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Abstract:

In this work, a new passive ammonia fuel cell prototype is designed and tested. The developed
ammonia fuel cell features a passive supply of ammonia to the anode, eliminating the need for a
complex fuel delivery system, while the cathode is designed as an open cathode to directly use
oxygen from the ambient air as oxidant. To demonstrate the working principle of the passive
ammonia fuel cell, its general performance is first investigated and results show that the developed
passive ammonia fuel cell can provide a peak power density of 31.9 mW c¢cm and an open-circuit
voltage of 0.63 V. To gain insights into the physical and chemical processes involved in the cell
and as well enhance the understanding of the mass/charge transport mechanism within the cell, the
developed passive ammonia fuel cell prototype was tested under different operating conditions,
such as various operating temperature and reactant concentrations. In addition, the structural
parameters of the membrane electrode assembly, such as the thickness of the membrane, catalyst
loading, and hydrophobicity of the diffusion layer are investigated and analyzed to examine their

influence on the mass transport behavior and performance of the passive ammonia fuel cell.
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1. Introduction

Ammonia is a carbon-free and hydrogen-rich energy carrier (17.65 wt. %) with high bulk energy
density (12.7 MJ/L) [1]. In addition, ammonia is easy to store (liquefied at -33.34 °C under ambient
pressure), transport and handle, thus reducing operational costs. Besides, ammonia has well
established storage and transport infrastructure worldwide. These compelling characteristics make
ammonia a promising energy carrier [2]. Existing energy conversion technologies for converting
ammonia to other energy sources include direct combustion of ammonia, hydrogen production
from ammonia cracking, and ammonia fuel cells [3—5]. Among them, ammonia fuel cells, which
is also free of carbon emissions, gain preference due to the fact that their products are only nitrogen
and water [6]. Typical ammonia fuel cells can be divided into two categories, direct ammonia fuel
cells and indirect ammonia fuel cells [7]. Indirect ammonia fuel cells, as the name implies, first
crack ammonia into hydrogen and nitrogen (where ammonia is the hydrogen carrier) and then use
the obtained hydrogen, after separation and purification, to generate electricity in a proton
exchange membrane fuel cell [8,9]. In contrast, direct ammonia fuel cells use ammonia directly as
a fuel and convert the chemical energy in ammonia into electrical energy through an
electrochemical reaction, e.g., low temperature direct ammonia fuel cells, ammonia fed solid oxide
fuel cells, etc. The advantage of direct ammonia fuel cells is that the chemical energy in ammonia
can be converted directly into electrical energy, reducing the complexity of the reaction system
compared to indirect ammonia fuel cells [10,11]. However, the development of direct ammonia
fuel cells, especially low temperature direct ammonia fuel cells, is still facing some daunting
challenges. Firstly, the sluggish reaction kinetics of ammonia oxidation at room temperature leads
to low performance of direct ammonia fuel cells. In addition, the ammonia oxidation process may

generate nitrogen-containing intermediate sorbents which poison the electrocatalysts [12]. To



enhance the performance of direct ammonia fuel cells, a number of representative research works
have been conducted by researchers in recent years, enabling the performance improvement of
direct ammonia fuel cells [13—16]. For example, in 2018, Gottesfeld et al. [17] developed an
alkaline membrane direct ammonia fuel cell with a power density of 420 mW cm™ at 100 °C. In
2019, a direct ammonia fuel cell developed by the Yushan Yan's group at The University of
Delaware achieved a peak power density of 135 mW cm™ at 80 °C. The performance of the direct
ammonia fuel cell was further improved to 314 mW cm?[17] and 410 mW cm[18] by modifying
and improving the fuel cell anode electrocatalyst and cathode electrocatalyst, respectively. In
addition, the application of non-precious metal catalysts in the design and operation of direct
ammonia fuel cells has been investigated by Tao et. al [19,20]. In our previous work, we
investigated the mass/charge transfer mechanism within the direct ammonia fuel cell and the effect
of operating conditions on the performance of the direct ammonia fuel cell [21]. All these
aforementioned studies have contributed to the enhancement of the performance of direct ammonia
fuel cells and understanding of the reaction mechanism of these fuel cells. However, these direct
ammonia fuel cell systems are all based on active fuel and oxidant supply systems. In other words,
the fuel cells require the design of additional supply systems, which would limit the application of
direct ammonia fuel cells in some specific applications, such as powering small portable devices.
Therefore, a number of passive or self-breathing fuel cell configurations have received the interest
of researchers in recent years [22-24]. These passive fuel cells are typically characterized by a
single injection of fuel into the fuel cell anode compartment (without a peristaltic pump) and by
diffusion from the anode flow field to the anode catalyst layer (ACL) where oxidation takes place.
The corresponding oxidant, e.g., oxygen, is typically obtained directly from the air and is then

