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WASTE TO HYDROGEN CONVERSION
PROCESS AND RELATED APPARATUS

RELATED APPLICATIONS

[0001] This application claims the benefit of priority under
35 U.S.C. § 119(e) to co-pending application Ser. No.
60/691007, filed on Jun. 16, 2003, entitled “Solid Oxygen
Fuel Cell,” which 1s incorporated herein in its entirety by
reference.

[0002] This application claims the benefit of priority under
35 U.S.C. § 119(e) to co-pending application Ser. No.
60/760906, filed on Jan. 20, 2006, entitled “Waste To Hydro-
gen Generation Using Solid Oxide Membrane Technology,”
which 1s incorporated herein 1n 1ts entirety by reference.

BACKGROUND

[0003] This invention relates to methods and systems for
steam electrolysis. In particular, the invention relates to the
conversion of waste materials into hydrogen. This invention
turther relates to reversible systems and methods for steam
clectrolysis and energy generation using solid oxide technol-
0gy.

[0004] Steam reforming is a process that involves reaction
of methane and/or other hydrocarbons with steam at tempera-
tures between 700-1300K over a nickel catalyst on a ceramic
substrate. The reaction results in producing primarily carbon
monoxide and hydrogen with small amounts of residual
hydrocarbons and impurity reaction byproducts such as
oxides of sulfur and nitrogen. The primary reaction 1n the
steam reforming process 1s:

CH,(g)+H,0(g)=CO(g)+3H>(g)

[0005] The traditional steam reforming process does not
allow clean separation of hydrogen from carbon monoxide
and the other impurity oxides that are generated in the process
in a single step.

[0006] A higher purity hydrogen gas may be formed using
stcam electrolysis processes. In the electrolysis process
hydrogen 1s generated by applying electrical energy to split
water or steam. Typically two electrodes are used, hydrogen 1s
generated at the cathode and oxygen at the anode. This pro-
cess 1s energy mtensive and expensive but can produce clean
and pure hydrogen.

[0007] Mixed 1onic and electronic conducting (MIEC)
membranes have recently been considered for a wide variety
ol gas separation applications including oxygen separation,
partial oxidation of methane, and hydrogen separation. In one
example of this process, one side of an oxygen 10n and elec-
tron conducting MIEC membrane 1s exposed to steam and the
other side to a hydrocarbon such as methane. This sets up a
chemical potential gradient 1n O, across which transport of
oxygen occurs from the steam side to the hydrocarbon side
leaving behind a H, rich product on the steam side and a
product rich 1n synthesis gas (syn-gas) on the hydrocarbon
side of the membrane. Hydrogen separation and purification
using MIEC membranes are described in published PCT
application WO 03/089117, which 1s incorporated in 1its
entirety by reference. This process produces pure hydrogen
and syn-gas from a source of steam and hydrocarbon fuel,
however, additional processing 1s required to obtain the syn-
gas used 1n this process.

[0008] Synthesis gas (syn-gas) 1s the name given to gases of
varying composition that are generated 1n coal gasification
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and consists primarily of carbon monoxide and hydrogen.
Syn-gas 1s typically prepared using a gasification process.
[0009] Gasification 1s a process that converts carbon-con-
taining materials, such as coal, petroleum, petroleum coke or
biomass, mto carbon monoxide and hydrogen. In a gasifier,
the carbonaceous material undergoes three processes, pyroly-
s1s, combustion and gasification. During pyrolysis, the vola-
tiles from the carbonaceous particle are removed by heating,
and the residue remaining forms the char. During combus-
tion, the volatiles and some of the char react with oxygen to
form carbon monoxide and carbon dioxide. This reaction also
produces heat. During gasification, the char and carbon diox-
ide react with steam to produce carbon monoxide and hydro-
gen. Pyrolysis, combustion and gasification process releases
large amounts of environmental pollutants that are present 1n
coal including heavy metals and oxides of nitrogen, sulfur,
hydrocarbon and carbon. Clean separation of hydrogen from
other gases and impurities 1s a complex, difficult, and expen-
SIVE Process.

[0010] Another way to generate hydrogen 1s through incin-
eration, which converts waste matter to other more acceptable
forms of matter by heating it to a very high temperature
(greater than thousand degrees centigrade). The process can
decompose the waste matter or can selectively remove certain
constituents in the matter by taking advantage of different
boiling and flash points. In the incinerator the waste under-
goes combustion reactions producing ash and combustion
gases. The products of incineration are often further treated
betfore release to meet regulatory standards for waste dis-
posal. The incineration process 1s usually used as an alterna-
tive to landfilling and bioremediation, because 1t drastically
reduces the volume of solid waste. The thermal energy
released 1n the incinerator 1s often utilized 1n other processes.
The waste incineration process however does not produce
pure hydrogen and/or syn-gas. It does, however, serve to
generate thermal energy that can be used 1n other processes,
¢.g., steam generation.

