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Synopsis of the thesis entitled “Design and Development of

Unconventional pH Differential Fuel Cells”

21st century is witnessing serious energy crisis due to the depletion of
fossil fuels and variability of renewable energy sources which in turn has
increased the importance of electrochemical energy storage and
conversion devices to level the mismatch between energy generation and
demand. Proton exchange membrane fuel cells (PEMFCs) have been a
forerunner in the domain of sustainable energy chain as they can convert
the chemical energy stored in H and O: into electrical energy at a higher
efficiency. However, the issues with the production and storage of the Ha»
fuel has led to the development of liquid fed fuel cells such as direct
alcohol fuel cells (DAFC). But these DAFCs suffer from various issues
mainly related to their cathodic interface like low oxygen reduction
reaction kinetics, alcohol cross over, parasitic chemistry, depolarization
losses, carbon corrosion etc. which impede their commercialization.
Strategies like the development of alcohol tolerant cathodic
electrocatalysts are being adopted to address these issues, however, the
necessity of heavy loading of cathode catalysts and limited concentration
range of alcohol tolerance still pose critical challenges to further develop
DAFC.

Differing from the previous strategies, the primary aim of this thesis
is to develop unconventional fuel cells by employing pH
dependent/independent redox couples. In this thesis, by employing a pH
independent outer sphere redox couple, issues related to the cathodic
interface of the state of the art DAFCs is addressed. By employing a pH
dependent redox couple, additional functionalities such as alcohol
reformation could be integrated to a DAFC reaction pathway during
electricity production. Thermodynamic calculations showed the
participation of electrochemical neutralization in alcohol reformation and
hence attempts were dedicated to harvest it directly using pH dependent

hydrogen redox reaction. Electrochemical neutralization without a net

Zahid Bhat, 2021, IISER Pune Page | 1



Synopsis (I

redox reaction, offered a unique pathway for desalination of saline water
in a process that involves only gases, water, H* and OH- with minimal
chances of water contamination. The thesis is divided into following

Chapters.

Chapter 1. Introduction: This chapter explains the working principle,
architectural components and issues with the state of art hydrogen and
alcohol fuel cells. The major issue with the hydrogen-based fuel cells is
related to the hydrogen production which is discussed in detail in this
Chapter. Major issues associated with the cathodic interface of a state of
the art DAFC are highlighted with the current solutions available in the

literature.

Chapter 2. A Direct Alcohol Fuel Cell Driven by a pH Independent
Redox Couple: This chapter discusses the implications of modifying the
cathodic interface of a direct alcohol fuel cell (DAFC) with a pH
independent outer sphere redox couple. The modification of the cathodic
interface with the outer sphere redox couple led to a DAFC with
performance metrics ~8 times higher than Pt based DAFC-O: fuel cell,
Figure 1. This Chapter also discusses in detail how the modification with
an outer sphere redox couple can address the parasitic chemistry and

depolarization losses associated with methanol crossover, Figure 1.
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Figure 1. (a) Cyclic voltammograms of methanol (0.5 M) oxidation on a Pt/C
electrode at a scan rate of 20 mV/s in 0.5 M H>SO4 and 1 M KOH, (b)
rotating ring disk electrode measurements for potassium ferricyanide (10
mM) with a glassy carbon disk electrode and a platinum ring electrode. (c)
Variation of heterogeneous rate constant with peak potential separation as
per Klinger and Kochi method and (d) the plot for the Nicholson function vs.
inverse square root of scan rate. (e) Polarization curves of DMFC-ferricyanide
(3 M Methanol in 2 M KOH as anolyte and 0.6 M potassium ferricyanide in 2
M KOH as catholyte) fuel cell at different temperatures. Anode Pt loading was
0.5 mg/cm? and cathode carbon loading was 1 mg/cm?2. (fj Galvanostatic
polarization curves for the DMFC-ferricyanide (at 100 mA/cm?) and Pt based
DMFC-0O3 (at 50 mA/cm?) fuel cells at 80°C.

Chapter 3. A Direct Alcohol Fuel Cell Driven by a pH Dependent
Redox Couple: This chapter demonstrates how the cathodic interface
modification with a pH dependent hydrogen redox couple could add new
functionality to the DAFC reaction pathway. In this chapter, the design
and performance of an alcohol reforming fuel cell (ARFC) wherein alcohol
reformation is coupled with the electricity production is discussed in
detail. The thermodynamic calculation showed that alcohol reformation
which is otherwise a high temperature/pressure catalytic process can be
driven at room temperature and pressure during electricity production
with the simultaneous generation of pure hydrogen by utilizing the
electrochemical neutralization reaction as the driving force. ARFC
chemistry is unusual because of its distinctly positive entropic heat which
allows ~56 % of the total available energy to be harvested from the
surroundings leveraging a thermodynamic efficiency as high as 2.67. This
ARFC demonstrates an energy density of ~253 Wh/kg with ~62 % of
methanol to hydrogen conversion, Figure 2. Since the hydrogen fuel
produced is free from carbon containing impurities, ARFC can be directly
utilized as a fuel reservoir for a H2-O2 fuel cell in a tandem configuration,

Figure 2.
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Figure 2. (a) Pourbaix diagrams for methanol oxidation reaction (MOR)
and hydrogen evolution reaction (HER), (b) polarization curve for alcohol
reforming fuel cell (ARFC) with methanol as the fuel (2 M methanol in 6 M
KOH as the anolyte and 3 M H>SOs4 as the catholyte), and (c) (i)
Chronopotentiometry at 70 mA/cm?, (ii) and (iii) are the corresponding in-
situ electrochemical mass spectrometry from the (ii) anodic and (iii)
cathodic half-cells of the ARFC during intermittent operation (1 h off/on).
(d) Voltage versus time upon feeding an air breathing PEMFC at 20
mA/cm? with the cathodic exhaust of an ARFC at 70 mA/cm?2. This
demonstrates electric power generation during H2z production (from
methanol-to-H> reforming) as well as H> utilization and (e) charge passed
vs. Hz produced and methanol consumed. For the ARFC, electrocatalyst
loadings were 1 mg/cm? of Pt-Ru/C at the anodic half-cell and 1 mg/cm?
of Pt on Ti mesh at the cathodic half-cell. For the air breathing PEMFC,
electrocatalyst loadings were 1 mg/cm? of Pt/C at the anodic as well as

cathodic half-cells.

Chapter 4. Direct Harvesting of Neutralization Energy as Electrical
Driving Force: This chapter demonstrates a strategy for the direct

harvesting of energy of neutralization as electrical driving force which is
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otherwise impossible as acid base neutralization is not a redox reaction. In
this Chapter, by utilizing a pH dependent hydrogen redox reaction, it is
shown that energy of neutralization can be directly harvested as electrical
driving force without a net redox reaction/consumption of fuel, Figure 3.
This electrochemical neutralization cell employs H*/H2 redox couple to
perform the neutralization reaction in an electrochemical pathway and the
positive entropy change of the reaction allows nearly 30% of electrical
energy to be harvested from the surroundings. The electrochemical
neutralization cell (ENC) delivered a peak power density of ~70 mW /cm? at
a peak current density of ~160 mA/cm? with a cathodic H2 output of ~80
mL in 1 hour. In this Chapter, it is illustrated that the energy benefits
from the same fuel stream can be amplified by directing it through ENC

prior to a PEMFC in a tandem configuration.
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Figure 3. (a) Cyclic voltammograms for HER/HOR redox reactions at pH =
0 and pH = 14, and (b) plot of open circuit voltage vs. cell temperature for
the electrochemical neutralization device (orange trace) and Hz/air fuel
cell (blue trace). The lower OCV of Ha-air fuel cell could be due to the lower
partial pressure of oxygen in air. (c¢) In-situ electrochemical mass
spectrometry for the anodic and cathodic half-cells and (d) galvanostatic

polarization of electrochemical neutralization cell at 160 mA/cm? when it
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is connected to an air-breathing PEMFC (discharged at 20 mA/cm?). (e)
Corresponding pH measurements at anodic and cathodic half-cells before

and after galvanostatic polarization and (f) step current discharge of ENC.

Chapter 5. An Electrochemical Neutralization Cell for Spontaneous
Water Desalination: This chapter discusses the applications of direct
harvesting of neutralization energy as electrical driving force for
spontaneous water desalination. The chapter discusses the design,
principle and performance of a 3-compartment electrochemical cell for
simultaneous water desalination during electricity production. This
pathway is unprecedented because desalination is achieved in the
electrochemical neutralization cell without irreversibly consuming free
energy stored in expensive metals as in redox flow batteries and metal ion
batteries but by just interconverting the energy of neutralization as an
electrical driving force. The device uses acid and alkali as fuels for
desalination by performing reversible redox reactions involving only gases,
water, H* and OH- (Figure 4) such that the products and reactants of the
redox reactions do not poison the desalinated water as in the state-of-the-
art electrodialysis process. The electrochemical desalination cell driven by
the electrochemical neutralization demonstrates performance metrics
comparable to the state-of-the-art desalination processes reported in the

literature (Figure 4).

(a) (b) ()
41 gy 0.4 e N i B
0.8 2
50 mA/cm Na® »
| z w4
0.6+ z 3 go3
— I =] [
= B 5 0.2 o =5 B =
0.4 e 2 s 5 & 3
8 g S 1= = =
g 14 e 0.1
0.2 S L z
0.0+ . . ‘ : 0 . ; 0.0
0 ) 22
0 ® rimem s 0 Time (h) lﬂ
o5 (e) = =
1 Before desalination 0.8. — Without desalination | g 8 e B
0.41 — After desalination 0.37 : With desalination 5100_ o 96.88 g %
T =
=03 0.6 Fl . S g 5
S > B E m &
= 4 g E O
% 0.2 0.18 0.19 @ 0.4+ E sl 2 8 % - 2
2 g = & 8 2
011 0.2 g 5 & 267 & £
0.1 24 5 ) )
0.6 0.05 s 1903 14.7 136
0.0 1 1 - 0.0 5] o
A&M C&M A&C 0 5 10 15 20 2g
Time (h) =

Zahid Bhat, 2021, IISER Pune Page | 6



Synopsis ‘

Figure 4. (a) Galvanostatic discharge of the electrochemical neutralization
cell for water desalination at a current density of 50 mA/cm?2, (b)
concentration of Na* ions measured by Microwave Plasma Atomic
Emission Spectroscopy (MP-AES), and concentration of Cl- ions measured
by Mohr’s titration method before and after long term discharge and (c)
amount of charge passed vs. consumption of H*ions in the cathodic half-
cell and OH- ions in anodic half-cell and changes in the number of moles
of Na* and Cl- ions in the middle saline compartment, (d) comparison of iR
drops before and after desalination (A, M and C represent anodic, middle
and cathodic compartments, respectively). In panel d, iR drop is calculated
by multiplying the area specific resistance with the current density of 50
mA/cm?. (e) Galvanostatic discharge of the electrochemical neutralization
cell at a current density of 50 mA/cm? with (orange trace) and without
(blue trace) middle saline compartment and (f) comparison of the energy
efficiency of desalination in the electrochemical neutralization cell with

reverse osmosis, metal ion batteries and capacitive deionization.

Chapter 6. Conclusions: This chapter provides a brief summary and

future outlook of the work reported in the thesis.

Taken together, the work outlined in the thesis on electrochemical
neutralization provides a plethora of opportunities in electrochemical

energy storage and conversion devices as outlined in Scheme 1
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Electricity

Scheme 1. Application of electrochemical neutralization for the

development of unconventional fuel cells.
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Chapter 1

Introduction
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Introduction (I Chapter 1

1.1. Introduction

The electricity is the foundation of the modern world which has proved
to be a deciding factor in taking the world from dark age to the present
developed modern age. The prime source for the electricity production has
been the fossils fuels, but immoderate use of fossils fuels led to their
depletion along with the global warming.[1-3] The present known reserves
of oil, natural gas and coal will last for 41, 64 and 155 years respectively, if
the consumption and production of this sources will continue at constant
rate in the future.[1-3] The alarming rise in the energy demands with the
growing population and environmental effects of the fossil fuel consumption
have led to the search for alternative sources of energy. As such the world
is moving from non-renewable sources to renewable sources of energy.[2-4]
The sustainable and renewable sources for electricity production are
hydroelectric, biomass, wind, solar, geothermal, and marine tidal. However,
these sources of energy have got seasonal and geographical variations
which demand their storage at the time of availability and conversion at the
time of demand. Thus, there is a gap between the availability and demand
with respect to these renewable sources of energy.[2-6] The electrochemical
storage and conversion technologies such as batteries, supercapacitors,
solar cells and fuel cells play important roles in sustainable energy
landscape as these can bridge the existing gap between energy availability
and energy demand.[5-7] Generally, these electrochemical energy devices
offer high efficiency with low pollution to the environment and are also
flexible with their construction. There are various types of electrochemical
energy devices: fuel cells, batteries, supercapacitors and water electrolyzers.
Fuel cells and water electrolyzers are considered to be electrochemical
energy conversion devices whereas batteries and supercapacitors are

energy storage devices which differ in their charge storage mechanisms.

1.2. Fuel Cells
Fuel cells are defined as electrochemical energy conversion devices

which convert chemical energy of fuels directly into electrical energy. The
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architectural components of a fuel cell are shown in Figure 1.1. It consists
anodic electrocatalyst where the oxidation reaction takes place and a
cathodic electrocatalyst where reduction reaction takes place.[8-10] These
two half-cells are separated by an ion exchange membrane which conducts
the ions during the redox reactions whereas electrons move through the

outer circuit powering the load.[11-13]

Fuel

V
<
S
s
£
N
<

Figure 1.1. Schematic representation of a fuel cell.

The first fuel cell was discovered by Sir William Robert Grove, a Welsh
judge, inventor, and physicist in 1839 which he named it as gas battery. He
mixed hydrogen and oxygen in the presence of an electrolyte and produced
electricity and water.[14,15] Although it didn't produce enough electricity
to be useful but it paved a way for the future development of fuel cells. The
term “fuel cell” was first coined by Ludwig Mond and Charles Langer in
1889, who attempted to build a working fuel cell using air and industrial
coal gas.[16] There are also reports that William White Jaques was the first
to use the term "fuel cell." Jaques was also the first researcher to use
phosphoric acid in the electrolyte bath.[12,16] It was Francis T Bacon who
in 1959 demonstrated a five-kilowatt working fuel cell that could power a
welding machine. Francis T. Bacon, named his famous fuel cell design the

"Bacon Cell."[17]
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There are different types of fuel cells based on their electrolytes and
operating temperatures (Table 1.1). Different types of fuel cells work at
different operating temperatures. For example solid oxide fuel cell operates
at 800-1000°C whereas polymer electrolyte membrane (PEM) fuel cells
usually work at temperatures < 75° C. Anodic as well as cathodic reactions
in these fuel cells are based on the feeding fuels to the electrodes. Generally,
high temperature fuel cells such as solid oxide fuel cell and molten carbon
fuel cell possess higher efficiency but due to the higher operating
temperature, these fuel cells are suffering with the instabilities of the
electrodes and electrolyte materials which are known to affect their overall

output power density.[18-21]

Table 1.1. Different types of fuel cells and operating temperatures.

Fuel Cell Anode Cathode Operating Mobile
. . Temperature

Types Reaction Reaction (°C) Ion
Proton
Exchange . .
Membrane Hy — 2H* + 2e- fQ(e)—z—t I?IHO <75 H*
(PEM) Fuel 2
Cell
Direct CH3O0H +Hx— | | .
Methanol CO2 + 6H* + f2(6)_2_+) I—QIHO <75 H*
Fuel Cell 6e- 2

1
Alkaline Hy + OH- — f O;; HQS 20 OFL
Fuel Cell 2H20 + 2e- 20H-
Phosphoric L .
Acid Fuel | Hy - 2H*+2¢ | 2902 " 2H 200 H*
+ 2e- — H-20
Cell
Molten Hz + CO32 — o O +
Carbonate H2O + CO2 + | CO2+ 2 — 650 CO32
Fuel Cell 2e- CO32
Solid Oxide | Hx + O2 — o O + 2e- _2
Fuel Cell H20 + 2e- — 02 800-1000 ©
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1.2.1. Hydrogen Fuel Cell

Hydrogen fuel cell belongs to the class of polymer electrolyte membrane
fuel cells consisting of anodic and a cathodic half-cells separated by a
polymer electrolyte membrane which performs the dual functions of
separator and the electrolyte. Hs fuel is continuously fed at the anode where
it gets oxidized with the simultaneous reduction of O3 at the cathode leading
to the production of electricity by powering the external load. The basic

electrochemical redox reactions of hydrogen fuel cell are:[13-22]
At anode:
H,— 2H*+2e- (E°2=0V) (1.1)
At cathode:
Y2 O2 + 2H* + 2e- > H2O (E0=1.23V) (1.2)
Total cell reaction:
Ho+ % O2 - H2O  (EOen = 1.23V) (1.3)

Both the anodic reaction i.e hydrogen oxidation reaction (HOR) as well
as the cathodic reaction i.e. oxygen reduction reaction (ORR) are catalyzed
by the platinum-based benchmark catalyst. As evident from the net cell
reactions, the only by-product during the operation of these hydrogen-
based fuel cells is water that is why they are considered as the clean energy
conversion devices. The H2-O» fuel fells have attracted much interest as they
are in the state of development for transport applications as well as for
power generators ranging from a few Watts to tens of kilo Watts. Despite the
fact that fuel cells have many advantages, such as a high conversion
efficiency, clean exhaust gases, modular design and low noise, still the
major hindrance in the path to a hydrogen-based economy is the production
and storage of hydrogen and the wuse of expensive platinum

catalysts.[12,13,22]

1.2.1.1. Hydrogen Production
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Although abundant on earth as an element, hydrogen is almost always
found as part of another compound, like water (H20), hydrocarbons like
methane (CH4), alcohols (ROH) etc., and must be separated into pure
hydrogen (Hz2) for use in fuel cells. Hydrogen can be produced from

resources including fossil fuels, biomass, and water.[23-26]

1.2.1.2. Hydrogen Production From Hydrocarbons

Steam reforming is currently one of the most widespread and
commercially developed process for the hydrogen production. The most
frequently used raw materials are natural gas and lighter hydrocarbons
such as methane, methanol, and other oxygenated hydrocarbons. During
the process, steam from the steam system and hydrocarbon raw material
are pumped to to a reformer, where a catalyst activates the following

endothermic reactions:[25-27]
CmHn + mH20 (g) > mCO + (m + 0.5 n) Ha
CmHn + 2mH20 (g) - mCO2 + (2m + 0.5 n) Ha
CO + H20 (g) «—— CO2 + H2 (g)
CH30OH + H20 (g) «— CO2 + 3Ha2

The steam reforming process takes place in two stages. In first stage
the hydrocarbon/steam mixture is converted into syngas (H2/CO) mixture.
In the 2nd stage by passing more O2/air to the reformer the CO is converted
to CO2. The steam reforming process require very high temperature (> 200
0C) and is driven by a catalyst. The catalytic systems employed for steam
reforming can be divided into 2 parts; Precious catalysts and non-precious
catalysts.[28,29]

Partial oxidation (POX) and catalytic partial oxidation (CPOX) of
hydrocarbons have been proposed in hydrogen production for automobile
fuel cells and some other commercial applications.[30,31] Here the gasified
raw material often can be methane and biogas but primarily heavy oil

fractions are used (e.g., vacuum remnants, heating oil), whose further
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treatment and utilization are difficult.[31] POX is a non-catalytic process,
in which the raw material is gasified in the presence of oxygen and possibly
steam at temperatures in the 1300-1500°C range and pressures in the 3-
8MPa range.[32-34] In comparison with the steam reforming (H2 : CO= 3 :
1), in POX more CO is produced (H2 : CO =1 : 1 or 2 : 1). The process is
therefore complemented by the conversion of CO with steam into Ho and
COa.

In the case of plasma reforming, the network of reforming reactions is
the same as that in conventional reforming. However, energy and free
radicals used for the reforming reaction are provided by plasma typically
generated with electricity or heat.[35-38]. When water or steam is injected
with the fuel, H-, OH-, and O radicals in addition to electrons are formed,
thus creating conditions for both reductive and oxidative reactions to occur.
The major disadvantages of plasma reforming are the dependence on
electricity and the difficulty of high-pressure operation. High pressure also
increases electrode erosion due to decreased arc mobility which in turn
decreases electrode lifetime.

