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ABSTRACT

In the presenthesis study, alkaline electrolyte based direchraonia fuel cells are
developed,and their performance are evaluatedthrough various parameters and
efficiencies, such agpen circuit voltages, polarization curves, peak power densitigés
energy and exergy efficiencieShe open circuit voltagand peak power densifgr the
anion exchange memdne based dirt@ammonia singleell fuel cell areobserved to be

279 mVand19.2 W/nt respectively, anche energy and exergy efficiencies are evaluated
to be 15.2% and 14.4% respectivédtyrthermore, anolten alkaline eldacolyte based fuel

cell provicesan open circuit voltage and peak power densit$2d mV and 2.1 W/
respectivelyThe energy and exergy efficiencies for this type of fuel cell are evaluated to
be 24.9% and 23.4%. astly, a novel hybrid ammonia fuel cell and battery system is

developedhatprovidesan energy efficiency of 27.5% and an exergy efficiency of 27.5%.

Keywords: Ammonia fuel cell; alkaline electrolgt open cicuit voltage;peak power

density;energy;exergy efficiency
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CHAPTER 1 : INTRODUCTION
In this chapter, the significance of utilizing hydrogen as an energy carrier and the associated
challenges are elucidated. The eminence of ammonia as a prochsimical means of
storing hydrogen is also discussed. Further, the usage of ammonia iflftezdlgvelogies

is described and the objectives of the present study are explained.

1.1 Significance ofrenewable energy resources

Energy forms an integral part of any econommythe past decadesyergy demands have
been increasing incessantly acrossglobe.In addition, he primary demands for energy
across the globe are projected to increase by 50% during@#inge 016 and 203@]. In

the quest of meeting high energy needs @emands, the environment has been affected
adversely. Utilization of fossil fuels has been the primmaagon oenvironmental damage.
The global breakdown of energy resources utilitaedelectricity generation is shown in
Fig. 1.1. As can be depicted from the figure, the mainstream energy resources utilized
globally comprised of fossil fuels and nuclear energy 3%9. in 2015. Further,
hydropower constitutk16.6% of globally utilized energy resources. However, renewable
energy resourcescluding wind, biomass, solar armgeothermal energyollectively
comprised of 7.3%Colossal amounts of emissions are continuousleased to the
atmospheralue to the usage dbssil fuels for energy production. &dsive amounts of
environmental contamants and greenhouse gasesargtted to the atmosphej2]. In
order to overcome the problerassociated with the usage of fossil fuétg resort lies in

the usage of renewable resources of endBjP]. Renewable energyesources are
environmentally benign and clean. Furthermore, conventional fossil fuell lemsxgy
resources are associated with the threat of depletitmwever, renewable energy
technologies provide a viable solution to attain a sustainable economygrenent and

society.

1.2 Hydrogen as an energy carrier

Hydrogen is considered a promising energy carrier owing to its environmentally benign
nature when utilized as an energy resoyidé 21]. Combustion of hydrogen results in
water vapor as a product. Furthermore, hydrogen provides a solution to energy storage
problems. Energy can be stored in the form of hydrogen over long periods of time.



Moreover, in the case of intermitted sources of gnesuch as solar and wind energy,
hydrogen can be produced during periods of excess energy and can be stored for later use,
during periods of low energy generation. In addition to this, hydrogen is also utilized in the
transportation sector. Gasoline oeskl powered vehicles cause significant harm to the
environment, hence hydrogen provides a clean solution of energy. It has a high energy
density when considered on a mass basis. Hydrogen can be utilized for energy production
via combustion or through fuekll technologies. The production capacity of hydrogen in

the past decade from U.S. refineries is depicted in Fig. 1.2.

wind, 3.7% __

Biomass,2% _ Other,1.6%

Fig. 1.1 Breakdown of global energy resources utilized for electricity generatioin284 6(data
from[10]).
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Fig. 1.2 Capacity of hydrogen production from U.S. refineries (data {&21).



1.3 Challenges associated with hydrogen

Hydrogen is a promising clean fuel for energy production, however, it possesszal
challenges that need to be addressed. Storage of hydrogen fuel is one of the major
challengesHydrogen has a lowolumetricdensity. Thus, this posesdrawback in storage

as well as transportation. Comparatively high storage space is required. Additional costs
are incurred to accommodate appropriate amounts of hydrogen storage. In the
transportation sector, this poses a challenge in terms of vehigaanges. In order to
achieve high mile ranges, sufficient and efficienfomard hydrogen storage systems need

to be designed and develop&drthermore, durability and robustness of hydrogen storage
systems and materials is currently inadequate. Conmp@negith longer lifetimes are
required [23]. In addition, hydrogen is an odorless flammable gas. It is considered
dangerous while storage or transportatidmydrogen leakage can be undetected without
the usage of sensors, posing a hapéreplosion as it has a wide range of flammability

in air. The flammability limits of hydrogen lie between74%. This is a comparatively

high range as compared to gasoline {1.8%6) and natural gas (51%%). Moreover, the

ignition energy required for hydrogen can be as low as 0.02 mJ at high concenti2dipns.

1.4 Energy from Ammonia

In order to overcome these drawbacks, alternative hydrogen carriers are being investigated.
Several hydrogen carriers including ammonia, hydrocarbons and alcohols have been
considered. Ammonia is a promising datate owing to its propertig5i 47]. It has a

high energy density of 4 kwWh/kg and is easy to liquefy as it has a boiling pe8g.4iC

at standard atmospheric pressure. Furthermore, it has comparatively high hydrogen content
of 17.7 wt% and has a constricted flammable range of approximat&$ ¥6lume % in

air [6, 7]. Table 11 provides a comparison of volumetric and energy density of hydrogen
and ammonia. Hydrogen gas has a low energy density of 0.9 MJ/L at a temperatig: of 25
and a high pressure of 10 MPa. In order to increase the volumetric density, hydrogen can
liquefied for storage and transportation. However, as shown in Tafjeliquefying
hydrogen requires a very low temperature283°C at atmospheric pressure. Ammonia
liquid has significantly higher volumetric density as compared to hydrogen liquid or gas.
Furthernore, ammonia also has a higher energy density than liquid hydrogen when stored
as liquid at 28C and a pressure of 10 atmospheres. Ammonia is fregrlobn and is cost

3



effective hence, it provides an alternative fuel source to achieve lower environmentall

harmful emissions in the process of energy generfigin

Tablel1.1 Comparison of energy and volumetric density of ammonia and hydrogen

Temperatur@C) | Pressure (MPg Weight % H | Energy density Density
(MJIL) (g/L)
Hydrogen gas | 25 10 100 0.9 7.7
Hydrogen liqui{ -253 0.1 100 8.6 71.3
Ammonia liqui¢ 25 1 17.7 12.9 603

Moreover, ammonia is produced by various countries in large quantities. Fig. 1.3
depicts the production of ammonia and the increase in production quantity with time.

Ammonia is a primary industrial chemical thapr®duced in large capacities globally.

2500

2000

1000

Production (Kiltons)

500

IEEEEEREEN]

2002 2004 2006 2008 2010 2012 2014 215 2016 2017
Year

Fig. 1.3 Rise in global ammonia productiddata from[50]).

Various possible methods exist for utilizing ammonia for energy production as
depicted in Figl.4. Technologies employ either combustion of ammonia or dissociation
and electrochemical reaction through fuel cellechrologies employing combustion
processes convert the stored chemical energy in ammonia molecules to thermal energy.
This thermal energy produced is utilized for power generation. However, fuel cell

technologies deploy electrochemical means of power generatio

4



Compression
ignition
engines

Spark ignition
engines

Energy storage
systems

Stationary
power
generators

Refrigeration
systems

Fig. 1.4 Various possible routes for energy from ammonia

Ammonia is reacted electrochemically in a combination of anodic oxidation and
cathodicreduction reactions to generate power. Depending on the type of fuel cell,
ammonia can be cracked into hydrogen before the commencement of the electrochemical

reaction or directly reacted electrochemically.

1.5 Methods utilized for ammonia production

Various methods are deployed for ammonia production. Majority of global ammonia
production methods utilize methane steam reforming. In addition, other sources including
cod, naphthaand oil are also used. The ammonia production method utilized is dependent
on available resources. For instante sourceutilized for producing ammonia in China

is coal. Primary processes utilizédr producing ammonia include the Haiigwsch

process awell as the Solidtate synthesis process.

The HaberBosch process involves reaction of nitrogen and hydrogen at
temperatures between 4500°C and pressures between 100 to 250itdne presence of
catalyst[51]. The required hydrogen can be obtained from various routes. The steam
metha® reforming process is widely used to obtain hydrogen. Natural gas and steam react
to produce hydrogen and carbon di oxiBarthermore, @& air separation unit is required
to obtain pure nitrogen that can be fed in the Hddwesch process along with hydrogen.

In addition to steam methane reforming, hydrogen can also be obtained from water

electrolysis.The HabeiBosch process at optimal conditions of pressures ranging between

5



100 to 250 bar and temperatures varying betwe®@iCis 600C provides conversion

rates betwee5% to 35%J52]. The HabeBosch process plant includes a catalyst bed
and heater fed with compressed nitrogen and hydrogen. The reactants fed e&ctibre

do not react completelirhe produced ammonia and unreacted hydrogdmdarogen are
passed through a condenser where ammonia gas is liquefied, separated and ddilected.
nitrogen and hydrogen gasaepressurized and sent back to the heated catalysThisd.
recycling of unreacted reactants is continued throughoutrtdeegs along with additional

feed of reactants. The environmental burden caused by ammonia production in the Haber
Bosch procesdepends on the sources utilizedabtain hydrogen and nitrogen. If fossil

fuel based energy resources are utilil@ghroduce ammonia, significant environmental
impacts are created. Howevdrglean and environmentally benign resources of energy ar
utilized, the environmental footprint can be reduced. Furthermore, the reactant gases of
nitrogen and hydrogen have logonversion rates due to thermodynamic limitations.
Further enhancements in the catalysts used in the Healseh process are necessary to
achieve high yields of productionin addition, achieving and maintaining high
temperatures and pressures requiré leigergy inputs leading to high costie average
energy requirement in North America for ammonia production is 41.6 MJ/tonpamtH

the GHG emissions are 2.34 tonne &g/tonne of NH[53].

