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MICROSTRUCTURED CATHODE FOR SELF-REGULATED
OXYGEN GENERATION AND CONSUMPTION

Related Apnlication

{8001]  This Application claims priority to U.S. Provisional Patent Application No.
61/585,143 filed on January 10, 2012, Priovity is claimed pursuant to 35 US.C. § 119, The

above-noted Patent Application is incorporated by reference as if set forth fully herein.

Siatement Reparding Federally Sponsored Research or Development

{8062}  This invention was made with Government support under Grant No. 0824269,
awarded by the National Science Foundation. The Government has cortain rights in this

mvention.

Technical Field

[8803]  The technical field generally velates to cathodes and more particularly cathodes
usable within fuel celis.

Backpround
19804}  Fuel cells are an atiractive mechanism to generate clectricity. OUne particular
benefit of fuel cells over other energy sources is that they are more environment-friendly than
batterics or combustion-based devices. Fugl cells have been successfully utilized that have
relatively large sizes {¢.g., dimensioned with a scale above centimeters). Fuel cells have a
strong potential for use in smaller scales as well, because of their simple construction
compared with internal combustion engines and the high energy density of their fuels
compared with batteries. Unfortonately, miniaturization below the centimeter-scale has been
unsuccessful mainky because one could not miniaturize the anciliary paris (e.g., pumps,
valves, etc.) needed to operate the fucl cell and package them into a small space without
taking up the vohime needed for fuel.
{8085}  Recent atiompts have been made to pump fucls with no ancillary parts, opening the
door for fuel cells in millimeter scales. For example, self-pumping fuel cells have developed
that embed the ability to pump Hquid fuel and remove generated gas bubbles using the anode
side of the device. U.S. Patent Application Publication No. 2008-0118790, for instance,
discloses a device for pumping Hquids using divectional growth and climination of bubbles.
Without any discrete pump, the fuel can novertheless be actively puraped and circulated,
maintaining the fuel concentration. In contrast, passive fuel cells rely on fuel diffusion to the

clectrode, with the inevitable tendency to develop a depletion zone over time.
1
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188861  Iu order to eliminate the ancillary part for oxidant supply, attempts have been made
to flow an oxygen-saturated oxidant inside the channel or intcgrate an air-breathing cathode
te supply oxygen from ambierd air. However, the mass-transport-rate-timited process to the
cathodic site predominantly controlled the corrent density of those fuel cells. The fuel cells
based on dissolved oxygen were particularly imited by the low solubihity of oxygen. Air-
breathing designs need a stream of clectrolyie on the cathode that blocks fuel from crossing
over and conducting lons through between the electrodes. These designs are also inherently
dependent on the free convection of oxygen from ambient air to the cathode. Thercefore, the
system will lose its flexibility in choosing operating environments, and scaled-up applications
will face difficultics, where most likely the fuel cells will need to be stacked on top of cach
other. The requirement to have ample air convection makes it very problematic to stack fuel
cells into larger systems.

180077 Thus, while progress has been made on the fuel side (i.e., ancde) of a fuel cell for
active puraping without the need for anciliary componends, the oxidant side (i.e., cathode}
still requires cumbersome construction and ancillary parts for the active supply of oxidants
unless there is access to ambient air. Even if the system is designed to have access to
ambient ait, the performance may suffer if the oxidant supply is hindered {e.g., limited access
to air due to flooding or the like). There is a need for a fuel cell that can be made with no

moving parts and is able to scale-down to sub-centimeter dimensions.

Summary
{8068  In onoc embodiment, a fuel cell 1s provided that includes both an anode and a
cathode that are disposed in a housing containing a fucl chamber and an oxidant chamber.
The oxidant chamber includes a microstructured substrate, which generates and captures
oxygen bubbles. The captured oxvgen is consumed as needed based on fuel cell load, and
oxygen generation is stopped when the oxygen is not consumed. The microstructured
cathode thus scif-regulaics the supply of oxidant. This is accomplished without the need of
any ancillary parts such as oxygen tanks and eliminates the need for air-breathing cathodes to
face the ambient aiv to ensure ample air convection. An advantage of the resulting fuel cell is
that it is 2 monolithic standalone system with a single component.
{8609}  To another crobodiment, a self-reguiated gas generator includes a substrate
containing a plurality of wells or holes contained therein, each well or hole containing one or
more inner surfaces. A catalyst layer i3 formed on the one or more ner surfaces of the
phurality of wells or holes. A gas generating source in the liquid phase is disposed over the

2
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wells or holes.  The gas generating sovree in the liguid phase contacts the catalyst and forms
a gascous product which forms a bubble within the well or hole. When the bubbic displaces
the hiquid phasc from the catalyst laver gas generation will stop. Consumption of the gas of
the bubble will cause the same to shrink, thereby exposing the catalyst to the Hguid phase to
again produce the gas forming the bubble.

{8818}  In another embodiment, 3 self-regulated gas generator includes a subsirate
containing first and sccond surfaces and a patterned layer of catalyst formed on one of the
first and second surfaces, wherein the patterned layer comprises a plurality of discrete spots
of catalyst. A gas generating source in the liquid phasc is disposed over the patterned layer.
In this akternative embodiment, there are no wells or holes per se. The gas bubbles form on
the discrete spots where the catalyst is located.