transferred by diffusion from the cathode flow field to the cathode catalyst layer (CCL) where the



reduction reaction takes place. In addition, the mass transfer mechanism within the fuel cell
deserves further investigation due to the change in the supply of fuel and oxidant. Following these
considerations, this work develops a new passive ammonia fuel cell prototype, explores the
reaction mechanism of passive ammonia fuel cells, broadens the application scenarios of ammonia
fuel cells and further enhances the understanding of the role of direct ammonia fuel cell technology

in renewable energy conversion.

2. Working principle
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Fig. 1. (a) Working principle of passive direct ammonia fuel cells; (b) Working principle of active
direct ammonia fuel cells; (¢) Schematic diagram of the different components of the passive direct

ammonia fuel cell; (d) Configuration of a passive direct ammonia fuel cell prototype.



The working principle of the passive ammonia fuel cell is shown in Fig. 1a. The developed passive
ammonia fuel cell converts the chemical energy in ammonia into electrical energy through an
electrochemical reaction. At the anode, the anolyte (including ammonia and potassium hydroxide)
is injected into the anode flow field such that the ammonia solution fills the entire anode chamber.
Here, KOH is added to improve the ionic conductivity of the anolyte and to ensure sufficient
reactants for the anode reaction. The concentration gradient then drives the ammonia diffusion
through the small holes of the anode collector towards the anode diffusion layer (ADL) and further
into the ACL. At the ACL, ammonia and OH™ undergo an oxidation reaction to produce nitrogen

and water and then release electrons. The equation for this reaction is as follows [25]:
2NH;-H20 + 60H" — N + 8H,0 + 6¢ E2 = -0.77 V vs. SHE (1)

Nitrogen gas, a product of the anode reaction, diffuses backwards from the CCL to the cathode
diffusion layer (CDL) and then reaches the anode chamber and exits through the anode chamber
outlet. In addition, the potential difference between the anode and cathode drives the migration of
electrons, which are released by the ammonia oxidation reaction (AOR), from the anode to the
cathode. However, as the membrane in the middle of the cell is insulating, electrons can only
migrate from the anode to the cathode via an external circuit. Secondly, the pressure and
concentration difference between the two sides of the anion exchange membrane (AEM) and the
permeability of the membrane allows water and ammonia molecules on the anode side to be
transported across the membrane to the cathode. The cathode flow field is designed as a self-
breathing structure where the oxygen required for the oxygen reduction reaction (ORR) occurring
on the catalyst layer of the cathode is obtained directly from the air, which is supplied by a vent

directly connected to the open space in the cathode chamber. At the cathode, oxygen combines



with electrons from the anode and with water to form OH". The equation for this reaction is as

follows [26]:

3/20, + 3H,0 + 6" — 60H E%=+0.40 V vs. SHE 2)
The overall reaction of the cell is therefore given as follows:

2NH3-H,0 +3/20; - N2+ 5SH,0  E’=1.17V 3)

As shown in Fig. 1a, the OH" produced at the cathode migrates across the membrane from the
cathode to the anode and thus form an ionic flux. The driving force for the transport of OH™ across
the membrane is the electric field force. As electrons migrate from the ACL to CCL, the anode
become electropositive due to the loss of electrons, while the cathode is electronegative due to the
gain of electrons. Thus, an electric field exists between the cathode and the anode. Since the carrier
OH' is negatively charged, it is subject to an electric field force in a direction from the cathode
towards the anode. The ion flow (mainly OH") inside the membrane is therefore from the cathode
to the anode. In addition, the ammonia in the anolyte is driven by the concentration gradient to
diffuse to the cathode, where it is oxidized at the cathode. This results in both a waste of anode
fuel and a reduction in the overall cell voltage, as ammonia oxidation at the cathode generates a
mixed potential, thus reducing the overall cell voltage. Unlike conventional active ammonia fuel
cells, passive ammonia fuel cells have a single injection of both fuel and oxidant, thus avoiding
the need for complex and redundant supply systems. This could broaden the scenario for ammonia
fuel cells in future renewable energy storage and applications. Furthermore, due to the absence of
an active supply system and the typical flow field (Fig. 1b), the mass/charge mechanism within
the passive ammonia fuel cell, such as the driving force, transport path, and efficiency of the mass

transfer, changes accordingly.