[0011] A fuelcell1s an electrochemical device that converts
the chemical energy 1n fuels (such as hydrogen, methane,
butane or even gasoline and diesel) into electrical energy by
exploiting the natural tendency of oxygen and hydrogen to
react. Much development has focused on solid oxide fuel cells
(SOFC), both because they are able to convert a wide variety
of fuels 1nto energy and because they do so with high eifi-
ciency. High efficiency and fuel adaptability are not the only
advantages of solid oxide fuel cells. SOFCs are attractive as
energy sources because they are clean, reliable, and almost
entirely nonpolluting. Because there are no moving parts and
the cells are therefore vibration-free, the noise pollution asso-
ciated with power generation 1s also eliminated.

[0012] There 1s a great present and future need for pure
hydrogen to power fuel cells for transportation, defense, and
consumer electronic applications. There 1s also a large
demand for syn-gas for stationary and distributed power gen-
cration. There remains an unmet need to generate eflicient,
low cost methods for generating high purity hydrogen.

SUMMARY OF THE INVENTION

[0013] Inoneaspect, the invention employs an oxygen-1on-
conducting solid electrolyte at elevated temperatures with a
novel system of electrodes to efliciently reduce steam at the
cathode to form H,-rich steam and oxidize a carbon feed
containing hydrocarbons at the anode or convert hydrogen
and oxygen 1nto electrical energy.
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[0014] Systems and embodiments of the mnvention provide
pure hydrogen to power fuel cells for transportation, defense,
and consumer electronic applications. Systems and embodi-
ments of the invention also generate syn-gas, which 1s usetul
in a variety of applications, for example, 1n stationary and
distributed power generation.

[0015] An aspect of the invention describes a method for
converting a broad variety of waste materials to hydrogen gas
using a specially designed oxygen-ion solid oxide membrane
device. Waste materials, which can include hydrocarbon
waste (plastics, polymers, paper, carbon and coal dust, etc), as
well as toxic wastes such as cyanides, PCBs, etc., are intro-
duced at over 1000K 1nto a liquid metal electrode. The liquid
metal/waste mixture consumes oxygen from steam that 1s
passed over the membrane, converting the steam 1nto hydro-
gen gas and the carbon feed 1nto oxidation by-products, such
as CO, CO,, and the like. By introducing waste feed at the
anode, the electrical energy needed to produce hydrogen from
steam 1s greatly reduced over other known designs, while
simultaneously converting waste materials to less harmiul
gaseous oxides of carbon.

[0016] In one or more embodiments, the cathode 1s a cer-
met, e.g., nickel-yttria-stabilized zirconia cermet, and the
anode 1s a ligmd metal such as liquid tin, copper, silver, etc. In
one or more embodiments, the carbon feed can be introduced
into the liquid metal anode 1n liquid or solid, e.g., powdered,
form.

[0017] Hydrogen will be produced at the cathode and syn-
gas (mixture of CO(g) and H,(g)) may be produced at the
anode depending on the nature of waste feed used; a hydro-
carbon waste feed 1s likely to produce syn-gas. The use of the
liquid metal anode allows the waste feed to be efficiently
decomposed and oxidized.

[0018] In another aspect of the invention, systems and
methods are provided for reversible operation of a cell as a
steam electrolyzer and as a solid oxide fuel cell. The cell 1s
operated 1n the same temperature range in both processes.
When operated as a steam electrolyzer, the cell generates
H,-enriched steam for use as a fuel 1n a tuel cell. As a solid
oxide fuel cell, the cell produces electricity from hydrogen.
[0019] In one or more embodiments, the liquid metal elec-
trode 1s silver. When operated as a fuel cell, the hydrogen will
be passed over the electrode functioning as the anode and
oxygen (air) will be bubbled through the liquid silver metal
clectrode functioning as the cathode. The use of liquid silver
1s advantageous since oxygen can dissolve 1n the liquid metal
without oxidizing the metal (silver oxide 1s unstable above
1000K).

[0020] In one embodiment of the invention, hydrogen can
be produced from steam through electrolysis when the cost of
clectricity 1s low (e.g., at night) and electricity can be pro-
duced back from hydrogen when the cost1s high. This way the
device does not have to undergo any thermal cycling.

