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Abstract

Ammonia has emerged as an attractive potential hydrogen carrier due to its
extremely high energy density (hydrogen density), ease of storage and
transportation as a liquid, and carbon-free nature. Direct utilization of ammonia in
high-temperature solid oxide fuel cells (SOFCs) has been demonstrated over the
past decade. Concurrence of in situ endothermic ammonia decomposition and
exothermic electrochemical hydrogen oxidation permit efficient heat integration. In
this study, the experimental analyses of axial temperature and concentration profiles
along the tubular SOFC (t-SOFC) fed directly with ammonia are performed to
investigate the coupled ammonia decomposition and hydrogen oxidation reactions
as well as the effect of polarization. Fast ammonia decomposition over the Ni
catalyst is evident at the inlet of t-SOFC and complete ammonia conversion is
confirmed above 600°C. It is found that direct ammonia-fueled t-SOFC and an
equivalent hydrogen-nitrogen fueled t-SOFC provide identical performances. With
100 SCCM of ammonia fuel feed, a maximum power of 12.2 W and fuel utilization
of 81% are obtained at 800°C in a t-SOFC with active area of 32 cm? The
temperature and concentration profiles validate that the efficient heat integration
inside ammonia-fueled t-SOFC is feasible if -SOFC is operated at the temperature
of 700°C and below. The 23-hour performance test and SEM-EDS images of the
fresh and used Ni-YSZ cermet surfaces confirm uniform performance and good

durability of ammonia t-SOFC.
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Chapter 1

Introduction and Background

1.1 Hydrogen economy and ammonia as a hydrogen carrier

The warming influence of greenhouse gases in the atmosphere has
increased substantially over the last several decades. Annual greenhouse gas index
(AGGI), which was reported in U.S. Global Change Research Program [1],
increases over 40% since 1990. Carbon dioxide remains the largest contributor
among the greenhouse gases. On the global scale, greenhouse gas emissions

result from several human activities, with fossil fuel consumption as the main

contributor.
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Figure 1: Annual greenhouse gas index (AGGI) is 1.42 in 2017 and has increased by 40% since
1990. Carbon dioxide (light blue) represents over 60% of greenhouse gas emissions [1].
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With rising concerns about pollutions, climate changes, availability and
drawbacks of fossil fuels, hydrogen economy is proposed as being an attractive part
of the future low-carbon economy. Hydrogen is considered as the clean fuel as its
combustion only produces water. Numerous researches committed to investigate
the development of hydrogen economy continue to grow over the past few decades.
Figure 2 shows the clean concept of hydrogen economy where hydrogen can be
produced by electrolysis of water, and reforming or pyrolysis of biomass [2].
However, these process could not generate sufficient amount of energy to satisfy

the domestic or global energy needs or requirements.

Electricity from .
Renewable Sources Biomass A
! H2 H2 | |

Electrolysis \ 1— Reformer

Packaging of Hydrogen

Truncated
CO,- Cycle

Hydrogen Economy
Pure Hydrogen

Figure 2: A clean concept of hydrogen economy which hydrogen is produced for the consumers by:
(1) electrolysis of water and (2) reforming or pyrolysis of biomass [2].

Despite considerable advantages of hydrogen economy over hydrocarbon

economy, there are several limitations and challenges associated with the



infrastructure for storing and transporting hydrogen gas due to its light nature. So, it

has been of interest to investigate the use a suitable hydrogen carrier instead [3].

Ammonia could be a promising hydrogen carrier in many aspects: (1) it is
produced at essentially the same cost as hydrogen, (2) it is available in large
quantities than any other pure chemicals, and (3) it is distributed through an existing,
world-wide infrastructure. Ammonia fuel cycle is shown in Figure 3 [4], the cycle
involves the reduction of nitrogen coupled with oxidation of water, followed by
ammonia decomposition into nitrogen and hydrogen gases, and then the produced
hydrogen can be used to generate electricity via electrochemical reaction. In this
sense, ammonia offers the solutions to both hydrocarbon economy and hydrogen

economy related challenges [3,5].

A /Hz

/N+ 2

Figure 3: The sustainable ammonia fuel cycle [4].
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1.2 The tubular solid-oxide fuels (t-SOFCs)

With the ability to efficiently provide electrical power while generating very
much lower pollutant emissions, fuel cell technology serves as a promising
alternative to the conventional heat engine. There are various types of fuel cells
which are typically classified on the basis of the electrolyte used. Types of electrolyte
dictate a range of operating temperature, fuel chemistry at the electrodes, and

catalyst for fuel cell system [6,7].

A fuel cell is a device that directly converts the chemical energy from a fuel
into electrical energy through electrochemical reactions. Fuel cell has four main
parts: anode, cathode, electrolyte, and an external circuit. The chemical energy of a
fuel, or reductant, is released via its reaction with an oxidant, usually oxygen, fed to
the anode and cathode, respectively. The energy is collected as electricity by the
external circuit. The circuit is completed by the transport of an anion or a cation
through the electrolyte. Among different types of fuel cells, the solid-oxide fuel cell
(SOFC) is the only true solid electrolyte fuel cell and has the highest range of
operating temperatures: from 500°C to 1,000 °C [8]. The two most common
geometries of SOFC are planar and tubular cells. The materials for cell components
in these different geometries are either the same or very similar, just different in
shape [9]. However, the tubular SOFC (t-SOFC) is typically more robust in terms of
its ability to handle thermal and mechanical stresses, while providing better sealing

and active area as compared to the planar cell [10,11].
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Figure 4: Tubular (left) and planar (right) solid oxide fuel cell configurations [12]

The conventional SOFC operates at atmospheric pressure and an elevated
temperature form 700°C to 1,000°C. A high-temperature SOFC has several
advantages over other low-temperature fuel cells: (1) fast electrochemical reaction
rates are possible with low cost catalyst such as nickel; (2) low ohmic loss and high
ionic conductivity in the ceramic electrolyte; (3) high tolerance to contaminant; (4)
fuel flexibility; (5) and high quality waste heat that can be recovered [6,13]. A number
of different fuels can be directly utilized without the pretreatment process or external
reformer because internal reforming or cracking reactions are favorable at the
elevated temperatures. These conventional fuels are mostly hydrocarbons such as
syngas, biogas, bio-ethanol, bio-methanol, etc [14]. However, with hydrocarbon
fuels, the carbon deposition on traditional nickel anode becomes serious issue [11].
Severe coking reduces cell performance and leads to premature cell degradation.
Other challenges associated with SOFC are sealing, thermal expansion mismatch,

interconnect, and component issues [11,13].