Till date much of the hydrogen is produced from the methane and
alcohols like methanol through stream reforming processes and much of
the focus has been devoted to the development of different catalytic systems
to bring down the temperature and pressure requirements of the
dehydrogenation process. Different catalytic systems based on noble and
non-noble metals have been investigated. Among the noble metals (Ru, Rh,
Pd, Ir, and Pt), Ru and Rh exhibited high reforming activities and low carbon
formation rates.[39-42] Jones et al. proposed the activity order as Ru > Rh
> Ir > Pt, indicating Pt catalyst as the least active among the other metals
whereas Wei and Iglesia showed that C-H bond activation by Pt is more
efficient than Ir, Rh, and Ru.[39-42] Although all these noble metal catalysts
show high catalytic activity but their high cost hinders their practical
applications. Among the non-noble metals Group VIII non-noble metals are

also highly active for the catalytic reforming of hydrocarbons like
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methane.[43-45] However, it was found the iron gets rapidly oxidized under
reaction conditions whereas cobalt was found to be intolerant to high partial
pressures of steam.[43-45] That is why nickel-based catalysts are the most
studied and commonly used SMR catalysts at industrial scale mostly owing
to their low cost.[46-48] Nieva et al., stated that the catalytic activity of Ni-
based catalysts mainly depends on the support.[49] The activity order of Ni-
based catalysts with different supports was observed as: Ni/MgAl.O4 >
Ni/ZnAl>0O4 > Ni/Al2O3 > Ni/SiO2.[49] Moreover, at 500°C under ambient
pressure the utilization of ZrO2 support was found to stabilize Ni particles
and allowed for higher methane conversion than aforementioned
supports.[48,49] The addition of other metals was also found to promote the
steam reforming of the methane on the nickel based catalysts.[50,51]
Rezaei, Meshkani and co-workers investigated the catalytic properties of the
La, Ce, Co, Fe and Cu-promoted Ni/MgO.Al2O3 catalysts for thermal
decomposition of methane and found that the addition of Cu (15 wt%) to
Ni/MgO.Al2O3 dramatically improved catalytic performance with over 80 %
CH4 conversion and H> yields.[52,53] Moreover, the introduction of rare
earth elements (La, Pr, Nd, Gd, Re and Sm) into Ni-Al catalysts lead to the
formation of a hydrotalcite-like structure which greatly changed the activity
of Ni particles. Among them, the Ni/Re/Al>O3 catalysts present the best
methane conversion due to the large surface area of Ni particles and the
strong interaction between Ni and Re/Al203.[52,53] Iwasa et al.
demonstrated that Pd/ZnO and copper based -catalysts show very
comparable activities but the Pd containing catalyst is superior in terms of
long-term stability.[61] Mayr et al. reported that the partially hydroxylated
and fully oxidized Zr%* species in ZrOxHy-Cu catalysts exhibiting synergism
for selective conversion of methanol.[62] Sun et al. with the help of DFT
calculations reported the role of oxidation states of Cu in the methanol
reforming process and reported that the activation of the C-H bond is easier
than the activation of the C-O bond on the oxygen-pre-covered CuO(111)
surface which results in the formation of the CH30.[63] Shimizu et al.

explored the heterogeneous dehydrogenation of cyclic secondary alcohols
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using Co/TiO2 and Ni/ Al203 catalyst which led to promising
results.51Further palladium based catalytic systems with Ga203 (ref. 46)
and In203 (ref. 47) as support materials were studied by Penner et al. Also
metals other than Cu and Pd were investigated and Pt-alloys48 as well as
Ni,49 Mo50 based catalysts have been utilized for the hydrogen production
from methanol.

As discussed, the industrial basis hydrogen generation is mainly by
steam reforming of the natural gases like methane, propane, methanol or
other fossil fuels. However, these processes are highly energy demanding
and generate low purity of hydrogen with the simultaneous generation of
greenhouse gases such as carbon monoxide (CO) and carbon dioxide (COa).
The generation of this carbonaceous species during this process further
shifts the focus to clean source for the generation of pure hydrogen which

is water.

1.2.1.3. Hydrogen From Water

Sustainable generation of high quality of hydrogen without the
generation of any greenhouse gases is by dissociation water to hydrogen

and oxygen:

H2O - Ho + %2 02  (1.4)

There are three main ways for the splitting water viz, electrolysis,
photolysis and thermolysis.[23-26] Among them the electrolysis of water is
the most advanced and studied pathway.

Water electrolysis is the process in which an electrical current is used
to induce decomposition of water into hydrogen and oxygen molecules.
When electricity is sourced from renewable source, electrolysis produces a
net zero greenhouse gas emission. Because of the enormous potential and
surplus clean energy produced by solar, wind, or nuclear technologies,
water electrolysis is considered as an excellent strategy for the mass
production of hydrogen which will also enable greater integration of

renewables.[69-7 1] Currently, only 4 % of the produced H» is obtained by
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means of water electrolysis.[72,73] There are three types of water
electrolysis: alkaline water electrolysis, solid oxide water electrolysis & PEM

water electrolysis, Figure 1.2.[74-76]

Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis
(\-\.M- ] (-H-i
o 52
H,0 H, [\ < H,0
0, §
£ 3 H
S 2
: %R/ { N
g N
A
L |
Anode 40H — 2H,0 + de + 0, 2H,0—4H* +4e +0, 0> — %O, + 2

Cathode 4H,0 + 4e — 40H +2H, 4H* + 4e — 2H, H,0 +2e- — H,+ 0%

Figure 1.2. Types of water electrolysis and their corresponding half-cell

reactions.

Among this, alkaline water electrolysis, which uses KOH/NaOH as
electrolyte, is the most matured technology to produce hydrogen with an
efficiency 50-70%.[77,79] The reactions and the architectural components
are shown in the Figure 1.2. The main disadvantage of the alkaline water
electrolysis the corrosive nature of the electrolyte used.[77,79] The other
disadvantage is the high ohmic loss across the diaphragm.[77,79]

Proton exchange membrane (PEM) water electrolyzer which consists of
a compact cell assembly of anodic and cathodic electrocatalysts separated
by the cation exchange membrane.[80,81] Grubb was the first to use the
solid sulfonated polystyrene membrane as a polymer electrolyte to exchange
the ions from anodic to cathodic side. This membrane acts as an effective
barrier to the molecular fuel.[82] The compactness, high hydrogen
production rate, absence of corrosive electrolyte along with less ohmic loss
and effective separation of the gaseous products make PEM water
electrolyzers a preferable option over other electrolyzers.[83,84] The PEM

electrolyzers can have an efficacy close to 60-80%.[80-84] However still the
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focus is on decreasing the overall cost of the process due to the use of

precious metal based electrocatalysts.

Solid oxide electrolyzer (SOE) is promising in hydrogen production;
however, issues such as stability and conductivity of ceramic membrane
pose challenges.[85,86] SOEs are operated at high temperatures, which
results in favourable thermodynamics and kinetics.[88] This leads to higher
efficiencies of 85-90 % in comparison to other electrolyzers. Currently, this
technology is at the research and development stage and it can use nuclear
reactors as the heat source and is thought to be the long-term solution for
the hydrogen production.

Photolysis directly utilizes the energy of solar irradiation to split water.
Arguably, this method might be considered the most sustainable mode of
hydrogen production.[89,90] This could comprise photocatalytic,
photoelectrochemical, or photobiological water splitting processes.
Photocatalytic water splitting uses particulate semiconductor materials for
water splitting, which combines photoelectric conversion and catalyst
functions in a single particle.[89,90] On the other hand,
photoelectrochemical water splitting uses semiconductor
photoelectrodes.[90-92] Combining photovoltaic systems with an external
electrocatalyst is an indirect route of photolysis for fuel production. A simple
system, inexpensive basic materials, and low-cost processing are the
advantages of direct photolysis.[90,92] However, photostability issues and
low solar-to-hydrogen (STH) energy conversion efficiency,[91] are the major
hurdles towards the commercialization.[89,90] In photobiological water
splitting or biophotolysis, microorganisms are used for oxygenic
photosynthesis and splitting of water to produce hydrogen.[90] Though, this
technology is in its nascent stages, it has the potential to develop into one
of the most cost-effective ways to produce hydrogen from renewable energy.

Thermochemical water splitting is a carbon-free high temperature
(500-2000°C) hydrogen production technique that uses concentrated solar

power or waste heat from nuclear reactors.[93-95] However, direct thermal
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splitting of water requires temperatures of at least 2000°C, which leads to
technological problems such as the mixing of hydrogen and oxygen.[96,97].
To address this, a number of thermal chemical processes such as S-I, S-
Br, Fe-Cl, Hg-Br, and Cu—Cl cycles have been identified; all of these use
temperatures below 1000°C and produce H2 and O in separate steps.[98-
101]

1.2.2. Alcohol Fuel Cells

The direct alcohol fuel cells (DAFC) enable the direct conversion of the
chemical energy stored in liquid alcohol fuel to electrical energy, with water
and carbon dioxide as by-products.[102-104] Compared to the more well-
known hydrogen fuelled polymer electrolyte membrane fuel cells (Hz2 -O2),
DAFCs present several intriguing advantages as well as a number of
challenges.[102-104]

The architecture of DAFCs is similar to that of the H2-O> fuel cells with
the membrane electrode assembly (MEA) consisting of anode and cathode
catalyst layers in intimate contact on either side of the polymer electrolyte
membrane (PEM) (either acid or alkaline based membranes can be
used.[103,105] Conventionally, carbon-supported PtRu or (unsupported)
PtRu black catalysts are used in the anodic half-cell and carbon-supported
Pt or Pt black catalysts are used in the cathodic half-cell. Gas diffusion
layers (GDLs) are placed in contact with the catalyst layers to aid reactant
distribution, current collection, and catalyst-layer protection. The most
studied alcohol fuel cell is the methanol fuel cell (DMFC).

In the DMFC, methanol/water mixture is directly fed to the anode. The
methanol is directly oxidized to carbon dioxide with the possible formation
of intermediate species such as carbon monoxide, formaldehyde, and/or
formic acid which are responsible for the sluggish kinetics of the methanol
oxidation reaction (MOR) in the anode.[105-107] The protons produced
during the MOR is transported from the anodic to the cathodic half-cell
through the Nafion membrane, while the produced electrons flow through

an external circuit as shown in Figure 1.3a. The electrons and protons react
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with oxygen molecules at the cathode and produce water.[104,105] In the
case of an alkaline DMFC, the methanol is oxidized in presence of OH~ ions
which are conducted from the cathodic to the anodic half-cell through the
alkaline membrane and water is therefore produced at the anode instead of

the cathode, Figure 1.3b.[106,108]

The overall reaction process that occurs in an acid-based DMFC is

shown below:
Anode reaction:
CH3OH + HoO — CO2 + 6H*+ 6e-
Cathode reaction:
3/2 Oz + 6H*+ 6e- — 3H20
Overall reaction:
CH3OH + 3/2 02 — CO2+ 2H20

In the case of an alkaline-based DMFC, the reaction process is shown

below:
Anode reaction:
CH3OH + 60H- — 6CO2+ 2H20 + 6e-
Cathode reaction:
3/2 Oz + 3H20 + 6e- — 60H-
Overall reaction:
CH3OH + 3/2 O2 — CO2+ 2H20

The free energy change, AG, associated with the overall reaction can be

directly related to the reversible cell potential via:

AG = -nFE
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where n is the number of electrons involved in the chemical reaction
(n = 6 electrons per mole of methanol), Fis the Faraday constant (96,487

coulombs per mole), and E is the equilibrium (reversible) cell potential.

3H,
or

«— 3/20,+ 3H,0
CH10H +H:0 2 ‘

Acidic DMFC T Alkaline DMFC

Figure 1.3. Schematics of the acid and alkaline direct methanol fuel cell.

Direct methanol fuel cells (DMFCs) have drawn extensive research
attention in recent years because of their high efficiency, high energy
density and extremely low emissions and are thought to be the major energy
conversion devices in near future. Despite these advantages, the critical
issues of methanol crossover and low oxygen reduction kinetics at the
cathode are the major hurdles in their path towards
commercialization.[104,105,110] Methanol crossover during DMFC
operation results in low power output because of chemical oxidation of
methanol at the cathode with the help of the cathode catalyst, causing (1)
electrode depolarization, (2) mixed potential, resulting in decrease in open-
circuit voltage (OCV), (3) chemical consumption of Oz, (4) cathode catalyst
poisoning by CO (an intermediate of methanol oxidation), and (5) serious
water accumulation on the cathode (water being produced by methanol
oxidation), which limits Oz access to cathode catalyst sites.[104,105,109-
112]. Overall, the fuel cell efficiency is greatly affected by the methanol
crossover and sluggish ORR kinetics. Because of these issues studies in the
DMFC research are directed towards the development of the highly active
methanol tolerant ORR catalysts.

1.2.2.1. Oxygen Reduction Reaction Cathode Catalysts
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For oxygen reduction reaction, Pt based catalysts are still regarded as
the best catalysts but it is difficult to simultaneously achieve desirable
methanol tolerance and high ORR activity for most reported Pt based
nanomaterials.[104,106,108] Alloy catalysts with resistance to methanol
and high activity toward ORR are being considered as the alternative.[108-
112] Binary and ternary alloy catalysts based on Pt and Pd different
transition metals are reported to improve catalytic activity for ORR in the
presence of methanol. Yung-Eun Sung et al., prepared a ternary PtPdCo/C
electrocatalysts by borohydride reduction method which demonstrated high
methanol tolerance and enhanced ORR activity than the commercial Pt/C
electrocatalyst.[123] A. M. Castro Luna et al. investigated PtCo/C and
PtCORu/C as cathode catalysts in DMFCs and found that the presence of
metal oxide on the surface i.e RuO2 on their surfaces increases the
methanol tolerance.[114| Similarly PtPdCo/C, PtCr/C, PdCo@PdPt/C,
PdM(M = Co, Ni, Cr)/C, and PdFe/C catalyst were studied as cathode
catalyst in the DMFCs which exhibited improved methanol resistance and
ORR activity.[115,116] However, low stability and transition metal
dissolution are the major drawback for their application in DMFCs.

The replacement of Pt-based catalysts with Pt-free cathode catalysts is
considered a holy grail. The Pt-free materials that have displayed the
highest ORR activity when tested are pyrolysed Me-N-C catalysts with the
Iron (Fe) and Cobalt (Co) metal centre.[116-119] The first report of M-N-C
composites as ORR catalysts was reported way back in 1964 by Jasinski in
which Co phthalocyanine was found to exhibit ORR catalytic activity.[116]
After that, tremendous efforts have been devoted to the development of M-
N-C ORR catalysts by using different precursors and methodologies. Wu et
al. prepared nonprecious-metal catalysts with Fe and Co confined in
multiple C-N shells by using polyaniline (PANI) as a carbon-nitrogen
precursor which exhibited ORR activity closer to that of commercial Pt/C
and an enhanced durability in PEMFC tests.[117] Similarly, Dodelet group
reported Fe-based catalysts prepared by pyrolyzing ferrous acetate, carbon

black, and phenanthroline in argon and ammonia successively with
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enhanced ORR activity but with unsatisfying stability.[118,119] Hu et al.
prepared FesC nanoparticles encapsulated by graphitic layers through a
high-pressure pyrolysis process which showed remarkable stability in both
acidic and alkaline electrolyte.[120] The Qiao group developed CNTs with
Fe-N decoration from hierarchically porous carbon which posesses high
activity by Fe-N species, facile transportation from large pores, and
adequate active-site exposure from large surface area.[121] Similarly, Serov
et al. synthesized non-precious group metal catalysts based on M-
tetraphenylporphyrin (TPP) (M: Fe, Co, Ni, Cu, Mn, and Zn) and iron
phthalocyanine (PC).[122] Kong et al. prepared Co-N-C catalysts by mixing
etched graphene oxide (GO) sheets with abundant in-plane pores and a
porphyrin containing both Co and N elements as the doping precursor.[123]
Kwak et al. used different ratios of cysteine (S and N source) and iron (III)
tetramethoxyphenylporphyrin (FeETMPP) to achieve a porous material, after
a thermochemical decomposition at 900°C in N2 atmosphere.[124] Overall,
it is found that among these M-N-C based catalytic systems with Fe based
electrocatalysts outperform the other metals.

Apart from these several nonprecious-metal oxides have also been
found to be catalytically active for ORR. Jaramillo et al. and Cheng et al.
synthesized Mn oxide electrocatalysts for ORR and later found that the
activity can be improved by introducing oxygen deficiency generated by
high-temperature treatment in air or argon.[125,126] Dong et al. reported
free-standing tubular monolayer super lattices of hollow Mn3O4 nanocrystal
(h-Mn304-TMSLs) with outstanding ORR performance in alkaline solution
with an onset potential close to 0.91 V.[127] The Dai group grew Co3O04
nanocrystals on reduced graphene oxide (RGO) and found such a hybrid
material can serve as an efficient ORR catalyst in alkaline solution and
reported enhanced ORR performance due to the synergetic chemical
coupling effects between graphene oxide and Co0304.[128] Other
nonprecious compounds such as MnOOH, TiO2, NbO2, ZrOxNy, TaOxNy, and
CoSez have also been widely investigated.[129,130] In addition, metal-free

catalysts, especially N-doped carbon materials, have been reported for ORR.
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In spite of all these efforts much of issues with the cathodic interface of the

DMFCs still remains unresolved.
1.3. Aim and Scope

Differing from the previous strategies, the primary aim of this thesis is
to develop  unconventional fuel cells by employing pH
dependent/independent redox couples. In this thesis, by employing a pH
independent outer sphere redox couple, issues related to the cathodic
interface of the state of art DAFCs is addressed. By employing a pH
dependent redox couple, additional functionalities such as alcohol
reformation could be integrated to a DAFC reaction pathway during
electricity production. Thermodynamic calculations showed the
participation of electrochemical neutralization in alcohol reformation and
hence attempts were dedicated to harvest it directly using pH dependent
hydrogen redox. Electrochemical neutralization without a net redox
reaction, offered a unique pathway for desalination of saline water in a
process that involves only gases, water, H* and OH- with minimal chances

of water contamination. The thesis is divided into following Chapters.

Chapter 1 discusses the state-of-the-art hydrogen and alcohol fuel cells.
The architectural components and principle are thoroughly discussed. This
chapter also discusses the issues related to hydrogen fuel cell like hydrogen
production and how it is being addressed in the literature. Similarly, the

problems with the cathodic interface of alcohol fuel cell are also highlighted.

Chapter 2 discusses the implications of modifying the cathodic interface of
a direct methanol fuel cell (DMFC) with a pH independent outer sphere
redox couple. This chapter discusses in detail how the modification with an
outer sphere redox couple can address the parasitic chemistry associated
with methanol crossover. This interfacial modification arrests the parasitic
chemistry at the cathodic interface and improves the performance metrics

nearly by 8 times compared to state of the art DFMC-Ox2 fuel cells.
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Chapter 3 demonstrates the design and performance of an alcohol
reforming fuel cell (ARFC) wherein alcohol reformation is coupled with the
electricity production. The thermodynamic calculation showed that alcohol
reformation which is otherwise a high temperature/pressure catalytic
process can be driven at room temperature and pressure during electricity
production with the simultaneous generation of pure hydrogen by utilizing
the electrochemical neutralization reaction as the driving force. Since the
hydrogen fuel produced is free from carbon containing impurities, ARFC
can be directly utilized as a fuel reservoir for a H2-O fuel cell in a tandem

configuration.

Chapter 4 demonstrates a strategy for the direct harvesting of energy of
neutralization as electrical driving force which is otherwise impossible as
acid base neutralization is not a redox reaction. In this Chapter, by utilizing
a pH dependent hydrogen redox reaction, it is shown that energy of
neutralization can be directly harvested as electrical driving force without a
net redox reaction. This electrochemical neutralization cell employs H*/Ho>
redox couple to perform the neutralization reaction in an electrochemical
pathway and the positive entropy change of the reaction allows nearly 30%

of electrical energy to be harvested from the surroundings.

Chapter 5 discusses the applications of direct harvesting of neutralization
energy as electrical driving force for spontaneous water desalination. The
chapter discusses the design, principle and performance of a 3-
compartment electrochemical cell for simultaneous water desalination
during electricity production. The electrochemical desalination cell driven
by the electrochemical neutralization demonstrates performance metrics
comparable to the state-of-the-art desalination processes reported in the

literature.

