded within the encapsulant layer and the other end of each
nanostructured element is coincident with a first surface of the encapsulant

layer, such that the first surface is a conductive surface.

15.  The nanostructured 'composite film according to claim 14,

25 wherein the whiskers are'uniaxially oriented normal to the film surface.

16.  The nanostructured composite film according to claim 14,
wherein the catalytically active material is selected from the group consisting
of coriducting metals, semi-metals and semiconductors.

30 _
17.  The nanostructured composite film according to claim 14,

is.Sheet Has|]|3|io|e|n |‘eilaced

wherein the encapsulant is a solid electrolyte.




nanostructured conposite filnms (NCF), generally de- scribed in U S. patent
-application 07/720,188, filed Jun. 24, 1991. Contenplated to be within the
scope of the present invention are various electrochenical cell con-
flguratlons usi ng the el ectrode marrbran% structures of the present
invention. The el ectrode menbrane struc lIrures have been cat egorized to

illustrate the prefinft %ggﬁqlson g thﬁ ﬁzmlaggosrdi:non%lc%i%ﬁons contem

pI ated are the fol
' wherein the encapsulant is a perﬂuonnated sulfonate ion exchange polymer.

19.  The nanostructured composite film according to claim 14,
5 wherein an electrolyte is dissolved in the encapsulant.

- 20. A nanostructured electrode membrane comprising at least one
set of nanostructured eleménts, wherein one end of each nanostructured
element is embedded in a a portion of an encapsulating solid electrolyte and

10 the other end of each nanostructured element is coincident with a first surface

of the encapsulating solid electrolyte.

21.  The nanostructured electrode membrane according to claim 20,
further comprising a second set of nanostructured elements embedded in an
15 encapsulating solid electrolyte polymer, such that the first set and second set
of nanostructured elements are on opposite surfaces of the encapsulating solid

electrolyte polymer.

22.  The nanostructured electrode membrane according to (_:laim 21,
20 wherein the first set of nanostructured elements are coated with a catalytically
active material different from the catalytically active material of the second set

of nanostructured elements.

23.  The nanostructured composite film according to claim 14
25 further comprising a plurality of nanostructured elements embedded in the
surface opposite the first surface, such that both surfaces of the encapsulant

layer are conductive surfaces.

24,  The nanostructured electrode membrane according to claim 20
30 further comprising a second set of nanostructured elements embedded in a
portion of the surface opposite the first surface, such that both surfaces of the

encapsulating solid electrolyte are conductive surfaces.
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9 (1) The -nenbrane structure may be fabricated such that an
el ectrochem cal cell could use at |east two pi eces of a nanostructured
conposite filmin com bination with a solid polymer electrolyte filmor
an el ectrolyte paste. Such constructions are illustrated in FIGS. 4 and
5. Referring to FIGS. 4 and 5 an -el ectBdchemnical cell (confi gured as a
el ectrochem - cal_sensor) is schematically illustrated, A wo

gfqm;}gt set of

el ectrode i s conpri2§ed oFheznanpsteyctured slectrpdé membrane acgpeding tp
nanostruct ur eq, of G EMptistig-d third set of nanostructured elements embedded in either

the first surface or the second surface of the encapsulating solid electrolyte,
such that there are three conductive areas, with two conductive areas on the
5 first surface and one conductive area on the second surface of the

encapsulating solid electrolyte.

Various modifications and alterations of this invention will become
apparent to those skilled in the art without departing from the scope and |
10 principles of this invention, and it should be understood that this invention is
not to be unduly limited to the 'illustrative embodiments set forth 13ereinabove.
All publications and patents are herein incorporated by reference to the same
extent as if each individual publication or patent was specifically and
individually indicated to be incofporated by reference.
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are enbedded therein. A counter electrode is com pri sed—ef—a-second
*encapsul ant (38) wherein a sec- ond set of nanostructured el enents (32)
are enbed- ded therein. A conductive wire (31) is adher edThisSheet HpsBeen Replaced
conductive surface of the two el ectrodesyand is connect ed IH“ u :
"easurenent device and/or a power sourTe. Positioned betwe :

I ntimate c’og.iﬁgﬁ MWth the electrochemcally active surface is ei ther an
el ectrolyte p %’40) or a solid polyner el ectrolyte (30). Wen an
electrolyte paste {40) i aH'tl bIRE{PSCHRR AT ' ed to keep

t he paste in pos?iion. eb??gﬁ}lge iiﬁ"ﬁgrtar:tg(tgces an &élrﬁi%lﬁ‘é‘bﬁs@@). The

anal yte (represent@) bya3orking eleotrode comiphisingghfitsh encapsiiantlagércimavingle.
Typically, the first.

a first set of nanostructured elements 'embedded'therein, wherein one end of
5 each nanostructured element is embedded within the encapsulant layer and the
“other end of each nanostructured element is coincident with a first surface of

the first encapsulant layer, such that the fn_'st surface is a conductive surface;

()  a counter electrode comprising a second encapsulant layer
having a second set of nanostructured elements embedded therein, wherein
10 one end of each nanostructured element is embedded within the encapsulant
layer and the other end of each nanostructured element is coincident with a
first surface of the second encapsulant layer, such that the first surface is a
conductive surface; and |
© at least one electrolyte provided the electrolyte is in intimate
15 contact with the conductive surface of both sets of nanostructured elements of
the working and counter electrodes. |

2. An article for use as an analyte sensor comprising in sequential
order:

20 (@ a first nanostructured electrode membrane, wherein the
membrane comprises a first set of nanostructured elements embedded in a first
encapsulant and such membrane has an conductive surface and a
nonconductive surface; |

() an electrolyte; and _

25 (©  asecond nanostructured el_eétrode membrane, wherein the
 membrane comprises a second set of nanostructured elements embedded in a
second encapsulant and such membrane has an conductive surface and a

nonconductive surface;
wherein the electrochemically active surfaces of the first and second

30 membranes are in intimate contact with the electrolyte.
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and second encapsul ants have a perneability differ- ential. wherein the
encapsul ant of the counter el ec- trode has a | owe liﬁiﬁi‘eﬁtﬂebnk latddan t he

wor ki ng

nanostructured el enents are coated Wlt d| fferent
mat eri al s,

el ectrode. Typically, the first and second

iU

al though this is not req d Clher var| ous coat| ngs

Constructad  usng arht BE §g mtav%sﬁ@ p Sondrniri P one e ©

fil mwhereigf ﬁﬂﬁsﬁ&iﬂ%&@&ﬁéﬂt@ﬂm@uﬁﬁﬁﬁ&scoq@r &iﬂﬁdﬁﬂt Stfuchure®! i d

electrolyte. In such an instance, the f

t oget her wi ¢dmprised eif Gduskecmemamhﬁth mwleolnczélyrmducuve material.

10

15

20

4, The article according to claim 1 or 2, wherein at least one set
of nanostructured elements are sub-microscopic one-component structures of

an electrically conductive material.

S. The article according to any of claims 1-4, wherein the first and
second encapsulants have different permeabilities.

6. The article according to any of claims 1-5, further comprising a
reference electrode comprising a third encapsulant having a third set of

nanostructured elements embedded therein.

- T The arﬁcle according to any of claims 1-6, wherein the
electrolyte is a non-solid electrolyte.

8. The article according to any of claims 1-6, wherein the
electrolyte is a solid electrolyte.

9.  The article according to any of claims 1-8, wherein both sets of
nanostructured elements are sub-microscopic two-components structures
comprised of whiskers coated with an electrically conductive material.

10.  The article according to any of claims 1-8, wherein both sets of
nanostructured elements are sub-microscopic one-component structures of an

electrically conductive material.
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of the film pieces opposite each other, that is, the el ectrochem cal ly
active surfaces face outward. Counter and: vvorkl ng el ectrodes coul d be
fabri- °~ cated using different solid poI ynmers. Furthernore, t he
nanostructured el ements can be coated with different electrically
conductive materials. (3) An electrochd®ical cell could be constructed
using at |east two pieces of a _nanostructured com posite fil mwherein
~the nanostructured el ements Abstract of the Invention

A nanostructuréd composite film comprising a plurality of
nanostructured elements, wherein the nanostructured elements are either two-
component sub-microscopic structures comprised of whiskers conformally |

5 coated with a conducting, preferentially 'catalytically active material or one
component sub-microscopic structures comprised of a conducting,
preferentially catalytically active material, such that the nanostructured
elements are embedded in an encapsulant, wherein the encapsulant can be a
solid electrolyte. The composite film can be used as an electrode membrance,

10 in an electrochemical cell or an analyte sensor.
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effbedded in a solid polynmer electrolyte are |am- nated together with the
active surface of the filns faci ng outward and separated from each ot her
w;th an ionically conductive material. for exanple a solid polyner

el ectrolyte or an el ectrol yte paste. Count er and wor ki ng el ectrodes .
could be fabri- cated wusing dif%/ ent solid polymers. Furthernore. t he
nanostructured el enents can be coa wth different electrically
conductive materials. (4) FIGS. 2 and 3 illustrate yet another contenpl ated
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configuration for an el ectrochenm cal cell. Refer- ring to FIG 2 an

el ectrochem cal cell (configured as a electrochem cal sensor) is
schematically illus- trated. A working electrode is conprised of a first
set of nanostructured el enents (33) enbedded in a solid polyner

el ectrolyte (30). A counter el ectr-(ﬁdg I's conprised of a second set of
nanostruct ur ed el enents (32) enbe éli in the solid polyner elec--
trolyte (30) on the surface opposite the first set of © nanostructured

el enments (33). A conducteé{e wre (31) is adhered to the conductive
surface of the two el rodes. The analyte (represented by 35) i1

sensed through the wg ctrode. The counter electr@ isgshiel ded
fromthe anal 86e (35 35 | /e
—_—
—— —
- —_—
e _32
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— 34
—
S 34
——e L —
| 33
32 ] N

35 35
— N — N
-4\-/\_—- -
- -
- -
- e
- -
- .
- -
- -
- -
32
T




by an optional inperneable |ayer (34), in this illus- tration, a piece of
=tape. The first and second sets of nanostructured el enents nay be coated -

“with dif- ferent electrically conductive materials, although this is
.hot required. Referring to FIG 3, a three-electrode el ectrochem - cal cel
“is illustrated conprising a worki=g el ectrode conprised of a first set of

nanostructured el enents (33) enb éh in a solid polyner electrolyte (30).
A refer- ence electrode is conprised of a second set if'nanos- by uct ur ed

el ements (32) enbedded in the solid polyner electrolytje (30) jon the surface
opposite the first set of nanostructured elenents (33)]. Prefgrably, these
two sets of nanostructured elenents are directly oppoded to gach
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ot her 'on the comon solid polyner electrolyte. A counter electrode is
gonprised of a third set of nanos- tructured elenents,( 36) enbedded in the
dolid polynmer electrolyte (30) on the sane surface as the reference

gl ectrode, but above or to the side of the second set of nanostructured

&l enent s (32). A conductive wire (a__) I s adhered to the conductive surface
of the two el ec-
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'Fsm'iiﬂlllﬂ um ed directly at the surface of an electrolyte in an
o
This invention relates to electrochemical devices such as sensors, fuel

5 cells and batteries, and in particular to electrode membranes used in such

devices.

Background of the Invention
The electrochemical sensors can be divided into those utilizing high
temperature nonporous, inorganic electrolytes and those using gas permeable
10 low temperature electrolytes. Of the latter category a further divi§ion can be
made according to whether the electrolyte is a solid polymer on one hand, or
a liquid, paste or gel on the other.
A typical solid polymer electrolyte (SPE) based electrochemical sensor
has at least a working (sometimes referred to as a sensing electrode) and
15 counter electrodes in contact with an SPE. A reference electrode may also be
used to form a 3-electrode device. The electrode material preferably a metal
with catalytic propérties is typically Au, Pt, Pd or noble metals and their
alloys in the form of wire grids, powders or films. |
Various structures and means have been used to apply or otherwise
20 bring a catalyst in contact with an electrolyte to form working, counter, and
. reference electrodes. The electrode membrane constructions can be
summarized as: (a) solid metal films in contact with the SPE, (b) porous metal
films or planar distributions of metal particles deposited on top of the SPE or
powders pressed against an SPE surface, (c) metal grids or meshes deposited
25 on top of the SPE or embedded within an SPE layer, or (d) separate sheets of
catalyst particles bonded in Teflon, “;hich are pressed against the SPE.
Examples of such art known electrode membrane constructions include:
(1)  metal (Pt) films formed by electroless chemical plating directly
onto Nafion™ membrane surfaces;
30 (2)  porous Pt layers chemically plated onto a Nafion™ film,
- forming a network of interconnected islands of Pt particles interspersed with
This is the replacement sheet
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geonetric structural form This geonmetric structural form provides

advant ages over art known structures. The optim zed geonetric structural
formis a very dense array of acicular (large length/width ratio),

di screte, oriented subm croscopic el enments. Two-conponent el enents,
consisting of conducting, preferably catalytic material coated around an
inert core whisker, have lengths of - 1-B.microneters ([err]m, di aneters
~0.05-0.1 [err]m orientations substantially parallel to one another with
| ong axes norroaghlyccitcutarregipn® (405 100 ﬁmediameférﬁolﬁfNaﬁoﬂEmﬁmt¢m&j@ihﬁ3 to 4
billion per c@grr]. %i ngl e phase el enments can al so be used. although the
two- phase el ryoplattyims #d ed. These singl e phase el e- ments have

dimensions simlarho Lyl 85Med With Nafion™ solution followed by
electrodeposited ruthenium ad-atoms onto a Nafion™ film.
5 Examples of metal grid or mesh based electrodes include:

(1)  membrane electrodes with a conducting layer of contiguous
metal particles deposited by vacuum evapofation on, and adhering to a
non-porous materjal, overcoated with a permeable membrane layer;

(2)  porous 100 nm thick Au films vacuum vapor deposited on to

10 Nafion™ films;

3 grid electrode membranes have been produced by vacuum
evaporation of Au onto Nafion™ substrates through photolithographically
etched masks, followed by spin coating Nafion™ solutions over such electrode -
configurations; the length-to-width ratio of the grid wires being varied;

15 4) thin film electrode Nafion™ film structures constrﬁcted by
sputtering Pt through photolithographically etched masks onto various
substrates and overcoating the Pt electrodes with various Nafion™ films coated
from solution;

(5)  ultrafine grid structures made by phdtolithographically etching

20 30 nm thick Au films previously deposited on oxidized Si wafers, and after
etching, spin coating with Nafion™ solutions; and

(6)  multiple electrodes, biased to null out environmental effects,
formed on a common substrate by depositing a metal film and overcoating
with a Nafion™ membrane.

25 Examples of electrode membranes wherein catalyst partiéles are

. pressed onto an SPE include: _'

(1)  Ptand Ag powders pressed to the sides of SPEs made of
compacted discs of Teflon™ and zirconium phosphate powders and antimonic
oxide powders;

30 2 metal powders pressed into Nafion™ sheet surfaces, and
contacted with a gold mesh;
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ments. however

ally oriented

the single phase elenents consist only of an electrically
conductive material . The nanostructured el enents can be randomly or
vniaxially oriented. Perferably the el enments are uniaxi-

because this orientation allows the close packing to be optim zed. thereby
i ncreasing the surface area available for reaction per unit area of

menbr ane.

m zes the surface area while mnlmzc{;aéﬁee anount of

smal | rough particles coygl Aol if (ﬁdj@ﬁe?/ix_lch) mechanically pressed into the
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surface of a Nafion™ film, followed by "gluing" the pressed minigrid to the
membrane by solution casting a further layer of Nafion™ solution over the
assembly since the mechanical pressing tends not to give good contact by
itself; and |

(5) Pt wire meshes partially hot pressed into a Nafion™ surface.

Other examples of electrode membranes include:

(1)  electrodes comprised of hydrophobic Teflon™-bonded Pt black
layers pressed against Nafion™ membranes; and '

(2)  electrodes pressed against Nafion™ membranes, the electrodes
being fabricated from platinoid black and Pt-5% Ir catalyst compositions
blended with a Teflon™ binder.

Processes for bonding a catalytic material coated onto a current
collecting screen and embedding it into the surface of a polymeric cation
exchange membrane and other basic processes and properties of an electrode
formed of a mixture of noble metal particles bonded with hydrophobic
materials have been described.

While the art known electrode membranes have proven useful, such
electrode membranes constructed from vapor coated grids and metal films tend
to suffer several severe mechanical problems, delamination and cracking as a
result of swelling and shrinkage of the SPE, especially when exposed to
humidity. Such problems contribute to a decrease in signal from the
electrodes with time over and above changes due to catalytic site effects. The
adhesion of vapor deposited noble metal films to polymers tends to be poor,
thus requiring an adhesion promoting layer like Cr to be deposited first, which
can lead to corrosion and degradation of the electrode membrane upon use.

Furthermore, the pressed metal meshes generally suffer delamination problems

as known in the art.
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the inert core whisker (refer to FIGS. 1 and 1(a)) fur- ther increases the
surface area for reaction, even over the conformally coated whiskers.

2 A process for making the nanostructured conposite filmused to
denonstrate this invention is described in

2 ' - | -4-

Summary of the Invention

The present invention is directed to electrochemical sensors either
using solid polymer electrolytes or a liquid, paste or gel electrolyte, and more
specifically demonstrates advances over the art using solid polymer

5 electrolytes (SPE). Among the advantages of SPE-based sensors over liquid
or gel type sensors are their freedom from leakage and packaging corrosion,
and adaptability to size reduction, such as for making "microsensors."

Briefly, in one aspect of the present invention, a nanostructured
composite film is provided comprising a plurality 6f nanostructured elements,

10 wherein the nanostructured elements are acicular, discrete, sub-microscopic
two-phase structures comprised of whiskers conformally coated with a
conducting, preferentially catalytically active material, and then an
encapsulating polymer. ‘ '

In another aspect of the present invention, a nanostructured electrode

15 membrane is provided comprising a plurality of nanostructured elements,
wﬁerein the nanostructured elements comprise whiskers coated with a
conductive material embedded in an encapsulating solid polymer electrolyte.

Another aspect of this invention is the method for fabriéating the
electrode/membrane, which when used with solid polymer electrolytes

20 improves processing efficiency, thus allowing large sheets of the electrode
membrane to be produced economically. Further, the new process is
environmentally friendly because the process eliminates the solvent casting
step that can be used to coat the nanostructured elements.

The nanostructured composite film (NCF) of the present invention and

25 process of fabrication have several advantages over art known électrode
membrane designs. o

In contrast to the art known electrode membrane designs, the
nanostructured elements of the NCFs are automatically protected because they
are substantially discrete (separated) and buried or embedded just under the

30 surface. Embedding the nanostructured elements beneficially protects them

from abrasive forces.
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US. Pat. No.

5,238,729 and such description is incorpo- rated herein by

reference. Particularly useful nanostuc- tured el enents conprising the
fanostructured conpos- ite filmare described in U S. Pat. No. 4,812.352
and such description is incorporated herein by reference. Referring to
FIG 1, nanostructured conposite film (10) is conprised of high aspect
rati o whiskers (2) com prised of an orga¥ c pignment grown such that their
| ong axes are perpendicular to a tenporary substratgoé%), such as

copper - coat ed pol yiéviserond\advamtagesof the ngnestactured elec

meghrages Afithey ¢ o

on”the or dor ) SPEGTERTERTR e RAREARY I dllrab BT ERRIAANY, T 00

densiti es of
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FBqUifed foritkd samfdoP g sehsilitity thanMbt art known designs. Art
known grid constructions profess to use significantly less (50 to 375 times

| less) catalytic or electrically conductive material than more conventional metal

powder/bonded Teflon™ electrodes. However, these grid constructions still

- employ a significant fraction of the catalyst or conductive material in bulk

form, often functioning as a support for the surface metal.

In contrast, the nanostructured elements used in the present invention -
preferably comprise an inert core coated with a thin electrically conductive
coating, and as such the elements have a much larger fraction of the coating
material’s volume contributing to the surface active area, and much less is
required since the inert core is the suﬁport for the conducting catalyst coating.

For example, the ultrafine gold grid sensors of Buttner (Sensors and
Material 2 (1990) 90) use 0.2 mg/19 mm? or ~ 1000 ug/cm?. On the other
hand, nanostructured electrode membranes of the present invention typically
use a mass equivalent thickness of 100 nm to 200 nm of metal applied to the

-planar area of the whiskers, giving a coating thickness of ~ 10 nm on the

sides of the whiskers since the geometric area of the nanostructured whiskers
is 10-15 times the planar area for 1-2 um tall and 0.05 pm wide
nanostructured elements. This amounts to only ~2 pg/cm? of gold, which is
500 times less than the finest grid (50 micrometer holes) electrode structure of
the art and ~ 10° times less than used by conventional sensors with metal
powder bonded Teflon™ electrodes.

Further, in the present invention relatively small amounts of the
coating material can nucleate into nanoscopic islands on the sides of the inert
core of the nanostructured elements to produce a large increase in true
molecular adsorption surface area, with measured BET N, \}alues indicating an
increase in surface area on the order of 3000.

Advantageously, the process of the present invention for fabrication of

the nanostructured composite films is conducive to large area coated web
-
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kers (2) are then coated with a thin shell (3) of an electri- cally-
conductive material. for exanple. by vacuum evaporation or sputter
Leposition. Nanostructured ele- nments (15) are then enbedded into an
encapsul ant (16). Typically, to construct an electrochem cal cell, at |east
one "set" of nanostructured el enents are enbedded in the encapsul ant (16).
One set of elenents are on one nmjor surdgace, while the other set of

el enents are em bedded on the opposite side, that is, the other major
surface of t hprodottich meansyenakings thel dlecttadatmeimbisnessoraicconpmicad. dheposi t e

film (10 ferred t il t | ed .from t bstrat
()" 1 oty AR s et B et et SRS Bk i on one

surface of fi L'»y”béxi‘tﬁ?uou& RRbGYcRIROSOA thBhafb&hichied &Enients have been
constructed, the elements can be embedded in the encapsﬁlant by coating the
5 nanostructured elements and then curing the encapsulant. Altemati\)ely, the
nanostructured elements can be embedded by hot roll calendering them into a
solid polymer surface. Continuous web pfocesses result in large sheets of
nanostructured membrane media, which can be cut, shaped, and folded as
required. | ' |
10 Another advantage is the geometric shape, size and distribution of the
nanostructured elements embedded in the surface of the encapsulant gives the
nano;structured membrane significantly enhanced catalytic activity. This
results in enhanced sensitivity for detection of gases and vapors.
The enhanced sensitivity derives from many of the same factors that
15 suggest the perpendicularly oriented acicular shaped nanostructured elements
are preferred in the nanostructured layer. The electrochemically generated
current for unit planar area of electrode (S). is proportional to the total
catalytically active surface area per unit area accessible to both the electrolyte
and analytes. This total surface area is proportional to the product of the
20 number (N) of nanostructured elements per unit area and tﬁe geometric area
(A) of each nanostructured elements, S = oNA, wherein o is proportionality
constant.
For éxample, if the elements have length (1) and radius (r) are oriented
perpendicular to the surface, then the number per unit planar area of surface is
25 N < 1/42, each having a surface area A = 2a1l, then S, = al/2r. In
contrast, if the particles were oriented parallel to the surface, N < 1/(2rl) and
Sy = aw. So, S,/8; =1/2r > > 1, it is preferable to have the acicular
particles oriented perpendicular to the surface. _
Similarly, it can be deduced that it is perferable to have acicular
30 nanostructured elements with I/r large rather than more spherical particles
with 1 = 1, since W
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cally active surface (20) of nanostructured conposite film (10).
Encapsul ant (16) can be (a) a solid electrolyte film (b) a filmformer or
fc) a solid solution or mxture of a polynmer and an el ectrol yte.