Substantial research efforts have been invested over the past few decades
to address existing performance issues and to make SOFC systems commercially
viable. The two main areas of investigation are the development of new SOFC
components to avoid coking and the exploration of suitable alternative fuels for
commercial SOFCs [15]. In fact, the selection of a fuel substitute which does not
contain carbon atom is one such promising strategy to avoid coking and rapid

degradation of cell performance.

1.3 Ammonia as an attractive fuel for SOFCs

Hydrogen is known to be an ideal fuel for fuel cells. Hydrogen-powered fuel
cells are not only pollution-free but also far more efficient than traditional combustion
technologies. However, hydrogen is not economical to store and transport. It is light
and volatile and has a low flash point thus presenting a safety issue [16]. Selection
of a practical alternative fuel or hydrogen carrier is an important step to

commercialization of SOFCs.

A proper fuel should be economically viable, readily available, and safe to
store and transport [17]. Many research groups have investigated the feasibility of a
direct utilization of different hydrocarbons for SOFCs whereby the fuel is reformed
into hydrogen within the cell. The major problem facing this technology is severe
coking over the nickel anode. In this sense, ammonia is a good substitute fuel for
both hydrogen and hydrocarbons because it is relatively cheap, easy to store and
transport, carbon-free, less flammable than other fuel [18,19]. Ammonia can also be

easily liquefied and the volumetric energy density of liquefied ammonia is higher
6



than that of liquid hydrogen [15]. Even though the toxicity of ammonia can be a
concern, this challenge have largely been resolved by the successful designs of
ammonia handling and storage systems. Due to the aforementioned features,
ammonia serves as a promising feedstock to make SOFCs more commercially

viable and reliable [16].

1.4 Ammonia-fueled SOFCs

Many research groups have investigated the feasibility and efficiency of
ammonia-fueled SOFCs. Wojcik et al. and Staniforth and Ormerod were the first to
demonstrate that direct usage of ammonia in SOFCs is feasible. In fact, they claim
it could work very well even with conventional SOFCs containing nickel anodes
because nickel is also a good catalyst for ammonia cracking reaction [20,21]. These
hypotheses were experimentally supported a few years later with additional
explanation on how the ammonia-fueled SOFCs system works. Internal ammonia
cracking reaction into nitrogen and hydrogen gases in SOFCs is promoted at an

elevated operating temperature [15,22,23]. Possible overall reactions include:
Anode: 4NH; + 60%~ = 2N, + 6H,0 + 12e~ (D

2NH; + 502~ = 2NO + 3H,0 +10e~  (2)

2NH; = N, + 3H, (3)
H, + 02~ =2 H,0+ 2e” (4)
Cathode: 0,+4e” = 20% (5)



The direct electrochemical oxidation of ammonia (1, 2) does not occur in
SOFC. Instead, the reactions proceed in a two-stage process: in which (3) ammonia
gas is first decomposed into nitrogen and hydrogen gases over the nickel cermet
anode, then (4-5) hydrogen is oxidized electrochemically with oxygen anions

diffusing from the cathode via the electrolyte to generate power [15,19].

NH;
Lo 2
Na:H, : NHj; thermal decomposition

Porous : 2NH, <> N, +3H,

anode

.
W WO 0" 5>HO 2

Electrolyte o*
1 5
-0, +2¢” —»0"

Porous v o ‘:‘2
—y

cathode @
Alr

(O:.Ng ) B

Figure 5: Working principles of oxygen ion-conducting SOFC fed with ammonia gas [24].

The two-stage process of ammonia-fueled SOFCs has been confirmed by
other research groups [23,25,26]. Hydrogen is the only gas to react
electrochemically in the system, while nitrogen is an inert. This is why the
performance of ammonia-fueled SOFCs is similar to that of an equivalent hydrogen-
fueled SOFC. However, the complete conversion of ammonia into hydrogen and
nitrogen is desired in order to achieve high performance and good durability of
SOFCs. Sufficient conversion, above 90%, of ammonia in fact can be obtained at

elevated temperatures above 700°C [15,22,27].
8



One of the concerns associated with the direct usage of ammonia in SOFCs
was the potential undesired formation of nitrogen oxides (NOXx) gas. It is theoretically
stated that oxidation of nitrogen into NOXx is possible and increases with temperature
[24,28]. But it was later reported experimentally that the actual amount of produced
NOx is very small and negligible [23,24,25-28]. The presence of ammonia could
also possibly suppress NO formation, as it is used in the selective catalytic reduction

of nitrogen oxides [29,30].

The performance and power output of ammonia-fueled SOFCs have thus
been substantially investigated and proven to be almost identical to that of an
equivalent hydrogen-fueled SOFCs, making ammonia a very promising carrier of
hydrogen as compared with conventional hydrocarbon fuels [24,25,28,31,32].
Hydrogen-fueled SOFCs usually show slightly better results because there is a
higher partial pressure of hydrogen in the anode channel. When ammonia is used
an internal cracking reaction is expected, the co-produced nitrogen causes dilution
of hydrogen [15,22]. Despite its preliminary successes, the major challenge in
realizing this process remains with the intensification of the cell design, particularly

with coupling of the exothermic/ endothermic reactions and high reaction rates.

1.5 Coupling of endothermic and exothermic reactions

Ammonia-fueled SOFCs also give other notable advantages over hydrogen-
fueled SOFCs. These advantages are due to the internal endothermic ammonia
cracking. For both cases, the only electrochemical reaction in the anode is known

to be an exothermic hydrogen oxidation reaction (HOR) with standard enthalpy of -
9



K]
mol H,

241.8 . When ammonia is used as a fuel, an endothermic cracking reaction with

N__ or +30.7—2

consumes 13% of the heat
mol NHz mol H,

a standard enthalpy of +46.1

generated from the HOR, thus increasing the efficiency of the system [15,23,31].