Chapter 6 gives a brief summary and future outlook of the work reported

in the thesis.
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Chapter 2

A Direct Alcohol Fuel Cell Driven by a
pH Independent Redox Couple
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Abstract: Molecular oxygen, the conventional electron acceptor in fuel
cells poses challenges specific to direct alcohol fuel cells (DAFCs). Due to
the coupling of alcohol dehydrogenation with the scission of oxygen on the
positive electrode during the alcohol crossover, the benchmark Pt-based
air cathode experiences severe competition and depolarization losses. The
necessity of heavy precious metal loading with domains for alcohol
tolerance in the state-of-the-art DAFC cathode is a direct consequence of
this. Though efforts are dedicated to selectively cleave oxygen, the root of
the problem being the inner sphere nature of either half-cell chemistry is
often overlooked. Using a pH independent outer sphere electron acceptor
which does not form a bond with the cathode during redox energy
transformation, we effectively decoupled the interfacial chemistry from
parasitic chemistry leading to a DAFC driven by alcohol passive carbon
nanoparticles, with performance metrics ~8 times higher than Pt based

DAFC-0so.
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Zahid Bhat et.al., J. Phys. Chem. Lett. 2017, 8, 3523-3529. Copyright
American Chemical Society
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2.1. Introduction

Electrochemical energy storage and conversion devices such as H2-O2
fuel cells, supercapacitors and batteries are propelled by their potentiality
to construct zero emission energy technologies.[1-13] Though H2-O2 or
proton exchange membrane fuel cell (PEMFC) technology is a promising
zero emission technology with high efficiency, the safety and complexities
associated with H» storage projected small molecule powered direct
alcohol fuel cells (DAFCs) encouraging alternative to H2-O2 fuel cells.[14-
16] However, the multi-electron alcohol oxidation kinetics proceed
dominantly through a parallel pathway mechanism on the benchmark Pt
based electrocatalysts, strongly blocking its catalytic domains by CO.[17-
19] Secondly, alcohol crossover usually encountered in liquid fed fuel
cells, becomes a serious issue at higher current densities ultimately
poisoning the Pt based cathode catalysts.[20-22] This necessitates heavy
loading of precious metal cathode catalysts and engineering its catalytic
domains for selective oxygen reduction reaction (ORR).[23-25] All these
practically hinder the commercial outreach of DAFC technology. Even
though enormous efforts are dedicated to engineer the catalytic domains
to favor selective ORR with inherent alcohol inertness, these strategies
have so far not addressed the root of the problem, i.e the inner sphere
electron transfer nature of either half-cell chemistry. Here we show a
direct methanol fuel cell (DMFC) with a precious metal-free cathode
containing only carbon nanoparticles with an outer sphere diffusing
molecule that can undergo fast redox reaction as electron acceptor. Outer
sphere electron acceptors are known in Li-Oz batteries as mediators and
flow batteries as electron acceptors.[26-27] In a significant development
Lin et al. constructed an all alkaline quinone based flow battery and Gong
et al. proposed an iron-based flow battery using outer sphere electron

acceptors.[28,29]

Apart from being a simple electron acceptor, the introduction of an

outer sphere electron acceptor to a fuel cell solves issues specific to DAFC

Zahid Bhat, 2021, IISER Pune Page | 43



Outer-Sphere Fuel Cell (I Chapter 2

technology for the following reasons. Firstly, since the inner sphere ORR is
replaced by the redox reaction of an outer sphere redox species, intimate
contact is not required with the cathode, therefore simple carbon
nanoparticles are enough to carry out the reaction at required current
density. This turns in to a DAFC with a precious metal-free cathode.
Secondly, the carbon cathode is kinetically inert towards alcohol oxidation
leading to a DAFC which is free from the complexities of alcohol crossover
associated with the cathode. Thirdly, the carbonate accumulation and
subsequent clogging of gas diffusion layer (GDL) usually encountered in
conventional air breathing DAFC is largely suppressed in the present
DAFC configuration as it is a closed architecture. The new DAFC with the
outer sphere redox species delivered a power density of ~110 mW /cm? at a
current density of ~280 mA/cm? (at 80°C) which is ~8 times higher than
that of the state-of-the-art Pt based DAFC-Oa.

2.2. Materials and Methods

Methanol (99.8%), Potassium ferricyanide (99%), sodium hydroxide
(85%) and sulphuric acid (98%) were procured from Sigma Aldrich India
and were used as received. Pt/C was procured from Johnson Matthey
India. Toray carbon was procured from the fuel cell store, USA.

The electrochemical measurements were recorded with VMP-300
Electrochemical Work Station (Biologic, France). A standard 3 electrode
electrochemical cell setup was used to perform the electrochemical
measurements with platinum (2 mm diameter) or glassy carbon (3 mm
diameter) as working electrode, Ag/AgCl (3.5 M KCI) as reference and
platinum mesh as the counter electrode.

Methanol oxidation in acidic and alkaline media was carried out with
0.5 M methanol in 0.5 M H2SO4 and 1 M KOH in nitrogen purged
solutions at different scan rates ranging from 10 mV/s to 100 mV/s. The
cyclic voltammetry was done at a scan rate of 1 mV/s to get the Tafel
plots. CO stripping measurements were carried out in 0.5 M H2SO4 and 1

M KOH by first purging the solutions with nitrogen, then with carbon
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monoxide and finally again with nitrogen before carrying out the
measurement. The electrode was held at a potential of 0.2 V vs. RHE. The
measurements were done at a scan rate of 1 mV/s.[30,31] pH dependence
was carried out by using different pH solutions made with different
concentrations of sulphuric acid for acidic pH solutions and potassium
hydroxide for alkaline solutions. The ionic strength of the solutions was
maintained by using potassium sulphate salt.

Nicholson’s method, Klinger and Kochi’s method and RDE methods
were used to calculate the heterogeneous rate constants and number of
electrons. The first two methods are based upon peak potential difference
with respect to scan rate.

Nicholson method employs the relation between kinetic parameter (y)

with the rate constant (k°) which is given as,

-1/2

nDnvF

v=k [ RT ]
where D is the diffusion coefficient, n is the number of electrons, v is

the scan rate, F is the Faraday constant, R is the universal gas constant
and T is the temperature. The kinetic parameter is deduced from the peak
potential difference (AE). The function which fits the Nicholson data for the

practical purpose is given by,

10 —0.6228 + 0.0021AE]
W:

1-0.0174E

By plotting v against the 1/square root of scan rate the
heterogeneous rate constant was calculated from the slope. Nicholson

method is valid up to peak potential separation below 150 mV.[32]

Klinger and Kochi method is used when the peak potential difference
exceeds 200 mV. According to this method the heterogeneous rate

constant is given by the following relation,
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k° =218

BDnvF ] ~1/2

—a’nFAE
RT

exp [ RT

The value of transfer coefficient is calculated from the slope of the plot of
peak potential vs log of scan rate.[33]
Diffusion coefficients were calculated from chronoamperometry using

the Cottrell equation.[34]

nFACD/?
(n-t)l/Z

RDE measurements were done with nitrogen purged solution of 10

i(t) =

mM potassium ferricyanide solution in 0.1 M KOH at a scan rate of 10
mV/s with a three-electrode system containing platinum disc electrode
(0.196 cm?) as working electrode, Ag/AgCl (3.5 M KCl) as reference
electrode and platinum wire as counter electrode at different RPM values
(100, 400, 900, 1600, 2500, 3600, 4900, 6400). Number of electrons were

calculated using the Koutecky-Levich equation,

1 1 1
- =—+=
J Jke N
j is the total current density, jk is kinetic current density and j; is the

limiting current density.
ji = 0.62nFD?/3y=1/6C /2

n is the number of electrons, F is the Faraday constant, D (cm?2/s) is
the diffusion constant, v is the kinematic viscosity (cm/s), C (moles/cmb3)
is the bulk concentration and o is the rotation rate (radians/second).The
reciprocal of current density was plotted against reciprocal of rotation
rates at different potentials (150 mV, 250 mV, 275 mV, 300 mV, 320 mV).
The slope is equal to 1/0.62nFD%3vy~1/°C from which the number of

electrons was calculated. The intercept of the plot gives the reciprocal of
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kinetic current density. The kinetic current is related to overpotential by
the following relation,
—onF
Jx = k°CFexp W(E - EO)]

The rate constant and transfer coefficient were calculated by plotting
overpotential against log of kinetic current density, the slope of which is
equal to 2.303anF/RT and the x-intercept gives the exchange cureent
density which is equal to FCk® from which the value of k° was
calculated.[35]

In-situ spectroelectrochemistry data of potassium ferro-ferricyanide
was collected with 0.2 mM of ferricyanide in 0.1 M KOH at a scan rate of 5
mV /s with a three-electrode system consisting platinum mesh electrode as
working electrode, Hg/HgO (1 M NaOH) as reference electrode, platinum
wire as counter electrode. The spectrum of potassium ferricyanide was
taken as the background.

DMFC-ferricyanide fuel cell was assembled as follows. The anode
electrode was fabricated by coating the catalyst i.e., Pt/C (60 wt% Pt) on
Toray carbon paper with a loading of 0.2 mg/cm2. Similarly, for the
cathode, Ketjen black carbon nanoparticles were used in place of Pt/C.
The respective catalyst inks were prepared by dispersing known amounts
of Pt/C (10 wt% of Nafion binder) and Ketjen black (10 wt% of PTFE
binder) in isopropanol by sonication for about 30 minutes. A pre-treated
Nafion 117 membrane was sandwiched between the two electrodes and the
whole setup was placed between the graphite plates with serpentine
channels having inlets and outlets for the flowing solutions. Stainless steel
endplates were used to tighten the setup. 3 M methanol in 2 M KOH was
used as the anolyte (50 mL/minute) and 0.6 M potassium ferricyanide in
2 M KOH was used the catholyte (50 mL/minute). For Pt based DMFC-O2
fuel cell, the anode was fabricated as in the case of DMFC-ferricyanide.
The air cathode ink was fabricated by sonicating Pt/C (1 mg of Pt per
cm?), isopropanol and 10 wt% PTFE binder for 30 minutes. The resulting

ink was sprayed on to Toray carbon paper. A pre-treated Nafion 117
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membrane was sandwiched between the two electrodes and the whole
setup was placed between the graphite plates with serpentine channels. 3
M methanol in 2 M KOH was used as the anolyte (50 mL/minute) and
humidified O was continuously supplied to the cathode at a flow rate

0.25 slpm.

2.3. Result and Discussion

The architectural components and potential cathodic reactions due to
alcohol crossover in new carbon nanoparticles driven DAFC with an outer
sphere electron acceptor is compared with those in a conventional Pt
based DAFC-Oz in Scheme 1. Both fuel cells consist of an anodic and a
cathodic chamber separated by a Nafion 117 membrane.

In the new direct methanol fuel cell (DMFC) architecture, anodic
compartment is filled with 3 M methanol (in 2 M KOH) and it contains Pt
supported on carbon (Pt/C) as the anode electrocatalyst at a loading of 0.5
mg/cm? and the cathodic compartment is filled with 0.6 M potassium
ferricyanide (in 2 M KOH) as the electron acceptor. Ferricyanide is a
known outer sphere redox species that can undergo fast electron transfer
even on carbon-based materials,[36] therefore the cathodic reaction
required only high surface area carbon nanoparticles to drive the reaction.
This configuration is chosen for the following reasons. Methanol oxidation
is a pH dependent process and therefore the Nernstian electromotive force
vs. pH plot (Pourbaix diagram) for methanol oxidation should demonstrate
a slope of -59 mV/pH. Based on this at pH 14 methanol oxidation should
have a Nernstian voltage of -826 mV vs. SHE.[37] On the other hand,
ferricyanide redox reaction is pH independent thereby providing a
constant formal potential of ~0.45 V irrespective of the pH.[38] Therefore if
both reactions are coupled in a DMFC architecture one can expect a fuel
cell with a voltage of ~1.3 V in which methanol can get oxidized on Pt/C
anode and the ferricyanide can function the role of a powerful electron

acceptor simply on carbon based cathodes. Experimental Pourbaix
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diagram for methanol oxidation is shown in Figure 2.la and it
demonstrates a slope of -66 mV/pH which in turn is close to that of
theoretical Nernstian shift. Slight deviation from theoretical value could be
due to poisoning of Pt/C catalyst during methanol oxidation which is

widely recognized in the fuel cell literature.[39]

w
fal
o
Z
I
-
a

D
\—
D-
N
D-
S
D
e
DA
5 —
D
N—
D
-

D
D
D
D
-

Scheme 1. Schematic representation of architectural components and
potential cathodic reactions due to alcohol crossover in conventional Pt
based DAFC-O> and carbon nanoparticles driven DAFC with an outer

sphere electron acceptor.

Experimental Pourbaix diagram for methanol oxidation is shown in
Figure 2.1a and it demonstrates a slope of -66 mV/pH which in turn is
close to that of theoretical Nernstian shift. Slight deviation from theoretical
value could be due to poisoning of Pt/C catalyst during methanol
oxidation which is widely recognized in the fuel cell literature.[39] An
alkaline pH for methanol oxidation is further justified by the increased
kinetics for methanol oxidation on Pt/C in basic pH compared to acidic
pH, Figure 2.1b. The current at the peak potential at the same
concentration of methanol is found to be amplified by ~20 times in
alkaline medium on the same Pt/C catalyst, demonstrating the clear

advantages of an alkaline pH for methanol oxidation. This is further
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supported by amplified value of electron transfer rate constants for
methanol oxidation on Pt/C electrode (at the peak potential) in alkaline pH
compared to acidic pH, calculated using Klinger and Kochi method, [40]
Figure 2.1b and Table 2.1 and is found to be ~9 times higher in favor of
alkaline medium (see experimental section for more details). The Tafel
plots, Figure 2.1c further demonstrate the factors controlling the true rate
of the reactions such as Tafel slopes and exchange current densities are
noticeably improved in favor of alkaline medium compared to the acidic
medium, Figure 2.1c and Table 2.1. It should be noted that the
electrochemically active area (ECASA) of Pt/C catalysts is higher in acidic
medium, owing to the proximity of OH- adsorption and oxygen adsorption
in alkaline medium. For these reasons, the true area normalized
parameters are obtained using ECASA in acidic medium, in line with the
literature.[41,42] The supremacy of alkaline pH for methanol oxidation is
attributed to reduced poisoning of Pt/C catalytic domains, CO stripping
voltammograms, Figure 2.1d, wherein CO accumulation is found to be
minor in alkaline medium compared to acidic medium. This is due to the
abundance of -OH groups in basic pH that can chemically oxidize CO to

CO2 which is widely reported in the literature.[43-45]

Table 2.1. Comparison of methanol oxidation in acidic and alkaline media

on a Pt/C electrode.

Exchange
Medium (cﬁze/a ) current density (:16\1;‘7:1:::2%2) 1(10;1/(;:
& (WA/cm?)
H>S04 57.1 1.0 142 1.45
KOH 28.5 7.9 124 9.64
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Figure 2.1. (a) Experimental Pourbaix diagram for methanol oxidation, (b)
cyclic voltammograms of methanol (0.5 M) oxidation on a Pt/C electrode at
a scan rate of 20 mV/s in 0.5 M H2SO4 and 1 M KOH, (c) Tafel plots for
methanol (0.5 M) oxidation on a Pt/C electrode in 0.5 M H>SO4 and 1 M
KOH and (d) CO stripping voltammograms of Pt/C electrode in 0.5 M
H>SO4and 1 M KOH.

On the other hand, the CV of ferricyanide on carbon based glassy
carbon electrode is found to be almost independent of the pH, Figure 2.2a.
The formal potentials vs. pH, Figure 2.2b, shows a near zero slope (~1.5
mV/pH) affirming this point. The electron transfer rate constant of
ferricyanide on carbon electrode is estimated by Klinger and Kochi method
and Nicholson’s method independently (see experimental section for more
details), Figure 2.2¢c-d and Table 2.2, and is found to be in the range of 6-

9x102 cm/s suggesting it is a fast and reversible redox reaction.[46]
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Therefore simple carbon-based materials will be able to drive the reaction
at required current density.

The number of electrons during ferricyanide/ferrocyanide redox
reaction estimated by Rotating Disk Electrode (RDE) measurements and
the Koutecky-Levich plot (K-L plot) is found to be ~1.06 which is very close
to the theoretical value of 1.[47] The electron transfer rate constant
extracted from the K-L plot is found to be 7.25x10-2 cm/s, Figure 2.3a,
and Table 2.3, which is in agreement with the Nicholson’s method and
Klinger and Kochi method, Figure 2.2 & Table 2.2. Therefore, as noted
above the high reaction rate constant makes it possible to employ simple
carbon electrode to drive the reaction at required current density which is

further demonstrated in the fuel cell polarization studies given below.
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Figure 2.2. (a) Cyclic voltammograms of ferricyanide (10 mM) on a glassy

carbon electrode with respect to the pH, and (b) the corresponding
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Pourbaix diagram. (c) Variation of heterogeneous rate constant with peak
potential separation as per Klinger and Kochi method and (d) the plot for

the Nicholson function vs. inverse square root of scan rate.

Table 2.2. Comparison of heterogeneous rate constants for ferricyanide

using different methods.

Methods K%%x102 (cm/s)
Nicholson 6.17
Klinger and Kochi 9.00
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Figure 2.3 (a) Rotating disk electrode measurements obtained on a glassy
carbon disk electrode for potassium ferricyanide (10 mM) in 1 M KOH at
different rotation rates, and (b) Koutecky-Levich plots at different

potentials. (c) Rotating ring disk electrode measurements for potassium

Zahid Bhat, 2021, IISER Pune Page | 53



Outer-Sphere Fuel Cell (I Chapter 2

ferricyanide (10 mM) with glassy carbon ring and glassy carbon disk
electrodes. (d) Plot of overpotential vs. log of kinetic current for the

calculation of intrinsic rate constant.

Table 2.3. Parameters extracted from the RDE experiments during

ferricyanide redox reaction.

Parameters Values
Number of electrons 1.06
Symmetry factor () 0.24
Rate constant (K°x102) (cm/s) 7.25

The concentrations of methanol, alkali and ferricyanide are optimized
in proposed DMFC to maximize the performance, Figure 2.4a-c, and better
performance is obtained with 3 M methanol in 2 M KOH as anolyte and
0.6 M ferricyanide in 2 M KOH as the catholyte. It should be noted that
0.6 M ferricyanide is the solubility limit of ferricyanide in 2 M KOH and
ferricyanide solubility decreased with increase in alkali concentration. For
this reason, even though higher alkali concentration (> 2 M KOH) slightly
increased the fuel cell performance as shown in, Figure 2.4a, 2 M KOH
was chosen for fuel cell studies. Further the increase in fuel cell
performance with increase in methanol concentration was only marginal,
Figure 2.4c, therefore 3 M methanol was chosen as the optimum
concentration. The fuel cell polarization curve for DMFC containing 3 M
methanol (in 2 M KOH) and 0.6 M ferricyanide (in 2 M KOH) separated by
a Nafion-117 membrane is shown in Figure 2.5a and it demonstrates an
OCV of ~1.1 V analogues to conventional Pt based DMFC-O> fuel cell,
Figure 2.5b. The peak power density of Pt free DMFC is found to be ~115
mW /cm? at a current density of 280 mA/cm? (at 80°C) which is ~8 times

higher than Pt based DMFC-O2 fuel cell Figure 2.5a, b and Table 2.4. The
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steady state voltage during long time polarization at a higher current
density (100 mA/cm?) with the same concentration of alcohol is found to
be at least ~300 mV higher in the present DMFC configuration than Pt
based DMFC-O> fuel cells at a lower current density (50 mA/cm?2), Figure
2.5c. This corresponds to an energy density of ~3.4 Wh/kg of methanol
which is ~3 times higher than Pt based DMFC-Oz fuel cell, Figure 2.5¢ and
Table 2.4
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Figure 2.4. Optimization of performance in DMFC-ferricyanide fuel cell.

(a) potassium hydroxide, (b) potassium ferricyanide and (c) methanol.

The Tafel plot extracted from the polarization data at 25°C, Figure
2.5d, suggests the factors controlling the true rate of the reactions are
amplified with a lower Tafel slope and higher exchange current density in
the present DMFC configuration compared to Pt based DMFC-O», Table
2.4.
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Figure 2.5. (a) Polarization curves of DMFC-ferricyanide (3 M Methanol in
2 M KOH as anolyte and 0.6 M potassium ferricyanide in 2 M KOH as
catholyte) fuel cell at different temperatures. Anode Pt loading is 0.2
mg/cm? and cathode carbon loading is 3 mg/cm? and (b) the
corresponding performance of Pt based DMFC-O2 fuel cell at different
temperatures. Anode Pt loading is 0.2 mg/cm? and cathode Pt loading is 1
mg/cm?. (c) Galvanostatic polarization curves for the DMFC-ferricyanide
(at 100 mA/cm?2) and Pt based DMFC-O2 (at 50 mA/cm?) at 80°C and (d)

Tafel plots extracted from the polarization data at 25°C.
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Table 2.4. Comparison of fuel cell relevant parameters extracted from

Figure 2.5.
Peak Exchange
Fuel cell current dr;‘:::ftr cll.::nesigty current Tafel slope
density y2 h/k y density (mV/decade)
(mA/cmz) (mW/cm ) (w / g) (uA/cmz)
DMFC- 280 115 3.4 2.0 350
ferricyanide (80°C) (80°C) (80°C) (25°C) (25°C)
42 13 1.1 0.46 422
DMFC-0, (80°C) (80°C) (80°C) (25°C) (25°C)

In this Chapter, we do not claim the comparisons are straightforward,
because the performance of Pt based DMFC-O2 can be further improved
by increasing the partial pressure of Oz and Pt loading, however it should
be noted that these will have significant cost implications. The
performance of DMFC-ferricyanide should be looked at from the aspect of
simple carbon-based cathode without the complexities associated with
methanol crossover, carbon corrosion and numerous other advantages as
noted below.

