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(57) Abstract: Electrochemical systems and methods for pro-
ducing hydrogen. Generally, the systems and methods in-
volve providing an electrochemical cell that includes an
anolyte compartment holding a photo anode in contact with
an anolyte, wherein the anolyte includes an alkali metal iod-
ide. The photo anode includes anode components of a dye-
sensitized solar cell. The cell further includes a catholyte
compartment holding a cathode in contact with a catholyte
that includes a substance that reduces to form hydrogen. Ad-
ditionally, the cell includes an alkali cation conductive mem-
brane that separates the anolyte compartment from the
catholyte compartment. As the photo anode is irradiated, iod-
ide ions are oxidized to form molecular iodine or triiodide
ions and electrons pass to the cathode form hydrogen. Appar-
atus and methods to regenerate the alkali metal iodide are dis-
closed.



WO 2017/087911 A1 WK 00V A0S0 OO O

Published:
—  with international search report (Art. 21(3))



WO 2017/087911 PCT/US2016/062957

ELECTROCHEMICAL PRODUCTION OF HYDROGEN
WITH DYE-SENSITIZED SOLAR CELL-BASED ANODE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
62/257,111, filed November 18, 2015 and entitled “Low-cost, Solar-driven Power and Fuel
Generation.”  This application is also a continuation-in-part of United States Patent
Application No. 15/061,427, filed March 4, 2016 and entitled “Electrochemical Production of

Hydrogen.” The referenced applications are hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention relates in general to the electrochemical production of
hydrogen. More particularly, the present invention provides systems and methods for
producing hydrogen through the use of an electrochemical cell in which the anode comprises

the anode components of a dye-sensitized solar cell (DSSC).

BACKGROUND OF THE INVENTION
[0003] Hydrogen gas is used in a variety of industrial applications. For instance,
hydrogen is often used in the creation of ammonia for fertilizer, for the conversion of heavy
petroleum sources to lighter fractions through a process called hydrocracking, for the
production of nickel-hydrogen batteries, and for several other applications. Hydrogen is a
clean burning fuel and a source of energy for fuel cells.
[0004] In order to obtain hydrogen for use in such applications, hydrogen can be produced
through an assortment of techniques, including through the electrolysis of water, the reaction
of a metal with an acid, the steam reformation of natural gas, the partial oxidation of
hydrocarbons, and through several other methods.
[0005] Indeed, in some instances, hydrogen gas is formed through the electrolysis of
water. In such instances, water or an alkaline water solution, is placed in an electrolytic cell
comprising an anode and a cathode. Then as an electrical current is passed between the
anode and cathode, hydrogen is produced at the cathode by reduction of water and oxygen is
produced at the anode by water oxidation. For instance, the two electrode half reactions for
traditional alkaline water electrolysis are:

Anode: 20H — H,O + 150, + 2¢”

Cathode: 2H,O0 +2e — 20H + H»
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[0006] Moreover, the overall reaction of traditional alkaline water splitting is:
Overall: H,O — H; + 120,

[0007] Construction of an effective low-cost system for solar energy conversion into
hydrogen is an attractive option in the field of solar light energy utilization and energy
storage. Splitting water photocatalytically has been studied as a promising technology [S.
Rajaambal et al., Recent developments in solar H, generation from water splitting, J. Chem.
Sci. Vol. 127, No. 1, January 2015, pp. 33—47], but a capable system that can utilize visible
light portion of sun’s energy has not yet been demonstrated. Typically, direct solar water
splitting is accomplished by utilizing a wide bandgap semiconductor photocatalysis. To date,
the highest efficiency demonstrated is well below 10%, due to limitations with (1) efficient
photon harvesting including full visible spectra, (2) generation of sufficient electron flux, and
(3) decreasing electron-hole recombination and utilization of charge carriers for intended
water splitting reaction.

[0008] There is a need in the art for improved systems and methods for producing

hydrogen through the use of a solar powered electrochemical cell.

BRIEF SUMMARY OF THE INVENTION

[0009] The disclosed invention provides apparatus and methods for producing hydrogen
gas through the use of an electrochemical cell. The electrochemical cell includes an anolyte
compartment holding an anolyte and a photo anode in contact with the anolyte, a catholyte
compartment holding a catholyte and a cathode in contact with the catholyte, an alkali cation
conductive membrane selective to cations of the alkali metal, the membrane being positioned
between the anolyte compartment and the catholyte compartment, and an electrical
connection between the photo anode and the cathode. The anolyte comprises an alkali metal
iodide in a suitable solvent. The solvent may be an aqueous or organic solvent.

[0010] The photo anode includes the anode components of a dye-sensitized solar cell
(DSSC). A DSSC is a semiconductor photovoltaic device that directly converts solar
radiation into electric current. The DSSC anode components include: (i) a transparent
conductive material layer on an optically transparent glass substrate to form a transparent
conductive substrate; (ii) a wide gap semiconductor current collector in communication with
or attached to the transparent conductive substrate, which may be a mesoporous oxide layer
(typically, TiO») deposited on the anode to activate electronic conduction; and (iii) a photo
receptive charge transfer dye (sensitizer) in communication with or attached to the

transparent conductive substrate to enhance light absorption.
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[0011] When exposed to sunlight, the dye sensitizer becomes excited and injects an
electron into the conduction band of the mesoporous oxide film. These generated electrons
are conducted to the anode and are utilized at the external load before being collected by the
electrolyte at the cathode surface to complete the cycle (i.e. production of hydrogen). The
alkali metal iodide in the electrolyte, which is in contact with the dye, then donates electrons
to the dye restoring the dye to the initial unexcited state, while the alkali metal iodide itself is
oxidized to triiodide or molecular iodine. Thus, irradiating the photo anode oxidizes iodide
ions to form molecular iodine or triiodide ions and generate electrons. In the embodiment
where the alkali metal is sodium, the following reactions may occur at the anode:

[0012] Nal—> %L +Na +e¢

[0013] 3Nal — I3 +3Na'+2¢

[0014] The catholyte includes a reducible substance that is electrochemically reducible to
form hydrogen. Some examples of suitable substances that can be included in the catholyte
include, but are not limited to, an aqueous alkali hydroxide or carbonate (e.g., sodium
hydroxide or sodium carbonate) and/or a non-aqueous methanol/alkali methoxide solution
(e.g., a non-aqueous methanol/sodium methoxide solution). In the embodiment where the
reducible substance is water, the following non-limiting reactions may occur at the cathode:
[0015] H>O+2e —20H +H,

[0016] 2Na* + 2H,0 + 2¢” — 2NaOH + H, (where the catholyte comprises an aqueous
solution and Na" cations are transported from the anolyte, through the alkali cation selective
membrane, and to the catholyte).

[0017] In the embodiment where the reducible substance is methanol, the following non-
limiting reaction may occur at the cathode:

[0018] 2Na" + 2CH;0H + 2¢° — 2NaOCH; + H, (where the catholyte comprises
methanol and Na"* cations are transported from the anolyte, through the alkali cation selective
membrane, and into the catholyte).

[0019] With respect to the alkali cation selective membrane, the membrane can comprise
virtually any suitable alkali cation selective membrane. Some examples of such membranes
include, but are not limited to, a NaSICON membrane, a LiSICON membrane, a KSICON
membrane, a sodium conducting glass, a B or f“alumina membrane, and a solid polymeric
sodium ion conductive membrane.

[0020] An electrical connection between the photo anode and the cathode provides an

electrical pathway for the electrons formed at the photo anode to travel to the cathode to
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reduce the reducible substance in the catholyte compartment to form hydrogen and a reduced
product.

[0021] The electrochemical cell further includes an anolyte compartment outlet for
removing the molecular iodine and a catholyte compartment outlet for removing the reduced
product.

[0022] The electrochemical cell may have a regeneration cell. The regeneration cell
includes an inlet to receive the molecular iodine or triiodide ions from the anolyte
compartment and the reduced product from the catholyte compartment. The regeneration cell
is configured to cause a chemical reaction between the molecular iodine or triiodide ions and
the reduced product, such as alkali hydroxide, to regenerate the alkali metal iodide. For
instance, where sodium hydroxide is the reduced product formed in the catholyte
compartment, the molecular iodine or triiodide complex ion and the sodium hydroxide can be
reacted together to regenerate sodium iodide, which can be recycled through the cell. This
regeneration of the alkali metal iodide ensures continuous production of hydrogen from water
without the requirement to supply fresh alkali metal iodide.

[0023] The disclosed invention provides methods for producing hydrogen gas through the
use of an electrochemical cell as described herein. Upon irradiating the photo anode, the
iodide ions are oxidized to form molecular iodine and electrons or triiodide ions and
electrons. The electrons are conducted from the photo anode to the cathode to reduce the
reducible substance to form hydrogen and a reduced product.

[0024] The disclosed method may further include the step of regenerating the alkali metal
iodide by reacting the molecular iodine or triiodide ion with the reduced produce generated in
the catholyte compartment. Non-limiting examples of the reduced product include an alkali
metal hydroxide or carbonate and an alkali metal methoxide. Thus, the step of regenerating
the alkali metal iodide may include the steps of recovering the molecular iodine or triiodide
ions from the anolyte compartment, recovering the reduced product from the catholyte
compartment, and reacting the molecular iodine or triiodide ions to regenerate the alkali
metal iodide.

[0025] These features and advantages of the present invention will become more fully
apparent from the following description and appended claims, or may be learned by the

practice of the invention as set forth hereinafter.
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BRIEF DESCRIPTION OF THE SEVERAL DRAWINGS

[0026] In order that the manner in which the above-recited and other features and
advantages of the invention are obtained and will be readily understood, a more particular
description of the invention briefly described above will be rendered by reference to specific
embodiments thereof that are illustrated in the appended drawings. Understanding that the
drawings depict only typical embodiments of the invention and are not therefore to be
considered to be limiting of its scope, the invention will be described and explained with
additional specificity and detail through the use of the accompanying drawings in which:
[0027] Figure 1 depicts a schematic diagram of a representative embodiment of an
electrochemical cell that is configured to produce hydrogen;

[0028] Figure 2A depicts a flow chart showing a representative embodiment of a method
for using the electrochemical cell;

[0029] Figure 2B depicts a schematic diagram of a representative embodiment of the
electrochemical cell in which the cell comprises an anolyte that comprises sodium iodide, and
a catholyte that comprises a sodium hydroxide solution;

[0030] Figure 3 depicts a conceptual scheme of H» evolution from water over a dye-
sensitized n-type semiconductor using iodide (I-) as an electron donor, with the energy
diagram for the coumarin NKX-2677 dye system;

[0031] Figures 4A and 4B are graphs of voltage vs. time obtained from a preliminary
hydrogen generation electrolysis cell.

[0032] Figure 5 is a photomicrograph of an anode of a DSSC.

[0033] Figure 6 shows a graph of averaged photoelectrical characteristics (voltage vs.

current density) for the type of DSSC anode shown in Fig. 5.