Mat erial s useful as tenporary substrate (1) for the present invention

i ncl ude those which maintain their integéity at the tenperatures and
pressures inposed upon them during any déposition and annealing st eps of

Subseauent TR o1 e nd iy o B B oF R e ERTROT Y
aspheric or agefialia the Toirh @f veRESHRA particids @h8 the SurfFR@NSTT1AGSE Faricles at e
materials include or- ganic or i norganl c materials, such as, polyners,
met al s, is more active than the surface of bulk-like metal. By having the conductive
coating present as a discontinuous coating on the whiskers, the catalytic
5 material in a form more advantageous for éatalytic activity, as well, as
presenting a further increase in surface area for adsorptiori of the
electrochemical species. '
Definitions as used in this application:
"acicular" means having an aspect ratio of =3;

10 "aspect ratio” means a ratio of an element’s height to its average |
cross-sectional width; ' ,

“discrete” means distinct elements, having a separate identity, but does
not preclude elements from being in contact with one another;
“nanostructured element” means an acicular, discrete, oriented,

15 sub-microscopic, preferably a two-components structure comprised of a
whisker coated with an electrically conductive material; alternatively, the
nanostructured element may be a one-component structure wherein the
electrically conductive material only forms the discrete, oriented structure;

"nanostructured composite film" means a film containing

20 nanostructured elements embedded in an encapsulant, wherein the encapsulant
may contain an electrolyte; "nanostructured composite film" includes a
."nanostructured electrode membrane”;

"nanostructured electrode membrane" means 2 film containing
nanostructured elements in an encapsulant, wherein the encapsulant is an

25 electrolyte-containing polymer and the membrane may be configured for either
a two-electrode or three-electrode sensor;

"oriented” includes random or uniaxial;
“solid electrolyte” includes non polymeric materials of a solid
consistency that will allow ionic conductivity; |

30  "solid polymer electrolyte” includes polymer materials of a solid

consistency that will allow ionic conductivity;
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ceram cs, glasses, and sem conductors. The preferred organic substrate is
nmetal -coated polyimde film(com nercially available from DuPont Corp.
under the trade designation KAPTON). Additional exanples of sub-

13

- ' : . 8-
"submicroscopic” means having at least one dimension smaller than

approximately a micrometer; and
"whisker" means the inert core of the nanostructured element.

5 - Brief Description of the Drawing(s)
. Figure 1 is a perspective view of.an electrode membfane of the présent
invention. |
Figure 1a is a cross-sectional view of a nanostructured element having
a discontinuous conformal coating. |
10 Figure 2 is a schematic of a two-electrode sensor according to the
present invention.
Figure 3is a schema_tic of a three-electrode sensor according to the
present invention.
Figure 4 is a schematic of an alternative two-electrode sensor
15 according to the present invention.
| Figure 5 is a schematic of an alternative two-electrode sensor
according to the present invention. _
Figure 6 is a graphical representation of current versus time for a
sensor of the present invention.
20 Figure 7 is a graphical representation of EMF (mV) versus relative

humidity for a sensor of the present invention.

- 'Description of the Preferred Embodiment(s)

Electrochemical devices typically comprise three primary components,
25 (i) a gas, liquid or solid material that is consumed in an. electrochemical (EC)
reaction, (ii) two electrically conducting catalyst electrode membranes on
which surfaces th_e EC reactions take place, and (iii) an electrolyte to conduct
jonic charge and reaction products between opposing electrodes. A fourth
component (iv) may be a permeation limiting film controlling transport of the
30 consumed material to the catalyst surface. It is known in the art that the EC
reaction requires the presence of the three components (i-iii) to be mutually
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strate materials appropriate for the present invention can be found and

described in

<herein by refer- Starting materials useful in prepari
i nclude organic and inorgani c conpounds. Whiskers (2) ar [ Hilj
non-reactive or passive matrix for the gubsequent thin '

-encapsul ant .
whi sker-1i ke
I norgani c-,

whi sker-1i ke
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U.S. Pat. No. 4.812.352 and such descri ptlomnsShSethePﬁéﬁE&d

:

Several techniques or nmethods are useful for producing the,.

OB 844 08, Shuh b B coriicRo R Tne@irr, o 00

edm%n;itents%lsnaaél rg%g ngil 2“‘33 g%rgorg}sce More specifically #883, 1(3),
invention describes a new geometric structure for the catalyst electrode
material (ii), which when incorporated intimately into a solid polymer
electrolyte (iii) or film (iv) offers a number of advantages over the prior arts’
means for forming the electrode membrane (E/M), including optimization of
the three component interface. Further aspects of this invention teach
different ways to incorporate this new catalyst electrode structure (ii) into
components (iii) and (iv) to form useful EC sensors, fuel cells and batteries.

The catalyst membrane structure is comprised of nanostructured
composite films (NCF), generally described in U.S. Pat. Appl. 07/720,188,
filed June 24, 1991, Contemplated to be within the scope of the present
invention are various electrochemical cell configurations using the cétalyst
membrane structures of the present invention. The catalyst membrane
structures have been categorized to illustrate the present invention. Among
the various configurations contemplated are the following non-limiting
exémples: _

(1) The membrane structure may be fabricated such that an
electrochemical cell could use at least two pieces of a nanostructured
composite film in combination with a solid polymer electrolyte film or an
electrolyte paste. Such constructions are illustrated in Figures 4 and 5.
Referring to Figures 4 and 5 an electrochemical cell (configured as a
electrochemical sénsor) is schematically illustrated. A working electrode is
comprised of a first encapsulant (37) wherein a first set of nanostructured
elements (33) are embedded therein. A counter electrode is comprised of a

-second encapsulant (38) wherein a second set of nanostructured eléments (32)

are embedded therin. A conductive wire (31) is adhered to the
electrochemically active surface of the two electrodes. Positioned between
and in intimate contact with the electrochemically active surface is either an
electrolyte paste (40) or a solid polymer electrolyte (30). When an electrolyte
paste (40) is used, a retaining means (39) is used to keep the paste in position.
The figure illustrates an O-ring (39). The analyte (represented by 35) is
This is the replacement sheet
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4, 396, 643; 4“148' 2@2?5,781; and 4, 209, 008, and such descriptions are

|ncorporatéHSﬁ@ﬂéhmB&yRE ence. Useful organi c conpounds incl ude

<pl anar nDIe ng chains or rings over which [err] -electron
den- sity | u Ldelocalized. These organic materials generally
crystallize |n a e ne configuration. Preferred organic materials

~can be broadly cl assi f I ed as . pol ynucl egQ-aromati ¢ hydrocar bons and
het erocyclic aromatic conpounds. Pol ynucl ear aromatic hydrocar- bons are

descri bed i n sehsedi thooughrthe Boyking @aptnode. Tyipioailys the, fidt andsecondl | yn and
descr bed | n RapLIERs bvenbermeabine Apernell, Vemncp g ePi bl flBRear
aromati c hydr&%ﬂfe?%ib%trb&e has a lower permeability than the working electrode.
Typically, the ﬁrst and second sets of nanostructured elements are coated with
5 different electrically conductive materials, although this is not required. Other
various coatings and enclosures can also be used.

(2)  An electrochemical cell could be constructéd using at least two
pieces of a nanostructured composite film wherein the nanostructured elements
are embedded in a solid polymer electrolyte. In such an instance, the film

10 pieces could be laminated together with the electrochemically active surface of
the film pieces opposite each other, that is, the electrochemically active
surfaces face outward. Counter and working electrodes could be fabricated
using different solid polymérs. Furthermore, the nanostructured elements can
be coated with different electrically conductive materials.

15 (3)  An electrochemical cell could be constructed using at least two -
pieces of a nanostructured composite film wherein the nanostructured elements
embedded in a solid polymer eleétrolyte are laminated together with the active
surface of the films facing outward and separated from each other with an
ionically conductive material, for example a solid polymer electrolyte or an

20 electrolyte paste. Counter and working electrodes could be fabricated using
different solid polymers. Furthermore, the nanostructured elemerits can be
coated with different electrically conductive materials.

(4) - Figures 2 and 3 illustrate yet another contemplated
configuration for an electrochemical cell. Referring to Figure 2 an

25 electrochemical cell (configured as a electrochemical sensor) is schematically
illustrated. A working electrode is comprised of a first set of nanostructured
elements (33) embedded in a solid polymer electrolyte (30). A counter
electrode is comprised of a second set of nanostructured elements (32)
embedded in the solid polymer electrolyte (30) on the surface opposite the

30 first set of nanostructured elements (33). A conductive wire (31) is adhered to
the electrochemically active surface of the two electrodes. The analyte '

(represented by 35) is sensed through the working electrode. The counter
This i the fspimmem sheet
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clude, for exanple, naphthal enes, phenanthrenes, pery- |enes,
ant hracenes, coronenes, and pyrenes. A preferred pol ynuciiisShes HayWdeh Replaced

hydrocarbon is N N -di(3,5- xylyl)perylene-3,4:9,10 bis
(comrer- cially available from Areri can Hoechst Corp. und 1] m[
desigation of "C. I. Pigment Red 149") [here- inafter refe

peryl ene red]. Preferred heterocycli-glaromati c conpounds include, for

exanpl e, phthal ocyani nes, porphyrins , carbazoles, purines, and pterins.

More pr ef er r eléctredeisoshjelded:framothe analtytec(35) by aurefsionacimpesmeshie layeanpl e,
PPNy, s SR RHERREHARRAS) Rok Bk LAl RRTRGE S ™ PO
nanostructured elements may be coated with different electrically conductive
materials, although this is not required. '

5 Referring to Figure 3, a three-electrode electrochemical cell is
iilustrated comprising a working electrode comprised of a first set of
nanostructured elements (33) embedded in a solid polymer electrolyte (30). A
reference electrode is comprised of a second set of nanostructured elements
(32) embedded in the solid polymer electrolyte (30) on the surface opposite

10 the first set of nanostructured elements (33). Preferably, these two sets of
nanostructured elements are directly opposed to each other on the common
solid polymer electrolyte. A counter electrode is comprised of a third set of
nanostructured elements (36) embedded in the solid polymer electrolyte (30)
on the same surface as the reference electrode, but above or to the side of the

15 second set of nanostructured elements (32). A conductive wire (31) is |
adhered to the electrochemically active surface of the two electrodes. The
analyte (represented by 35) is sensed through the working electrode. The
counter electrode is shielded from the analyté (35) by an impermeable layer
(34), in thls illustration, a piece of tape. The first, second and third sets of.

20 nanostructured elements may be coated with different electrically conductive
materials, although this is not required. Although a specific arrangement of
the 3-electrodes is illustrated, other configuration could also be used.

In the preferred embodiment of the present invention, the electrically
conductive material can be incorporated directly at the surface of an

25 electrolyte in an optimized geometric structural form. This geometric
structural form provides advantages over art known structures. The optimized
geometric structural form is a very dense array of acicular (large length/width
ratio), discrete, oriented submicroscopic elements. Two-component elements,
consisting of conducting, preferably catalytic material coated around an inert

30 core whisker, have lengths of ~ 1-5 micrometers (um), diameters ~0.05-0.1
pm, orientations substantially parallel to one another with long axes normal to
the poiymer surface, and number densities of 3 to 4 billion per cm?. Single
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The organic material used to produce whiskers may be coated onto a

tenporary substrate using well-known
Jayer of an organic material onto a subst r EisShednEhs Bbe
14 vacuum evaporation, sputter coating, chem
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phase elements can also be used, although the two-phase elements are
preferred. These single phase elements have dimensions similar to the two
phase elements, however, the single phase elements consist only of an
electrically conductive material.

The nanostructured elements can be randomly or uniaxially 6rientcd.
Perferably, the elements are uniaxially oriented because this orientation allows
the close packing to be optlmlzed thereby increasing the surface area

available for reaction per unit area of membrane. The shape, orientation, size
and numbers of elements optimizes the surface area for EC reactions. Coating
the electrically conductive material around (conformally) (refer to Figure 1a)
the inert core whisker further maximizes the surface area while minimizing -
the amount of coating material needed. Coating this material such that it
consists of small rough particles covering the sides of the inert core whisker
(refer to Figures land 1(a)) further increases the surface area for reaction,
even over the conformally coated whiskers.

A process for making the nanostructured composite film used to
demonstrate this invention is described in U.S. Patent Application No.
07/681,332, filed April 5, 1991 and such description is incorporated herein by
reference. Particularly useful nanostuctured elements comprising the
nanostructured composite film are described in U.S. Patent No. 4,812,352 and
such description is incorporated herein by reference.

Referring to Figure 1, nanostruétured composite film (14) is
comprised of high aspect ratio whiskers (2) comprised of an organic pigment
grown such that their long axes are perpendicular to a temporar_y substrate (1),
such as copper-coated polyimide. Whiskers (2) are discrete, oriented normal
to substrate (1), predominantly noncontacting, have cross-sectional dimensions
on the order of 0.05 um or less, lengths of 1-2 um and areal number densities
of approximately 40-50/um®. Whiskers (2) are then coated with a thin shell
(3) of an electrically conductive material, for example, by vacuum evaperation
or sputter deposition. Nanostructured elements (15) are then embedded into
an encapsulant (16). Typiéally, to construct an electrochemical cell, at least |
one "set” of nanostructured elements are embedded in the encapsulant (16).
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deposition, spray coating, Langnuir-Blodgett, or blade coating. Preferably,
the organic |layer is applied, by physical vacuum vapor deposition (i.e
sublimation of the organic material under an applied vacuum). The preferred
tenperature of the tenporary substrate dur- ing deposition is dependent on
the organic material selected. For perylene red. a substrate tenperature

‘near roomtenperature (i.e., about 25[erL13_C.) is satisfactory. In a
particularly useful nethod for generating or- ganic whiskers, the th| cEness
of the deposi t @fe Q&tAFFEIEémemY 8fe ¥h bhe e, MRS RS the
m cro- structures which formduring g%&annea I'ng step '{Aﬂﬂl ers are gr own

on a tenpor ar yareeimheddedonithehopprosite side; ttmcﬁssrthcsbthesnmjmi' surface of tibesotidi bed
in US. Pat. NI(J)dlymer, as illustrated. Nanostructured composite film (10) (referred to as

“film") is then peeled from temporary substrate (1), cleanly carrying

5 nanostructured elements (15) along, embedded on one surface of film (10),

thereby exposing the electrochemically .ac.tive surface (20) of nanostructured

composite film (10). Encapsulant (16) can be (a) a solid electrolyte film, (b)

a film former or (c) a solid solution or mixture of a polymer and an

electrolyte. ' .

10 Materials useful as temporary substrate (1) for the present invention
include those which maintain their integrity at the temperatures and pressures
imposed upon them during any deposition and annealing steps of subsequent
materials applied to the temporary substrate. The temporary substrate may be
flexible or rigid, planar or non-planar, convex, concave, aspheric or any

15 combination thereof. ,

Preferred temporary substrate materials include organic or inorganic
-materials, such as, polymers, metals, éeramics, glasses, and semiconductors.
The preferred organic substrate is metal-coated polyimide film (comr_nerciaHy
available from DuPont Corp. under the trade designation KAPTON).

20 Additional examples of substrate materials appropriate for the present
invention can be fc;und and described in U.S. Patent No. 4,812,352 and such
description is incorporated herein by reference.

Starting materials useful in preparing whiskers (2) include organic and
inorganic compounds. Whiskers (2) are essentially a non-reactive or passive

25 matrix for the subsequent thin metal coating and encapsulant. Several
techniques or methods are useful for producing the whisker-like configuration
of the particles. Such methods for making inorganic-, metallic-, or
semiconductor-based microstructured-layers or Whisker—like structures are
described in J. Vac. Sci. Tech. A 1983, 1(3), 1398-1402; U.S. Patent Nos.

30 4,969,545; 4,252,864; 4,396,643; 4,148,294; 4,155,781; and 4 ,209,008, and

such descriptions are incorporated herein by reference.

This is the replacemernt sheet

2 6 DEC 1996

This Sheet Has Been Replaced -

Da:




5,039,561, and such descriptions are incorporated herein by reference. An
alternative process for generating the whiskers includes depositing a

ahi sker generating nma- terial on a tenporary substrate wherein the whisker
generating material and the tenporary substrate are at an el evated
tenperature. Material is then deposited until high aspect ratio

tandom y-ori ented whi skers are_obtainedf1¢hg prgferred prOCﬁssmLork

obtai ning the pery-_|lene red whi skers includes depositing the whisker gen-
erating %at eri 2| gtUﬁ';?“qu!&am? sompondsdneludas plapsfamplesnles comprising chaing

(descr  bed | nObragsogen SpaRdatoronachiy is SbosElPbabMIRRES e ) cne e
i s the organi orgaiematdrials generally crystallize in a herringbone configuration.
Preferred organic materials can be broadly classified as polynuclez_u' aromatic
5 hydrocarbons and heterocyclic aromatic compounds. Polynuclear aromatic
hydrocarbons are described in Morrison and Boyd, Qrganic Chemistry, 3rd
ed., Allyn and Bacon, Inc. (Boston, 1974), Chap. 30. Heterocyclic aromatic
compounds are described in Chap. 31 of the same reference.

Preferred polynuclear aromatic hydrocarbons include, for example,

10 naphthalenes, phenanthrenes, perylenes, anthracenes, coronenes, and pyrenes.
A preferred polynuclear aromatic hydrocarbon is N,N*-di(3,5-xyly])perylene-
3,4:9,10 bis(dicarboximide) (commercially available from American Hoechst
Corp. under the trade designation of "C. I. Pigment Red 149") [hereinafter
referred to as perylene red].

15 Preferred heterocyclic aromatic compounds include, for example,
phthalocyanines, porphyrins, carbazoles, purines, and pteﬁns. More preferred
heterocyclic aromatic compounds include, for example, porphyrin, and
phthalocyanine, and their metal complexes, for example, copper
phthalocyanine (commercially available from Eastman Kodak).

20 The organic material used to produce whiskers may be coated onto a
temporary substrate using well-known techniques in the art for applying a
layer of an organic material onto a substrate including but not limited to
vacuum evaporation, sputter coating, chemical vapor deposition, spray
coating, Langmuir-Blodgett, or blade coating. Preferably, the organic layer is

25 applied by physical vacuum vapor deposition (i.é., sublimation of the organic
material under an applied vacuum). The preferred temperamre of the
temporary substrate during deposition is dependent on the organic material
selected. For perylene red, a substrate temperature near room temperature
(i.e., about 25°C) is satisfactory.

30 In a particularly useful method for generating organic whiskers, the

thickness of the deposited organic layer will determine the major dimension of

is Sheet Has Been Reﬁaced This is the replacement sheet

L —— o, 26 0EC 58



prefeLLed—~¥%eﬂ—%he-organic material is perylene red. the thickness of the
Iayer (when u5| h preferred process). prior to annealing is in the
*rang to about 0.25 [err]m nore preferably in the range of
0. 05 1i Wien the organic materials are an- neal ed, generally
unlax whi skers are pro- duced. Preferably, the whiskers are
‘nnnocrystalllne or polycrystalline rathgs- than anorphous. The properties,
bot h chem cal and physical, of the | ayer of whiskers are anisotropic due to

the crystal | ileemivabstnetvaesiwhichfformduring rinadninealingf stelhe\Mhmkers A grovan
el enent s. Typically, the orieptation of the whiskers upi - . formy

i,S
rel ated to t@@aitemperasy yubstiats with dhe characteristics andypraqesy desgriBedinef er abl y
substantial | Yy,g,“bgéﬁﬁkh}’ 5 %b?ﬂgl,e%d such descriptions are incorporated herein by

reference. An alternative process for generating the whiskers includes

5 depositing a whisker generating material on a temporary substrate wherein the

whisker generating material and the temporary substrate are at an elevated
temperature. Material is then deposited uﬁﬁl high aspect ratio randomly-
oriented whiskers are obtained. The preferred process for obtaining the
perylene red whiskers includes depositing the whisker generating material at

10 or near room temperature and then elevating the substrate temperature to
anneal the whisker generating material (described in Example 1 hereinbelow).

. In both instances, perylene red is the organic material preferred.

When the organic material 1;s perylene red, the thickness of the layer (when
using the prefer;ed process), prior to annealing is in the range from about

15 0.05 to about 0.25 um, more preferably in the range of 0.05 to 0.15 gm.
When the organic materials are annealed, generally uniaxially-oriented
whiskers are produced. Preferably, the whiskers are monocrystailine or
polycrystalline rather than amorphous. The properties, both chemical and
physical, of the layer of whiskers are anisotropic due to the crystalline nature

20 and uniform orientation of the nanostructured elements.

Typically, the orientation of the whiskers is uniformly related to the
temporary substrate surface. The whiskers are preferably substantially
uniaxially-oriented normal to the temporary substrate surface, that is,
perpendicular to the temporary substrate surface. The major axes of the

25 whiskers are generally parallel to one another. The whiskers are typically
“uniform in size and shape, and have uniform cross-sectional dimensions along
their major axes. The preferred length of each whisker is in the range of 0.1
to 2.5 pm, more preferably in the range of 0.5 to 1.5 pm. The diameier. or
cross-sectional width of each whisker is preferably less than 0.1 pm.

30 The whiskers preferably have a high aspect ratio, (i.e., length of the
whisker to diameter or cross-sectional width of the whisker ratio is in the

range from about 3 1 to about 100:1). The major dimension of each whisker
This is the replacemant sheet
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nornmal to the tenporary substrate surface, that is, per- pendicular tao the

tenporary substrate surface. The maj or axes of the whi skers are generally

parallel to one 15 rllhiriiiBeen e{",

is directly proportional to the thickness or amount of the initially deposited
organic material. The areal number densities of the conformally coated

nanostructured elements are preferably in the range of 40-50/pm’.

The nanostructured elements, submicrometer in width and a few
5 micrometers in length, are composites comprising whiskers conformially
coated with a thin electrically conductive material coating. In addition to
providing an electrically conductive coating material, the coating material will
generally strengthen the nanostructured elements. The electrically conductive
material can be fully conformally coated over the whiskers, producing a
10 generally smooth thin shell around the whiskers (refer to Figure 1).
Alternatively, this material can be discontinuously conformally coated such
that it consists of small rough particles covering the sides of the whiskers -
(refer to Figure 1a) further increasing the surface area available for reaction,
even over the fully conformally coated whiskers. Generally, the conductive
15 coating material is selected to optimize the electrochemical reaction being
sensed. Preferably, the conductive coating material is catalytically active and
selected from the group consisting of conducting metals, semi-metals and
semiconductors. Such materials include Cr, Co, Ir, Ni, Pd, Pt, Au, Ag, Cu,
Be, Mg, Sc, Y, La, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Mn, Tc, Re, Fe, Ru,
20 Os, Rh, Zn, Cd, Hg, B, Al, Ga, In, Tl, C, Si, Ge, Sn, Pb, As, Sb, Bi, Se,
Te and alloys thereof, such as CrCo, NiCr, Ptlr. The wall thickness of the
coating material surrounding the whiskers is in the range from about 0.5 nm
to about 50 nm. The thickness of the coating material may be such that the
resulting nanostructured elements remain substantially discrete although there
25 may be substantial contact between the elements. '

The coatihg material may be deposited onto the whiskers using
conventional techniques, including, for example, .those described in U.S.
Patent Application No. 07/271,930, supra. Preferably, the coating material is
deposited by a method that avoids the disturbance or destruction of the

30 whiskers by mechanical or mechanical-like forces. More preferably, the
coating material is deposited by vacuum deposition methods, such as, vacuum
sublimation, sputtering, vapor transport, and chemical vapor deposition.
This is the replacement sheet
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anot her. The whiskers are typically uniformin size and shape, and have
uni form cross-sectional dinensions along their major axes. The preferre
{ength of each whisker is in the range of 0.1 to 2.5 [err]m nore
preferably in the range of 0.5 to 1.5 [err]m The dianeter or cross-sec-
tional width of each whisker is preferably less than 0.1 [err]m The

whi skers preferably have a high aspect rgglo, (i.e., length of the whisker
to dianeter or cross-sectional width of the whisker ratio is in the range

from about 3:1 to afetiall Oﬂ@nanﬁﬁtﬁxdiﬁdeﬂreléihéfﬁﬁ?fﬁdéi tires [imbnsidmllyi s -
directly proportional to fhe thickness or anount of the initially deposi t ed

or gani ¢ mat er idistributied enhanced isurfacer arge mehichi isspaténtially alloavailpblgl foy catalytie d
nanost ructur edreaegu%h compared to the planar or two dimensionally distributed area of art
known grid surfaces contacting an SPE. .

