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ABSTRACT 
Among the various aspects of the present disclosure is the 
provision of method of inducing or providing a pH gradient 
in electrochemical or chemical systems . Briefly , the pH 
gradient is induced by use of coated particles or films with 
an ion exchange ionomer . ( 21 ) Appl . No . : 16 / 379 , 212 
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MICROSCALE - BIPOLAR - INTERFACE 
ENABLED PH GRADIENTS IN 
ELECTROCHEMICAL DEVICES 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

0001 ] This application claims priority from U . S . Provi 
sional Application Ser . No . 62 / 654 , 870 filed on 9 Apr . 2018 , 
which is incorporated herein by reference in its entirety . 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0002 ] . This invention was made with government support 
under N00014 - 16 - 1 - 2833 awarded by the Office of Naval 
Research ( ONR ) . The government has certain rights in the 
invention . 

FIELD OF THE DISCLOSURE 
[ 0003 ] The present disclosure is generally directed to the 
use of pH - gradient - enabled microscale - bipolar - interfaces in 
electrochemical energy conversion and storage devices , 
including , but not limited to direct borohydride fuel cells 
( DBFCs ) , polymer electrolyte fuel cells ( PEFCs ) , polymer 
electrolyte electrolyzers ( water as well as other compounds ) , 
and regenerative fuel cells ( e . g . , both unitized and non 
unitized , using water as well as other possible working 
compounds ) designed with an interfacial pH gradient that 
enables operation with decoupled pH between two elec 
trodes , between an electrode and an electrolyte , or within an 
electrode . 

an AEM / cation exchange membrane ( CEM ) bipolar con 
figuration yielded a current density of a few tens of mA / cm² , 
which was low compared to state - of - the - art PEMFCs and 
AEMFCs . The lower performance was attributed to non 
optimized fabrication methods for the bipolar electrode 
assembly and to the large membrane thickness ( 174 um ) . To 
improve performance , a modified bipolar interface was 
employed , wherein the AEM component was integrated 
within a high - pH anion conducting electrode , which was 
directly coupled to a Nafion® membrane . By using this 
modified bipolar interface , the ionic resistance contribution 
of the AEM was avoided and the bipolar junction resided 
closer to the electrode , allowing for higher transport rates . 
This device yielded enhanced performance with a peak 
power density of 62 mW / cm² in H2 / 02 mode , though this 
was still significantly lower than a state - of - the - art PEMFC . 
Devices prepared with this modified design provided a key 
advantage compared with traditional PEMFCs , namely self 
humidification by water generated at the bipolar interface 
that enabled operation under dry conditions . The concept of 
the bipolar interface described above offers interesting pos 
sibilities if the overall performance of the device employing 
the interface can be improved . The present disclosure pro 
vides for such an improved performance . 
10006 ] Direct borohydride fuel cells ( DBFCs ) have 
received considerable attention due to their high power 
density , high open circuit and operating voltages , and avoid 
ance of CO poisoning of the catalysts . The high energy 
density of sodium borohydride ( 9 . 3 kWh kg - 1 ) and specific 
capacity of 5 . 67 kAh kg - 1 offer considerable advantages 
over competing technologies . Liquid H20 , is a safe and 
energy dense oxidant for low temperature DBFCs . The 
standard thermodynamic cell voltage of a direct sodium 
borohydride fuel cell is 2 . 20 V when liquid H2O2 is 
employed as oxidant , a significant enhancement over the 
1 . 23 V obtained with a traditional H20 , cell . 
[ 0007 ] The half - cell and overall reactions of a DBFC , 
relative to a standard hydrogen electrode ( SHE ) , are : 

Anode : BH4 + 8OH - B0 , + 6H , O + 8e - E0 , a = - 1 . 24 
V vs . SHE 

Cathode : 4H202 + 8H * + 8e ?8H20 Eº , c = 1 . 77 V vs . 
SHE 

Overall reaction : BH4 + 4H202 + 8H + + 8OH > B0 , + 
14H20 E° = 3 . 01 V vs . SHE 

Junction potential correction : 3 M KOH | | 1 . 5 M 
H2SO4 E ; = 0 . 81 V 

BACKGROUND OF THE DISCLOSURE 
[ 0004 ] Electrochemical energy conversion and storage 
devices usually operate at uniform pH or over a narrow pH 
range . For example , anion exchange membrane fuel cells 
( AEMFCs ) and anion exchange membrane water electro 
lyzers ( AEMWEs ) both operate at high pH , while proton 
exchange membrane fuel cells ( PEMFCs ) and proton 
exchange membrane water electrolyzers ( PEMWEs ) both 
operate at low pH . The uniform pH environment of these 
devices frequently hampers the facility of one of the half 
cell reactions . In PEMFCs / PEMWEs , where both the anode 
and cathode operate at acidic pH , the hydrogen oxidation / 
evolution reaction is quite facile while the oxygen reduction / 
evolution reaction is sluggish . In AEMFCs / AEMWEs , the 
converse is true . Moreover , the chemical stability of some 
reactants depends strongly on the pH . For example , sodium 
borohydride is only stable at high pH and disproportionates 
in acidic and neutral solutions . Hydrogen peroxide , con 
versely , disproportionates at high pH but is stable at low pH . 
Therefore , a direct borohydride fuel cell using hydrogen 
peroxide as oxidant can only be operated effectively by 
maintaining different pH at the anode and cathode . Thus , if 
electrochemical devices can be designed with an interfacial 
pH gradient that enables decoupled pH at the two electrodes , 
it is possible to : a ) enhance half - cell reaction kinetics ; b ) 
significantly expand the selection of electrocatalysts ( espe 
cially non - noble - metal electrocatalysts ) that can be used , 
and c ) broaden the selection of ( combinations of ) fuels and 
oxidants that can be employed . 
[ 0005 ] Hybrid AEM / CEM bipolar configurations for 
H2 / 02 fuel cells and direct methanol fuel cells ( DMFCs ) 
have been previously demonstrated . The H2 / 02 fuel cell with 

Net cell voltage : E° - E ; = 2 . 20 V 
[ 0008 ] DBFCs have been primarily demonstrated using 
either a CEM or an AEM separator . Poly ( phenylene oxide ) 
based AEMs ( PPO - TMA + ) have been previously synthe 
sized and employed for the fabrication of a bipolar interface 
membrane electrode assembly ( BIMEA ) for a DBFC oper 
ated with liquid H , , . The BIMEA configuration included 
an alkaline anode containing solubilized PPO - TMA + anion 
exchange ionomer ( AEI ) as the binder , an acidic Nafion® 
membrane , and an acidic cathode containing solubilized 
Nafion® as the binder . Two additional configurations were 
also evaluated : 1 ) DBFC with an all - AEM configuration that 
included an alkaline anode with solubilized PPO - TMA + AEI 
binder , AEM ( PPO - TMA + ) separator and an alkaline cath 
ode with solubilized PPO - TMA + AB binder ; 2 ) DBFC with 
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an all - CEM configuration that comprised an acid anode with 
a solubilized Nafion® binder , a Nafion® membrane and an 
acid cathode with solubilized Nafion® binder . Under the 
same experimental conditions , peak power densities of 110 
mW / cm² , 82 mW / cm² and 80 mW / cm² were obtained for 
the DBFC with the BIMEA , AEM and CEM configurations 
respectively . While these results were promising , further 
studies were deemed necessary to understand the functional 
principles of the BIMEA interface , specifically the role of 
the pH gradient across the interface , and to achieve the 
power densities required for practical applications . 
[ 0009 ] Electrocatalysts such as Ni , Pt , and Pd have good 
catalytic activity towards both the electrochemical oxidation 
and the chemical hydrolysis of NaBH4 . DBFCs with Ni , Pt 
or Pd at the anode yield high power densities , but have low 
faradic efficiencies , e . g . , 50 % for nickel and 75 % for palla 
dium . It has been observed that among all the metal cata 
lysts , Au is the most effective and Ni is the least effective 
electrocatalyst for the borohydride oxidation reaction in 
terms of the number of electrons being transferred , not in 
terms of power density ) . It has also been observed that the 
electrooxidation of borohydride yields 7 - 8 electrons on gold 
and silver disk electrodes , and only 4 electrons on platinum 
disk electrodes . The relatively higher utilization efficiency of 
gold and silver electrodes towards electrooxidation of boro 
hydride are primarily due to their low activity for the 
hydrolysis of borohydride . However , gold and silver exhibit 
sluggish kinetics towards the borohydride oxidation reaction 
( BOR ) . For practical applications , it is more desirable to 
have large current and power densities for the BOR Pd 
catalyst loaded on nickel foam has been employed at the 
anode to achieve high DBFC performance ( a peak power 
density of 250 mW / cm² ) . It has been pointed out that nickel 
foam has a positive contribution to achieve high open circuit 
voltage ( OCV ) in a DBFC . For the reduction of hydrogen 
peroxide , the use of Pt as the cathode catalyst has yielded 
good performance ( a peak power density of 325 mW / cm² ) 
in a DBFC . In the present disclosure , and based on the above 
considerations , Pd deposited on Ni foam was selected as the 
anode catalyst for the BOR . Pt / C was selected as the cathode 
catalyst for the hydrogen peroxide reduction reaction . 