DETAILED DESCRIPTION OF THE INVENTION

RIS

[0034] Reference throughout this specification to “one embodiment,” “an embodiment,”
or similar language means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, appearances of the phrases “in one embodiment,” “in an embodiment,” and
similar language throughout this specification may, but do not necessarily, all refer to the
same embodiment.  Additionally, while the following description refers to several
embodiments and examples of the various components and processes of the described
invention, all of the described embodiments and examples are to be considered, in all

respects, as illustrative only and not as being limiting in any manner.
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[0035] Furthermore, the described features, structures, characteristics, processes, or
methods of the invention may be combined in any suitable manner in one or more
embodiments. In the following description, numerous specific details are provided, such as
examples of suitable anolytes, catholytes, alkali cation selective membranes, anode materials,
cathode materials, etc., to provide a thorough understanding of embodiments of the invention.
One having ordinary skill in the relevant art will recognize, however, that the invention may
be practiced without one or more of the specific details, or with other methods, components,
materials, and so forth. In other instances, well-known structures, materials, processes, or
operations are not shown or described in detail to avoid obscuring aspects of the invention.
[0036] In the disclosed invention, a novel device with > 20% efficient system is disclosed.
In one embodiment, the anode components of a dye-sensitized solar cell (DSSC) are
combined with a non-traditional ceramic membrane based electrolysis cell to effectively
utilize the solar energy to conduct water electrolysis. In one disclosed embodiment, the
device of the present invention separately conducts the solar energy harvesting and water
splitting in two separate compartments separated by an alkali cation selective membrane.
The alkali cation selective membrane may be a ceramic ion conductor. The ceramic alkali
ion conductor can be any number of alkali metal ion conductors. In one embodiment, the
alkali ion conductor comprises NaSICON. Generation of solar electrons is done in the anode
compartment using a dye-sensitized solar cell based anode. The electrons are transported to
the cathode compartment where cathodic hydrogen generation from alkaline water occurs.
The ceramic ion conducting membrane allows two distinct phenomena to occur in the two
electrode compartments while allowing a common ion charge carrier to migrate between
anode to cathode compartments.

[0037] To provide a better understanding of the described systems and methods, the
electrochemical cell is described below in more detail. This description of the cell is then
followed by a more detailed description of the manner in which the cell can be operated.
[0038] Turning now to the electrochemical cell, the cell comprises a photo anode
electrically coupled to a cathode that allows it to produce hydrogen gas. By way of non-
limiting illustration, Figure 1 shows a representative embodiment in which the
electrochemical cell 10 comprises an anolyte compartment 15 that houses an anolyte 20 and a
photo anode 25. A catholyte compartment 30 houses a catholyte 35 and cathode 40. An
alkali cation selective membrane 45 selective to cations of the alkali metal separates the

anolyte compartment 15 from the catholyte compartment 30.
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[0039] With respect to the anolyte compartment 15 and the catholyte compartment 30 in
general, the two compartments can be any suitable shape and have any other suitable
characteristic that allows the cell 10 to function as intended. By way of example, the anolyte
and the catholyte compartments can be tubular, rectangular, or be any other suitable shape.
[0040] The anolyte 20 comprises an alkali metal iodide, such as sodium iodide, lithium
iodide, or potassium iodide. The photo anode 25 is in contact with the anolyte 20. The alkali
metal iodide may have a concentration in the range from 1 to 12 M, with or without added
molecular iodine. The alkali metal iodide may be used in a solid state configuration.

[0041] The photo anode 25 includes the anode components of a dye-sensitized solar cell
(DSSC). More specifically, the photo anode 25 comprises a transparent conductive substrate
50. The transparent conductive substrate 50 may include an optically transparent glass
substrate 55 having a transparent conductive material layer 60 thereon.

[0042] The photo anode 25 further includes a wide gap semiconductor current collector 65
in communication with or attached to the transparent conductive substrate 50. The
semiconductor current collector 65 may be a mesoporous oxide layer, such as TiO,, deposited
on the transparent conductive substrate to activate electronic conduction. A photo receptive
charge transfer dye 70 (sensitizer) is in communication with or attached to the transparent
conductive substrate 50 to enhance light absorption. In one embodiment, the charge transfer
dye 70 is coated on the mesoporous titanium dioxide 65.

[0043] Fig. 5 is a photomicrograph of an anode of a DSSC having the structures as
identified in Fig. 1. The transparent conductive substrate 50 was fluorine doped tin oxide
(FTO). Other known transparent conductive materials can also be used such as, but not
limited to, indium doped tin oxide (ITO). The wide gap semiconductor current collector 65
was titanium dioxide and the charge transfer dye 70 was CHsNHsPbl;. Other known charge
transfer dyes can also be used such as, but not limited to, cis-bis(isothiocyanato)-bis(2,20-
bipyridyl-4,40dicarboxylato)-Ru(Il) (known as N719).

[0044] The hybrid organic-inorganic perovskite solar cells (PSC type DSSC’s) offered
high power conversion efficiencies (PCE) of > 20% along with ease of fabrication, and
abundant raw material sources. Averaged photoelectrical characteristics of these devices are
shown in Figure 6 may be: OCV = 0.993 V; Js¢ (Short circuit current density) = 20 mA/cmz,
FF (fill factor) = 0.93 and PCE of 15%.

[0045] The data from Fig. 6 show that it is possible to obtain a maximum current density
of about 20 mA/cm” at a voltage of < 0.7V (difference between HOMO and LUMO of the

dye sensitizer). In the presently disclosed invention, the DSSC anode may generate electrons
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at this operational voltage which are consumed at the cathode to generate hydrogen. In order
to increase the voltage or current density, it may be increase the size of the photo anode or
electrically combine multiple electrolytic cells.