{8613}  In another embodiment, a fuel cell is disclosed that includes a housing containing a
fuel chamber and an oxidant chamber. An anode is disposed in the housing and exposed to
the fuel chamber. A gas capturing substrate s provided  the housing and has a first side
exposed to the oxidant chamber and a second side operatively connected to a gas diffusion
clectrode having a catalyst laver formed thereon and exposed to the fuel chamber, whercin
the gas capturing substrate containg a plurality of heles contained therein, cach hole
containing an inner surface. A catalyst layer 1s formed on the fnner surface of the plurality of
holes.

{88121  In another cmbodiment, a fuel cell inclades a housing containing a fuel chamber
and an oxidant chamber. An anode is disposed in the housing and exposed to the fuel
chamber. A cathode of the fuel cell tncludes a gas diffusion electrode tnterposed between the
fuel chamber and the oxidant chamber, the gas diffusion electrode having a catalyst layer
formed thereon and exposed to the fucl chamber. A gas capturing substrate is disposed in the
oxidant chamber and spaced apart from the gas diffusion clectrode, the gas capturing
substrate having first and sccond sides containing a plurality of holes extending between the
first and sccond sides, the first side facing an oxidant contained in the oxidant chamber and
the second side facing the gas ditfusion clectrode, the gas capturing substrate contaiming a
catalyst on at least one of the second side of the substrate or an inmer surface of the plurality
of holes.

{8613}  To another crobodiment, a fuel cell includes a housing containing at least one fuel
chamber and at least one oxidant chamber. A fuel source s disposed in the fuel chamber.
The oxidant chamber inclades a gas capturing substrate disposed in the housing and having a
first side facing an oxidant and a second side scoured divectly or indirectly to a gas diffusion
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clectrode having a catalyst laver formed thereon and exposed to the fuel source of the at least
one fuel chamber, wherein the gas capturing substrate contains a plurality of holes or wells
condained therein. A catalyst layer is formed within or adjacent to the plurality of holes or

wells.

Brief Description of the Dirawines

{9814}  FI1G. 1A illustrates a schematic representation of a sclf-regulated, gas gencrating
substrate according to one aspect of the invention.

{8615} FIG. 1B illostrates a schematic represcntation of a self-regulated gas generating
subsirate according to another aspect of the tavention.

{881sf  FIG. 1C illustrates a schematic representation of a sclfiregulated gas gencrating

substrate according to another aspect of the mvention.

180177 FIG. 2 dlustrates an ilustrative method of forming a self-regulated gas generstor,
98181  F1G. 3Ais a photographic tmage of a fabricated, self-regulated gas generator.
{88191  FIG. 3B illostrates a SEM image of the self-regulated gas generator.

18628]  FIG. 3C illustrates a SEM image of deposited Pt black as a catalyst on scalloped

eep reactive-ion-ctehed (DRIE) sidewall and bottom surfaces of a well,
{8821} FIQ. 4 illustrates a cyclic voltammetry graph of the self-reguiated O; gencrator as a
cathode afier the addition of various solutions.
{88221  FI1G. 5 illustrates photographic images of the formation of G, bubbles selectively
within the wells at time t=0 hours and +=2 hours.
186231 FIG. 6 illostrates a graph of potential as 8 function of current density for a half-cell
tested self-regulated cathode and self-pumping anode, separately (Pd: anode, Piicathode).
FIG. 7 illustrates a standalone fuel cell according to one embodiment.
FIG. 8A illustrates a standalone fuel cell according to another embodiment.

{6024/

{6825

{8626}  FIG. 8B illustrates a process of fabricating the device of FIG. 8A.

i I FIG. 9 illustrates the performance graph of the fuel cell of FIG. 8A.
16628}

FI1G. 10 ilustrates another embodiment of a fuel cell and stacking of multiple fucl

Betailed Description of the [Husirated Embediments

18029]  FIG. 1A illustrates a scH-regulated gas generator1 according to one embodiment.
The self-rogulated gas generator 10 is formed in a substrate 12 soch as silicon. The self-
regulated gas generator 10 may, in some embodiments as described herein, may beused as a

4
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selfregulated cathode 10. The selferegulated gas generator 10 1s described herein as a self-
regulated cathode 10 given that a main utilization of this structure is as part of a cathode
structure. Ht should be understood, however, that the self-regulated gas generator 10 may also
be used in other non-cathode applications. Nevertheless, reference numeral 10 will also be
used to refer a self-regolated cathode 10, The self-regulated cathode 10 is constructed by
micro-fabricating the same in 2 monclithic manner. FIG. 1A, for example, illustrates a
silicon substrate 12 that is highly doped (e.g., 0.0015 Q.em). The substrate 12 has opposing
sides 14, 16. A first side 14 of the substrate 12 is used a current collector 18 as illustrated in
FIG. 1. The second side 16 of the substrate 12 contains a plorality of wells 20 contained
thercin, Each well 20 contains a bottom surface 22 and a side surface 24. To the embodiment
of FIG. 14, alayer of catalyst 26 (e.g., platinum black) coats the bottom surface 22 and/or the
side surface 24. In this regard, one of the inner surfaces of the well 20 (e.g., surface 22,
surface 24 or both) is coated with a catalyst 26. In other embodiments, where holes are
created through the entirety of the substrate 12, the layer of catalyst 26 may not be located
within the hole or bore per se but may instead be located adjacent to the hole or bore on the
second side 134 of the substrate 128 as illustrated in FIG, 8A. FIG. 1B ilfustrates such an
cmbodiment wherein through holes 21 are formed within a substrate 12 having first and
second opposing sides, respectively 13, 15, The through holes 21 extend from one side 13 1o
the other side 15. On at least one side of the substrate (shown as side 13 in FIG. 1B)oran
nner surface of the holes, a catalyst 26 is formed thercon.