[ 0013 ] In some embodiments , the ion exchange membrane 
is selected from a cation exchange membrane or an anion 
exchange membrane . 
[ 0014 ] In some embodiments , the catalytic or non - cata 
lytic particle , catalytic or non - catalytic plurality of particles , 
or the catalytic or non - catalytic film comprises a material 
selected from one or more of the group consisting of Ni , Pt , 
Pd , Ir , Au , Ag , COO , a noble metal , a metal alloy thereof , a 
metal mixture thereof , and combinations thereof . 
[ 0015 ] In some embodiments , the cation exchange mem 
brane or cation exchange ionomer comprises a material 
selected from one or more of the group consisting of 
Nafion® 212 , Nafion® 115 , Nafion® 117 , sulfonated poly 
styrene - block - poly ( ethylene - ran - butylene ) - block - polystyre 
netri - block copolymer , sulfonated poly ( phenylene oxide ) , 
BAM ( Ballard ) , poly ( ethylene - co - tetrafluoroethylene ) 
graft - poly ( styrene sulfonic acid ) , poly ( vinylidene fluoride ) 
graft - poly ( styrene sulfonic acid ) , sulfonated poly ( arylene 
ether ketone ) , sulfonated poly ( 4 - phenoxybenzoyl - 1 , 4 - phe 
nylene ) , and sulfonated polysulfone . 
[ 0016 ] In some embodiments , the anion exchange mem 
brane or anion exchange ionomer comprises a material 
selected from one or more of the group consisting of 
polystyrene - block - poly ( ethylene - ran - butylene ) - block - poly 
styrenetri - block tri - block copolymer - based backbone , poly 
( phenylene oxide ) - based backbone , polysulfone - based 
backbone , poly ( N , N - diallylazacycloalkane ) - based back 
bone , bromoalkyl - tethered poly ( biphenyl alkylene ) - based 
backbone , multiblock copoly ( arylene ether ) - based back 
bone , poly ( vinylbenzyl chloride ) - based backbone , and 
cardo - polyetherketone - based backbone . For example , in 
some embodiments , the method comprises a functional 
group selected from one or more of the group consisting of 
benzyl - trimethylammonium , benzyl - imidazolium , 
guanidium , benzyl - tris ( 2 , 4 , 6 - trimethoxyphenyl ) phospho 
nium , permethyl cobaltocenium , 1 , 4 - dimethylpiperazinium , 
and benzyl - trimethylphosphonium . 
[ 0017 ] In some embodiments , the method comprises intro 
ducing either a reducing agent or an oxidizing agent to a first 
electrode comprising a first catalyst and that is coated by an 
ion exchange ionomer . 
[ 0018 ] In some embodiments , the method comprises intro 
ducing either an oxidizing agent or a reducing agent to a 
second electrode comprising a second catalyst and that is 
coated by an ion exchange ionomer . 
[ 0019 ] In some embodiments , the first electrode and the 
second electrode are separated by an ion exchange mem 
brane . 
10020 ] . In some embodiments , a reaction with a reduced or 
oxidized species from the first electrode and an oxidized or 
reduced species from the second electrode occurs at an 
interface between the ion exchange ionomer coating and the 
ion exchange membrane , wherein the reaction results in 
splitting water , forming water , forming a compound pro 
duced by a half - cell reaction occurring at the first electrode 
and the second electrode , or forming a compound produced 
by an overall full cell reaction . 
f0021 ] In some embodiments , the reducing agent com 
prises a material selected from one or more of the group 
consisting of : sodium borohydride , methanol , hydrazine , 
hydrogen , water , and ethanol . 
[ 0022 ] In some embodiments , the oxidizing agent com 
prises a material selected from one or more of the group 
consisting of hydrogen peroxide , water , and oxygen . 

SUMMARY OF THE INVENTION 
[ 0010 ] Among the various aspects of the present disclo 
sure is the provision of compositions for use in and methods 
of inducing or providing a pH gradient in electrochemical or 
chemical systems . Briefly , the pH gradient is induced by use 
of coated particles or films with an ion exchange ionomer . 
[ 0011 ] An aspect of the present disclosure provides for a 
method of inducing or providing a pH gradient in an 
electrochemical or a chemical system comprising : coating a 
catalytic or non - catalytic particle , a plurality of catalytic or 
non - catalytic particles , or a catalytic or non - catalytic film 
with an ion exchange ionomer , resulting in an ionomer 
coated catalytic or non - catalytic particle , an ionomer coated 
plurality of catalytic or non - catalytic particles , or an ionomer 
coated catalytic or non - catalytic film ; and placing the coated 
catalytic or non - catalytic particle , the coated plurality of 
catalytic or non - catalytic particles , or the coated catalytic or 
non - catalytic film in contact with an ion exchange mem 
brane or another particle or plurality of particles . 
[ 0012 ] In some embodiments , the ion exchange ionomer is 
selected from anion exchange ionomer or a cation exchange 
ionomer . 
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[ 0023 ] In some embodiments , the reducing agent or the 
oxidizing agent is fed contacted with the first electrode or the 
second electrode in a single - pass mode or in a recycle mode . 
[ 0024 ] In some embodiments , the ion exchange ionomer 
coating is of a thickness and coverage sufficient to increase 
the pH gradient across the interface compared to the pH 
gradient without the ionomer coating ; to provide a pH 
gradient of about 1 pH unit per nm of the interface ; or 
prevent catholyte contact with an anode active site . 
[ 0025 ] Another aspect of the present disclosure provides 
for a method of electrochemical conversion from combining 
a reducing agent and an oxidizing agent , comprising : intro 
ducing either a reducing agent or an oxidizing agent to a first 
electrode comprising a first catalyst coated by a first ion 
exchange ionomer ; or introducing either an oxidizing agent 
or a reducing agent to a second electrode comprising a 
second catalyst coated by a second ion exchange ionomer . 
[ 0026 ] In some embodiments , the first ion exchange iono 
mer and second an ion exchange ionomer are independently 
selected from an anion exchange ionomer or a cation 
exchange ionomer . 
[ 0027 ] In some embodiments , the first electrode and the 
second electrode are separated by an ion exchange mem 
brane . 
[ 0028 ] In some embodiments , a reaction with a reduced or 
oxidized species from the first electrode and an oxidized or 
reduced species from the second electrode occurs at an 
interface between the ion exchange ionomer coating and the 
ion exchange membrane , wherein the reaction results in 
splitting water , forming water , forming a compound pro 
duced by a half - cell reaction occurring at the first electrode 
and the second electrode , or forming a compound produced 
by an overall full cell reaction . 
10029 ] In some embodiments , the ion exchange membrane 
is a cation membrane or an anion exchange membrane . 
[ 0030 ] In some embodiments , the first catalyst is a metal 
lic or a non - metallic particle or a metallic or a non - metallic 
film comprising a material selected from the group consist 
ing of Ni , Pt , Pd , Ir , Au , Ag , COO , a noble metal , a metal 
alloy thereof , a metal mixture thereof , and a combination 
thereof . 
[ 0031 ] In some embodiments , the second catalyst is a 
metallic or a non - metallic particle or a metallic or a non 
metallic film comprising a material selected from the group 
consisting of Ni , Pt , Pd , Ir , Au , Ag , Coo , a noble metal , a 
metal alloy thereof , a metal mixture thereof , and a combi 
nation thereof . 
[ 0032 ] In some embodiments , the cation exchange mem 
brane or cation exchange ionomer comprises a material 
selected from one or more of the group consisting of 
Nafion®212 , Nafion® 115 , Nafion® 117 , sulfonated poly 
styrene - block - poly ( ethylene - ran - butylene ) - block - polystyre 
netri - block copolymer , sulfonated poly ( phenylene oxide ) , 
BAM ( Ballard ) , poly ( ethylene - co - tetrafluoroethylene ) 
graft - poly ( styrene sulfonic acid ) , poly ( vinylidene fluoride ) 
graft - poly ( styrene sulfonic acid ) , sulfonated poly ( arylene 
ether ether ketone ) , sulfonated poly ( 4 - phenoxybenzoyl - 1 , 4 
phenylene ) , and sulfonated polysulfone . 
[ 0033 ] In some embodiments , the anion exchange mem 
brane or anion exchange ionomer comprises a material 
selected from one or more of the group consisting of a 
polystyrene - block - poly ( ethylene - ran - butylene ) - block - poly 
styrenetri - block tri - block copolymer - based backbone , poly 
( phenylene oxide ) - based backbone , polysulfone - based 

backbone , poly ( N , N - diallylazacycloalkane ) - based back 
bone , bromoalkyl - tethered poly ( biphenyl alkylene ) - based 
backbone , multiblock copoly ( arylene ether ) - based back 
bone , poly ( vinylbenzyl chloride ) - based backbone , and 
cardo - polyetherketone - based backbone . 
[ 0034 ] In some embodiments , the backbone comprises a 
functional group selected from one or more of the group 
consisting of benzyl - trimethylammonium , benzyl - imidazo 
lium , guanidium , benzyl - tris ( 2 , 4 , 6 - trimethoxyphenyl ) 
phosphonium , permethyl cobaltocenium , 1 , 4 - dimethylpip 
erazinium , and benzyl - trimethylphosphonium . 
[ 0035 ] In some embodiments , the cation exchange iono 
mer comprises a material selected from one or more of the 
group consisting of sulfonated polystyrene - block - poly ( eth 
ylene - ran - butylene ) - block - polystyrenetri tri - block copoly 
mer , perfluorinated Nafion® solution , sulfonated poly ( phe 
nylene oxide ) , sulfonated polysulfone , sulfonated poly 
( arylene ether ether ketone ) , and sulfonated poly ( 4 - phe 
noxybenzoyl - 1 , 4 - phenylene ) . 
[ 0036 ] In some embodiments , the reducing agent com 
prises a material selected from one or more of the group 
consisting of : sodium borohydride , methanol , hydrazine , 
hydrogen , water , and ethanol . 
[ 0037 ] In some embodiments , the oxidizing agent com 
prises a material selected from one or more of the group 
consisting of hydrogen peroxide , water , and oxygen . 
[ 0038 ] In some embodiments , the reducing agent or the 
oxidizing agent is fed contacted with the electrodes in a 
single - pass mode or in a recycle mode . 
[ 0039 ] In some embodiments , the ion exchange ionomer 
coating is of a thickness and coverage sufficient to increase 
a pH gradient across the interface compared to a pH gradient 
without the ionomer coating ; to provide a pH gradient of 
about 1 pH unit per nm of the interface ; or prevent catholyte 
contact with an anode active site . 