5 The encapsulant is such that it can be applied to the exposed surface of
the nanostructured elements in a liquid or liquid-like state, which can then be
solidified or polymerized. The encapsulaht may be in a vapor or vapor-like
state that can be applied to the exposed surface of the nanostructured
elements. Alternatively, the encapsulant is a solid or solid-like material,

10 preferably powder or powder-like, which can be applied to the exposed
surface of the nanostructured layer, transformed (e.g., by heating) to a liquid
or liquid-like state (without adversely affecting the nanostructured layer
composite), and then resolidified. .

Organic encapsulants include thermoplastic polymers and co-polymers

15 and include, for example, polymers derived from olefins and other vinyl
monomers, condensation polymers, such as polyesters, polyimides,
polyamides, polyethers, polyurethaneé, polyureas, and natural polymers and
their derivatives such as, cellulose, cellulose nitrate, gelatins, proteins, and
natural and synthetic rubbers. Inorganic encapsulants that would be suitable,

20 include for example, géls, sols, semiconductors, or metal oxides applied by,
for example, vacuum processbs. Preferably, the thickness of the encapsulant
is in the range from about 1 um to about 1 cm, and more preferably in the
range from about 25 pm to aboﬁt 2 mm. |

~ The encapsulant may be applied to the nanostructured elements by

25 means appropriate for the particular encapsulant. For examplé, an
encapsulant in a liquid or liquid-like state may be applied to the exposed
surface of the nanostructured elements by dip coating, vapor condensaﬁon,
spray coating, roll coating, knife coating, or blade coating or any other art
known coating method. An encapsulant may be applied in a vapor or vapor-

30 like state by using conventional vapor deposition techniques including, for

example, vacuum vapor deposition, chemical vapor deposition, or plasma

vapor deposition. - Shoct Has Been Replaced. This is the ieplacement sheet
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ments are preferably in the range of 40-50/[err]lnferr}——-—~7Fhe—

nanostructured el enents, subnmcroneter in width and a few mcroneters in

-l ength, are conposites conprising whi skers cohi§ Shef; with a thin
electrically conductive material coating. In hh‘ viding an
electrically conductive coating material, the [ al wll
"general ly strengthen the nanostructuredijglenents. The electrically

conductive material can be fully conformally coated over the whis- kers,

produci ng a gener an ¥ncapnlant thiv is s6li¢lor salidlikeé nmdycbe\appliedrte the exposed o FI G
1). Alternatively, this mate- rial_ can be discontinuously conformally

coated such $HEacq of thgmanastmickired glementsowhen Bavified by<2ppHCAn®f 2 he. si des of
the whiskers f{ fRidl ahidubt & erilé?éy,f E'te;]cgﬁ\pie? %Yy dhduction or radiation heating

to transform the solid or solid-like material to a liquid or liquid-like material,
5 and then solidifying the liquid or liquid-like material. Altematively', the
nanostructured elements may be embedded into a solid or solid-like

encapsulant by hot-roll calendering, that is using heat and pressure with a
force sufficient to embed the nanostructured elements into the solid
encapsulant, but without damaging the nanostructufed elements.

10 The applied encapsulant, if liquid or in a liquid-like state, may be
solidified by means appropriate to the particular material used. Such
solidification means include, for example, curing or polymerizing techniques
known in the art, including, for example, radiation, free radical, anionic,
cationic, or step growth processes, and solvent evaporation, or combinations

15 thereof. Other solidification means include, for example, freezing and
gelling.

After the polymer is cured, the resulting nanostructured compo;ite film
of the present invention comprising nanostructured elements intimately
ericapsulated in an encapsulant is delaminated from the-temporary substrate at

20 the substrate:rianostmctured element layer interface by mechanical means such
as, for example, pulling the film from the temporary substrate, pulling the
temporary substrate from the film, or both. In some instances, the film may
self-delaminate during solidification of the encapsulant. Removal of the
temporary substrate exposures the active surface of the nanostructured

25 composite film. |

.Alternatively, the encapsulant can be a solid polymeric electrolyte.
One example of such a solid polymer electrolyte is Nafion™ 117, a
perfluorinated sulfonate ion exchange polymer commercially available in sheet
form 0.028 cm thick or as a dilute solution, which can then be coated onto the

30 nanostructured elements and then solidifed using art known téchniques.
Alternatively, an electrolyte can be mixed with a curable encapsulant and
cured or the electrolyte can be incubated or allowed to permeate into a cured
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ing the surface area available for reaction, even over the fully
conformal |y coated whi skers. Generally, the con- ductive coating materi al
Ls selected to optim ze the el ectrochem cal reaction being sensed.
Preferably, the conductive coating material is catalytically active and
sel ected fromthe group consisting of conﬁyctlng net- als, sem-netals and
sem conductors. Such materials include G, Co, Ir, N, Pd, Pt, Au, Ag, Cu,

Be, My, SC ,edéépsuTa\nt 4n. conrast\fo tmk)Na ﬁn""'\ﬁlm \M tl'l\é%e alEmafie fdiths tRY, 05,
Rh, Zn, Cd, b, , Sb, Bi, Se, Te

and al | oys t hemam‘ e;lemantrunathe enéap,sulhhﬁs maelyr dlss‘ﬂlmdvxml the ieh¢apiulents asf t he
OO g e Sl kb 08 b5l e hedrhia's GEa 0wt O
Alternatively, a solventless process for embedding the nanostructured'

5 elements into a solid encapsulant can be used. Although applicable in concept
to any nanostrﬁctured surface phase, that is, one comprising nanostructured
elements of various material compositions, shapes, orientations, and packing
densities the description of the process refers to the electrode membranes.

The nanostructured elements are hot pressed into the surface of the
10 solid encapsulant by a calendering process, using controlled heat and pressure.
For example, the nanostructured elements are brought into contact with the
solid encapsulant at the nip part of a pair of heated rollers. The téx_nporary
substrate (from the nanostructured elements) is then stripped away, leaving the
nanostructured elements penetrating the solid encapsulant that completely
15 preserves their orientation and areal number density.

Placement of the nanostructured elements wholly within an
electrolyte-containing encapsulant maximizes the catalyst electrolyte interface,
and protects the elements from damage. Furthermore, having the elements
coincident with the electrolyte-containing encapsulant surface optimizes the

20 accessiblity of the analyte (gas or liquid comsumed) to the catalyst/electrolyte
 three component interface. The discreteness of the nanostructured elements
allows the surface electrode layer to remain permeable to the analyte, while
- the close packing of the elements assures the nanostructured composite films
(NCF) remain electrically conducting as described in co-pending U.S. Patent
25 Application, Serial No. 07/681,33'2,. filed April 5, 1991 (FN 45674 USA 4A).
Alternative embodiments of this invention utilize the NCFs formed
with the nanostructured elements encai)sulated in a nonelectrolyte containing
encapsulant, for use with liquid, paste (non-solid), or solid electrolytes. In
this configuration, the nanostructured elements provide surface conductivity to
30 the polymer and a electrochemically active surface in contact with the non-
solid electrolytes while the encapsulant may function also as a diffusion

limiting membrane (see Figures 4 and 5).
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rial may be such that the resulting nanostructured el e- ment s
remain substantially discrete although there may be substantial contact
“bet ween t he el ements. The coating nmaterial nay be deposited onto the
whi s- kers using conventional techniques including. for ex- anple. those
described in U S Pat.. No. 5.238.729.su85§.

10

15

20

25

30

This invention is useful in electrochemical devices, such as gas, vapor
and liquid sensors, fuel cells and batteries formed using the optimized
electrode membrane construction. |

Objects and advantages of this invention are further illustrated by the
following examples, but the particular materials and amounts thereof recited in
these examples, as well as other conditions and details, should not be
construed to unduly limit this invention. All materials are commercially
available or known to those skilled in the art unless otherwise stated or
apparent. '

| Examples

Preparation of the Whisker

In the following examples, nanostructured elements according to the
present invention were prepared using processes described in U.S. Patent Nos.
4,812,352 and 5,039,561 and such descnphon is mcorporated herein by
reference

Briefly, N,N'-di(3,5-xylyl)perylene-3,4:9,10 bis(dicarboximide),
(hereinafter referred to as PR 149), was vacuum vapor deposited onto a
flexible polyimide web, near room temperature, to a thickness on the order of
0.1 to 0.15 um. Thereafter, the substrate and PR 149 coating were annealed
in a vacuum sufficient to cause the initially uniform pigment film to convert to
a highly nanostructured film. After annealing, the whiskers were discrete,
uniformly oriented single crystals, 1 to 2 pm tall, with high aspect ratios
(length to width), extremely large areal number densities (40-50/um?), and
whisker to whisker spacings on the order of 0.05 um. The resultmg
geometric surface area was increased by a factor of 10 to 15. The whiskers
were then coated with a conducting material. The coated whiskers
(nanostructured elements) were then embedded into the surface of a polymer
to form a nanostructured composite film. |

In the following examples, nanostructured composite films are

demonstrated in two alternative embodiments, using two modes of operation,
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Preferably. the coating material is deposited by a method that avoids the
di sturbane or destruction of the whiskers by nechanical or nechanical-Iike
forces. More preferably. the coating material is deposited by vacuum

deposi tion methods such as. vacuum sublima- tion sputtering, vapor
transport, and chem cal vapor deposition. Essentially, conpared to the
art .known grid surfaces contacting an SRE]l- t he nanostructured el ements pro-
vide a three dinmensionally distributed enhanced surface area which is

potential |y ahnd m/h@matbdoeﬁnﬁdhr@aﬂlednyﬂecconﬁgmraumw(see Figures Mbm)r e, whet her

ni xi al | ented or ran oriented, it
It geppgnost r ucﬁ’ec %IdeesI o Qtn%ngsrtreﬁcﬁxreci(cgm site tlllms can taf;e the fg o%

electrode membranes wherein the conducting coated whiskers are embedded in
a permeable polymer membrane which is then placed in contact with the

5 electrolyte (Examples 6-24), or the nanostructured elements may be placed
directly within the surface of a solid polymer electrolyte (Examples 1-5 and
25). The sensors may be operated in both a potentiometric (open circuit EMF
measurement) or amperometric mode. The amperometric mode can be of
either a two or three electrode (potentiostat controlied) configuration.

10

Example 1 .
This first example demonstrates the nanostructured composite films as
high surface area electrode§ embedded within the near surface region of a
solid polymer electrolyte.

15 The nanostructured elements were first constructed as described above
producing discrete, oriented whiskers, 12 pm in length on a Cu-coated
polyimide temporary substrate. The whiskers were then coated with a mass
equivalent thickness of 175 nm Pd by vacuum evaporation to produce
nanostructured elements. A curable solid polymer electrolyte formulation

20 consisting of 0.45 gram lithium perchlorate (LiClO,) in 1 ml tetrahydrofuran
(THF), 0.75 ml catalyst solution consisting of 25 xl dibutyl tin dilaurate in 10
ml THF, 1.5 ml 600 molecular weight poly(ethylene glycol) and 1.5 ml
Desmodur™ N100 (Farbenfabriken Bayer AG) multifunctional isocyanate.

The sensor was made as follows: Approximately 0.1 ml of the curable

25 solid polymer electrolyte solution was placed between two 10 mm diameter
discs cut from the temporary substrate supporting the nanostructured elements.
The sample was cured at approximately 40°C for a period of about one hour.
The temporary substrate of the nanostructured elements was then peeled away
from the cured solid polymer electrolyte leaving the fresh, Pd-coated

30 nanostructured electrodes embedded in the surface (catalytically active surface)

. 6f each side of the solid electrolyte disc (see Figure 2). Electrical contact to
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ferred that at |east one point of each nanostructured el enent nmust contact
a two-di nensional surface com non to all of the nanostructured el enents.
sThe encapsul ant is such that it can be applied to the exposed surface of

t he nanostructured elenents in a liquid or liquid-like state, which can
then be solidified or polynerized. The encapsul ant may be in a vapor or
vapor-like state that can be applied to22he exposed sur face of the
nanostructured el enents. Alternatively, the encapsulant is a solid or

sol i d-1i ke ndwodh pides opthefnanastiuctyreduilectrode pmmibmnel wa.vemadmugmgdh& e appl i ed
heatingy o AR GPRREE IR APErcE (U Blekols MRBR VD S oAt ng {he”
nanost ruct ur g dodditing silver paint (GC Electronics, Rockford, IL). One side of the
membrane (counter electrode) was then isolated by covering the entire surface
5 with a 10 mm diameter piece of vinyl plastic electrical tape (commercially
available from 3M). '

The sensor was then exposed to 10 ppm hydrogen sulfide (H,S) at
approximately 10% relative humidity. The 10 ppm H,S stream was generated
by the addition of 0.2 liters per minute from a compressed air tank containing

10 500 ppm H,S (Oxygen Services Company, St. Paul, MN) to 10 liters per
minute (I/min.) air having 10% relative humidity. Exposure to the gas caused
the sensor to generate an amperometric current signal. This resulting current
signal was monitored with a Keithley 197A electrometer. A rapid response
time of less than one minute to reach a steady state current of 0.1 #A with a

15 signal to noise ratio of approximately 100 was observed. This corresponds to
a sensitivity on a uhit concentration, unit area basis of 0.013 xA ppm™ cm?,
Upon removal of the hydrogen sulfide stream, the sensor showed a rapid
(< 1 minute) reversible recovery to the original baseline (as measured with
10% relative humidity air).

20

Examples 2-5

Examples 2-4 describe a 3-electrode sensor comprising a working,
counter and reference electrode membranes fabricated from nanosﬂucﬁxred
elements pressed directly into a solid polymer electrolyte. Example 5

25 describes a 2-electrode sensor comprising working and counter electrode
membranes fabricated from nanostructured elements pressed directly into a
solid polymer electrolyte. 'I'hese examples show that compared to art known
sensors made with metal mesh-powderslNaﬁon or metal grid/Nafion™ film
electrodes, the nanostructured electrode membranes/Nafion™ film sensors

30 show 50 to 100 times the response to NO, and H,S in units of microamps per
ppm (uA/ppm) of gas per unit planar area of working electrode. '
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conposite), and then resolidified. Organi ¢ encapsul ants include pol yners
and co- polyners and include, for exanple. polyners derived from ol efins
and ot her vinyl nononers, condensation polyners, such as pol yesters,

pol yi m des, pol yam des, pol yethers, polyurethanes, polyureas, and natural
poly- nmers and their derivatives such as, cellul ose, cellulose nitrate,
gel atins, proteins, and natural and synthgtic rubbers. |norganic

encapsul ants that woul d be suitable, include for exanple, gels, sols.

sem conduct ors, or Thetrahogicelesed a@m*)osité fityn (NCF) basedndlectrochemioal pengor
cesses. Preferabl t he thickness of the encapsulant is in the range from

about 1 [err] ﬂ%@o%ﬁpwlmwfwm@fﬁr@f@r@blw i hhey,eonsish 9 ofea®dabout
25 [err]mto %?zﬁtcogted organic whiskers, pressed into the surface of Nafion™ film, or

otherwise encapsulated in the surface of an SPE. The particles are ~2 pm
5 long, ~0.05 um in diameter, and have packing densities ~ 3-4 x 10°%cm?,
which with relatively small amounts of metal coating thicknesses makes the
composite surface conductive. The BET N2 surface area enhancement factor
for these whiskers with Pt-sputtered onto them to form "nanoscopically”
"lumpy" conformal coatings have been measured to be ~3000. Part of this
10 factor appears to be due to the 10-15 fold increase in surface area due simply
to the geometric surface area increase, implying that the surface area increase
due to the nanoscopic structure of the Pt on the whiskers is approximately
200. In contrast, a surfacé roughness factor of ¥y ~ 1.4 is a given
characteristic for bulk-like "bright" gold in Opekar (1992).
15
Example 2
The nanostructured composite film having discrete, oriented whiskers
ona Cu-éoated polyimide temporary substrate was grown as described above.
_ " The working electrode membrane was constructed by coating <1 pm tall
20 whiskers with a mass equivalent thickness of 200 nm of Au by vacuum
evaporation to produce catalytically coated whiskers. The counter and
 reference electrode membranes were constructed from nanostructured elements
of 200 nm Pt vacuum evaporated onto whiskers 1-2 um tall. Nafion™ 117
film (commercially available from Dupont) was the solid polymer electrolyte
25 (SPE) in this case. |
The 3-electrode sensor was constructed from two 10 mm discs cut
from the temporary substrate supporting the nanostructured elements (Au-
coated and Pt-coated). The elements were pressed into a 1.5 cm by 3.5 cm.
piece of 0.028 cm thick Nafion™ 117 film using a laboratory press (Fred S.
30 Carver Inc., Wabash, IN) at a temperature of 149°C and a force of 8,900
Newions (1 ton) for a period of about 3 minutes. The configuration of the
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17 The encapsul ant may be applied to the nanostruc- tured el enents by
means appropriate for the particul ar encapsul ant. For exanple, an

~encapsul ant
surface

10

15

20

25

30

inaliquidor liquid-like state nay be applied to the exposed

24-
sensor (see Figure 3) was such that the working electrode (Au-coated
elements) and the counter and reference electrodes (Pt-coated elements) were .
on opposing sides of the Nafion™ 117 film, with the reference electrode
directly behind the working electrode and the counter electrode to the side of
the reference electrode. Electrical contact to the electrodes was made using
0.3 mm diameter Cu wire. The entire structure was encapsulated with vinyl
plastic.electrical tape. A 6 mm diameter opening was left in front of the
working electrode, allowing exposure to the gas analyte.

A PAR model 273A potentiostat (EG & G Princeton Applied Research,
Princeton, N.J.) was used to measure the resulting current on-exposure to the
gas analyte while maintaining a constant potential bias between the working
and reference electrodes. In this example, the sensor was exposed to 200 ppm
NO, at 78% relative humidity while maintaining a bias of -0.3 V between the
working and reference electrode. The NO, stream was generated by adding 2
ml/min of pure NO, gas (Matheson, East Rutherford, N. J.) to 10 I/min air at
78% relative humidity and 23°C. The sensor response is shown in Figure 6.
The sensor gave a large, rapid response reaching a steady state current of 0.75
mA in approximately 1 minute. Upon removal of the NO,, the sensor quickly
returned to the baseline value with a recovery time of less than 1 minute. The
magnitude of this signal corresponds to a sensitivity of 13.4 zA ppm? cm?.
This can be compared with a literature value (Opekar 1992) of 0.26 pA ppm?!
cm? for a Au square grid pressed into the Nafion™ 117 film as a working
electrode under identical conditions of relative humidity and bias. By this
example, use of the nanostructured electrode membrane of the present
invention has improved the sensitivity by a factor of 51.5, or over 5000%.

Example 3 :
In this example, a bias of +0.3 V was applied to the working electrode
with respect to the reference, and the sample exposed to 200 ppm NO,, all

other conditions being equal to those in Example 2. In this case, a rapid,

reversible response was again observed with a steady state signal of 0.14 mA.

is g th nent sheet
is Sheet Has Been R hm q This is the replacement shee

"l

Dew: 2 6 DEC 199%



of the nanostructured el enents by dip coating, vapor condensation, spray
coating, roll coating, knife coating, or blade coating or any other art
«known coating nmethod. An encapsul ant nmay be applied in a vapor or
vapor -l i ke state by using conventional vapor deposition techniques

i ncl uding, for exanple, vacuum vapor depo- sition, chenical vapor
deposition, or plasma vapor de- positiogs- An encapsulant that is solid or
solid-like nmay be ap- plied to the exposed surface of the nanostructured

el e- ments viikis dorgspdnds do byseasitivitycaf ﬁﬁny.élfppm Somffi cThistambedirectty ener gy,
for exanple, condutl n or raia- n heating t sfor solid or
solid-1ike n%ﬂ%?qfﬁ‘i W Wﬁﬂﬁj" ye pf étﬂ%ﬂ-HA IPB“Q&‘{‘E?l agﬂ ﬁga{n héﬁgg)
sol i di fying ygng a standard Au mesh/Au powder working electrode under equivalent

conditions. A factor of 104, or over 10,000%, improvement in sensitivity is

5 obtained over the art known pressed electrode system.

Example 4 |
In this example, the same sensor as in Examples 2 and 3 was exposed
to a 10 ppm H,S gas stream while maintaining a biés of +0.3 V between the
10 working and reference electrode. The 10 ppm H,S gas stream was generated
by mixing 0.2 I/min of a 500 ppm H,S compressed air cylinder (Oxygen
Services) with 10 I/min air at 78% relative humidity and 23°C. A rapid,
reversible response was observed with a steady state current of 79 uA. This
corresponds to a sensitivity of 28 pA ppm™® cm?; a factor of 87.5 over a
15 literature value (Maclay 1988) of 0.32 uA ppm? cm? for a standard Au
mesh/Au powder electrode under equivalent conditions.

Example 5

Example 5 shows a nanostructured element/Nafion™ 117 film
20 construction that can be used as a potentiometric two electrode humidity
sensor, particularly in inert gases, with both electrodes exposed to the same
ambient. _
A 2.5 cm square piece of Nafion™ 117 membrane sheet, as used in
Example 2, was formed into a two electrode sensor by hot platen pressing Au
25 coated whiskers into one side of the sheet and NiCr-coated whiskers into the
opposite side. Two samples of nanosti'tictured whisker (1 -1.5 um tall)
samples were prepared as described above, on a Cu-coated polyimide
temporary substrate, and overcoated with sputter-deposited Au in one instance
and sputter-deposited NiCr in the second. The planar equivalent thickness of
30 the Au coating was on the order of 200 nm and that of the NiCr coating _
nominally 220 nm. The Au-coated nanostructured elements were placed with

\¥
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the liquid or liquid-like material. Alternatively, the nanostructured

el ements may be enbedded into a solid or solid-like encapsul ant by hot-roll
-=cal endering. that is using heat and pressure with a force sufficient to
enbed the nanostructured elenents into the solid encapsul ant. but w thout
denmagi ng t he nanostructured el enents. The applied encapsulant. if
Tiquid or in aliquid-like state. nmay e solidified by nmeans appropi ate

AL CARE T o A M- U K N S
o o "SRR ek R IR folyE Frcicth
sol i dificatiaid usedts protedt thkeplatens). e Thephreiwith ecastrugtiamdvas pressed
between the platens of the Carver Laboratory bench press for 15 seconds, with
5 the platens maintained at a temperature of 138°C and a total applied force of
(two tons) 17,800 Newtons. -
After pressing, the temporary substrate peeled cleanly away from the
Nafion™ 117 film leaving the Au-coated whiskers embedded in the latter.
This procedure was repeated, pressing for 20 seconds, to embed the NiCr-
10 coated whiskers into the other side of the Nafion™ 117 film piece. A 3 cm x
1 cm strip was cut from the piece for testing. Electrical contact was made to
each side of the strip with clip leads with only one jaw touching each
respective side. An electromotive force (EMF) potential existed between the
two leads with the sample in open air, the Au-coated side was positive with
15 respect to the NiCr-coated side. The sample was then placed in a sealed
container, with humidified N, flowing at 5 liters/min. The EMF was
monitored with a chart recorder having an input impedance of 2.5 Mohm, as a
function of the relative humidity (%RH) in the sealed cdnta.iner, measured
with a General Eastern humidistat. The EMF was observed to vary nearly
20 linearly between zero and 0.37 volts with %RH between 10% to 95%, as

shown in Figure 7.