The solidstate synthesis method of ammonia production involves nitrogen and
water vapor as reactantSimilar pressure levels are utilized as in the case of the Haber
Bosch process. Solistate synthesis process utilizes a proton conducting membrane
electolyte. The operating temperature of the membrane is arou@ 5Bl0is method does
not require an external hydrogen production system. High temperature steam is fed into the
reactor, where it dissociates into oxygen and protons. With the aid of an appteagk,
the protons travel to the nitrogen side through the proton conducting membrane. Nitrogen
molecules and protons {Hons) react to from ammonia molecul@he requirement of
energy in the case of solglate synthesis is comparatively lower thae HabeiBosch
processHence, a lower cost of ammonia production is expected. In addition to this, solid
state synthesis excludes utilization of fossil fueds &mmonia production. Thus, is
considered comparatively more environmentally benldgre primay difference between
the two techniques lies in the utilization of hydrogen gas or sésansource of hydrogen
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atoms. Soliestate synthesis utilizes steam, however, hydrogen gas is required for the

HaberBosch process.

1.6 Direct ammonia fuel cells

Geneation of electricity through fuel cells is considered as a clean source of energy
production. Currently, hydrogen is the prominent fuel for fuel cell technology. However,
in order to overcome the drawbacks of hydrogen, ammonia can be used as an alternative
fuel. Incorporating ammonia as a fuel for fuel cells has been considered in various studies.
In the utilization of ammonia as a fuel for fuel cells, either it can be decomposed into
nitrogen and hydrogen externally or it can be directly fed into theledict ammonia fuel

cells allow feeding of ammonia as a fuel directly without requiring an external
decomposition unit. Hence, provide more applicability for various uses. Ammonia was
initially investigated as a source of electricity generation fromdeiks as well as a source

to produce nitrogen oxide as a useful chemj&d|14]. Several stdies have followed

which investigated ammonia as a fuel source for different types of fuel Dédfistent

types of ammonia fuel cell technologies are presented in FigDikéct ammonia fuel

cells can be divided into solid oxide fuel cell and alkakhectrolyte based fuel cell
technologies. Solid oxide fuel cells can be further dididéo proton conductig or oxygen

anion conducting electrolyte based fuel cells. The second type of direct ammonia fuel cells
is the alkaline electrolyte based fuel sellhese type of fuel cells employ anion exchange
membrane electrolytes or molten or aqueous electrolytes for the electrochemical energy

conversion process.

Ammonia fuel cells

Solid oxide fuel . ~

o Oxygen anion Anion exchange
Proton conducting conducting D Molten or agueous

Fig. 1.5 Different types of direct ammonia fuel cells
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1.7 Motivation

Energy production and consumption, have been in the past decades, increasing incessantly
across the globe. They are projected to continuously increaseupdbming yeardNVhile

trying to meethigh-energy needs and demands, the environment has been affected
adversely.Fossil fuels haveaused considerabknvironmental damageroughout the

world. Hydrogen is an environmentally benign source of enanglyisa promising energy
carrier. As utiliation ofhydrogenincreasesmoreattention and efforts atgeingdirected
towards better storage media for hydrogen owing to its low density. Ammonia is
considered as a promising chemical storage medium for hydrogen owing to its high energy
density Furtherammonia is one of the most highly consumed chemical in the warit)

to its extensiveuse in fertilizes. Electrochemical oxidation properties of ammonia provide

an opportunity for its utilization in fuel cell applications. In order to investighe
possibilities of utilizing ammonia as an effective chemical storage medium for hydrogen,
it is essential to investigate its use in fuel cells applicatidiesce, this thesis is focused

on developing and investigating direct ammonia fuel cells.

1.8 Objectives

Although, studies have been conducted on ammonia fuel cells. Most studies were focused
on utilizing solid oxide fuel cellsHowever, these type of fuel cetisquire high working
temperatures and expensive electrolytes. These requirementthdaisage of ammonia

in fuel cells. Electrochemical oxidation properties of ammonia in alkaline mediums allow
its usage in alkaline fuel cells at ambient temperatures. Hence, this study is focused on

developing and testing anion exchange membrane direobara fuel cells.
The specific objectives of this study are listed below:

1 To build ananion exchange membrane diraotmoniafuel cellthat operates with
gaseous ammonia as anode input and humidified air as cathode input.

1 Toassesshe performance dhe singlecell direct ammonia fuel ceis well as a
five-cell direct ammonia fuel cell stacat ambient conditionsvith gaseous

ammonia and aqueous ammonia assfuel



To analyse the effect of varying humidifier temperatusmed aqueous ammonia
solution tempeatureson the performance of singtell direct ammonia fuel cedls

well as the fivecell fuel cell stack

To develop and investigate a molten salt alkaline electrolyte based direct ammonia
fuel cell and evaluate its performance at varying electrolyt@egatures.

To developand analyse novel hybrid regenerativdectrode ammaa fuel cell

and battery systeno better utilize the electrochemical energy of ammonia.

To perform energy, exerggnd electrochemical analyses of teveloped systems

to assess the system performance in ternenefgy and exergy efficiencies.

To conductparametric studies on the developed direct ammonia fuel cell systems
to analyse the effect of varying operating parameters on the system performances.



CHAPTER 2 : LITERATURE REVIE W
A review of the studies conducted on direct ammonia fuel cells is included in this chapter.
Different types of fuel cells investigated and their comparative performance is presented.
The effect of electrolyte and electrode materials, electrolyte thiskeesnd operating

temperatures on the performance of direct ammonia fuel cells is elaborated.

2.1 Oxygen anion conducting electrolyte based solid oxide fuel cells (SCEJ

Solid oxide fuel cells based on oxygen anion conducting electrolytes entail thegvork
principle of the transport of Oions through the electrolyte. Pure oxygen gas or air is fed

at the cathode side of fuel cell. At the interface between the cathode and electrolyte,
reduction of oxygen gas to oxygen ions occurs. These ions pass tthiewgjbctrolyte and

an electrochemical reaction takes place with hydrogen at the interface of the anode and
electrolyte to produce water vapor. The hydrogen is produced by thermal decomposition
of ammonia fuel. The ammonia fuel is fed into the fuel cetha anode side, where it

undergoes a thermal decomposition under the presence of a catalyst.
0OP -0 -0 (2.1)

The hydrogen gas produced as a restilthis decomposition diffuses to the interface
between the anode and electrolyte where it reacts electrochemically with oxygen ions to
form water vapor. The produced water vapor, nitrogen gas, unreacted ammonia fuel and
hydrogen gas leave the fuel cdlhe production of nitrogen during thermal decomposition

of ammonia results in a dilution of hydrogen concentration, which reduces the reversible
cell poential of the fuel cell. Fig. 2. depicts the working principle of SORQ. The
cathodic and anodic reians are given below:

Anodic reactions:
O U °900 cQ (2.2
Cathodic reactions:

-5 Qo § (2.3)
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Anode

Electrolyte o

Cathode

loz To:

Fig. 2.1 Working principle of SOFeD

Direct ammonia fuel cells with oxygen anion conducting Samarium doped ceria
(SDC) and Yittria stabilized zirconia (YSZ) electrolytes have shown promising
performance. Ma et a[56] investigated a 50um SDC electrolyte based S@F@ith
nickel anode and S48 Sr.5C0Qz.t1) (SSC) cathode, a maximum power density of 168.1
mW/cn? was obtained with ammonia as the fuel at®6@Mowever, a peak power density
of 191.8 mW/crm was observed with hydrogen as a fuel at the same temperature. In
addition, at higher temperatures, greater power densities were obtained. Furthermore,
Meng et al[57] investigateda 10 um thick SDC electrolyte with nickel based anode and
Baos Sios Cons Fen2 O3 1 §BSCF) cathodeand observed peak power density of 1190
mW/cnt at a temperaturef 650°C. Whereas, when fed with hydrogen as the fuel, a higher
peak power density of 1872 mW/émas obseved at the same temperaturi et al.[58]
testeda 24um thick SDC electrolyte with nickel oxide based anode and SSC cathode, a
peak power density of 467 mW/émasobserved at a temperature of 85@vith ammonia
as the fuelYittria stabilized zirconia (YSZ) is also used as an electrolyte in ammonia fed
solid oxide fuel cells. However, lower performance is observed as compared to SDC
electrolytesLimin et al.[59] investigated m ammonia fed fuel cell with 15 pum thick YSZ
electrolyte,nickel anode and LSM cathode. peak power density of 202 mW/émwas
observed a80C°C. In addition,Ma et al.[60] fabricatel and testeédn ammonia fed fuel
cell comprised of nickel based anode and XM cathode with a 30um YSZ electrolyte
provides a peak power density of 299 mW/and 526 mW/crhat 750C and 856C
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respectively Moreover,Fournier et al[61] developed and tested4®0um thick YSZ

electrolyte based ammonia fed solid oxide fuel cell with nickel oxated anode and

silver cathodea peak power density of 60 mW/émwas obtaied at a temperature of
80C°C. In addition,Fuerte et al[44] testeda 200pum thick YSZ electrolyte with nickel

based anode and LSM cathddel cell at ahigh temperature of 90G, the pak power

density obtainedvas 88 mW/crih However, at a lower temperature of 0Pthe peak

power dasity reduced to 38 mW/cnWojcik et al.[62] investigated glatinumbased

anode and silvelbased cathode and YSZ electrolyte, the peak power density obtained at a

high temperature of 1000 was 125 mW/cf When the operating temperature was
reduced to 80T, the peak power densitiecreased to 50 mW/ém Table 21 lists the

peak power density and open circuit voltages of various ammonia fed-SQ@ip€rated at

varying temperatures and electrolyte thicknesses.

Table2.1 Peak power densities and open circuit voltages of various ammonia fed@SOFC

operated at varying temperatures and electrolyte thicknesses.