[9038]  Reforring to FIGS. 1A and 1B, the wells 20 or holes 21 may be arrayed in the
substrate 12 in a random or periodic faskion. For example, the wells 20 or holes 21 may be
patterned as an array of repeating fashion. The wells 20 or holes 21 may be formed with a
circular cross-sectional profile, creating cylindrically-shaped wells 20 or holes 21 within the
substrate 12 although other shapes may be used as well.

{8631}  Referring back to FIG. 1A, the second side 16 of the substrate 12 where the wells
21 are not located is illustrated with a S10; layer 28, FIG. 1A ilusirates the self-regulated
cathode 10 in the presence of a Hquid solation 30 containing an oxidant such as hydrogen
peroxide (H,(n) and a source of hydrogen ions (H'). The source of hydrogen ions (H') may
imclude, for example, an acid. When the HyO; in the sohution 30 contacts the catalyst 26
inside the wells 20, oxygen (O} bubbies 32 tnstantly grow to fill up the wells 20, As the
bubbles 32 grow within the wells 20, progressively more and more of the solution 30
containing the Hy(Oy is displaced away from the catalyst 26, Once the bubbles 32 compleicly
dispiace the solution 30 from the catalyst 26, there is no physical contact between the two and

~
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the bubbles 32 cease to grow (.., (; generation stops). In this regard, Gy generation is self-
regulated by the wells 20 contained in the subsirate 12. While the above embodiment has
cen described in the context of gas O generation from liquid HyOy, it should be understood
that other gas generating agents in the liquid phase may be used that generator or otherwise
react with the catalyst 26 to form a gas.
{8632]  When the self~regulated cathode 10 is incorporated as part of a fuel cell with an
anode, the O that is generated decomposes 1o water (HyO). In this reaction, hydrogen ions
{(H+) combine with the O, gas and clecirons produced by fuel oxidation to form water at the
self-regulated cathode 10. As this reaction takes place and Oy gas is consumed, the bubbles
32 shrink in size, thereby exposing the catalyst 26 to the Hy(), contained in the solution 30.
Thus, loading of a fuel cell containing the sclf-regulated cathode 10 generates the O gas on
an as needed basis. The means for consuming the generated O; gas is thus a chemieal
reaction as part of the fuel cell. Of course, other chemical reactions or processes that
consume or ufilize gas apart from fuel celis may also be used. The bubbles 32 of O gas do
not freely liberate themselves from the wells 20 in which they are grown. Instcad bubble
growth acts as a self-regulating switch to stop bubble production once the growing bubble 32
has displaced cnough solution 30 from the wells 20.
{80331  FIG. 1C illustrates ancther embodiment of a substrate 12 that is used as part ofa
gas generator. In this embodiment, there are no wells 20 or holes 21 in the substrate 12.
Rather, the catalyst 26 is patterned on a surface 13, 15 of a subsirate 12 as a plurality of
discrete spots. The patterned catalyst 26 effectively forms a surface with infinuely shallow
wells on which bubbles 32 are formed. FIG. 1C illustrates one such bubble 32 that forms
over the catalyst 26 spot that is formed on the substrate 12. Gas generation (or bubble
growth) stops once the particular spot of catalyst 26 is no fonger in contact with a
surrounding liquid gas-generating agent.
[8834]  FIQ. 2 illustrates an exemplary process of fabricating the self-regulated cathode 10
of FIG, 1A, Instep 1000, a silicon wafer 40 (highly doped silicon wafer 0.0615 £2.cm} is
coated with a layver 42 of S10;. The coated wafer 40 is then is deposited with photoresist 44
and patterned. A thick photoresist (A7 4620) can be used.  As seen in step 1100 the exposed
silicon dioxide and vnderlying silicon are etehed using deep reactive ion etching (DRIE).
The DRIE process forms an array of wells 20 having a diameter of 100 pm and a depth of 50
um. Of course, other dimensions of the wells 20 are contemplated. Generally, the wells 20
have a diameter that is less than about SO0 um and a depth of less than about 100 pm to keep

the bubbles within the wells. After the DRIE process, the polymer deposited inside the
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structures was removed by 1 mimite of oxygen plasma etching. In operation 1200, a
conformal seed layer of gold 46 is thon deposited over the structure through using a planstary
carousch in an e-boam evaporator to cover both sidewall and bottom surfaces inside the wells
240