AHqp = 30.7 ul AHyop = —241.8 4
4D 7" mol H, HOR "~ mol H,
2NH3 W Nz'"‘ 3Hz 2H1+ 02 F 2H20 - Ng + HEO

— e PR e ——

Figure 6: The two-stage process of ammonia t-SOFCs. Ammonia is first endothermically
decomposed (AH,p = 30.7 KkJ/mol H,). Then, the produced hydrogen is oxidized (AHyor =
—241.8Kk]/mol H,) to generate electricity. There is a partial overlap of the ammonia decomposition
and the HOR regions.

The positive influence of this cooling effect on the temperature field, gas
transport and power output of SOFCs was first investigated by Meng Niin 2011 [32].
Modeling simulations were used to understand how ammonia thermal cracking
affects the SOFC performance. The temperature field of the SOFC is determined
by: (1) rate of the endothermic ammonia cracking; (2) enthalpy change of the
electrochemical reaction; and (3) overpotential losses in the SOFC. It is reported
that, for an ammonia-fueled SOFCs, temperature decreases along the SOFC.
Moreover, the temperature gradient along the SOFCs is enhanced at higher
operating temperatures because thermal cracking rate is exponentially dependent
on temperature. In short, faster cracking reaction rate at an elevated temperature

leads to a larger temperature gradient in the SOFC. This phenomenon complicates

10



the understanding of gas transport, coupled reaction processes, and electrical

performance of SOFCs.

Experimental temperature measurement in ammonia-fueled SOFCs were
carried out by Cinti et al [25,31]. The group used the commercial planar fuel cells to
perform the comparative study and investigate the cooling effect and its benefits.
Their final aim was to achieve thermal equilibrium and higher electrical efficiency. It
was found that the temperature of ammonia-fueled SOFCs was always lower than
that of an equivalent hydrogen-nitrogen mixture indicating the heat integration. The
use of ammonia also permits a better control of SOFCs temperature field and a
smaller air flow rate because less external cooling is needed to dissipate the heat

produced.

Long-term stability of ammonia-fueled SOFCs has also been investigated by
Yang et al [27]. As mentioned earlier, the complete decomposition of ammonia is
desired and is possible at temperatures above 700°C. Presence of ammonia at low
temperature region can lead to premature degradation of SOFCs. If ammonia is not
fully cracked, the nickel surface of anode might be nitrided resulting in volumetric
change, increase in ohmic overportential, and cell delamination. Therefore, a careful
design of cell and operating conditions is required to avoid such degradation
phenomenon. Tubular cells could ensure more complete conversion of ammonia by
providing more residence time and operation more like a plug flow reactor (PFR)

than a planar cell that behaves more like a continuous stirred-tank reactor (CSTR).

11



1.6 Objectives

The usage of ammonia as an alternative fuel to hydrogen and hydrocarbons
fuels in SOFCs has thus been validated theoretically and experimentally in the
literature. The benefit of cooling effect from a coupled endothermic ammonia
decomposition has received attention for potentially achieving superior control of
thermal gradients in SOFCs. Currently, comprehensive study and experimental
analyses of cooling effect on ammonia-fueled SOFCs are limited, however, the

intensified, integrated process has not been well-studied in an integral cell.

In this work, we make substantive strides toward realizing the sustained,
autothermal operation of direct ammonia t-SOFCs which the internal ammonia
decomposition proceeds without external input of energy. The t-SOFCs achieves
realistic reaction environments that allow for the systematic and thorough evaluation
of temperature and concentration profiles as the measurements can be resolved
axially along the anode channel of t-SOFC. We hypothesize that performance and
stability can be optimized by revealing and characterizing thermal and concentration
gradients within the reactor. Extent of endothermic ammonia decompaosition reaction
and operating conditions for maximum power output and fuel utilization are

evaluated.

12



Chapter 2

Materials and Methodology

2.1 Experiment setup

A custom built fuel cell test stand was designed and assembled as described

in the schematic diagram of the experimental setup shown in Figure 7.

Furnace
_ *( | ESOFCY | }—» Water trap
] Vent
(mrc] (mFc] [ mrc
1 1 1

—l Load ]—

fows
GC

H3 Na/NH3 Air

Figure 7: Process flow diagram for t-SOFC experimental setup. Hz, N2, and/or NHs were fed through
MFCs to the inner anode tube, while air passed to the outer cathode. An electronic load with data
acquisition monitored power generation, and in-line GC was used to monitor conversion.

The t-SOFC was placed within a 30-cm tubular furnace which is insulated at
either end with ceramic plugs. The fuel cell was connected to the electronic load
bank with a data acquisition system which was used to monitor the output of t-

SOFCs. Various gas cylinders were connected to the fuel cell’s inlet via mass flow
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controllers (MFCs). A gas chromatography (GC) and a mass flow meter (MFM) were

connected to the outlet for anode effluent gas analysis.
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Figure 8: Test stand included major components of experimental setup. The t-SOFC was placed on
the ceramic shell within the tubular furnace which was equipped with PID controller and K-type
thermocouple located at the center. The furnace was insulated with ceramic plugs and ceramic fiber
insulation

The gas flow controllers for air, hydrogen, nitrogen and ammonia were Alicat
Scientific mass flow controllers with model numbers MC-500SCCM-D, MC-
500SCCM-D and MCS-500SCCM-D respectively. The Watlow 120V 1250W
ceramic fiber furnace (model number VS405A12S-0001R) was equipped with
Omega PID controller (model number CN8DPT-225-006) and K-type Omega
thermocouple (model number KMQIN-062U-24) located at the center. The t-SOFC

was connected to an American Reliance, Inc. (AMREL) load bank (model number
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FEL 60-1). Transient current and voltage data were controlled and logged in data
acquisition software (LabVIEW) developed at WPI. An effluent gas from a t-SOFC
was analyzed by an in-line micro-GC (490 Micro GC; Column 1: Molsieve 5A with
He carrier gas, Column 2: PoraPLOT Q with Ar carrier gas) from Agilent
Technologies and mass flow meter (model number M10MB52CS3BV-S) from MKS

Instruments, Inc.