[0046] The catholyte 35 comprises a reducible substance that is electrochemically reduced
to form hydrogen and a reduced product. In the embodiment where the reducible substance is
water, then the reduced product is hydroxide ions, as shown below:

[0047] H>O+2e —20H +H,

[0048] In the embodiment where the reducible substance is methanol, then the reduced
product is alkoxide ions, as shown below:

[0049] 2CHsOH +2e — 20CH; + H»

[0050] As the cell 10 functions, the alkali iodide is oxidized to form molecular iodine or
triiodide ions. Similarly, as the electrical current passes between the electrodes, the alkali
cation M* (e.g., Na®, Li", and K") released from the alkali metal iodide (MI) can be
selectively conducted through the alkali cation selective membrane 45 (described below) to
the catholyte compartment 30, where the cation can react to form an alkali hydroxide or alkali
methoxide and gaseous hydrogen product.

[0051] In addition to the alkali metal iodide, the anolyte 20 can comprise any other
suitable component that allows the alkali metal iodide to be oxidized at the photo anode 25
during hydrogen production at the cathode. For instance, the anolyte can also comprise any
suitable: non-aqueous solvent (including, without limitation, glycerol, anhydrous alcohols
such as methanol, and/or another suitable non-aqueous solvent), ionic liquid, and/or aqueous
solvent, solid-state conductive additive (including, without limitation, graphite, metal
particles photo voltage enhancers such as 4-tert butylpyridine and/or another suitable
conductive additive), complexing agent (tetramethylammonium, tetrafluroborate, or
tetrabutyl ammonium iodide). In this regard, however, the additional additives to the anolyte
should not cause the preferential oxidation of another substance over the oxidation of the
iodide ions. In some embodiments, the additional additives to the anolyte do chemically react
with the oxidized substance (e.g. complexation of tetrabutyl ammonium iodide with
molecular iodine to form tetrabutyl ammonium triiodide).

[0052] Some non-limiting examples of suitable anolytes 20 are as follows. Specifically,
in some embodiments, the anolyte 20 comprises an alkali metal iodide that is mixed with a
conductive additive (e.g., graphite) and a liquid additive/solvent, such as glycerol, to form a
semi-solid paste. By way of example, in some embodiments, the anolyte comprises sodium

iodide, graphite, and a small amount of glycerol. In other embodiments, the anolyte
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comprises a non-oxidizable alkali metal salt (e.g., sodium trtrafluroborate or sodium
hexafluorophosphate) that is dissolved in a suitable solvent (e.g., methanol, water, and/or an
ionic liquid). For example, in some embodiments, the anolyte comprises oxidizable sodium
iodide that is dissolved in a suitable solvent (e.g., methanol, water, and/or an ionic liquid).
Along these lines, in still another example, the anolyte comprises sodium iodide in water.
[0053] With regard now to the catholyte 35, the catholyte can comprise any suitable
substance that allows the cell 10 to reduce a reducible substance, such as water and/or
methanol, in the catholyte to form hydrogen.

[0054] Some examples of suitable catholytes include, but are not limited to, an aqueous
alkali hydroxide solution (e.g., an aqueous solution comprising sodium hydroxide, lithium
hydroxide, and/or potassium hydroxide) and a non-aqueous methanol/alkali methoxide
solution, wherein the alkali methoxide is selected from sodium methoxide, lithium
methoxide, and potassium methoxide. Indeed, in some embodiments, the catholyte
comprises an aqueous sodium hydroxide solution or a non-aqueous methanol/sodium
methoxide solution.

[0055] Referring now to the photo anode 25 can comprise any suitable characteristic to
otherwise function as intended. By way of example, the photo anode 25 can have any
suitable characteristic, including, without limitation, being: a flat plate, a flat membrane or a
tubular shape.

[0056] With respect to the cathode 40, the cathode can comprise any suitable
characteristic or material that allows the cell 10 to reduce the reducible substance (e.g., water
and/or methanol) to produce hydrogen and to otherwise allow the cell to function as intended.
By way of example, the cathode can have any suitable characteristic, including, without
limitation, being: a flat plate, a flat membrane, a mesh, a tubular shape, and/or a tubular
mesh. Additionally, some examples of suitable cathode materials include, but are not limited
to, nickel, stainless steel, graphite, a nickel-cobalt-ferrous alloy (e.g., a KOVAR® alloy),
and/or any other suitable cathode material. Indeed, in some embodiments, the cathode
comprises a nickel mesh cathode.

[0057] As electrical potential is passed between the photo anode 25 and cathode 40, any
suitable reaction that allows the cell 10 to produce hydrogen can occur at the cathode 40.
Some examples of suitable anodic reactions when the alkali metal of the oxidizable alkali
metal salt is sodium include, but are not limited to, the following:

(A) Nal — %I+ Na"+e (when the anolyte 20 comprises sodium iodide)
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(B) 3Nal — I;” + 3Na" + 2¢” (when the anolyte 20 comprises sodium
iodide)
[0058] Some examples of suitable cathodic reactions when the alkali metal of the
oxidizable alkali metal salt is sodium include, but are not limited to, the following:
(O H;0 + 2e” — 20H" + H; (where the catholyte comprises water)
(D)  2Na® + 2H,0 + 2¢ — 2NaOH + H; (where the catholyte comprises an
aqueous solution and Na" cations are transported from the anolyte 20,
through the membrane 45, and to the catholyte 35)
(E) 2Na* + 2CH;0H + 2¢ — 2MOCH; + H, (where the catholyte
comprises methanol and Na" cations are transported from the anolyte
2(), through the membrane 45, and into the catholyte 35)
[0059] Thus, in some embodiments when the catholyte 35 comprises sodium hydroxide
solution then at the end of the electrolysis of water more sodium hydroxide will form in the
catholyte compartment 30 along with gaseous hydrogen. Similarly, in some embodiments
where the alkali metal salt in the catholyte 35 comprises a lithium methylate and methanol,
more lithium methoxide along with gaseous hydrogen will be formed in the catholyte
compartment 30 as the cell 10 functions.
[0060] Moving now to the alkali cation selective membrane 45, the membrane can
comprise virtually any suitable cation selective membrane that is configured to selectively
transport an alkali cation (e.g., Na*, Li*, or K) from the anolyte compartment 15 to the
catholyte compartment 30 under the influence of an electrical potential. In this manner, the
membrane can prevent the anolyte and catholyte from mixing, while still allowing alkali
cations (shown as M" in Figure 1) to migrate to the catholyte compartment 30. Accordingly,
in some embodiments, the membrane allows the cell 10 to comprise a non-aqueous anolyte
and an aqueous catholyte, an aqueous anolyte and a non-aqueous catholyte, a non-aqueous
anolyte and a non-aqueous catholyte, or an aqueous anolyte and an aqueous catholyte.
[0061] Some examples of such membranes include, but are not limited to, a NaSICON
membrane, (e.g., a NaSICON-type membrane as produced by Ceramatec, Inc., Salt Lake
City, Utah), a LiSICON membrane, a KSICON membrane, a sodium conducting glass, a  or
“ alumina membrane, a solid polymeric sodium ion conductive membrane e.g. Nafion®, and
any other suitable cation conductive membrane.
[0062] In addition to the aforementioned components and characteristics, the described
cell 10 can comprise any other suitable component or characteristic. In this regard, in some

embodiments, the various compartments of the cell have one or more inlets and/or outlets to

10
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allow materials to be added to and/or to be removed from the cell. By way of non-limiting
illustration, Figure 1 shows an embodiment in which the anolyte compartment 15 comprises
an inlet 75 for introducing the alkali metal iodide (MI) an outlet 80 for removing oxidized
products 85 formed by the oxidation of iodide ions (e.g., I» or Is) from the anolyte
compartment. The catholyte compartment 30 comprises an inlet 90 for introducing water,
methanol, and other catholyte components and an outlet 95 for removing the reduced product
100, including without limitation, an alkali hydroxide and/or an alkali methoxide, from the
catholyte compartment 30 (depending on whether the catholyte 35 originally comprised water
and/or methanol). The produced hydrogen gas 105 is also removed and recovered from the
catholyte compartment 30.

[0063] Turning now to the manner in which the cell 10 functions, the cell may function in
any suitable manner apt for an electrolysis cell. To provide a better understanding of the
manner in which the cell may function, Figures 2A and 2B respectively show a representative
embodiment of a flow chart and a schematic diagram depicting an embodiment of a method
200 in which the cell may produce hydrogen. In this regard, it should be noted that the
systems and methods shown in Figures 2A and 2B can be rearranged, added to, shortened,
and/or otherwise changed in any suitable manner.

[0064] At step 205, Figure 2A shows that a representative embodiment of the described
method 200 begins by providing the electrochemical cell 10 (as discussed above). Next, step
210 shows that the method continues as the alkali metal iodide anolyte 20 and hydrogen
producing catholyte 35 are added to the cell. While the skilled artisan will recognize that the
described systems and methods can be implemented with any suitable anolyte and/or
catholyte (as discussed above), for the sake of simplicity, the following discussion focuses on
using the cell with an anolyte 20 comprising sodium iodide and a catholyte 35 comprising
water (e.g., in the form of an aqueous solution of sodium hydroxide).

[0065] Moving on to step 215, Figure 2A shows the method 200 continues by irradiating
the photo anode 25, thereby oxidizing iodide ions to form molecular iodine and electrons or
triiodide ions and electrons. In step 220, the electrons are conducted to the cathode 40. As
this occurs, Figure 2B shows that (i) iodide ions (3I") are oxidized at the anode 25 to form
triiodide ions (I3") or molecular iodine, (ii) the sodium cations (Na™) are transported through
the membrane 45, and (iii) water (H»O) is reduced at the cathode 40 to form hydrogen gas
(H2) and hydroxide ions (OH), the reduced product, which can react with the sodium cations
to form sodium hydroxide (NaOH). The hydrogen gas (H») is collected 105 from the

catholyte compartment 30 (also shown in Figure 1).
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[0066] Similarly, the following reactions A and D show that, in at least some
embodiments, the calculated open cell voltage for the cell 10 illustrated in Figure 2B is about
0.94V, which is smaller than the 1.23V over cell voltage for traditional water electrolysis.

(A)  Oxidation reaction at the anode 25: Nal(s) — %I, + Na (Ey =-3.0V)

(D)  Reduction reaction at the cathode 40: Na + HO — NaOH + H; (Eo =

+3.94V).