DESCRIPTION OF THE DRAWINGS 
[ 0040 ] FIG . 1 depicts a scheme for the recessed planar 
electrode system designed to simulate a pH - gradient - en 
abled microscale bipolar junction with the pH sensitive 
sodium borohydride electrooxidation reaction as a test case . 
[ 0041 ] FIG . 2 depicts the hydrogen oxidation reaction 
( HOR ) and the borohydride oxidation reaction ( BOR ) 
OCVs . 
[ 0042 ] FIG . 3 depicts a general structure of the microscale 
bipolar interface . 
[ 0043 ] FIG . 4A - 4C depict the polarization curves obtained 
from DBFC experiments together with the configuration 
schemes employed . ( A ) is a polarization curve for a DBFC 
with an all - CEM configuration that included an acid anode , 
CEM separator and an acid cathode . ( B ) is a polarization 
curve for a DBFC with an all - AEM configuration that 
included an alkaline anode , AEM separator and an alkaline 
cathode . ( C ) is a polarization curve for a DBFC with a 
pH - gradient - enabled microscale bipolar interface configu 
ration that included an alkaline anode , CEM separator and 
an acid cathode . 
[ 0044 ] FIG . 5 depicts performance of DBFC ( 5 cm ? 
active - area ) with a pH - gradient - enabled microscale bipolar 
interface ( PMBI ) configuration as function of separator 
membrane thickness . 
[ 0045 ] FIG . 6 depicts performance of a DBFC with a 
PMBI configuration in a 25 cm² active - area cell as a function 

rates . 
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[ 0046 ] FIG . 7 depicts a comparison of polarization curves 
for a scaled up ( 25 - cm² ) DBFC with pH - gradient - enabled 
microscale bipolar interphase configuration and a known , 
state - of - the - art PEMFC . 
[ 0047 ] FIG . 8A - 8B depict the stability of the DBFC with 
pH - gradient - enabled microscale bipolar interphase configu 
ration . ( A ) In situ DFBC stability tests performed in an 
operating fuel cell by holding the cell at a constant voltage 
of 1 . 0 V for 60 minutes . ( B ) Polarization curves were 
acquired before and after this ex situ treatment . 
[ 0048 ] FIG . 9 depicts the ' H NMR of CMSEBS55 . 
[ 0049 ] FIG . 10A - 10B depict ( A ) phase separation mor 
phology of tri - block copolymer ( SEBS55 - TMA ) and ( B ) the 
hydroxide and chloride ions conductivity for SEBS55 - TMA . 
[ 0050 ] FIG . 11 depicts the FTIR spectra of SEBS , 
CMSEBS55 and SEBS55 - TMA . 
[ 0051 ] FIG . 12A - 12B depict the cross - sectional view of 
the ( A ) anode and ( B ) cathode obtained by SEM . 

DETAILED DESCRIPTION 
[ 0052 ] The present application is directed to preparing 
microscale bipolar interfaces and examining their ability to 
control a local pH gradient at the electrocatalytic reaction 
sites and to translate these microscale bipolar interfaces to 
DBFCs or any other electrochemical energy conversion or 
storage devices . 
[ 0053 ] The theoretical OCV for DBFC operated with 
H20 , is 2 . 2 V . The low OCV observed in DBFCs is primar 
ily because of the crossover of alkaline fuel and acidic 
oxidant steams . A highly alkaline pH is imperative for the 
DBFC to achieve the high OCV values reported herein as the 
BOR ( Eº = - 1 . 24 V vs . SHE ) is in competition with the 
hydrogen oxidation reaction ( Eº = 0 V vs . SHE ) . Thus , the 
measured and reported OCV was understood to be a mixed 
potential with contributions from both reactions with a 
strong dependence on pH . 
[ 0054 ] As described herein , separators were shown to be 
useful in devices or fuel cells such as direct borohydride fuel 
cells ( DBFCs ) , hydrogen fuel cell , oxygen fuel cells elec 
trolyzer , or unitized regenerative fuel cells ( URFCs ) . By 
enabling a high pH gradient , the separators allowed the 
different halves of the cell to operate in an optimized pH 
zone . A high pH gradient can reduce the rate of competing 
electrochemical processes ( e . g . , enhancing operating volt 
age ) or enabling a system to reasonably work ( e . g . , the 
DBFC requires different pH for the half cells because 
sodium borohydride is only stable at high pH and hydrogen 
peroxide , conversely , is stable at low pH ) . 
[ 0055 ] As an example , DBFCs are irreversible , unlike 
other systems . An advantage of a DBFC , compared to other 
systems , is the production of no gas evolution on discharge 
( simplified reaction : NaBH4 + 20 , > NaBO2 + 2H2O + Elec 
tricity ) and high power density . As such , DBFCs can be 
useful for underwater submersibles . 
[ 0056 ] Described herein is a new device architecture ( e . g . , 
a microscale - bipolar interface ) for use in systems that ben 
efit from the presence of a well - defined pH gradient . Pres 
ently disclosed is the application of the unique architecture 
in a direct borohydride fuel cell . 
[ 0057 ] An example of a bipolar - interface - enabled pH gra 
dient can comprise a polystyrene - block - poly ( ethyleneran 
butylene ) - block - polystyrene triblock copolymer - based 
anion exchange ionomer as the anode binder , a Nafion® 
membrane as separator , and Nafion® ionomer as the cathode 

binder . Using this combination , the inventors were able to 
show compelling power density at a more useful voltage 
than conventional approaches ( see e . g . , FIG . 5 ) . 
[ 0058 ] . As described herein , a microscale - bipolar interface 
has been demonstrated to be capable of maintaining large pH 
gradients between acidic and alkaline phases in ex - situ tests 
as detailed in the Examples . Further , such interfaces were 
shown to be used in a direct borohydride fuel cell . A high 
voltage sodium borohydride device was obtained with an 
open circuit voltage of 1 . 95 V . The direct sodium borohy 
dride fuel cell yielded a promising current density of 330 
mA / cm² at 1 . 5 V and a peak power density of 630 mW / cm² 
at 1 V . The high performance of the sodium borohydride fuel 
cell can be useful in transportation , such as in a fuel cell 
automobile , autonomous vehicles such as UAVs and UUVs , 
or a stationary power generator . 
[ 0059 ] The present disclosure can be useful in any field 
involving electrochemical energy generation . This device 
can be incorporated into any system that requires ( or can be 
optimized with ) the separation of phases with different pH 
values . 
[ 0060 ] Compared with conventional proton exchange 
membrane fuel cell , which is operated at 0 . 7 V , the direct 
sodium borohydride fuel cell with pH - gradient - enabled 
microscale bipolar interface configuration enabled the 
operation of a fuel cell automobile at 1 . 4 V with similar 
current density . This direct borohydride fuel cell with bipo 
lar interface provided a pathway to use a dense and readily 
transportable fuel circumventing the Carnot limit on effi 
ciency . The high - voltage operation without compromise on 
power density can help reduce costs of fuel cell stacks by 
simplifying stack design considerably . Doubling the cell 
voltage can reduce the number of cells by a factor of 2 
without compromising overall power output ( current scales 
with cell area , where there is much flexibility ) , while still 
enabling seamless integration with motors and other acces 
sories at the rated stack voltage . 
[ 0061 ] A catalyst can be selected from any one of the 
catalysts known in the art , used in the compositions and 
methods as described herein , sufficient to provide a pH 
gradient . For example , the catalyst can comprise Ni , Pt , Pd , 
Ir , Au , Ag , Coo , noble metal , and similar elements , or 
combinations thereof ( e . g . , metal alloys and metal mixtures ) . 
As another example , the catalyst can be supported by 
carbon . 
[ 0062 ] As described herein , an ionomer can have a thick 
ness on the scale of nanometers . For example , the ionomer 
can have a thickness of about 1 nm ; about 2 nm ; about 3 nm ; 
about 4 nm ; about 5 nm ; about 6 nm ; about 7 nm ; about 8 
nm ; about 9 nm ; about 10 nm ; about 11 nm ; about 12 nm ; 
about 13 nm ; about 14 nm ; about 15 nm ; about 16 nm ; about 
17 nm ; about 18 nm ; about 19 nm ; about 20 nm ; about 21 
nm ; about 22 nm ; about 23 nm ; about 24 nm ; about 25 nm ; 
about 26 nm ; about 27 nm ; about 28 nm ; about 29 nm ; about 
30 nm , about 31 nm ; about 32 nm ; about 33 nm ; about 34 
nm ; about 35 nm ; about 36 nm ; about 37 nm ; about 38 nm ; 
about 39 nm , about 40 nm ; about 41 nm ; about 42 nm , about 
43 nm ; about 44 nm ; about 45 nm ; about 46 nm ; about 47 
nm ; about 48 nm ; about 49 nm ; about 50 nm ; about 51 nm ; 
about 52 nm ; about 53 nm , about 54 nm , about 55 nm ; about 
56 nm ; about 57 nm ; about 58 nm ; about 59 nm ; about 60 
nm ; about 61 nm ; about 62 nm ; about 63 nm ; about 64 nm ; 
about 65 nm ; about 66 nm ; about 67 nm ; about 68 nm ; about 
69 nm ; about 70 nm ; about 71 nm ; about 72 nm ; about 73 
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nm ; about 74 nm ; about 75 nm ; about 76 nm ; about 77 nm ; 
about 78 nm ; about 79 nm ; about 80 nm ; about 81 nm ; about 
82 nm ; about 83 nm ; about 84 nm ; about 85 nm ; about 86 
nm ; about 87 nm ; about 88 nm ; about 89 nm ; about 90 nm ; 
about 91 nm ; about 92 nm ; about 93 nm ; about 94 nm ; about 
95 nm ; about 96 nm ; about 97 nm ; about 98 nm ; about 99 
nm ; or about 100 nm . Recitation of each of these discrete 
values is understood to include ranges between each value . 
[ 0063 ] As described herein , a catalyst layer or particle can 
have a thickness on the micron level . For example , the 
catalyst layer or particle can have a thickness of about 1 um ; 
about 2 um ; about 3 um ; about 4 um ; about 5 um ; about 6 
um ; about 7 um ; about 8 um ; about 9 um ; about 10 um ; about 
11 um ; about 12 um ; about 13 um ; about 14 um ; about 15 
um ; about 16 um ; about 17 um ; about 18 um , about 19 um ; 
about 20 um ; about 21 um ; about 22 um ; about 23 um ; about 
24 um ; about 25 um ; about 26 nm ; about 27 um ; about 28 
um ; about 29 um ; about 30 um ; about 31 um ; about 32 um ; 
about 33 um ; about 34 um ; about 35 um ; about 36 um ; about 
37 um ; about 38 um ; about 39 um ; about 40 um ; about 41 
um ; about 42 um ; about 43 um ; about 44 um ; about 45 um ; 
about 46 um ; about 47 um ; about 48 nm ; about 49 um ; about 
50 um ; about 51 um ; about 52 um ; about 53 um ; about 54 
um ; about 55 um ; about 56 um ; about 57 um ; about 58 um ; 
about 59 um ; about 60 um ; about 61 um ; about 62 um ; about 
63 um ; about 64 um ; about 65 um ; about 66 um ; about 67 
um ; about 68 um ; about 69 um ; about 70 nm ; about 71 um ; 
about 72 um ; about 73 um ; about 74 um ; about 75 um ; about 
76 um ; about 77 um ; about 78 um ; about 79 um ; about 80 
um ; about 81 um ; about 82 um ; about 83 um ; about 84 um ; 
about 85 um ; about 86 um ; about 87 um ; about 88 um ; about 
89 um ; about 90 um ; about 91 um ; about 92 um ; about 93 
um ; about 94 um ; about 95 um ; about 96 um ; about 97 um ; 
about 98 um ; about 99 um ; or about 100 um . Recitation of 
each of these discrete values is understood to include ranges 
between each value . 