[B835]  Next, as scen mn operation 1300, a Eft-off process exposes the oxide passivation
fayer. The use of the thick PR has furthermore served as a lift-off resist after evaporation of
zold. 1o operation 1400, platinum black 26 is then plated onto the gold surface inside cach
well 20 using 1.0% wiw chloroplatinic acid and 6.0%w/w ammonien phosphate.
Vacuuming the structure prior to electroplating may be needed to remove trapped air.
Loading of 2 mg/ern’ was targeted at -0.5 V vs. Ag/AgCl using a potentiostat (Princeton
Applied Rescarch 263A). Prior to electroplating the platimum black 26 catalyst, the wells 20
were first wetted with methanol to ensuore that the plating solution 18 in contact with the gold
seed layer and Pt plating is uniform throughout the sample.

18836] A fabricated self-regulating cathode 10 was produced using the process outlined
above having a dimension of 3 yrom X 3 num as 1s ilhustrated in FIG. 3A showing four (4}
chips of the cathede. The active platinum black 26 catalyst deposited surface area including
the sidewall 24 and bottor 22 was 0.078 cor’. A close view of the weolls 20 by scanning
glectron microscopy (SEM), as seen in FIG. 3B, shows selective deposition of catalyst inside
the wells 20 and as well as the silicon dioxide passivation layer to prevent oxygen formation
cutside of micro-pockets. SEM images confirmed the successful deposition of 300 nm
platinum black 26 on both the scalloped sidewall 24 and bottom surface 22 as seen in FIG.
3C.

18037}  The clectrochemical propertics of the seif-regulated cathode 10 were assessed
using cyclic voltammetry as shown in FIG. 4. Sweeping in a blank solution of clectrolyic
alone shows a cychic voltammetry pattern that 15 distinctive to a platinum electrode n contact
with aqueous HS0O,. Upon addition of Hy(3; into the solution, however, the open circuit
potential {OCP) increases to .6 'V vs. Ag/Ag{l and starts showing reduction current below
(0.5 V. A similar trend is maintained after HCOOH is added to simulate fuel crossover,
although 1t is shightly shifted to the positive side, implying that some fuel 15 being oxidized
and giving a mixed potential. However, even in a mixed-reactant condition the fabricated
self-regulated cathode 10 can stili maintain its ability to give reduction current and function
as a cathode.

[8038]  In another experiment to investigate the behavior of the bubbles 32, the selfs
regulating cathode 10 was exposed to a bulk solution of 1 M Hy80, containing (.1 M H,O,.

7
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The wells 20 were instantly filled with oxygen sapply from hydrogen peroxide
decomposition on contact with the catalyst. It was found that the formation of bubbles 32 is
sclective and bubbles 32 form ounly nside the wells 20 and not on the silicon dioxide
passivation surface. The wells 20 successfully contained the oxygen bubbles 32 for over two
(2) hours, blocking further decormposition of hydrogen peroxide while not under fuel-cell
operation, FIG. 5 ilhustrates the formation of O; bubbles selfectively within the wells 20 at
time =0 hours and =2 hours. Even after 2 hours, oxygen bubbles, which grew in volume,
are well contained within the wells 20.

{8639}  Although the bubbles 32 grew in volome, the generation rate is not rigorous
enough 1o let the oxygen bubble 32 leave the well 20, therefore the generated oxygen is not
wasted down the stream, a problem from which other H;0-utilizing microfluidic fuel cells
suffer. Furthermore, the slow growth of oxygen bubbles 32 indicates that the catalyst and
bulk solution are not completely separated from each other, so that when in fuck-cell
operation mode protons from the bulk can conduct to the catalyst to some extent to complete
the oxygen reduction,

188481 It was also confirmed that the generated oxygen bubbles 32 are consumed during
fuel-cell operation. Under potentiostatic half-cell operation of the self-regulated cathode 10,
applying 0-0.3 V vs. Ag/AgClresulted in a reduction in size of the bubbles 32, showing that
the selftregulated cathode 10 makes use of the naturally decomposed oxygen bubbles 32, As
soon as the circuit 1s open, Le., the load is removed, the wells 20 are instantly refilled with
oxygen bubbles 32 and further decomposition of oxygen and waste is prevenied in a self-
regulated manner. Half-cell tests of anode (Pd-deposited on graphite in | M HCOOH in I M
HySOu) and cathode, carried out individually, show reasonable current outputs as seen in FIG.
6, suggesting that the self-regulated cathode 10 can indeed function as a fuel cell when
combined into one device, The OCP of the full fuel cell is ~1 V with no need for oxygen
supply from a pressurized tank or ambient air. The normalized current density suggests that
the cathode and oxygen supply is not a limiting factor any more.

18041} FIG. 7 illustrates a standalone fuel cell 50 according to one ombodiment. The fuel
cell 5G of FIG. 7 15 a standalone device that includes no anciliary or moving parts. The fuel
cell SO inchudes 8 seif-pumping ancde 52 that serves to self-circulate the fuel 54 within the
fuel cell 50, The fucl cell 50 also includes self-regulating cathode 56 that sapplies an as-
needed supply of oxygen for the fuel cell 50. Together, the self-pumping anode 52 and the

selfregulating cathode 56 are integrated in a device having a small footprint. The fuel cell
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50 can be made in a stackable configuration and does not requitre complicated designs that are
roquired when access to ambient oxygen is necded to power the fuci cell.