3. Methods

3.1 Preparation of a membrane electrode assembly

In this work, membrane electrode assembly (MEA), the core component of the passive ammonia
fuel cell includes the anode, the cathode, and the AEM separating the cathode and the anode. The
anode is made up of an ADL and an ACL. The catalyst material used in the ACL is PtRu/C, where
the mass fraction of PtRu is 60 wt.% and the atomic ratio of Pt to Ru is 1:1. The total loading of
the precious metal catalyst in the anode electrode is 4.50 mg cm™. The ADL is carbon cloth,
manufactured by Shanghai Hesen Company, HCP330N, with a thickness of approximately 290
um. The preparation of the anode was described in detail in [21]. After the anode has been prepared,
the overall thickness of the electrode is approximately 350 um. Similar to the anode, the cathode
also consists of a CCL and a CDL. The catalyst used in the CCL is Pd/C, with a mass fraction of
60 wt. % Pd and the loading of Pd in the cathode is 2.0 mg cm™. In addition, the CDL is also made
of carbon cloth, the same type as the anode. It should be noted that the AEM used in this study is
a Fumasep FAS-30, approximately 30 um thick, purchased from Fuel Cell Store, U.S.A. The AEM
was treated prior to the experiments in order to replace the internal anion channels with OH™ ion
channels by the following procedure: the AEM was first immersed in 1.0 M KOH solution for 24
hours to form OH ion channels inside the membrane [27-29]. The membrane was then taken out

of the alkaline solution and soaked in deionized water to remove any possible contaminants.

3.2 Experimental setup

The components of the developed passive ammonia fuel cell prototype are shown in Fig. 1c and

Fig. S3. Within the anode compartment are components such as the sealing plate, gasket, anode



flow field, anode collector, and anode electrode. The anode sealing plate and two sealing gaskets
near the anode flow field are designed to prevent leakage of the anolyte. In this study, the flow
field and the collector are integrated, as shown in Fig. S4. The flow field of the developed fuel cell
consists of small holes (approx. 3.2 mm in diameter) in the current collector, thus allowing the
diffusion of fuel or oxidant into the catalyst layer. Regarding the open ratio of the flow field, when
its value is too small, it is not conducive to the transfer of the anode fuel and the efficient supply
of oxygen to the cathode. Therefore, increasing the open ratio facilitates mass transport [30].
However, when the open ratio is too large, the area within the flow field for the conduction of
electrons is relatively reduced. As a result, 50% was chosen as the open ratio in this work. Besides,
considering the effective area of the fuel cell, the larger the effective area, the greater the total
power output. However, the excessive area can lead to high internal resistance and non-uniform
mass transfer [27]. For this reason, an effective electrode area of 2.0 x 2.0 cm? was chosen. During
the experiment, the anolyte, consisting of a mixture of ammonia and KOH in different
concentrations, is injected into the inner chamber of the anode flow field plate in one shot. The
ammonia in the anode flow field then diffuses through the small holes of the anode collector to
reach the ADL and further transported to the ACL by concentration difference. The gasket between
the anode collector and the anode electrode is mainly used to prevent leakage of the anolyte from
the surrounding anode electrode (due to the porous structure of the anode electrode). The flow
field on the cathode side is directly connected to the outside air, as the cathode needs to use the
oxygen in the air directly as oxidant. As shown in Fig. 1d, the cathode side consists mainly of the
open cathode flow field plate, the gasket, the cathode current collector and the cathode electrode.
The fundamental principle of operation is that air from the open cathode flow field, which contains

approximately 21% oxygen, diffuses through the small holes of the cathode current collector to



the CDL and then transferred to the CCL where ORR takes place. In this work, the anolyte is
heated indirectly by heating the fuel cell unit using an additional heating device (heating rod) and
the temperature is measured by thermocouples. The fuel cell performance tests are carried out by
Arbin BT2000 (Arbin Instrument Inc.). In addition, the internal resistance of the fuel cell is
measured by the resistance measurement procedure coupled in the Arbin BT2000 [31,32]. Besides,
the Electrochemical impedance spectroscopy (EIS) is tested with a CHI 660E electrochemical
workstation (Shanghai Chenhua Co., China). The surface morphology of electrode was observed
using scanning electron microscopy (SEM) (Zeiss Sigma 300, Germany). Further details are

included in the method section of the supporting information.
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4. Results and discussion

4.1 General performance
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Fig. 2. Experimental results of the general performance of the passive ammonia fuel cells.