2.2 Temperature gradients in the furnace and t-SOFC placement

The tubular furnace was not truly isothermal and had significant amount of
heat loss at both ends. Temperature profile within the furnace was evaluated in order
to select the optimal placement for t-SOFC. Temperature profile within the furnace
at operating temperature of 900°C is shown in Figure 9. It is found that the optimal
placement, which uniform temperature was maintained close to 900°C, for t-SOFC
was located at 9cm to 19cm from the inlet. Temperature profiles at different

conditions are available in Appendix A.2.
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Figure 9: Temperature profile within a furnace operated at 900°C. The optimal location, which
uniform temperature was maintained, for t-SOFC is from 9cm to 19cm.
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2.3 t-SOFC and cell preparation

Figure 10: The t-SOFC fabricated by Upstart Power, Inc.

The tubular cells used in this study were fabricated at Upstart Power, Inc. and
identical to those used in previous studies [11]. Each cell had an active area of 32
square centimeter, a length of 100 millimeter, and a diameter of 10.2 millimeter. This
anode-supported cell (ASC) had a nickel-yttria stabilized zirconia (Ni-YSZ) anode,
with a thickness of 1 millimeter; a YSZ electrolyte (oxygen ion-conducting) with a
thickness of 15 micrometer; and a lanthanum strontium cobalt ferrite (LSCF)

cathode with a thickness of 30-50 micrometer.

Table 1: -SOFC Specification

Fuel cell specifications

Anode Ni-YSZ 1000 Hm
Electrolyte YSZ 15 pHm
Cathode LSCF 30-50 um
Active area 32 cm?
Length 100 mm
Diameter 10.2 mm
Shape Circular tube

To prepare the fuel cell, a t-SOFC was placed in the tubular furnace and was

heated to 900 °C in the presence of pure hydrogen for three hours to reduce any
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nickel (11) oxide into a metallic nickel. The cell was then operated at constant current
density for one hour before any polarization data or gradients analyses were
obtained. The shut-down procedure involved cooling the cell with presence of

hydrogen gas to avoid premature delamination.

2.4 Experiment: temperature and concentration gradients

An expanded diagram of t-SOFC setup for axial temperature and

concentration profiles analyses was shown in Figure 11.

Profiling probe

(Thermocouple/Gas sampling tube) YSZ electrolyte
l Ni-YSZ anode 1 I {~ LSCF cathode
[ — -
Fuel flow n—

b I Lanode,electrolyte = 12cm —l
Airflow z=0 —_—
— Lcathode = 10cm —

Figure 11: Expanded diagram of t-SOFC showing the internal fuel path (anode), external oxidizer
path (cathode), and corresponding wall-coated catalyst. Temperature and concentration profiling
was achieved by linear actuation (z-direction) of thermocouple or tubing probe.

The 1/16” K-type Omega thermocouple with model number KMQIN-062U-24 was
used for axial temperature profile analyses. As for the analyses of concentration
profile, a 1/16” stainless steel tube (60 cm) and the 10 mL gastight syringe (Hamilton

1010 LTN SYR) were used.

To perform the temperature profile analyses of t-SOFC with different fuel
gases, a thermocouple was manually slid along the t-SOFC from the downstream

side during operation at various constant current densities and furnace
17



temperatures. Temperature gradients along the t-SOFC were averaged over 120
seconds and recorded to account for any variation due to the on-off control
employed by the furnace. A list of operating parameters for temperature gradient

analyses is summarized in Table 2.

Table 2: t-SOFC operating parameters for temperature profiles experiments

Operating parameters

Fuel 1 H2 150 SCCM
Fuel 2 H2:N2 150:50 SCCM
Fuel 3 NHs 100 SCCM
Air 500 SCCM
Temperature 700, 800, 900 °C

Current 0, 5,10, 15 Amp

Three anode fuel gas flow rates including 150 SCCM hydrogen gas, gas mixture of
150 SCCM hydrogen and 50 SCCM nitrogen, and 100 SCCM ammonia gas were
utilized. On a molar basis, the equivalent hydrogen flowrates were held constant to
achieve the same molar hydrogen feed rate. The air flow rate on the cathode side
was maintained at 500 SCCM for all experiments, which is 1.4 times stoichiometric
demand. Since high ammonia decomposition had been confirmed at temperature
above 700°C [15,22,27], testing temperatures of 700°C, 800°C, and 900°C were
initially chosen. Minimum operating voltage of 0.6 V was maintained due to limitation
from the manufacturer to avoid degradation of the cell. After the polarization curves
of each fuel at various temperatures were obtained, sets of axial temperature

gradients along the t-SOFC were collected at 0A, 5A, 10A, and 15A.
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To perform the concentration profile analyses, a gastight syringe was used
to withdraw 10 mL of gas at 10 mL/min from anode channel through a 60-cm 1/16”
stainless steel tube, which was placed inside t-SOFC. Then the manual injection to
micro-GC was performed. A tubing probe was then manually slid along the t-SOFC
from the downstream side for the next measurement site. A list of operating

parameters for concentration profile analyses is summarized in Table 3.

Table 3: t-SOFC operating parameters for concentration profile experiments

Operating parameters

Fuel 1 NHs 100 SCCM
Air 500 SCCM
Temperature 550,600,650,700 °C

Current 0,5, 10 Amp

In order to observe the effect of temperature on the extent of ammonia
decomposition reaction, a set of experiments using ammonia gas was performed at
open-circuit voltage (OCV) and testing at the lower temperatures of 500°C, 600°C,
650°C, and 700°C. Additionally, concentration gradients inside an operating t-SOFC
at 5A and 10A were measured at a furnace temperature of 700 °C to observe the

effect of operating current on the concentration profile.
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Chapter 3

Results and Discussion:

Performance, Temperature and

Concentration Profiles

Complete experimental results are available in the Appendix A.