Examples 6 - 24
Examples 6-24 describe an alternative construction wherein the

25 nanostructured composite electrode is' embedded in the surface of a permeable
polymer film for the working electrodé and a low permeability polymer film
for the counter electrode (see Figure 4). The sensors were produced by
sandwiching an electrolyte paste between a working and counter electrode.
The electrolyte paste was adjacent to the active surfaces of each -

30 nanostructured composite film.
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gel l'i ng. After the polynmer is cured, the resulting nanostruc- tured
conposite filmof the present invention conpris- ing nanostructured
glenents intimately encapsul ated in an encapsul ant is delam nated fromthe
tenporary sub- strate at the substrate: nanostructured el ement |ayer

I nterface by nechani cal neans such as, for, exanple, pulling the filmfrom
tshe tenporary substrate, pulling the terrpi?rary substrate fromthe film or

both. In sone instances, the filmma | £.; del e during solidifica-
tion of the encapsul ant. Remvaﬁ@ﬂdﬁﬁ@%‘i@%- strate exposures the
active surface of t’Pﬁe RN é‘lect}o%re??o FRPE dtitg?lritionr@vere constructed by

casting a 5 wt % solution of encapsulating polymer onto nanostructured

elements consisting of a 175 nm thick Pd coating on PR 149 whiskers grown

5 on the Cu-coated polyimide temporary substrate as described above. The

encapsulating polymer for the working electrode was poly(trimethly silyl

propyne) (PT MSP) (Huls Petrarch). The encapsulating polymer for the

counter electrode was poly(ethyl methacrylate), a polymer with a lower

permeability than PT MSP. The volume of encapsulating polymer solution

10 provided a dried film approximately 0.1 mm thick. After evaporation of the
solvent, the nanostructured composite film was peeled away from the
temporary substrate exposing the Pd-coated nanostructured elements at the
surface of the nanostructured composite film. An electrolyte paste was
prepared by adding 0.5 ml concentrated H,SO, to 1 gram 100,000 molecular

15 weight (MW) poly(ethylene oxide).

The sensor was then assembled in the following manner (see Figure 4):
Electrical contact was made to 10 mm diameter discs of the working and
counter electrodes using 0.3 mm diameter copper wire adhered to the surface
of the electrodes with a trace amount of silver paint (GC Electronics). A

20 small, 6 mm inner diameter O-ring was filled with the electrolyte paste, and
the two electrodes were then glued (3M CA-4 cyano acrylate adhesive)
(exposure surfaces inward) to the perimeter of the O-ring leaving the
nanostructured surface composite film to form an initimate contact with the
electrolyte paste.

25 To measure the sensor response, a 100 KQ load resistor was connected
between the sensor leads, and the voltage across the load resistor, resulting
from the current signal, was monitored with a Keithley 197A electrometer.
The sample was then exposed to 10 ppm H,S in 10% relative humidity air at
23°C. The H,S stream was generated by mixing 0.2 I/min of a preformed

30 500 ppm H,S/compressed air tank (Oxygen Services) to 10 I/min of 10%
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Al ternatively, the encapsulant can be a solid poly- neric electrolyte. One
exanpl e of such a solid polymer electrolyte is Nafion TM 117, a
perfluorinated sulfonate ion exchange polyner comercially avallable in
sheet form0.028 cmthick or as a dilute solution, which can

: ) _ -28-
relative humidity air. A rapid, reversible response to the H,S was observed

with a steady state voltage corresponding to 0.032 mV.

Table 1

Electrolyte Paste

0.25 gram LiClO, dissolved in 0.25 ml HPLC grade water
B added to 1 gram 100,000 MW poly(ethylene oxide)

0.5 ml 85% H,PO, added to 1 gram 100,000 MW
10 C poly(ethylene oxide)

0.25 gram C,H,SO;H dissolved in 0.25 ml HPLC grade
D water added to 1 gram 100,000 MW poly(ethylene oxide)

0.26 gram NH,CI dissolved in 0.5 ml HPLC grade water
E " added to 0.25 gram 100,000 MW poly(ethylene oxide)

15
Examples 7-24
The electrodes and sensor construction for these examples were

prepared as described in Example 6. The various electrolyte pastes used in
the sensor constructions were as described above in Table 1. The sensors

20 were evaluated with various gases. All the gases used were diluted to 10 pprﬁ

" in air at 10% relative humidity, 23°C and a flow rate of 10 /min. The

results are summarized below in Table 2.
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then be coated onto the nanostructured el enents and then_smwiﬂrqga\
art known techniques. Alterna- tively, an electrolyte can be m xed w
curabl e en- capsulant and cured or the el ectrol yte can DdisiShetipaipg, o
allowed to perneate into a cured encapsulant. In contrast ceq'M
film in these alternative fornms the ion' el ement in th m

an

merely dissolved in the encapsul ant, as™®fjposed to being

of the encapsul ant's chemi cal structu,ﬁajb ternatively, a sol ventless
process for enbeddi ng the nanostructur ’9 ments into a solid encapsul ant
can be used. Although applicable in concept to any nanostructured surface

phase, that is, cixampleprisi ngBlectrolyteuct ured eGasrents of vaSigmab nmateri al

conposi - (mV)
7 B NO, 0.2
8 B H,S 0.005
5 9 B SO, 0.02
10 B NH, 0.003
11 B cl, 0.048
12 B HCl 0.086
| 13 B co | 0.004
10 14 o H,S © 0.086
15 - C Cl, 0.008
16 Cc HCl 0.008
17 D H,S 0.012
18 D co 0.004
15 19 D NO, 0.003
20 'E H,S 0.04
21 E SO, 0.1
22 E NH, 0.01
23 E Co 0.002
20 24 E Cl, 0.004
Example 25

In this example, a sensor was constructed by incubating a cured
25 polymer/electrode sample in a solution ;)f electrolyte and subsequent removal |
of the solvent. The nanostructured elements were the same as those described
in Example 1.
The curable polymer formulation was 2 grams of 2000 molecular
weight poly(tetrahydrofuran) dissolved in 2 ml THF, 10 ul dibutyl tin laurate
30 catalyst and 0.5 ml Desmadur™ N100 brand isocyanate. Approximately 0.1
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tions, shapes. orientations, and packing densities the description of the

process refers to the el ectrode nmem branesﬂ‘ksﬁgﬁhggno tqqg&ured elenepts_
are hot pressed into the surface of the soli Yy a cal endering
pro- cess, using controlled heat and pressur 4. “the

nanostruccured el enents are brought into cont ol id encapsul ant

at t'he nip
t he nanostr

part of a pair of heated roligrs. Tne tenporary substrate (from
uctured elenents) is then stripped away, |eaving the

nanostruct ur eal ¢f thisesoltionewss cured betwieea twol i0dmandiametey discstofttheait conpl etel y

preserves t

heir orientation and .areal nunber densi Pl acenment _of the

ty.
nanost r uct ur d¢MBOTRRALFHDSralE supporting the nanostructured e emésits for approximately

10

15

20

25

30

one hour at 23°C. Upon removal of the temporary substrate, the dried and
cured sample having the nanostructured elements on each face of the disc was
incubated in a 5 wt% solution and allowed to dry. Electrical contact to the
two electrodes was made ﬁsing 0.3 mm diameter Cu wire, and the sensor was
encapsulated with vinyl electrical tape leaviﬂg a 6 mm diameter hole in the
electrical tape for exposure of the working electrode. The sample was
exposed to 10 liters pér minutes of 10 ppm H,S in air at 57% relative
humidity and 23°C producing a rapid (<1 minute), reversible response of 0.1
pA.

Alternative _Embﬂimeng of the Present Invention

14. A nanostructured composite film comprising:

(@)  a plurality of nanostructured elements, wherein the
nanostructured elements are acicular, discrete, oriented, sub-microscopic,
two-component structures comprised of whiskers cdated with a conductive
materi_al; and |

(b)  an encapsulant layer, wherein one end of each nanostructured
element is embedded within the encapsulant layer and the other end of each
nanostructured element is coincident with a first surface of the encapsulant

layer, such that the first surface is a conductive surface.

15.  The nanostructured composite film according to claim 14,

wherein the whiskers are uniaxially oriented normal to the film surface.

16.  The nanostructured composite film according to claim 14,
wherein the catalytically active material is selected from the group consisting

of conducting metals, semi-metals and semiconductors.

17.  The nanostructured composite film according to claim 14,

wherein the encapsulant is a solid electrolyte. L _
: This s the replacemert sheet

D 2 5 DEC 1996



within an el ecfTol yt e-cont ai ni ng encapsul ant maxi m zes the catal yst
el ectrol yte i nggk §iRe81as B RpplReect's the el e- nents from damage.

Furt hernore, ha\ ts coincident wih the electrolyte-containing
encapsul ant sur}/‘m the accessiblity of the analyte (gas or
i qui d consuned) : st/ el ectrol ét e three com ponent interface.

The di screteness of the nanostruc- tured3kEl ements allows the surface
el ectrode | ayer to éemai n pernmeable to the_analyte, while the cl ose pack-

ing of the el ement $8assdhedangrrugliires compasifeStmcaneprding to claim 17,

wherein the encapsulant is a perfluorinated sulfonate ion exchange polymer.

19.  The nanostructured composite film according to claim 14,

5 wherein an electrolyte is dissolved in the encapsulant.

20. A nanostructured electrode membrane comprising at least one
set of nanostructured elements, wherein one end of each nanostructured
element is embedded in a a portion of an encapsulating solid electrolyte and

10 the other end of each nanostructured element is coincident with a first surface

of the encapsulating solid electrolyte.

21.  The nanostructured electrode membrane according to claim 20,
further comprising a second set of nanostructured elements embedded in an
15 encapsulaﬁng solid electrolyte polymer, such that the first set and second set
of nanostructured elements are on opposite surfaces of the encapsulating solid

electrolyte polymer.

22.  The nanostructured electrode membrane according to claim 21,
20 wherein the first set of nanostructured elements are coated with a catalytically
active material different from the catalytically active material of the second set

of nanostructured elements.

23.  The nanostructured composite film according to claim 14
25 further comprising a.plurality of nanostructured elements embedded in the
surface opposite the first surface, such that both surfaces of the encapsulant

layer are conductive surfaces.

24.  The nanostructured electrode membrane according to claim 20
30 further comprising a second set of nanostructured elements embedded in a
portion of the surface opposite the first surface, such that both surfaces of the

encapsulating solid electrolyte are conductive surfaces.
This is the replacement sheet
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19 [err] films (NCF) remain electrically conducting as de- scribed in
co-pending U S. Pat. No.5, 238, 729. Al ternative enbodi nents of this
<invention utilize the NCFs formed with the nanestructed el enents encap-
sulated in a nonelectrolyte containing encapsulant. for use with Iicuid.
paste (non-solid). or solid electrolytes. In this configuration. the
Manostructured el ements pro- vide surfée conductivity to the pol ymer and

an elec- trochemcally active surface in contact with the non- .
25 The nanostructured electrode membrane according to claim 24

further comprising a third set of nanostructured elements embedded in either

the first surface or the second surface of the encapsulating solid electrolyte,

such that there are three conductive areas, with two conductive areas on the
5 first surface and one conductive area on the second surface of the

encapsulating solid electrolyte.

Various modifications and alterations of this invention will become
apparent to those skilled in the art without departing from the scope and |
10 principles of this invention, and it should be understood that this invention is
not to be unduly limited to the illustrative embodiments set forth hereinabove.
All publications and patents are herein incorporated by reference to the same
extent as if each individual publication or patent was specifically and
individually indicated to be incorporated .by reference.
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solid electrolytes while the encapsul ant may function al a_di ffusi on
limting nenbrane (see FIGS. 4 and 5). This invention is useful i

«e| ectrochem cal devices, such as gas, vapor and |iquid s’l&rssmfesHaszd@,IR 16deli S
and batteries fornmed using the optim zed el ectrode nmem b | on.
(bj ects and advantages of this |nvent|oaéare further ill Wm ﬁiﬂ

f ol | ow ng exanples, but the particular terials and anmounts

recited in thgse exanples as well as other conditions and detalls shoul d

not be const MBW$%o unduly limit this invention. All materials are

comrer ci al |y avai jabl e G  aRYRc G h0gH Bletltbbhchitodi Lol Wonffirsiy?! eSS

ot herwi se stated OFf apparen
@ a working electrode comprising a first encapsulant layer having

a first set of nanostructured elements embedded therein, wherein one end of
5 each nanostructured elemen't is embedded within the encapsulant layer and the
other end of each nanostructured element is coincident with a first surface of
the first encapsulant layer, such that the first surface is a conductive surface;
(b)  a counter electrode comprising a second encapsulant layer
having a second set of nanostructured elements embedded therein, wherein
10 one end of each nanostructured element is embedded within the encapsulant
layer and the other end of each nanostructured element is coincident with a
first surface of the second encapsulant layer, such that the first surface is a
conductive surface; and
(¢)  at least one electrolyte provided the electrolyte is in intimate
15 contact with the conductive surface of both sets of nanostructured elements of

the working and counter electrodes.

2, An article for use as an analyte sensor comprising in sequential
order:

20 @ a first nanostructured electrode membrane, wherein the
membrane comprises a first set of nanostructured elements embedded in a first
encapsulant and such membrane has an conductive surface and a
nonconductive surface; .

(b)  an electrolyte; and

25 (c) a second nanostructured electrode membrane, wherein the
membrane comprises a second set of nanostructured elements embedded in a
second encapsulant and such membrane has an conductive surface and a
nonconductive surface; |

wherein the electrochemically active surfaces of the first and second

30 membranes are in intimate contact with the electrolyte.
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EXAMPLES Preparati on of the Wi skers In the follow ng
exanpl es, nanostructured el enments accordi ng mssﬁa&mggégnﬁﬁﬁm/ent I on were

:prepared using processes described in U S. Pat 52 and
5,039,561 and such description is incorporat immmuﬂ"ﬁu ference.
Briefly, N, N -di(3,5-xylyl)perylene-3,4:9,10 s m de),

~(hereinafter referred to as PR 149), wa84vacuum vapor deposited onto a

fl exi bl e polyi m de web, near, roomtenperature, to a thickness on the order
of 0.1 to 0.15 [eRr] m Thecartgletaseordingetosciaiat | £ 2, AREreiR af deaskong 35tg wer e

anneal ed in ag ﬁ%@?& EfhRRls 48 TR MR ErobQspid, Hvbo mhponkhY ;uq{;:mrgg gment film

to convert to _
comprised of whiskers coated with an electrically conductive material.

5 4. The article according to claim 1 or 2, wherein at least one set
of nanostructured elements are sub-microscopic one-component structures of

an electrically conductive material.

5. The article according to any of claims 1-4, wherein the first and
10 second encapsulants have different permeabilities. '

6. The article according to any of claims 1-5, further comprising a
reference electrode comprising a third encapsulant having a third set of
nanostructured elements embedded therein.

15
7. The article according to any of claims 1-6, wherein the

electrolyte is a non-solid electrolyte.

8. The article according to any of claims 1-6, wherein the
20 electrolyte is a solid electrolyte.

9. The article according to any of claims 1-8, wherein both sets of
nanostructured elements are sub-microscopic two-components structures

comprised of whiskers coated with an electrically conductive material.

10.  The article according to any of claims 1-8, wherein both sets of
nanostructured elements are sub-microscopic one-component structures of an
electrically conductive material.

BT T R ——
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nanostructured film After annealing, the whiskers were discrete, uniformy

oriented single crystals, 1 to 2 [err]lmtall. wth high aspect ratios
¢(length to width), extrenmely |arge areal nunber densities
(40-50/[err]nferr]), and whisker ' : 20 to

whi sker spaci ngs on the order of 0.05 [%%r] m The result-

NANOSTRUCTURED ELECTRODE MEMBRANES

Abstract of the Invention

A nanostructured composite film comprising a plurality of

nanostructured _elements, wherein the nanostructured elements are either two-
_ component sub-microscopic structures comprised of whiskers conformally
5 coated with a conducting, preferentially catalytically active material or one

component sub-microscopic structures comprised of a conducting,
preferentially catalytically active material, such that the nanostructured
elements are embedded in an encapsulant, wherein the encapsulant can be a
solid electrolyte. The composite film can be used as an electrode membrance,

10 in an electrochemical cell or an analyte sensor.
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Ing geonetric surface area was increased by a factor of 10 to 15. The

whi skers were then coated with a con- ducting material. The coated whi skers
(nanostructured el enments) were then enbedded into the surface of a pol yner
to forma nanostructured conposite film In the foll owi ng exanpl es,"-
nanostructured conposite filnms are denpnstrated in two alternative

enbodi nents, using two nodes of operét?oh, and in both two and three

el ectrode configurations (see FIGS. 2-5). Elec- trodes of the
nanostructured conposite filnms can take the form of el ectrode nenbranes
wherein the conduct- ing coated whiskers are enbedded in a perneabl e poly-
mer menbrane which is then placed in contact with the el ectrol yte (Exanpl es
6-24), or the nanostructured el e- : '

1

FIG.1A

I —————
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ments may be placed directly within the surface of a solid pol yner
electrolyte (Exanples 1-5 and 25). The sensors nmay be operated in both a
vpotentionetric (open circuit EMF neasurement) or anperonetric node. The
,, anperonetri c node can be of either a two or three el ectrode (potentiostat
control I ed) configuration. - EXAMPLE | This first
“exanpl e denpnstrates the nanostructuredconposite films as high surface
area el ectrodes enbed- ded wthin the near surface region of a solid
pol ymer el ectrol yte. The nanostructured el enments were first constructed
as descri bed above prodwging discrete. oriented whis- kers. 1-2 [§%r]n1in

33 32
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rary substrate. The whiskers were then coated with a mass equival ent

t hi ckness of 175 nm Pd by vacuum evaporation to produce nanostructured
£l ements. A curable solid polymer electrolyte fornulation consist- ing of
D. 45 gramlithiumperchlorate (LiCiJerr]) in 1 m tetrahydrofuran
(THF), 0.75 m catal yst solution con- sisting of 25 [err]l| dibutyl tin
dilaurate in 10 M THF, 1.5 ml 600 nol ecdl ar wei ght pol y(ethyl ene gl ycol)
and 1.5 m Desnodur TM N100 ( Farbenfabri ken Bayer AG nulti- functional

i socyanat e. — 00
B

Y

)}

Time (min)

1.2
1.0
0.8
0.6
0.4
0.2
-0.2
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FIG.6
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21 The sensor was nmade as follows: Approximately 0.1 nl of the curable
solid polyner electrolyte solution was placed between two 10 mm di anet er

& scs cut fromthe tenmporary substrate supporting the nanostructured el e-
rents. The sanple was cured at approximately 40[err] C for a period of
about .one hour. The tenporary substrat e of the nanostructured el enents was

tthen peel ed away
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fromthe cured solid polymer electrolyte | eaving the fresh, Pd®esuat &8
nanostructured el ectyodes enbedded in the surface (catalytically active
surface) of each side of the solid electrolyte disc (see FIG 2).

El ectrical contact to both sides of the nanostructured el ectrode nenbrane
was made using 0.3 nmm di aneter copper wire adhered to the el ectrode
menbrane with a trace anmount of conductddhg silver paint (GC El ectronics,
Rockford, 111). One side of the menbrane (counter electrode) was then

i sol ated by covering th ntir r- face wth a 10 nm di ameter piece of
vinyl plastic elec- tri@@%%gﬁﬁ%ﬁ%é%%ﬁ@%m”f%%$ rom3M. The
.sensor was then exposed to 10 pam h drotg n fulfide (Herr]S) at

approxi mately 10% rel ative hurhREHEC nvention

A nanostructured composite film comprising a plurality of
nanostructured elements, wherein the nanostructured elements are either two-
component sub;nﬁcroscopic structures comprised of whiskers conformally

5 coated with a conducting, preferentially catatytically active material or one
component sub-microscopic structures comprised of a conducting,
preferentially catalytically active material, such that the nanostructured
elements are embedded in an encapsulant, wherein the encapsulant can be 2
solid electrolyte. The composite film can be used as an electrode membrance,

10 in an electrochemical cell or an analyte sensor.
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This tnvention celaces o ::—.::::o»he'-uc.x devices
such as sensors. ozl o=ils 2ad Datteses. and in pacticular
10 electrode membtranes used in suchk devicss.

BACKGROUND OF THE INVENTION

The elecirochemical sensors can be divided into
those utilizing high temperature nonporous, inorganic
electrolytes and those using gas permeable low temper-
ature electrolytss. Of the latter category a further divi-
sion can be made according to whether the electrolyte
is 2 solid polymer on one hand, or a liquid, paste or gel
on the other. .

A typical solid polymer electrolyte (SPE) based elec-
trochemical sensor has at least a working (sometimes
referred to as a sensing electrode) and counter elec-
trodes in contact with an SPE. A reference electrode
may also be used to form a 3-electrode device. The
electrode material, preferably a metal with catalytic
properties, is typically Au, Pt, Pd or nicble metals and
their alloys in the form of wire grids, powders or films.

- Various structures and means have been used to
apply or otherwise bring a catalyst in contact with an
- electrolyte to form.working, counter, and reference
- electrodes. The electrode membrane constructions can
be summarized as: (a) solid metal films in contact with
. the SPE, (b) porous metal films or pianar distributions
of metal particles deposited on top of the SPE or pow-
ders pressed against an SPE surface, (c) metal grids or
meshes deposited on top of the SPE or embedded
within an SPE laycr, or (d) separate shes=ts of catalyst
particles bonded in Teflon, which are pressed against
the SPE.

Examples of such art known electrode membrane
constructions include:

(1) metal (P1) films formed by electroless chemical
plating directly onto Nation TM membrane sur-
faces; ’
1) porous Pt layers chexmcally platcd onto a Na-
tion ™™ film. forming a network of interconnected

- islands of Pt particles interspersed with roughly
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the original baseline (as neasured with 10% - relative humdity air).

22

EXAMPLES 2-5

-T

Exanpl es 22-4 describe a 3-el ectrode sensor conpris- ing a working, counter

and reference el ectrod

el ements pressed

2

(3) Pt discs spin coated with Nafion T™™ solution
followed by slectrodeposited ruthenivm ad-atoms
ontc a Naticn ™™ film.

Examples of metal grid or mesh based electrodes

include:

(1) membrane slectrodes with a conducting layer of
contiguous metal particles deposited by vacuum

evaporation on, and adhering to a non-porous ma-

terial, overcoated with a permeable membrane
layer; | _

(2) porous 100 am thick Au films vacuum vapor de-
posited on to Nation ™ films;

(3) grid electrode membranes has been produced by

vacuum evaporation of Au onto Nation TM sub-
strates thrcugh photolithographically etched
masks, followed by spin ¢oating Nation T™ solu-
tions over such electrode configurations; the
length-to-width rato of the grid wires being var-
ied; _ '

(4) thin film electrode Nation T™ film structures con-
structed by sputtering Pt through photolithograph-
ically etched masks onto various substrates and
ovzrcoating  the Pr electrodes wizh various Na-
tion T™ films coated from solution:

(5) ultrafine grid structurss made by phortolithograph-
ically etching 30 nm thick Au films praviously
deposited on oxidized Si wafers. and after etching.
spin coating with Natier T™M solutions: and

(6) multiple electrodes. biased to rull out environ-
mental effects. formed on 2 common substrate by
depositing 2 metal film and overcoating with a

- Nation T™M membrane. ' '

Examples of electrode membranes wherein catalyst

particles are pressed onto an SPE include:

(1) Pt and Ag powders pressed to the sides of SPEs
made of compacted discs of Teflon T and zrco-
nium phosphate powders and antimonic oxide
powders; S

(2) metal powders pressed into Nation T™™ sheet sur-
faces, and contacted with a gold mesh;

(3) catalyzed carbon black loaded into the surface of
Nation TM membranes and placed in contact with
carbon black loaded Teflon membranes; -
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directly into a solid polymer electrolyte. Exanple 5 describes a
2-el ectrode sensor conprising working and counter el ectﬂﬁfﬁaﬁ%&ﬂﬁﬁlcea

fabricated fromnanos- tructured el ements pressed direct
pol ynmer el ectrolyte. These exanpl es show that conpared t
made wi'th metal nesh-powders/Na- fion TM or netal grid/ Nation

el ectrodes, the nanostructured el ectrode3nenbranes/ Nafion TM f| I m sensors

show 50 to 100 tines t res seto Slnu of a
ni croanps per ppm ([er@?ﬂ@‘ b9p@rpb] h‘f’f“{’é ]’3 rk| ng
el ectrode. - The nanostRf tnjoc é‘éﬁfﬁ'éefq | nt 'R@P)T‘B . fol-
el ectrocheni cal sensor dbowed dyed'gitmg’ m;heupws i rmhgmabrto ahe50 to 100.
They consist of orientednefidrahe by solution casting a further layer of

Nation T™M solution over the assembly since the

mechanical pressing tends not to give good contact

by itself; and ' :

(5) Pt wire meshes partially hot pressed into a Na-
tion TM surface.
- Other examples of electrode membranes include:
(1) electrodes comprised of hydrophobic Teflon T™ -
bonded Pt black layers pressed against Nation T™
membranes; and

(2) electrodes pressed against Nation ™ membranes,

the electrodes being fabricated from platinoid
black and Pt-5% Ir catalyst compositions blended
with a Teflon TM binder.