[0021] The mvention can be viewed as a technology that
economically combines the beneficial effects of the incinera-
tor, the oxygen-conducting solid membranes and the solid

oxide fuel cell.

BRIEF DESCRIPTION OF THE DRAWING

[0022] The above and other objects and advantages of the
present invention will be apparent upon consideration of the
tollowing detailed description, taken 1n conjunction with the
accompanying drawings, 1n which like reference characters
refer to like parts throughout, and in which:
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[0023] FIG. 1 1s a schematic illustration of an electrolysis
cell that provides waste conversion to hydrogen using solid
oxide membrane technology.

[0024] FIG. 2 1s a schematic 1llustration of a fuel cell run-
ning on hydrogen and oxygen.

[0025] FIG.3A1saschematicillustration of the experimen-
tal set-up for demonstrating concept of waste conversion to
hydrogen using solid oxide membrane technology, and
including an expanded view (FIG. 3B) of the electrolysis
cell/fuel cell.

DETAILED DESCRIPTION OF THE INVENTION

[0026] In one or more embodiments, carbon-based revers-
ible and regenerative solid oxide fuel cell system 1s provided
that can be operated at zero to near zero pollution emission
and within environmental hazard reduction goals. The device
when operated as an electrolyzer can produce hydrogen at
high throughputs from steam and carbon feed and the same
device can be operated 1n the reverse mode as a fuel cell to
produce electricity from hydrogen and air/oxygen.

[0027] Operation of the electrochemical device for synthe-
s1zing and separating hydrogen 1s shown in FIG. 1. The cell 1s
constructed with two porous electrodes that sandwich an
clectrolyte. The device includes a cathode 110 that 1s capable
of stably operating at high temperatures and a liquid metal
anode 120, separated by a solid oxide electrolyte 130, e.g., an
oxygen 1on conducting membrane. The system further
includes appropriate current collectors 140, 150 for the cath-
ode and anode, respectively. This system, operating at a tem-
perature between 1100-1900K, reacts a carbon feed with
oxygen to form syn-gas (a mixture of CO and H,) on one side
of the membrane and a hydrogen- rich steam mixture on the
other side ofthe membrane. See, chemical reactions shown in
FIG. 1. Oxygen diffuses across the membrane through
coupled transport of oxygen 10ns and electrons/holes from the
steam-rich side to the methane/reformate side until the
chemical potential gradient of neutral O, across the mem-
brane 1s dissipated. An electromotive force (EMF) 1s applied
to drive the oxygen across the membrane. The requisite EMF
can be reduced significantly by reacting the oxygen generated
at the anode with oxidizable carbon.

[0028] Suitable solid oxide electrolytes are solid solutions
(1.e., solid “electrolytes™) formed between oxides containing
divalent and trivalent cations such as alkaline earth oxides,
¢.g., calctum oxide, or rare earth oxides, e.g., scandium oxide,
yttrium oxide, lanthanum oxide, etc., and oxides containing
tetravalent cations such as zirconia, hafnia, thoria and ceria.
The oxygen 1on-conducting materials or phases may be an
oxygen 1on conductive mixed metal oxide having a fluorite
structure. The oxygen 1on conducting material may be a
doped fluorite compound. The higher 1onic conductivity 1s
believed to be due to the existence of oxygen 10n site vacan-
cies. One oxygen 1on vacancy occurs for each divalent or each
two trivalent cations that are substituted for a tetravalent 1on in
the lattice.

[0029] Any of a large number of oxides such as rare earth
doped zircomia-, ceria-, hatnia-, or thoria-based materials
may be used as the solid oxide electrolyte. Some of the known
solid oxide transfer materials include Y ,O,-stabilized ZrO,
(YSZ), CaO-stabilized ZrO,, Sc,O,-stabilized ZrO,, Y ,O,-
stabilized CeQO,, CaO-stabilized CeO, GaO-stabilized CeQO,,
ThO,, Y ,O;-stabilized ThO,, or ThO,, ZrO,, CeO,, or H1O,
stabilized by addition of any one of the lanthanide oxides or
CaO. Additional examples include strontium- and magne-
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sium-doped lanthanum gallate (LSGM). Many other oxides
are known which have demonstrated oxygen ion-conducting
ability, which could be used. The solid oxide electrolyte
membrane used for hydrogen purification can be 1 any
shape. One particularly convenient shape 1s tubular, with one
end of the tube being closed. Another suitable shape 1s 1n the
form of a flat sheet.