8042]  Asscenin FiG. 7, the fucl cell 50 includes a housing 58, The housing 58 encloses
the components of the fuel cell S0 including seit-pumping anode 52, the sclf-regulating
cathode 56, and the fuel reservoir 68, The housing S8 may be made of a polymer such as
polycarbonate or the like. The self-pumping anode 52 includes a chamber 60 or channel
where reaction takes place using the fuel 54 {c.g., reaction chamber). The fuel 54 used for
the fuel cell 50 may inchide methanol or formic acid. Typically, the fuel 54 i3 combined with
an elecirolyte such as an acid like sulforic acid (Hy04). For example, the fuel 54 may include
IM formic acid in IM H»O4. The chamber 60 of the fuel cell 50 includes an inlet 62 and an
outlet 64. During the self-pumping process, fuel 54 enters the chamber 60 and is pumped in
direction of arrow A using the self-generated bubbles 66 as explained in more detail below.
Fuel leaves the chamber 60 via the outlet 64, In one aspect of the fuel cell 50, the inlet 62 4s
coupled to a larger reservoir 68 that holds a larger volume of fuel 54, The cutlet 64 is also
coupled the reservoir 68, thus making a reciveulating system. In an alternative embodiment,
however, only the inlet 62 is coupled the reservoir 68 and the ocutlet 64 is directed to a waste
chamber {(not shown).

[8843]  The chamber 60 is defined by the housing 58 and includes an anode 52 that is
secured to one portion of the housing 58, The anode 52 is a graphite-based electrode (e.g.,
graphite plate) that is coated with palladium (Pd) black. The Pd acts as a catalyst for the
anode 52. Formic acid is used as the fucl 54 in g dilute solution of sulturic acid. Diluted
sulfuric acid is used as an electrolyte for proton conduction through the liquid inside the
chamber 60. At the same timg, it serves as the medium for oxygen to diffuse from the through
holes or wells formed in a subsirate 82 nto the vicinity of a gas diffusion electrode 92
containing the cathode catalyst. The mixed solution of fuel 54 and electrolyte starts a
chemical reaction with the anode 52 wherehy bubbles 66 of carbon dioxide (COy) are formed
inside the chamber 60. As the bubbles 66 grow, they merge tnto a single large bubble 667 as
seen in FIG. 7. Further growth of the bubble 66 1s blocked by a check valve 70 near the inlet
62 forcing the bubble to propagate to in the direction of arrow A, Another check valve 72 1s
located downstream near to the outlet 64 to prevent gas from leaving via the cutlet 64, This
process pushes the used fuel stream in the direction of arrow A and out the outlet 64, A vent
74 is loeated in the housing 58 and 15 used 1o vent generated CO; out of the fusl cell 50. The
vent 74 is a membrane that is porous to gas {e.g., PTFE membrane). As the bubble 66° grows
large enough to reach the vent 74, only the CO; gas vents through the membrane. As the

9
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bubble 667 shrinks due to venting, fresh fuel $4 15 streamed into the chamber 60, staring the
next pumping cyele. Additional detals of this self-pumping anode may be found in, for
example, U.S. Patent Apphication Publication No. 2012/0148931 which is incorporated by
reference herein

{8044}  As explained in more detail below, chamber 60 is also defined, in part, by the
cathode 56, which is situated opposite the anode 52 within the chamber 60, Still referring to
FI1G. 7, a description will be given of the portion of the fucl cell 50 that functions as the
cathade 56, A HyG, chamber 80 15 located within the housing 58 and contains a liquid
solution of Hy(, therein (¢.g., oxidant chamber). The H,(O, solution may contain 3 solution
of about 3 % Hy0, in I water although other concentrations may alse be used within the
fuel cell 50, The HaO; chamber 80 1s detined by a subsirate 82 that functions as an Oy
captaring strocture. The substrate 82 inchudes a plorality of through holes 84 passing entively
through the substrate 82. The substrate 82 may be formed from a silicon wafer or the like
and be patterned as in the prior emebediment. A difference in this embodiment, however, is
that the holes 84 pass entively through the substrate 82, The substrate 82 thus has a first
surface 86 that is exposed to the solution of H;0,. A second, opposing sarface 88 of the
substrate 82 1s bonded directly or indircctly t0 a gas diffusion electrode 92, The gas diffusion
electrode 92 is electrically conductive yet permeable to O3 gas. Carbon paper may be used as
the gas diffusion electrode 92, for example. While a spacer (not shown) may be used to
connect the second surface 88 of the substrate 82 o the gas diffusion electrode 92, the gas
diffusion electrode 92 may also be bonded directly to the second surface 88 using, for
example an adhesive.