The passive ammonia fuel cell developed in this work consists of an anode, a cathode, and a
membrane separating the cathode and the anode. The catalyst material for the anode is PtRu/C
with a catalyst loading of 4.50 mg cm™, the catalyst used for the cathode is Pd/C with a catalyst
loading of 2.0 mg cm™ and the AEM used is Fumasep FAS-30 with a thickness of around 30 pm.

As shown in Fig. 2, the OCV of this passive ammonia fuel cell is 0.63 V at an operating

11



temperature of 80 °C, a drop of approximately 0.5 V relative to the theoretical voltage of 1.17 V.
This voltage loss is mainly due to the overpotential loss from the AOR at the anode and the ORR
at the cathode [18]. In addition, as the ammonia at the anode diffuses across the membrane to the
cathode, it will be oxidized at the cathode, generating a mixed potential, further reducing the cell
voltage [33]. As can be seen in Fig. 2, the polarization loss of fuel cell performance mainly consists
of activation loss in the low current density region (0 - 20 mA cm™), ohmic loss in the medium
current density region (20 - 140 mA cm), and concentration loss in the relatively high current
density region (140 - 165 mA cm™). Among them, the ohmic loss is the main cause for the
degradation of the cell performance. In summary, the cell exhibits a peak power density of 31.9
mW cm, which is higher than the performance of most passive fuel cells reported in the literature
(see Table S1), and the maximum discharge current density achieved by the developed passive

ammonia fuel cell is approximately 165 mA cm™.
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4.2. Effects of various KOH concentrations and ammonia concentrations.
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Fig. 3. Effect of reactants concentration (a) various KOH concentrations (1.0 M to 9.0 M); and (b)

various ammonia concentrations (0.1 M to 5.0 M) on the fuel cell performance.
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Different concentrations of KOH were investigated to determine their effect on the performance
of the passive ammonia fuel cell and the experimental results are shown in Fig. 3. Firstly, it is
straightforward to see that the OCV of the cell gradually increases from around 0.60 V to 0.66 V
as the KOH concentration increases from 1.0 M to 9.0 M. The increase in the cell OCV can be
attributed to the increase in the OH™ concentration in the anolyte. More specifically, when the OH"
concentration in the anolyte increases, the corresponding OH™ concentration on the ACL increases,
resulting in more OH™ present on and near the catalyst surface, which facilitates the occurrence of
the AOR at the anode, thus reducing the overpotential of the AOR [34]. Furthermore, it can be
seen that the maximum discharge current density increases with increasing KOH concentration,
from 90 mA cm to approximately 160 mA cm. Following the results of Fig. S5a, it was observed
that as the concentration of KOH increases from 1.0 M to 5.0 M, the reaction kinetics of ammonia
oxidation gradually increase. Meanwhile, the resistance of the electrolyte and electrode gradually
decreases. Consequently, the corresponding peak power density also increases rapidly. However,
when the KOH concentration was further increased from 5.0 M to 9.0 M, the peak power density
of the fuel cell started to decrease. The main reason for this decrease in performance is due to the
high concentration of KOH in the anolyte, which leads to the excessive viscosity of the anolyte,
affecting the mobility of the species in the anolyte and particularly reducing the OH™ migration
rate, which manifests externally as an increase in the internal resistance of the cell [35]. This can
be verified in the experimental results in Fig. 3a, where the slopes of the polarization curves (blue
and green lines) corresponding to 7.0 M KOH and 9.0 M KOH in the ohmic loss region are
significantly higher than the slopes of the polarization curves (black lines) corresponding to 5.0 M
KOH. Besides, the EIS results in Fig. S5-a show that the resistances of 7.0 M and 9.0 M KOH are

slightly higher than that of 5.0 M, while the corresponding AOR kinetics are slower than that of
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5.0 M KOH. In summary, the best cell performance was achieved at a KOH concentration of 5.0

M, with a peak power density of 31.9 mW cm™.