[0030] A liqud anode provides a medium for recerving the
carbon feed and a large surface area interface between the
anode and the carbon feed materials. Suitable anodes 1include
non-consumable liquud metals having low vapor pressure
(Vp), low melting point (I'm) and high solubility and diffu-
sivity for oxygen. The anode also should also be compatible,
1.€., mert, with the solid oxide membrane. Exemplary liquid
metal anodes include liquid copper, tin, silver, and the like.
[0031] Suitable cathodes are inert solid electrodes, e.g.,
stable under reducing conditions and compatible with the
solid oxide membrane. The cathode 1s desirably porous, to
permit gas permeability from the steam side of the electrode
to the solid oxide membrane. It should also be catalytic for
clectrochemical splitting of water, be stable to steam and have
a high surface exchange coefficient in the range of 107° to
107! cmi/s. Exemplary cathodes are cermets, such as nickel- or
cobalt/yttria stabilized zircoma (Ni1/Co-YSZ) cermet,
N1/ScSZ, cermet Co/ScSZ, composite of Y-SrT10,/YSZ, or
composite of Y-Sr110,/ScS7Z All of these electrodes are
known to be compatible (stable) in contact with a YSZ elec-
trolyte and to have low charge-transier resistance.

[0032] Carbon feed-containing compounds of C, N, and H
are mtroduced into the liquid metal electrode. In one or more
embodiments, the carbon feed 1s a waste material such as
hydrocarbon waste, e.g., plastics, polymers, paper, agricul-
tural waste, saw dust, and the like, carbonaceous waste such
as coal dust, carbon dust and the like, or toxic wastes such as
cyanides, PCBs, etc. Any oxygen-absorbing, €.g., oxidizable,
waste may be used.

[0033] In one or more embodiments, the carbon feed 1s
introduced into the liquid metal anode as a powder or particu-
late form; 1n other embodiments, 1t 1s introduced into the
liquid anode as a liquid. Typically the particle size of the feed
1s the range of a few microns to a few cm 1n diameter, conve-
nient for continuous feeding. The liquid feed could be 1n the
form of bio-stock.

[0034] Instill other embodiments, the carbon feed 1s shaped
into the form of a rod or sheet and 1s maintained in contact
with the liquid metal anode. When the carbon feed i1s elec-
tronically conductive, as 1s the case for coal dust or carbon
dust, the carbon feed may also serve as a consumable current
collector. In one or more embodiments, the liquid metal
anode may be housed 1n a vessel or tube, which also serves as
the current collector. A suitable vessel includes a molybde-
num tube, which also serves as the anode current collector.

[0035] In an exemplary embodiment, the system employs
an oxygen-ion-conducting yttria-stabilized zirconia (YSZ) as
the electrolyte, a silver liguid anode and a Ni1-YSZ cermet
cathode. Ni or its alloys can be used as a current collector for
the cermet electrode (cathode) and a molybdenum tube can be
used as the current collector for the liquid metal electrode
(anode). The current collectors have high electronic conduc-
tivity and are stable (non-reactive) in the respective environ-
ments.

[0036] While operating the device as an electrolyzer (FIG.
1), steam-rich feed (e.g., 97% steam and 3% H, ) 1s introduced
over the N1-Y SZ cermet electrode functioning as cathode; 3%
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H, 1n the gas mix will prevent N1 oxidation. The operation of
the device 1s at elevated temperatures (900-1000° C.) and
most of this heat 1s provided externally by the resistive heat-
ing from the electrical current. Some of this heat will also be
provided by burning part of the feedstock in a combustion
plenum outside the cell. The process 1s conducted at a net
pressure of 1 atm. In operation, steam 1s reduced at the cath-
ode (N1-YSZ cermet) producing hydrogen and oxygen 1ons.
The oxygen 1ons migrate through the solid YSZ electrolyte
towards the liquid-metal anode. At the YSZ/liquid metal
interface, the oxygen 1ons oxidize (lose electrons) and dis-
solve 1n the liquid metal as neutral oxygen atoms ([O]). The
waste feed (e.g. saw dust, plastics, agricultural waste, etc.)
depending on its composition will dissociate into 1ts constitu-
ents elements (C, N, H, etc.) in the liguid metal and oxidize
the dissolved neutral oxygen atoms that enter the metal. The
applied electrical potential through the current collectors will
depend on the resistive and polarization losses in the electro-
lyzer, the desired rate of hydrogen production and the corre-
sponding rate of waste feed. Applied electrical potential can
be increased as long as the concentration polarization at the
clectrodes does not induce electronic conduction 1n the elec-
trolyte. Based on the information available on electrochemi-
cal performance of Ni1-YSZ cermet electrodes and liquid
metal anodes (copper, tin and silver) in contact with YSZ
clectrolytes, 1t 1s expected that 1onic current densities on the
order of 1 A/cm” (or 7 cc/cm”-min. of H,(g)) can be achieved
in an electrolyzer cell according to one or more embodiments
of the invention. By having the waste feed, the electrical
energy needed to produce hydrogen from the steam feed will
be greatly reduced.