Electrodes Electrolyte Electrolyte | Operating OCV (V] Peak Reference
thickness | Temperatures power
(um) (eC) density
(mW/crd

NiSDC (anode) | SDC 50 500 0.9 65 [56]
SSGSDC 600 0.88 168
(cathode) 700 0.83 250
NiO (anode) SDC 10 550 0.795 | 167 [57]
BSCF (cathode) 600 0.771 | 434

650 0.768 | 1190
PtYSZ (anode) | YSZ 200 800 0.9 50 [62]
Ag (cathode) 900 90

1000 125
NiGYSZ (anode) YSZ 400 800 1.22 60 [61]
Ag (cathode)
NiYSZ(anode) | YSZ 30 750 1.07 299 [60]
YSZ 850 1.03 526
LSM(cathode)
NiYSZ(anode) | YSZ 15 800 1.06 202 [59]
YSZ
LSM(cathode)
NiOSDC (anode| SDC 24 650 0.79 467 [58]
SSCSDC
(cathode)
Ni+YSZ (anode) | YSZ 200 800 1.02 65 [44]
LSM (cathode) 900 0.99 88
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2.2 Proton conducting electrolyte based solid oxide fuel cells (SO

In ammonia fed protoronducting electrolyte based solid oxide fuel cells, the ammonia
fuel decomposes to form nitrogen and hydrogen. The hydrogen gas produced due to the
decomposition of ammonia oxidizes to protons)(id the presence of a catalyst. The H

ions are transfeed through a protenonducting electrolyte to reach the cathsdéd
electrolyte interface, where it reacts with oxygen to form water vaperproduced water

vapor and unreacted oxygen leave the fuel cell from the cathode side exit port of the fuel
cell. At the anode side exit port of the fuel cell, unreacted ammonia, nitrogen gas and
unreacted hydrogen leave the fuel célimnmonia fed SOFEH avoid the formation of
nitrogen oxides as in the case of SGBCThe operation principle of a SORLis shown

in Figure 22. The anode and cathode electrochemical reactions are given below:
Anodic reactions:

VO ¢0 cQ (2.4)
Cathodic reactions:

-0 CO ¢QO° O (2.5)

Anode
Electrolyte

Cathode

Fig. 2.2 Working principle of SOFH.
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Ammonia fed protorronducting electrolyte based solid oxide fuel cells have lower
power densities as compared to ammonia fed SOF®Iainly, BCG based electrolytes
have been utilized in SOFB with platinum or nickel based aties. Platinum or nickel
act as catalysts in the dissatoon of ammonia. Pelletier et §.3] investigated 4300 pm
thick BCGP solid electrolyte with ammonia as the fuel, the peak power density obtained
with platinum electrodes at 78D was 35 mW/crh In addition,Maffei et al.[64] tested a
BCG electrolyte with the same electrode materials, electrolyte thickness and operating
temperature fed with ammonia as the fuel, a peak power density of 25 rAWAsM
obtained Moreover, Mafei et al.[65] investigateda BCGP electrolyte operating at a
temperature of 60C, peak power densities of 28 and 23 m\W/arare observed for Ni
BCE and platinum anodes respectively with amraas the fuel. Furthermorila et al.

[66] developed and testedBCGE electrolyte based solid oxide fuel cell with ammonia as
the fueland observed peak power density of 32 mW/&nThe electrolyte was 1000 um
thick and platinumelectrodes were utilized, the operating temperature wa%C700
addition to this, a 50 um thick BCGO electrolyte was investigated. The anode comprised
of Ni-BCGO, and a LCS@®BCGO cathode was utilized. Temperatures were varied from
600 to 750C to testhe performance of the fuel cell. The peak power densities were found
to increase with increasing temperature. At%Q0 peak power density of 96 mW/fkm

was obtained, whereas, at a temperature ofG5he peak power density recorded was
384 mW/cn3. Zharg and Yand67] investigated 80 um BCGQelectrolyte with NiCGO

anode and BSCR@GO cathod@ndpeak power densits of 147 and 200 mW/cfrwere
recordedat temperatures of 600 and 660respectively with ammonia as the fuel.
McFarlan et al[68] testeda 1300 um thick BCG electrolyte with platinum electrodes, a
peak power density of 25 mW/émasobtained at a temperature of 7G0 In addition

Lin et al. [69] fabricated and investigatedBZCY electrolyte based proton conducting
electrolyte waslso tested in an ammonia fed solid oxide fuel cell. BKCY anode and
BSCG cathode was utilized. The peak power densities were obtained in the r&8§e 25
mW/cn? with ammonia as the fuel for temperatures varied from 450 teC750e et al.

[70] developed and tested20 um thick proton conducting BCNO electrolyte based solid
oxide fuel cell with a LCSO cathode and Nickel oxide based anode had a peak power

dendty of 315 mW/cn at a temperature of 780. Furthermore, National Resources
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Canadd71] developed a proton conducting electrolyte based direct ammonia fuel cell. A
BCGP electrolyte was utilized with platinum electrodes. The peak power density was
reported® be 23 mW/crhwith platinum electrodes and an operating temperature 66600
However, it was found that NKBCE anode provides higher fuel cell performance with a
peak power density of 27 mW/érTable 2.2 lists the peak power density and open circuit
voltages of various ammonia fed SOF®perated at varying temperatures and electrolyte
thicknesses

Table2.2 Peak power densities and open circuit voltages of various ammonia fedtiSOFC
operated at varyingetnperatures and electrolyte thicknesses.

Electrodes Electrolyte| Electrolyte | Operating OCV | Peak powel Reference
thickness | Temperature | (V) density
(um) (°C) (mW/crd

Pt (Anode and | BCGP 1300 700 0.85 | 35 [63]
cathode)
Pt (Anode and | BCG 1300 700 0.85 |25 [64]
cathode)
Pt (Anode and | BCG 1000 700 0.66 | 32 [72]
cathode)
NiBCE (Anode| BCGP 1000 500 15 [17]
Pt (Cathode) 550 18

600 0.92 |28
Pt (Anode and | BCGP 1000 600 23 [65]
cathode)
NBCGO BCGO 50 600 1.102| 96 [18]
(anode) 650 1.095| 184
LSCO (cathode 700 0.995]| 355

750 0.985| 384
NCGO (anode| BCGO 30 600 1.12 | 147 [19]
BSCFACGO 650 1.10 | 200
(cathode)
NHBZCY BZCY 35 450 0.95 |25 [69]
(anode) 500 65
BSCF (cathode 550 130

600 190

650 275

700 325

750 390
NiGBCNO BCNO 20 700 0.95 | 315 [70]
(anode)
LSCO (cathode
Pt (anode and | BCG 1300 700 0.85 |25 [20]
cathode)
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2.4 Ammoniaborane fuel cells

Direct ammonia borane fuel cell was first investigated by Zhang ¢f3jl. Ammonia
borane (NHBH3) solution is fed as the fuel into the fuel cell at thedenside, where it
reacts with hydroxyl anions. The hydroxyl anions participating in the reaction are either
formed by the reduction of oxygen at the cathode side or are present in the medium. The
electrolyte comprises of a cation or anion exchange membFaeecathodic reaction of

reduction of oxygen to form hydroxyl ions is similar to other types of fuel cells:
-0 000 @Q° b0 (2.6)

The produced hydroxyl anions diffuse through the membrane electrolyte to reach the anode
side of the fukcell, where the oxidation of NgBH3 occurs.The anodic reaction for a direct

ammonia borane fuel cell expressed as

0’060 @O0 © 60 00 100 ¢Q (2.7)
The overall reaction for an ammonia badnel cell can be expressed as

0’060 -0 © 60 00 00 (2.8)

A sodium hydroxide electrolyte based ammonia borane fuel cell operating at room
temperature was observed to have a peak power density of 14 rAVWicenworking
electrode comprised of platinum and gpi8]. Furthermore, an ammonia borane fuel cell
with an anion exchange membrane and platinum electrodes provided peak power densities
of 40-110 mW/cn? when the operating temperatuvesre varied from 285°C [74]. Table
2.3 lists the peak power densities of ammonia borane fuel cells operated at varying
temperatures and electrolyte and electrode materials.

2.5Alkaline electrolyte-based direct ammoniafuel cells

Alkaline fuel cells were investigated addveloped to be utilized in practical applications

in the early stages of fuel cell research and development. They were employed in space
applications, vehicles, energy storage and decentralized energy $ébphAlkaline
membrane and molten or aqueous electrolyte ammonia fuel cells employ thegexoha
anions. Air is fed into the fuel cell at the cathode side. The oxygen molecules in the air
react with water molecules to form hydroxide ions. The hydroxide anions travel through
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the electrolyte, which can be an anion exchange membrane or an adfaditnelyte such

as aqueous or molten potassium or sodium hydroxide. In ammonia based alkaline fuel cells,
ammonia is fed as a fuel into the fuel cell at the anode side. It combines with the hydroxide
anions to form nitrogen and water. The reaction ofgexywith water molecules at the
cathode side consumes electrons, whereas, the reaction of ammonia with hydroxide ions at
the anode side produces electrons. Hence, producing an electric current through an external
electrical path. The cathode, anode andaleeactions for alkaline amonia fuel cells

are given below

Anodic reaction:

O @O ° 0 @OL ¢Q (29
Cathodic reaction:

-0 o000 @Q° @b O (2.10
Overall reaction:

L0 -0 90 Jd0v (2.11)

In alkaline fuel cells, the presence of carbon dioxide gas degrades the performance
of the cell. The carbon dioxide gas reacts with hydroxide anions present to form carbonate
ions. This reaction reduces the number of hydroxide anions available to relact wit
ammonia. In addition, the ionic conductivity of the alkaline electrolyte is reduced due to
the formation of carbonate ions. Precipitates of carbonate compounds are found in alkaline
molten or agueous electrolyte, however, in alkaline membrane electrdlygeformation

of precipitates is avoided.
o0 ¢0O0 © 60 ‘00 (212

A molten potassium and sodium hydroxide mixture electrolyte based ammonia fed
fuel cell at operating temperatures between28@C was observed to have aazgpower
density of 16 mWi/cn? at a temperature of 28D. However, as the temperature was
increased to 45T, a considerable increase in peak power density was observed°@f 450

it increased to 40 mW/chj76]. In addition, another study on ammonia fed alkaline fuel
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cell with molten potassium and sodium hydroxide electrolyte was cond{ic@d
Temperatures of 20R20°C were chosen for the study. The peak power density obtained
at 200C was 10.5 mW/c However, at a higher temperature of Z20t increased to 16
mW/cn?. Electrogts used comprised of platinum material. Furthermore, a €O
based alkaline membrane electrolyte fuel cell with CDN/C anode and/@nsathode
provided a peak power density of 16 mWfcat room temperature operatig@s].
Furthermore, aranion exchange membrane fuel cell was developed and tested with
ammonium hydroxide and ammonium carbonate as {u8ls Open circuit voltages of
0.36 V and 0.32 V werebtained for ammonium hydroxide and ammonium carbonate
respectively. In addition, peak power densities @20mW/cnt and 0.11 mW/crwere
obtained for ammonium hydroxide and carbonate respectidreover, an anion
exchange membrane direct ammonia fuel cell was investigated with different types of
electro catalysts. The open circuit voltage wéaserved to & 0.42 V at an operating
temperature of BXC. The fuel cell performance was observed to be higher for the Pt/C
electro catalyst as compared to theRR{C catalyst. An anion exchange membrane was
utilized as the electrolyte. The thickness of the membrasespecified to be 28 pmith

an OH conductivity of 42 mS/cmin addition, a direct ammonia fuel cell was investigated
with a Nafion membrane and different types of electrocatali/ssPtAu/C electrocatalyst
with atomic ratios of 70:30 ratio of Pt:Awas found to provide the highest fuel cell
performance.