The effect of ammonia concentration on the fuel cell performance was investigated and the results
are shown in Fig. 3b. Firstly, it can be seen that at a concentration of 0.1 M ammonia, the developed
passive ammonia fuel cell exhibits severe concentration polarization and the voltage drops
dramatically, such that the maximum current density of the cell is approximately 20 mA cm™. The
reason for this occurrence is that as the discharge current density gradually increases, the ammonia
consumption rate by the AOR on the ACL gradually increases [36,37]. Due to the low
concentration of ammonia in the anolyte, the supply rate of ammonia from the anode chamber
through the ADL to the ACL is limited and therefore cannot meet the consumption rate of ammonia
on the ACL, resulting in concentration polarization in the cell. Secondly, as the ammonia
concentration increases from 0.1 M to 3.0 M, the OCV of the cell continues to rise. This is
attributed to the increase of ammonia concentration in the anolyte, which result to an increase in
the concentration of ammonia on the ACL. The overpotential of the AOR at anode can therefore
be reduced due to the presence of more ammonia on and near the catalyst surface. As a result, the
corresponding peak power density of the developed fuel cell gradually increases as the ammonia
concentration increases. A peak power density of approximately 20 mW cm? was achieved when
the ammonia concentration was increased to 3.0 M. In accordance with the results of EIS test for
different ammonia concentrations (Fig. S5-b), the resistance value was gradually reduced when
the ammonia concentration increased from 0.1 M to 3.0 M with a slightly improvement of the
reaction kinetics. However, when the ammonia concentration was further increased to 5.0 M, a
small increase in the resistance value was observed. Meanwhile, the OCV of the cell decreased

slightly, which resulted in a decrease of the peak power density of the fuel cell. The reasons for
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the decline in fuel cell OCV are as follows: since the AEM used in the fuel cells is a porous layer
structure, it allows water molecules to pass through. Ammonia (NH3), which is present in the form

of aqueous solution (NH3-H20) in the anolyte, can transfer from the anode to the cathode along

with water through the membrane. However, when the ammonia reaches the cathode, as Pd/C is
applied as the cathode electrocatalyst, AOR will also occur on the cathode, releasing electrons and
thus generating a mixed potential, which in turn leads to a reduction in the overall voltage of the
fuel cell and affects its performance [21]. Consequently, when the ammonia concentration is
increased from 3.0 M to 5.0 M, more ammonia crossover to the cathode of the fuel cell, thus
exacerbating the crossover phenomenon and generating more mixed potential, which in turn causes

voltage drop of the fuel cell.

4.3. Effects of operating temperature and membrane thickness
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Fig. 4. (a) Performance comparison of the fuel cell at different operating temperatures (25 to

90 °C); (b) Effect of the thickness of the AEM on fuel cell performance.

A range of temperatures (25, 60, 70, 80, and 90 °C) were tested to investigate the effect of operating

temperature on the performance of the fuel cell. It can be seen from Fig. 4a. that the performance
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of the fuel cell increases as the operating temperature increases from 25 to 80 °C. The reasons for
the enhanced performance of the fuel cell are as follows: firstly, the reaction kinetics of AOR at
the anode and ORR at the cathode are accelerated by the increase in temperature, thus reducing
the activation polarization losses in the low current density region [21]. Following the analysis in
Fig. S6 and Fig. S7, it can be concluded that there is a 20% reduction in activation losses for fuel
cell operation at 80 °C (52.2%) compared to activation losses (Fig. S8) at 25 °C (70.9%). Secondly,
at room temperature, the mass transport within a passive ammonia fuel cell primarily relies on
concentration gradient driven by diffusion and natural convection, which results in slower mass
transport compared to the active fuel supply method. However, as the operating temperature rises,
this results in an acceleration of the reactants and ion transport within the fuel cell electrodes as
well as the membrane, resulting in a dramatic reduction in the overall internal resistance of the cell.
It can be seen from Fig. S9 that the cell resistance reduced from 0.689 Q cm? to 0.185 Q cm? when
the operating temperature increased from 25 to 80 °C. However, as the operating temperature
increases from 80 °C to 90 °C, the performance of the fuel cell decreases. This is due to the fact
that the higher operating temperature reduces the water content in the anion exchange membrane,
which increases the internal resistance of the cell (from 0.185 Q cm? at 80 °C to 0.431 Q cm? at
90 °C), resulting in a decrease in overall cell performance. As a result, 80 °C would be an ideal

operating temperature for the developed fuel cell.