{8645]  In the embodiment of FIG. 7, the inner surface 94 of the holes 84 are coated with
platinum black 96. In addition, the entire surface of the gas diffusion clecirode 92 is coated
with platinum black 96. The platinum black 996, as described above, 15 a catalyst and upon
contact with H,O; creates (On gas. In an alternative embodiment as described below with
respect to FIG. 84, the platinum black 96 may be omitted entirely from the inner surface 94
of the holes 84, 1n this case, the platinum black 96 only resides on a surface of the substrate
facing the gas diffusion electrode 92 which is located away from the substrate by way ofa
spacer.

[6046] During operation of the fuel cell 530, when the HaO» comes into contact with the
platinum black 96, O» gas is created within the holes 84, The O gas creates a bubble 98 that
progressively grows within each hole 84, Growth of the bubble 98 stops when the solation of
Hy(; is no longer in contact with the platinum black 96, The O, gas, however, is able to
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migrate through the diffusion electrode 92 whereby it combines with hydrogen ions (H') and
clectrons to form HyO. As O, gas is used up in this manner, the bubble 98 shrinks until the
platinum black 96 s exposed again, whereby O, gas production resumes,

{88471 FIG. 8A illustrates another embodiment of a fuel cell 100, In this embodiment, the
fuel cell 100 nclodes an anode 102 that contains a fuel 104, Like the embodiment of FIG. 7,
the fuel cell 100 inchudes a self-regulating cathode 106, The fucl cell 100 includes a housing
104, The housing 108 contains the components of the fuel cell 100 including self-pumping
anode 102 and the selfiregulating cathode 106, The housing [08 may be made of a polymer
such as polycarbonate or the like. The seif-pumping ancde 102 includes a chamber 110 or
channel that contains the fuel 104 {c.g., fucl chamber). The sclf-pumping anode 102 and
chamber 1190 and associated components are similar to the embeodiment illustrated in FIG. 7.
{8848  The chamber 110 of the fuel cell 100 includes an inlet 112 and an outlet 114,
Daring the self-punping process, fucl 104 enters the chamber 110 and is pumped in direction
of arrow A using the self-generated bubbles 116 as described with respect to the embodiment
of FI(3. 7. Fuel 104 leaves the chamber 110 via the ootlet 114, Fuel 1034 may be recirculated
as described with respect to the embodiment of FIG. 7 or, alternatively, the spent fuel 104
may be directed to a waste receptacie.

[8849]  The chamber 110 is defined by the housing 10% and includes an anode 102 that s
secured to one portion of the housing 108, The anode 102 is a graphite-based electrode {e.g.,
graphite plate) that is coated with palladium (Pd} black catalyst. The fuel 104 usable with the
fucl cell 100 may be the same or strnilar to that of the prior embodiment. The mixed solution
of fuel 104 and electrolyte starts a chemical reaction with the anode 102 whereby bubbles
116 of carbon dioxide (CQOy) are formed inside the chamber 110, As the bubbles 116 grow,
they merge into a single farge bubble 118 as described in the cmbodiment of FIG. 7. Further
growth of the bubble 118 is blocked by a check valve 120 near the fnlet 112 forcing the
bubble 11R to propagate to in the direction of arrow A, Another check valve 122 1s located
downstream near {0 the outlet 114 to prevent gas from leaving, This process pushes the used
fuel streany in the direction of arrow A and out the outlet 114, A vent 124, similar to that of
the prior embodiment, is focated in the housing 108 and is used to vent generated CO; out of
the fuel cell 100.

18088]  As scen in FIG. 8A, chamber 110 is also defined, in part, by the cathode 106 which
18 situated opposite the anode 102 within the chamber 110, The cathode side of the fuel cell
100 includes a H;0; chamber 126 (e.g., oxidant chamber) that is located within the housing
10% and contains a liquid sclution of H,(, therein as described previcusly, The H,G,
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chamber 126 is defined by a substrate 128 that fimetions as an (O, capturing structre. The
subsirate 128 includes a plurality of through holes 130 passing entirely through the subsirate
128, The through holes 130 are hydrophilic and tend to wick the bydrogen peroxide
catholyte to the platinum black catalyst as deseribed below. The substrate 128 may have a
thickness of around SO0 um thereby giving the holes 130 a depth of arcond 500 pm. The
diameter of the holes 130 may be around 100 pm. Further, the holes 130 are circelar in shape
although other shapes may be used. 1t should be understood, however, that other dimensions
for the depth and diameter may also be used, The substrate 128 may be formed from a
silicon wafer or the like and be patterned as in the prior embodiments. The substrate 128 has
a first surtace 132 that is exposed to the solution of HaUa. A second, opposing surface 134 of
the substrate 128 is bonded at its periphery 1o a spacer 136, The spacer 136 forms a gap 138
between the sccond surface 134 of the substrate 128 and the gas diffusion electrode 144,