The overall experimental study is systematically divided:

(1) to establish the operating parameters of the direct ammonia-fueled t-SOFC for

maximum power output,

(2) to compare the performance between the ammonia-fueled t-SOFC and an

equivalent hydrogen-fueled t-SOFC, and

(3) to evaluate the extent of endothermic ammonia cracking and its beneficial heat

integration via axial temperature and concentration profiles.
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3.1 Identical performance to pure hydrogen t-SOFC

The performance of a fuel cell is governed by its polarization curve which
shows the electrochemical efficiency of the fuel cell at any operating current. Fuel
cells achieve the highest voltage output at open circuit or ‘zero current’ condition.
The voltage drops off as the withdrawn current increases. There are three major
causes to voltage losses with increasing current: the activation loss, ohmic loss, and
concentration loss [33]. Activation loss is caused by the voltage overpotential
required to overcome the activation energy of electrochemical reaction on the
catalytic surface of electrodes. Activation polarization typically dominates loss at low
current density. Ohmic loss corresponds to the voltage loss due to the intrinsic
electrical resistance to charge transport in the cell component, i.e. the electrolyte.
The concentration loss results from the diffusional limitation or the concentration of
reactants at the catalytic surfaces of electrodes and typically dominates losses at

high current density.

A total of nine polarization curves, representing three compositions at three
different temperatures, are recorded and plotted together with their nine
corresponding curves for power outputs as shown in Figure 12. The results from all
of the three gases lead to the following observations: (1) higher OCV and higher
activation polarization are observed at lower temperatures and lower current
density, (2) at the moderate current densities, highest voltages are obtained at 800
°C and highest ohmic loss (steep slope) is observed at 700°C, (3) at high current
densities, i.e. above 20A, higher voltage could be obtained at higher temperatures
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which diffusional limitation is less expected, and (4) maximum power output is

achieved at 800 °C.
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Figure 12: Polarization curves of three fuels of equivalent hydrogen molar flowrate; 150SCCM H,
(dash-dotted line), 150:50SCCM H. and N (dash line), and 200SCCM NHs (solid line), at 700°C (0),
800°C (A), and 900°C (o). Ammonia and hydrogen t-SOFCs provide identical electrical powers.
Higher OCV is observed at lower temperature. Maximum power output of 12.2 W is achieved at
800°C.

It is worth noting here that the observed ohmic losses due to charge transport at
800°C and 900°C are similar and almost identical. This can be a reason why
maximum power is observed at 800°C not 900°C. The numerical data at different

temperatures for conditions of maximum power are given in Table 4.
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Table 4: Operating parameters at maximum power outputs

F
Temperature  Fuel Voltage Current Power Utilﬁ;:tlion Efficice:ncy
(0]
(°C) Feed (V) (A) (W) (Ur) (&)
H2 0.65 18.1 11.7 0.84 0.43
700 3H2:1N2  0.65 17.8 11.5 0.83 0.43
NH3 0.65 17.5 11.3 0.81 0.48
H2 0.70 17.6 12.3 0.82 0.46
800 3H2:1N2  0.70 17.5 12.2 0.81 0.45
NHs 0.70 17.5 12.2 0.81 0.52
H2 0.65 18.4 11.9 0.85 0.44
900 3H2:1N2  0.65 18.3 11.9 0.85 0.44
NH3 0.65 18.3 11.9 0.85 0.50

The fuel utilizations (Uy) were calculated as a ratio of the actual current, 1, to
the maximum current Imax that would result if all of the fuel were consumed[11],
where Imax =2Fny, . F is Faraday’'s constant; 2 is the number of electrons per

hydrogen molecule; and ny, o is the equivalent hydrogen molar feed flow rate.

I
Ur =
I 2Fny,

Fuel cell efficiencies were generally measured to be between 40-60%, indicating
that about half of the potential chemical energy of the feed was converted to useful

electrical power, while the remaining energy was excess thermal heat. The fuel cell

efficiencies (€) were calculated as a ratio of the electric work per mol of hydrogen,

W, to the overall enthalpy change of reactions, AHpg. W = P/ ny, o, Where P is

power.
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Wk
€H, = €3H,.1N, =

Wg

_AHHOR

ENHy =

—(AHyogr + AHyp)

As mentioned previously, the coupled endothermic ammonia decomposition

reaction consumes 13% of the heat generated from the exothermic hydrogen

oxidation reaction. This heat integration can increase the fuel cell efficiency around

5-7% under the specified experimental conditions.

Direct use of ammonia gas as a substitute for hydrogen gas is feasible as

shown by the parity plot in Figure 13. At the same operating parameters, ammonia-

fueled t-SOFC gives identical performance and better efficiency to those obtained

from the equivalent hydrogen-fueled t-SOFC as shown in Table 4.
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Figure 13: Parity plot comparing electrical powers of the ammonia fuel (x-axis) and the equivalent
hydrogen fuel (y-axis) taken at the same voltages. The line fitting of all data points shows the slope of
one demonstrating that the two fuels operate nearly identical performance.
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Pure hydrogen fuel gives slightly higher current densities due to its higher partial
pressure of hydrogen gas in the anode channel, as stated by Fuerte et al. and Ma
et al. [15,22]. In fact, this effect is less significant as the operating temperature
increase above 700 °C because diffusivity of oxygen ions is greatly enhanced at
elevated temperatures, thus, favoring the electrochemical hydrogen oxidation rate
even under lean conditions. Since the performance of an ammonia-fueled t-SOFC
is identical to an equivalent hydrogen-fueled fuel cells, it is evident that the reactions
inside the anode channel proceed in essentially a sequential two-stage process. In
other words, hydrogen oxidation is the only electrochemical reaction in the fuel cell.
However, it should be noted that complete conversion of ammonia into hydrogen
and nitrogen gases is desired in order to achieve identical performance to that of

hydrogen-fueled fuel cell.