high pH gradient across the bipolar junction and in prevent 
ing catholyte contact with the anode active sites . Subse 
quently , DBFC devices with the pH - gradient - enabled 
microscale bipolar interface ( PMBI ) configuration were 
scaled to a 25 - cm² active cell area to yield the highest DBFC 
performance reported thus far . 
10066 ] . FIG . 1 depicts a scheme for the recessed planar 
electrode system designed to simulate a pH - gradient - en 
abled microscale bipolar junction with the pH sensitive 
sodium borohydride electro oxidation reaction as a test case . 
The PMBI configuration was selected to control the local pH 
at the anode electrocatalyst . The PMBI configuration allows 
the realization of the key idea that a cation exchange 
separator in intimate contact with an anion exchange binder 
covered electrocatalyst would behave as a microscopic and 
localized bipolar interface . The effect of the electrode binder 
composition was examined using the RPE depicted in FIG . 
1 . 
10067 ] The RPE system was designed to simulate the 
conditions at the anode electrodes used in the DBFC . The 
recessed nature of the disk ensured that the current distri 
bution was uniform over the disk surface and the PTFE 
shroud ensured that slurry did not stick to the shroud walls 
leading to undesirable edge thickening . Thus , a uniform , 
planar catalyst layer with current distribution isogalvanic 
lines orthogonal to the surface over the entire active area was 
ensured . 
[ 0068 ] The discs were precision machined out of a Ni rod 
( Goodfellow , 5 mm dia . , 99 . 99 + % purity ) to simulate the Ni 
support used in the DBFC and fitted into a PTFE U - Cup 
( Pine Instruments ) as depicted in FIG . 1 . The Ni disk was 
covered by a thin catalyst film using standard drop casting 
techniques using catalyst inks that matched the compositions 
used in the DBFC anode . 
[ 0069 ] The first catalyst ink , used at the anode , was made 
of a suspension of Pd / C ( 40 wt % Pd / C from Premetek 
Corporation , P30A400 ) catalyst in a solution of chlorom 
ethylated polystyrene - block - poly ( ethylene - ran - butylene ) 
block - polystyrene ( CMSEBS55 ; 55 : 45 molar ratio of sty 
rene to rubber ) in chlorobenzene . 
[ 0070 ] The choloromethylated polystyrene - block - poly 
( ethylene - ran - butylene ) - block - polystyrene ( CMSEBS ) was 
synthesized by dissolving 5 g of styrene - ( ethylene - buty 
lene ) - styrene ( SEBS ) in chlorobenzene ( 250 ml ) . Parafor 
madehyde ( 16 . 7 g ) was added into the mixture and the 
temperature was set to 55° C . Chlorotrimethylsilane ( 70 . 5 
ml ) and tin ( IV ) chloride ( 1 . 3 ml ) were added to mixture , and 
the reaction temperature was raised to 80° C . The mixture 
was reacted for with 7 days . The product was precipitated in 
methanol ( 1 . 3 L ) , recovered by filtration , and washed with 
abundant methanol . The product was purified by re - dissolv 
ing in chloroform / chlorobenzene ( 4 : 1 ) and re - precipitating 
in methanol . The purification process was repeated two 
times . Chloromethylation of SEBS ( 55 : 45 molar ratio of 
styrene to rubber ) resulted in chloromethylated SEBS poly 
mers CMSEBS55 with degrees of chloromethylation ( DF ; 
mol of chloromethyl groups per mol of polymer repeat unit ) 
of 0 . 31 , as shown in FIG . 9 . 
10071 ] A suspension of 0 . 4 g Pd / C catalyst in a solution of 
0 . 17 g CMSEBS55 in 9 . 75 ml of chlorobenzene was soni 
cated for 7 minutes . The resultant ink was sprayed on a 
porous nickel foam electrode ( 1 . 6 mm thickness from MTI 
Corporation ) with an airbrush ( Badger model 150 ) . The 
electrode was immersed into a mixed solution of NMP ( 30 

EXAMPLES 

[ 0064 ] The following non - limiting examples are provided 
to further illustrate the present disclosure . It should be 
appreciated by those of skill in the art that the techniques 
disclosed in the examples that follow represent approaches 
the inventors have found function well in the practice of the 
present disclosure , and thus can be considered to constitute 
examples of modes for its practice . However , those of skill 
in the art should , in light of the present disclosure , appreciate 
that many changes can be made in the specific embodiments 
that are disclosed and still obtain a like or similar result 
without departing from the spirit and scope of the present 
disclosure . 

Example 1 : Microscale - Bipolar - Interface - Enabled 
pH Gradients in Electrochemical Devices 