[0037] In the waste feed electrolyzer, the following reac-
tions will occur:
At the cathode:

H,O(g)+2e (Ni)—=H,(g)+O*(YSZ (1)
At the anode:

O?~(YSZ)—O(Metal)+2e~(Metal) (2)

Waste Feed 1n Liquid Metal: (C_ H,N S ))—=aC+bH+cN+dS

[0038] The oxygen that dissolves in the metal at the YSZ/
metal interface gets transported through the molten metal and
reacts with the carbon and other elements to form oxygen-

containing compounds according to the following reactions:
Waste Feed in Liquid Metal: C+H+N+S+O—=CO(g)+H,O

(2)+NO (2)+50,(g)

Or

Waste Feed in Liquid Metal: C+H+O—=CO(g)+H,(g) - - -
(Syn-gas)

[0039] Depending on the nature of the waste feed 1t can
either be converted to syn-gas (mixture of CO(g) and H,(g))
or gaseous oxides of carbon, hydrogen, nitrogen, sulfur, etc.,
that can be treated with existing scrubbing technologies
betore releasing it to the environment. The proposed process
can be altered to include a water-gas shiit reactor (CO)(g)+
H,O(g)—=CO,(g)+H,(g)) to generate additional hydrogen
from some of the CO(g) and the excess steam that exits the
clectrolyzer. The additional heat generated from combustion
may be used to heat the steam used 1n steam electrolysis or for
other thermal processes.

[0040] It has been surprisingly established that the steam
clectrolysis system that provides ellicient generation of pure

hydrogen from steam and low cost carbon feed can be revers-




US 2009/0071841 Al

ibly operated under similar conditions as a solid oxide fuel
cell (SOFC). The proposed reversible-and-regenerative
SOFC process shown in FIG. 2 can operate using essentially
the same device as 1s used for the steam electrolysis exempli-
fied 1n FIG. 1. The system employs oxygen-ion-conducting
yttria-stabilized zirconia (YSZ) as solid electrolyte 230, and
the electrodes are silver 210 and nickel-yttria stabilized zir-
conia (N1-YSZ) cermet 220. In the SOFC, the polarities of the
clectrodes are reversed, so that the liquid metal acts as the
cathode and the cermet electrode acts as an anode.

[0041] Aiar or oxygen flows along the cathode (the liquid
metal), which diffuses into the liquid metal electrode. When
an oxygen molecule contacts the cathode/electrolyte inter-
face, 1t catalytically acquires electrons from the cathode and
splits nto two oxygen 1ons. The oxygen 1ons diffuse into the
clectrolyte material and migrate to the other side of the cell
where they encounter the anode (the cermet). The oxygen
ions encounter the hydrogen that 1s flowing over the porous
anode at the anode/electrolyte 1nterface and react catalyti-
cally, giving off water, heat, and—most importantly—elec-
trons. The electrons transport through the anode to the exter-
nal circuit and back to the cathode, providing a source of
usetul electrical energy 1n an external circuait.

[0042] The operating temperature of the device while run-
ning as a solid oxide fuel cell 1s expected to be greater than
1000K, e.g., about 1100-1900K. Silver at this temperature
will be 1n the molten state. Although 1t 1s an expensive mate-
rial, the reason for employing silver as one of the electrodes 1s
that 1t has negligible solubility for carbon, high solubility and
diffusivity for oxygen, does not self-oxidize at these tempera-
tures, and 1s non-consumable. This set of unique properties
will allow silver to function as an anode 1n the electrolyzer
(FIG. 1) and as a cathode in the fuel cell (FIG. 2). While
operating the device as a fuel cell 200 (FIG. 2), air 1s bubbled
into the silver cathode 210 through a refractory (alumina)
tube (not shown) (in contrast to steam electrolysis where
carbon 1s fed 1into the molten anode). Oxygen dissolves 1n the
molten silver ([O]) and participates 1n the cathodic reaction at
the YSZ/molten silver interface to generate the oxygen 1ons.
Hydrogen-rich feed is imntroduced over the Ni1-YSZ cermet
clectrode 220 (anode) and current collector 240 to oxidize the
oxygen 1ons migrating through the YSZ electrolyte. Sintered
rods of stronttum-doped lanthanum manganite (La,_ S-
r . MnO,, LSM) or strontium and cobalt doped lanthanum
territe (La,_Sr Co Fe, O,, LSCF) dip mnto the molten silver
(functionming as the cathode) to serve as current collector 250.
During operation of the device as an SOFC, the oxygen partial
pressure at the cathode will be high enough that 1t prevents the
use of any metal as the current collector. LSM and LSCF have
both been demonstrated to be excellent cathode materials
(electronic conductors) 1n SOFCs and laboratory tests indi-
cate that they are stable in contact with silver. Ni or 1ts alloys
can serve as the current collector for the Ni-YSZ cermet
clectrode, as 1t does 1n steam electrolysis.