Processes for bonding a catalytic matena.! coated
onto a current collecting screen and embedding it into
the surface of a polymeric cation exchange membrane
and other basic processes and properties of an electrode
formed of a mixture of noble metal particles bonded
with hydrophobic materials have been described.

While the art known electrode membranes have
.proven useful, such electrode membranes constructed

from vapor coated grids and metal films tend to suffer
several severe mechanical problems, delamination and
cracking as a result of swelling and shrinkage of the
SPE, especially when exposed to humidity. Such prob-
lems contribute to a decrease in signal from the elec-
trodes with time over and above changes due to cata-

* lytic site effects. The adhesion of vapor deposited noble
metal films to polymers tends to be poor, thus requiring
an adhesion promoting layer like Cr to be deposited
first, which can lead to corrosion and degradation of the
electrode membrane upon use. Furthermore, the
pressed metal meshes generally suffer delamination
problems as known in the art.

SUMMARY OF THE INVENTION

The present invention is directed to electrochemical

sensors either usirig solid electrolytes or a liquid, paste

or gel electrolyte, and more specifically demonstrates

advances over the art using solid polymer electrolytes

(SPE). Among the advantages of SPE-based sensors

over liquid or gel type sensors are their freedom from
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11 MAR 1998

SOI’S

Date:



coat ed organi ¢ whi skers, pressed into the surface of Nafion TMfilm or -
ot herwi se encapsul ated in the sur- face of an SPE. The particles are -2
[err]mLkong. -0.05 [err]m in diameter, and have packing densities
-3-4:-x 10[err]/cnferr], which with relatively small amounts of netal

coati hg thicknesses makes the conposite sur- face conductive. The BET

N err] surface area enhance- nent fact & for these whiskers with .
Pt-sputtered onto khkﬂk&%ﬁ@rg&;’kaanﬂsmmﬁbhy nd wappiakilinf aemal coati ngs
have been neasuredsik@ fBgyc xégogu\.x‘f’%t.c@fﬂhﬁin% FafkabseARBAATS to be due to

thef 10-15 fold i ncr egsgn in aur ngc ,ea ~r _mgéryt thyct_,mmgegrrgt ri ,‘[3 e
PanoscopLC. ot 1 ot 3@?%1“??3‘:»5 ~8ﬁn §“§ ¢d Comptisinga ©° 17
r: ity of nnomrucmrec v:':‘:"lta wherz2in the

aznosiructured lements ar2 sub-microscopic two-com-
ponen: structures compnsed of whiskers conformally
coated with 2 conducting. preferzntuially catalyvtically
active material and an *'xcapsulating polymer.

In another aspect of the preseat invention. a nanos-
tructured electrode membrane is provided comprising a
plurality of nanostructured elements, wherein the
nanostructured elements comprise whiskers optionally
coated with a conductive material embedded in an en-
capsulating solid electrolyte.

In another aspect, a nanostructured composite film is
provided comprising a plurality of nanostructured ele-
ments, wherein the nanostructured elements are sub-
microscopic electrically conductive, preferentially cat-
alyucally active single component structures embedded
in an encapsulant.

Another aspect of this invention is the method for
fabricating the electrode/membrane, which when used
with solid electrolytes improves processing efficiency,
thus allowing large sheets of the electrode membrane to
be produced economically. Further, the new process is
environmentally friendly because the process eliminates
the solvent casting step that can be used to coat the
nanostructured elements.

The nanostructured composite film (N CF) of the
present invention and process of fabrication have sev-

eral advantages over art known electrode membrane
designs.

In contrast to the art known electrode membrane
designs, the nanostructured elements of the NCFs are
automatically protected because they are substantially
discrete (separated) and buried or embedded just under
the surface. Embedding the nanostructured elements
beneficially protects them from abrasive forces.

A second advantage of the nanostructured electrode
membranes of the present invention is that significantly
less electrically conductive material is required for the
same or larger sensitivity than for art known designs.
Art known grid constructions profess to use signifi-
cantly less (50-to 375 times less) catalytic or electrically
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approxi mately 200.
EXAMPLE -2

[err]

1

The wor ki ng

In contrast, a surface roughness factor of [err] -1.4 is
a given characteristic for bulk-like "bright" gold in Opekar (1992).

The nanostructured conposite fi.lmhaving discrete,
whi skers on a Cu-coated polyimde tenporary
descri bed above.

conductive material than mors conventional metal
powder/bonded Teflon ™ electrodes. However, these

~ grid constructiown- stll employ a significant fraction of

the catalyst or cond :ctive material in bulk form, often
functioning as a support for the surface metal.

-In contrast, the nanostructured elements used in the
present invention preferably comprise an inert core
coated with a thin electrically conductive coating, and
as such the elements have a much larger fraction of the
coating material’s volume contributing to the surface
acuve area, and much less is required since the inert
core is the support for the conducting catalyst coating.

For example, the ultrafine gold grid semsors of

Buttner (Sensors and Material 2 (1990)90) use 0.2 mg/19

mm? or ~ 1000 pg/cm2. On the other hand, nanostruc-
tured electrode membranes of the present invention
typically use a2 mass equivalent thickness of 100 nm to

-200 am of metal applied to the planar area of the whis-

kers, giving a coating thickness of ~ 10 am on the sides
of the whiskers since the geometric area of the nanos-
tructured whiskers is 10-15 times the planar area for 1-2
pm tall and 0.05 pm wide nanostructured elements.
This amounts to only ~2 pg/cm? of gold, which is 500
‘umes less than the finest zrid (30 micrometar holes)
electrode structure of the art and ~ 10¢ cimes less than
used by conventional sensors with metal powder.
bonded Teflon TM =lectrodes.

Further. in the present invention relanvely small
amounts of the coating macarial can aucieate inte nano-
scopic islands on the sides of the tnert cora of the ranos-

. tructured 2lements to produce a large increase in true

molecular adsorption surface area. with measured BET
Nz values indicating an increase in surface area on the
order of 300Q.

Adva_ntageously, the process of the present invention
for fabrication of the nanostructured composite films is

conducive to large area coated web production means,

making the electrode membranes more economical.
The nanostructured composite films can be fabricated
either in a batch process or by continuous web pro-
cesses. Once the nanostructured elements have been
constructed, the elements can be embedded in the en-
capsulanf by coating the nanostructured elements and
then curing the encapsulant. Alternatively, the nanos-

tructured elements can be embedded by hot roll calen-

dering them into a _sol_id polymer surface. Continuous

oriented _

substrate was grown as
el ectrode Srrenbrane was constructed by coating
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23 [errfmtall whiskers with a nmass equi val ent thickness of 200 nm of Au
by vacuum evaporation to produce catalyti- cally coated whiskers. The
counter anhd reference el ec- trode nenbranes were constructed from
nanostruc- tured el enents of 200 nm Pt vacuum evaporated onto whi skers 1-2
[errmtall. Nafion TM 117 film (commer- cially available from Dupont) was
the solid polyner electrolyte (SPE) in tfi s case. The 3-el ectrode sensor

was constructed frouht W ldses result in large sheets of nanostructured

membrane media, which can be cut, shaped, and folded
as required.

" Another advantage is that the geometric shape, size
and distribution of the nanostructured elements embed-
ded in the surface of the encapsulant gives the nanos-
tructured membrane significantly enhanced catalytic
activity. This results in enhanced sensitivity for detec-
tion of gases and vapors.

- The enhanced sensitivity derives from many of the
same factors that suggest the perpendicularly oriented
acicular shaped nanostructured elements are preferred
in the nanostructured layer. The electrochemically gen-
erated current per unit planar area of electrode (S) is
proportional to the total catalytically active surface
area per unit area accessible to both the electrolyte and
analytes. This total surface area is proportional to the
product of the number (N) of nanostructured elements
per unit area and the geometric area (A) of each nanos-
tructured elements, S =aNA, wherein « is proportion-
ality constant.

For example, if the elements have length (I) and ra-
dius (r) and are oriented perpendicular to the surface,
thea the number per unit planar area of surface is
N=1/(4r?), each having a surface area A=27rl, then
SL=awml/2r. In contrast, if the particles were oriented
parallel to the surface, N<1/(2r]) and Sy =aw. So,
SL/S| =1/2r> > 1, it is preferable to have the acicular
particles oriented perpendicular to the surface.

Similarly, it can be deduced that it is preferable to
have acicular nanostructured elements with I/r large
rather than more spherical particles with l~r, since
aga-in Sacfc/Sgpk=V2r.

Finally, it is known to those in the art of catalysis that
the surface of very small particles is more catalytically
active than the surface of bulk-like metal. By having the
conductive coating present as a discontinuous coating
on the whiskers, the catalvtic material is in a2 form more
advantageous for catalytic activity, as well, as present-
ing a further increase in surface area for adsorption of
the electrochemical species.

Definitions as used in this application:

“acicular” means having an aspect ratio of=3;

““aspect ratio” means a ratio of an element’s height to-

1ts average cross-sectional width;
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nm di scs cut fromthe tenporary substrate supporting the nanostructured

el ements (Au-coated and Pt- coated). The elenents were pressed intoa 1.5
cmby 3.5 cmpiece of 0.028 cmthick Nafion TM 117 filmusing a | aboratory
- press (Fred S. Carver Inc., Wabash, Ind.) at a tenperature of 149[err] C
and a force of 8,900 Newtons (1 con) for a period of about 3 minutes. The
configura- tion of the sensor_ (see FIG 3Y was such that the work- ing.

el ectrode (Au-Coated eFEFERIS) TeRas disiagunic@eMadhpEing 25ERA@ECt r odes
(Pt-coated el enents) werderantyopposiony neitprechids dlemdduns frombeig7 il m
with the reference el ecid edartir RetH ynReligtthethe wor ki ng el ec- trode and -

the counter el ectrodehanbbhgystda of.thpnref f{8NGK §LRGHL0d8:s-El ectri cal

contact to the el ectrodes.mAy ez ed. sub-microscopic. preferably a two-

componen: situctur2 comprised of a whisker
- ecated with oan 2lectacally conductive materials
alternatively. the nanostructured element may be a
one-compeazat structure wherein the electrically
conductive material only forms the discrete, ori-

~ ented structure; - E

- “nanostructured composite film™ means a film con-
taining nanostructured elements embedded in an encap-
sulant, wherein the encapsulant may contain an electro-
lyte; “nanostructured composite film” includes a
“nanostructured electrode membrane™;

“nanostructured electrode membrane” means a film
containing nanostructured elements in an encapsu-
lant, wherein the encapsulant is an electrolyte-con-
taining polvmer and the membrane may be config-
ured for either a two-electrode or three-electrode
Sensor;

*“oriented™ includes random or uniaxial;

“*solid electrolyte™ includes non polymeric materials

of a solid consistency that will allow ionic conduc-
tivity;

“solid polymer electrolyte™ includes polymer materi-
als of a solid consistency that will allow ionic con-
ductivity;

*“submicroscopic™ means having at least one dimen-
sion smaller than approximately a micrometer; and

“whisker” means the inert core of the nanostructured
element.

BRIEF DESCRIPT ION OF THE DRAWING(S)

FIG. 1 is a perspective view of an electrode mem-
brane of the present invention. :

FIG. 1a is a cross-sectional view of a nanostructured
element having a discontinuous conformal coating.

FIG. 2 is a schematic of a two-electrode sensor ac-
cording to the present invention.

FIG. 3 is a schematic of a three-electrode sensor
according to the present invention.

FIG. 4 is a schematic of an alternative two-electrode
sensor according to the present invention.

FIG. 5 is a schematic of an alternative two-electrode
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made using 0.3 nmdianeter Cu wire. The entire struc- ture was encapsul ated
with vinyl plastic electrical tape. A 6 mmdi aneter opening was left in
front of.-the work- ing electrode, allow ng exposure to the gas anal yte.

A PAR nodel 273A potentiostat (EG & G Princeton Applied Research,

Princeton, NJ.) was used to nmea-. sure the resulting current on exposure to
t he gas anal yte while maintaining a cofstant potential bias between the

wor ki ng and r ef er encsemsbecdocetding to theipresemtnfpiventice seor was exposed to

200 ppm N err] at 78%F16. & is\ae éﬂtb‘dbﬁsé'ﬁaﬁahrﬁﬁ:@ﬂﬁt @ebjes of -0.3 V
bet ween t he worki ng &fgrsg &.g&-% nth?x‘?/e 'r] streamwas
gener ated by addi ng n? ‘err 985 RE Eg%

Rut herford, N.J.) to 1 r'ls repres

versus relauve huxmdxtv for a sensor of' the present
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Electrochemical devices typically comprise three
primary components, (i} a gas, liquid or solid material
that is consumed in an electrochemical (EC) reaction,
(i) two electrically conducting catalyst electrode mem-
branes on which surfaces the EC reactions take place,
and (i) an electrolyte to conduct ionic charge and
reaction products between opposing electrodes. A
fourth component (iv) may be a2 permeation limiting
film controlling transport of the consumed material to
the catalyst surface. It is known in the art that the EC
reaction requires the presence of the three components
(i-iii) to be mutually contiguous and that optimizing the
mutual conjunction of these three components will

 optimize the devica performance. More specifically this
invention describes a new geometric structure for the
catalyst electrode material (ii). which when incorpo-
rated intimataly into a solid polvmer slectrolyte (iil) or
film (iv) offers a number of advantages over the prior
arts’ means for forming the electrode membrane (E/M).
including optimization of the thres component inter-
face. Further aspects of this invention teach different
ways to incorporate this new catalyst electrode struc-
ture (ii) into components (iii) and (iv) to form useful EC
sensors, fuel cells and batteries.

The catalyst membrane structure is comprxsed of
nanostructured composite films (NCF), generally de-
scribed in U.S. patent application 07/720,188, filed Jun.
24, 1991. Contemplated to be within the scope of the
present invention are various electrochemical cell con-
figurations using the electrode membrane structures of
the present invention. The electrode membrane struc-

_tures have besn categorized to illustrate the present
invention. Among the various configurations contem-
plated are the following non-limiting examples:
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78% relative hunidity and 23[err] C. The sensor response is shown in FIG
6. The sensor gave a large, rapid re- sponse reaching a. steady state
current .of 0.75 mA in approximately 1 mnute. Upon renoval of the NJerr],

24

the sensor quickly returned to the baseline value with a

9

(1) The membrane structure may be fabricated such

that an electrochemical cell could use at least two
pieces.of a nanostructured composite film in com-
bination with a solid polymer electrolyte film or an
electrolvte paste. Such constructions are illustrated
in FIGS. 4 and 5. Referring to FIGS. 4 and § an

electrochemical cell (configured as a electrochemi-

cal sensor) is schematically illustrated. A working
electrode is comprised of a first encapsulant (37)
wherein a first set of nanostructured elements (33)
are embedded therein. A counter electrode is com-

prised of a second encapsulant (38) wherein a sec-

ond set of nanostructured eiements (32) are embed-
ded therein. A conductive wire (31) is adhered to
the conductive surface of the two electrodes and is
connected to a measurement device and/or a
power source. Positioned between and i intimate
contact with the electrochemically active surface is
either an electrolyte paste (40) or a solid polymer
electrolyte (30). When an electrolyte paste (40) is
used, a retaining means (39) is used to keep the
paste in position. The figure illustrates an O-ring
(39). The analyte (represented by 33) is sensed
through the working electrode. Typically, the first
and second encapsulants have a permeability differ-
ential, wherein the encapsulant of the counter elec-
trode has a lower permeability than the working
electrode. Typically, the first and second sets of
nanostructured elements are coated with different
electrically conductive materials, although this is
not required. Other various coatings and enclo-
sures can also be used.

(") An electrochemical cell could be constructed

using at least two pieces of a nanostructured com-
posite film wherein the nanostructured elements
are embedded in a solid polymer electrolyte. In
such an instance, the film pieces could be laminated
together with the electrochemically active surface
of the film pieces opposite each other, that is, the
electrochemically active surfaces face outward.
Counter and “working electrodes could be. fabri-
cated using different solid polymers. Furthermore,
the nanostructured elements can be coated with
different electrically conductive materials.

(3) An electrochemical cell could be constructed

using at least two pieces of a nanostructured com-
posite film wherein the nanostructured elements

This is the replacement sheet
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recovery tinme of less than | mnute. The nmagnitude of this signal
corresponds to a sensitivity of 13.4 [err]A ppmt1l cm 2. This can be
conpared,with a literature. value ( Opekar 1992) of O 26 [err]A ppm|[err]
cm-[err] for a Au square gnd pressed into the Nafion TM 117 filmas a
wor Ki ng-el ectrode under identical conditigns of relative humdity and bi as.
By this exanple, use of the nanos- truct dPed el ectrode nembrane of the

resent invention has.i . ; WS RYAR GV AT t of 51.5, or over
s bR T TN ot e Bbiged gl gt 515, or over
was applied to the nated together With the acuve surtdcs Of te film
facing ourward and separated from 2ach other with
an ionically. conductive matamial. for 2xample a
solid polvmer electrolvte or an elecirolvte paste.
Couater 2ad working electrodas could be fabri-
cated using different solid pelvmers. Furthermora.
‘the nanostcuctured elements can be coated with
different elactrically conductive materials.

(+) FIGS. 2 and 3 illustrate vet another contemplated
configuration for an electrochemical cell. Refer-
ring to FIG. 2 an electrochemical cell (configured
as a electrochemical sensor) is schematically illus-
trated. A working electrode is comprised of a first
set of nanostructured elements (33) embedded in a
solid polymer electrolyte (30). A counter electrode
is comprised of a2 second set of nanostructured
elements (32) embedded in the solid polymer elec-
trolyte (30) on the surface opposite the first set of
nanostructured elements (33). A conductive wire
(31) is adhered to the conductive surface of the two
electrodes. The analyte (represented by 35) is
sensed through the working electrode. The
counter electrode is shielded from the analyte (35)
by an optional impermeable layer (34), in this illus-
tration, a piece of tape. The first and second sets of
nanostructured elements may be coated with dif-
ferent electrically conductive materials, although
this is not required. . _ '

Referring to FIG. 3, a three-electrode electrochemi-

cal cell is illustrated comprising 2 working electrode

comprised of a first set of nanostructured elements (33)

embedded in a solid polymer electrolyte (30). A refer-

ence electrode is comprised of a second set of nanos-
tructured elements (32) embedded in the solid polymer
electrolyte (30) on the surface opposite the first set of
nanostructured elements (33). Preferably, these two sets
of nanostructured elements are directly opposed to each
other on the common solid polymer electrolyte. A
counter electrode is comprised of a third set of nanos-
tructured elements.(36) embedded in the solid polymer
electrolyte (30) on the same surface as the reference
electrode, but above or to the side of the second set of
nanostructured elements (32). A conductive wire (31) is
adhered to the -conductive surface of the two elec-
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wor ki ng el ectrode with respect to the reference, and the sanple exposed to
200 ppm NgJ err], all other condi- tions being equal to those in Exanple 2.
In this.case, a rapid, reversible response was agai n observed with a steady
state signal of 0.14 mA. This corresponds to a sensitivity of 2.5 [err]A
pprierr] cnferr]. This can be directly conpared with a literature val ue of
0.024 [err]A ppnmferr] cm[err] (Mgl ay 4t aL, 1988 usi_ng. a standard Au
mesh- /Au powder wor Kredes| ddie npalytgicirepgescntsdnbycdfdi is SFBHRA A factor -

of 104, or over 10, 0abhepughpthevenrking slecerude. i The camtebeitaicadever the
art known pressed eligGhiéidedefi®xst €8 analyte (35) by an impermiedblfLE 4
. layer (34), in this illustration, a piece of tape. The first,
second and third sets of nanostructurad slements may
be coated with different electrically conductive materi-
als, although this is not required. Although a specific
arrangement of the 3-electrodes is illustrated, other
configuration could also be used.

In the preferred embodiment of the present invention,
the electrically conductive material can be incorporated
directly at the surface of an electrolyte in an optumized
geometric structural form. This geometric structural
form provides advantages over art known structures.
The optimized geometric structural form is a very dense
array of acicular (large length/width ratio), discrete,
oriented submicroscopic elements. Two-component
elements, consisting of conducting, preferably catalytic
material coated around an inert core whisker, have
lengths of ~1-5 micrometers (um), diameters
~0.05-0.1 pm, orientations substantially paralle! to one
another with long axes normal to the polymer surface,
and number densities of 3 to 4 billion per cm?. Single

phase elements can also te used. although the two-
phase elements are preferrsd. These single phase ele-
ments have dimensions similar to the two phase ele--
ments. however, the single phase slements consist only
of an slectrically conductive material.

The nanostructured elem=2nts can be randomly or
uniaxiaily orented. Perferabiy. the elements are uniaxi-
ally oriented because this orientation allows the close
packing to be optimized. thereby increasing the surface
area available for reaction per unit area of membrane.
The shape, orientation. size and numbers of elements
optimizes the surface area for EC reactions. Coating the
electrically conductive material around (conformally
(refer to FIG. 1a) the inert core whisker further maxi-
mizes the surface area while minimizing the amount of
Coating material needed. Coating this material such that
it consists of small rough particles covering the sides of
the inert core whisker (refer to FIGS. 1 and 1(q)) fur-
ther increases the surface area for reaction, even over
the conformally coated whiskers.
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In this exanple, the same sensor as in Exanples 2 and 3 was exposed to a 10
ppmHerr]S gas streamwhile main- taining a bias of +0.3 V between the

wor ki ng and refer- ence el ectrode.

The 10 ppm H err]S gas stream was gener -

ated by mxing 0.2 I/mn of a 500 ppmH err]S conpressed air cylinder -
(Oxygen Services) with 10 I/mn air at 78% relative hunidity and 23[err] C

A rapid, reversible re- sponse was observ

with a steady state current of

79 [err] A This cdrp@sesnder makingahei tandstyuerired dompdsitepnierr] cnierr]
a factor of 87.filmwsedad desionistiate Yhisliaivelhionals d8fHbed id. 32 [err] A ppm
[err] cnferr] fUCSaPgd d6las d387298R0 suchdeiftios iiricoegs- under equi val ent

~condi tions.

rated herein by reference. Particularly useful nancstuc-
tured elements comprising the nanostructured compos-
ite film are described in TC.S. Pat. No. 4,812,352 and
such description is incorporated herein by reference.
Referting to FIG. 1, nanostructured composite film
(10) is comprised of high aspect ratio whiskers (2) com-
prised of an organic pigment grown such that their long
axes are perpendicular to a temporary substrate (1),
such as copper-coated polyimide. Whiskers (2) are dis-
crete, oriented normal to substrate (1), predominantly

noncontacting, have cross-sectional dimensions on the

order of 0.05 um or less, lengths of 1-2 pm and areal
number densities of approximately 40-50/pm?. Whis-
kers (2) are then coated with a thin shell (3) of an electri-
cally conductive material. for example, by vacuum
evaporation or sputter deposition. Nanostructured ele-
ments (15) are then embedded into an encapsulant (16).
Typically, to construct an electrochemical cell, at least
one “set” of nanostructured elements are embedded in
the encapsulant (16). One set of elements are on one
major surface, while the other set of eléments are em-
bedded on the opposite side, that is, the other major
surface of the solid polymer, as illustrated. Nanostruc-
tured composite film (10) (referred to as “film”) is then
peeled from temporary substrate (1), cleanly carrying
nanostructured elements (15) along, embedded on one
surface of film (10), thersby exposing the electrochemi-

-cally active surface (20) of nanostructured composite

film (10). Encapsulant (16) can be (a) a solid electrolyte
film, (b) a film former or (c) a solid solution or mixture
of a polymer and an electrolyte.