3.2 Revealing temperature gradients in direct ammonia t-SOFCs

A thermocouple placed inside the anode channel of t-SOFC was manually
slid along the length of the t-SOFC from the downstream side. Transient
temperature data were recorded and averaged. It should be noted that the reactive
or catalyzed zone of t-SOFC for ammonia decomposition (Lanodeelectrotyte =
12cm) is located from -1 cm to 11 cm and the catalyzed zone for the electrochemical
hydrogen oxidation (Lcathoge = 10cm)is located from O cm to 10 cm. The
temperature profiles of three fuel gases at various furnace temperatures and

operating currents are summarized in Figures 14-17.
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Figure 14: 3D mesh diagram with the projected contour plot of temperature profiles of ammonia t-
SOFC at different operating currents and a furnace temperature of 700°C. Local temperatures are
represented by color; from navy blue (cold) to dark red (hot).

The 3D mesh diagram with the projected contour plot of temperature profiles
of ammonia t-SOFC at a furnace temperature of 700°C are shown in Figure 14. The
3D diagram and contour plot describe the relationships between the axial length of
t-SOFC, the operating current, and local temperature. The recorded temperature
data, which is represented by circles, is used to create the 3D mesh describing the
temperature profiles inside t-SOFC. The corresponding contour plot is projected
under the mesh diagram and local temperature is represented by a range of color
from navy blue (low temperature) to dark red (high temperature). Axial length of

measurement and the current are represented by x and y coordinates respectively.

In Figure 15, for example, local temperature of ammonia gas (solid line) is
approximated at 685 °C while those of pure hydrogen gas (dotted line) and
hydrogen-nitrogen gas mixture (dashed line) are around 700 °C at 1 cm and 5A.
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Figure 15: Contour plot of temperature profiles of three fuel gases at various operating currents and
furnace temperature of 700 °C. With ammonia fuel (solid line), the temperature inside the anode
stays below 695°C (blue) for 1cm from the inlet; while the temperatures of the hydrogen t-SOFCs
range from 695°C to 710°C. Highest temperature drop of 15°C is recorded at the inlet. Ammonia t-
SOFC permits a shorter hot spot (dark red) at high current of 15A and allows better utilization of
reactor. Ammonia decomposition in the first half of t-SOFC slow down the rate of hydrogen oxidation
and balance the generated heat in the anode channel.

As clearly seen from Figure 15-17, the temperature gradients of ammonia
gas feed are always lower than those of the pure hydrogen gas and hydrogen-
nitrogen gas mixture. This indicates that an endothermic ammonia decomposition is
occurring within the anode and does lower the local temperature around the inlet by
few degrees Celsius. Temperature gradually rises along the length of the fuel cell
as the exothermic hydrogen oxidation becomes more dominant and the ammonia

gas is depleted. Larger temperature increases at higher operating currents over the
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first half of the fuel cell are observed as the rate of hydrogen oxidation becomes

more favorable.

810

805

800

Current (A)
Temperature (C}

790

10

N
o
~N
IS
[=2]
=]

Length (cm)

Figure 16: Contour plot of temperature profiles of three fuel gases at various operating currents and
furnace temperature of 800 °C. The forementioned cooling effect is reduced and larger hot spot is
observed. The temperature drop at the cell inlet becomes less noticeable at 800°C. Ammonia fuel's
curves shift closer to the hydrogen’s indicating lesser endothermic effect.

Temperature differences between ammonia fuel and the other two hydrogen
fuels lessen as furnace temperature increases above 700 °C. The cooling effect of
ammonia decomposition is most noticeable at furnace temperature of 700 °C, where
temperature dips are observed at the beginning of catalyzed region (0 cm). At these
furnace temperature and location, the rate of ammonia decomposition is more
favorable than hydrogen oxidation which gives approximately the highest
temperature drop of 15 °C at OCV. Such phenomenon is not observed at 800 °C

and 900 °C because the hydrogen oxidation is dominant at elevated operating
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temperature and ammonia gas could possibly undergo thermal cracking prior to the

inlet of the fuel cell.
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Figure 17: Contour plot of temperature profiles of three fuel gases at various operating currents and
furnace temperature of 900 °C. The overlaps of ammonia’s curves with the equivalent hydrogen’s
describe identical thermal gradients within the anode. Ammonia is thermally cracked prior to the inlet
and only hydrogen oxidation reaction occurs in t-SOFC.

The distinct influence of this endothermic ammonia decomposition reaction
to temperature fields inside the anode channel of t-SOFC can be easily perceived
by referencing the acquired temperature profiles to the furnace temperature profile,
which is due to heat loss at the two ends of the tubular furnace. By doing so,
temperature deviations (AT) resulting from endothermic decomposition reaction can
be estimated as shown in Figure 18. Additional temperature profile analysis at a
furnace temperature of 650 °C was performed to confirm this trend of higher

temperature drop around the inlet at lower furnace temperatures.
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Figure 18: Temperature deviations at different furnace temperatures and OCV. These curves
describe the thermal changes resulting solely from ammonia decomposition. Significant drops of
temperature (valleys) are observed at 650°C and 700°C. Temperature deviations are smaller toward
the end of t-SOFC as ammonia gas is depleted.

Comparing the trends at furnace temperatures of 650 °C and 700 °C, it is
found that the temperature drop at the inlet is fairly equivalent but the axial
temperature rise is slower at 650 °C. The temperature profiles converge (4T=0)
toward the end of t-SOFC indicating that complete ammonia conversion is achieved.
As temperature increases from 650 °C to 900 °C, complete decomposition of
ammonia is accomplished even sooner, approximately from 8 cm to 4 cm axial

length.
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3.3 Concentration profiles and the extent of endothermic ammonia

decomposition

The concentration profiles were measured in the same manner as the
temperature profiles as described previously. It should be noted again that the
reactive or catalyzed zone of t-SOFC for ammonia decomposition

(Lanode,electrolyte = 12cm) is located from -1 cm to 11 cm and the catalyzed zone for

the electrochemical hydrogen oxidation (L¢athoqe = 10cm) is located from O cm to 10
cm. The 12-cm t-SOFC was located in the middle of 30-cm furnace. The fuel gases
were fed via 74" stainless steel tube. The concentration profiles and extent of
endothermic ammonia decomposition in ammonia-fed t-SOFC at various furnace

temperatures and operating currents are summarized in this section.