Table2.3 Peak power densities of ammonia borane fuel cells operated at varying temperatures,
electrolyte and electrode materials.

Electrodes | Electrolye Operating Temperature | Peak power densit) Reference
(°C) (mW/crd

Au/Pt NaOH 25 14 [27]

(working

electrode)

Pt Anion exchang 25 40 [28]

membrane 35 70

45 110

- KOH 45 315 (10 cell stack) | [38]
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The open circuit voltage was obtained as 0.58 V with this catalyst composition.
Further, the peak power density was observed to be 2.3 nfwigpmin addition, the Au/C
electrocatalyst was found to have an open circuit voltage of 0.289 V and a peak power
density of 0.52 mW/cAmge:. In addition, other intermediate atomic ratios of Pt and Au
were utilized to test the fuel cell performance. Tabldi&tg the open circuit voltages and
peak power densities of ammonia fed alkaline fuel cells at various operating temperatures.

Table2.4 Peak power densities and open circuit voltages of various ammoni&éiideafuel
cells operated at varying temperatures and electrolyte and electrode materials

Electrodes Electrolyte Operating | OCV (V) | Peak power Reference
Temperaturg density (mW/cH
(°C)
Nickel (anode| Molten 200 0.82 16 [76]
and cathode) | KOH+NaOH 250 0.819 18
300 0.817 21
350 0.816 25
400 0.813 31
450 0.811 40
Pt(anode and| Molten 200 0.76 10.5 [77]
cathode) KOH+NaOH 210 0.74 12
220 0.73 16
CDN/C CPPGPVA 25 0.85 16 [78]
(anode) membrane
MnQ/C
(cathode)
Pt/C (cathode] Anion exchange| 50C 0.42 - [80]
membrane
PtRu/C, Pt/C
and Ru/C
(anode)
PtAu/C Nafion Membran 40C 0.58 2.6 [81]

2.6 Gaps in the literature

Previous studies on direct ammonia fuel cells were primarily focused oitemyierature

solid oxide fuel cell technologies. Proton conducting as well as oxygen anion conducting
solid oxide electrolytes were utilized at high operating temperatures. \fesgddies were

found to focus on low temperature direct ammonia fuel cells. However, in order to attain
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compatibility with a wide variety of fuel cell applications, it is essential to develop and
investigate direct ammonia fuel cells that operate at lowestium temperature ranges. In
addition to this, no study reporting the development of atewperature ammonia fuel

cell stack was reported. However, to better comprehend the performance of low
temperature direct ammonia fuel cells, it is essential\teldp and investigate ttiael cell

stacks that operate with ammonia fuel. Hence, in this study, low and medium temperature
direct ammonia fuel cells are developed and their performances are investigated at varying
operaing conditions. Furthermore, a facell anion exchange membrabased direct
ammonia fuel cell stack is developed and its performance is tested. Alkaline electrolyte
based direct ammonia fuel cells provide an opportunity to utilize electrochemical oxidation
properties of ammonia to generatlectrical energy. Marginal number of studies have
investigated the performance of alkaline electrolyte based direct ammonia fuel cells. Thus,
in this study, alkaline electrolytes comprising of anion exchange membranes and molten
alkalineelectrolyte sdb are utilized to develop, analyse and evaluate the performances of

direct ammonia fuel cells.
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CHAPTER 3 : EXPERIMENTAL APPAR ATUS AND PROCEDURE
This chapter entails the description of the experimental procedures conducted and the
apparatus utilized. A detailed description of each equipment used is included. The
experimental methodology followed is also discussed.

3.1 Fuel cell components
In this sction, a detailed description of the fuel cell components utilized is provitded.

specifications and properties of each component are described in detail.

3.1.1 Anion exchange membrane

Anion exchange membrane is the primary component of the develogleckefl. TheO-

and BO molecules reaatlectrochemicallyat the cathode in the presence of a catalyst to
form hydroxyl anions according to tleathodic reactionepicted by equatior2(10). The
produced hydroxyl anions travel through the anion exchamgetrane to reach the anode
side, where ammonia fuel is fed. Ammonia molecules and the hydroxyl ions react
electrochemically at the anode side to complete thededllfelectrochemical reactions
required for fuel cell operatiohe functionality of theanion exchangenembranauitilized

is described as rsing base anion exchang&he functional group of the fabricated
membrane belongs to quaternary ammoniQmaternary ammonium ions are structured
as depicted inig. 3.1 The NR bonds comprise of a bond between the nitrogen atom and
an aryl or alkyl group of atoms. These type of cations contain a permanent charge and are
not dependent on the solution pFhe anion exchange membrane utilized for fabricating
the direct ammania fuel cell is shown in Fig. 3.2.

Rl

.
3~ I\{"“‘*~R"1
2

R

R

Fig. 3.1 Quaternary ammonium cation
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Fig. 3.2 Anion exchange membrane

The technical specifications of the anion exchange membrane utilized are listed in Table
3.1

Table3.1 Technical specifications of the anion exchange membrane

Functional group Quaternary ammonium

Functionality Strong base anion exchange membrane
lonic form Chloride

Thickness (mm) 0.5 0.025

Max. current density 8A/m <500

Mullen burst test strength (ps| >80

Maximum stable temperat@iel 90

Color Light yellow

Polymer structure Cross link between gel polystyrene and divinyll

The functional group of the anion exchange membrane comprises of quaternar
ammonium and the ionic form chloride.The thickness of the membranemgasured to
me 0.5 0.025 mm. In addition, the awimum current density applicable with this
membrane is limited to 500 AAnFurthermore, it has a Mullen burst strength of higher

than 80 psi. The maximum stable temperature that the membrane can survive is limited to
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9(°C. The polymer structure utilizeid develop the anion exchange membrane comprises
of a gel polystyrene crodmked with divinylboenzene. In order to activate the membrane,

it was immersed in 1 M KOH solution before the experiments

3.1.2 Gas diffusion layers

Gas diffusion layers are important components in majority of fuel cell and electrolyzer
systems. In order to achieve efficient gas diffusion from the flow channel plates to the
layers of coated catalyst or the membrane, pathways are required. Gas diffysisrare
fabricated with appropriate pathways for diffusion of reactant gdses.gas diffusion

layer comprises of a micqporous layer that aids in several functions. Firstly, the -micr
porous layer helps to keep the resistance at the contact suitadhercatalyst layer to a
minimal value. Secondly, it aids in limiting the transfer of catalyst particles into the gas
diffusion layer as the fuel cell stack is pressurized. Thirdlycases where water
management is significant, miepmrous layers aidn effective management of water
molecules. Furthermore, the gas diffusion layers are fabricated with sufficient mechanical
properties to withstand pressure forces that are exerted during tightening. Sufficient
strength is required to prevent deformingcoacking that may constrathe fluid flows.
Moreover, the gas diffusion layers are treated with hydrophobic treatment in order to
enhance the water transport and prevent flooding that can deteriorate the fuel cell
performance. Teflon or PTFE utilized to achieve the hydrophobic treatmenhe gas
diffusion layers utilized in this study are platinum black coatadbon fiber paperdhe
fabricated fuel cell entails electrochemical oxidation of ammonia. In order to initiate and
facilitate the oxidation m&ction, platinum black catalyst is required [39]. Furthermore, the
half-cell reduction reaction occurring at the cathode also requires platinum catalyst for the
electrochemical reduction of oxygen. The platinum catalyst loading of the layer is 0.45
mg/cnt.The catalyst layer comprises of 40% platinum on Vulcan Carbon suppeit.
characteristics comprisef high strength with low electrical resistance. In addition,
electrochemical corrosion is also minimal. The diffusion layer is made from carbon fibers
that are known to have a high modulus as well as tensile strength. The specifications of the
gas diffusion layer are listed in Table 3T2e utilized gas diffusion layer is shown in Fig.

3.3.
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Table3.2 Specifications of the gas diffusion layer

Airpermeabilifgn?/(cnis) 1+ 0.6
Platinum black loading (nf/cm 0.45
Catalyst Type (%) 40% Platinum on Vulcan
Thickness (mm) 0.2 £0.025
Electrical resi ti vity |<12
Porosity (%) 80
PTFE treatmeit % 5
Sourcef82]

The permeability of the diffusion layers to air is 1 + 0.6/cmés. Furthermore, the
layers comprised of a 0.45 mg/€loading of platinum black catalysEhe thickness of the
layers 8 measured to be 0.24 + 0.028n. In addition, the electrical resistivity is lower
t han 1 2hraughelame. Further, the porosity of the utilized layers is S0 PTFE

treatment used to provide the hydrophobic surface comprises of 5 wt%.