Materials useful as temporary substrate (1) for the
present invention include those which maintain their
integrity at the temperatures and pressures imposed
upon them during any deposition and annealing steps of
subsequent materials applied to the temporary substrate.
The temporary substrate may be flexible or rigid, planar

or non-planar, convex, concave, aspheric or any combi-

nation thereof.

Preferred temporary substrate materials include or-
ganic or inorganic materials, such as, polymers, metals,

ceramics, glasses, and semiconductors. The preferred

organic substrate is metal-coated polyimide film (com-
mercially available from DuPont Corp. under the trade

designation KAPTON). Additional examples of sub- This is
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25 EXAMPLE 5 Exanpl e 5 shows a nanostructured

el enent/Na- fion TM 117 filmconstruction that can be used as a
potentiometric two el ectrode humdity sensor, particu- larly in inert
gases, W|th both el ectrodes exposed to the sanme anbient.

13

strate matztials aporoprias2 for the prasent invenlon
can be found and described in U.3. Pat. No. 4,312,332
and such description is incorporatzd hersin by refer-
2nca.

Stacting matemals usefui in preparing whiskers (2)
include orzaaic and inerszaie campouads. Whiskers (2)
are essentially 1 acn-r2active or passive matrix for cthe
subsequent thin mertal coating and eancapsulant. Several
techniques or metheds acs “useful for producing the
whisker-like configuration of the particles. Such meth-
ads for making inorganic-, metallic-. or semiconductor-
based uncrostrucmred—law. ars or whisker-like structures
are described in J. Vac. Sci. Tech. A 1983, 1(3),

-'1398-1402; U.S. Pat. Nos. 4,969,545; 4,252,864;
4,396,643; 4,148,294; 4,155,781; and 4,209,008, and such
descriptions are incorporated herein by reference.

Useful organic compounds include planar molecules
compnsmg chains or rings over which w-electron den-
sity is extensively delocalized. These organic materials
generally crysralhze in a herringbone configuration.
Preferred organic materials can be broadly classified as
polynuclea.r aromatic hydrocarbons and heterocychc
aromatic compounds. Polvnuclcar aromatic hydrocar-
bons are described in Morrison and Boyd, Organic
Chemistry, 3cd ed., Allyn and Bacon, Inc. (Boston,
1974), Chap. 30. Heterocyclic aromatic compounds are
described in Chap. 31 of the same reference.

Preferred polynuclear aromatic hydrocarbons in-
‘clude, for example, naphthalenes, phenanthrenes, pery-
lenes, anthracenes, coronenes, and pytenes. A preferred
: polynuclear aromatic hydrocarbon is N,N'-di(3,5-
- Xylyl)perylene-3,4:9,10 bis(dicarboximide) (commer-
cxa.ny available from American Hoechst Corp. under
" the trade designation of “C.1. Pigment Red 149”") [here-
xnafter referred to as perylene red].

Preferred heterocyclic aromatic compounds include,
for example, phthalocyanines, porphyrins , carbazoles,
purines, and pterins. More preferred heterocyclic aro-
matic compounds include, for example, porpbyrin, and
phthalocyanine, and their metal complexes, for exam-
ple, copper phihalocyanine (commerciaily ava.dable
from Eastman Kodak).

The organic material used to produce whiskers may
be coated onto a temporary substrate using well-known
techniques in the art for applying a layer of an organic

' material onto a substrate including but not limited to
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- A 2.5. cmsquare piece of Nafion TM 117 nenbrane sheet, .as used in
Exanple 2, was formed into a two el ectrode sensor by hot platen pressing Au
coated whi's- kers into one side of the sheet and N Cr-coated whiskers into
the opposite side. Two sanples of nanostructured whisker (1-1.5 [err]m
tall) sanples were prepared as de- scri beg above, on a‘Cu-coated polyin de
tenporary substrate, and overcoated with i)ut t er - deposi tfad Au in pneI 3

[ ance and sputter-de Lt ed N LdL L .The anal. ui val en

It EiStckness of t Ee Au coatglg;élﬁ&f\%ag%%ﬁ?énoE%e"!ri&grfoegaﬁ‘zgi%?(ﬁé}?#agggfxt he Ni Cr

coating nominal |y 220 nAFPYHEORy SRIAY: SORTRRLARGTIE j2ett, RERladger e

pl aced with the el ement §02@agndiretasably.qeherotgamucniayen swveppiiedi by pi ece.
Both were sandwi ched  physical vacuum vapor deposition (i.e., subiimation of
the organic material under an applied vacuum). The
preferred temperature of the temporary substrate dur-

-ing deposition is dependent on the organic material
selected. For perylene red. a substrate temperature near
room temperature (i.e., about 25° C.) is satisfactory.

In a particularly useful method for generating or-
ganic whiskers, the thickness of the deposited organic
layer will determine the major dimension of the micro-
structures which form during an annealing step. Whis-
kers are grown on 2 temporary substrate with the char-
acteristics and process described in U.S. Pat. No.
5,039,561, and such descripdons are incorporated herein
by reference. An alternative process for generating the
whiskers includes depositing a whisker generating ma-
terial on 2 temporary substrate wherein the whisker
generating material and the temporary substrate are at
an elevated temperature. Material is then deposited
until high aspect rato randomly-oriented whiskers are
obtained. The preferred procsss for obiaining the pery-
lene red whiskars includes depositing the whiskar gen-
erating material at or near room temperature and then
elevating the substrate temperature to aaneal the whis-

Ker generating material (described in Example 1 hersin-
below).

[ both instances. perylene red is the orzanic material
preferred. When the organic material is peryvlene red.
the thickness of the layer (when using the preferred
process), prior to annealing is in the range from about
0.05 to about 0.25 pum, more preferably in the range of

0.05 to 0.15 pm. When the organic materials are an-
nealed, generally uniaxially-oriented whiskers are pro-
duced. Preferably, the whiskers are monocrystalline or
polycrystalline rather than amorphous. The properties,
both chemical and physical, of the layer of whiskers are
anisotropic due to the crystalline nature and uniform
orientation of the nanostructured elements.

Typically, the orientation of the whiskers is uni-
formly related to the temporary substrate surface. The
whiskers are preferably substantially uniaxially-oriented
normal to the temporary substrate surface, that is, per-
pendicular to the temporary substrate surface. The
major axes of the whiskers are generally parallel to one
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bet ween | arger sheets of 0.0048 cmthick polyimde (a processing aid used

to protect the platens). The sand- wi ch construction was pressed between

t he pl at.ens of the Carver Laboratory bench press for 15 seconds, with the

pl atens -mai ntai ned at a tenperature of 138[err] C. and a total applied

force 'of ‘(two tons) 17,800 New ons. ffter pressing, the tenporary
substrate peeled cleanly away fromthe Nafion TM 117 film| eaving the

Au- coat ed whi skers enbedded in the latter. This proce- dure was repeat ed.

pressing for 20 seconds. to enbed the N Cr-coated whi skers into the other

side of the Nation diother. Tihenwhiskees afe Sypicallylunifosnrinsismsndut fromt he
pi ece for testing. sHapelrasdl haoot afiformacrosdisedtiomtc dimensionsf the strip
with clip leads W'tfiong! YhélPemajor axes. The preferred length of each

whisker is in the range of 0.1 to 2.5 um. more preferably

in the range of 0.5 to 1.5 pm. The diameter or cross-sec-

- tional width of each whisker is preferably less than Q.1
pm. .

The whiskers preferably have a high aspect ratio,
(i.e., length of the whisker to diameter or cross-sectional
width of the whisker ratio is in the range from about 3:1
to about 100:1). The major dimension of each whisker is
directly proportional to the thickness or amount of the
initially deposited organic material. The areal number
densities of the conformally coated nanostructured ele-
ments are preferably in the range of 40-50/um?2.

- The nanostructured elements, submicrometer in
width and a few micrometers in length, are composites
comprising whiskers conformally coated with a thin
electrically conductive material coating. In addition to
providing an electrically conductive coating material,
the coating material will generally strengthen the
nanostructured elements. The electrically conductve
material can be fully conformally coated over the whis-
kers, producing a generally smooth thin shell around
the whiskers (refer to FIG. 1). Alternarively, this mate-
rial can be discontinuously conformally coated such
that it consists of small rough particles covering the
sides of the whiskers (refer to FIG. 1a) further increas-
ing the surface area available for reaction, even over the
fully conformally coated whiskers. Generally, the con-

“ductive coating material is selected to optimize the
‘electrochemical reaction being sensed. Preferably, the
conductive coating material is catalytically active and
selected from the group consisting of conducting met-

. als, semi-metals and semiconductors. Such materials
include Cr, Co, Ir, Ni, Pd, Pt, Au, Ag, Cu, Be, Mg, Sc,

Y, La, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Mn, Tc, Re, Fe,

Ru, Os, Rh, Zn, Cd, Hg, B, Al, Ga, In, T, C, Si, Ge, Sn,
Pb, As, Sb, Bi, Se, Te and alloys thereof, such as CrCo,
NiCr, Ptlr. The wall thickness of the coating material
surrounding the whiskers is in the range from about 0.5
om to about 50 nm. The thickness of the coating mate-
~rial may be such that the resulting nanostructured ele-
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j aw touchi ng each respective side. An electronotive force (EMF) potenti al
exi sted between the two |l eads with the sanple in open air. the Au-coated
side was.positive with respect to the NiCr-coated side. The sam ple was
then placed in a sealed container, with humdi- fied Nerr] flowng at 5
liters/min. The EMF was noni- tored witl6a chart recorder having an i nput
i npedance of 2.5 MohmenasrmAlmssboanvii's bssekatishouamildiceym@ys RH) in t he
seal ed contai ner, neEasyuestantinh cantrnesahyEastias idimendl stat. The EMF was

observed to vary:near|yhti-6aghiymiadriEon ¢ Hed ki d3dndPiteswiifid-n % RH
between 10%to0 95% @s<SHQRE EdnEdftioda! :ochniques. including. for ex-
-~ ampie. ‘hox described 1 U.S. Par. No. §.233.729. supra.

referably. the coatin: matecial s deposited by 2
method that aveids the disturbancs o; - destruction of the
whiskers by mechanical or mechanical-like forcas.
More preferably. the coating marzsial is deposited by
vacuum deposition methods. such as. vacuum sublima-
tion, sputtering, vapor transport, and chemical vapor
deposition.

Essentially, compared to the art known grid surfaces
contacting an SPE, the nanostructured elements pro-
vide a three dimensionally distribuzed enhanced surface
area which is potentially all available for catalytic reac-
tion.

Furthermore, whether the nanostrucmrcd elements
are unixially oriented or randomly oriented, it is pre-
ferred that at least one point of each nanostructured
element must contact a two-dimensional surface com-
mon to all of the nanostructured elements.

The encapsulant is such that it can be applied to the
exposed surface of the nanostructured elements in a
liquid or liquid-like state, which can then be solidified
or polymerized. The encapsulant may be in a vapor or
vapor-like state that can be applied to the exposed sur-
face of the nanostructured elements. Alternatively, the
encapsulant is a solid or solid-like material, preferably
powder or powder-like, which can be applied to the
exposed surface of the nanostructured layer, trans-
formed (e.g., by heating) to a liquid or liquid-like state
(without adversely affecting the nanostructured layer
composite), and then resolidified.

Organic encapsulants include polymers and co-
polymers and include, for example, polymers derived
from olefins and other vinyl monomers, condensation
polymers, such as polyesters, polyimides, polyamides,
polyethers, polyurethanes, polyureas, and natural poly-
mers and their derivatives such as, cellulose, cellulose
nitrate, gelatins, proteins, and natural and synthetic
rubbers. Inorganic encapsulants that would be suitable,
include for example, gels, sols, semiconductors, or
metal oxides applied by, for example, vacuum pro-
cesses. Preferably, the thickness of the encapsulant is in
the range from about | pm to about 1 cm, and more
preferably in the range from about 25 um to about 2
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EXAMPLES 6- 24 Exanpl es 6-24 describe an alternative construction wherein
t he nanostructured conposite electrode is em bedded in the surface of a

per neabl e *pol yner filmfor the working el ectrode and a | ow perneability
pol yner

17

The encapsulant may be applied to the manostruc-
tured elements by means appropriate for the pamc::ular
encapsulant. For example, an encapsulant in 2 liquid or
liquid-like state may be applied to the exposed surface
of the nanostructured clements by dip coating, vapor
condensation, spray coating, roll coating, knife coating,
or blade coating or any other art known coating
method. An encapsulant may be applied in a vapor or
vapor-like state by using conventicnal vapor deposiion
techniques including, for example, vacuum vapor depo-
sition, -chemical vapor deposition, or plasma vapor de-
positon. '

An encapsulant that is solid or solid-like may be ap-
plied to the exposed surface of the nanostructured ele-
‘ments when liquified by application of a sufficient-
amount of energy, for example, by conduction or radia-
tion heating to transform the solid or solid-like material
to a liquid or liquid-like material, and then solidifying
the liquid or liquid-like material. Alternatively, the
nanostructured elements may be embedded into a solid
or soitd-likz2 2acapsulant by hot-roll calendering. thatis
using heat and pressurs with a force sufficient to embed
the nanostruciured slements into the solid encapsulant,
but withour damaging the nanostructurad elements.

The apphied eacapsulanc if liquid or in a liquid-like

~statz. mayv T2 solidified by means appropat2 to the
particular mazanial used. Such solidification means in-
clude. for axample. curing or polymerizing techniques
known in the art. including, for example. radiation. frae
radical, anionic. cationic, or step growth processes, and
solvent evaporation. or combinations thereof. Other

- solidification means include, for example, freezing and
gelling. ' _

After the polymer is cured, the resulting nanostruc-
tured composite film of the present invention compris-
ing nanostructured elements intimately encapsulated in
an encapsulant is delaminated from the temporary sub-
strate at the substratemnanostructured element layer
interface by mechanical means such as, for example,
pulling the film from the temporary substrate, puiling
the temporary substrate from the film, or both. In some

-instances, the film may self-delaminate during solidifica-
tion of the encapsulant. Removal of the temporary sub-
strate exposures the active surface of the nanostruc-

. tured composite film.
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filmfor the counter electrode (see FIG 4). The sensors were produced by
sandwi ching an el ectrol yte paste between a working and counter el ectrode.
The el ectro- Iyte paste was adjacent to the conductive surfaces of each
nanostructured conposite film Exanple 6 (El ectrolyte A)

The nenbrane el ectrodes for this conflguratlon were constructed by casting
a5 w %solution of encapsul at- ing pollgner onto nanostructured el enents

consisting of a 17aRemdHed thgoaﬁ%@ﬂxpeaygev@lsgﬁgr gogy-own on the
Cu- coated polyi mgerkedRos ér |§§ ha Gih
encapsul ati ng poli E%Igfulﬁll\#é ? hc’aB ‘é?fzﬁ‘ a{ret hly silyl
propyne) (PTVEP) n etch:mz- ymer comme"cx v av:n e in s cet
form 0.028 cm thxc:k or as a dilute soh.:xon. which can
then be coated onto the nancstructured elements and
- then solidifed using art known techniques. Alterna-
‘tively, an electrolyte can be mixed with a curable en-
capsulant and cured or the electrolyte can be incubated
or allowed to permeate into a cured encapsulant. In
contrast to the Nation ™ film, in these alternative
forms the ionic element in the encapsulant is merely
dissolved in the encapsulant, as opposed to being an
integral part of the encapsulant’s chemical structure.

Alternatively, a solventless process for embedding
the nanostructured elements into a solid encapsulant
can be used. Although applicable in concept to any
nanostructured surface phase, that is, one comprising
nanostructured elements of various material composi-
tions, shapes, orientations, and packing densities the
description of the process refers to the electrode mem-
branes.

The nanostructured elements are hot pressed into the
surface of the solid encapsulant by 2 calendering pro-

“cess, using controlled heat and pressure. For example,
the nanostrucrured elements are brought into contact
with the solid encapsulant at the nip part of a pair of
heated rollers. The temporary substrate (from the
nanostructured elements) is then stripped away, leaving
the nanostructured elements penetrating the solid en-
capsulant that completely preserves their orientation
and areal number density.

Placement of the nanostructured elements whoily
within an electrolyte-containing encapsulant maximizes
the catalyst electrolyte interface, and protects the ele-
ments from damage. Furthermore, having the elements
coincident with the electrolyte-containing encapsulant
surface optimizes the accessiblity of the analyte (gas or
liquid consumed) to the catalyst/electrolyte three com-
ponent interface. The discreteness of the nanostruc-
tured elements allows the surface electrode layer to
remain permeable to the analyte, while the close pack-
ing of the elements assures the nanostructured compos-
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for the counter electrode was poly(ethyl nethacrylate), a polynmer with a
| ower perneability than PTMSP. The vol ume of encapsul ating pol ymer sol ution
provided a dried filmapproximately 0.1 nmthick.. After evapora- tion of
t he sol vent, the nanostructured conposite filmwas peeled away fromthe
t enporary substrate exposing the Pd- cpgt ed nanostructured el enents at the
surface of the nanosiructyred conpgsite film An electrolyte paste was
prepared by addi g 0-57t -ehe erfHHR etlerf@F3] STAIFYCHNE 25 gham 100, 000
mol ecul ar wei ght {IWg2don woeperdiongeLoFi @a).. No. ThA3$edBor was then assenbl ed
in the foll ow ng maA.tsranci(eaenbb&mdéics &l dds it catticontidize thas nade to 10
mm di amet er di sCSNT F TRonREKL NG HA0r SRkdtteE18L8CIEAdAE encap-
- suizzzd in a nonelectrelvte containinz encapsulant. for

e with liguid. paste iner-solid). or solid electrolytes.

[ t7is configuradon. the nanostrucizred elements pro-

vid2 surface conductivity to the peclymer and an elec-

trochemically active surtace in contact with the noan-

sclid electrolytes while the encapsuiant may function

also as a diffusion limiting membrane (see FIGS. 4 and

5). _

This invention is useful in electrochemical devices,
such as gas, vapor and liquid sensors, fuel cells and
batteries formed using the optimized electrode mem-
brane construction. .

Objects and advantages of this invention are further
illustrated by the following examples, but the particular
materials and amounts thereof recited in these examples,
as well as other conditions and details, should not be
construed to unduly limit this invendon. All materials:
are commercially available or known to those skilled i
the art unless otherwise stated or apparent.

EXAMPLES
Preparation of the Whiskers

In the following examples, nanostructured elements
according to the present invention were prepared using
processes described in U.S. Pat. Nos. 4,812,352 and
5,039,561 and such description is incorporated herein by
reference. _ .

Briefly, N,N’"-di(3,5-xylyl)perylene-3,4:9,10 bis(dicar-
boximide), (hereinafter referred to as PR 149), was
vacuum vapor deposited onto a flexible polyimide web,
near room temperature, to a thickness on the order of
0.1 to Q.15 pm. Thereafter, the substrate and PR 149
coating were annealed in a vacuum sufficient to cause
the initially uniform pigment film to convert to a highly
nanostructured film. After annealing, the whiskers were
discrete, uniformly oriented single crystals, 1 to 2 um
tall. with high aspect ratios (length to width), extremely

- large areal number densities (40-50/nm?2), and whisker
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using 0.3 mm di aneter copper wire adhered to the sur- face of the.

el ectrodes with a trace amount of silver paint (GC Electronics). A snmall, 6
nm i nner di ameter Oring was filled with the electrolyte paste, and the two
el ec-. trodes were then glued (3M CA-4 cyano acryl ate adhe- sive) (exposure
surfaces inward) to the perimeter of the Oring | eaving the nanostructured
surface conposite filmto forman init idPat e contact with the electrolyte
past e. to whisker spacings on the order of 0.05 pm. The result-

ing geometric surface area was increased by a factor of
10 to 15. The whiskers were thea coated with a con-
ducuang material. The coated whiskars (nanostructured
elements) were then embedded into the surface of a
polymer to form a nanostructured composite film.

In the following examples, nanostructured composite
films are demonstrated in two alternative embodiments,
using two modes of operation, and in both two and

¢e electrode configurations (ses FIGS. 2-5). Elec-
trodes of the nanostructured composite films can take
the form of electrode membranes wherein the conduct-
ing coated whiskers are embedded in a permeable poly-
mer membrane which is then placed in contact with the
electrolyte (Examples 6-24), or the nanostructured ele-
ments may be placed directly within the surface cf a
solid polymer electrolyte (Examples 1-5 and 25). The
sensors may be operated in both a potentiometric (open
circuit EMF measurement) or amperometric mode. The
amperometric mode can be of either 2 two or thres
electrode (potentiostat controlled) configuration.

EXAMPLE |

This first example demonstrates the nanostructured
composite films as high surface area electrodes embed-

ded wichin the near surface ragion 2t 2 sclid polyvmer
electrolyte. .

The nanostructurad elements wers first constructed .
as-described above producing discrz:2. crizated whis-
Kers. 1-2 um in length on a Cu-coata2 polyimida tampo-
rary substrate. The whiskz2ss wars then coasad with a
mass equivalent thickness of 173 am Pd by vacuum
evaporation to produce nanostructured elements. A
f:umble solid polymer elecirolvte formulation consist-

' ing of 0.45 gram lichium perchlorate (LiClO:) in | ml
tetrahydrofuran (THF), 0.75 ml catalyst solution con-
sisting of 25 pl dibutyl tin dilaurate in 10 ml THF, 1.5 ml
600 molecular weight poly(ethylene glycol) and 1.5 ml
Desmodur T N100 (Farbenfabriken Bayer AG) multi-
functional isocyanate. '

e
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To measure the sensor response, a 100 K [err] load resis- tor was connected
bet ween the sensor |eads, and the voltage across the | oad resistor,
resulting-fromthe cur- rent signal, was nonitored with a Keithley 197A
elec: troneter. The sanple was then exposed to 10 ppm H2S in 10% rel ative
hum dity air at 23[err] C The Herr]S streamwas generated by m xing 0.21
mn of a 500 ppm H err] S/ conpressed ai g1t ank (Oxygen Services) to 101/ mn
of 10% relative humdity air. A rapid. reversible re-

The sensor was made as follows: Approximately 0.1
ml of the curable solid polymer electrolyte solution was
placed between two 10 mm diameter discs cut from the
temporary substrate supporing the nanostructured ele-
ments. The sample was cured at approximately 40° C.
for a period of about one hour. The temporary substrate
of the nanostructured elements was then peeled away
from the cured solid polymer electrolyte leaving the
fresh, Pd-coated nanostructured electrodes embedded
in the surface (catalytically active surface) of each side
of the solid electrolyte disc (see FIG. 2). Electrical
contact to both sides of the nanostructured electrode
membrane was made using 0.3 mm diameter copper
wire adhered to the electrode membrane with a trace
amount of conducting silver paint (GC Electronics,
Rockford, IIL). One side of the membrane (counter
electrode) was then isolated by coveung the entire sur-
face with 2 10 mm diameter piece of vinyl plastc elec-
trical tape (commercially available from 3M).