[ 0065 ] The efficacy of the microscale bipolar interface in 
maintaining a pH gradient was established using recessed 
planar electrodes ( RPES ) . The RPEs were designed to mimic 
the electrochemical environment and current distribution of 
the anode half - cell . The OCV was measured at different bulk 
pH values and it was observed that the predominant reaction 
at the anode was unchanged with changing bulk pH when 
the microscale bipolar interface was employed . This pro 
vided the first direct evidence of the effectiveness of the 
microscale bipolar interface configuration in maintaining a 
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ml ) and TMA solution ( 3 ml ) at 30° C . for two days to 
functionalize the CMSEBS55 and yield the AEI ( SEBS55 - 
TMA ) . 
[ 0072 ] The second catalyst ink , used at the cathode , was 
made of a suspension of 0 . 4 g PVC catalyst ( 46 wt % Pt / C 
from Tanaka K . K . ) in a solution of 3 . 42 g Nafion® 
perfluorinated resin solution in 6 ml of isopropanol / water 
mixture ( 1 : 1 weight ratio ) , and sonicated for 7 minutes . The 
resultant ink was sprayed on a porous carbon paper ( GDL 
24AA diffusion media from Ion Power ) with an airbrush 
( Badger model 150 ) . 
[ 0073 ] The nominal catalyst loadings at the anode and the 
cathode for the 5 - cm² active area cell was 1 mg catalys / cm² . 
The nominal catalyst loadings at the anode and the cathode 
for the 25 - cm ' active area cell was 3 mgcatatus / cm ' . The 
Pd / C deposited on Ni foam electrode and PVC deposited on 
the GDL 24AA electrode were characterized using a SEM 
( FEI Nova 230 ) equipped with an EDX analyzer . The beam 
energy used was 10 kV , the chamber pressure was 9x10 - 3 Pa 
and the chamber temperature was 23° C . 
[ 0074 ] The electrolyte bulk consisted of a NaBH4 solution 
in KOH . The solution composition was varied to change the 
pH value in the bulk and the OCV was monitored over time . 
The following solution compositions used to test the OCV : 
1 ) 0 . 5 M KOH + 0 . 1 M NaBH . ; 2 ) 0 . 1 M KOH + 0 . 1 M 
NaBH _ ; 3 ) 0 . 01 M KOH + 0 . 1 M NaBH4 ; 4 ) DI water + 0 . 1 M 
NaBH . ; 5 ) 0 . 05 MH , SO4 + 0 . 1 M NaBH . By changing the 
bulk electrolyte pH values in the RPE system , the control of 
the pH gradient across the binder in the thin - film electrode 
could be observed by monitoring OCV of BOR All the 
measurements were carried out in a standard three electrode 
system with a Pt counter electrode and a calomel reference 
electrode . The pH was recorded using an Accumet® por 
table laboratory pH meter prior to the start of OCV moni 
toring . 
[ 0075 ] FIG . 2 depicts the hydrogen oxidation reaction 
( HOR ) and the borohydride oxidation reaction ( BOR ) 
OCVs . Initially , the highly basic anolyte strongly favored 
the BOR . Over time , the use of a CEM such as Nafion as 
the separator would lead to a drop in the bulk anolyte pH and 
the OCV measured would be a function of the ratio of 
protons to borohydride ions available at the electrocatalyst 
surface . The electrocatalysts were reasonably assumed to be 
covered by a thin layer of the binder and hence the local 
conditions at the electrocatalyst surface would be a function 
of the binder . In case of a CEM binder being used , it has 
been previously shown that in sufficiently alkaline condi 
tions in the bulk electrolyte , the kinetics of the hydrogen 
evolution reaction / hydrogen oxidation reaction ( HER / HOR ) 
is independent of the nature of the binder due to sufficient 
OR ions being transported through the CEM . The HOR and 
the BOR OCVs depicted in FIG . 2 were calculated for 
different pH values from the standard equilibrium potentials 
using Eqn . 1 applicable to the reversible hydrogen electrode : 

Eº = ( - 1 . 24 - 0 . 059xpH ) V vs . SCE 
[ 0076 ] BOR theoretical OCV can be obtained by Eqn . 2 : 

EBO = ( - 1 . 24 + 0 . 059xpH - 0 . 241 ) V vs . SCE ( 2 ) 
100771 . These OCVS serve as upper and lower bounds 
respectively for the experimental measurements with differ 
ent binder configurations and at different pH values . The 
OCV values obtained herein with the RPE with the CEM 
based thin - film electrode , depicted in FIG . 2 , was found to 
closely track the theoretical OCV for the HOR . The mea 

sured OCVs for the case of the electrode with the CEM 
binder showed that the contribution from the BOR to the 
OCV was minimal and that the anode was behaving similar 
to the anode in a standard hydrogen fuel cell . 
[ 0078 ] The OCV values measured on the RPE with the 
AEM binder was found to be dominated by the contribution 
from the BOR . At a pH of 13 . 5 , the OCV was a mixed 
potential with a > 60 % contribution from the BOR Interest 
ingly , an inverse correlation was observed between the 
electrolyte bulk pH and the apparent contribution of the 
BOR to the mixed potential . This result would be anomalous 
if the pH at the reaction site was expected to track the pH 
changes in the bulk as the BOR reaction would be expected 
to contribute more to the mixed potential at higher pH due 
to the higher OH - concentration driving it forward . The 
remarkably constant OCV values over a wide range of 
alkaline pH values unequivocally confirmed that the reaction 
was not occurring in an environment similar to the electro 
lyte bulk . The AEI used in this study has been previously 
reported to show remarkable selectivity for anions . Thus , 
despite the lowered alkalinity in the electrolyte bulk , the 
binder selectivity ensured that local concentration of the 
OH - ion at the reaction site was minimally affected by 
changes in the bulk pH . This high pH gradient across the 
AEI covering the surface of electrocatalyst ensured that the 
BOR contribution to the mixed potential was the same 
across the entire bulk pH range under consideration . Thus , 
for example , the OCV values at pH = 8 . 5 does not indicate 
that ~ 100 % of the mixed potential is due to the BOR . It 
merely indicates that the local reaction site pH is approx . 
13 . 5 and provides direct evidence of the formation of PMBI 
that permitted a sharp pH gradient across it . Thus , FIG . 2 
provides evidence for strong , localized pH gradients — OCV 
variation with pH for recessed planar electrode system . 
100791 . FIG . 3 depicts a general structure of the microscale 
bipolar interface . The AEI covers the surface of the Pd / C 
catalyst , providing alkaline conditions for the BOR From the 
discussion above , the pH value on the surface of electro 
catalyst was estimated to be 13 . 5 . Assuming zero permse 
lectivities for the H * and OH in case of the AEI and the 
CEM respectively , the pH inside the microscale bipolar 
interface should be 7 . 0 . The thickness of the AEI covering 
the surface of the anode was approximately estimated from 
the measured B . E . T . surface area of the Pd / C catalysts ( 84 
m² / g ) and the AEI loading ( 30 % ) and AEI film density . The 
AEI was assumed to be distributed uniformly through the 
surface of the material , and the density of the AEI film was 
estimated to be 0 . 83 g / ml . The calculated film thickness was 
about 6 . 2 nm , which was in reasonable agreement with 
values measured with electron tomography for CEM - based 
electrodes with similar binder loadings ( 7 . 2 - 7 . 6 nm ) . The pH 
gradient across the interface was therefore 1 . 05 pH units per 
nm . This value of the pH gradient would translate to the 
anode catalyst layer of DBFC as the binder loading in the 
catalyst ink used in the RPE experiment was the same as that 
used to make the DBFC membrane electrode assembly . 
These pH - gradient - enabling interfaces were then deployed 
in DBFCs and the performance of the DBFCs were opti 
mized as described below . 
[ 0080 ] FIG . 4A - FIG . 4C depict the polarization curves 
obtained from DBFC experiments together with the con 
figuration schemes employed . FIG . 4A is a polarization 
curve for a DBFC with an all - CEM configuration that 
included an acid anode , CEM separator and an acid cathode . 
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FIG . 4B is a polarization curve for a DBFC with an all - AEM 
configuration that included an alkaline anode , AEM sepa - 
rator and an alkaline cathode . FIG . 4C is a polarization curve 
for a DBFC with a pH - gradient - enabled microscale bipolar 
interface configuration that included an alkaline anode , 
CEM separator and an acid cathode . 
[ 0081 ] The DBFC with a PMBI configuration yielded the 
best performance with an OCV of 1 . 8 V and a peak power 
density of approximately 300 mW / cm2 ( see e . g . , FIG . 4C ) . 
The OCV was quite close to the thermodynamic redox cell 
voltage for the overall reaction ( 2 . 20 V , after taking the 
junction potential into account ) . The 400 mV deviation 
between the experimental OCV and theoretical OCV for the 
DBFC with PMBI configuration was attributed to the side 
reactions of borohydride hydrolysis and hydrogen oxidation , 
giving rise to a mixed potential . The DBFC with the CEM 
configuration yielded the lowest OCV ( 1 . 3 V , very close to 
the H / 0 , system , indicating that borohydride hydrolysis 
occurred first followed by hydrogen oxidation ) with a peak 
power density approximately 50 mW / cm² ( see e . g . , FIG . 
4A ) . As for the DBFC with the all AEM configuration , an 
OCV of 1 . 7 V was obtained along with a peak power density 
approximately 280 mW / cm² ( see e . g . , FIG . 4B ) . However , 
since large amounts of hydroxide and borohydride crossed 
over from the anode to the cathode through the AEM , the 
acid in the cathode side was neutralized and it was difficult 
to maintain the acidic conditions necessary to avoid hydro 
gen peroxide disproportionation . The performance of the 
DBFC with the AEM configuration was slightly lower than 
DBFC with the PMBI configuration , but the alkali crossover 
in the former presented an important ( and intractable ) opera 
tional drawback . Hence , it can be concluded that the sharp 
pH gradient enabled by the PMBI configuration offered the 
only solution to secure high performance . 
[ 0082 ] FIG . 5 depicts performance of DBFC ( 5 cm ? 
active - area ) with a pH - gradient - enabled microscale bipolar 
interface ( PMBI ) configuration as function of separator 
membrane thickness . The PMBI with the Nafion®117 sepa 
rator showed best performance when compared with 
Nafion®112 and Nafion®115 separators . This can be attrib 
uted to the larger permeation of borohydride ions when 
using thinner separators . The cell was then scaled up from a 
5 - cm - to a 25 - cm - active area cell and the loading of catalyst 
was increased to 3 mgmeta / cm² . 
10083 ] FIG . 6 depicts performance of a DBFC with a 
PMBI configuration in a 25 cm - active - area cell as a function 
of flow rates . Flow rates for both the anolyte and catholyte 
were varied systematically from 0 . 8 to 4 . 8 ml min - 1 cm - 2 to 
optimize the power output . When the flow rates were 
enhanced from 0 . 8 to 4 . 0 ml min - 1 cm - 2 , there was a 
significant improvement in DBFC performance in terms of 
peak power density ( from 225 to 610 mW / cm² ) . Further 
increase in the flow rate from 4 . 0 to 4 . 8 ml min - 1 cm - ? , 
yielded a limited enhancement in DBFC performance ( peak 
power density increased from 610 to 630 mW / cm² ) . 
[ 0084 ] FIG . 7 depicts a comparison of polarization curves 
for a scaled up ( 25 - cm ) DBFC with pH - gradient - enabled 
microscale bipolar interphase configuration and a known , 
state - of - the - art PEMFC . State - of - the - art DBFC perfor 
mance using the PMBI configuration operated with flow rate 
of 4 . 8 ml min - cm - 2 was obtained , with an OCV of 1 . 95 V 
and a peak power density of 630 mW / cm² . A current density 
of 330 mA / cm2 was obtained at 1 . 5 V ( approximately 500 
mW / cm² ) , which is perhaps the best performance reported in 