[0043] A difference between the proposed solid oxide tuel
cell (SOFC) according to one or more embodiments of the
invention and state of the art solid oxide fuel cells based on
yttria-stabilized zirconia electrolyte 1s the choice of the cath-
ode material. An SOFC according to one or more embodi-
ments of the invention uses liquid silver as the cathode,
whereas state of the art SOFCs employ inert solid electrodes,
such as Sr-doped lanthanum manganite (ILSM), as the cath-
ode. Liquid silver provides a larger interfacial area with the
YSZ electrolyte for the charge-transier reaction compared to
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the LSM/YSZ interfacial area in the state of the art tubular
SOFCs. Furthermore, the electronic conductivity of silver 1s
much larger compared to LSM and the oxygen diffusivity in
silver 1s also relatively high. As a result, it 1s expected that
polarization losses at the cathode 1n the proposed SOFC will
be lower than the state of the art tubular SOFCs. It 1s believed
that the SOFC architecture (device) according to one or more
embodiments of the invention will have a better performance
compared to the state of the art SOFCs and therefore the
eificiencies envisioned are expected to be higher.

[0044] In one or more embodiments of the mvention, dur-
ing oif-peak periods, the proposed electrochemical device
can be employed for producing hydrogen from waste feed and
steam through electrolysis and during peak periods the same
structure can be used as a fuel cell to generate electricity from
hydrogen. The device can thus work continuously alternating
between these two modes as required and will not need to be
shut down or thermally cycled. The process provides an alter-
native to coal gasification of the generation of syn-gas that 1s
particularly attractive for economic and environmental rea-
sons. The CO(g) generated while operating the device as an
clectrolyzer can be combusted with oxygen to recover the
heat for steam generation. The combustion product CO,(g)
can be permanently sequestered in geological formations.
Candidate reservoirs include depleted o1l and gas reservoir,
unminable coal seams, deep saline aquifers and basalt-forma-
tions.

[0045] Itis to be noted that the device when operating as an
clectrolyzer or as a solid oxide fuel cell will be operated such
that the joule heating produced by the current flow will be
suificient to maintain the device at its operating temperature.

[0046] An exemplary reversible device 300 1s shown 1n
FI1G. 3. For ease of fabrication and demonstration, a one-end-
closed YSZ tube 305 (20 cm. long, 1.5 cm. internal diameter
and 1.5 mm. thick) 1s used as the cell support structure. A
N1-YSZ cermet cathode 310 1s slurry coated on the outer
surface of the YSZ tube 305. Ni fiber mesh 320 1s wrapped
over the sintered Ni1-YSZ coating 310 on the YSZ tube 305
and 1nserted into a both-end open N1 tube 330 (with N1 end
caps 335, 336. A spacer 325 (or other similar element) posi-
tions the components within the device and prevents contact.
Good contact 1s ensured between the N1 tube 330 and the
Ni-fiber mesh 320 to minimize contact resistance. The Ni
tube 330 carries current to and from the Ni-YSZ cermet
clectrode 310. The interior of one-end closed YSZ tube 305
holds a liquid metal (tin/si1lver) anode 340.

[0047] The device can be operated as an electrolyzer at
temperatures of about 1000° C. (1273K) by providing a
steam-rich feed (97% steam and 3% hydrogen) through one
end of inlet 350. An external power source (not shown) 1s
employed to reduce the steam over the N1-YSZ cermet cath-
ode 310 as 1t exits the other end of the Nitube 330 at outlet 355
and oxygen 10ons will be transported through the YSZ tube to
the molten metal electrode interface. The oxygen 1ons will
undergo anodic reaction and dissolve 1n molten metal. Waste
feed can be continuously fed into the molten tin/silver at inlet
360 to consume the dissolved oxygen. The products of the
reaction will thus be CO/H,/CO,/H,O on the liqmd metal
side and primarily hydrogen on the steam side; the residual
steam will be condensed. A molybdenum or a stainless steel
rod 370 can be used as the current collector.