[0067] In this regard, the open cell voltage for the overall reaction is calculated as Eg red +
Epoxd=+3.94-3.0=0.94V.
[0068] The operation voltage of the cell is in the range from 0.6 to 1.5 V. The operation
current density of the cell is in the range from 0.01 to 50 mA per square cm of membrane.
Preferably, the operation current density is in the range from 10 to 30 mA/cm®.  The
operation temperature of the cell is in the range of -20 to 200 °C. Preferably, the operation
temperature is in the range of 20 to 40 °C.
[0069] Next, step 230 shows that the method 200 can optionally continue as the alkali
metal iodide in the anolyte is regenerated. In the foregoing example discussing sodium
iodide as the anolyte oxidizable substance, the sodium iodide can be regenerated in any
suitable manner. Indeed, in some embodiments, the sodium iodide is regenerated by reacting
iodine formed during oxidation formed in the anolyte 20 with sodium hydroxide formed in
the catholyte 35 (or some other suitable source). Accordingly, most, if not substantially all,
of the sodium iodide (or other alkali metal salt) can be regenerated for use in the cell 10.
Similarly sodium iodide can be regenerated by the reaction of triiodide ions and sodium
hydroxide.
[0070] Again, it should be noted that while the current disclosure includes a method for
regenerating the alkali metal iodide. Such a method may include the steps of recovering the
molecular iodine or triiodide ions from the anolyte compartment, recovering the reduced
product (sodium hydroxide in this example) from the catholyte compartment, and reacting the
molecular iodine or triiodide ions and the reduced product to regenerate the alkali metal
iodide. Figure 2B includes a regeneration cell 110, comprising an inlet to receive the
oxidized product (molecular iodine or triiodide ions) 85 from the anolyte compartment and
the reduced product 95 from the catholyte compartment. The regeneration cell 110 is
configured to cause a chemical reaction between the oxidized product and the reduced
product to regenerate the alkali metal iodide. In the case of the specific reactions depicted in

Fig. 2B, the regeneration reaction includes reacting molecular iodine or triiodide ions with
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sodium hydroxide to regenerate sodium iodide. As depicted in Fig. 2B, the regenerated
sodium iodide can be introduced into the anolyte compartment 15.
[0071] With respect to the manner in which sodium iodide is regenerated, in some
embodiments, the sodium iodide is regenerated by mixing the molecular iodine or triiodide
with sodium hydroxide. When sodium hydroxide is reacted with molecular iodine, the
reaction can proceed in a variety of manners. By way of example, reactions F and G (below)
show that in some embodiments when sodium hydroxide is reacted with iodine, sodium
iodate forms. Nevertheless, reaction H (below) shows that, in other embodiments, the
formation of sodium iodate can be avoided.

(F) 2NaOH + I, — Nal + NaOI + H.O

(G) 3NaOI — NalOs; + 2Nal

(H)  2NaOH + I, — 2Nal + H,O + %20,
[0072] Because the formation of a sodium iodate intermediate product may be less
favorable than simply producing sodium iodide without forming sodium iodate, in some
embodiments, the process is configured to preferentially facilitate or reaction H over
reactions F and/or G. In this regard, the conversion of sodium hydroxide and iodine directly
into sodium iodide, water, and oxygen (e.g., reaction H) can be driven in any suitable
manner, including, without limitation, by adding highly concentrated sodium hydroxide (or
another alkali hydroxide) to the iodine; by increasing the reaction temperature; by reacting
the sodium hydroxide (or another alkali hydroxide) with the iodine in the presence of a
catalyst, ultraviolet light, and/or ultrasonic vibrations; and/or by any other suitable conditions.
[0073] Light, heat, organic matter, and certain heavy metals (such as copper, nickel,
manganese, and cobalt) accelerate the rate of decomposition of sodium hypoiodite. The
presence of transition metal ions (copper and nickel) is known to catalyze the decomposition
of liquid sodium hypoiodite, contributing to the loss of sodium hypoiodite strength and the
formation of oxygen. Also sodium hypoiodite decomposition is dependent on temperature.
For any given strength, the higher the temperature, the faster it decomposes.
[0074] Where the regeneration of sodium iodide (or another alkyl metal salt) is facilitated
by adding highly concentrated sodium hydroxide (or another alkyl hydroxide) to molecular
iodine (or to another oxidized product) (e.g., through reaction H), the sodium hydroxide (or
other alkyl hydroxide) can have any suitable concentration before it is added to the iodine (or
other oxidized product). In some embodiments, the concentration of the sodium hydroxide
(or other alkyl hydroxide) that is added to the molecular iodine (or other oxidized product) is

as low as a concentration selected from about 15%, about 25%, about 30%, and about 35%
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by weight. In contrast, in some embodiments, the concentration of sodium hydroxide (or
another alkyl hydroxide) that is added to the molecular iodine (or another oxidized product) is
as high as a concentration selected from about 35%, about 40%, about 50%, and about 65%,
by weight. Indeed, in some embodiments, the concentration of the sodium hydroxide is
between about 30% and about 50%, by weight, before the sodium hydroxide is added to the
molecular iodine.

[0075] Where the sodium hydroxide (or another alkyl hydroxide) is concentrated before
being added to the molecular iodine (or another oxidized material), the sodium hydroxide can
be concentrated in any suitable manner. In this regard, some examples of suitable methods
for concentrating the sodium hydroxide (or other alkyl hydroxide) include, but are not limited
to evaporating solvent (e.g., water) from the sodium hydroxide with heat obtained through
solar energy, waste heat produced as an industrial byproduct, heat obtained through
geothermal energy, Heat from joule heat generated during cell operation, and/or heat
produced in any other suitable manner. Indeed, because heat obtained from solar energy,
geothermal energy, and from industrial waste heat can be relatively inexpensive or
substantially free. Such heat sources are also environmentally friendly. In some
embodiments, the sodium hydroxide is concentrated through an evaporative process
employing one or more such heat sources.