The stability of carbon cathode is analyzed by FTIR data before and
after long time polarization indicating the absence of carbon corrosion
which is usually encountered in Pt based DMFC, Figure 2.6a. Pt in
presence of Oz oxidant is known to accelerate carbon corrosion which is
evidently present in the FTIR spectral patterns after long term polarization
in Pt based DMFC-O: fuel cells, Figure 2.6a.[48,49] Methanol crossover
and subsequent competition at the cathode is monitored by following the
OCV vs. time and cyclic voltammetry with the cathode as working
electrode. As shown the OCV vs. time profile demonstrates a self-
discharge rate of 100 mV/hr for Pt based DMFC-O: fuel cell which is ~2.5
times higher than that for DMFC-ferricyanide fuel cell, Figure 2.6b. The

cyclic voltammograms in a diffusion cell with the cathode as working
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electrode demonstrate the growing signals due to methanol oxidation with
respect to time in DMFC-O> fuel cell suggesting alcohol diffusivity and
subsequent competition at the cathode, Figure 2.6c. The corresponding
voltammograms in DMFC-ferricyanide did not reveal a signal due to
methanol clearly demonstrating carbon cathode is kinetically inert
towards methanol, Figure 2.6d. Therefore, the present DMFC
configuration with an outer sphere redox species demonstrates significant
advancement compared to the state-of-the-art Pt based DMFC-O3, fueling

its commercial outreach.
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Figure 2.6. (a) FTIR spectra of Pt/C cathode in DMFC-O: fuel cell and
carbon cathode in DMFC-ferricyanide fuel cell before and after long time
stability tests, (b) open circuit voltage vs. time for DMFC-O2 and DMFC-
ferricyanide fuel cell. (c) and (d) are the methanol oxidation profiles at
different time intervals at a scan rate of 20 mV/s with the cathode as
working electrode in (c) DMFC-O: fuel cell and (d) DMFC-ferricyanide fuel

cell.
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During the operation of the DMFC, it is known that the complete
oxidation of methanol generates CO02.[50,51] The ex-situ FTIR spectral
data collected indicate the accumulation of formate species in the
electrolyte, Figure 2.7, suggesting the dominance of a parallel pathway
mechanism. Further, the limiting half-cell reaction in proposed DMFC-
ferricyanide fuel cell is investigated by collecting individual half-cell
voltage profiles during the fuel cell polarization studies. As shown in
Figure 2.7b, the cathode is found to limit the overall fuel cell performance
and it could be due to the lower concentration of ferricyanide (0.6 M)

compared to methanol (3 M).
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Figure 2.7. (a) Ex-situ FTIR spectra of the electrolyte during methanol
oxidation on a Pt/C electrode after holding the potential for a minute at
mentioned potentials and (b) Individual half-cell polarization data of anode

and cathode in DMFC-ferricyanide fuel cell.

Ks[Fe(CN)s] + K* + e- ———» K4[Fe(CN)g] (2.1)

CH3sOH+ 6 OH- ——— CO2+ 5 HxO +6e (2.2)

CH3OH + 6 K3[Fe(CN)s] + 6 KOH —— 6 Ka4[Fe(CN)g] + CO2 + 5 H20 (2.3)

Based on the above studies the following anodic and cathodic half-
cell reactions (Eq. 2.1and 2.2) are suggested and the complete cell reaction

(Eq. 2.3) involves oxidation of methanol to CO2z and the reduction of
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ferricyanide to ferrocyanide with the electron flow through the external
circuit.

Taken together, DMFC fuel cell driven by an outer-sphere electron
acceptor has numerous advantages with significant reduction in cost of
electricity per kW over its Pt based DMFC with inner sphere electron

acceptor.
2.4. Conclusions

In this Chapter, we have successfully demonstrated a new DAFC
configuration containing a pH independent outer sphere electron acceptor
that can be driven by simple and alcohol passive carbon electrode
exhibiting performance metrics ~8 times higher than Pt based DAFC-O..
This configuration leads to a DAFC with a Pt free cathode and a closed
architecture. Proposed DAFC addresses alcohol crossover, carbonate
clogging and cost issues associated with the state-of-the-art Pt based
DMFC-O2 fuel cells. Even though the performance metrics are improved
significantly upon the interfacial modification of the cathode with a pH
independent redox couple, we note that this strategy could not introduce
any additional functionality to the DAFC architecture. In the Chapter to
follow (Chapter 3), we could integrate additional functionality to a DAFC
architecture by modifying the cathodic interface by a pH dependent redox

species.
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A Direct Alcohol Fuel Cell Driven by a
pH Dependent Redox Couple

Zahid Bhat, 2021, IISER Pune Page | 67



Alcohol Reforming Fuel Cell (I Chapter 3

Abstract: In this Chapter, additional functionality of hydrogen production
is integrated to a direct alcohol fuel cell during electricity production by
interfacial modification of the cathodic interface by utilizing a pH
dependent redox couple. ‘Hydrogen economy’ could enable a carbon-
neutral sustainable energy chain. However, issues with safety, storage,
and transport of molecular hydrogen impede its realization. Alcohols as
liquid H> carriers could be enablers, but state-of-the-art reforming is
difficult, requiring high temperatures >200°C and pressures >25 bar, and
the resulting H» is carbonized beyond tolerance levels for direct use in fuel
cells. Here, we demonstrate ambient temperature and pressure alcohol
reforming in a fuel cell (ARFC) with simultaneous electrical power output.
The alcohol is oxidized at the alkaline anode, where the resulting CO3 is
sequestrated as carbonate. Carbon-free H> is liberated at the acidic
cathode. The neutralization energy between alkaline anode and acidic
cathode drives the process, particularly the unusually high entropy gain
(1.27-fold AH). The significantly positive temperature coefficient of the
resulting electromotive force allows to harvest a large fraction of the
output energy from the surrounding, achieving a thermodynamic
efficiency as high as 2.27. MoS: as the cathode catalyst allows alcohol
reforming even under open-air conditions; a challenge that state-of-the-art
alcohol reforming failed to overcome. We further show reforming of a wide
range of alcohols. The ARFC offers an unprecedented route towards
hydrogen economy as CO:2 is simultaneously captured and pure Ha:

produced at mild conditions.

The chapter contains the data
taken from my original published
work: Zahid Bhat et.al., ACS
Sustain. Chem. Eng. 2021, 9, 8,
3104-3111. Copyright American
Chemical Society
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3.1. Introduction

The variability of renewable energy resources due to characteristic
weather fluctuations increase the mismatch between energy generation
and demand, and bridging this gap requires the development of efficient
energy storage and conversion strategies. [1-13] “Hydrogen economy” or
sustainable hydrogen fuel production and its subsequent utilization for
energy conversion, can accommodate renewable energy fluctuations since
hydrogen is a non-polluting energy carrier molecule.[14-16] ‘Hydrogen
economy’ in principle provides a pathway towards a carbon neutral
economy because hydrogen is an environmentally friendly alternative to
fossil fuels and the utilization of the former for energy conversion with the
help of a proton exchange membrane fuel cell (PEMFC) is a potential zero-
emission energy pathway.[14-19] However, the prime challenges in
realizing a mighty ‘hydrogen economy’ are storage, safety and
transportation issues associated with molecular hydrogen, which in turn
projected lower aliphatic alcohols which are liquids at room temperature
as efficient hydrogen carrier molecules.[20-23] Even though this has
rekindled hope in hydrogen economy, hydrogen extraction by state of the
art alcohol reforming process is prohibitively expensive, invariably
requiring high precious metal catalyst loading, high temperatures >200°C
and high pressures >25 bar.[24-31] Even with such a large energy input,
the generated H» fuel streams are often carbonized (primarily with CO and
COg) with levels well exceeding the tolerance level for directly utilizing in a
PEMFC thereby requiring energy intensive fuel purification modules. [24-
28] It should be noted that there were laudable developments in catalysis
for lowering the temperature and pressure requirements for alcohol
reforming, [29-33] however, the production of carbon free molecular
hydrogen from alcohols at room temperature and pressure remain as an
elusive challenge even today. Recently some of us have formulated a ‘fuel
exhaling fuel cell’ wherein the hydrogen fuel consumed in the anodic half-

cell is exhaled as molecular hydrogen at the cathodic half-cell by
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interconverting the energy of neutralization as electromotive force.[34]
These results and our thermodynamic calculations (Calculation 3.1)
motivated us to employ the energy of neutralization for alcohol reforming
at room temperature and pressure as a combination of the two predicted
an overall negative free energy change of 476.1 kJ/mol.

Based on this, we have developed a room temperature alcohol
reforming fuel cell (ARFC) chemistry where electric power generation is
integrated with spontaneous hydrogen fuel production via the inter-
conversion of neutralization energy as electrical driving force, which
transforms fuel cells from simple fuel utilization devices to fuel reservoirs.
The formulated chemistry is very unusual compared to state of the art
energy conversion pathways as the former is driven primarily by its
distinctly high positive entropic heat (~127% of AH) which is often
insignificant for the latter (<~10%), Thermodynamic Calculation 3.1.[35-
37] Since temperature coefficient of electromotive force (dE/dT) is directly
related to entropy change, a positive dE/dT of ~ 2.39 mV/K for ARFC, (as
discussed below) enable the device to obtain ~0.46 V (at 298 K) of
electrical driving force by harvesting heat from the surroundings leading
to a thermodynamic efficiency as high as 2.27. Since the decarbonization
and fuel generation half cells are delinked by a cation selective membrane
in proposed ARFC, generated hydrogen fuel is inherently pure enabling its
direct utilization in a PEMFC without any purification module. The
dependency of decarbonization half-cell on the hydroxide ion
concentration allow CO2 capture which in turn offers opportunities for
hydrogen generation with CO2 capture. The ability of the proposed ARFC
for on-demand fuel generation can be utilized to address storage issues
associated with molecular hydrogen by linking the ARFC with a PEMFC in
a tandem configuration. ARFC based hydrogen economy offers a feasible
solution for reviving hydrogen economy from its twilight as COz is
captured and electric power is harnessed simultaneously during hydrogen

fuel production as well as its utilization.
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3.2. Materials and Methods

Methanol (99.8%), ethanol (99.9%), sulphuric acid (99.99%),
potassium hydroxide (85%), acetic acid (99.7%), sodium acetate (99%),
potassium phosphate (99%), potassium hydrogen phosphate (99%) and
potassium dihydrogen phosphate (99%), ammonium molybdate
tetrahydrate (99.98%), thiourea (99.8%) and chloroplatinic acid
hexahydrate (99.9%) were from Sigma Aldrich India. Platinum supported
on carbon (Pt/C) with 60 wt% Pt and PtRu supported on carbon (PtRu/C)
with Pt (40 wt%), Ru (40 wt%) and C (20 wt %)) were from Johnson
Matthey India.

Electrochemical measurements were carried out using Biologic
potentiostat (VMP-300), ATR-FTIR spectra were measured using a Bruker
Alpha instrument. NMR (IH and !3C) were measured with a Bruker 400
MHz instrument. Gas chromatograms were measured with Intuvo 9000
GC System (Agilent Technologies) and in-situ electrochemical mass-
spectrometry was carried out with HPR-20 R&D (Hiden analytical)
Quadrupole mass analyzer. Scanning electron microscopy with energy
dispersive X-ray spectrum (Zeiss Ultra plus-4095) were used to study
morphology and elemental analysis of MoSz;. XRD measurements were
performed using Bruker Dg advance diffractometer.

In acidic media, Hg/HgSO4 (K2SO4) was used as reference electrode
and platinum mesh as the counter electrode. In alkaline media, Hg/HgO
(1 M KOH) was used as the reference electrode and platinum mesh as the
counter electrode. For the RHE scale conversion of the reference
electrodes, a Pt disk was used as the working electrode and Pt foil as the
counter electrode in Hsz saturated solutions and the potential was scanned
in the H»> evolution/oxidation regions. The average of the two potentials at
which the current crossed zero was taken as the equilibrium potential for
the H2 electrode. Alcohol oxidation was carried out using a Pt/C or Pt-
Ru/C coated glassy carbon electrode as the working electrode. The

catalyst slurry was prepared by dispersing the Pt/C or PtRu/C in
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isopropyl alcohol (5 ug/ul) by sonication for 30 minutes. From the slurry,
5 ul was drop casted on a glassy carbon disc electrode with an area of
0.071 cm?. Before each measurement, the electrodes were cycled in the
solutions to obtain a reproducible cyclic voltammogram. For the Tafel
plots, linear sweep voltammetry was performed at 1 mV/s. Before each
experiment, the solutions were purged with high purity N2 for 15 minutes.
To construct the Pourbaix diagram for the methanol oxidation reaction,
the open circuit voltage of methanol containing electrolyte was measured
on a Pt electrode as a function of pH. The different pH solutions were
prepared by making different buffer solutions; HSO4~/ SO42- (pH 1 to 2),
acetate buffer (pH 3-5), and phosphate buffer (pH S to 12) were used to
prepare the respective solutions. For pH = 0 and pH = 14 solutions, 0.5 M
H>SO4 and 1 M KOH solutions, respectively, were used. The pH of each
solution was adjusted using 1 M H2SO4 or 1 M KOH solutions.

CO stripping measurements were carried out in 0.5 M HoSO4 and 1 M
KOH by first purging the solutions with N> for 15 minutes. The electrode
was then held at a potential of 0.2 V vs. RHE and the solution was purged
with CO for 1 hour followed by N2 purging for 15 minutes before carrying
out the stripping. The CO stripping measurements were done at a scan
rate of 1 mV/s with Pt/C in acidic (0.5 M H>SO4) and alkaline media (1 M
KOH) and with Pt/C and Pt-Ru/C in alkaline medium (1 M KOH).The
hydrogen evolution reaction (HER) in acidic (0.5 M H2SO4) and alkaline (1
M KOH) media were carried out with polycrystalline platinum electrode
(area= 0.0314 cm?) as the working electrode at a scan rate of 50 mV/s.
Prior to each measurement, the solutions were first saturated with
hydrogen by continuous purging. To construct the Pourbaix diagram for
the HER, cyclic voltammograms were measured in different pH solutions.
The corresponding Pourbaix diagrams show the potential at 10 mA/cm?
versus pH.

A two-compartment cell separated by a pre-treated Nafion 117
membrane was used for the fuel cell experiments. The anode was prepared

by coating PtRu/C (40:40 wt% Pt:Ru) on a Toray carbon paper with a
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loading of 1 mg/cm?. The PtRu/C was dispersed with 10 wt% Nafion
binder in isopropanol by sonication for about 30 minutes to prepare the
catalyst ink, which was brush coated onto the carbon electrode. The
cathode was made by electrodepositing platinum from chloroplatinic acid
onto a titanium mesh at a current density of 5 mA/cm? for 7 minutes,
which corresponds to a Pt loading of ~1 mg/cm?. The anolyte contained 2
M methanol in 6 M KOH and the catholyte 3 M H2SO4. The anolyte and
the catholyte volumes employed were 20 ml. H2 generated at the cathode
was collected by water displacement technique using graduated burette
for quantification. The hydrogen fuel was collected in the calibrated
cylinder by connecting the cathodic outlet of the device to the graduated
burette. During the combined galvanostatic polarization of the ARFC and
the air-breathing PEMFC, the H> from the ARFC was pumped directly into
the PEMFC. The purity of the H2 was confirmed by the GC and in-situ
electrochemical mass spectroscopy. The mass analyzer was calibrated for
Ar, Ha, CO2, N3, and H2O.

MoS: was synthesized according to the literature.[35-37] 1 mM
(NH4)6M07024'4H20 and 30 mM thiourea were dissolved in 35 mL distilled
water under vigorous stirring to form a homogeneous solution. After
stirring for 30 minutes, the solution was transferred into a 100 mL Teflon
lined stainless steel autoclave and maintained at 180 °C for 24 h. Then
the reaction mixture was allowed to cool down to room temperature
naturally. The product was washed with distilled water and the resulting
powder was dried in a vacuum oven and characterized by various

techniques.
3.3. Results and Discussion

Alcohol oxidation reaction (AOR) is a pH dependent process, and
therefore, the Nernstian electromotive force (EMF) for AOR (for e.g.,
methanol oxidation) shifts negatively with respect to the pH (please refer to

Figure 2.1, Chapter 2 for further details). Comparative cyclic
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voltammograms and Tafel plots suggest amplified kinetics for methanol
oxidation on Pt based electrodes in alkaline medium compared to acidic
medium, justifying the choice of an alkaline medium for housing methanol
in the ARFC. This is due to the hydroxide assisted removal of accumulated
CO on Pt in alkaline medium as reported by others. [38-41]. Removal of
accumulated CO on Pt can be further accelerated by alloying Pt with Ru
due to the operation of a bi-functional mechanism in CO oxidation. [42-
45]
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Figure 3.1: (a) Linear sweep voltammograms for hydrogen evolution
reaction (HER) in different pH solutions at 20 mV/s. and (b) corresponding
pourbaix diagram for hydrogen evolution reaction. (c) comparative linear
sweep voltammograms for hydrogen evolution reaction (HER) in pH=14
solution (orange trace) and in pH=0 solution (green trace) on a Pt electrode
at a scan rate of 20 mV/s and (d) Tafel plot for the HER in pH=0 and pH
=14. (The corresponding LSVs for the Tafel plot were done at 1mV/s scan

rate).
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Table 3.1. Comparison of hydrogen evolution reactions in acidic (0.5 M
H>SO4) and alkaline (1 M KOH) media on polycrystalline Pt electrode.
Exchange current densities are normalized with respect to geometric

electrode area.

Medium Tafel Slope Exchange Current
(mV/dec) Density (mA/cm?)
HQSO4 36 0.104
KOH 74 0.005

Nevertheless, pH dependent electromotive force for AOR and HER as
shown in Figure 3.2a highlights that when alkaline solution of methanol
at pH=14 is coupled to an acidic medium at pH=0 through an ion
exchange membrane, alcohol reformation (alcohol oxidation to Hz and
CO2) at room temperature (25°C) and pressure (1 atm) should be
spontaneous, equations 3.1-3.3. This configuration should make AOR
half-cell negative with respect to the acidic half-cell, which is indeed the
case as shown in Figure 3.2b. The overall cell reaction for alcohol
reformation (equation 3.3) involves acid-base recombination in an
electrochemical pathway and consequently, the inter-conversion of energy
of neutralization as electromotive force should play a crucial role for
making this possible. As discussed below, our thermodynamic calculation
very well supports this claim, Calculation 3.1.

6 Hyg +6€” —3Hyg E°=0VvsSHE (3.1)
CH30H(j) + 6 OH™ — COy(g + 5H,0gy + 6~  E°=-0.81 Vvs SHE (3.2)
CH30Hy + 6 H{zq) + 6 OHgyqy — COy(y) + 5H,0) + 3 Hyy E°=-0.81V (3.3)

Like the AOR, hydrogen evolution reaction (HER) is also a pH
dependent electrochemical reaction, linear sweep voltammetry (LSV) and
Pourbaix diagram, Figure 3.1a and Figure 3.1b. An acidic medium for
performing the HER in ARFC is justified by the amplified exchange current

density and electron transfer kinetics of HER on Pt electrodes in acidic
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solution compared to alkaline solution, comparative LSV and Tafel plots,
Figure3.1lc-Figure 3.1d and Table 3.1. The lower Tafel slope for HER on
the Pt electrode in acidic medium compared to alkaline medium reflects
that the parameters governing the rate of the reactions are amplified in

acidic medium which is attributed mainly to the nature of the reactant, in

the former it being hydronium ion compared to H20 in the latter. [46-52]
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Figure 3.2: (a) Pourbaix diagrams for methanol oxidation reaction (MOR)
and hydrogen evolution reaction (HER) (b) Linear sweep voltammograms
for methanol (0.5 M) oxidation reaction in pH=14 solution and hydrogen
evolution reaction (HER) in pH=0 solution on a Pt electrode at a scan rate
of 50 mV/s. (c) EMF versus cell temperature for the alcohol reforming fuel
cell with 2 M methanol in 6 M KOH as the anolyte and 2 M H2SO4 as the
catholyte. Anodic and cathodic electrocatalysts were PtRu/C (at a loading
of 1 mg/cm?2) and Pt supported on Ti mesh (at a loading of 1 mg/cm?)

respectively and (d) single electrode potentials (two electrode configuration)
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of alkaline methanol half-cell relative to the acidic half-cell along with the

total cell potential.