This gap 138 can be used to create a layer or blanket of O gas 141 that is formed adjacent to
a gas diffusion electrode 140 as seen in FIG. 8A. The spacer 136 may have a thickness en
the order of around | yrom. As 1n the prior embodiment, the gas diffusion electrode 140 1s
clectrically conduactive yet permeable to O gas. Carbon paper with a cathode catalyst (e,
platinum) may be used as the gas diffusion electrode 140, In the embodimoent of FIG. BA, the
platinumm black 142 catalyst is formed (through electroplating) on the second surface 134 of
the substrate 128, In this embodiment, once the (0, gas bubbles grow enough to displace the
H,(, from the second surface 134, oxygen generation stops until the layer of O) gas that is
formed adjacent to the gas diffusion clectrode 140 is used up. In the embodiment of FIG. 8A,
any mixed potential issue is solved because the hydrogen peroxide decomposition (Le.,
clectrode giving process) and the oxygen reduction process (1., electron receiving) are
occurring at their desigoated, separate locations, While the catalyst 142 1s illustrated in FIG.
84 as bemg located on the second surface 134 of the substrate 128, the catalyst 142 may be
located instead on the inner surface of the holes 130 or, alternatively, on both the inner
surface of the holes 130 as well as the second surface 134 of the substrate 128,

[9851]  F1G. 8B Ulustrates a process of fabricating the oxyger generating structure used in
the fuel cell 100 of FIG. BA. The fabrication of oxygen-generation structure in the FIG. BA
embodiment has a simpler electroplating step because there is no need to deposit platingm
black inside the wells. In the embodiment of FIG. 8B, platinam black is deposited on the
topside of the structure, making the process much simpler and more reliable. With reference
to operation 2000, a 47 silicon wafer 170 (500 pm thick), is patterned with a 3 pm silicon
dioxide layer 172 using PECVD. As scen in operation 2100, arrays of 100 pm boles 174
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with 200 o pitch are created throogh the wafer 170 using DRIE. After through-hole etching
by DRIE, the wafer 170 is thoroughly cicancd and thermally oxidized with oxide layer 175 as
seen in operations 2200, 2306, The oxidation cnables the through-holes 174 of the structure
to wick the hydrogen peroxide through the holes 174 1o the platinom black on the other side
by its hydrophilic nature. With reference to operation 2400, after evaporating 20/2060 nm
Cr/Au seed layer 176, a high surface arca of platinum black 178 is electropiated on a defined
area at 1 Adem’ for 10 seconds for rigerous hydrogen peroxide decomposition. The plating
sohution was prepared by mixing | gram of chloroplatinic acid (Sigma Aldrich) into 100 mL
of DI water and 30 pl of lead acctate {Sigma Aldrich).
180852 Since the through holes 174 do not serve as a cathode anymore, the silicon water
170 does not need to be highly conductive anymore. Furthermore, in case of mass
manufacturing, the stracture made by operation 2300 in the process flow can be replaced with
a porous glass slide, keaving only Cr/Ay deposition and platinum black elecivo-deposition. In
the fuel cell 100 of FIG. 8A, once the gap 134 between the gas diffusion electrode 140 and
the substrate 128 is filled with O gas, the platinum black 142 catalyst is covered with gas and
ceasgs to generate more oxygen unti] it is consumed to exposed the platinum black 142
catalyst to the hydrogen peroxide containing catholyte.
[8853f  FIQ. 9 iHustrates the performance graph of the fuel cell 100 of FIG. 8A, the
measured current density at given potential load and the power density, which is the produet
of the current density and potential. The cell showed open circuit potential (GCPyof 0.6 V,
which 1s similar or better than the previous casce of air-breathing fucl cells meaning the
mixed-potential issue n the cathode does not exist in the fuel cell embodiment 1066, The
erformance graph shows 18.7 mW/em® of power density, which is §7% better than the air-
breathing case without active oxygen supply from sclf-regulating cathode using the same
device to compare directly. The fucl cell embodiment 100 is operated with 1M formic acid in
1M selfuric acid fuel and electrolyte mixture and 30% HoO; in catholyvte chamber.
{6654]  FIG. 10 illustrates another embodiment of a fucl cell 150, This embodiment
iHustrates the stackable nature of the fucl cells 150, Each fuel cell 150 is contained withina
leak-proof outer housing 152, The housing 152 may be made out of a polymer material such
as polycarbonate or acrylic plastic. Various electrical contacts 154 that connect to the
anode/cathode of the fuel cell 150 are disposed on the outside of the fuel cell 150, These
electrical contacts 154 enable multiple fuel cells 150 to be stacked together, adjacent to one
another while ensuring electrical contacts between adjacent fuel cells 150, The fuel cells 150
may be connected in paralicl, serics, or some combination of the twe. In the fuel cells 150
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ittustrated in FIG. 10, each individual fuel cell 130 has a common vent 156, The common
vent 156 is a membranc or similar material that is permeable to gas {c.g., CO,). In this
cmbodiment, cach fucl cell 150 ncludes a plurality of anode chambers 158 that are coupled
to the common vent 156, In this regard, when COy is produced and pumps fuel through the
fuel side of the foel cell 150, the CO, babbles are then able to vent to the atmosphere. The
anode chambers 158 may be constructed as chambers 60, 110 described herein. As seen in
FI1G. 14, cach fuel cell 150 contains a recess 160 that is used to provide for passage of gas
from the vent 156 when multiple fuel cells 150 are stacked on one another. Each fuel cell
150 contaius a cartridge, rescrveir, or chamber that holds, respectively, the fuel source as well
as the H,Os.