[0076] Where the regeneration of sodium iodide (or another alkali metal salt) is facilitated
by heating the reaction (e.g., to drive reaction H), the reaction can be heated to any suitable
temperature. The temperature should be below the boiling point of the reactants. Indeed, in
some embodiments, the reaction is heated to a temperature that is as high as a temperature
selected from about 110 degrees Celsius, about 120 degrees Celsius, about 130 degrees
Celsius, and about 140 degrees Celsius. Additionally, when the reaction is heated, the
reaction may be kept below a temperature as low as a temperature selected from about 100
degrees Celsius, about 90 degrees Celsius, about 70 degrees Celsius, and about 60 degrees
Celsius. Indeed, in some embodiments, the reaction is heated to a temperature between about
70 and about 140 degrees Celsius.

[0077] Where the regeneration reaction is driven by heating the reaction, the reaction can
be heated in any suitable manner. For instance, the reaction can be heated with heat obtained
from solar energy, geothermal energy, industrial waste heat, and/or any other suitable heat
source.

[0078] Where the regeneration reaction (e.g., reaction H) is driven by reacting the sodium

hydroxide (or another alkali hydroxide) with iodine (or another oxidized product) in the
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presence of a catalyst, the catalyst can comprise any suitable catalyst, including, without
limitation, a carbon catalyst and/or a metal-oxide catalyst. In this regard, one example of a
suitable catalyst includes, but is not limited to, a catalyst comprising copper oxide (CuQO) and
manganese dioxide (MnQOy).
[0079] Where the regeneration of the alkali metal salt (e.g., reaction H) is facilitated by
exposing the reaction to ultraviolet light, the reaction may be exposed to any suitable
wavelength of ultraviolet light, from any suitable source, including, without limitation, the
sun, an ultraviolet lamp, etc.
[0080] Where the regeneration of the alkali metal salt (e.g., reaction H) is facilitated by
exposing the reaction to ultrasonic vibrations, the reaction can be exposed to ultrasonic
vibrations having any suitable frequency and amplitude.
[0081] Sodium iodate is generated when reaction F happens instead of H. For instance,
the following reactions J and K describe some possible manners in which such embodiments
of this process may occur:

(D L+20H — I +0I + H,O

Q)] 3107 — 2I' + 105

Combining reactions K and L gives:

(K) 3L+60H — 105 +5I' +3H,0
[0082] While the iodate ion (I05") can be converted to the iodide ion (I') in any suitable
manner, in some embodiments, the conversion of the iodate ion is possible when the ion is
reduced in acidic conditions in the presence of a glassy carbon electrode modified by
molybdenum oxides as shown in the following reaction N:

(L) 105 +6H" +6e” < I +3H,0
[0083] For a more detailed discussion concerning the conversion of the iodate ion to the
iodide ion, see Luis Kosminsky, M.B. (1999), Studies on the catalytic reduction of iodate at
glassy carbon electrodes by molybdenum oxides, Electroanalytical Chemistry, 37-41; the
entire disclosure of which is hereby incorporated by reference.
[0084] The described systems and methods may have several beneficial characteristics. In
one example, the described methods are able to efficiently produce hydrogen through a low
voltage solar power driven method. Accordingly, some embodiments of the described
systems and methods may more efficient and/or less expensive than some conventional
methods of water electrolysis.
[0085] In another example, because the described systems and methods include an alkali

cation selective membrane, the described systems advantageously allow the cell 10 to keep
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the contents of the anolyte 15 and catholyte 30 compartments separate. In this manner, the
described systems and methods can allow the cell to function while the anolyte 20 and the
catholyte 35 comprise different materials.

[0086] In still another example, because the alkali metal salt can be regenerated by mixing
the oxidized product from the anolyte compartment 15 with the alkali hydroxide produced in
the catholyte compartment 30, in some embodiments, most, if not all of the alkali metal
iodide can be regenerated and be recycled through the cell 10 to produce more hydrogen. In
this manner, the described systems and methods may be more efficient and less costly than
they would otherwise be if the alkali metal iodide could not be regenerated.

[0087] One important difference between a traditional water electrolyzer and
embodiments of the disclosed invention is replacing the oxygen evolution reaction with the
triiodide generation reaction having a lower standard reduction potential. By such
replacement of the oxygen evolution reaction (OER) anode, the operational cell voltage can
be much lower than 1.8V observed for state-of-the-art water electrolyzers. Specifically, the
photo anode reaction is the oxidation of sodium iodide to triiodide. Coupling of the Nal-Nals
anode with NaOH cathode in an electrolysis cell with NaSICON separator results in the low-
voltage generation of hydrogen. In one embodiment, the Open Circuit Voltage is in the range
of 0.4 V to 1.2V. In another embodiment, the Open Circuit Voltage is about 0.7 V. The
Voltage may be more or less depending on the type of anolyte solvent, pH of the anolyte, and
the anolyte temperature. Figure 3 shows that the theoretical potential difference between
triiodide reaction and hydrogen evolution reaction is ~ 0.54 V.

[0088] The following examples and experimental results are given to illustrate various
embodiments within the scope of the present invention. These are given by way of example
only, and it is understood that the following examples are not comprehensive or exhaustive of
the many types of embodiments of the present invention that can be prepared in accordance

with the present invention.