Fig. 3.3 Gas diffusion layer

3.1.3 Flow channel plates

The 1ow channel plates are essential in fuel cell stazkeparatéifferent cells from each
other and provide a flow field for fluid flow. Each cell comprises of a membrane, catalyst
layers and gas diffusioayers on both sides of the membrane. The flow charlag
complete the cell bgandwichinghe assembly. Thédw channel plates are also known as

bipolar plates as they are designed to acdnmlesas well ascattodes fortwo adjacent
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cells. The reactant fubwsthrough the flow field at the anode side of one cell andgsass

over to the anode sidef next agacent cells through flow channels designed in the bipolar
plates.The oxygen and water molecules fed at the cathode side of the stack, pass flow
through the flow channels on the cathode side of one cell and pass through the bipolar plate
flow channels tahe cathode sides otheradjacent cellsThe utilized flow channel plates

are shown in Fig. 3.4The bipolar plates can be fabricated from different materials

including graphite, metals or composites

Fig. 3.4 Flow channel plate

In this studythestainless steel plates have been utiliddg Stainless steel plates
have significantlyhigh strength. High strength is desirable for stack applications, as the
stacked cells are pressurized togethgregvent any reactant leakages. Tterdess steel
plates have sufficient strength to withstand the high pressures exeddition, they are
resistant to corrosion. Ammonia being a corrogiascan deteriorate the flow channel
platesaffecting the @iel cell performance. Hence, corrosi@sistant materialsuch as
stainless steealre appropriate for continuous and efficient fuel cell performance.
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3.1.5 Gaskets

Rubbergaskets are placed between every bipolar plEHtese are essential to avoid any
reactant gases from leaking out of the fuel cell assembly. In addition to this, rubber gaskets
allow appropriate compression of the assembig. 3.5 shows the gaskets utilized in the
present studyHigh compression pressures are applied to the fuel ceirddy to avoid

any leakages and minimize the contact resistances by minimizing the separation distances
between each componeiRubber gaskets enable sufficient compression pressures to be
applied. Hence, resulting in higher fuel cell efficiencies andebgterformanceThe

thickness of the gasket utilizedds® mm.

Fig. 3.5 Rubber gaskets for bipolar plates

3.1.6 End plates

Fuel cells deploy end plates that complete the stack asseftiiiye components of the

stack areenclosé between two end plates. Furthermore, end plates aid in the compression
of the fuel components. They prevent leakage of any reactant or product gases. In addition,
end plates are designed with entry and exitggesdor inflow and outflow of gases. In

order to avoid shoitircuit of the fuel cell, it is essential to ensure the end plates are

electrically insulated. End plates utilized in the present study are shown in@ig. 3.
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Fig. 3.6 Fuel cell endplate

3.1.7Humidifier

The electrochemical reduction reaction at the cathode includes oxygen as well as water
molecules asglepicted in the equation (2.1M).the present study, humidified compressed

air isutilized at the cathode inlet. A bubbler humidifier setup is utilized in order to attain
increased humidity and water molecules to react electrochemically at the cathode. An air

compressor is utilized to provide pressurized air.

3.1.8Fuel cell stack assetmly

The procedure utilized to build the singlell direct ammonia fuel cell is depicted in Figure
3.7.Firstly, the anion exchange membrane is taken according to the size of the flow channel
plates and endplates. Secondly, the catalyst coated gas difalemrodes are placed on
either side of the membrane to obtain a membrane electrode assembly. Thirtlbyy the
channel plates are prepared with rubber gaskets to provide appropriate sealing. Next, the
membrane electrode assembly is sandwiched betweenfloww channel plates. The
sandwich of components is placed with the end plate and the top plate with gas inlet and
outlet flow channels. The complete assembly is then pressurized using washers and nuts to
ensure no leakages occur during operation. Thegpore for stack development is similar,

however, multiple cells are sandwiched together before pressuring between the end plates.
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Fig. 3.7 Steps in the development of direct ammonia fuel cell: (A) Anion exchange membrane,
(B) Membrane electrode assembly, (C) Preparing flow channel plates sealed with rubber gaskets,
(D) Membrane electrode assembly sandwiched between two flow channel Eatesy
channel plates and membrane electrode assembly place with the end plate, (F) Top plate
enclosing the assembly, (G) Tightening of assembly with washers and nuts.
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A: Base end plate
B: Flow field plate
C: Rubber gasket
D: Gas diffusion layer

E: Anion exchange membrane
F: Gas diffusion layer
G: Rubber gasket

H: Flow field plate

I: Rubber gasket

J: Front end plate

K: Screws and washers
A

Fig. 3.8 Exploded view of the singleatl fuel cell assembly

The overall single cell and stack assemblies are shown imdsig.8-3.10.Figure
3.8 depics an exploded view of thsingle cell assembly of fuel cell componers. can
be depicted from the figure, the complete assembly is sandwiched between the base end
plate and the front end plate. The assembly comprises of a central component of an anion
exchange membrane. Either side of the anion exchange membrane exatribeblack
catalyst coated gas diffusion electrodes forming a membrane electrode assembly. The
membrane electrode assembly is placed between two flow channel plates that allow the
passage of anodic reactants at the anodic side of the membrane anbdatie ceactants
at the cathodic side. Rubber gaskets are placed on either side of the flow channel plates as

depicted in the figure to prevent any leakages during the operation of the fuel cell.
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Fig. 3.9 CAD model of single cell assembly

Furthermore, dive-cell fuel cell stackis also developed and tested. The stack
assemblies are depicted in Figures 3.10 and 3.11. Different components are labelled for
better demonstrationWashers and nuts erusedto tightly compress the assembly.
Tightening and compressing are significant to prevent any fuel leakages. Leakages in case
of hydrogen fuel cells can be fatal due to the high reactivity of hydrogen. However,
ammonia is known to be less combustible aspamed to hydrogen. In addition, ammonia
leakages are also detectable due to its pungent smell. However, ammonia also poses other
health hazards. Hence, the stack assembly needs to be tightly compressed to prevent any
leakageslin a fivecell stack arrangeemt, five cells comprising of five anion exchange
membranes and membrane electrode assemblies are sandwiched between bipolar flow
channel plates, assembled, and pressurized between the base and front end plates. The
bipolar plates comprise of flow fieldgdt allow efficient passage of reactants over the
membrane electrode assemblies. By utilizing gaskets and flow channels on the bipolar
plates, the reactant flow is controlled to allow the ammonia gas to pass over the anode side
of each cell in the staclSimilarly, the humidified air is allowed to flow over only the

cathode side of each stack cell.
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Fig. 3.11 CAD model of the fivecell direct ammonia fuel cell stack

3.2 Measurement devices
In this section, the devices utilized for measurements and experimentations performed to

assess the performance of the fuel cell are discussed in detail.

3.2.1 Potentiostat

In order to assess the fuel Icperformance, several testsegperformed by using the
potentiostat. These include the open circuit voltage test, polarization test and
electrochemical impedance spectroscopy test. In the open circuit voltagbdesilage
across the anode and cathode is measured in the absence of any load or outputldarrent.

represents the cell or stack voltagéhia absence of any activatiomi@ic or concentration
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losses. Furthermore, the polarization curve also known as\vtteitve provides essential
information about the fuel cell performance. The potentiostat draws different output current
values from the fuel cell and measures the corresponding voltage at these clinents.
obtained 1V curve provides irdrmation about thactivation, mic and concentration

losses occurring in the fuel cell at varying current density vallies.electrochemical
impedance spectroscopy test provides essential information about the impedances present
in the cell.Alternating currents of smaddmplitudes are utilized at varyirfgequencies.
GamryReference8000Galvanostat/PotentiostaRA is utilized in thepresenstudy. The

device has maximum currents and voltage values of £3 A and + 32 V respe[@Bjely

The Gamy Ref 30 device is capable of operating multiple functions including voltage
measurements, galvanostatic measurements, potentiostatic measurements and impedance

spectroscopy measurements.

3.2.2 Flow meters

Flow meters utilized in the present stuahe FMA series FMALG600A flow metes. These

type of flow meters use the differential pressures theory in conjunction with laminar flows
to determine the volume or mass flow rates. Component sections within thenétars
produce a laminar flow and tleerresponding pressure drops are related to the flow rates
according to the Poiseuille theory. The device contains pressure sensors to detect the
amount of pressure losses in the laminar flow sections. Furthermbee,ppessure and
temperature sensors are attactiedapply correction factors according to the actual

conditions. Flow meter specifications are listed in Table 3.3.

Table3.3 Specifications of the FMAG600A flow meter

Response time 0.01 seconds
Maximum pressure 145 psig
Repeatability +0.2%

Span shift 0.02% FSZ/atm
Humidity range 0-100%
Turndown ratio 200:1
Operating temperature 263 K323 K
Zero shift 0.02%
Supplyoltage 7-30 V
Accuracy +(0.8% of reading + 0.2% FS)
Flow rate measureable 125% FS
Typical supply current 35 mA

Sourcef84]
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3.2.3 Thermocouples

For temperature measurementstyiie thermocouples are utilized along with Omega data
acquisition system (ONDAQPRG-5300 data logger). The data logging system allows
temperature measurements of eijfiermocouples simultaneously. In addititme device

is equipped with graphical temperature displayd anquisition systems to record the
temperature variations. The specifications of the Omega DAQPRO temperature

measurement device are given in Table 3.4.

Table3.4 Specifications of the ONDAQPRO-5300 temperature measurement system

Thermocouple type K type

Temperature range -250C-1200C

Accuracy +0.5%

Resolution 0.XC

Cold junction compensation +0.3°C
Sourcef85]

3.3 Experimental setupfor the anion exchange membrandased direct ammonia

fuel cell

Ammonia gas at bar pressure is passed at the anode side of the fuel cell. The expected
anodic electrochemical reaction is depicted by equati®).(The schematic of the
working principle of a direct ammonia anion exchange membraziecéli is depicted in

Fig. 3.12 The experimental setup utilized in the present study to investigate the
performance of the direct ammonia fuel cell is depicted in Fi3. Flow meters,

thermocouples and data loggers are utilized for flow and temperature measurements.

Kl
LY

OH

N+0p+H0 : Unreacted NH;+N;+H,0
: : 5 'z 2!