The performance of membranes thicknesses at different temperatures was tested and the
experimental results are shown in Fig. 4b. It can be seen that Fumasep FAS-30 (~30 um) has a
higher peak power density than Fumasep FAS-50 (~50 pum) membranes at the same operating
temperature. The reason for the better performance achieved by a thinner membrane is that the

transport path within the membrane is shorter. As mentioned earlier, OH™ inside the passive
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ammonia fuel cell is transported across the membrane from the cathode to the anode, driven by
electric field forces. When the transport path is shorter, the transport of the hydroxide ions becomes
relatively easy and thus the resistance of the fuel cell is reduced [26]. In addition, the ORR that
occurs at the cathode of a passive ammonia fuel cell requires water as a reactant, which comes
from the diffusion of water across the membrane from the anolyte. Therefore, when the membrane
thickness is thinner, the diffusion of water molecules is also facilitated, thus promoting the ORR

at the cathode.
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4.4 Effects of various anode catalyst loading.

(a) Cross section/1.0 m

Fig. 5. Material characterization results for various anode catalyst (PtRu/C) loadings: (a) 1.0 mg
cm™ of cross section view; (b) 1.0 mg cm™ of top review; (c) 2.0 mg cm™ of cross section view;

(d) 2.0 mg cm™ of top review; (e) 4.5 mg cm™ of cross section view; (f) 4.5 mg cm™ of top review.

19



1.0 30

—/—PtRu/C (1.0 mg cm™) + Pd/C (2.0 mg cm™)
- —O— PtRu/C (2.0 mg cm™>) + Pd/C (2.0 mg cm™)
og L7 PtRu/C (4.5 mg cm™?) + Pd/C (2.0 mg cm™) - 25
' o
5
=20 E
0.6
S g
S {15 &
£ 2
=) 2]
> 0-4 "S
410 o
z
S
R
0.2
415
0.0 0

0 10 20 30 40 50 60 70 80 90 100
Current density (mA/cm?)

Fig. 6. Performance comparison of various anode catalyst loading from 1.0 mg cm? to 4.5 mg

cm2.

The material characterization of the anodes with different catalyst loadings was first carried out
and the results are shown in Fig. 5. According to the cross-sectional morphology, when the catalyst
loading is 1.0 and 2.0 mg cm™, it can be seen that no obvious catalyst layer structure is formed on
the surface of the diffusion layer (Fig. 5a-d). The main reason is because of the use of carbon cloth
(HCP330N) for the ADL of the passive ammonia fuel cell. Due to the large pore size of the carbon
cloth (ranging from tens to hundreds of microns) [38], the anode catalyst (particles in the
nanometer range in diameter) easily escapes from the surface of the carbon cloth to the interior of

the diffusion layer, thus reducing the amount of catalyst on the surface of the carbon cloth. When
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the catalyst loading is increased to 4.5 mg cm™, a catalyst layer with a thickness of about 20-40
um is observed (Fig. Se and Fig. 5f). This can also be verified from the top view, where no catalyst
is evident on the surface of the diffusion layer when the catalyst loading is 1.0 mg cm™. In contrast,
when the catalyst loading was increased to 4.5 mg cm™, the presence of a layer structure on the
surface of the diffusion layer is evident. The effect of the anode catalyst loading on the cell
performance was then investigated and the experimental results are shown in Fig. 6. It can be seen
that the cell performance increases with increasing catalyst loading. The performance
enhancement consists of several factors: firstly, as the catalyst loading increases, there are more
active sites on the electrode for electrochemical reactions. As a result, more triple-phase interfaces
can be constructed within the electrode (consisting of the catalyst nanoparticle-solid phase, the
ammonia and OH" in the electrolyte-liquid phase, and the nitrogen-gas phase), resulting in a lower
overpotential for the AOR and thus making it easier for the AOR to occur. Secondly, as the noble
metal catalyst loading increases, the overall conductivity of the cell also increases, which facilitates
the conduction of electrons and thus also reduces internal resistance and ohmic losses, thus

improving the cell performance.
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4.5 Effects of hydrophilic/hydrophobic diffusion layer
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Fig. 7. Effect of hydrophilicity and hydrophobicity of the cathode diffusion layer on fuel cell

performance.