EXAMPLES

[0089] In one example showing how the electrolysis system of the presently disclosed
invention may function to generate hydrogen, a cell with an anolyte consisting of a 1:1
weight ratio of sodium iodide (Nal) to graphite with a small amount of glycerol to bind the
mixture was electrolyzed. The catholyte used was a 15wt% NaOH solution. The cell was
operated at 65 °C at a current density of 1 mA/cm’. Figures 4A shows the voltage vs. time

plot for this test. In a second test, aqueous Nal (70 wt.%) was utilized in a 90 °C NaSICON
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based electrolysis cell and a constant current of 1 mA is applied across the membrane.
Figures 4B shows the voltage vs. time plot for this test. The data clearly shows the cell
voltage well below the hydrogen evolution voltage of the traditional water electrolyzer (>
1.23V).

[0090] It will be appreciated that the disclosed invention provides systems and methods
for producing hydrogen through the use of an electrochemical cell in which the anode
comprises the anode components of a dye-sensitized solar cell (DSSC). The cost to produce
hydrogen according to the disclosed invention is mainly based upon capital costs and not on
operational electricity costs.

[0091] While specific embodiments and examples of the present invention have been
illustrated and described, numerous modifications come to mind without significantly
departing from the spirit of the invention, and the scope of protection is only limited by the

scope of the accompanying claims.
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CLAIMS:

1. A process for producing hydrogen, the method comprising:
providing an electrochemical cell comprising:

an anolyte compartment holding an anolyte, the anolyte compartment
comprising a photo anode in contact with the anolyte, wherein the anolyte
comprises an alkali metal iodide;

a catholyte compartment holding a catholyte, the catholyte compartment
comprising a cathode in contact with the catholyte, wherein the catholyte
comprises a reducible substance that is electrochemically reduced to form
hydrogen and a reduced product; and

an alkali cation conductive membrane selective to cations of the alkali
metal separates the anolyte compartment from the catholyte compartment;

irradiating the photo anode to oxidize iodide ions to form molecular iodine and
electrons or tritodide ions and electrons; and
conducting electrons from the photo anode to the cathode to reduce the reducible

substance to form hydrogen and a reduced product.

2. The process of claim 1, wherein the photo anode comprises a dye-sensitized solar
cell-based anode comprising a transparent conductive material layer on an optically

transparent glass substrate to form a transparent conductive substrate.

3. The process of claim 2, wherein the photo anode further comprises a wide gap
semiconductor current collector in communication with or attached to the transparent

conductive substrate.

3. The process of claim 3, wherein the photo anode further comprises a photo receptive

dye in communication with or attached to the transparent conductive substrate.

4, The process of claim 1, wherein the alkali cation conductive membrane is selected
from a NaSICON membrane, a LiSICON membrane, a KSICON membrane, a KSICON-type
membrane, a sodium conducting glass, a B or f” alumina membrane, and a solid polymeric

sodium ion conductive membrane.
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5. The process of claim 1, wherein the reduced product comprises an alkali hydroxide.
6. The process of claim 1, wherein the alkali metal iodide comprise sodium iodide.
7. The process of claim 6, further comprising oxidizing the sodium iodide in the anolyte

to form molecular iodine or sodium triiodide, and further comprising regenerating the sodium

iodide by reacting the molecular iodine or sodium triiodide with sodium hydroxide.

8. The process of claim 1, further comprising:
recovering the molecular iodine or triiodide ions from the anolyte compartment;
recovering the reduced product from the catholyte compartment; and

reacting the molecular iodine or triiodide ions to regenerate the alkali metal iodide.

9. The process of claim 1, wherein the catholyte comprises an aqueous solution of

sodium hydroxide.

10. The process of claim 1, wherein the catholyte comprises a non-aqueous

methanol/sodium methoxide solution.
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11. An electrochemical cell comprising:

an anolyte compartment holding an anolyte, the anolyte compartment comprising a
photo anode in contact with the anolyte, wherein the anolyte comprises an alkali metal iodide,
and wherein irradiating the photo anode oxidizes iodide ions to form molecular iodine and
electrons or tritodide ions and electrons;

a catholyte compartment holding a catholyte, the catholyte compartment comprising a
cathode in contact with the catholyte, wherein the catholyte comprises a reducible substance
that is electrochemically reducible to form hydrogen;

an alkali cation conductive membrane selective to cations of the alkali metal, the
membrane being positioned between the anolyte compartment and the catholyte
compartment;

an electrical connection between the photo anode and the cathode to provide an
electrical pathway for the electrons formed at the photo anode to travel to the cathode to
reduce the reducible substance in the catholyte compartment to form hydrogen and a reduced
product;

an anolyte compartment outlet for removing the molecular iodine or triiodide ions;
and

a catholyte compartment outlet for removing the reduced product.

12. The electrochemical cell of claim 11, further comprising a regeneration cell,
comprising an inlet to receive the molecular iodine or triiodide ions from the anolyte
compartment and the reduced product from the catholyte compartment, wherein the
regeneration cell is configured to cause a chemical reaction between the molecular iodine or

triiodide ions and the reduced product to regenerate the alkali metal iodide.

13. The electrochemical cell of claim 11, wherein the anode is a dye-sensitized solar cell
type anode comprising a transparent conductive material layer on an optically transparent

glass substrate to form a transparent conductive substrate.
14. The electrochemical cell of claim 13, wherein the anode further comprises a wide gap

semiconductor current collector in communication with or attached to the transparent

conductive substrate.
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15. The electrochemical cell of claim 14, wherein the anode further comprises a photo

receptive dye in communication with or attached to the transparent conductive substrate.

16. The electrochemical cell of claim 11, wherein the alkali cation conductive membrane
is selected from a NaSICON membrane, a LiSICON membrane, a KSICON membrane, a

sodium conducting glass, a beta alumina membrane, and a solid polymeric sodium ion

conductive membrane.
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