[0048] The same device can operate as a fuel cell with
liquad silver functioning as the cathode inside the one-end
closed yttria-stabilized zirconia tube. Oxygen 1s bubbled into
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the silver through 1nlet 360 and hydrogen will be passed over
the nickel-yttria-stabilized zirconia cermet electrode func-
tioming as the anode at 1inlet 350. Reaction by products (H,O/
H.,) exit the system from outlet 355. N1 contact rod 380 serves
as a current collector for the anode and a sintered rod of
strontium-doped lanthanum manganite (La,_Sr MnQO,) or
strontium and cobalt doped lanthanum ferrite (La,_Sr, -
Co, Fe,_O;) (not shown) 1s introduced into the molten silver
to serve as a current collector for the cathode. The electro-
chemical performance of the cell can be evaluated by deter-
mimng the I-V characteristics of the cell.

[0049] Uponreview of the description and embodiments of
the present invention, those skilled 1n the art will understand
that modifications and equivalent substitutions may be per-
formed 1n carrying out the invention without departing from
the essence of the invention. Thus, the 1nvention 1s not meant
to be limiting by the embodiments described explicitly above,
and 1s limited only by the claims which follow.

What 1s claimed 1s:

1. A steam electrolysis system, comprising:

an oxidizing compartment comprising a liquid metal anode
and a reducing compartment comprising a cathode, said
oxidizing and reducing compartments separated by an
oxygen 1on-conducting solid electrolyte;

a conduit for directing steam across the cathode in the
reducing compartment; and

a conduit for contacting a carbon feed with the liquid metal
anode 1n the oxidizing compartment.

2. The electrolysis system of claim 1, further comprising;:

a condenser downstream from the oxidizing compartment

for separating steam from hydrogen.

3. The electrolysis system of claim 1, wherein the liquid
metal anode comprises a metal that 1s liquid at temperatures
greater than 1000K.

4. The electrolysis system of claim 3, wherein the liquid
metal anode 1s selected from the group consisting of silver,
copper and tin.

5. The electrolysis system of claim 4, wherein the cathode
comprises a cermet.

6. The electrolysis system of claim 5, wherein the cathode
1S POrous.

7. The electrolysis system of claim 4, wherein the oxygen
ion-conducting solid electrolyte 1s selected from the group
consisting of rare earth doped zirconia-, ceria-, hatnia-, and
thoria-based oxides.

8. The electrolysis system of claim 7, wherein the electro-
lyte comprises yttria-stabilized zirconia.

9. The electrolysis cell of claim 1, wherein the carbon feed
1s conductive and 1s in contact with the anode as a consumable
current collector.

10. A solid oxide tuel cell, comprising:

areducing compartment comprising a liquid silver cathode
and an oxidizing compartment comprising an anode,
said oxidizing and reducing compartments separated by
a oxygen 1on-conducting solid electrolyte;

a conduit for directing an oxygen source across the cathode
in the reducing compartment; and

a conduit for directing a hydrogen source across the anode
in the oxidizing compartment; and an energy storage
device for storing energy generated during operation of

the fuel cell.

11. The solid oxide fuel cell of claim 10, wherein the
cathode comprises a cermet.
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12. The solid oxide fuel cell of claam 10, wherein the
cathode 1s porous.

13. The solid oxide fuel cell of claim 8, wherein the oxygen
ion-conducting solid electrolyte 1s selected from the group
consisting of rare earth doped zirconia-, ceria-, hatnia-, and
thoria-based oxides.

14. The solid oxide fuel cell of claim 9, wherein the elec-
trolyte comprises yttria-stabilized zirconia.

15. A method of producing hydrogen comprising:

providing an electrolysis system comprising an oxidizing

compartment comprising a liquid metal anode and a
reducing compartment comprising a cathode, said oxi-
dizing and reducing compartments separated by a oxy-
gen 1on-conducting solid electrolyte;

directing steam across the cathode in the reducing com-

partment; and

contacting a carbon feed with the liquid metal anode 1n the

oxidizing compartment, wherein the steam 1s reduced at
the cathode to hydrogen and the carbon feed 1s oxidized
at the anode.

16. The method of claim 11, wherein the carbon feed
comprises carbon-containing waste material.

17. The method of claim 12, wherein the waste material 1s
selected from the group consisting of hydrocarbon waste,
agricultural waste, carbonaceous waste and toxic waste.

18. The method of claim 12, wherein the waste material 1s
selected from the group consisting of plastics, polymers,
paper, saw dust, carbon and coal dust.