the literature for a DBFC at a voltage of 1 . 5 V . Whereas a 
PEMFC ( H , lair , unpressurized ) yielded a power density of 
about 410 mW / cm - at 0 . 70 V , our DBFC with the PMBI 
configuration provides a 20 % higher power density than this 
state - of - the - art PEMFC , but at double the operating voltage . 
The high - voltage operation without compromise on power 
density will help reduce costs of fuel cell stacks by simpli 
fying stack design considerably . Doubling the cell voltage 
could conceivably reduce the number of cells by a factor of 
2 without compromising overall power output ( current 
scales with cell area , where there is much flexibility ) , while 
still enabling seamless integration with motors and other 
accessories at the rated stack voltage . 
[ 0085 ] FIG . 8 depicts the stability of the DBFC with 
pH - gradient - enabled microscale bipolar interphase configu 
ration . In situ DFBC stability tests were performed in an 
operating fuel cell by holding the cell at a constant voltage 
of 1 . 0 V for 60 minutes ( see e . g . , FIG . 8A ) . There was no 
apparent current decay observed for the DBFC with pH 
gradient - enabled microscale bipolar interface ( PMBI ) . Ex 
situ accelerated cell stability tests were performed by 
immersing the anode into a 3 M KOH solution at 70° C . for 
50 hours and cathode into 1 . 5 MH , SO , solution at 70° C . 
for 50 hours . Polarization curves were acquired before and 
after this ex situ treatment ( see e . g . , FIG . 8B ) . The initial and 
final polarization curves were compared to ascertain the 
MEA component stability under this accelerated test . The 
DBFC with PMBI configuration was completely stable for at 
least 50 hours upon exposure to the corresponding electro 
lyte media . 
[ 0086 ] A pH - gradient - enabled microscale bipolar inter 
face ( PMBI ) configuration was developed by employing a 
highly conductive anion exchange ionomer as the anode 
binder , Nafion as the cathode binder and Nafion® 117 as 
the membrane separator . The ability of the PMBI configu 
ration to maintain a sharp pH gradient was experimentally 
demonstrated by the measurement of OCV change as a 
function of pH using a novel RPE setup . The PMBI were 
conclusively shown to enable a pH gradient of 1 . 05 pH units 
per nm at the electrocatalytic reaction sites . This configu 
ration was translated to the anode of a DBGC and yielded 
significantly improved performance as compared to either 
all - anion - exchange or all - cation - exchange configurations . 
The PMBI - based DBFC yielded a current density of 330 
mA / cm² at 1 . 5 V and a peak power density of 630 mW / cm² 
at 1 V . The high OCV ( 1 . 95 V ) and high performance at high 
voltage were attributed to the effective separation of anolyte 
and catholyte locally at the electrocatalytically active sites . 

Materials 
[ 0087 ] Chlorotrimethylsilane ( 99 % ) , KOH ( 90 % ) , chlo 
robenzene ( 99 . 5 % ) , tin ( IV ) chloride ( 99 . 995 % ) , chloroform 
( 99 . 5 % ) , methanol ( 99 . 9 % ) , paraformaldehyde ( 99 . 5 % ) , sil 
ver nitrate ( 0 . 1 N ) , potassium thiocyanate ( 0 . 1 N ) , sodium 
nitrate ( 99 % ) , chloroform - d ( 99 . 96 % ) , 1 - methyl - 2 - pyrroli 
dinone ( NMP , 99 . 7 % ) , trimethylamine solution ( TMA ; 
31 % - 35 % weight percent in ethanol ) and sulfuric acid 
( 95 % ) , hydrogen peroxide solution ( 30 % weight percent in 
H2O ) , Nafion® perfluorinated resin solution ( 5 % weight 
percent in lower aliphatic alcohols and water ) were pur 
chased from Sigma Aldrich . polystyrene - block - poly ( ethyl 
ene - ran - butylene ) - block - polystyrene ( SEBS ; 55 : 45 molar 
ratio of styrene to rubber ) was sourced from Kraton . Ni foam 
was purchased from MTI Corporation . 46 . 5 % Pt on Vulcan 
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was purchased from TANAKA K . K . 40 % Pd on Vulcan was 
purchased from Premetek Corporation . GDL 24AA ( diffu 
sion media ) was purchased from Ion Power . 

( EIS ) to measure the resistance . A 1 cmx3 cm membrane 
was placed in the PTFE conductivity cell in contact with the 
4 platinum electrodes and immersed in a temperature con 
trolled DI water bath . A Gamry series G750 potentiostat was 
used to measure the impedance in the frequency range 100 
kHz to 0 . 1 Hz . The high frequency resistance was estimated 
from the Bode plots ( corresponding to a phase angle of 
zero ) . The membrane conductivity was calculated using 
Eqn . 3 : 

T = 
R . tw 

Ion Exchange Capacity and Ionic Conductivity 
[ 0088 ] The IECs of membranes in chloride form were 
determined by the Volhard titration method . A vacuum dried 
SEBS - based AEM in the chloride form ( dried at < 0 . 1 in Hg 
at 60° C . for 12 hours ) was weighed ( about 0 . 1 g ) and 
immersed in 20 mL of 1 M sodium nitrate for 48 h at room 
temperature . Subsequently , 5 . 0 ml of 0 . 1 M silver nitrate was 
added to precipitate the chloride ions . An excess of silver 
was added to assure the complete precipitation of the 
chloride ( a white silver chloride precipitate was observed if 
the membrane had any IEC ) . Then , 2 - 3 drops of 11 wt % iron 
( III ) nitrate in DI water were added as indicator to detect the 
endpoint during the titration of the silver ions with thiocya 
nate . The solution was titrated with 0 . 1 M potassium thio 
cyanate ( 0 . 1 M KSCN , standard solution ) until the color 
changed from a light orange to a medium - dark orange color 
( equivalence point ) . A control sample was prepared by 
mixing 20 mL of 1 M NaNO , with 5 . 0 mL of 0 . 1 M AgNO , 
and 2 - 3 drops of 11 wt % of Fe ( NO3 ) 3 . The control was also 
titrated with 0 . 1 M KSCN and the difference in volume used 
to titrate the control solution and the sample solution was 
used for calculating the IEC according to Eqn . 3 : 

( 3 ) 

where o was the in - plane membrane conductivity ( mS 
cm - 1 ) ; R was the in - plane membrane resistance ( mOhm ) ; t 
was the membrane thickness ( fully hydrated ) ( cm ) ; w was 
the membrane width ( fully hydrated ) ( cm ) ; L was the 
distance between the two inner electrodes ( cm ) . 
[ 0093 ] The hydroxide and chloride ions conductivity were 
tested for SEBS55 - TMA ( see e . g . , FIG . 10B ) . A very large 
hydroxide ion conductivity ( 210 mS / cm ) was obtained by 
SEBS55 - TMA at 70° C . Also , a very large chloride ion 
conductivity ( 110 mS / cm ) was achieved by SEBS55 - TMA 
at the same temperature . Our previous synthesized AEM 
material ( SEBS30 - TMA ) has an IEC of 1 . 35 mmol / g and a 
hydroxide ion conductivity of 110 mS / cm at 70° C . 
SEBS55 - TMA has almost twice hydroxide ion conductivity 
than SEBS30 - TMA . The high ion conductivities of 
SEBS55 - TMA are attribute to microphase separation at the 
molecular level . Phase separation morphology of tri - block 
copolymer ( SEBS55 - TMA ) was confirmed by AFM ( see 
e . g . , FIG . 10A ) . The size of ionic domains ( dark domain of 
FIG . 10A ) is approximately 32 - 36 nm . From previous study , 
the ionic domains of SEBS30 - TMA are approximately 
58 – 95 nm . With the increase of IEC , SEBS55 - TMA has 
formed more uniform and narrower ionic domains compared 
with that of SEBS30 - TMA . Though large ionic domain 
attributes to large ion conductivity , the ratio of ionic 
domains to non - conducting rubber domains ( bright domain 
of FIG . 10A ) of SEBS55 - TMA is much higher than that of 
SEBS30 - TMA . 

IECc - [ mmol 9 - 11 - ( Volcont . – Voliest ) 100 mM KSCN 
widry 

[ 0089 ] where IECC - was the experimental ion - exchange 
capacity ( mmol g - ' ) ; Volcont . was the volume of 0 . 1 M 
KSCN used to titrate the control sample ( ml ) ; Voltest , was the 
volume of 0 . 1 M KSCN used to titrate the sample ( ml ) ; and 
Wt dry was the weight of the AEM ( g ) . 