£
0 + Ge

OH~
—

ZNH; + 60H" — Ny + 6H

Nz+Uni reacteéi

NH,
0:+4H:0 |

Fig. 3.12 Schematic of direct ammonia anion exchange membrane fuel cell
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In case othesingle cell arrangement, the ammonia gas feed is allowed cuiitiact
one side of the membrane, and the unreacted ammonia gas exits the cell from the anode
exit. When ammonissifed at the anode side of the fieell fuel cell stack, it is allowed to
be exposed to the anode side of each cell in tlo&.sthe flow chanel plates and gaskets
are designed to connect the inflow of fuel at the stack anode to the anode side of each cell
in the stack. Furthermore, in order to complete the cathodiecbklfuel cell reaction
depiced byequation 2.10), oxygen ad water molecules are required at the cathode. These
are obtaned byhumidified air input at the cathode side of the fuel cell. A compressor is
utilized to provide compressed air@ak/m. The humidifying setup compriseabubbler
humidifier. An enclogd conical flask with one inlet and one outlet filled with water is fed
with pressurized air. The air bubbles become humidgieat to their exit from the conical
flask as they pass through the water pool in the flask. A heater and temperature controller
is utilized to control the temperature of the humidifiéarying temperatures are utilized
to assess the fuel cell performance under these conditions. For electrochemical
measurements, a potentiostat is utilizsddepicted ifrigure3.14. The tests conctted to
assess the fuel cell performance include open circuit voltage test, polarization curves and

electrochemical impedance spectroscopy.

Fig. 3.13 Experimental setup to test the fuel cell performance.
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Fig. 3.14 Schematic of the experimental setuph gaseous ammonia

Ammonia gas is highly soluble in watddissolving gaseous ammonia in water
forms aqueous ammonia that primarily comprises of gaseogsmélécules dissolveih
water. In additiona small percentage ainmonium hydroxidéNH4OH) moleculesnay

also be foundin the present study, agueous ammonia of concentration 1 M is utilized.
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Fig. 3.15 Schematic of the experimental setup with aqueous ammonia
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The schematic of the experimental setup utilized for aqueous ammonia fuel is
depicted in Fig. 3.15The aqueous ammonia solution of a concentration of 1 M is pumped
through a peristaltic pump thatamtains a constant flow rate of 126 ml/min. A heater with
temperature controller is utilized to vary the solution temperature to analyse the effect on
fuel cell performance. Humidified air is passed at the cathode side with same conditions
that are set foexperiments with gaseous ammoriide anode fuel outlet comprising
primarily of unreacted aqueous ammonia is recirculated by connecting the anode outlet to
the ammonia solution reservoir. Sufficient sealing is required to prevent any fuel leakages

as theaqueous solution can deteriorate the fuel cell components.

3.4 Experimental setup for a molten alkaline electrolyte based direct ammonia fuel

cell

In the present study, a molten alkaline electrolyte based direct ammonia fuel cell is also
developed and irestigated. The molteelectrolyte comprises of a mixture of potassium
hydroxide and sodium lgyoxide in a mole ratio of 1:1. Oneote of potassium hydroxide

and sodium hydrade powders (Sigma Aldrich) emixed together in a flask and heated

to temperatures of over 280. Nickel coils ae utilized as the elextdes. Stainless steel
tubes ae utilized as gas passages. Ammonia gaeserted in the molten salt reactor at a
gage presure of 1 Bar. Humidified aisiinput at the cathode side to abttdne required @

and BO molecules for the hatfell cathodic reaction. Aubbler type humidifier setug i
utilized as described earlier. All periments a carried in the fume cupboard for safe
operation.The mdten electrolyte temperatureseavariedbetween 22%C and 280C to
analyse the effect of varying temperatures on the fuel cétinpegince. These temperatures

are chosen as lower temperatures than°@0favor the solidification of the molten
electrolyte that deteriorates the fuel cell perforneahrcaddition, terperatures higher than
300°C are appropriate for higiemperature fuel cells. However, in the present study, low
and medium temperature direct ammonia fuel cells are investigaked nickel coil
electrode aresimeasured to be 2.4+0.m<for both anode and cathode respectivéhye

fuel cell performance is investigated through performance parameters of open circuit
voltages, peak power densities, ghaarcuit current densities as well as energy and exergy

efficiencies.

36



Potentiostat

S —— Temperature
— S
[ g 'I| |
| |
| |
| ]
| ]
Humidifier -== -==
— |
I
L
Air NH,

Fig. 3.16 Schematic representing the experimental setup utilized to test the molten
alkaline electrolyte based direct ammonia fuel cell

Molten salt alkaline electrolyte based direct ammonia fuel cells provide the
advantage of a moderately high temperature operating range increasing the reaction rates.
Ammonia, being a naturally stable specie does not provide comparatively high fuel cell
performances. However, higher operating temperatures are expected to increase the
electrochemical reaction rates of ammonia. Hence, in the present study, a meliaseshlt

fuel cell is also developed to analyse and evaluate the comparative performances.
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CHAPTER 4 : ANALYSIS AND MODELLI NG
In this chapter, thelectrochemicamodelling of the direct ammonia fuel cell is described.
Furthermore, the electrochemical impedance spectrosooplelling of the studied fuel
cell is also presented. In addition, a novel hybrid regeneralectrode ammonia fuel cell
and battery system @esented as an embodiment to utilize ammonia as a fuel in fuel cell

systems. The system is proposed and the analysis is described in detail.

4.1 Thermodynamic and electrochemical modelling

The thermodynamic and electrochemical analysis of the propgsearsis describeih

this chapterAmmonia is utilized as the fuel and is fed into the anode compartment. The
half-cell electrochemical reaction of ammonia occurring at the anode in the presence of a
platinum black catalyst is expressed by equat®f)(the oxygen reduction reaction
occurring at the cathode is expressed by equa#d@) and the overall fuel cell reaction

is given by equatiorn2(11).
The Gibbs function for the overall reaction can be determinéallaws:
Yo YO "¥Y (4.1)

whereY"Odenotes the change in Gibbs function between the products and reactants of the

given reaction.

During fuel cell operation, the chemical energy of the reactants is converted into
electrical energy. The electrical cell potential and currenpuiuexhibit the converted
electrical energy. Under reversible operating conditions, maximum cell potential is
achieved. This cell potential is referred to as the reversible cell potential. At standard
conditions of 1 atm pressure and a temperature %,26e reversiblecell potential is

expressed as

Y ok

(0 4.2

where¢ denotes the number of moles of electrons transferre@Cehé n ot es t he Far
constant,Y'O ; denotes the change iBibbs function at standard conditions. The

reversible cell potential varies with changing partial pressures or concentrations of products

38



and reactants of a given reaction. The Nernst equation can be utilized to obtain an

expression for the reversible fuell potential as a function of these parameji@ts:
0O O —l1 4.3

where K denotes the equilibrium constant. The equilibrium constant entails the ratio
between the molar fractions of reactants and products. In the presence of inert gases such
as nitrogen in the reactant streams, the reversible potential is effected sliglatly at
temperaturesO represents the cell voltage in the absence of any current output. When
current is drawn from the fuel cellasious voltage losses occur in the fuel cell, which need

to be considered. The fuetltvoltage can be expressed as
W O W W [ (4.9

The activation overpotentialdo  occurs due to the electrochemical reaction
resistance at the electrodes. Furthermore, in electrochemical reactions, the reactant atoms
and molecules aradsorbed at the electrode surface. The accompanying physiochemical

processes also affect the activation overpotenfiaé activation ogrpotential can be

related tahecurrent densitypy the ButlerVolmer equation
0 0V Agpb— AOD—— (4.9

whereU denotes the exchange current density. The exchange current density denotes the
current density at which the rates of backward and forward reactions are equal. Hence, the
charges crossing the electrolyte and etetd interface are equal, such that equal amounts

of products are reduced and reactants are oxidized in thedlladlectrochemical reaction.

In addition, the exchange current density indicates the ease for an electrochemical reaction
to occur. The paraeteri denotes the transfer coefficient. The transfer coefficient depends
on the electrode reaction. The temperature is denoté¥dnd the gas constant is denoted

by Y, the number of moles of electrons transferred are denotédédbp d t he Far ad:
constant is denoted B The activation overpotential is representedaby. Equation

(4.5 can be rearranged for large electrode over potentials, to obtain a general expression
for the activation overpotential:
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R —1 1= (4.6)

The above equation is also referred to as the Tafel equation. The total activation
overpotential for the fuel cell can be expressed as the sum of the cathodic and anodic

activation overpotentials:
W W F W R 4.7

where the cathodic and anodic over potentials can lendieted according to equation
(4.6):

5 —I1 1— (4.9

where the subscriff2lenotes the anode or cathode. According to equa2i8rad2.10, 6

moles of electrons) are transferred in the electrochemical reactions. The anodic and
cathodic exchange current densities vary according to the msaixurring in their
vicinity. When the fuel cell current density is increased, an increase in theetertical
reaction rate occurs in order to supply the required amount of electron transfer required.
As the reaction rates increase, the reactants are consumed more swiftly at the electrodes.
However, the mass transfer rate of the reactants is limited.t®uleis, the reactant
availability near the available reaction sites is limited. Furthermore, as the fed reactants are
converted into reaction products, the reaction products can over accumulate at the reaction
sites. This also hinders the transport offmeactant molecules from reaching the reaction
sites. This phenomenon creates an upper limit on the amount of current that can be drawn
from the cell. The maximum current density that can be drawn from the fuel cell is referred
to as the limiting currendensity. As the current density approaches the limiting current
density, the limiting mass transfer rate inhibits any further increase. The polarization loss

occurring due to this phenomenon is known as concentmagienpotentialw ).