The effect of using hydrophilic and hydrophobic CDL on the cell performance is investigated in
this section. The experimental results are shown in Fig. 7 and it can be seen that when the cell is
operated with a hydrophilic CDL, it exhibits higher power density. The reason for this
phenomenon is that the passive ammonia fuel cell using hydrophobic carbon cloth as the CDL has
a larger area-specific resistance compared with the cell using hydrophilic carbon cloth as the CDL.

To clearly explain the reasons for the increased internal resistance of the cell, a schematic diagram

22



of the water content of the main components inside the fuel cell is displayed (Fig. S10) as a way
of demonstrating the difference between using hydrophilic and hydrophobic CDL. The main
source of water molecules in a passive ammonia fuel cell is the anolyte. The water molecules in
the anolyte will enter the ADL driven by a concentration gradient, and then diffuse into the ACL.
As the AEM is permeable to water, water molecules that reach the ACL can penetrate the AEM
and transport to the cathode, where the water reach the CCL and participate in the ORR.
Theoretically, as the ORR on the cathode requires the participation of water molecules, the greater
the number of water molecules, the more favorable the ORR will be. However, according to Fig.
5c, at a catalyst loading of 2.0 mg cm™, there is no visible catalytic layer on the surface of the
diffusion layer. In other words, the CCL is very thin and almost blends in with the diffusion layer.
When excess water reaches the cathode side, the water molecules on the CCL enter the CDL due
to the concentration difference drive and capillary forces. As the oxidant on the cathode side of
the passive ammonia fuel cell is completely dependent on the natural convection in the air from
the open cathode structure, the water molecules remaining in the porous structure in the CDL could
block the oxygen transport path on the cathode side (this phenomenon is also known as water
flooding) [39]. This will prevent the oxygen from reaching the CCL in time, thereby affecting the
ORR on the CCL and thus the overall performance of the fuel cell. It is therefore extremely
important to balance the water content on the cathode side. When using a hydrophobic diffusion
layer, the hydrophobic surface on the CDL can directly contact the AEM due to the small thickness
of the CCL, thus reducing the water contents near the interface between the membrane and the
CDL (see Fig. S10-a), which can increase the internal resistance of the cell and reduce the cell
performance [40]. This problem can be avoided when using hydrophilic carbon cloth as a CDL

(Fig. S10-b), which ensures that the water content near the interface is relatively high. Furthermore,
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it can be observed that the OCV of the cell (~0.6 V) with the hydrophilic carbon cloth is close to
that of the cell when hydrophobic carbon cloth is used. Meanwhile, no water was observed on the
outer surface of the cathode side during the experimental operation, indicating that the utilization
of the hydrophilic diffusion layer will not result in significant water flooding. In summary, better

performance can be achieved by using hydrophilic carbon cloth as the cathode diffusion layer.
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4.6 Durability test
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Fig. 8. Experimental results of fuel cell stability test and refreshing ammonia: continuous discharge

at a current density of 10.0 mA cm™.

The stability of the passive ammonia fuel cell is investigated and the results are shown in Fig. 8.
The results show that the developed passive ammonia fuel cell can maintain the cell voltage for
approximately 2.0 hour in a constant current discharge test at a current density of 10.0 mA cm™.
The reasons for this phenomenon are as follows: at the beginning of the cell operation, due to the
sufficient concentration of ammonia in the anolyte, the ammonia in the anode chamber enters the