[8858]  The fuel cells described berein are environmentally friendly. The fuel cell
architecture deseribed herein has solved a long-standing problem of losing system-level
encrgy density when fucl cells are miniaturized. The fuel cells function like batierics and last
longer. The fuel cells are a standalone power source that runs on an inexpensive fuel like
methanol or formic acid and an mexpensive oxidant Chydrogen peroxide). The fuel cells may
also replace small batterics used in clectronic devices and systoms that demand miniatore
power sources. Fuel cells provide superior performance {e.g., longer 1ife) and more flexible
mplantation schemes (e.g., cartridge replacement; stacking of fucl cells). Another advantage
of fuel cells over batteries is that an tostant power is ensured with no down time needed to
charge batieries.

{68361  While embodiments have been shown and described, various modifications may be
made without departing from the scope of the inventive concepts disclosed herein. The
imvention(s), therefore, should not be limited, except to the following claims, and their

equivalents.
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WHAT 15 CLAIMED 15:

L. A sclf-regulated gas generator comprising:

a substrate containing a plurality of wells or holes contained therein, each well or hole
containing one or more inner surfaces;

a catalyst layer formed on the one or more inner surfaces of the plurality of wells or
holes; and

a gas generating source in hiquid phase disposed over the wells or holes.

2 The self-regulated gas generator of elaim 1, wherein the substrate comprises
an electrically conduetive material.
3 The seltf-regulated gas generator of claim 1, wherein the plurality of wells or

holes coraprises an array.

4. The seif-regulated gas generator of claim 1, further comprising means for

consuming the gas.

S. A self-regulated gas generator comprising:

a substrate containing first and second surfaces;

a paticmned layer of catalyst formed on one of the first and second surfaces, wherein
the patterned layver comprises a plurality of discrete spots of catalyst; and

a gas generating source in liquid phasce disposed over the patterned laver.

5. A fuel cell comprising:

a housing containing a fuel chamber and an oxidant chamber;

an anode disposed in the housing and exposed to the fuel chamber;

a gas capturing substrate disposed in the housing and having a first side exposed to
the oxidant chamber and a second side operatively connected to a gas diffusion electrode
having a catalyst layer formed thereon and exposed 1o the fuel chamber, wherein the gas
capturing subsirate coniains a plurality of holes contained therein, cach hole containing an
mner surface; and

a catalyst layer formed on the inner surface of the plurality of holes.
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7. The fuel cell of claim 6, wherein the fuel chamber commumicates with a gas
vent.

3. The tucl cell of claim 6, wherein the fuel chamber contains methanol.

9. The fuck cell of claim 6, wherein the fuel chamber contains formic acid.

10, The fuel cell of claim 6, wherein the oxidant chamber contains hydrogen
peroxide.

t1. A fuel cell comprising:

a housing containing a fuel chamber and an oxidant chamber;

an anode disposed in the housing and exposed to the fuel chambes;

a cathode comprising a gas diffusion clectrode interposed between the fuel chamber
and the oxidant chamber, the gas diffusion electrode having a catalyst layer formed thereon
and exposed to the fuel chamber; and

a gas capturing substrate disposed in the oxidant charsber and spaced apart from the
gas diffusion electrode, the gas capturing substrate having first and second sides containing a
phorality of holes extending between the first and second sides, the first side facing an oxidant
contained in the oxidant chamber and the second side facing the gas diffusion electrode, the
gas capturing substrate containing a catalyst on at least one of the second side of the substrate

or an inner surface of the plurality of holes.

12, The fuel cell of claim 11, whercin the fuel source comprises methanol.

13, The focl cell of claim 11, wherein the fuel source comprises formie acid.

14, The foel cell of claim 11, wherein the oxidant corprises hydrogen peroxide.
15,  The fuel cell of claim 11, wherein the fuel chamber communicates with a gas

16.  The fuel cell of claim 1}, wherein the anode 15 configured to generate bubbles
within the fuel chamber,
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17. A fuel cell comprising:

a housing containing at least one fuel chamber and at least one oxidant chamber;

a fuel source disposed in the fucl chamber;

wherein the oxidant chamber comprises a gas capturing substrate disposed in the
housing and having a first side facing an oxidant and a second side secured directly or
directly to a gas diffusion electrode having a catalyst layer formed thereon and exposed to
the fuel source of the at least one fuel chamber, wherein the gas capturing substrate contains a
plurality of holes or wells contained therein; and

a catalyst layer formed within or adjacent to the plurality of boles or wells.

18, The focl cell of claim 17, whevein an anode is disposed in the fuel chamber

and is configured to generate gas bubbles upon exposure to the fuel source.

19, The fuel cell of claim I8, further comprising a gas vent disposed i the

housing and configured to vent bubbles from the fuel chamber.

20, The foel cell of claim 17, further comprising electrical contacts disposed on an

gxternal surface of the housing.

21, A system of stacked fucl cells comprising 2 plurality of fuel cells of claim 17,

wherein adjacent fuel cells of the stack are interconnected via the external electrical contacts.

22, The tuel cell of claim 17, wherein the fuel source comprises methanol.

23, The focl cell of claim 17, wherein the fuel source comprises formic acid.

24, The fuel cell of claim 17, wherein the oxidant comprises hydrogen peroxide.
17
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