For a givenhalf-cell reaction at an electrode, the limiting current densaty be
expressed d86]

0 ® i 4.9
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where¢ denotes the number of moles of participating electft@nse pr esent s t he
constant0; denotes the average concentration of sp§iiiedenotes the thickness of
the porous layefQ®  represents the effective diffusion coefficient of specie specie

& The average concentratiohspeciedcan be determined as

0p @ 05 RQ (4.10
whered ; j denotes the average concentration of speaighe inlet of the flow channel,

crepresents the width of the flow channel, denotes the average velocity of flow,

represents the flow distanc®, denotes the mass transfer coefficient that can be obtained

from:
YQ —— 4.1)

where ™YQrepresents the Sherwood numb@rdenotes the diffusion coefficient aitl
represents the hydraulic diamet&he concentration polarization can be determined from
the limiting current density as

®» 5 —I 1 (4.12
where the subscriff@epresents the anode or cathode. The total concentratogpodential
can be expressed as

W W Fp W ; (4.13

Furthermore, as current is drawn from the cell, the voltage losses that occur due to the
electrical resistazes within the cell are classified as Ohmic overpotentidise. Ohmic

overpotential¢o ) can be calculated as
A 0'Y (4.14

where'Y represents the total electrical resistances within the celb dadotes the current

density.
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4.2 Electrochemical impedance spectroscopy adeling

In electrochemical cells, various types of impedances are present. These impedances hinder
the passage of current through the cell. An ideal resistor restricts current flow according to
theOhmés | aw rel ati o

0 - (4.19

The resistance of an ideal resistor is independent of the frequency and obeys the
Ohmdés | aw in all circumstances. However,
dependent on the frequency of signals. These includieciars and capacitors. For a
resistor, the impedance can be eatdd from its resistance itself, as the electron flow is

independent of the frequency
A Y (4.16

In the case of a capacitor, the relation between the capacitapeglante and frequency

can be expressed fdlows:
® — (4.17)

where 60 denotes the capacitance andrepresents the frequency. Furthermore, the

impedance of an inductor element can be evaluated from the relation:

G Qo (4.19

whered denotes the element inductance andenotes the frequencis can be observed

from equations (4.17) and (4)1&e impedance of an inductor increaséth increasing
frequency and the impedance of a capacitor increases with decreasing frequency. In an
electrochemical cell, an electrical double layer may be formed at component interfaces due
to accumulation of opposite charges. This resembles a capeleitdrical circuit elemean

as separation of charges occur. Furthermore, an inductor is an electrical conductor that
discharges or stores energy through a magnetic field that is generated due to current flow.
In a fuel cell, electrical conductors greesent, which behave similar to an inductor during

a passage of current. In addition to this, other resistances are present within the fuel cell

including charge transfer resiatze as well as mass transfer resistance. Charge transfer
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resistance correspds to the constraints imposed on electron as well as ion transfer in the
electrochemical cell. Mass transfer resistance relatebe resistance imposed on the

diffusion of interacting species within the fuel cell.

The electrochemical impedance spectrpgdd|S) deploys techniques to estimate
the impedances present within the célie potentiostat creates suddeitage signals in
a sinusoidal pattern. The resulting currents are recorded with their magnitudes and phase
angles. Several models exist thapresent the impedance elements within the cell. EIS
method attracts increased attention due to being alesinuctive testing technique. The

impedances comprise of real and imaginary parts and the magnitudes can be determined
S0 T ) (4.19

In addition to this, th@hase angle can be expressed as

% OAT—— (4.20

The results of the EIS method are represented through Nyquist as well as Bode
plots [87]. The Nyquist plot comprises of the impedance results with real parts displayed
on the xaxis and the imaginary parts shoamthe yaxis at \arying frequenciedlowever,
the Bode plot is a representation of the impedances with magnitudes and phase angles
displayed on the primary and secondasgxys respectively and the frequency displayed
on the xaxis. Several models of electrochemical impecka circuits have been proposed
for fuel cells[88]i[92]. In the present study, severabdels ag tested using the GAMRY
Echemanalyst software. Théestfit fuel cell electrochemical impedancraodel that

provided results with least errassdepicted in Figurd.1.

Rf-cathode '—| Rif-anode

“W'o-cathode ‘V'o-anhode
a-cathode a-ahode

Lztray HFFR

W.E.

b

Fig. 4.1 Electrochemical impedance equivalent circuit model
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The above circuit includes inductance due to electrical conductors within the fuel
cell as well as the anode, cathode and membrane electrical resistances. A constant phase
element is utilized in place of capacitance as in electrochemical impedance spegtros
ideal capacitor behavior is not observed. The capacitor element acts very similar to a
constant phase element in actual cell experiments. The impedance behavior of a constant

phase element can be expressed as

b — (4.20)

The abee equation resembles thapacitor impedance equation (4.1Mowever,
in the case of a capacitaly represents the capacitance magnitude and the exp@nent
approaches unitysamry Echenfnalyst obtains the values of impedances and parameters
depicted in the model shown in Fig. 4hktough the simplex metho@he experimental
EIS results are matched to the equivalent circuit model depicted in Fig. 4.1 by the simplex
method. This method ilizes an algorithm that approximates the values or parameters
involved in a circuit model and evaluates the goodness oftig. trials for parameter
estimates areepeated until the fit reaches its upper limit of improving.

4.3Modelling of a novel hybrid system

As an embodiment of utilizing ammonia efficiently in fuel cells, a novel hybrid fuel cell
and battery system igonceptually developed and analysed electrochemically and
thermodynamically. The novel system proposes a new method to enhancéizhgouti

of electrochemical energy. A regenerative electrode system is utilized.

4.31 System description

The schematic of the proposed system is shown in Fig. 4.2. Ammonia is fed at the fuel cell
anode where the anodic electrochemical reaction occure présence of a platinum black
catalyst. The fuel cell anolyte comprises of aqueous KOH alkaline electrolyte. The fuel cell
catholyte consists of agueous nickel sulfate solution. A nickel electrode is utilized, which
acts as the cathode of the fuel cgitem during fuel cell operation and as the anode of the
battery system during battery operation. During fuel cell operation, the theoretieetlhalf
oxidation reaction of ammonia occurring at the anodé&asva in equation4.9) and the
half-cell reduction reaction of nickel ions occurring at the nickel cathode is represented by
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equation 4.22. As the fed ammonia is oxidized at the fuel cell anode, negatively charged
electrons build up at the anode side. Whereas, positivetgeathanickel ions exist at the

fuel cell cathode. When connected through an external electrical path, an electron flow is
generated between the ammonia fed fuel cell anode and the nickel cathode. Hence, this
phenomenon is utilized to generate power. Duifunrgj cell operation, nickel ions are
reduced electrochemically to solid nickel particles, this acts as a charging mechanism for
the battery. During the battery operation, the nickel electrode acts as the anode where the
oxidation of nickel to positive niek ions occurs during battery discharge. A manganese
(IV) oxide cathode and ammonium chloride catholyte is utilized for the battery system.
The cathodic haitell reaction of the battery during discharge results in the formation of
agueous ammonia, whicls ialso utilized as fuel at the fuel cell anode. A salt bridge
comprising of sodium chloride maintains the charge balance in the anolytes and cathloytes
and avoids the buildup of a highly positive or negative potential at any electrode. The

sodium and chlade ions do not participate in the electrochemical reactions.

|
5
o

NiSO, NH,CI

KDHT T
NH,CI

Fig. 4.2 Schematic of proposed regeneratdlectrode hybrid ammonia fuel célattery system.
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4.3.2Analysis

The thermodynamic and electrochemical analysis of the proposed system is described.
Ammonia is utilized as the fuel and is fed into the anode compartment. Theehalf
electrochemical reaction of ammonia occurring at the anode in the presence of aplatinu

black catalyst can be expressed by equafi®) (

The fuel cell cathode compartment comprises of a nickel electrode and an aqueous nickel

sulfate catholyte. The cathodic haHl reaction can be expressed as

o0 Q  @aP ol Q (4.22
The oveall reaction for tle fuel cell can be expressed as

L0 @O oM o) @eOL 0Q 4.23

During battery operation, the nickel electrode acts as the anode, where nickel is converted
to positive nickel ions:

o0 "Q aU'Q  ¢T (4.24)

The produced positive nickel ions are utilized during fuel cedtatpn according
to equation (4.22 Hence, a regenerative nickel electrode is utilized in the proposed system,
where the nickel electrode is discharged during battery operatid is charged during the
fuel cell operation. The battery cathode comprises of manganese (IV) oxide. Ammonium
chloride is utilized as the battery catholyte. The cathodicdslfreaction ofthe battery
can be expressed as

e el @O0 a o cbe U @O JdOU @da (4.2
The overall reaction for theaktery system can be written as
o0 Q@b e @O0 el @O o0'Q JdOUL @da (4.26

At the cathode side of the battery, aqueous ammonia is produced as a psoduct
shown in equation4(26). This is utilized in the ammonia fuel feed at the ftedl anode,

as shown in Fig. 4.2
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The Gibbs function of a given reaction can bé&deinedaccordng to equation
(4.1). During fuel cell or battery operation, the chemieslergy of the reactants is
converted into electrical energy. The electrical cell potential and current output exhibit the
converted electrical energy. Under reversible operating conditions, maximum cell potential
is achieved. This cell potential is refairto as the reversible cell potential. At standard
conditions of 1 atm pressure and a temperature%f,26e reversibleell potentialcan be
expressed by equation (%.Z'he reversible cell potential varies with changing partial
pressures or concentrations of products and reactants of a given reaction. The Nernst
equation can be utilized to obtain an expression for the reversible fuel cell and battery

potential as a funain of these parameters:

o o —ii 4.27

O 0 —iI (4.29)

wherer) denotes the partial pressure @ndenotes the concentration. In the products, water
is formed in the liquid state and nickel is formed in the solid state, hence, are not included
in equatios 4.27 and 4.28

As current is drawn from the fuel cell, various voltage losses occur, whichaeed t
be considered. These include activation, Ohmic and concentration losses. The procedure

to account for these voltage lesss described in equations #o4.14

For the battery system, the gravimetricrgiyedensity can be expressed as

ot L (4.29)

whereYOd enot es the change in Gibbés flincti on

represents the total molar weight of the participating reactants.

Furthermore, the energy storage capacity of an electrode matemdddoisan
important parameter. The specific energy siereapacity can be evaluated as
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where¢ denotes the number of moles of electrons transfei@®ede pr esent s t he
constant and denotes the molar mass of the electrode material. The molar mass of nickel

is 58.7 g/mol.