FTIR Spectroscopy 

NMR Characterization of the Polymers 
[ 0090 ) NMR measurements were carried out on a Varian 
Unity Plus - 300 MHz NMR spectrometer . The samples were 
prepared by dissolving 20 - 40 mg of polymer in 1 ml of 
deuterated solvent , and adding 35 uL of tetramethylsilane 
( TMS ) as internal standard for calibrating the chemical shift 
( 8 = 0 ppm for ' H ) . Further details of the methods employed 
can be found in our previous works . 
[ 0091 ] FIG . 9 depicts the ' H NMR of CMSEBS55 . The 
DF for this polymer was calculated to be 0 . 31 mol / mol . The 
theoretical IECs ( 2 . 60 mmol / g ) calculated ( from the relative 
areas of ' H NMR peaks “ e ” and “ b ” ) for CMSEBS55 is 
shown in FIG . 9 . CMSEBS55 was reacted with TMA to 
obtain the following AEIS : SEBS55 - TMA . Since SEBS 
based AEI could not be dissolved in common deuterated 
solvents , it was not possible to characterize the reaction 
products using NMR spectroscopy . Instead , FTIR was 
employed to confirm the generation of affixed quaternary 
ammonium groups by quaternization of the chloromethyl 
ated SEBS 

[ 0094 ] The presence of functional groups was qualita 
tively confirmed by using FTIR spectroscopy . FTIR was 
performed using membrane films in a Bruker Tensor 27 
instrument . The data was collected continuously in the range 
4000 to 400 cm - 1 at a resolution of 8 cm - 7 . All the samples 
were dried in a vacuum oven ( at 60° C . for 12 hours ) before 
the measurement to minimize the presence of water . Appro 
priate background corrections were also performed . 
[ 0095 ] FIG . 11 shows the FTIR spectra of SEBS , 
CMSEBS55 and SEBS55 - TMA . A FTIR peak appearing at 
approximately 1344 cm was assigned to the C - N bond 
stretching , confirming the formation of SEBS55 - TMA . 
Similar results were observed for SEBS - based AEM . More 
over , IEC determination confirmed the quaternization of 
CMSEBS and the completion of the reaction . Experimental 
IEC ( 2 . 11 mmol / g ) was confirmed by Volhard titration , as 
shown in Table 1 below . The quaternization reaction of the 
CMSEBS55 yield was 81 . 2 % . 

Ionic Conductivity 
[ 0092 ] In - plane ionic conductivity measurements were 
carried out in a 4 - point conductivity cell ( BT - 110 , Scribner 
Associates ) using electrochemical impedance spectroscopy 
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TABLE 1 
Theoretical 
IEC ( From 
' H NMR ) 

( mmol Cl / g ) 

In exchange 
capacity 
( mmol / g ) 

Hydroxide ion Chloride ion 
conductivity conductivity 
( @ 70° C . , ( @ 70° C . , 
mS / cm ) mS / cm ) AEI 

2 . 6 2 . 11 + 0 . 05 210 SEBS55 
TMA 

110 

Scanning Electron Microscopy 
[ 0096 ] The Pd / C deposited on Ni foam electrode and Pt / C 
deposited on the GDL 24AA electrode were characterized 
using a SEM ( FEI Nova 230 ) equipped with an EDX 
analyzer . The beam energy used was 10 kV , the chamber 
pressure was 9x10 - 3 Pa and the chamber temperature was 
23° C . 
[ 0097 ] FIG . 12A and FIG . 12B show the cross - sectional 
view of the anode and cathode obtained by SEM . For the 
anode ( see e . g . , FIG . 12A ) , Pd was deposited uniformly onto 
the surface of nickel foam . The thickness of catalyst layer 
was 5 - 6 um . There are two competing reaction ( electro 
oxidation and electrolysis of borohydride ions ) happening 
when borohydride ions diffuse on the catalyst layer . The 
electrolysis of borohydride results in the formation of H , . 
The porous structure of nickel foam is helpful to exclude the 
H , bubble and make catalyst site active for borohydride . 
Moreover , the porous structure of nickel foam can increase 
the mass transfer for the liquid sodium borohydride fuel . The 
cathode image is shown in FIG . 12B . Pt was deposited onto 
hydrophilic microporous carbon layer , which favored 
enhanced water flux to the cathode . 

[ 0101 ] In some embodiments , numbers expressing quan 
tities of ingredients , properties such as molecular weight , 
reaction conditions , and so forth , used to describe and claim 
certain embodiments of the present disclosure are to be 
understood as being modified in some instances by the term 
" about " In some embodiments , the term “ about ” is used to 
indicate that a value includes the standard deviation of the 
mean for the device or method being employed to determine 
the value . In some embodiments , the numerical parameters 
set forth in the written description and attached claims are 
approximations that can vary depending upon the desired 
properties sought to be obtained by a particular embodiment . 
In some embodiments , the numerical parameters should be 
construed in light of the number of reported significant digits 
and by applying ordinary rounding techniques . Notwith 
standing that the numerical ranges and parameters setting 
forth the broad scope of some embodiments of the present 
disclosure are approximations , the numerical values set forth 
in the specific examples are reported as precisely as practi 
cable . The numerical values presented in some embodiments 
of the present disclosure may contain certain errors neces 
sarily resulting from the standard deviation found in their 
respective testing measurements . The recitation of ranges of 
values herein is merely intended to serve as a shorthand 
method of referring individually to each separate value 
falling within the range . Unless otherwise indicated herein , 
each individual value is incorporated into the specification 
as if it were individually recited herein . The recitation of 
discrete values is understood to include ranges between each 
value . 
( 0102 ] In some embodiments , the terms “ a ” and “ an ” and 
" the " and similar references used in the context of describ 
ing a particular embodiment ( especially in the context of 
certain of the following claims ) can be construed to cover 
both the singular and the plural , unless specifically noted 
otherwise . In some embodiments , the term “ or ” as used 
herein , including the claims , is used to mean " and / or ” unless 
explicitly indicated to refer to alternatives only or the 
alternatives are mutually exclusive . 
[ 0103 ] The terms “ comprise , " " have ” and “ include ” are 
open - ended linking verbs . Any forms or tenses of one or 
more of these verbs , such as “ comprises , " " comprising , " 
“ has , " " having , " " includes ” and “ including , ” are also open 
ended . For example , any method that “ comprises , ” “ has ” or 
“ includes ” one or more steps is not limited to possessing 
only those one or more steps and can also cover other 
unlisted steps . Similarly , any composition or device that 
" comprises , " " has ” or “ includes " one or more features is not 
limited to possessing only those one or more features and 
can cover other unlisted features . 
[ 0104 ] All methods described herein can be performed in 
any suitable order unless otherwise indicated herein or 
otherwise clearly contradicted by context . The use of any 
and all examples , or exemplary language ( e . g . “ such as ” ) 
provided with respect to certain embodiments herein is 
intended merely to better illuminate the present disclosure 
and does not pose a limitation on the scope of the present 
disclosure otherwise claimed . No language in the specifica 
tion should be construed as indicating any non - claimed 
element essential to the practice of the present disclosure . 
10105 ] Groupings of alternative elements or embodiments 
of the present disclosure disclosed herein are not to be 
construed as limitations . Each group member can be referred 
to and claimed individually or in any combination with other 

Atomic Force Microscopy 
[ 0098 ] The membranes morphology was investigated by 
tapping mode with a Bruker Dimensions ICO AFM . A 
PFQNE - AL probe ( Bruker ) with a cantilever spring constant 
of 0 . 8 N m - , and a tip radius of 5 nm was employed in the 
experiments . Imaging was performed using at ambient tem 
perature and relative humidity using PF - TUNA software 
module . The AFM samples were prepared by casting an 
chloromethylated SEBS55 solution on a platinum plate to 
form a very thin film , then , immersed in 1 ml of 4 M TMA 
ethanolic solution in 10 ml of NMP to quaternize the 
chloromethylated groups ( at 30° C . for two days ) . The AEIS 
evaluated in the present work were tested in the chloride 
form . 

EQUIVALENTS AND SCOPE 
[ 0099 ] In view of the above , it will be seen that the several 
advantages of the disclosure are achieved and other advan 
tageous results attained . As various changes could be made 
in the above processes and composites without departing 
from the scope of the disclosure , it is intended that all matter 
contained in the above description and shown in the accom 
panying drawings shall be interpreted as illustrative and not 
in a limiting sense . 
10100 ] Definitions and methods described herein are pro 
vided to better define the present disclosure and to guide 
those of ordinary skill in the art in the practice of the present 
disclosure . Unless otherwise noted , terms are to be under 
stood according to conventional usage by those of ordinary 
skill in the relevant art . 
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members of the group or other elements found herein . One 
or more members of a group can be included in , or deleted 
from , a group for reasons of convenience or patentability . 
When any such inclusion or deletion occurs , the specifica - 
tion is herein deemed to contain the group as modified thus 
fulfilling the written description of all Markush groups used 
in the appended claims . 
f0106 ] All publications , patents , patent applications , and 
other references cited in this application are incorporated 
herein by reference in their entirety for all purposes to the 
same extent as if each individual publication , patent , patent 
application or other reference was specifically and individu 
ally indicated to be incorporated by reference in its entirety 
for all purposes . Citation of a reference herein shall not be 
construed as an admission that such is prior art to the present 
disclosure . 
[ 0107 ] Having described the present disclosure in detail , it 
will be apparent that modifications , variations , and equiva 
lent embodiments are possible without departing the scope 
of the present disclosure defined in the appended claims . 
Furthermore , it should be appreciated that all examples in 
the present disclosure are provided as non - limiting 
examples . 
What is claimed is : 
1 . A method of inducing or providing a pH gradient in an 

electrochemical or a chemical system comprising : 
( i ) coating a catalytic or non - catalytic particle , a plurality 
of catalytic or non - catalytic particles , or a catalytic or 
non - catalytic film with an ion exchange ionomer , 
resulting in an ionomer coated catalytic or non - catalytic 
particle , an ionomer coated plurality of catalytic or 
non - catalytic particles , or an ionomer coated catalytic 
or non - catalytic film ; and 

( ii ) placing the coated catalytic or non - catalytic particle , 
the coated plurality of catalytic or non - catalytic par 
ticles , or the coated catalytic or non - catalytic film in 
contact with an ion exchange membrane or another 
particle or plurality of particles . 