3.3.1 Concentration profile at OCV and different temperatures

To study only the extent of endothermic ammonia decomposition without any
hydrogen oxidation, a set of concentration profiles were measured at OCV, i.e. at
zero external current. Hydrogen oxidation does not theoretically occur at OCV and
the dominant reaction is ammonia decomposition. Since a noticeable cooling effect
is observed at the furnace temperatures below 700°C from the temperature profiles,
testing temperatures of 550°C, 600°C, 650°C, and 700°C were chosen. Ammonia
concentration profiles at OCV and the various temperatures, and the corresponding
plot for ammonia conversion in t-SOFC at OCV are shown in Figure 19. The
conversion is calculated as one minus the concentration in the effluent divided by

the concentration entering the anode.
31



17T 1 _
Y ——s50C
hY ——B00C
Y
— \ o 650C 0.8
o O8N X —=—700C '
o
[ A
W\ -
£ 06 5os
= \ X 2
< o
g X\ g
o 04" \ * ¢ 0.4
[] \\ -\.. - | Ix
Im \‘r{ x\\k*‘ |I * —— 580C
z ! Y — . _ |I .'-."l
0.2 \ N s e 0.2 1 ——800C
N e, 6500
& T if —&—700C
S —— ','"
0 e Sei o Ty | 4L
2 0 2 4 6 8 10 2 0 2 4 6 8 10
Length (cm) Length (cm)

Figure 19: (left) Concentration profiles of ammonia inside t-SOFC at OCV and various
temperatures, and (right) the corresponding ammonia conversion. Inlet ammonia concentration
decreases with increasing furnace temperature, less than 50% of ammonia is remained at 700°C.
Results show that ammonia is thermally cracked prior to t--SOFC inlet at furnace temperature above
600°C. Ammonia is not completely cracked at 550°C.

The following observations may be made: (1) inlet concentration of ammonia
decreases with increasing furnace temperatures, (2) ammonia is thermally cracked
in the stainless steel tube prior to the cell inlet when the furnace temperature is more
than or equal to 600 °C, and (3) complete ammonia conversion is achieved within

the tube at temperatures higher than 600 °C.

Temperature deviation could be used as an indicator representing the degree
of ammonia conversion. Figure 20 plots the ammonia concentration and
temperature deviations at 650°C and 700°C. From the graph, both temperature
curves gradually converge back to AT = 0 as ammonia concentrations approach
zero. The rate of ammonia consumption also corresponds to how fast the

temperature curve converge back to zero. Complete conversion is expected when
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the convergence is reached. Complete conversion of ammonia is approximately

achieved at 8cm in t-SOFC for 650 °C and 6¢m for 700 °C.
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Figure 20: NH; concentrations profiles and the corresponding temperature deviations at furnace
temperatures of 650 °C and 700 °C. Temperature deviation, or thermal change due to ammonia
decomposition, correlates nicely with ammonia concentration within t-SOFC.

3.3.2 Estimation of ammonia decomposition’s activation energy in t-SOFCs

The obtained concentration gradient at OCV is to be used to estimate the rate

constant and activation energy of ammonia decomposition in Ni-YSZ anode channel

of t-SOFCs. The t-SOFC acts as a plug flow reactor (PFR) and the axial length of

the t-SOFC can be treated as the residence time the fuel feed spent in the reactor.

The reaction is assumed to be first-order for simplicity.
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First order rate law:
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Arrhenius Equation:
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Ammonia concentrations along the t-SOFC is used to estimate the rate constant, Kk,

and activation energy, Ea, as shown in Figure 21.
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Figure 21: (left) Concentration profiles of ammonia at various temperatures and (right) Arrhenius plot
describing the estimated rate of ammonia decomposition in --SOFC. Apparent activation energy is
82,000 J/mol.
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The activation energy is estimated to be 82,000 J/mol which is in agreement to the
range of activation energies (71,000 to 92,000 J/mol) for ammonia decomposition in

fuel cell application investigated by Choudhary et al [34].

3.3.3 Concentration profiles of t-SOFCs with current

Since the concentration profiles of ammonia-fueled t-SOFCs are governed
by the overall reactions, the two-stage coupled reactions; the experimental
observations under closed circuit conditions when a current is drawn with presence
of exothermic hydrogen oxidation are also evaluated. The comparison of

concentration profiles at 700 °C and different operating currents are plotted in Figure

22.
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Figure 22: (left) Concentration profiles of ammonia inside t-SOFC at 700 °C and currents of OA, 5A,
and 10A; and (right) the corresponding ammonia conversion. Current density has slight influence to the
concentration gradients inside t--SOFC. Ammonia conversion is achieved a bit sooner under higher
operating current.
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It is found that the rate of ammonia consumption increases with the operating
current. Complete conversion is expected at 6cm for the current of OA and 4cm for
the current of 10A respectively. It is likely that complete conversion could be

achieved at the cell inlet if operating at 15A and above (18A for maximum power).

Additionally, as shown in Figure 23, the hydrogen concentration profiles along

the length of the fuel cell is observed and found to correlate nicely with the previous

observations.
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Figure 23: Hydrogen concentration profiles inside t-SOFC at 700 °C and currents of OA, 5A, and
10A. Hydrogen is rapidly produced within the first 2cm of t-SOFC. Hydrogen concentration stabilizes
approximately 75% under OCV. When the current is drawn, the rate of hydrogen consumption
increases with current density. The stoichiometric limit for hydrogen concentration is at 0.75 (dash
line).

Hydrogen is rapidly produced within the first 2cm of the cell. Under OCV, hydrogen

concentration stabilizes approximately at 75% which matches with the value when
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ammonia is completely converted. When a current is drawn, hydrogen is rapidly
generated and gradually consumed along the length of the cell. Faster rate is
observed with higher operating current. It should also be noted that the amount of
hydrogen being consumed at 10A is less than 30% of the produced hydrogen gas.

Clearly, higher current and utilization are possible.