Electricity

Q= TAS
Scheme 3.1. Scheme of alcohol reforming fuel cell (ARFC) chemistry

driven by neutralization energy.

ARFC chemistry driven by neutralization energy (Scheme 3.1) is quite
unique compared to the state-of-the-art direct methanol fuel cell (DMFC)
pathway as the former is driven by its distinctly high and positive entropic
heat (~127 % of AH at 298 K) which is negative and insignificant for the
latter (<4 % of AH at 298 K), thermodynamic calculation 3.1. Since it is
known that the direction of entropic heat is decided by the sign of
temperature coefficient of EMF (dE/dT) because of their direct relation, we
have estimated the dE/dT for the ARFC pathway driven by the
neutralization energy. As shown, in Figure 3.2c, this pathway has a
positive dE/dT of ~2.39 mV /K which enables the device to harvest ~0.46 V
out of 0.82 V from the surroundings (at 298 K) leveraging a
thermodynamic efficiency as high as ~2.27. As shown in our
thermodynamic calculation (Calculation 3.1) for the DMFC pathway the
thermodynamic efficiency is ~0.97 because of its negligible (and negative)
entropic heat, indicating that the ARFC chemistry aided by neutralization

energy is very unique as it is primarily driven by its highly positive
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entropic heat. As shown in the calculation, the chemical reformation (CAR)
pathway is an uphill thermodynamic route because of its significantly
positive enthalpy change which explains the reasons for its high
temperature and high-pressure requirements, calculations 3.1.[24-31] The
overall negative free energy change of ~-476 kJ/mol for the ARFC
chemistry predicts that alcohol reformation driven by the neutralization
energy eventually enable spontaneous aqueous phase alcohol reformation
at room temperature and pressure with simultaneous electric power
generation or an alcohol reforming fuel cell (ARFC). This demonstrates
that coupling of alcohol oxidation in the alkaline half-cell and hydrogen
evolution in the acidic half-cell (Figure 3.1b) make spontaneous alcohol
reformation feasible or alcohol reformation during electric power
generation because of the pH dependence of the respective half-cell

reactions as discussed below.
Calculation 3.1: Thermodynamics of the cell reactions

Calculation of the thermodynamics of the cell reactions for the ARFC
and the competing chemistries, i.e., chemical MeOH dehydrogenation and
the direct methanol fuel cell. All thermodynamic parameters are taken

from Atkins, Physical Chemistry, 11th Edition.
(a) Alcohol reforming fuel cell driven by neutralization energy

The net cell reaction is

CH30H@y) + 6 H@q) + 6 OHyq — COy) +5H,00 +3Hygy  (3.3)
Using Hess’s law, combining the following reactions yields the overall heat
of reaction in Eq. 3.3:
Reaction 1: combustion of methanol:

CH30H(jy + 3/2 Oy¢gy — CO3g) + 2 H,0¢y AH1 = 726 kJ mol-! (3.4)
Reaction 2: Splitting of water into molecular hydrogen and oxygen:

3H,00) — 3 Hyg) +3/2 0yg AH> = 286 kJ mol-! (3.9)

Reaction 3: Acid-base neutralization:
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6 H(,q + 6 OHq — 6 H,0( H; =-57.1 kJ mol-! (3.6)

Adding reactions 1 to 3 yields Eq. 3.3. Its heat of reaction is
AHyorqy = AHy + 3 AHy + 6 AHy =-726 4+ 3-286 + (6 - -57.1)

=-210kJ mol" (3.7)
The entropy change of the reaction is
ASiotal = Sproducts) ~ S(reactants)
= (Sco, + 5 Su,0 + 3 Su,) — (Scu,om + 6 Sg+ + 6 Sou-)
= (213.74+ 5-69.91 + 3-130.68) — (126.8+ 60 + 6 - (—10.75))
=893.03]JK ' mol' (3.8)
The free energy change of the reaction is
AG = AH —TAS = —210k] mol " — (298 K- 893.03 ] K™' mol ')

= —476.12k mol”’  (3.9)

The corresponding electromotive force is

AG _ —476,120
nF 696485

E=— =082V (3.10)

With the thermodynamic efficiency being

_ AG _ —476.12
T AH~ -210

=227 (3.11)

(b) Chemical dehydrogenation of methanol

The net cell reaction is

CH30H 1y + H;0() — COy(g) + 3 Hy(g (3.12)
Again, combining the following reactions yields the overall heat of reaction
in Eq. 3.12:
Reaction 1: combustion of methanol:

CH30H(jy + 3/2 Oy¢gy — CO3g) + 2 H,0¢y AH1 = 726 kJ mol-! (3.4)
Reaction 2: Splitting of water into molecular hydrogen and oxygen:

3H,00) — 3 Hyg) +3/2 Oyq AH> = 286 kJ mol! (3.13)
Adding reactions 1 and 2 yields Eq. 3.12. Its heat of reaction is

AHiora1 = AH; + 3 AHy =-726 + 3286 = 132k mol’ (3.14)

The entropy change of the reaction is
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ASiotal = S(products) - S(reactants)

= (Sco, + 3 Su,) = (Scuzon + 3 Su,0)

= (213.74 +3-130.68) — (126.8+ 5-69.91)
=129.48]K 'mol" (3.15)

The free energy change of the reaction is

AG = AH —TAS = 132kJmol " — (298 K- 129.48 ] K™ mol ")

=93.41 k] mol ™ (3.16)
This formally corresponds to a negative electromotive force
E=-28= 2340 _ 516V (3.17)
nF 6-96485

(c) Direct methanol-O; fuel cell

The net cell reaction is
CH30H(jy + 3/2 Oy(gy — CO3g) + 2 H,0¢y AH1 = =726 kJ mol-! (3.18)
The entropy change of the reaction is
ASiotal = Sproducts) ~ S(reactants)
= (Sco, + 2 Su,0) — (Scu,on +3/2 So,)
= (213.74 + 2-69.91) — (126.8 + 3/2 - 205.14)
= —80.95] K ! mol’ (3.19)
The free energy change of the reaction is

AG = AH —TAS = —726 k] mol " — (298 K- 80.95 ] K™' mol ")

=701.9 k] mol ™ (3.20)
The corresponding electromotive force is
E= —288= 70 _g951v (3.21)
nF 696485

With the thermodynamic efficiency being

AG _ -7019
AH ~ -726

=0.96 (3.22)

The polarization curves for the ARFC, Figure 3.3a, demonstrates an
open circuit voltage (OCV) of ~0.9 V and a peak power density of ~42
mW/cm? at a current density of ~75 mA/cm? (orange trace). The

polarization curve without methanol in the anodic half-cell even though
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showing similar OCV yielded negligible performance, confirming methanol
to be the electron donor and the pH gradient to provide the driving force
for the reaction, Figure 3.3a (blue trace). The galvanostatic discharge of
the ARFC at a current density of 70 mA/cm?, Figure 3.3b, demonstrates
close to theoretical Ho yield according to Eq. 3.1 and hence near absence
of parasitic chemistry at the cathodic half-cell. This purity of gas is
confirmed by in-situ electrochemical mass spectrometry during
galvanostatic operation in which the cathodic half-cell evolved exclusively
H», Figure 3.3c, and confirming Eq 3.1 as the cathodic half-cell reaction.
Contrary to state-of-the-art chemical reforming techniques, the Ha
produced by the ARFC is inherently separated from the carbonaceous
product stream which remains at the anode side (Scheme 3.1, Figure
3.3c). This enables its direct use in a PEMFC without any further
purification. This direct link of an ARFC and an air breathing PEMFC in a
tandem configuration is shown in Figure 3.3d,e. The latter achieved a
peak power density of ~50 mW/cm? at ~220 mA/cm?, Figure 3.3d. In the
tandem configuration, the galvanostatic discharge of the PEMFC at 20
mA/cm? demonstrated a discharge plateau close to 0.7 V (Figure 3.3e,
orange trace) lasting for ~17 hours corresponding to the life of the ARFC,
Figure 3.3f (green trace). Therefore, the ARFC enable spontaneous
production of pure hydrogen with electric power generation via alcohol
reforming at room temperature and pressure.

The ARFC can reform even longer chain aliphatic alcohols such as
ethanol to pure molecular hydrogen with concurrent electric power
production, Figure 3.4, demonstrating a wider scope of fuels which will be
promising for a sustainable energy landscape. Similar results were
obtained with a range of alcohols viz., longer chain aliphatic alcohols like
pentanol, secondary alcohols like isopropyl alcohol, aromatic alcohols like
benzyl alcohol, and diols like ethylene glycol making this strategy a
universal one, Figure 3.4. This introduces an ARFC based hydrogen

economy which is unprecedented in the aspect that electric power is
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harnessed during hydrogen fuel production as well as its utilization,

Figure 3.3a and Figure 3.3e.

(@) - 40 (B) | ARFCat 70 mA/cm® .,
0.9 0.8 4 Theoretical . _
. - — | » Experimental ~ 8
— ] . 0% o6 N 13
=064 /= with methanol S = /. &
— without methanol @ ' @ t=|
= / \ 0% =, | e 2 F
0.3 / ~ \ o ‘ ‘“""’“’;*/lf————f—w_ff_, T
/ \\ \\\ 10 0.2 .¢. A rl
0 S0 O mAll’?:(r)nz] 150 Time (h)
(c) (d)
sl ~H, _—HO — 0, (iii)] 50
) 1% hour 15% hour
£ a2 [ ( ] 40
~ [ [
3 | | 202
x 1 ‘ | . =
=t L
% 0= _ Il \ i W
o ' r 10
~ .6l —CHOH _co, )]
) 0.0 : : i —lQ
0 100 200 300 400
j (mA/cm?)
0-0F... (€) 1.0~ ARFC at 70 mAcm”
0.8+ (i) 1 ~ PEMFC at 20 mAcm”
os{
2 — ARFC at 70 mA/cm® s 0.6
m 0.4 i
M 0.4
0.2
0.0+ -
' ' : ' ' 003 ¢ 3 12 15 18
0 3 6 9 , 12 15 Time (h)
j (mA/cm’)

Figure 3.3: (a) Polarization curve for alcohol reforming fuel cell (ARFC)
with methanol as the fuel (2 M methanol in 6 M KOH as the anolyte and 3
M H>SO4 as the catholyte). (b) Measured versus expected Hz evolution at
the cathode of the ARFC at 70 mA/cm?. (c) In-situ electrochemical mass
spectrometry of the gas phase in the cathodic (iii) and anodic (ii) half-cells
of the ARFC during intermittent operation (1 h off/on) at 70 mA/cm? with

the voltage evolution shown in (i). (d) Polarization curve for PEMFC
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cathodic exhaust of ARFC as the fuel. (e) Voltage versus time upon feeding
an air breathing PEMFC at 20 mA/cm? with the cathodic exhaust of an
ARFC at 70 mA/cm?2. This demonstrates electric power generation from

methanol-to-H2 reforming as well as H> wuse. For the ARFC,

electrocatalysts were 1 mg/cm? PtRu/C at anode and 1 mg/cm?2 of Pt on
Ti

mesh at cathode, respectively. For the air breathing PEMFC,

electrocatalysts were 1 mg/cm? Pt/C at anode as well as cathode.
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Figure 3.4: Galvanostatic polarization of ARFC at 50 mA/cm? with Ho>
quantification at the cathode with (a) Ethanol, (b) Ethylene glycol, (c)

Benzyl alcohol and (d) Pentanol as fuel in the anodic half-cell.

The emanated gaseous species from the alkaline half-cell of the ARFC
should be (Eq. 3.2),
electrochemical mass spectrometry did not detect any CO2 evolution

Ex-situ FTIR and 13C NMR

primarily carbon dioxide however, in-situ
throughout the polarization, Figure 3.3c (ii).
spectroscopic analysis of the anolyte after the long-term discharge, Figure

3.5a and Figure 3.5b, show vibrations at ~1610 cm! and a peak at ~168
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ppm respectively, indicating the accumulation of carbonate species in the
anodic half-cell. FTIR bands at ~ 1380 cm-!, Figure 3.5a, and 13C / 'H
NMR peaks at ~171 ppm / 8.5 ppm, Figure 3.4b / Figure 3.4c) suggest
incompletely oxidized aldehydic and carboxylic species to form next to
CO2, which is possible given the well-known parallel pathway mechanism
in methanol oxidation reaction where methanol can be simultaneously ox-
oxidized to CO2 with and without the intermediacy of CO.[34,38]
Therefore, CO> evolved during alcohol reformation is accumulated as
carbonate (CO32) in alkaline medium providing opportunities for its
sequestration which eventually leads to exclusive hydrogen fuel

production during alcohol reforming.
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Figure 3.5: (a) Ex-situ FTIR spectra of the anolyte (2 M methanol in 6 M
KOH) after different times during galvanostatic polarization at 70 mA/cm?
current density. (b) 13C NMR spectra of the anolyte before and after long

term galvanostatic polarization at 70 mA/cm? with 2 M methanol in 6 M
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KOH as the anolyte and 3 M H2SO4 as the catholyte. (c) 1H NMR spectra of
the anolyte before and after long term galvanostatic polarization at 70

mA/cm?.

The emanated gaseous species from the alkaline half-cell of the ARFC
should be primarily carbon dioxide (Eq. 3.2), however, in-situ
electrochemical mass spectrometry did not detect any CO2 evolution
throughout the polarization, Figure 3.3c (ii). Ex-situ FTIR and 13C NMR
spectroscopic analysis of the anolyte after the long-term discharge, Figure
3.5a and Figure 3.5b, show vibrations at ~1610 cm™! and a peak at ~168
ppm respectively, indicating the accumulation of carbonate species in the
anodic half-cell. FTIR bands at ~ 1380 cm-!, Figure 3.5a, and 13C / 1H
NMR peaks at ~171 ppm / 8.5 ppm, Figure 3.4b / Figure 3.4c) suggest
incompletely oxidized aldehydic and carboxylic species to form next to
CO2, which is possible given the well-known parallel pathway mechanism
in methanol oxidation reaction where methanol can be simultaneously
oxidized to CO2 with and without the intermediacy of CO.[34,38]
Therefore, CO> evolved during alcohol reformation is accumulated as
carbonate (COs32) in alkaline medium providing opportunities for its
sequestration which eventually leads to exclusive hydrogen fuel
production during alcohol reforming. We do not rule out the possibility of
bicarbonate accumulation as the pH in the anodic half-cell tend to
converge towards neutral pH during long term polarization (as explained
below). These corroborates equation 2 as the anodic half-cell reaction.

Relying on neutralization, OH- and H* are consumed at anode and
cathode (Egs. 3.1 and 3.2) and K* is transported from one to the other to
balance charges. Accordingly, the pH of anolyte and catholyte converged
to neutral pH during simultaneous electricity and H> generation, Figure
3.6a. It is pertinent to mention here that the formation of carbonates and
bicarbonates in the cathodic half-cell results in higher pH change in the
anolyte (ApH = 6.2) than in the catholyte (ApH = 5.3) due to the CO2/CO32-
equilibrium as depicted by the equations (Eq. 3.23 and 3.24),
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CO2+ OH- = HCOs- (3.23)
HCO3  + OH- = CO32% + H2O (3.24)
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Figure 3.6: (a) pH measurements of anodic and cathodic half-cells of the
ARFC before and after long term galvanostatic polarization at 50 mA/cm?2,
(b) (c) pH of the ARFC as a function of time of the ARFC with 2 M
methanol in 6 M KOH as the anolyte and 3 M H>SO4 as the catholyte., the
inset shows the corresponding open circuit voltage. (c) Inductively coupled
plasma-mass spectrometry (ICP-MS) measurement of the K* concentration
in the ARFC before and after long term galvanostatic polarization at 50
mA/cm?, (c) electrolyte conductance of the anodic and cathodic half-cells
of the ARFC before and after long term galvanostatic polarization at 50
mA/cm?2. The Anodic and cathodic electrocatalysts were Pt-Ru/C at a
loading of 1 mg/cm? and Pt at a loading of 1 mg/cm? on Ti mesh,

respectively.
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The pH of the electrolytes did not change noticeably at the open
circuit voltage even after 50 hours, Figure 3.6b, confirming the pH
convergence in Figure 3.6a not to result from diffusion driven
neutralization. Inductively coupled plasma-mass spectrometry (ICP-MS)
and electrolytic conductance measurements, Figure 3.6c and Figure 3.6d,

further indicate there is accumulation and depletion of K* ions in the cat-
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Figure 3.7: (a) Polarization curve of the ARFC with 1 M methanol in 6 M
KOH as the anolyte and 3 M H2SO4 as the catholyte, (b) corresponding

galvanostatic discharge profile at 50 mA/cm? and (c) charge passed and
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H> produced versus methanol consumed for efficiency calculations. Anodic
and cathodic electrocatalysts were Pt-Ru/C at a loading of 1 mg/cm? and

Pt at a loading of 1 mg/cm? on Ti mesh, respectively.

-hodic and anodic half-cells respectively during long term polarization.
These indicate the migration of potassium ions from the anodic half-cell to
the cathodic half-cell for the charge balance during the discharge
chemistry. Therefore, the pH changes in respective half-cells (Figure 3.6a)
when current is drawn from the ARFC (Figure 3.3c (i)) is mainly due to
neutralization reaction occurring electrochemically at the half-cells.

To determine the methanol to hydrogen fuel conversion efficiency, the
galvanostatic discharge of the ARFC was carried out with stoichiometric
ratio of methanol (1 M), alkali (6 M KOH) and acids (3 M H2SO4). This ratio
was chosen based on Eq 3.3 which translates into 6 M KOH and 3 M
H2SO4 for the complete oxidation of 1 M methanol. The ARFC with this
stoichiometry yielded a power density of ~20 mW/cm? at ~60 mA/cm?
peak current density, Figure 3.7a and the lower performance compared to
Figure 3.3a is due to low methanol concentration. This ARFC was
discharged fully at 50 mA/cm? till the electromotive force dropped to zero,
Figure 3.7b. The cumulative charge from the galvanostatic polarization
Figure 3.7b corresponds to an energy density of ~253 Wh/kg which
corresponds ~62 % of methanol to hydrogen conversion, Figure 3.7c. The
relatively lower conversion could be due to the well-known parallel
pathway mechanism of methanol oxidation on Pt based electrodes as
explained earlier.[29,31,32,41]

Calculation 3.2: H yield and conversion efficiency

The theoretical calculations were done based on Faraday’s law.

Considering that the HER is a two-electron reaction, the moles of Ha

hydrogen n produced in a given time t by applying a current iis given by

Ny, = —= (3.25)

t
2 2-F
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The conversion factor of 24.78 L/mol was used to interconvert the
number of moles and the volume.