19. The method of claim 11, wherein the carbon feed 1s
introduced 1nto the liquid metal anode as a liquid.

20. The method of claim 11, wherein the carbon feed 1s
introduced 1nto the liquid metal anode as a powder.

21. The method of claim 11, wherein the carbon feed i1s
conductive and 1s formed into a current collector.

22. A reversible system, comprising;

a first electrode comprising liquid silver metal and a second

clectrode, said first and second electrodes separated by a
oxygen 1on-conducting solid electrolyte;

a conduit for directing a first reactive material across the
second electrode; and

a conduit for contacting second reactive material with the
first liguid silver electrode,

wherein the cell 1s capable of steam electrolysis when the
polarity of the electrodes 1s selected such that the liquad
silver 1s an anode and the cell 1s capable of electrical
energy generation when the polarity of the electrodes 1s
selected such that the liquid silver 1s a cathode.

23. The reversible system of claim 22, wherein the second
clectrode comprises a cermet.

24. The reversible system of claim 23, wherein the second
clectrode 1s porous.

25. The reversible system of claim 22, wherein the oxygen
ion-conducting solid electrolyte 1s selected from the group
consisting of rare earth doped zirconia-, ceria-, hatnia-, and
thoria-based oxides.

26. The reversible system of claim 25, wherein the electro-
lyte comprises yttria-stabilized zirconia.

277. The reversible system of claim 22, wherein the polarity
of the system 1s selected such that the liquud silver electrode 1s
an anode and the second reactive materials 1s carbon feed.

28. The reversible system of claim 27, wherein the carbon
feed 1s conductive and 1s 1n contact with the anode as a
consumable current collector.
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29. The reversible system of claim 27, wherein the carbon
feed comprises carbon-containing waste material.

30. The reversible system of claim 29, wherein the waste
material 1s selected from the group consisting of hydrocarbon
waste, agricultural waste, carbonaceous waste and toxic
waste.

31. The reversible system of claim 29, wherein the waste
material 1s selected from the group consisting of plastics,
polymers, paper, saw dust, carbon and coal dust.

32. The reversible system of claim 27, wherein the carbon
feed 1s introduced 1nto the liquid metal anode as a liquad.

33. The reversible system of claim 27, wherein the carbon
feed 1s introduced 1nto the liquid metal anode as a powder.

34. A method of reversible operation of a cell, comprising:

a) providing a cell comprising a first electrode comprising,

liquid silver metal and a second electrode, said first and
second electrodes separated by a oxygen 1on-conducting
solid electrolyte;

a conduit for directing a first reactive material across the

second electrode; and

a conduit for contacting second reactive material with the

first liguad silver electrode,

in any order,

b) selecting the polarity of the electrodes such that the

liquad silver 1s an anode;

directing steam across the second electrode; and

contacting a carbon material with the first liquid silver

electrode, wherein the steam 1s reduced at the cathode to
hydrogen and the carbon feed 1s oxidized at the anode;
and

¢) selecting the polarity of the electrodes such that the

liquad silver 1s a cathode;

directing hydrogen across the second electrode; and
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contacting oxygen with the first liquid silver electrode,
wherein the steam 1s reduced at the cathode to hydrogen
and the carbon feed 1s oxidized at the anode, wherein
clectrical energy 1s generated.

35. The method of claim 34, wherein the second electrode
comprises a cermet.

36. The method of claim 34, wherein the second electrode
1S POrous.

37. The method of claim 34, wherein the oxygen 1on-
conducting solid electrolyte 1s selected from the group con-
sisting of rare earth doped zircoma-, ceria-, hatnia-, and tho-
ria-based oxides.

38. The method of claim 37, wherein the electrolyte com-
prises yttria-stabilized zirconia.

39. The method of claim 34, wherein in step (b) the second
reactive material 1s carbon feed.

40. The method of claim 39, wherein the carbon feed i1s
conductive and 1s 1n contact with the anode as a consumable
current collector.

41. The method of claim 39, wherein the carbon feed
comprises carbon-containing waste material.

42. The method of claim 41, wherein the waste material 1s
selected from the group consisting of hydrocarbon waste,
agricultural waste, carbonaceous waste and toxic waste.

43. The method of claim 41, wherein the waste material 1s
selected from the group consisting of plastics, polymers,
paper, saw dust, carbon and coal dust.

44. The method of claim 39, wherein the carbon feed 1s
introduced 1nto the liquid metal anode as a liquid.

45. The method of claim 39, wherein the carbon feed 1s
introduced 1nto the liquid metal anode as a powder.
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