3.4 Durability test and SEM-EDS images

As mentioned previously, ammonia t-SOFC not only provides identical
performance to an equivalent hydrogen-nitrogen t-SOFC but also offers a better
durability when compared to those fueled by hydrocarbon fuels. Since ammonia is
carbon-free, the premature carbon deposition on the anode surface can be
neglected. To further verify this advantage of ammonia-fueled t-SOFC, it is of

interests to evaluate its durability and anode surface characteristics.

The power generated by the ammonia t-SOFC running at 700°C and a current
of 10A, which is equivalent to 23% fuel utilization (Ur) was observed over a period
of 22 hours. The decreasing rate of power, or the degradation rate, of -0.000029
W/h was estimated. This value is and consistent with our prior work using the
simulated biogas fuel at 900°C and 23% fuel utilization [11]. The degradation rate
observed in ammonia t-SOFC is lower than those obtained in prior work by an order

of magnitude indicating a more stable performance.

Furthermore, the SEM-EDS images in Figure 24 were collected to show the

Ni-YSZ anode surfaces and nickel catalyst distributions of a fresh (top) and a used
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(bottom) t-SOFCs. The used one was operated with ammonia fuel feed at
temperatures above 700°C approximately for 50 hours. It is observed that the Ni-
YSZ cermet surfaces of both cells are in the same condition and no significant
fracture is found. Both EDS images do not show sign of catalyst sintering but shows
uniform distribution of nickel catalyst on the cermet surfaces. These observations

confirm that ammonia t-SOFC provides stable performance and good durability.

Figure 24: SEM-EDS images of Ni-YSZ cermet surfaces of a fresh (top) and a used
(bottom) t-SOFCs. No significant fracture or Ni catalyst sintering is found. EDS images of
both samples show uniform distribution of Ni catalyst on cermet surfaces.
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Chapter 4

Conclusion and Future Outlook

In this study, the comparison of cell performances obtained at various
operating parameters reveals that ammonia-fueled t-SOFCs give identical
performance to an equivalent hydrogen-fueled t-SOFC. With 100 SCCM of ammonia
fuel feed, a maximum power of 12.2 W and fuel utilization of 81% are obtained at
800 °C. The experimental analyses of temperature and concentration profiles
confirm that the overall reactions proceed in a two-stage process; 1) endothermic
ammonia decomposition and 2) exothermic hydrogen oxidation. Rate of ammonia
decomposition is rapid at the inlet of the t-SOFC and increases with temperature
and operating current density. The cooling effect or heat integration from
decomposition reaction provides favorable influences to the temperature and
concentration profiles inside t-SOFC. However, this cooling effect is most noticeable
when the t-SOFC is operated at furnace temperature of less than or equal to 700
°C. This is due to the thermal cracking of ammonia inside a stainless steel tube prior
to t-SOFC inlet. Complete conversion of ammonia in t-SOFC is confirmed at furnace
temperature above 600 °C. The catalytic cracking of ammonia is observed over the
nickel anode surface of t-SOFC and the apparent activation energy for ammonia

decomposition is 82,000 J/mol. The 23-hour stability test and SEM-EDS images of
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the fresh and used Ni-YSZ cermet surfaces confirm uniform performance and good

durability of t-SOFC.

Since ammonia t-SOFCs demonstrate beneficial heat integration below
700°C, future work should include comprehensive study of heat integration and cell
performance of intermediate-temperature ammonia-fueled t-SOFCs as well as the
corresponding degradation rate. In recent work by Baharuddin et al. [35], the LSCF
cathode demonstrated excellent performance and compatibility with intermediate-
temperature electrolyte. We therefore could expect a higher endothermic
contribution and a closer step toward achieving autothermal operation in ammonia
t-SOFC. Process intensification should look to use axial flow distribution and
catalyst gradients to engineer axially uniform reaction flux gradients. Doing so will
further prove to maintain operation near the region of maximum performance while

maximizing fuel utilization at low temperature, autothermal conditions.

An extension of this technology can be envisioned for flexible-fuel systems.
Fuel cells using hydrocarbon fuels as the hydrogen-carriers can operate at
increased efficiency and shelf life of using t-SOFCs by careful exploitation of the
endothermic hydrocarbon reforming. Undesirable carbon deposition, which is
typically caused by the cold spots, could also be alleviated by careful design of fuel
cell system such that a gradual reaction flux is achieved axially. Additionally, the
coupled hydrodynamic and dynamic electrochemical models for performance
evaluation of single and stacked t-SOFC should be developed to develop next

generation reactor geometries. Thorough understanding of fuel cell system and
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utilization of carbon-free fuels not only allow a sustainable and efficient power
generation but could also lead to a carbon-neutral economy, minimizing

anthropogenic climate change.
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Appendix A

Supporting Information

A.1 Polarization curves
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A.2 Temperature Profile in Furnace

Temperature gradients within the well-insulated furnace existed. Heating peaks in the
middle of the furnace and lower temperatures at the two ends of the furnace were observed.
Temperature profiling at furnace temperatures of 700°C and 900°C were monitored and
collected in order to locate the best spot for t-SOFC placement within the furnace. It is found that

the optimal placement of t-SOFC should be 9.5cm to 22.5cm from the inlet of the furnace.
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Figure A.7: Temperature profile of 700°C furnace
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Figure A.8: Temperature profile of 900°C furnace
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A.3 Temperature Profiles of t-SOFC
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Figure A.9: Temperature profiles for 3 fuel gases at (a) OA, (b) 5A, (c) 10A, and (d) 15A.
Furnace temperature of 700 °C
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Figure A.13: Temperature differences (a) 0A, (b) 5A, (c) 10A, and (d) 15A.
Furnace temperature of 800 °C
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A.4 Concentration Profiles of t-SOFC
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Figure A.15: NH3 Concentration gradients at OCV and different temperatures
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Figure A.16: Concentration gradients of three gases at 550C, OA.
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Figure A.18: Concentration gradients of three gases and a temperature profile at 650C, OA.
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Figure A.19: Concentration gradients of three gases and a temperature profile at 700C, OA.
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Figure A.20: Concentration gradients of three gases and a temperature profile at 700C, 5A.
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Figure A.21: Concentration gradients of three gases and a temperature profile at 700C, 10A.
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