The net chemical equation for the ARFC (Eq 3.3) shows that 3 moles
of hydrogen are produced per mole of methanol. Hence, the conversion

efficiency was calculated according to

moles of hydrogen produced

Conversion efficiency = (3.26)

3 - moles of methanol consumed

with an anolyte volume of 20 ml and a methanol concentration of 1
M, the total amount of methanol consumed was 20 mmol. The discharge
current used was 50 mA for the time of a full discharge of 40 h 21 min =

2421 min

N, = w = 37.64 mmol (3.27)
Conversion efficiency = % = 0.62 (3.28)

One of the major issues with direct alcohol fuel cell is alcohol cross-
over through the membrane to the cathodic half-cell which triggers
parasitic chemistry such as competitive adsorption/oxidation at the
cathode in the long run. This is investigated at the open circuit voltage in
a diffusion type ARFC containing 2 M methanol in 6 M KOH as the anolyte
and 3 M H2SO4 as the catholyte separated by a Nafion 117 membrane.
Cathodic CVs of the HER after various times up to 50 hours at OCV do
indicate blocking of HER activity of Pt/C electrode, Figure 3.8a. We
investigated methanol cross-over using CVs of the methanol oxidation
reaction after various times at OCV. Signatures of methanol in the acidic
half-cell became visible after ~10 hours, Figure 3.8b and calibration plots
suggest that the anolyte to contain ~100 mM methanol after 50 hours,
Figure 3.8c and Figure 3.8d. This can lead to competitive adsorption of
methanol on Pt domains, nevertheless, this can be addressed by modifying
the membrane properties and by employing alcohol tolerant HER

electrocatalysts like MoS2, NizSz instead of Pt [52-57] in the cathodic half-
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cell as demonstrated with MoS: in Figure 3.8e. Such alcohol tolerant
electrocatalysts can also prevent proton consuming parasitic oxygen
reduction (if oxygen is present) reaction which is possible with Pt

electrodes, Figure 3.8f.
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Figure 3.8: Cyclic voltammograms with a Pt/C electrode at a scan rate of
50 mV/s in the cathodic compartment of the ARFC for (a) hydrogen

evolution reaction and (b) methanol oxidation reaction in the cathodic
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compartment when the cell was kept at OCV up to 50 hours. The ARFC
initially contained 2 M methanol in 6 M KOH as the anolyte and 3 M
H>SO4 as the catholyte. (c) Cyclic voltammograms on a Pt/C electrode at a
scan rate of 50 mV/s for different methanol concentrations in 3 M H2SO4
and (d) the corresponding calibration curve. The dotted line in Figure 3.7b
approximately corresponds to methanol concentration in the cathode of
ARFC after 50 hours. (e) Simultaneous methanol oxidation reaction and
hydrogen evolution reaction and (f) simultaneous oxygen reduction

reaction and hydrogen evolution reaction on MoS2 and Pt/C.

In order to validate this, we have also carried out the ARFC
performance by using MoS: as the cathode catalyst. MoS, catalyst was
synthesized and characterized as per the literature (See Experimental
section for synthetic procedure). The polarization curves for the
ARFC/MoS,, Figure 3.9a, demonstrates an open circuit voltage (OCV) of
~0.9 V and a peak power density of ~25 mW/cm? at ~80 mA/cm? peak
current density. The galvanostatic discharge of the ARFC/MoS, at a
current density of 50 mA/cm?, Figure 3.9b, shows a Hz generation which
is close to theoretically expected rate. In order to see the effect of Oz on the
cathodic half-cell we characterized the gaseous species exhaled from the
cathodic half-cell by DEMS, Figure 3.9c. As it is evident from the Figure
3.9c¢c, the presence of Oz does not noticeably affect the performance of the
MoS; based ARFC (ARFC/MoS3), however, HER rate significantly dropped
in case of Pt/C based ARFC. The amount of hydrogen generated at the
Pt/C cathode decreased significantly in presence of Oz due to the
dominance of proton consuming oxygen reduction reaction (ORR) over
HER, Figure 3.9d. This suggests that by interfacial modification of the
cathode electrocatalysts, alcohol reformation can be accomplished even in
the presence of oxygen.

Taken together, the proposed ARFC uses the energy of neutralization
to drive alcohol reforming with simultaneous electric power generation.

The ARFC based hydrogen economy is distinct because it harnesses
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electric power during hydrogen fuel production as well as its utilization
and COg is captured, which in turn offers a feasible solution for reviving
hydrogen economy from its twilight. Note that the direct harvesting of
neutralization energy as electrical energy via H> redox is one type of
neutralization cell reported in the literature34 where the solubility of Ha
species in the electrolyte can greatly limit the energy density of the overall
the device. Secondly, this issue of limited solubility of electron donor (Hy)

and its insufficient availability near the electrocatalyst may lead to fuel st-
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Figure 3.9: MoS: based Alcohol reforming fuel cell (ARFC/MoSy)
performance. (a) Polarization curve for ARFC/MoS: with methanol as the
fuel (2 M methanol in 6 M KOH as the anolyte and 2 M H2SO4 as the
catholyte), and (b) galvanostatic polarization at 50 mA/cm? with H»
quantification at the cathode. In-situ electrochemical mass spectrometry
of cathodic half-cell of the ARFC -in presence and absence of O2 with (c) a
MoS: and (d) a Pt based cathode electrocatalyst.
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-oichiometry (the overall usage of H2 on the anode vs. H2 generation at the
cathode) significantly lower than 1.[34] The ARFC proposed here can
address the issues associated with the solubility of electron donor since
most short chain alcohols are highly soluble in aqueous electrolytes. In
principle, this should enhance the energy density of the device. However,
the sluggish kinetics of alcohol oxidation [41,42] and parallel routes
possible during alcohol oxidation on Pt based electrodes [38,39] can
noticeably decrease the energy density of the ARFC. The ARFC is also
distinctly different from reverse electrodialysis as the former is based on
pH gradients and the latter is based on salinity gradients and an entropy
driven process. [58,59] The ARFC is both enthalpy as well as entropy
driven. Further, the efficiency of the reverse electrodialysis process is low
(~30%) due to significant iR losses across the saline compartments,
[58,59] whereas the conversion efficiency of ARFC is nearly 60% as pH
gradients can be achieved over several orders of magnitude without
encountering solubility and mass transport limitations. More importantly,
the integration of additional functionality of alcohol reformation during
electricity generation in ARFC makes it distinctly different from state-of-
the-art energy conversion pathways. Although, the ARFC shows a
promising way of alcohol reformation along with the electricity generation,
there are still various issues and challenges to make it practical. The
device works in an asymmetric electrolyte (acid/base) configuration and a
reasonably high concentration of acid/base is needed for efficient
operation. Hence, the membrane should have high ion selectivity and
conductivity, should separate the acid and alkali electrolytes effectively,
and should be chemically and thermally stable for long-term operation.
Current commercial bipolar membranes, dual-ion exchange membranes
and Nafion are quite stable (pH = O to 14), but cannot fulfill such practical
requirements in the long run. Secondly, developing non-precious
electrocatalysts for the HER and alcohol oxidation reaction are crucially
important for larger scale expansion of the device. Thirdly, CO2 in the

ambient air can affect the performance at the anodic half-cell due to the
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CO2/CO0O32 equilibrium, being a parasitic reagent that decreases the pH
gradients and the electromotive force. Therefore, developing highly stable
and efficient functional membranes, durable non-precious
electrocatalysts, and COz excluding membranes will be vital for this

technology to move from lab scale to industrial scale.
3.4. Conclusions

By harvesting the neutralization energy, we have succeeded in
aqueous phase alcohol reformation at room temperature and pressure
with simultaneous electric power generation. The ARFC chemistry is
unusual because of its distinctly positive entropic heat which allows ~56
% of the total available energy to be harvested from the surroundings
leveraging a thermodynamic efficiency as high as 2.67. ARFC inherently
captures CO2 and purifies the hydrogen fuel, thus allowing the usage of
the latter directly in a proton exchange membrane fuel cell without any
energy intensive purification module. The proposed ARFC is
unprecedented because it leads to a hydrogen economy where electric
power is harnessed during hydrogen fuel production as well as its
utilization. The necessity of pH gradients for the ARFC has indeed cost
implications, however, it enables room temperature alcohol reformation to
pure hydrogen, CO2 sequestration and electric power generation in a
single device. The pH gradients across the membrane may drive diffusion
driven neutralization reactions in the long run which in turn can be
delayed by utilizing bipolar membranes as used in water electrolyzers.
Similarly, the issue of alcohol cross-over can also be looked at by housing
the reactants outside the ARFC and continuously recirculating the half-
cell chemicals across respective catalytic chambers akin to flow batteries
and (or) by using the alcohol tolerant catalysts like MoS2 as explained
above. Therefore, it is believed that this proof of concept will transcend the
horizon of fuel cells in hydrogen economy from simple fuel utilization

devices to the overall root of hydrogen economy.
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Chapter 4

Direct Harvesting of Neutralization

Energy as Electrical Driving Force
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Abstract: Neutralization energy is the energy released as heat when acid
and alkali react to form water which is an entropically as well as an
enthalpically favourable spontaneous process. The overall neutralization
reaction which involves the formation of water and salt does not lead to
change in the oxidation state of the participating species which is a major
challenge to perform this reaction electrochemically. In this chapter, we
demonstrate an electrochemical neutralization cell for the interconversion
of acid-base neutralization energy into electrical energy by employing a
reversible Hz/H* redox couple. The electrochemical nuetralization cell
(ENC) delivered a peak power density of 70 mW/cm?at a peak current
density of 160 mA/cm? with a cathodic H2 output of ~80 mL in 1 hour. In
this Chapter, we also illustrate that the energy benefits from the same fuel
stream can be amplified by directing it through ENC prior to PEMFC in a

tandem configuration.

The chapter contains the data taken from my original published work:
Zahid Bhat et.al., J. Phys. Chem. Lett. 2018, 388-392.
Copyright American Chemical Society
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4.1. Introduction

21st century is witnessing serious energy crisis and electrochemical
energy storage and conversion devices assumed a larger space due to the
rapid depletion of the fossil fuels.[1-16] The harvesting of renewable
energy sources like wind, solar, geothermal, tidal energy etc., have been
the prime interest for routing the energy economy to a sustainable energy
economy. However, these renewable energy resources are intermittent and
geographic, and heavily dependent on the climate, and thus cannot meet
the uninterrupted and long-lasting electricity demand for human activities
and industry. Therefore, it is highly desirable to develop reliable energy
storage and conversion technologies to take full advantage to meet the
growing energy demands of the world. One such energy
conversion/storage process which has long been ignored is the acid-alkali
neutralization reaction. During the acid-base neutralization process, the
standard Gibbs free energy change (AGY9 is about -79.9 kJ mol! and
hence it a thermodynamically spontaneous process and the energy is
evolved as heat. It is estimated that the global annual acids/alkaline
wastes are equivalent to 100 million tons.[17] The disposal process of
these waste acid/alkaline solution is the direct neutralization process
wherein a lot of heat (~1.11 x 10! kJ/100 million tons) and salts are
expelled to the environment, thus causing serious threats to the
environment. If the acid/alkali wastes are neutralized in an
electrochemical pathway, energy of about 44 TW h can be harvested in the
form of electrical energy which offers a unique platform for the
simultaneous treatment of industrial acid and alkaline wastes. Therefore,
the development of an electrochemical neutralization device may open a
new avenue to design novel aqueous energy storage and conversion
devices including fuel cells, supercapacitors and batteries to meet future
energy demand. Till date very few studies have been conducted on
developing acid-base asymmetric electrolyte systems, asymmetric high
voltage supercapacitor, a three-electrolyte (H2SO4|K2SO4|KOH) PbO2-

MHy battery, an acid-base asymmetric vanadium-MH, semi-flow battery,
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bipolar membrane-based photo electrochemical water electrolysis, and
acid-base water electrolysis using a ceramic Li-ion exchange
membrane.[18-28] However, in all the cases neutralization energy was
used as an additional force for increasing the electrochemical feasibility of
the process and to best of our knowledge there are no reports of direct
harvesting of neutralization as electric driving force. In this Chapter, we
show for the first time the direct conversion of neutralization energy as
electric energy without a net redox reaction. To do so, we have coupled a
half cell with H> as the electron donor in an alkaline pH to an acidic half-
cell where hydronium ion served as the electron acceptor, Scheme 4.1,
with the net cell reaction being the electrochemical acid base
neutralization reaction. We further demonstrate that by connecting a
PEMFC in series with the ENC, the voltage generation, power and energy

output can be at least doubled using the same fuel streams.

4.2. Materials and Methods

Sodium hydroxide (97%), sulphuric acid (98%), potassium hydrogen
phosphate (98%), potassium phosphate (99%), acetic acid (99.7%), sodium
acetate (99%), potassium sulphate (99%) was bought from Sigma Aldrich
India and were used as such. Pt/C was procured from Johnson Matthey
India.

All the electrochemical measurements were done with the VMP-300
Electrochemical Work Station (Biologic, France). Electrochemical
experiments were carried in standard three electrode set up with platinum
(2 mm diameter) as working electrode, Ag/AgCl (3.5 M KCl) as reference
and platinum mesh as the counter electrode. Hydrogen evolution and
oxidation on platinum electrode was carried out in different pH solutions.
pH solutions were made by using H2SO4 (pH 0), HSO4-/SO42- (pH 1 to 2),
CH3COOH/CH3COONa (pH 3 to 5), H2PO4/HPO42-(pH 5 to 8), HPO42-
/PO43- (pH 9 to 12), and NaOH (1 M, pH 14). The pH of each solution was
adjusted with 1 M H2SO4 or 1 M NaOH solutions. Prior to the

measurement, the electrode was polished with 0.05 ym alumina powder
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and cycled in the respective solution. The solutions were purged with
nitrogen followed by hydrogen for 15 minutes before carrying out the
hydrogen evolution or oxidation reactions.

For the fuel cell measurements, a closed two compartment cell was
made with each compartment having an opening for the gas passage. The
two compartments were separated by a pretreated Nafion-117 membrane.
The alkaline compartment was fitted with the Pt/C electrode as the anodic
electrocatalyst. The electrode was fabricated by coating Pt/C (60 wt% Pt)
on Toray carbon paper with a loading of 0.2 mg/cm2. The cathodic
electrode was made by electrochemical deposition of platinum on Pt mesh
(loading = ~1 mg/cm?) by chronoamperometry (4 mA/cm? for 2 minutes).
Anodic and cathodic half-cells were filled with NaOH (pH =14) and H2SO4
(pH=0) respectively. Each measurement was carried out by passing the
hydrogen gas into anodic half-cell at 100 ml/min rate and collecting the
evolved gas from the cathodic half-cell. For quantification purpose the
evolved gas was collected in a calibrated cylinder by water displacement
technique. During the long-time polarisation, the gas evolved from the
cathodic compartment was passed directly to the commercial air breathing

H>/air fuel cell.

4.3. Results and Discussion

Thermodynamics of Electrochemical Neutralization Cell and H2-O:2
Fuel Cell

(A) Electrochemical neutralization cell:
The net cell reaction for the neutralization cell can be written as:
H*+ OH- - H2OAH=? AS =7
Heat of reaction for the above reaction is;
AHO? = HO (H20) — H° (OH") — H° (H")
= (-285830 J) - (-229990J) -0
= - 55830 J.mol"!

Entropy change for the reaction is;
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ASO = S0 (H20) —S° (OH") —S° (HY)
=69.91 - (-10.75) - 0
= 80.7 J.K-1.mol"!
Therefore, Gibbs free energy for the process is;
AGO= AHO- TASO
= -55830 J.mol ! - (298 K x 80.7 J.K-1.mol})
= -79878 J.mol'!
Thermodynamic Efficiency = AGY/ AH°
= -79878 J.mol! /- 55830 J.mol"!
=1.43
Thermal voltage = -AH? / nF
= - 55830 J.mol'1/ 96500 C.mol!
=0.579V
The electromotive force generated is;
e.m.f = AG° / nF
= -79878 J.mol1/ 96500 C.mol-!
=0.828V
(B) H2-O2 fuel cell:

The net H2-O2 fuel cell reaction can be written as:
Ho+ 1/2(02) — H2O AH =? AS =?
Heat of reaction for the above reaction is;
AHO = Af0 (H20) - Af° (H2) - Af° (O2)
where Af® = heat of formation
=-285800 J.mol'1 -0-0
= -285800 J.mol"!
Entropy change for the reaction is;

ASO = S0 H,O(l) - SO Ha(g) - SO 1/204(g)

=70 J.K-1.mol! - 131 J.K-l.mol'! - 205/2 J.K-1.mol-!

=-163 J.K-1.mol"!
Therefore, Gibbs free energy for the process is;

AGO =AHO9 - TASO
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=-285800 J.mol! - (298 K x -163 J.K-1.mol})
=-237226 J.mol"!
Thermodynamic Efficiency = AGY/ AHO
= -237226 J.mol! /-285800 J.mol-!
= 0.83
Thermal voltage = -AH / nF
= -285800 J.mol!/ (2 x 96484 C.mol1)
=1.481V
The electromotive force generated is;
e.m.f = -AGY/nF
= 237226 J.mol1/ (2 x 96484 C.mol})
=1.229V

The proposed electrochemical neutralization fuel cell consists of an
anodic half-cell containing H> in an alkaline environment (pH=14) with a
Pt/C electrocatalyst. The cathodic half-cell constitutes a Pt/C
electrocatalyst immersed in an acidic pH (pH=0). Both the half-cells were
separated by a Nafion 117 membrane for ionic communication, Scheme 1.
The device relies on the proton dependence of the potential for the
hydrogen redox reaction (hydrogen oxidation reaction (HOR) and hydrogen
evolution reaction (HER)).

The redox potential of these reactions shifts negatively with respect to
the pH, as shown by linear sweep voltammograms (LSVs), Figure 4.1a and
a Pourbaix diagram, Figure 4.1b, that exhibits a slope of ~60 mV/pH,
which is close to the value of 59 mV/pH expected when an equal number
of electrons and protons are transferred in a reaction. The Pourbaix
diagram, Figure 4.1b, suggests that the hydrogen redox reaction in pH =
14 alkaline solution has a relative negative potential of ~-0.8 V vs. SHE
compared to pH = 0 acidic solution (~O V vs. SHE). This suggests that
when an ion selective membrane separates an acidic half-cell where HER
is performed (equation 4.1) from an alkaline half-cell where HOR is

performed (equation 4.2), a favorable thermodynamic driving force is
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developed between the half cells, Figure 4.1c, with the overall reaction
being acid-base recombination (equation 4.3). This neutralization reaction
is enthalpically and entropically favorable, as shown in the
thermodynamic calculations, with AH? and TASC terms (entropic heat) at
room temperature of -55.83 kJ/mol and +24.05 kJ/mol (at 298 K),
respectively, which together corresponds to an electromotive force of 0.826
V. The entropic heat corresponds to the quantity of heat exchanged
between the system and surroundings and hence, a positive TASO term
represents heat flow to the system from the surroundings.[29,30] While
entropic heat is usually negligible in electrochemical systems, for example
~3% of AHO for a Daniell cell and ~6% of AH? for a Ni-Cd cell; [31-33], for
the electrochemical neutralization cell the entropic heat is almost 43 % of
AHO (Thermodynamic Calculation 4.1a) suggesting that the heat absorbed

from the surroundings is quite significant. Therefore, the proposed electro-

Pt Anode
Pt Cathode
Pt Anode
Membrane
Pt Cathode

Scheme 4.1. Schematics of electrochemical neutralization cell for

harvesting the energy of acid-base neutralization
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Figure 4.1. Cyclic voltammograms at a scan rate of 20 mV/s for (a)
hydrogen redox reactions (hydrogen evolution reaction (HER) and
hydrogen oxidation reaction (HOR)) at different pH values on a Pt electrode
and (b) Pourbaix diagram for HER/HOR redox reactions. (c) Cyclic
voltammograms for HER/HOR redox reactions at pH = 0 and pH = 14 and
(d) the plot of open circuit voltage vs. cell temperature for the
electrochemical neutralization device (orange trace) and Hz/air fuel cell
(blue trace). The lower OCV of Hz-air fuel cell could be due to the lower

partial pressure of oxygen in air.