The sensor was then exposed to 10 ppm hydrogen
sulfide (H2S) at approximately 10% relative humidity.
The 10 ppm H3S stream was generated by the addition
of 0.2 liters per minute from a compressed air tank con-
taining 500 ppm H;S (Oxygen Services Company, St.
Paul, Minn.) to 10 liters per minute (1/min.) air having -
10% relative humidity. Exposure to the gas caused the
Sensor to generate an amperometric current signal. This
resulting current signal was monitored with a Keithley
197A electrometer. A rapid response time of less than
one minute to reach a steady state current of 0.1 pA
with a signal to noise ratio of approximately 100 was
observed. This corresponds to a sensitivity on a uait
concentration, unit area basis of 0.013 p A ppm—tcm—2.
Upon removal of the hydrogen sulfide stream, the Sen-

- sor showed a rapid (<! minute) reversible recovery to

the original baseline (as measured with 10% relative
humidity air).
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sponse to the Herr]S was observed with a steady state voltage
corresponding to 0.032 nv. TABLE | El ectrol yte
Paste B:0O 25 gramLiCl(err] dissolved in 0.25 m HPLC grade water
added to 1 gram 100.000 Merr] poly(gphylene oxide) C 0.5 mM 85% :
Herr]*PQerr] added to 1 gram 100,000 MWV pol y(et hyl ene oxide) D 0.25

gram Cerr]Herr]Sqerr]H di sSEXAMPLESD2-5 HPLC grade wat er added
to 1 gram 100. 000 oly(e l.ene . XI de) E 0.26 gram NH e di ssol ved
in 0.5 n HPLC gra gés 5‘1 "0’1?'5" é ﬁ?’ %’Gﬂgw pol y( et hyl ene
oxi de) ing a workmg, countcr and referenc e"trode mem-

branes fabricated from nanostructured elements pressed
directly into a solid polymer electrolyte. Example 5
describes a 2-electrode sensor comprising working and
counter elecrrode membranes fabricated from nanos-
tructured elements pressed directly into a solid polymer
electrolyte. These examples show that compared to art
known sensors made with metal mesh-powders/Na-
fion ™ or metal grid/Nafion ™ film electrodes, the
nanostructured electrode membranes/Nafion ™ film
sensors show 50 to 100 times the response to NO; and
H3S in units of microamps per ppm (pA/ppm) of gas
- per unit planar area of working electrode.

The naneosirucwrad composite tilm (NCF) based
electrochemical sensor eiectrodes show measured gain
factors of 30 to 100. They consist of oriented. metal
cozted organic whiskers. pressed into the surface of
Naten T™ flim. or otherwise em.apaulatcd in the sur-
tacz of an SPE. The parcles are ~2 pum long, ~0.03
amin diameter.  agd  have packing  densities
~ 3=+ 10%cms. which with relatively small amounts
of metal coating thicknesses makes the composite sur-
face conductive. The BET Na surface area enhance-

- ment factor for these whiskers with Pt-sputtered onto
them to form “nanoscopically™ “lumpy” conformal
coatings have been measured to be ~3000. Part of this
factor appears to be due to the 10-15 fold increase in
surface area due simply to the geometric surface area
increase, implying that the surface area increase due to
the nanoscopic structure of the Pt on the whiskers is
approximately 200. In contrast, 2 surface roughness
factor of y~1.4 is a given characteristic for bulk-like
“bright” gold in Opekar (1992).

EXAMPLE 2

. The nanostructured composite film having discrete,
oriented whiskers on a Cu-coated polyimide temporary
substrate was grown as described above. The working
electrode membrane was constructed by coating =<1
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EXAMPLES 7-24  The el ectrodes and sensor construction for these exanples
were prepared as described in Exanple 6. The various el ectrol yte pastes
used in t.he sensor construc- tions were as desci bed above in Table 1. The
sensors were evaluated with various gases. Al the gases used were diluted
to I0-ppmin air at 10%relative humdity, 23[err] C. and a flowrate of 10
|/min. The results are sum narized beldw in Tabl e 2. :

pm tall whiskers with 2 mass equivalent thickness of 200
nm of Au by vacuum evaporation to produce catalyt-
cally coated whiskers. The counter and reference elec-
trode membranes were constructed from nanostruc-
tured elements of 200 nm Pt vacuum evaporated onto
whiskers {-2 pm ull. Nation™ 117 film (commer-
cially available from Dupont) was the solid polymer
electrolyte (SPE) in this case.

The 3-electrode sensor was constructed from two 10 .
mm discs cut from the temporary substrate supporting
the nanostructured elements (Au-coatcd and Pt-
coated) The elements were pressed intoa 1.5 em by 3.5
cm piece of 0.028 cm thick Nation ™ 117 film using a
laboratory press (Fred S. Carver Inc.,, Wabash, Ind.) at
a temperature of 149° C. and a force of 8,900 Newtons
(1 ton) for a period of about 3 minutes. The configura-
tion of the sensor (ses FIG. 3) was such that the work-
ing elactrode (Au-Coated elements) and the counter
and reference electrodes (Pt-coated elements) were on
opposing sides of the NatonT™M 117 film, with the .
reference electrode directly behind.the working elec-
trode and the counter electrode to the side of the refer--
ence electrode. Electrical contact to the electrodes was
made using 0.3 mm diameter Cu wire. The entire struc-
ture was encapsulated with vinyl plasuc electrical tape.
A 6 mm diameter opening was left in front of the work-;
ing electrode, allowing exposure to the gas analyte.

A PAR model 273A potentiostat (EG & G Princeton-
Applied Research, Princeton, N.J.) was used to mea-
sure the resulting current on exposure to the gas analyte
while maintaining a constant potential bias between the
working and reference electrodes. In this example, the
sensor was expased to 200 ppm NO; at 78% relative
humidity while maintaining a bias of —0.3 V between
the working and reference electrode. The NO2 stream
was generated by adding 2 mi/min of pure NO; gas
(Matheson, East Rutherford, N.J.) to 10 I/min air at
78% relative humidity and 23° C. The sensor response is
shown in FIG. 6. The sensor gave a large, rapid re-
sponse reaching a.steady state current of 0.75 mA in
approximately | minute. Upon removal of the NO-, the
sensor quickly returned to the baseline value with a

This is the replacemant sheet

is Sheet Has Been RTIlaced

R

Des: 1 1 MAR 1998



28 a TABLE 2

Si gnal Exanpl e El ect roI yte Gas (nV) 7 B

qurr] 0.2 B - Herr]S 0. 005
_ B sq err] 0.02 10 B

NH[err] ~0.003 B, Cllerr] ~0.048

recovery time of less than | minute. The magnitude of
this signal corresponds to a sensitivity of 134 uaA
ppm-' cm==. This can be compared with a literature.’
value ( Opekar 1992) 0 0.26 pA ppm="!cm~=-fora Au
square grid pressed into the Naton T™M 17 film as a
working eleczrode under id2ntical conditions of relative
humidicy and bias. By this example. use of the nanos-
tructured electrode membrane of the present invention
has improved the sensitivity by a factor of 51.5, or over
5000% :
EXAMPLE 3

In this example, a bias of +-0.3 V was applied to the
working electrode with respect to the reference, and
the sample exposed to 200 ppm NOg3, all other condi-
tions being equal to those in Example 2. In this case, 2
rapid, reversible response was again observed with a
steady state signal of 0.14 mA. This corresponds to a
sensitivity of 2.5 pA ppm—!cm=2. This can be directly
-compared with a literature value of 0.024 pA ppm-—!

cm~? (Maclay et al., 1988) using a standard Au mesh-
/Au powder working electrode under eqnivalent condi-
tions. A factor of 104, or over 10,000%, improvement in

sensitivity is obtained over the art known pressed elec-
) trode system. .

EXAMPLE 4

In this example, the same sensor as in Examples 2 and
3 was exposed to a 10 ppm H3S gas stream while main-
taining a bias of +0.3 V between the working and refer-
ence electrode. The 10 ppm H3S gas stream was gener-
ated by mixing 0.2 I/min of a 500 ppm H;S ccmprcssed
air cylinder (Oxygen Services) with 10 I/min air at 78%
relative humidity and 23° C. A rapid, reversible re-
sponse was observed with a steady state current of 79
pA. Tlus corresponds to a sensitivity of 28 pA ppm—!
cm~—2% a factor of 87.5 over a literature value (Maclay -
1988) 0f 0.32 pA ppm—!cm—2for a standard Au mesh-
/Au powder electrode under equivalent conditions.

-
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12 B HCl 0. 086

Dok e R BTN
HCl ) 0. 008 17 D H[ er r]

| 8- - .D Co . _ 0. 004

NCIerr]. ) - 0.003 20 i= H[err]S 0.04
- SO err] 0.1. 22 E

NH[err] 0.01 23 EXAMPLE S CO 0. 002

24 '

xa%pglgr ri] shows g ' g%ostructurcd element/Na-
JtonT™M 117 film construction that can be used as a
potentiometric two electrode humidity sensor, particu-
larly in inert gases, with both electrodes exposed to the
same ambient.
AlScm square piece of Nation T™™ 117 mcmbra.ne
sheet, as used in Example 2, was formed into a two
electrode sensor by hot platen pressing Au coated whis-
kers into one side of the sheet and NiCr-coated whiskers
into the opposite side. Two samples of nanostructured
whisker (1-1.5 pm tall) samples were prepared as de-
‘scribed above, on a Cu-coated polyimide temporary
substrate, and overcoated with sputter-deposited Au in
one instance and sputter-deposited NiCr in the second.
The planar equivalent thickness of the Au coating was
on the order of 200 nm and that of the NiCr coating
nominally 220 nm. The Au-coated nanostructured ele-
ments were placed with the elements against one side of
the Nation ™ 117 film piece. Both were sandwiched
berween larger sheets of 0.0048 cm thick polyimide (2
processing aid used to protect the platens). The sand-
- wich construction was pressed between the platens of
the Carver Laboratory bench press for 15 seconds, with
the platens maintained at a temperature of 138° C. and a
total applied force of (two tons) 17,800 Newtons.
After pressing, the temporary substrate peeled
cleanly away from the Nation T™ 117 film leaving the
Au-coated whiskars embedded in che latter. This proce-
dure was repeated. pressiag for 20 seconds. to embed
the NiCr-coated whiskers into the other side of the
‘Nation T™ 117 -film pieca. A 3cm - | cm strip was cut
from the piece for testing. Electrical contact was made
to 2ach side of the strip with clip leads with only one
jaw touching each respective side. An electromotive
torce (EMEF) potential existed berween the two leads
with the sample in open air. the Au-coated side was
positive with respect to the NiCr-coated side. The sam-
ple was then placed in a sealed container, with humidi-
fied N; flowing at § liters/min. The EMF was moni-
- tored with a cha.rt_ recorder having an input impedance
of 2.5 Mohm, as a function of the relative humidity (%
RH) in the sealed container, measured with a General
Eastern humidistat. The EMF was observed to vary
nearly linearly between zero and 0.37 volts with %RH

between (0% to ?5%, as showg in FIG. 7. This is the rsplao@m"m sheet
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EXAMPLE 25 In this exanple, a sensor was constructed by incubat- ing a
cured polyner/electrode sanple in a solution of electrolyte and subsequent
renoval of the solvent. The nanostructured el enents were the same as those
de- scribed in Exanple 1. = The curable polyner fornulation was 2 grans of
2000 not ecul ar wei ght. pol y(tetrahydrofuran) dissolved in 2 m THF, 10
[err]l dibutyl tin laurate catalyst @8 0.5 nl Desmadur TM N10O brand -

i socyanate. Approximately 0.1 m of this solution was cured between two 10
nm di anmet er discs of the tenporary substrate supporting the nanostructured

el ements for approxi mately one holEXAMBLES §-B# Upon renoval of the
t b- . . .
emporary: st Examples 6-24 describe an alternative construction

* wherein the nanostructured composite electrode is em-
bedded in the surface of a permeable polymer film for
the working electrode and a low permeability polymer
film for the counter electrode (see FI1G. 4). The sensors
were produced by sandwiching an electrolyte paste
between 2 working and counter electrode. The electro-
lyte paste was adjacent to the conductive surfaces of
each nanostructured composite film.

Example 6§ (Electrolyte A)

- The membrane electrodes for this configuration were
constructed by casting a 5 wt % solution of encapsulat-
ing polymer onto nanostructured elements consisting of
a 175 nm thick Pd coating on PR 149 whiskers grown
on the Cu-coated polyimide temporary substrate as
described above. The encapsulating polymer for the -
working electrode was poly(trimethly silyl propyne)
(PTMSP) (Huls Petrarch). The encapsulating polymer
for the counter electrode was poly(ethyl methacrylate),
a polymer with a lower permeability than PTMSP. The
volume of encapsulating polymer solution provided 2
dried film approximately 0.1 mm thick.. After evapora-
tion of the solvent, the nanostructured composite film
was peeled away from the temporary substrate exposing
the Pd-coated nanostructured elements at the surface of
the nanostructured composite film. An electrolyte paste

. was prepared by adding 0.5 ml concentrated H3SOs4 to
1 gram 100,000 molecular weight (MW) poly(ethylene
. oxide).

The sensor was then assembled in the following man-
ner (see FIG. 4): Electrical contact was made to 10 mm
diameter discs of the working and counter electrodes
using 0.3 mm diameter copper wire adhered to the sur-
face of the electrodes with a trace amount of silver paint
(GC Electronics). A small, 6 mm inner diameter O-ring
was filled with the electrolyte paste, and the two elec-
‘trodes were then glued (3M CA-4 cyano acrylate adhe-
sive) (exposure surfaces inward) to the perimeter of the
O-ring leaving the nanostructured surface composite
film to form an initimate contact with the electrolyte
paste, :
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strate, the dried and cured sanple having the nanostruc- tured el enents on
each face of the disc was incubated in a 5w %solution of LiClderr] in
THF and allowed to dry. Electrical contact to the two el ectrodes was nade
using 0.3 mmdianeter Cu wire, and the éﬁnsor was encapsul ated with vinyl
el ectrical tape leaving-a 6 mmdi aneter~hole in the electrical tape for
exposure of the : :

To measurs the sensor response, a 100 K ( load resis- -
tor was connected between the sensor leads, and the
voltage across the load resistor, resulting from the cur-
rent signal, was monitored with a Keithley 197A elec-
trometer. The sample was then exposed to 10 ppm H3S
in 10% relative humidity air at 23° C. The H3S stream
was generated by mixing 0.2 L-min of a 500 ppm
H:S/compressed air tank {Oxygen Services) to 10 I/min
of 10 relative humidity air. A rapid. reversible re-. °
sponse to the HaS was chserved with a steady state
voltage corresponding 2 0.032 mV'.

TABLE |

Electrolyvte Paste

0.25 gram LiClOg dissoived 1z 0.23 ml HPLC grade water
added to | gram 100.000 MW poly(eihvlene oxide)

0.5 ml 85 H3POjs added 0 | gram 100.000 MW
poly(ethylene cxide)

0.25 gram C4HsSO3H dissolved in 0.25 ml HPLC grade
water added to 1 gram 100.000 MW poly(ethylene oxide)
0.26 gram NH.CI dissolved in 0.5 ml HPLC grade water -
added to 0.25 gram 100,000 MW poly(ethylene oxide)

m O 0 w

EXAMPLES 7-24

The electrodes and sensor construction for these
examples were prepared as described in Example 6. The
various electrolyte pastes used in the sensor construc-
tions were as described above in Table 1. The sensors
were evaluated with various gases. All the gases used
were diluted to 10 ppm in air at 10% relative humidity,
23° C. and a flow rate of 10 I/min. The results are sum-
marized below in Table 2.

This is the replacement sheet
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29 working el ectrode. The sanple was exposed to 10 liters per m nutes of
10 ppmHerr]Sin air at 57%relative humd- ity and 23[err]C. producing a
rapid (. < 1 minute). reversible response of 0.1 u.A Vari ous

nodi fications and alterati-ons of this inven- tion will becone apparent to
those 'skilled in the art without departing fromthe scope and principles
of this invention, and it should be ggderstood that this inven- tion i.s not

to be-unduly limted to the illustrative em bodinments set . forth

her ei nabove. All publications and patents -are herein incorporated by

reference to the sane TABLE 2

. . Signal
Example Electrolvte = Gas {(mV)
7 B NO: 0.2
3 B H)S 0.005
9 ' B SO, 0.02
10 B NHy 0.003
i1 B Ciy 0.043
12 B HCQ 0.086
13 B Co 0.004
4 c HiS 008
15 C Cly 0.008
186 Cc HCl, 0.008
17 D H)S 0.012
13 D - co 0.004
19 D NOq 0.003
20 E H)S - - 0.04
2! E SOz 0.1
2 E NH, = o0t
23 E co 0.002
24 E Cly 0.004
EXAMPLE 25

In this example, a sensor was constructed by incubat-
ing a cured polymer/electrode sample in a solution of -
electrolyte and subsequent removal of the solvent. The
nanostructured elements were the same as those de-
scribed in Example 1.
~ The curable polymer formulation was 2 grams of
2000 molecular weight poly(tetrahydrofuran) dissolved
in 2 ml THF, 10 pl dibutyl tin laurate catalyst and 0.5 ml
Desmadur TM N100 brand isocyanate. Approximately
0.1 ml of this solution was cured between two 10 mm
diameter discs of the temporary substrate supporting
the nanostructured elements for approximately one
bour at 23° C. Upon removal of the temporary sub-
strate, the dried and cured sample having the nanostruc-
tured elements on each face of the disc was incubated in
a 5 wt % solution of LiClO4 in THF and allowed to
dry. Electrical contact to the two electrodes was made
using 0.3 mm diameter Cu wire, and the sensor was
encapsulated with vinyl electrical tape leaving a 6 mm
diameter hole in the electrical tape for exposure of the
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extent.as I f each individual publication or patent was specifically and
I ndividually indicated to be.incorpo- rated by reference.
30 dains

29

working electrode. The sample was exposed to 10 liters
per minutes of 10 ppm H:S in air at $7¢ relative humid-
ity and 23° C. producing a rapid ( < | minute). reversible
response of 0.1 wA. .

Vanous modifications and altarations of this inven-
tton will become apparent to those skilled in the art
withour departing from the scope and principles of this
invention. and 1t should be understood that this inven-
tion is not to be unduly limited to the illustrative em-
bodiments set forth hereinabove. All publications and
patents are herein incorporated by reference to the same
extent as if each individual publication or patent was
specifically and individually indicated to be incorpo-
rated by reference.
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1. "An el ectrochenical cell conprising: (a) a working electrode conprising

a first encapsul ant | ayer, having a first set of nanostructured

el enents +* enbedded therein, wherein one end of each nanos- tructured
el ement, i s enbedded wi thin the encapsu- | ant | ayer and the other end of
each nanostructured el ement is coinciden8Owith a first surface of the
first encanpsul ant chaiegr - such that the first surface is a

conductive surface; (b) a counter el ectrode conprising a second encapsu-

| ant | ayer, having a second set of nanostructured el ement s enbedded

t herein, wherein one e fy al.e£86h nanostructured. el enent is enbedded
Wi t hin t he encapsu%gﬁ#ﬁfi%@ﬁéfﬁe?ééggg&&eagh
: ing siecircde comprising a {rst encapsulaar
layer, taving a Srst set of aanostructurad slements
exibedded thersin, wherein one 2ad of each nanes-
tructured element is embedded within the encapsu-
lant layer and the ather ezd of each nancstuctured
element is coincident with a first surfacs of the first
eancapsulant layer, such that the first suriacs is a
conducdve surface; : :
(b) 2 couater electrode comprising a sesond sacapsu-
lant layer, having a second set of nancstuctured .
elemenss embedded thersin, wherein cne end of
each nanoswuctured element is embedded within
‘the encapsulant layer and the other ead of each
nancstructured element is coincideat with a first
surfacs of the second encapsuiant layer, such that
the first surfacs is 2 conductive surface; and
() at least one slectrolyte provided the.
electrolyte is in indmats contact wna the conduc-
uve surface of boch sets of nanostrucrursd elements
of the working and counter electrodes.
2. The electrochemical csil according to claim 1,
wherein both sets of nanestructured elements ars sub-
IMICTOSCOpIC two-components structures comprised of
:if:[:skers coated with an electrically conductive mate-
3. The electrochemical cs=ll aczording to claim 1,
wherein both sets of nanostructured elements are sub-

MICTOSCOpic One-component structures of an electri-
cally conductive material.

4. 'I"he clectrochemical cell aczording to claim 1,
wherein the electrolyte is dissolved in cither the first or
the second encapsulants or both. '

5. Tue electrochemical csll according to claim 1,
wherein the first and second encapsulants are each a
solid electrolyte. .

- 6. The e!ec;r_ochc:nical cell according to claim 1,
fm_.':her SQmprising a refersnce electrode comprising a
third encapsuiant having a third set of nancstructurad
elements embedded therein. '

7. The electrochemical csll according to claim 1,
wherein the second encapsulaat of the counter elec-
trode has a low permeabilicy to an analyte and the first
encapsulant has a higher permeability to the analyte.

* ¢ L M s - %

This is the replacement sheet

Date: | MAR 1998



nanostructured elenment is coincident with a first surface of the second

encapsul ant | ayer, such that the first surface is a conductive surface
and .»(c) at least one electrolyte provided the el ectrolyte is in
intimate contact with the conduc- tive surface of both sets of
nanostructured elenents of the rking and counter el ectrodes. 2.

The ‘el ectrochem cal cell according t8°claim1, wherein both sets of -
nanostructured elenments are sub- m croscopi c two-conmponents structures

conprised of whi sk8r AxreahRAe ehibrdotimiding dal daqueanilcirdes: nat e- rial
3. The el ectrochentpal, celelr g4 &q&&%clé%ﬁem%&%&ﬁah sets of

nanostructured el efeghe, i e ¥z embrage comprises a first set of

nanostructursd elements embedded in a first encap-
sulant and such membrane has an conductive sur-
face and 2 nonconductive surface;

(b) an electrolyte; and

(c) a second nanostrucrured electrode membrane,

‘wherein the membrane comprises a second set of
nanostructured clements embedded in a second
encapsulant and such membrane has an conductive
surface and a nonconductive surface:

wherein the conductive surfacss of the first and sec-

~ ond membranes are in intimate contact with the

electrolye. :

9. The analyte sensor according to claim 8. wherein at
least one set of nanostructured elements are sub-micro-
scopic. two-component structures comprised of whis-
kers coated with an electrically conductive material.