ADL through the small holes in the anode current collector and then diffuses through the diffusion
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layer to the ACL. At this point, the rate of ammonia consumption on the catalyst layer by AOR is
also constant, as the cell is under a constant current discharge condition. Since the ammonia is
consumed on the catalyst layer, the instantaneous concentration of ammonia in the adjacent ADL
and anode chamber is higher than the concentration of ammonia in the ACL. The driving force
generated by the difference in concentration causes the ammonia in the ADL and anode chamber
to diffuse towards the ACL, replenishing the ammonia consumed by the AOR. When the rate of
ammonia consumption in the ACL is balanced with the rate of ammonia supply from the ADL and
the anode chamber, the cell voltage is maintained at a steady state. If the rate of ammonia
consumption in the ACL is higher than the rate of ammonia supply, the cell voltage drops. After
1.5 hour, the cell voltage starts to decline and at 1.75 h the cell voltage starts to drop drastically.
The main reason is that the ammonia concentration in the ACL is too low for the rate of ammonia
consumption, thus causing a sharp drop in the cell voltage. To further verify the stability of the
fuel cell, the effect of supplying fresh ammonia to the anode side is tested (Fig. 8) and results
demonstrate that the fuel cell can continue to operate stably. It is worth noting that after refreshing
the ammonia, the voltage of the fuel cell becomes slightly higher than when the fuel was first
injected (during discharge state). The possible reasons are summarized as follows: Since the cell
has been discharged during the refreshing of the ammonia, the fuel cell has reached a relatively
stable state internally at this moment, and after refueling the ammonia, the OCV of the cell will be
slightly higher than when it was first injected, and therefore will exhibit a slightly higher voltage
at the same discharge current. In addition, it can also be observed that the constant current
discharge time of the cell is reduced after refreshing the ammonia, which can be attributed to the

slow performance degradation of the cell electrodes during operation.
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5. Concluding remarks

In this work, a new passive ammonia fuel cell prototype was designed and tested, where the anolyte
was passively supplied, eliminating the need for a complex fuel delivery system, while the cathode
was designed as an open cathode, using oxygen from the ambient air directly as the oxidant. To
demonstrate the working principle of fuel cell, its general performance was firstly investigated and
the results showed that the developed fuel cell could provide a peak power density of 31.9 mW
cm and an open circuit voltage of 0.63 V. Secondly, the passive ammonia fuel cell prototype was
tested under different operating conditions to gain insight into the physical and chemical processes
involved in the cell, as well as to enhance understanding on the mass/charge transfer mechanisms.
The results show that the operating temperature and the concentration of KOH in the anolyte exert
significant effect on the anode AOR, which can significantly enhance the fuel cell performance.
In addition, structural parameters of the membrane electrode assembly, such as the thickness of
the membrane, catalyst loading, and hydrophobicity of the diffusion layer, were investigated and
analyzed to understand their effects on the mass transport behavior, electrochemical reactions, and
performance of the fuel cell. The results show that the use of thinner membranes can reduce the
internal resistance of the cell by shortening the mass transfer path of OH". In addition, a higher
catalyst loading allows for the construction of more triple-phase reaction interfaces on the ACL,
thus improving the overall cell performance. Furthermore, a constant current discharge stability
test was carried out, which showed that the fuel cell could be discharged stably for around 2.0
hours and continued to operate stably when refreshed with ammonia. Following these results, this
work integrates cell prototype design and working principle analysis, as well as explores the effects

of operating conditions and core component parameters on the mass/charge transport behavior and
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their impacts on the cell performance, paving the way for further development of passive ammonia

fuel cells.
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Figures captions:

Fig. 1. (a) Working principle of passive direct ammonia fuel cells; (b) Working principle of active
direct ammonia fuel cells; (c¢) Schematic diagram of the different components of the passive direct

ammonia fuel cell; (d) Configuration of a passive direct ammonia fuel cell prototype.
Fig. 2. Experimental results of general performance of the developed passive ammonia fuel cells.

Fig. 3. Effect of reactants concentration (a) various KOH concentrations (1.0 M to 9.0 M); and (b)

various ammonia concentrations (0.1 M to 5.0 M) on fuel cell performance.

Fig. 4. (a) Performance comparison of the fuel cell at different operating temperatures (25 to

90 °C); (b) Effect of the thickness of the AEM on fuel cell performance.

Fig. 5. Material characterization results for various anode catalyst (PtRu/C) loadings: (a) 1.0 mg
cm™ of cross section view; (b) 1.0 mg cm™ of top review; (c) 2.0 mg cm™ of cross section view;

(d) 2.0 mg cm™ of top review; (e) 4.5 mg cm™ of cross section view; (f) 4.5 mg cm™ of top review.
g

Fig. 6. Performance comparison of various anode catalyst loading from 1.0 mg cm™ to 4.5 mg

cm™.

Fig. 7. Effect of hydrophilicity and hydrophobicity of the cathode diffusion layer on fuel cell

performance.

Fig. 8. Experimental results of fuel cell stability test and refreshing ammonia: continuous discharge

at a current density of 10.0mA cm™.
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