The useful power output can be expressed in terms of the cell voltage and current
density a§93]:

W wo (4.31)
where thew denotes the cell voltage)represents the current density.

The energy and exergy efficiencies of the fuel cell system can be defined as the

total useful energy or exergy output divided by the total energy ogexgut[94] :

. (4.32)

-5 — (4.33

wherew denotes the power output of the fuel céll, represents the molar flow rate
of the ammonia input andl "'Ow denotes the lower heating value of ammonia@rnal

represents the specific molar exergy of ammonia. The efficiehtlye battery can be

determined as

- - (4.34)

where O denotes the Nernst battery cell voltage &ddenotes the thermoneutral cell

voltage, which is expressed as

<

0 (4.39)

Note that he thermoneutral voltage represents the voltage of the cell when all the stored

chemical energy in the battery is converted to electrical energy.
4.4 Experimental uncertainty analysis

In an experimental study, it igssential to quantify the associated experimental

uncertainties to better comprehend the differences obtained in the results at varying
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operating parameterQuantification of the experimental uncertainty can be evaluated on
the basis of systematic erraaad random errors. The systematic errors are classified as
those errors in the experiments that are caused due to equipment inaccuracies or faulty
design of experiments that lead to results being offset from the actual value. These type of
errors lead t@ bias in the results from the actual value. Furthermore, random errors are
classified as those typd errors that cause fluctuations in the obtained results when the
experiments are repeated. These can be due to various reasons including the fluctuations
in the uncontrolled experimental environmental parameters as well as errors associated
with personnel recording the measurements. Whétenotes the systematic error avid

denotes the random errors, the resultant uncertainty can be evalsiddddws:

~

Y WUy Y (4.36)

In the present study, the systematic error is determined from the GAMRY
Reference 300@quipment as specified by the manufacturer to be %.8f obtained
readings. In order to determine the random errors, eadtimgntis repeated thregmes.

The variation in the threexperimental results allowed the calculation of the relative

standard deviation as follows:
YO —@nmn (4.37)

where"Y'Qdenotes the standard deviation @and ®@presents the mean value. Hence, in

this way the experimental uncertainties are evaluated in the present study.

49



CHAPTER 5 : RESULTS AND DISCUSSION
In this chapter, the results of the fuel cell modelling as well as experimental results are
presentedanalysedind discussedn addition,the performance of the fuel cell at varying
humidifier temperatures is presented and discusaathermore, the performance of the
proposed hybrid fuel cebbattery system is evaluated and analyk®dvarying system

operatingparameters.

5.1 Performanceresults of the single-cell anion exchange membrane direct ammonia
fuel cell

The theoretical open circuit voltag@® ammonia fuetell is obtained by equation (4.8s
1.17 V. However, the present studyexperimental resultsonfirm the presence of
unaccounted irreversibilities. At ambient temperatureé@2mnd 1 bar inlet ammonia
pressire, the open circuit voltage abserved to be 280 mV from the experimental results.
This difference between theoretical and experimentaln ogiecuit voltages can be
attributed to various factors such as fuel crossover and low reactivimmonia
molecules. The phenomenon of fuel cross das been investigated in previous studies
and a decrease in open circuit voltage has lag¢teibuted © other electrode reactions at
either electrodes that cause short circuit currents within thEO8§l[99]. Fig. 5.1 depicts
the phenomenon of fuel crossover and the short circuitents in an anion exchange

membrane direct ammonia fuel cell.
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Fig. 5.1 Schematic representing shaitcuit currents due to fuel cross over
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In addition to this, other factors can be possible that lowenfika circuit voltage
of direct ammonia anion exchange membrane fuel cells from the theoretical value that lies
in vicinity of 1 V. Considering these irreversibilities cause a drop in voltage from the open
circuit value, voltages in the vicinity of expeemtally obtained values are considered for
analysis purpose3he theoretical modellingarametersf the anion exchange membrane
fuel cell are listed in Tablg.1 The experimental and theoretical results of the fuel cell at
ambient temperature and lipgessure are depicted in Figures 5.2 and 5.3. The initial part
of the curve at low current densities corregi® to a&tivation polarization, which is
prevalent p to current densities of 30 A/n?. As the current drawn from the fuel cell is
increasedOhmic polarization dominates the voltage losses as can be observed from the
linear portion of the curves. As the cell current density approaches the limiting current
density, sudden drops in the voltage are observed.

Table5.1 Theoretical modelling parameters for anion exchange membrane direct ammonia fuel

cell

Parameter Value Units
Cell temperature 298 K
Cathodic exchange current de| 2.8E3 AIng
Reactant pressures 101.25 kPa
Limiting current density 200 AIng
Anodic exchange current deng 2.7E2 Al
Faradays constant 96485 C/mol

The average open circuit vafje obtained experimentally abserved to be 279
mV. In addition, the average short circuit current density is obtained as 220 A/m
experimentally. The short circuit current obtained from the theoretical model is 225 A/m
The experimental and theoretical results are in close conjuneisothe modelling
parametersra chosen according to the actual parameters of the developedlfu€hee
peak power dnsity obtained experimentally 17.5 W/ at a current density of 110 Afm
and voltage of 159 mV. Furthermore, the theoretical peak power density is obtained as 16.2
W/m? at a current density of 130 Afrand a voltage of 124.7 mV as can be depicted from
Fig. 5.3.Three experimental testseaconducted for each set of workiognditions. The
experiments & repeated three times as it is considered the minimum acceptable number

of experiments that need te bepeated in an experimental study to analyse the associated
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standard deviations and uncertainties in measurements. The polarization curves as well as
the power density vs current density curves for base conditions of humidifier temperature
of 25°C are deicted in Figures 5.4 and 5.5.
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In the first experimental test at base conditions, anaircuit voltage of 277 mV
is obtained. Furthermore, a peak power density of 203\ observed at a current density
of 120 A/n?. Moreover, the short circuit curredensityis observed to be 230 AAin the
first test. The second experimental test of the fuel cell provided an open circuit voltage of
287 mV and a short circuit curresignsityof 223 A/nt. The peak power density observed
to be 20 W/riat a current density of 130 Afrand a voltage of 157 mV. The open circuit
voltage obtained ithe third experimental triaki272 mV and the short circuit current
densityobserveds 210 A/n?. Furthermorethe peak power density obtainedli7.5 W/m
at a current density and voltage of 110 Aand 159 m\tespectively.

5.2 Effects of humidifier temperature on the performance of the singlecell
arrangement fuel cell

The performace of the developed fuel calltested under varying humidifier temperatures.
Increasing the humidifier temperature helps in increasing the rates of reactions within the
fuel cell. Specifically, as the cathode side of fuel cell comprises of humidifiedpait,

higher humidifier temperatures aid in accelerating the oxygen reduction reaction at the
cathode[100]. In the present styd the humidifier temperatures ivaried and the
performance of the fuel ceb tested for ambient temperature°@p 60°C and80°C. The
voltage and power density vs current density curves at a humidifier temperatuf€ of 60
are depicted in Fig. 5.6 and 5.7. As can be observed from the polarization cuaveytue

open circuit voltagesi obtaned to be 299 mV. This valus marginally higher than the
open circuit voltage obtained at’€5 The rise iropen circuit voltagesi 7.3%. Furthernre,

the short circuit current inot observed to increase significantly. A°@5 the average
short circuit current density isbserved tde 221 A/m and the average fuel cell short
circuit current obtained at 80 is nearly 235 A/m. Moreover, the average peak power
density obtained at 83 is 20.2 W/mM at a current density of 150 Afrand average voltage

of 135.1 mV. he average peak poweensity isobserved to increase by 5.4% as compared

to performance at ambient conditions. A humidifier temperature rise frégt8%0C is
observed to marginally improve the fuel cell performance in terms of open circuit voltage
and short circuit currdg. Furthermore, in order to assess the effect of high humidifier

temperatures on the performance, a temperature®6fig8@lso utilized.
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The polarization curves and the power densitycugent density curves for a
humidifier temperature of 8Q are depicted in Figures 5.8 and 5.9. The open circuit
voltage at 88C is observed to be higher than the voltage values obtaine®Caa66 25C.

The average open circuit voltageabservedo be 335 mV at a humidifier temperature of
80°C. This corresponds to a 20.3% increase as compared to the open circuit voltage at
25°C. In addition, this corresponds to a 12% increase in the voltage as compared to the
average value obtained at°@0 Morewer, the peak power densities obtained at a
humidifier temperature of 8C are observed to be higher than at lower temperatures. The
average peak power density obtained 4€86 21.2 W/, this values 10.2 % higher than

the peak power density obtainat2%C. In addition, this valuesi4.6% higher than the

value observed at 80. Voltage and current density values of 151.3 mV and 149.§ A/m

are obtained respectively at the highest peak power density of 22.8 Rirthermore, the

short circuit currentdensities ee also observed to be marginally higher than the values
obtained at ambient conditions. Figures 5.10 and 5.11 depict the average voltage and power
densityvs current density curves for tlsnglecell arrangement at varying humidifier
temperatees. These values correspond to the average values of the three experimental tests

conducted.
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5.3 Performanceresults of anion exchange membrane direct ammonia fuel celith
agueousammoniaas fuel

The performance of the anion exchange rbeame direct ammonia fuel cedl also tested

with agueous ammonia as the fuel. Ammonia gas is highly soluble in water. A solution of
agueous ammonia is formed by dissolving gaseous ammonia in water. The solution
compises of gaseous NHnolecules dissolved in water. In addition, a small percentage of
ammonium hydroxide (NKDH) molecules may also be found. In the present study,
aqueous ammonia of concentratibM is utilized. The polarization curves as well as the
powe density vs current density curves at ambient solution temperature®©f 286
depicted in Figures 5.12 and 5.T®eaverage open circuit voltage dbserved to b#10.2

mV. This value is significantly lower than the open circuit voltage obtained withoga
ammonia as the fuel. This can be attributed to the high concentration of ammonia in the
experiments conducted with gaseamsmonia,as the gaseous input comprised of nearly
pure ammonia gaslowever, the number of ammonia molecules in the aqueousaosol

are considerably lower than in the case of pure ammonia. Hence, lower fuel cell

performance is expected. At ambient temperature 8C2the peak power density is
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