10. The analyte sensor according to claim 8, wherein
at least one set of nanostructured elements are sub-
microscopic one-component structures of an electri-
cally conductive material. :

11. The analyte sensor according to claim 8, wherein
the electrolyte is a non-solid electrolyte. '

12. The analyte sensor according to claim 8, wherein
the electrolyte is a solid electrolyte.

13. The analyte sensor according to claim 8, wherein
the first and second encapsulants have different perme-
abilities. _

14. A nanostructured composite film comprising:

(2) 2 plurality of nanostructured elements, wherein

the nanostructured elements are acicular, discrete,
oriented, sub-microscopic, two-component struc-
tures comprised of whiskers coated with 2 conduc-
tive material; and _ -

(b) an encapsulant layer, wherein one end of each

panostructured element is embedded within the

. encapsulant layer and the other end of each nanos-

tructured eletnent is coincident with 2 first surface
of the encapsulant layer, such that the first surface
is a conductive surface.
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m croscopi ¢ one-conponent structures of an electri- cally conductive

mat eri al . 4. The el ectrochem cal cell according to claim 1, wherein the
electrotyte is dissolved in either the first or the second encapsul ants or
both. ., 5. The electrochenical cell according to claim 1. wherein the
first and second encapsul ants are each a solid electrol yte. 6. The -

el ectrochem cal cell according to claim?, further conprising a reference
el ectrode conpri si ndSaTiltd naneswragmrkd ntompesite §ilin abtoriingttoof
nanostructured el esizint 44, svhetdedhe hohiSkers ard unliigaRleehiene@en cal  cel |
accordi ng to cl ai Hokmahgy HGiRSuseANd encapsul ant of the counter elec-
16. The nanostructured composite film according to
claim 14, wherein the catalytically active materdial is
selected from the group consisting of conducting met-
als, semi-metals and semiconductors.
17. The nanostructured composite film according to
claim 14, wherein the encapsulant is a solid electrolyte.
18. The nanostructured composite film according to
-claim 17, wherein the encapsulant is a perfluorinated
sulfonate ion exchange polymer. -
19. The nanostructured composite film according to
claim 14, whersin an electrolyte is dissolved in the en
capsulant. o
20. A panostructured electrode membrane compris-
ing at least one set of nanostructursd elements, wherein
one end of each nanostructured element is embedded in
a porton of an encapsulating solid electrolyte and the
other end of each nanostructured element is coincident
with a first surface of the encapsulating solid electro-
N Iyte_ .
21. The nanostructured electrode membrane accord-
ing to claim 20, further comprising a2 second set of
nanostructured elements embedded in an encapsulating
solid electrolyte polymer, such that the first set and
second set of nanostructured elements are on opposite
surfaces of the encapsulating solid electrolyte polymer.
22. The nanostructured electrode membrane accord-
~ ing to claim 21, wherein the first set of nanostructured
elements ars coated with a catalytically active material
- different from the catalytically active material of the
second set of nanostructured elements. '

~ 23. The electrochemical cell according to claim 2
‘wherein the first set of nanostructured elements are
coat:ed with an slectrically conductive material differ-
ent trom an electrically conductive material of the sec-’
ond set of nanostructurad elements.

24. The nanostructured composite film according to
claim 14 further comprising a plurality of nanostruc-
tured elements 2mbedded in the surface opposite the
first surface, such chat boch surfaces of the encapsulant
layer are conductive surfices. .

' 25. The nanostructured electrode membrane accord-
ing to claim 290 further comprising a second set of nanos-
tructured elements embedded in 2 portion of the surface

R e e
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trode has a | ow perneability to an analyte and the flrst encapsulant has a
hi gher permeability to the analyte. 31 8.
An anal yte sensor conprising in sequential order: (a) a first

nanost ructured el ectrode nenbrane,

33

opposite the first surface. such that both surfaces of the
encapsulating solid electrolyte are conductive surfaces.

26. The nanostructured electrode membrane accord-
ing to claim 25 further comprising 2 third. set of nanos-
tructured elements embedded in either the first surface
or the sacond surface of the 2acapsularting solid electro-
lyte. such that there are thr2e conductive areas. with
two conductive areas on the first surface and one con-
ductive area on the second surface of the encnpsulanng
solid electrolyte.
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wherei'n the nenmbrane conprises a first set of nanostructured el enents

enbedded in a first encap- sul-ant: and 'such nmenbrane has an conductive
sur - .-face and a nonconductive surface; ®(b) an electrolyte; and (c)
a second nanostructured el ectrode nenbrane, wherei n the nmenbrane
conprises a second set of ‘nanostructurgd el erents enbedded in a second
encapsul a such nepbrane has an conductive surface and a .
nonconducr}{wss oired Tlpgtiode MembaRen i ve surfaces of the first- and
sec- ond nenbranes are in intimate contact wth the el ectrol yte.

9. The anal yte sensor according to claim8, wherein at ' .

ABSTRACT

A nanostractured composite film comprising a plurality
of nanostructured elements, wherein the nanostructured
elements are either two-component sub-microscopic
structures comprised of whiskers conformally coated
with a conducting, preferentially catalytically active
material or one component sub-microscopic structures
comprised of a conducting preferentially catalytically
active material, such that the nanostructured elements
are embedded in an encapsulant, wherein the encapsu-
lant can be a solid electrolyte. The composite film can
be used as an electrode membrane in an electrochemical
cell or sensor.

Figure 1
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| east one set of nanostructured el enents are sub-m cro- scopic.

t wo- conponent structures conprised of ;. whis- kers coated with an
electrically conductive material. ~10. The dnal yte sensor according to
claint 8, wherein at |east one set of nanostructured elenents are sub-

m croscopi ¢ one-conponent structures OE an electri- cally conductive
material. - 11. The anal yte sensor accdrding to claim@8, wherein the

el ectrolyte is a non-solid electrol yte. 12. The analyte sensor according
to claim8, wherein the electrolyte is a solid electrol yte. 13. The .
anal yte sensor according to claim8, wherein the first and second

encapsul ants have different perne- abilities.
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14. A nanostructured conposite film conprising: (a) a plurality of

nanostructured el enents, wherein t he nanostructured el enents are

aci cul ar.,- di screte, ori ented, sub-m croscopic, two-conmponent struc-
tures conprised of whiskers coatéed with a conduc- tive material; and
(b) an encapsul ant |ayer, wherein ong end of each nanost r uct ur ed

el ement is enbedded within the encapsul ant | ayer and the other end of
each nanos- tructured elenment is coincident with a first surface

of the encapsul ant |ayer, such that the first surface - I s a conductive
surf ace. o

This is the replacement sheet

11 MAR 14
Date: 8



32 15. The nanostructured conposite filmaccording to claim 14, wherein
the whiskers are uniaxially oriented normal to the filmsurface. 16. The
nanostructured conposite filmaccording to claim 14, wherein the

catal ytically active material is selected fromthe group consisting of
conducting net- als, senmi-netals and seniconductors.

3

Time (min)

1.2
1.0
0
0.2
-0.2

Current (ma)

FIG.6
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17. The nanostruct ured conpoéite filmaccording to claim14, wherein the

encapsulant is a solid electrolyte. 18. The nanostructured conposite film
according to claim 17, wherein the encapsulant is a perfluorinated

sul fonat e i on exchange pol yner. 19. The nanostructured conposite film
according to claim 14, wherein an electrolyte is dissolved in the en-

capsul ant . 20. A nanostructured elea%rode menbr ane conpris- ing at |east
one set of nanostructured el enents, erein one end of .each nanostructured

el enent is enbedded in a portion of an encapsul ating solid electrolyte and
the other end of each nanostructured elenment is coincident with a first
surface of the encapsulating solid electro-
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lyte. T Zlaahhechmiast GHEEYE €d @G ectfode nembrane accor d-

_further Ao nﬁﬁﬁ d&%gmﬁg; gded0l: NANOStructured el enent shgﬁ%@%\ﬁéﬂ %P‘%%
encapsyl ér% c:[“( {r:e p_g.l.ynar, such that the first set and second
set of jn% g S?J ae%' oh opposite surfaces of the
encapsyl é@?‘? d %epo'l yper. 22. The nanostructured el ectrode
menbr ar oAl n8 '"Wmhrej_ n the first set of nanostructured
el enent{s are coated W|th a ﬂtal ytlcTI |y active material different fromthe
cat al yt}i DATE QF (RECEWH o5 ol second set of nanostructured el ements.

23. The electroche V%’TR%E&R!EE;EIIQEG’ER@DEMMBIRMNE& rst set of

nanostructured el errents are
TECHNICAL FIELD.

- This invention reiates to elzctrochemical devices
such as sensocs, fuel cells and batteries, 2nd in pacticulac
10 elecircde membraaes used in such devicas.

BACKGROUND OF THE INVENTION

The elecirochemical sensors can be divided into
those utilizing high temperature nonporous, inorganic
electrolytes and those using gas permeable low temper-
ature elecirolytes. Of the lamter category a further divi-
sion can be made according to whether the electrolyte
is a solid polymer on one hand, or a liquid, paste or gel
on the other.

A typical solid polymer electrolyte (SPE) based elec-
trochemical sensor has at least a working (sometimes
referred to as a sensing electrode) and counter elec-
trodes in contact with an SPE. A referznce electrode
may also be used to form a 3-electrode device. The

- electrode material, preferably a metal with catalytc
properties, is typically Au, Pt, Pd or noble metals and
their alloys in the'form of wire gnds. powders or films.

Various structures and means have been used to
apply or otherwise bring 2 catalyst in contact with an
electrolyte to form-working, counter, and reference
electrodes. The electrode membrane constructions can
be summarized as: (2) solid metal films in contact with
the SPE, (b) porous metal films or planar distributions
of metal particles deposited on top of the SPE or pow-
ders pressed against an SPE surface, (c) metal grids or
meshes deposited on top of the SPE or embedded
within an SPE layer, or (d) separate sheats of catalyst
particles bonded in Teflon. which are pressed against
the SPE.

Examples of such art known electrode membrane
constructions include:

(1) metal (Pr) films formed by electroless chemical
plating directly onto Nafion TM membrane sur-
faces;

(2) porous Pt layers chemically plated oato a Na-
fion ™ film, forming a network of interconnected
‘islands of Pt particles interspersed with roughly
circular regions (40-100 pm diameter) of Na-
fion ™ film containing little or no platinum; and
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coated with an electrically conductive material differ- ent from an

.electrically conductive material of the sec. ond set of nan FISHEET
el enent s. 24. The nanostructured conposite fil maccordi ng&f:%[wén‘?fﬁ

further conprising a plurality of nanostruc- tured el enents enbedded in the
surface opposite the first surface. such that both surfaces of the

encapsul ant | ayer are conductive surf&ces. 25. The nanostructured

el ectrode nenbrane accord- ing to claim20 further conprising a second set
of nanos- tructured3¢l Bredisss epie dotaded nuatkpdVafiomn Tk sbhutsan f ace

followed by electredeposited rutherniem ad-atcms
ontc a Nafice ™ film.

Eumplcs of mc:al grid or mesh based electrodes

include:

(1) membrane zlectrodes with a conducting layer of
contguous wmetal particles deposited by vacuum
evaparation oa, and adhering to 2 nOn-porcus ma-
terial, overcoated with a permeable membrane
layer;

2) porous 1CQ am chick Au films vacuum vapor de-
posited on tc Nafion ™ films;

(3) grid electrode membranes has besn produced by
vacuum evaporation of Au onto Nalion ™ sub-
strates thrcugh photolithographically etched
masks, followed by spin coadng Nafion ™™ solu-
ons over such electrode configurations; the
length-to-width rado of the grid wires being var-
ted;

(4) thin film electrede Nafion T™ film structuras con-
structed by sputtering Pt through photolithograph-
ically etched masks onto various substrates and
Oovercoating the Pt electrodes with various Na-
fion ™™ films coated from solution:

(5) ultrafine grid structurss made by paotolithograph-
ically ewching 30 am thick Au films praviously
deposited on oxidized Si wafers. and after etching.
spin coating with Naficn TM solutions: and

(8) multiple electrodes, biased to null out environ-
mental effects. formed on 2 common substrate by
depositing 2 metal film and overcoating with a
Nafion TM membrane.

Examples of electrode membranes wherein catalyst

particles are pressed onto an SPE include:

(1) Pt and Ag powders pressed to the sides of SPEs
made of compacted discs of Teflon T™ and zirco-
nium phosphate powders and antimonic oxide
powders;

(2) metal powders pressed into N_;ﬁg_g T™ sheet sur-
faces, and contacted with a gold mesh;

(3) catalyzed carbon black loaded into the surface of
Nafion T™M membranes and placed in contact with
carbon black loaded Teflon membranes;
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33" opposite the first surface. such that both surfaces of the

.encapsul ating solid electrolyte are conductive surfaces. 26. The

napost ruct ured el ectrode. menbrane accord- ing to clai m cij F’ﬁh
conprising a third. set of nanos- tructured el enents errbe LiSHEET ¢ he
first surface or the second surface of the encapsulating solid electro-

| yte. such that there are three conductd ve areas. with

(#) a2 gold minigrid (500 wires/inch) mechanically
pressed into the surface of a Nation ™ film. fol-
lowed by “gluing” the pressed minigrid to the
membrane by solution casting a further layer of
Nation T™ solution over the assembly since the
mechanical pressing tends not to give good contact
by itself; and

(5) Pt wire meshes partially hot pressed into a Na-
fion ™ surface.

Other examples of electrcde membranes include:

(1) electrodes compnsed of nvdmphomc Teflon T™ -
bonded Pt black layers pressed against Nafion T™
membranes; and

(2) electrodes pressed against Nation T membranes,
the electrodes being fabricated from platinoid
black and Pt-5% Ir catalyst compositions blended
with a Teflon T™M binder. .

Processes for bonding a catalytic material coated
onto a current collecting screen and embedding it into
the surface of a polymeric cation exchange membrane
and other basic processes and properties of an electrode
formed of a mixture of noble metal particles bonded
with hydrophobic materials have been described.

While the art known electrode membranes have

.proven useful, such electrode membranes constructed
from vapor coated grids and metal films tend to suffer
several severe mechanical problems, delamination and
cracking as a result of swelling and shrinkage of the
SPE, especially when exposed to humidity. Such prob-
lems contribute to a decrease in signal from the elec-
trodes with time over and above changes due to cata-

~ lytic site effects. The adhesion of vapor deposited noble
metal] films to polymers tends to be poor, thus requiring
an adhesion promoting layer like Cr to be deposited
first, which can lead to corrosion and degradation of the
electrode membrane upon use. Furthermore, the
pressed metal meshes generally suffer delamination
problems as known in the art.

SUMMARY OF THE INVENTION

The present invention is directed to electrochemical
sensors either using solid electrolytes or a liquid, paste
or gel electrolyte, and more specifically demonstrates
advances over the art using solid polymer electrolytes
(SPE). Among the advantages of SPE-based sensors
over liquid or gel type sensors are their freedom from
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t wo con.du‘ctivé areas on the first surface and one con- ductive area on the
. second surface of the encapsul ating solid electrolyte.

REPLACEMENT SHEET
18 REPLL.

Alternatvely, the encapsuiaat can be a salid poly-
meric electrolyte. One example of such 1 solid pclymer
electrolyts is Nafion ™ 117, a perfluocinaced sulfonate
lon exchange polymer commercially available i shest
form 0.028 cm thick or as a dilute soluticn, which can
then be coated ontc the nanastructured elements and
then solidifed using art known techniques. Alterna-
tively, an electrolyte can be mixed with a curable en-
capsulant and curad or the electrolyte can be incubated
or allowed to permeate into a cured eacapsulant. In
contrast to the Nalion ™ film, in these alternative
forms the ionic element in the encapsulant is merely
dissolved in the encapsulant, as oppased to being an
integral part of the encapsulant’s chemical structure,

Alternatively, a solventless process for embedding
the nanostructured elements into a solid encapsulant
can be used. Although applicable in concept ta any
nanostructured surface phase, that is, one comprising
nanostructured elements of various matarial composi-
uons, shapes. orlentations, and packing densities the
description of the process refers to the electrode mem-
branes. '

The nanostructured elements are hot pressed into the
surface of the solid encapsulant by a calendering pro-
cess, using controlled heat and pressure. For example,
the nanostrucrured elements are brought tnto contact
with the solid encapsulant at the nip part of a pair of
heated rollers. The temporary substrate (from the
nanostructured elements) is then stripped away, leaving
the nanostructured elements penetrating the solid en-
capsulant that completely preserves their orientaton
and areal number density.

Placement of the nanostructured elements wholly
within an electrolyte-containing encapsulant maximizes
the catalyst electrolyte interface, and protects the ele-
ments from damage. Furthermore, having the elements
coincident with the electrolyte-containing encapsulant
surface optimizes the accessiblity of the analvte (gas or
liquid consumed) to the catalyst/electrolyte three com-
ponent interface. The discreteness aof the nanostruc-
tured elements allows the surface electrode layer to
remain permeable to the analyte, while the close pack-
ing of the elements assures the nanostructured compas-
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EXAMPLES 2-5 : T

Examples 2-4 describe 1 3-¢lectrode sensor compris-
ing 2 working, counter and raference clectrocde mem-
branes fabricated from nanostructured clements pressed
directly into a solid polymer elecwrolyts. Example 5
describes a 2-electrode sensor comprising waorking and
counter electrode membranes fabricated from oanos-
tructured elements pressed dirsctly into a solid polymer
electrolyte. These examples show that compared to art
known sensors made with metal mesh-powders/Na-
fion T or metal grid/Nafion ™™ film electrodes, the
nanostructured electrode membranes/Naficn ™™ film
sensors show 50 to 100 times the response to NO; and
H3S in units of microamps per ppm (pA/ppm) of gas
per unit planar area of working electrode.

The nanostructured composite film (NCF) based
electcochemical sensor electrodes show measured gain
factors of 50 to 100. They coasist of oriented, meral
coated organic whiskers, pressed into the surface of
Nafion T™ film. oc otherwise encapsulated in the sur-
face of an SPE. The pacticles are ~2 um long, ~0.05
um in  diameter, and have packing densities
~3-4X 10%cm?, which with relatively small amounts
of metal coating thicknasses makes the compaosite sur-
face conductive. The BET N3 surface area enhance-
meént factor for these whiskers with Pt-sputtered onto
them to form “nanoscopically” “lumpy” conformal
coatings have been measured to be ~3000. Part of this
factor appears to be due to the 10-15 fold increase in
surface area due simply to the geometric surface area
increase, implying that the surface area increase due to
the nanoscopic structure of the Pt on the whiskers is
approximately 200. In contrast, a surface roughness
factor of y~1.4 is a given characteristic for bulk-like
“bright” gold in Opekar (1992).

EXAMPLE 2

The nanostructured composite film having discrete,
oriented whiskers on a2 Cu-coated polyimide temporary
substrate was grown as described above. The working
electrode membrane was constructed by coating =1
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pm tall whiskars with a mass squivalenc chuckness of 200
am of Au by vacuum evaporation to preduce catalyu-
cally coated whiskers. The counter and cefersnce elec-
trode membranes were consiructad from nancstruc-
tured elements of 2C0 am Pt vacuuem evaporated onto
whiskers 1-2 pm tall. Naficn ™ 117 film (commer-
cially available from Dupont) was the solid polymer
electrolyte (SPE) in this case. .

The 3-electrode sensor was constructed from two 10
mm discs cut from the temporary substrate supporting
the nanostructured elements (Au-coated and Pr-
coated). The elements were pressed into a 1.5 cm by 3.5
cm piece of 0.028 cm thick Nafion ™™ 117 film using a
laboratory press (Fred S. Carver Inc.,, Wabash, Ind.) at
2 temperature of 149° C. and a force of 8,9C0 Newtons
(1 ton) for a period of about 3 minutes. The configura-
tion of the seasor (see FIG. 3) was such that the work-
ing electrode (Au-Coated elements) and the counter
and refersnce electrodes (Ptcoated elements) were on
opposing sides of the NabonT™ 117 film, with the
reference electrode directly behind.the working elec-
trode and the counter electrode to the side of the refer-

“ence electrode. Electrical contact to the electrodes was
made using 0.3 mm diameter Cu wire. The entire struc-
ture was encapsulated with vinyl plastic electrical tape.
A 6 mm diameter opening was left in front of the work-
ing electrode, allowing exposure to the gas analyte.

A PAR model 273A potentiostat (EG & G Princeton
Applied Research, Princeton, N.J.) was used to mea-
sure the resulting current on exposure to the gas analyte
while maintaining a constant potential bias between the
working and reference electrodes. In this example, the
sensor was expased to 200 ppm NO; at 78% relauve
humidity while maintaining a bias of —0.3 V between
the working and refereace electrode. The NOj stream
was generated by adding 2 ml/min of pure NO; gas
(Matheson, East Rutherford, N.J.) to 10 I/min air at
78% relative humidity and 23° C. The sensor response is
shown in FIG. 6. The sensor gave a large, rapid re-
spouse reaching a.steady state current of 0.75 mA in
approximately | minute. Upon removal of the NOg, the
sensor quickly returned to the baseline value with a
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recovery time of less chan | minute. The magnitude of
this signal corresponds to a seamsitivity of 3.4 pA
pem=! cm—2 This can be campared with 2 literacure,
value { Opekar 1992) of 0.26 A ppm—tcm-2fora Au
square gnd pressed into the Nafion T [17 film as a
warking alectrade undar idencical caaditions af calative
humidity and bias. By this example, use of the nanos-
tructured electrode membrane of the present invention
has improved the sensitivity by a factor of 51.5, or over
5000%.

EXAMPLE 3

In this example, a bias of +0.3 V was applied to the
waorking electrode with respect to the referencs, and
the sample exposed to 200 ppm NQy, all other condi-
tions being equal to those in Example 2. In this case, 2
rapid, reversible response was again observed with a
steady state signal of 0.14 mA. This corresponds to a
sensitivity of 2.5 pA ppm—!cm—2, This can be directly
compared with a literature value of 0.024 pA ppm-—t
cm—2 (Maclay et al., 19883) using a standard Au mesh-
/Au powder working electrode under equivalent condi-
tous. A factor of 104, or over 10,0009, improvementin
sensitivity is obtained over the art known pressed elec-

_ trode system. '

EXAMPLE 4

In this example, the same sensor as in Examples 2 and
3 was exposed w0 a 10 ppm H;3S gas stream while main-
taining a bias of +0.3 V between the working and refer-
ence electrode. The 10 ppm H2S gas stream was gener-
ated by mixing 0.2 |/min of a 500 ppm H32S compressed
air cylinder (Oxygen Services) with 10 I/min air at 78%
relative humidity and 23° C. A rapid, reversible re-
spouse was observed with a steady state current of 79
pA. This corresponds to a sensitivity of 28 pA ppm—!
cm—%; a factor of 87.5 over a literature value (Maclay
1988) of 0.32 uA ppm—!cm=—2for a standard Au mesh-
/Au powder electrode under equivalent conditions.
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EXAMPLE

Example 5 shows a nanostructured element/Na-
fionT™ 117 film constructon that can be used as a
potentiometric two electrade humidity seasor, particu-
larly in inert gases, with both electrodes expased to the
same ambient. '

‘A 2.5 cm square piece of Nation ™ 117 membrane
sheet, as used in Example 2, was formed into a two
electrode sensor by hot platen pressing Au coated whis-
kers into one side of the sheet and NiCr-coated whiskers
into the opposite side. Two samples of nanostructured
whisker (1-1.5 pm tall) samples were prepared as de-
scribed above, on a Cu-coated polyimide temporary
substrate, and overcoated with sputter-deposited Au in
one instance and sputter-deposited NiCr in the second.
The planar equivalent thickness of the Au coatng was
on the order of 200 nm and that of the NiCr coating
nominally 220 nm. The Au-coated nanostructured ele-
ments were placed with the elements against one side of
the Nafion T™ 117 film piece. Both were sandwiched:
between larger sheets of 0.0C48 cm thick polyimide (a
processing aid used to protect the plarens). The sand-
wich construction was pressed berween the platens of
the Carver Laboratory bench press for 15 seconds, with
the platens maintained at a temperature of 138° C.and a
total applied force of (two tons) 17,800 Newtons.

After pressing, the temporary substrate pecled
cleanly away from the Nation T 117 film leaving the
Au-coated whiskers embedded in the latter. This proce-
dure was repeated. pressing for 20 seconds. to embed
the NiCr-coated whiskers into the other side of the
‘Nation ™™ 117 film piece. A 3 cm ‘.4 cm strip was cut
from the piece for testing. Elactrical contact was made
to each side of the strip with clip leads with only one
jaw touching <ach respective side. An electromotive
force (EMF) potential existed between the two leads
with the sample in open air. the Au-coated side was
positive with respect to the NiCr-coated side. The sam-
ple was then placed in a sealed conctainer, with humidi-
fied Nz flowing at 5 liters/min. The EMF was moni-
tored with a chart recorder having an input impedance
of 2.5 Mohm, as a function of the relative humidity (%
RH) in the sealed container, measured with a General
Eastern humidistat. The EMF was observed to vary
nearly linearly between zero and 0.37 volts with %RH
between 10% to 95%, as shown in FIG. 7. This is the replacement st
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