-chemical neutralization cell can harvest the heat of the reaction (AH) as
well as heat from the surroundings (TAS) to perform electrical work. For
this reason, the thermodynamic or ideal efficiency (AG°/AH?) of the
electrochemical neutralization cell is more than one (1.43), Calculation
4.1a. For comparative purposes, thermodynamic calculations for a H2-O2
fuel cell, Calculation 4.1b, show that the thermodynamic efficiency is less

than one (0.83) as entropic heat equivalent to 48 kJ/mol is lost to the
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surroundings during cell operation due to the negative TAS term.
Therefore, EOn for the electrochemical neutralization cell (0.826 V) is
higher than the thermal voltage (-AH°/nF = 0.579 V) and EO. for the Ha-
Oz fuel cell (1.229 V) is lower than the thermal voltage (1.481 V),
Calculation 4.1. Since the overall entropy change for the neutralization
reaction is positive, Calculation 4.1a, an electrochemical device based on
this chemistry should demonstrate a positive temperature coefficient for
the open circuit voltage which in turn should allow harvesting of the heat
from the surroundings also as electrical driving force. In line with this
anticipation, a plot of open circuit voltage vs. temperature for the
electrochemical neutralization cell demonstrated a positive slope, Figure
4.1d, which is a rather unique observation. For example, in state-of-the-
art H2-Og fuel cells this entropic heat (corresponding to TAS = 48 kJ/mol)
is lost to the surroundings in the form of heat due to the negative entropy
change of water formation, Calculation 4.1b. This is clearly visible from
the plot of open circuit voltage vs. temperature for a Ha-air fuel cell, Figure
4.1d. Most fuel cells have a negative entropic heat with ideal efficiency less
than one, except for notable exceptions of the formic acid fuel cell and the

carbon/carbon monoxide fuel cell.[34,35]

Cathodic half-cell redox reaction:

2H* (catholyte) + 2e-= H2 (g) E%ue =0V (4.1)

Anodic half-cell redox reaction:

2H20 (anolyte) + 2e- = H» (g) + 20H- (anolyte) EOur =-0.826V (4.2)

Total cell reaction:

2H* (catholyte) + 20H- (anolyte) = 2H20 (anolyte) EOcen = +0.826 V. (4.3)

The proposed electrochemical neutralization fuel cell yielded an open
circuit voltage of ~900 mV, Figure 4.2b, which is close to the value
expected based on Figure 4.1. Slightly higher OCV than that expected
based on Nernstian equilibrium of Hz/H* could be due to the higher

concentrations of H* and OH- above the standard concentrations. The

Zahid Bhat, 2021, IISER Pune Page | 111



Electrochemical Neutralization Cell (I Chapter 4

polarization curve demonstrates a peak power density of ~70 mW /cm? at
~160 mA/cm? peak current, Figure 4.2c. The galvanostatic discharge
curve at the peak rate (160 mA/cm?2) demonstrate a steady state voltage of
~375 mV resulting in the production of ~80 mL of Hy gas from the
cathodic compartment in 1 h time, Figure 4.2d. The experimental and
theoretical values matched quite closely indicating the near absence of
parasitic chemistry. Hz consumption in the anodic half-cell (Eq 4.2) and
its evolution (Eq 4.1) in the cathodic half-cell is further confirmed by in-

situ electrochemical mass spectrometry, Figure 4.2d.
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Figure 4.2. (a) Open circuit voltage profiles for ENC with a Ha2 flow rate of

100 mL/minute to the anode, (b) polarization curve for ENC with a H> flow
rate of 100 mL/minute and (c) galvanostatic polarization of ENC at the
peak current density (~160 mA/cm?2) with Ho quantification at the cathode
and (d) in-situ electrochemical mass spectrometry for the anodic and

cathodic half-cells.

When the resulting H> produced at the cathode of ENC is pumped to
a PEMFC in an air breathing configuration, it delivered an OCV of ~900
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Figure 4.3. (a) Galvanostatic polarization of electrochemical neutralization
ell at 160 mA/cm? when it is connected to an air-breathing PEMFC
(discharged at 30 mA/cm?2) and (b) corresponding pH measurements at
anodic and cathodic half-cells before and after galvanostatic polarization.
(c) Open circuit voltage profile for electrochemical neutralization cell
without purging H> to the anodic side and (d) corresponding pH changes

in the anodic and cathodic half-cell.

-mV, and a galvanostatic discharge at 30 mA/cm? demonstrated a steady
state voltage close to 750 mV, Figure 4.3a. It should be noted that the
PEMFC discharge lasted for nearly 18 hours by which the cell voltage of
ENC dropped to zero due to the neutralization reactions, Figure 4.3a and
equation 4.3, confirming that H> produced at the cathode of ENC dropped
to zero due to the neutralization reactions, Figure 4.3a and equation 4.3,
confirming that H: produced at the cathode of electrochemical

neutralization cell is the fuel for air breathing PEMFC. This further
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suggest that energy benefits from same fuel stream can at least be
doubled by directing it through the neutralization cell in a tandem
configuration with a PEMFC. The pH of the anolyte decreased and the pH
of the catholyte increased during the discharge chemistry, Figure 4.3b,
confirming that hydronium ion is the electron acceptor and the reaction is
driven by the energy of neutralization reaction. All these suggest the
anodic chemistry, cathodic chemistry and complete cell chemistry as
shown in equation 4.1-4.3 with salt formation (Na2SO4) at the cathode.
The pH decrease observed in Figure 4.3b is not due to diffusion driven
chemical reactions of H* and OH- when they are separated by an ion
conductor. This is confirmed by monitoring the pH of anodic and cathodic
compartments at the open circuit as a function of time, Figure 4.3c,d. No
significant decrease in pH and voltage was observed even after 35 hours
suggesting the pH change observed in Figure 4.3b is the result of
electrochemical neutralization reactions as shown in equations 4.1-4.3.
Individual half-cell polarization studies demonstrate that anodic part
limit the overall performance, Figure 4.4a, which is due to sluggish
electrode kinetics of HOR in alkaline medium as explained earlier.[36-44]
When a fixed amount of H» is supplied to the anode (40 mL), almost 20 mL
was collected at the cathode by the time the cell voltage fell to zero during
galvanostatic discharge at 160 mA/cm?, Figure 4.4b). This indicates that
the stoichiometry of H> gas supplied and reacted is close to 0.5 which is
typical of any PEMFC,[45,46] and the conversion efficiency is close to
50%. The lower discharge time in Figure 4.4b compared to Figure 4.2c
could be due to limited supply of H> and associated concentration
polarization at a current of 160 mA/cm?2. This could be due to lower
solubility of Hz in aquatic environment, trapping of H> in the head space,
supplier tube space etc. In order to prove this concentration polarization
effect, discharge experiments were carried out with respect H> fuel
amount, Figures 4.4c. The discharge profiles at the same rate with
different amounts of hydrogen demonstrated a monotonic relation between

discharge time and the amount of hydrogen, Figure 4.4c. This confirm
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that the lower discharge time in Figure 4.4b is due to the limited supply of
hydrogen fuel. The interfacial stability of ENC is further investigated by
galvanostatic pulse discharge, Figure 4.4d. On increasing the rate, the cell
voltage dropped, however on decreasing the rate the cell voltage regained

to approximately the same level for each rate suggesting decent interfacial

stability.
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Figure 4.4. (a) Individual electrode polarization and (b) Ha quantification
from the cathode when anode is supplied with fixed amounts of hydrogen
(40 mL) at 160 mA/cm?2. (c) Discharge profiles at a constant rate (160
mA/cm?2) with varying amounts of H> fuel. (d) Step current discharge of

ENC.

4.4, Conclusions

In this Chapter, we have demonstrated an electrochemical
neutralization cell by harnessing the free energy of acid base

neutralization reaction as electromotive force. Proposed architecture
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constitutes Hz as an electron donor in an alkaline pH and hydronium ion

playing the crucial role of cathodic electron acceptor so as to exhale the

fuel inhaled at the anode. ENC directly harvest the neutralization energy

as electric energy without a net redox reaction. We also illustrate that the

electrical energy benefits from the same fuel stream can at least be

doubled by linking the neutralization electrochemical cell in a tandem

configuration with a PEMFC.
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Chapter 5

Electrochemical Neutralization Assisted Desalination'

Abstract: An entropically favoured electrochemical reaction sequence can
interconvert external heat as electrical energy, since its temperature
coefficient is directly related to entropy change. This account shows that
an electrochemically driven neutralization pathway exhibits a positive
temperature coefficient for the open circuit voltage (1.63 £ 0.11 mV/K),
which in turn can harvest ~24 kJ/mol of entropic heat, at room
temperature, from the surroundings as electrical driving force. We show
that the inter-conversion of neutralization energy as electrical energy can
spontaneously desalinate saline water during electric power generation by
consuming ~13.6 kJ for the removal of 1 mole of NaCl. Desalination
without the aid of an external power supply by performing reversible redox
reactions involving only gases, water, H* and OH- such that the products
and reactants of the reaction will not contaminate the desalinated water
opens up an unprecedented pathway for addressing potable water crises

looming over the 21st century.

The chapter contains the data taken from my original published work:
Zahid Bhat et.al., Joule 2020, 4 (8), 1730-1742.
Copyright © 2020 Elsevier Inc.
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5.1. Introduction

Even though ~71% of the earth’s surface is covered with water,
availability of potable water has alarmingly shrunk with explosive rise in
global population.[1,2] The ultimate source of water to alleviate this
problem is seawater, however its high salinity of ~35 g/L makes it unfit for
drinking or irrigation purposes.[3-5] Therefore, desalination methods for
the removal of salt from sea water play a crucial role in providing a
sustainable, rainfall-independent water supply.[6-9] The state of the art
processes for water desalination such as seawater reverse osmosis and
thermal distillation are more energy demanding than alternative
freshwater supplies from rivers and streams, ground water, recycled waste
water etc.[10-12] Other alternative methods such as capacitive
deionization, electro-dialysis, shock electro-dialysis and concentration
polarization also consume a large amount of energy per unit volume of
water making them less attractive for sustainable, long-term management

of growing water demand.[13-17]

Electrodialytic process for desalination have two major shortcomings:
(i) ohmic iR losses and (ii) losses due to redox reactions that typically
generate chemical species that can poison the desalinated water. [18-20]
Here we demonstrate spontaneous desalination of saline water during
electric power generation by interconverting neutralization energy and
electrical driving force. This represents an innovative design to overcome
the shortcomings of electrodialysis process (especially the shortcoming (ii))
by performing reversible redox reactions involving only gases, water, H*
and OH- such that the products and reactants of the redox reactions will
not poison the desalinated water. Recently, desalination is reported in
metal ion Dbatteries and supercapacitors during electric power
generation.[21-24] Though this integrates an additional dimension to
batteries which are otherwise confined in the domain of energy
storage,[25-33] desalination requires irreversible consumption of the free

energy of active metallic anode.[34,35] Secondly, a part of the electrical
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energy stored in the batteries due to the charging redox reactions is
utilized for desalination during the discharge.[36,37] The desalination
chemistry we offer is distinctly different from the desalination in metal ion
batteries and flow batteries because, the electron donor consumed in the
anodic half-cell is regenerated in the cathodic half-cell with the net result
being spontaneous water desalination without a net redox reaction and

without any water contamination by the discharge products.

5.2. Materials and Methods

H2S04 (96%), NaOH (97%), NaCl (99%), KoHPO4 (98%), KH2PO4 (99%),
H3PO4 (83%), CH3COOH (99.7%), KHSO4 (99%), KHCO3 (99.7%), K2COs3
(99%) and oxalic acid (99%) were obtained from Sigma-Aldrich India. Pt/C
with 40 wt% of Pt on carbon (Pt/C), Nafion 117 and Fumasep membranes
were obtained from Fuel Cell Store (USA).

Electrochemical measurements were carried out using a Biologic
potentiostat/galvanostat (VMP-300). In-situ electrochemical mass
spectrometry was carried out with HPR-20 R&D (Hiden analytical)
Quadruple mass analyzer. Microwave plasma atomic emission
spectroscopy (MP-AES) was carried out with MP-AES-4200 System
(Agilent technologies) and conductivity was measured with u controller-
based conductivity meter (Type 306, Systronics India).

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
experiments were carried out in a 3-electrode setup. Platinum disk (2 mm
diameter) and platinum flag electrodes were used as a working electrode
and counter electrode, respectively. Hg/HgS0O4/S042- and Hg/HgO/OH-
were used as reference electrodes in acidic and alkaline media,
respectively. The working electrodes were cleaned by polishing with 0.05-
micron alumina powder followed by cycling in 0.5 M H2SOs4 until
reproducible platinum features were obtained in the cyclic
voltammograms. Prior to each measurement the solutions were saturated
by purging with hydrogen gas for 15 minutes. 0.5 M sulphuric acid (pH =
0), sulphate buffer (pH = 2), acetate buffer (pH = 4), phosphate buffer (pH =
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5 to 12) and 1 M sodium hydroxide (pH = 14) were used to prepare the
respective pH solutions.

A three-compartment homemade cell was used for the desalination
experiments (Scheme 1). The anodic compartment was separated from the
middle saline compartment (saline compartment) by an anion exchange
membrane (Fumasep) and the cathodic compartment was separated from
the middle saline compartment by a cation exchange membrane (Nafion
117). The anodic and cathodic compartments were filled with 40 mL
solutions of H2SO4 (1 M) and NaOH (2 M), respectively. Pt/C (0.5 mg/cm?)
and Pt mesh were used as electrodes in anodic and cathodic
compartments respectively. The stagnant middle saline compartment was
filled with 13 mL saline solution of 4 M NaCl. During device operation, Ha
was bubbled into the anodic half-cell at flow rate of 100 mL/min. The
amount of hydrogen consumed and evolved during the discharge studies
was monitored by in-situ electrochemical mass spectrometry.
Quantification of the hydrogen gas coming out of the cathodic
compartment was carried out with the help of the water displacement
technique. The concentration of sulphuric acid and sodium hydroxide
before and after discharge was estimated by acid-base titration. 1 M oxalic
acid was used as the primary standard and phenolphthalein was used as
the indicator. The concentration of sodium ion in the saline compartment
was monitored by the Microwave Plasma Atomic Emission Spectroscopy
(MPAES) technique. Mohr’s method was used to determine the chloride
ions concentration in the saline solution by titrating against silver nitrate
using potassium chromate as the indicator. The decrease in the
concentration of the salt in saline compartment was also monitored using
a conductivity meter. EIS measurements were carried out using two Pt/C
electrodes in the frequency range of 100 kHz to 10 mHz with a 10 mV AC
(peak to peak) amplitude. EIS measurements were carried out between the
anode and middle saline compartment, cathode and middle saline
compartment and finally between the anode and cathode compartments to

find the individual iR drops across each of the compartments. For
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desalination using the H2-O2 fuel cell, all three compartments were filled
with 4 M NaCl solution and the architectural configuration remained the
same as for the electrochemical neutralization cell. For the hydrogen
oxidation reaction in the anodic half-cell and the oxygen reduction
reaction in the cathodic half-cell Pt/C (0.5 mg/cm? loading) was used as
the electrocatalysts. Hydrogen and oxygen were bubbled continuously
through the anodic and cathodic compartments respectively at 100
mL/min flow rates. The cell was kept short circuited for 30 hours for

desalination.

5.3. Results and Discussion

The architecture of the water desalination device driven by
electrochemical neutralization is shown in Scheme 5.1 and it possesses a
three-compartment architectural configuration: an alkaline anodic
compartment (top), a saline compartment (middle) and an acidic cathodic
compartment (bottom). The anodic and cathodic compartments were
separated from the middle compartment by an anion exchange membrane
(AEM) and a cation exchange membrane (CEM), respectively. The middle
compartment houses saline water for desalination consisting of an
aqueous salt solution at a concentration of 4 M NaCl (13 mL feed). The
anodic half-cell compartment contains an aqueous alkaline solution at pH
= 14 (NaOH; 40 mL) and the cathodic half-cell compartment contains an
aqueous acidic solution at pH = 0 (H2SO4; 40 mL). The device relies on the
proton dependence of the potential for the hydrogen redox reaction
(hydrogen oxidation reaction (HOR) and hydrogen evolution reaction
(HER)), Scheme 5.1. As discussed in detail in chapter 4, the redox
potential of these reactions shifts negatively with respect to the pH, as
shown by linear sweep voltammograms (LSVs) and Pourbaix diagram
suggests that the hydrogen redox reaction in pH = 14 alkaline solution
has a relative negative potential of ~-0.8 V vs. SHE compared to pH = 0
acidic solution (~O V vs. SHE) (refer Figure 4.1, chapter 4). This suggests

that when an ion selective membrane separate an acidic half-cell where
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HER is performed (equation 5.1) from an alkaline half-cell where HOR is
performed (equation 5.2), a favorable thermodynamic driving force is
developed between the half cells, Figure 5.1c, with the overall reaction
being acid-base recombination (equation 5.3). During the overall process,
the decrease in the anions and cations in the anolyte and catholyte will be
taken care by the movement of ions from the middle compartments to the
respective compartment as suggested by equations 5.4 and 5.5. Overall,
the total cell reaction shows the desalination of the saline water in the
middle compartment during electricity production by using
electrochemical neutralization as the driving force, equation 5.6. The
neutralization reaction is enthalpically and entropically favorable with
important implications in harvesting energy also from the surroundings as

electrical driving force as discussed in chapter 4.

Scheme 5.1. Schematic representation of the electrochemical
neutralization cell for spontaneous water desalination. AEM and CEM
stand for anion exchange membrane and cation exchange membranes,

respectively.
Cathodic half-cell redox reaction:

2H" (catholyte) + 2ee= H2 (g) E%ue =0V (5.1)
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Anodic half-cell redox reaction:
2H20 (anolyte) + 2e- = H»> (g) + 20H- (anolyte) EO9spe =-0.826V (5.2)
Full cell redox reaction (Reaction 1 - Reaction 2):
2H* (catholyte) + 20H- (anolyte) = 2H20 (anolyte) EO9cen = +0.826 V'  (5.3)
Catholyte half-cell ionic reaction:
2Na* (middle saline) + SO42- (catholyte) = Na>SO4 (catholyte) (5.4)

Anolyte half-cell ionic reaction:

2Cl- (middle saline) + 2Na* (anolyte) & 2NaCl (anolyte) (5.5)
Total cell reaction (Reaction 3 + Reaction 4 + Reaction 5):

H>SO4 (catholyte) + 2NaOH (anolyte) + 2NaCl (middle saline) =

Nax>SO4 (catholyte) + 2NaCl (anolyte) + 2H20 (anolyte) (5.6)

Single electrode potentials of the electrochemical neutralization cell
when H> is bubbled into the alkaline half-cell and decoupled from the
acidic half-cell by an ion selective membrane (Nafion 117) show that the
former has a relative negative potential (anode) compared to the latter
(cathode), Figure 5.2a. In line with this, the electrochemical neutralization
cell for water desalination with hydrogen fuel as the electron donor shows
an open circuit voltage (OCV) of nearly 900 mV, a power density of ~27
mW /cm? and a peak current density of ~150 mA/cm?, Figure 5.2b. The
galvanostatic discharge of the device at 50 mA/cm? shows a stable voltage
plateau at ~0.55 V with the generation of molecular hydrogen (~23 mL/hr)
at the cathode, Figure 5.2c, which is nearly equal to the theoretical
Faradaic efficiency. The consumption of hydrogen in the anodic half-cell
and the corresponding evolution of hydrogen in the cathodic half-cell
during the discharge chemistry is confirmed by in-situ electrochemical
mass spectrometry, Figure 5.2d. These confirm equation 1 as the cathodic

half-cell chemistry and equation 2 as the anodic half-cell chemistry.
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Figure 5.2. (a) Single electrode potentials for the anodic and cathodic
half-cells of the electrochemical neutralization cell with hydrogen fuel as
the electron donor, (b) polarization curve for the electrochemical
neutralization cell for water desalination with hydrogen as the electron
donor, (c) galvanostatic polarization of the device at a current density of 50
mA/cm? with H» quantification at the cathode and (d) in-situ

electrochemical mass spectrometry for the anodic and cathodic half-cells.