2 . The method of claim 1 , wherein 
the ion exchange ionomer is selected from anion 

exchange ionomer or a cation exchange ionomer ; or 
the ion exchange membrane is selected from a cation 
exchange membrane or an anion exchange membrane . 

3 . The method of claim 1 , wherein the catalytic or 
non - catalytic particle , catalytic or non - catalytic plurality of 
particles , or the catalytic or non - catalytic film comprises a 
material selected from one or more of the group consisting 
of Ni , Pt , Pd , Ir , Au , Ag , COO , a noble metal , a metal alloy 
thereof , a metal mixture thereof , and a combination thereof . 

4 . The method of claim 2 , wherein the cation exchange 
membrane or cation exchange ionomer comprises a material 
selected from one or more of the group consisting of 
Nafion® 212 , Nafion® 115 , Nafion® 117 , sulfonated poly 
styrene - block - poly ( ethylene - ran - butylene ) - block - polystyre 
netri - block copolymer , sulfonated poly ( phenylene oxide ) , 
BAM ( Ballard ) , poly ( ethylene - co - tetrafluoroethylene ) 
graft - poly ( styrene sulfonic acid ) , poly ( vinylidene fluoride ) 
graft - poly ( styrene sulfonic acid ) , sulfonated poly ( arylene 
ether ketone ) , sulfonated poly ( 4 - phenoxybenzoyl - 1 , 4 - phe 
nylene ) , and sulfonated polysulfone . 

5 . The method of claim 2 , wherein the anion exchange 
membrane or anion exchange ionomer comprises a material 
selected from one or more of the group consisting of 
polystyrene - block - poly ( ethylene - ran - butylene ) - block - poly 

styrenetri - block tri - block copolymer - based backbone , poly 
( phenylene oxide ) - based backbone , polysulfone - based 
backbone , poly ( N , N - diallylazacycloalkane ) - based back 
bone , bromoalkyl - tethered poly ( biphenyl alkylene ) - based 
backbone , multiblock copoly ( arylene ether ) - based back 
bone , poly ( vinylbenzyl chloride ) - based backbone , and 
cardo - polyetherketone - based backbone . 

6 . The method of claim 5 , comprising a functional group 
selected from one or more of the group consisting of 
benzyl - trimethylammonium , benzyl - imidazolium , 
guanidium , benzyl - tris ( 2 , 4 , 6 - trimethoxyphenyl ) phospho 
nium , permethyl cobaltocenium , 1 , 4 - dimethylpiperazinium , 
and benzyl - trimethylphosphonium . 

7 . The method of claim 1 , comprising 
introducing either a reducing agent or an oxidizing agent 

to a first electrode comprising a first catalyst and that is 
coated by an ion exchange ionomer ; or 

introducing either an oxidizing agent or a reducing agent 
to a second electrode comprising a second catalyst and 
that is coated by an ion exchange ionomer . 

8 . The method of claim 7 , wherein , 
the first electrode and the second electrode are separated 
by an ion exchange membrane ; 

a reaction with a reduced or oxidized species from the first 
electrode and an oxidized or reduced species from the 
second electrode occurs at an interface between the ion 
exchange ionomer coating and the ion exchange mem 
brane , wherein the reaction results in splitting water , 
forming water , forming a compound produced by a 
half - cell reaction occurring at the first electrode and the 
second electrode , or forming a compound produced by 
an overall full cell reaction ; 

the reducing agent comprises a material selected from one 
or more of the group consisting of : sodium borohy 
dride , methanol , hydrazine , hydrogen , water , and etha 
nol ; or 

the oxidizing agent comprises a material selected from 
one or more of the group consisting of hydrogen 
peroxide , water , and oxygen . 

9 . The method of claim 7 , wherein the reducing agent or 
the oxidizing agent is fed contacted with the first electrode 
or the second electrode in a single - pass mode or in a recycle 
mode . 

10 . The method of claim 1 , wherein the ion exchange 
ionomer coating is of a thickness and coverage sufficient to 
increase the pH gradient across the interface compared to the 
pH gradient without the ionomer coating ; to provide a pH 
gradient of about 1 pH unit per nm of the interface ; or 
prevent catholyte contact with an anode active site . 

11 . A method of electrochemical conversion from com 
bining a reducing agent and an oxidizing agent , comprising : 

introducing either a reducing agent or an oxidizing agent 
to a first electrode comprising a first catalyst coated by 
a first ion exchange ionomer ; or 

introducing either an oxidizing agent or a reducing agent 
to a second electrode comprising a second catalyst 
coated by a second ion exchange ionomer . 

12 . The method of claim 11 , wherein , 
the first ion exchange ionomer and second an ion 

exchange ionomer are independently selected from an 
anion exchange ionomer or a cation exchange ionomer ; 

the first electrode and the second electrode are separated 
by an ion exchange membrane ; or 
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a reaction with a reduced or oxidized species from the first 
electrode and an oxidized or reduced species from the 
second electrode occurs at an interface between the ion 
exchange ionomer coating and the ion exchange mem - 
brane , wherein the reaction results in splitting water , 
forming water , forming a compound produced by a 
half - cell reaction occurring at the first electrode and the 
second electrode , or forming a compound produced by 
an overall full cell reaction . 

13 . The method of claim 12 , wherein the ion exchange 
membrane is a cation membrane or an anion exchange 
membrane . 

14 . The method of claim 11 , wherein 
the first catalyst is a metallic or a non - metallic particle or 

a metallic or a non - metallic film comprising a material 
selected from the group consisting of Ni , Pt , Pd , Ir , Au , 
Ag , Coo , a noble metal , a metal alloy thereof , a metal 
mixture thereof , and a combination thereof ; or 

the second catalyst is a metallic or a non - metallic particle 
or a metallic or a non - metallic film comprising a 
material selected from the group consisting of Ni , Pt , 
Pd , Ir , Au , Ag , Coo , a noble metal , a metal alloy 
thereof , a metal mixture thereof , and a combination 
thereof . 

15 . The method of claim 13 , wherein the cation exchange 
membrane or cation exchange ionomer comprises a material 
selected from one or more of the group consisting of 
Nafion®212 , Nafion®115 , Nafion®117 , sulfonated polysty 
rene - block - poly ( ethylene - ran - butylene ) - block - polystyren 
etri - block copolymer , sulfonated poly ( phenylene oxide ) , 
BAM ( Ballard ) , poly ( ethylene - co - tetrafluoroethylene ) 
graft - poly ( styrene sulfonic acid ) , poly ( vinylidene fluoride ) 
graft - poly ( styrene sulfonic acid ) , sulfonated poly ( arylene 
ether ether ketone ) , sulfonated poly ( 4 - phenoxybenzoyl - 1 , 4 
phenylene ) , and sulfonated polysulfone . 

16 . The method of claim 13 , wherein the anion exchange 
membrane or anion exchange ionomer comprises a material 
selected from one or more of the group consisting of a 
polystyrene - block - poly ( ethylene - ran - butylene ) - block - poly 

styrenetri - block tri - block copolymer - based backbone , poly 
( phenylene oxide ) - based backbone , polysulfone - based 
backbone , poly ( N , N - diallylazacycloalkane ) - based back 
bone , bromoalkyl - tethered poly ( biphenyl alkylene ) - based 
backbone , multiblock copoly ( arylene ether ) - based back 
bone , poly ( vinylbenzyl chloride ) - based backbone , and 
cardo - polyetherketone - based backbone . 

17 . The method of claim 16 comprising a functional group 
selected from one or more of the group consisting of 
benzyl - trimethylammonium , benzyl - imidazolium , 
guanidium , benzyl - tris ( 2 , 4 , 6 - trimethoxyphenyl ) phospho 
nium , permethyl cobaltocenium , 1 , 4 - dimethylpiperazinium , 
and benzyl - trimethylphosphonium . 

18 . The method of claim 12 , wherein the cation exchange 
ionomer comprises a material selected from one or more of 
the group consisting of sulfonated polystyrene - block - poly 
( ethylene - ran - butylene ) - block - polystyrenetri tri - block copo 
lymer , perfluorinated Nafion® solution , sulfonated poly 
( phenylene oxide ) , sulfonated polysulfone , sulfonated poly 
( arylene ether ether ketone ) , and sulfonated poly ( 4 - phe 
noxybenzoyl - 1 , 4 - phenylene ) . 

19 . The method of claim 11 , wherein the reducing agent 
comprises a material selected from one or more of the group 
consisting of : sodium borohydride , methanol , hydrazine , 
hydrogen , water , and ethanol ; or 

the oxidizing agent comprises a material selected from 
one or more of the group consisting of hydrogen 
peroxide , water , and oxygen . 

20 . The method of claim 11 , wherein the reducing agent 
or the oxidizing agent is fed contacted with the electrodes in 
a single - pass mode or in a recycle mode . 

21 . The method of claim 11 , wherein the ion exchange 
ionomer coating is of a thickness and coverage sufficient to 
increase a pH gradient across the interface compared to a pH 
gradient without the ionomer coating ; to provide a pH 
gradient of about 1 pH unit per nm of the interface ; or 
prevent catholyte contact with an anode active site . 

* * * * * 