In order to understand water desalination in the middle saline
chamber of a three-compartment cell, the cell was discharged at 50
mA/cm? until the driving force at that current density dropped to zero,
which required about 22 hours, Figure 5.3a. The desalination of the
middle saline compartment was monitored by conductivity and Microwave
Plasma Atomic Emission Spectroscopy (MP-AES) before and after
discharge of the cell. The conductance of the middle saline compartment
decreased from 156.5 mS (before discharge) to 57.8 mS (after discharge)
confirming the desalination process during electric power generation,

Figure 5.3b. The MP-AES measurement of the middle saline compartment
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was used to monitor the Na*® ion concentration which confirmed a
noticeable decrease in the sodium ion concentration after sustained
polarization, Figure 5.3c. The Cl- ion concentration before and after
discharge was followed by Mohr’s titration method and it further
evidenced a decrease in Cl- concentration in the middle saline
compartment after the discharge chemistry, Figure 5.3c. The decrease in
the concentration of Cl- ions from 4 M to ~1 M is commensurate to the
decrease in concentration of Na* ions, which corresponds to ~0.4 moles of
salt removal in 21.29 hours and a flux of 18.79 mmol/hr/cm?. The
concentration of H* and OH- in the acidic and alkaline half-cells before
and after discharge was monitored by titration techniques. The titration
data showed that the concentration of NaOH decreased in the alkaline
half-cell from 2 M to ~1 M and the concentration of HoSO4 in the acidic
half-cell decreased from 1 M to ~0.5 M, Figure 5.3d. This decrease in the
acid and alkali concentration during discharge confirms that
electrochemical neutralization energy is responsible for water desalination
(equation 5.3). It should be noted that when the electrical circuit is at
open circuit, slight alterations in H* and OH- concentrations were detected
after almost 50 hours, Figure 5.3e. The concentration of the salt in the
saline compartment decreased to a lesser extent, as almost 3.9 millimoles
of salt was removed in 50 hours, which corresponds to a flux of 78
pumol/hr/cm?. Comparing this flux to the 240-fold larger flux that
occurred concomitant with H: redox (18.79 mmol/hr/cm?2), further
substantiates the utility of the electrochemical neutralization cell for
desalination. The slow decrease in the salt concentration in the saline
compartment and H* and OH- concentration in the respective half-cells
(Figure 5.4e) when the electrical circuit is at open circuit is mostly due to
diffusion driven transport of ions across the ion exchange membranes,
resulting in desalination together with water formation in the saline
compartment. This salt leakage phenomenon is also responsible for the

lack of fully formed built-in Donnan electric potentials across the
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membranes and thus observation of an open circuit potential between the
half-cell electrodes. Without Hz redox the leaky membrane performed
desalination by concerted opposing transport of two ions across each
membrane driven mostly by diffusion, H*/Na* through the CEM and CI-
/OH- through the AEM. Notably, the rate of H*/Na® exchange was
independent of the rate of Cl-/OH- exchange, meaning that the pH of the
saline compartment likely changed over time at electrical open circuit.
However, with Ho redox the electrochemical shunt provides an alternative
mechanism to desalination where only a single Na* or Cl- ion is
transported across each membrane by drift due to concerted electron
transport through the external circuit. In this case, Na* and Cl- are
transported, with a small amount of SO42- and Na* co-ion transport,
meaning that the pH of the saline compartment remained almost
unchanged as desired for a desalination application. Therefore, hydrogen
allows faster neutralization and desalination to be performed than the
passive transport when the electrical circuit is at open circuit (Figure 5.3c
vs. Figure 5.3e), which is clear from larger flux rate in the former
compared to the latter. In fact, the presence of hydrogen in the anodic
half-cell (by bubbling) provides an extra handle to control the net rate of
neutralization and the desalination process via the rate at which electric
current is produced. Taken together, it can be concluded that the pH
changes observed (Figure 5.3d) in the time scale of the measurement (~22
hours) when current is drawn (Figure 5.3a) from the electrochemical
neutralization cell is primarily due to the electrochemical neutralization
reaction occurring via hydrogen redox reactions in the half cells.
Supporting this, the amount of charge passed in Figure 5.3a is close to
the observed consumption of H*ions in the cathodic half-cell and OH- ions
in anodic half-cell and changes in the number of moles of Na* and CI- in
the middle saline compartment, Figure 5.33 and Calculation 5.2.

Calculation 5.1: Comparison of charge passed vs. moles of OH- consumed
in the anolyte, H* consumed in the catholyte, and Na* and Cl- removed

from the saline compartment.
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Time of discharge = 21.29 hours
Discharge current = 50 mA
Total charge passed = 0.05 A x (21.29 h x 3600 s/h) = 3832.2 Coulombs

Number of moles of charge passed = 3832.2 C / 96484 C/mol = 0.0397

moles
Change in concentration of H2SO4 in cathodic compartment = 0.5 M

Number of moles of H* consumed (40 mL catholyte) = (0.5 M x 2/1000) x
40 mL = 0.04 moles

Change in concentration of NaOH in anodic compartment = 1 M

Number of moles of OH- consumed (40 mL anolyte) = (1 M x 1/1000) x 40
mL = 0.04 moles

Change in concentration of Na* in the middle compartment = 3.1 M

Number of moles of Na* removed (13 mL feed) = (3.1 M x 1/1000) x 13 mL
= 0.0403 moles

Change in concentration of Cl- in the middle compartment = 2.9 M

Number of moles of Cl- removed (13 mL feed) = (2.9 M x 1/1000) x 13 mL
= 0.0377 moles

Therefore, the change in number of moles of H*, OH-, Na* and Cl- are

approximately equal to the charge passed.

One of the important parameters in the desalination process is the
amount of energy consumed for salt removal. In order to determine this,
we carried out long term polarization of the electrochemical neutralization
cell with and without the saline compartment, Figure 5.4a. The shaded
portion represents the amount of energy consumed during the
desalination process, which corresponds to ~13.6 kJ/mole of NaCl (13 mL

of saline feed), Calculation 5.2. A comparison with state of the art desalin-

Zahid Bhat, 2021, IISER Pune Page | 133



Electrochemical Neutralization Assisted Desalination.l Chapter 5

(@) - (b) 160-
0.81 _ 50 mA/cm2 —_
‘g 1201
0.6 ©
S‘ O
< g 80
M 0.4 15
5
T 401
0.2+ 8
0.0 ; : ; . 0
0 5 10 15 20 0 - 22
Time (h) Time (h)
© 4] 4 4 (d)
=) 2‘1& =21 Anolyte
g = pm Catholyte
i RS
£
5 e 1 I
: g
8 1 I I § '
O T T
0 . 22 0 ‘ '
Time (h) 0] Time (h) 22
c +
mm Cl w
= [P]
= NaOH S 0.3
o mm H SO, g7
: 5
s 0 50.2 s = T
g 2 2 |C o
8 g g | < <
g 14 é 0.1
@]
0.0
0 hours 50 hours
Time (h)

Figure 5.3. (a) Galvanostatic discharge of the electrochemical
neutralization cell for water desalination at a current density of 50
mA/cm?, (b) conductance measurements of the middle saline
compartment before and after long term polarization, (c) concentration of
Na* ions measured by Microwave Plasma Atomic Emission Spectroscopy
(MP-AES), and concentration of Cl- ions measured by Mohr’s titration

method before and after long term discharge, (d) concentration of anolyte
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(NaOH) and catholyte (H2SO4) before and after long term polarization, (e)
concentration of Na* ions measured by Microwave Plasma Atomic
Emission Spectroscopy (MP-AES), concentration of Cl- ions measured by
Mohr’s titration method, concentration of anolyte (NaOH) and the
concentration of catholyte (H2SO4) before and after keeping the electrical
circuit at open circuit for S0 hours and (f) amount of charge passed (from
Figure 5.3a) vs. consumption of H*ions in the cathodic half-cell and OH-
ions in anodic half-cell and change in the number of moles of Na* and CI-

ions in the middle saline compartment.

(@) _ Without desalination | P) g 8 n &
0.8  With desalination ~100- Y 9688 g 3
2 £ ° g
= =
0.6 o n A R
S 2 |3 & z & 8
@ 0.4 g n Q T N =
e |2 3 a5 8
0.2 S 24 & 26.7 @ B
12.03 14.7 13.6
2
0.0 . . . 1 o QA
O 5 10 15 20 25 §
Time (h)

Figure 5.4. (a) Galvanostatic discharge of the electrochemical
neutralization cell at a current density of 50 mA/cm? with (orange trace)
and without (blue trace) middle saline compartment. (b) Comparison of the
energy efficiency of desalination in the electrochemical neutralization cell
with reverse osmosis, metal ion batteries and capacitive deionization. [45,

46, 47, 48, 34]

-ation processes such as reverse osmosis (RO), desalination using metal
ion batteries and capacitive desalination (CDI) suggest that the energy
efficiency of desalination in the electrochemical neutralization cell is
comparable to the best RO process reported in the literature, Figure
5.4b.[45-48] It should be noted that since currents are carried by the ions
and electrolytic conductance (reciprocal of electrolyte resistance) is directly

proportional to the quantity of electricity carried by them, the middle

Zahid Bhat, 2021, IISER Pune Page | 135



Electrochemical Neutralization Assisted Desalination )I Chapter 5

saline compartment is analogous to a resistor connecting the two half
cells. Thus, the iR drop of the device increases with the progress of
desalination due to the obvious decrease in the salt concentration in the
middle saline compartment, Figure 5.4a. That is why the energy
consumption is more towards the end of the discharge, Figure 5.4a, albeit
the sharp drop in potential at the end of the experiment that included the
middle saline compartment is likely due at least in part to local

concentration gradients from lack of mixing.

Calculation 5.2: Energy calculations for the electrochemical

neutralization device.

The amount of energy consumed was calculated from the galvanostatic

discharge curve, Figure 5.4a.

Amount of electrical energy produced =1 x E x t = area under E vs t curve

x discharge current

Discharge current used = 0.05 A

Electricity produced without desalination = area under blue trace x 0.05 A
Electricity produced with desalination = area under red trace x 0.05 A
Area under blue trace = 12.09 Vh

Area under red trace = 9.07 Vh

Conversion of Wh to Joules (1 Wh = 3600 J)

Amount of salt removed from the middle compartment (see Calculation S2)

=~ 0.04 moles

Therefore, Energy output to perform useful work at 50 mA/cm? = 0.6045
VAh = 0.6045 Wh = 2176.2 Joules = 54.41 kJ/mol

Therefore, Excess energy output to perform useful work (in addition to
desalination) at 50 mA/cm? = 0.4535 VAh = 0.4535 Wh = 1632.6 Joules =
40.82 kJ/mol
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Energy invested for desalination at 50 mA/cm?2 = 2176.2 Joules — 1632.6
Joules = 543.6 Joules = 13.59 kdJ/mol

Calculation 5.3: Energy conversion efficiency calculations for the

electrochemical neutralization device.

To remove one mole of salt, one mole of H* and one mole of OH- will be

consumed.

Assuming standard-state conditions, total free energy available = 79.88

kJ/mol

Assuming non-standard-state conditions and including the driving force
for transfer of salt species, each over time, the total free energy available is

calculated as follows,
Time = 21.29 h x 3600 s/h = 76644 s

Total free energy available = integral with respect to time from O to 76644
s for -(-79878 J/mol + RT In [(t/76644)2 / ((2 - (t/76644))%2 x (4 — ((40/13) x
(t/76644)))?)]) / 96500 C/mol x 0.05 A

-6.96243%10? J-s/mol / 96500 C/mol x 0.05 A

3607.5 Joules = 90.19 kJ/mol

Therefore, parasitic losses at 50 mA/cm?2 = 90.19 kJ/mol - 54.41 kJ/mol
= 35.78 kJ/mol

Overall energy conversion efficiency at 50 mA/cm? = 54.41 kJ/mol /

90.19 kJ/mol = 60.3%

To understand individual iR drop contributions in each compartment,
we performed electrochemical impedance spectroscopy (EIS). EIS
measurements were carried out with Pt electrodes between the anode and
middle saline compartment, cathode and middle saline compartment and
finally between the anode and cathode, Figure 5.5a and Figure 5.5b.

Solution resistances were determined from the Nyquist plots and iR drops
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were calculated by multiplying the area specific solution resistance by the
current density used (50 mA/cm?). EIS measurements were also carried
out after the complete discharge of the electrochemical neutralization
device, Figure 5.5a and Figure 5.5b. As can be seen the solution
resistances show clear increase after the discharge, Figure 5.5c¢, due to
decrease in the concentration of ions in the middle saline compartment
which are in line with our conductance data (Figure 5.3b) and ICP-MS
(Figure 5.3c) measurements in the middle saline compartment. In either
case, iR drop between the anode and the cathode is the sum of the iR
drops between anode and middle saline compartment and cathode and
middle saline compartment, Figure 5.5¢ and Figure 5.5d. It is worth
noting that the half-cell resistances (anolyte and catholyte) are expected
not to change noticeably in the electrochemical neutralization device with
and without the middle saline compartment, however, the middle saline
compartment resistance will increase with the progress of desalination.
Hence, the energy consumed for desalination (AV x i x t, where AV is the iR
drop across the middle saline compartment, i is the current density and ¢
is the time of discharge) = 2Rt can be calculated from the product of
current density and area under the shaded portion in Figure 5.4a where
saline compartment resistance (R) is the variable factor and the half-cell
resistances are inherently considered when energy efficiency is estimated
from the difference between the discharge curves as shown in Figure 5.4a.
Therefore, the shaded region in Figure 5.4a primarily reflects the energy
efficiency of the desalination process. The extent of desalination
demonstrated here is on par with state of art desalination processes, yet is
achieved without irreversibly consuming the free energy of expensive
metal ions as in redox flow batteries and metal ion batteries and instead
only interconverts the neutralization energy into electrical driving force
without a net redox reaction and without any water contamination by the
discharge products. This electrochemical neutralization device does have
parasitic losses that include iR drops in the anodic and cathodic half-cells

along with kinetic losses for the hydrogen oxidation/evolution reactions

Zahid Bhat, 2021, IISER Pune Page | 138



Electrochemical Neutralization Assisted Desalination ‘I Chapter 5

that in total amount to ~35.78 kJ/mol, Calculation 5.3. Therefore, the
overall energy efficiency of the electrochemical neutralization device during
desalination at the current density used for the discharge (50 mA/cm?) is
~60 %, Calculation 5.3. Notably, this calculation includes the time-
dependent driving force for both acid-base neutralization and transfer of
salt species (Calculation 5.3). While the driving force for salt transfer was
small compared to that for acid-base neutralization, it was also
thermodynamically favoured for Na® and Cl- to migrate out of the middle
saline compartment, because H2SO4 without Na* and NaOH without CI-
were used as the fuel. Taking into consideration all available free energies,
the average Gibbs free energy and average potential available to perform
useful work were 90.19 kJ/mol and ~0.93 V, respectively, consistent with

the open circuit voltage observed in Figure 5.2a.
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Figure 5.5. Nyquist plots for the electrochemical neutralization cell (a)
before desalination and (b) after desalination. (c) Comparison of solution

resistance before and after desalination and (d) comparison of iR drops
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before and after desalination (A, M and C represent anodic, middle and
cathodic compartments, respectively). In panel d, iR drop is calculated by
multiplying the area specific resistance with the current density of 50

mA /cm?.

For comparative purposes, we also carried out desalination using a
H>-O> fuel cell operating under neutral conditions equipped with the same
architectural configurations as in the electrochemical neutralization cell.
All the three compartments were filled with same salt solutions (4 M NaCl)
without any pH gradients. The cell was kept short circuited for nearly 30
hours and the extent of desalination was measured by monitoring the
concentration of salt in the saline compartment before and after the
experiment. The MP-AES/titration data suggest that even after 30 hours
only ~0.5 M salt was removed from the middle saline compartment, Figure
5.6a and Figure 5.6b, which is nearly 6 times less than that achieved with
the electrochemical neutralization device (Figure 5.3c) at 50 mA/cm?2.
Since the rate of desalination is directly related to the quantity of charge
passed, the net rate of desalination is expected to be ~4.5 times higher in
the case of the electrochemical neutralization cell compared to the neutral
H>-O2 fuel cell even under short circuit conditions because the short
circuit current for the former is ~4.5 times higher than that of the latter
(Figure 5.3a and Figure 5.6). We further note that based on power
performance metrics of the electrochemical neutralization cell vs. the
neutral Hz-O3 fuel cell (Figure 5.3a and Figure 5.6), even if desalination
rates are the same (when identical current densities are drawn) the power
metrics will be substantially higher for the former compared to the latter.
This clearly shows the advantages of performing desalination using an
electrochemical neutralization cell over a design based on a H2-O: fuel cell.

The low performance of the H»2-O2 based fuel cell design may be
because of the neutral-pH operating conditions which impart sluggish
kinetics for the hydrogen oxidation reaction and the oxygen reduction

reactions.[49-52] Further, the respective formation of hydronium and hyd-
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Figure 5.6. (a) Polarization curve for a H2-O2 fuel cell for water
desalination with hydrogen fuel as the electron donor and oxygen as the
electron acceptor and (b) concentration of Na*® ions measured by
Microwave Plasma Atomic Emission Spectroscopy (MP-AES) and
concentration of Cl- ions measured by Mohr’s titration method before and
after keeping the electrical circuit at short circuit for 30 hours. All the
three compartments contained an aqueous 4 M NaCl solution. H2 and O
were supplied to anodic and cathodic half-cells respectively at 100
mL/min flow rate. Pt/C was used as electrocatalysts for the hydrogen
oxidation reaction and the oxygen reduction reaction in the anodic and

the cathodic half-cells respectively.

-roxyl ions in the anodic and cathodic compartments will eventually
contribute to the shifting of the half-cell potentials. The half-cell potentials
should shift by 59 mV/pH with the anodic potential drifting towards the
positive direction and the cathodic potential drifting towards the negative
direction. This will result in further decrease of cell potential equivalent to
~120 mV/pH change. Moreover, in the overall process hydrogen fuel is
consumed. Taken together, the electrochemical neutralization cell
represents a novel chemistry to perform desalination during electric power
production. As demonstrated, the electrochemical neutralization -cell
generates electric power by the inter-conversion of the neutralization
energy. A part of this neutralization energy is utilized for electricity

production while the remaining part is invested to perform desalination by
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driving the movement of ions from the middle saline compartment. This
neutralization chemistry harvests nearly 30% (TAS® = 24.05 kJ/mol) of the
total free energy (AG° = -79.88 kJ/mol) from the surroundings and
desalination is achieved by performing reversible redox reactions involving
only gases, water, H* and OH- such that the products and reactants of the
redox reactions do not poison the desalinated water. Desalination using
the electrochemical neutralization device provides opportunities to
neutralize acid and alkaline wastes from industries, which can be
achieved by designing stable and durable membranes suiting those
specific conditions and will open up new directions in the science of

desalination and waste water treatment.

5.4. Conclusions

In this Chapter, we have shown an electrochemical neutralization cell
where desalination of saline water can be spontaneously driven during
electric power production without a net redox reaction by interconverting
neutralization energy as electrical driving force. A comparative energy
efficiency evaluation with state-of-the-art desalination processes suggests
that the energy efficiency in terms of desalination is ~13.6 kJ/mol of NaCl
which is comparable to the best reverse osmosis process reported in the
literature. This pathway is unprecedented because desalination is
achieved in the electrochemical neutralization cell without irreversibly
consuming free energy stored in expensive metals as in redox flow
batteries and metal ion batteries but by just interconverting the energy of
neutralization as an electrical driving force. The device uses acid and
alkali as fuels for desalination by performing reversible redox reactions
involving only gases, water, H* and OH- such that the products and
reactants of the redox reactions do not poison the desalinated water as in
the state-of-the-art electrodialysis process. The electrochemical
neutralization cell offers a plethora of opportunities in energy

conversion/storage like electro organic synthesis, fuel reforming, fuel
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separation, water purification etc., during electric power production which

are ongoing in our laboratory.
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Summary and future outlook of the thesis entitled “Design
and Development of Unconventional pH Differential Fuel

Cells”

The work in this thesis reports the design and development of
unconventional fuel cells by interfacial modification of the cathodic
interface by pH dependent and pH independent redox couples. By
employing a pH independent outer sphere redox couple at the cathodic
interface, issues like alcohol crossover, carbon corrosion and depolarization
losses were addressed and the performance metrics were improved by
nearly 8 times compared to the state of art Pt based DAFC-O2. By modifying
the cathodic interface with a pH dependent redox couple, additional
functionality (reforming) was introduced in a DAFC’s reaction pathway. This
led to the design of an alcohol reforming fuel cell (ARFC) which can reform
alcohols to pure hydrogen at room temperature and pressure during
electricity production. As alcohol reformation is an energy intensive process,
ARFC basically utilizes energy of neutralization as the driving force to make
the overall process spontaneous. The idea of harvesting the neutralization
energy directly into electrical energy led to the designing of an
electrochemical neutralization cell (ENC). The major challenge to make this
direct inter-conversion viable was the non-redox nature of the
neutralization reaction which was overcome by utilizing a pH dependent
H*/H»> redox couple, Scheme 1. ENC demonstrated a positive temperature
coefficient of electromotive force and as such nearly 30 % of the total
electricity output was harvested from the surroundings which makes it
different from the state of art fuel cells where nearly 24 % of energy is lost
to surroundings.

ENC offers plethora of opportunities in the domain of energy storage and

conversion devices. The Nernst equation for ENC is E . = E([Z)OX]I/[Red]l_
E‘[Z)(,X]Z/[m,d]2 + 0.0591 x (pH, — pH,) which implies that by exploiting proper
redox couples ([Ox]1/[Red]: & [Ox]2/[Red]2) and pH differences in the half-
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cells (pH, —pH.), it is possible to design various energy storage and
conversion devices with tremendous possibilities. Few examples include,
high voltage aqueous fuel cells (~2 V), low voltage electrolyzers (<0.5 V), high
energy density supercapacitors, electro-organic synthesis coupled with fuel
production, fuel separation etc. It was demonstrated that ENC in a three-
compartment design can cause spontaneous water desalination during
electricity production by utilization energy of neutralization as driving force.
Although the electrochemical neutralization has many promising
applications, it is still in the early stages of development. As discussed, the
device works on the principle of asymmetric electrolyte configuration and
as such the low-cost membranes which are stable in highly acidic and
alkaline PHs have to be designed for sustainable operation. Different redox
couples have to be identified to explore new possibilities and stable and

durable electrocatalysts have to be developed to drive the reaction efficiently

in respective pH solutions.

Scheme 1. Application of electrochemical neutralization for the

development of unconventional fuel cells.
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