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1. Background

1.1.Development of renewable energy in the world
In recent years, with rapidly developing industry, the annual carbon emission into the atmosphere
has increased from 19.4 in 1980 to 36.2 billion tons in 2017.1 Compared to 1980, the global
average temperature increased by approximately 0.7°C in 2018 due to large amounts of CO-
emission.> According to the Intergovernmental Panel on Climate Change (IPCC), if the global
average temperature increases by 1.5°C, it results in serious alterations to human and natural
systems, including extreme weather, climate change, and sea-level rise.? Therefore, to reduce
carbon emissions, developed countries have been developing renewable energies, such as
hydropower, wind energy, and solar energy to replace fossil fuels.®

The International Renewable Energy Agency (IRENA) reported that the total renewable energy
production increased by around 160% from 2009 to 2017.2 However, the instability of renewable
energy supply is a significant issue because it depends on the weather or atmospheric conditions.
The unreliable supply may cause systems to run out of electricity and broke or reduce the reliability
of the system. To solve this problem, scientists are developing an alternative route to store
renewable energy by transferring electricity from an excess of renewable energy to chemicals of

hydrogen carriers, such as hydrogen, methane, and ammonia.

1.2.Role and types of hydrogen carriers

Although the electricity from renewable energy can be transferred into hydrogen carriers, the
limitation of physical properties (e.g. boiling point) of hydrogen carriers affects the cost of storage,
transport, and utilization. Hydrogen carriers include several chemicals, such as hydrogen gas,
hydrocarbons (methane and methanol), and ammonia, whose volumetric and gravimetric energy
density are shown in Table 1-1.* Although hydrogen gas has the highest gravimetric energy density,
the volumetric energy density is relatively low even at 700 bar. For natural gas or methanol, the
volumetric energy and gravimetric energy densities are moderate, but they will produce carbon
emissions when they are combusted. Ammonia also has moderate volumetric and gravimetric
energy density. Furthermore, the advantages, including liquefication at low pressure for easy
storage, non-carbon emissions, and no explosion, make ammonia have potential as an alternative

choice of hydrogen carrier.



In addition, ammonia is a multi-functional chemical. Ammonia is an essential chemical in
agriculture as a fertilizer.> With population increasing in the world, the demand for ammonia
production also increases every year. Ammonia can also be used for removing nitric oxide by a
reduction reaction. Lastly, due to its good chemical stability and high energy density, ammonia is
considered as an energy carrier in the ShipFC project, which is run by a consortium of 14 European

companies and institutions.®

1.3.Introduction of ammonia production process

1.3.1. Haber-Bosch Process

Currently, ammonia is fabricated by the Haber-Bosch process (> 96% of ammonia is produced by
this route), in which N2 and H> react to form NHz over Fe-based catalysts at high temperature and
high pressure (Egs. 1-1-1-5).5 The reaction is followed by a dissociative mechanism, which is

described by the following equations:

N2 (g) + * — No* 11
N2* +* — 2N* 1-2
Hy (g) + 2* — 2H* 1-3
N* + 3H* — NHs (g) + 4* 1-4
Overall reaction: N2 (g) + gHz (9) > NHz (9) 1-5

Firstly, the N> molecules adsorb on the Fe surface and dissociate to 2N*, and then the N* react
with H* from H, to form NH; on the Fe surface.” ® Previous studies indicated that the rate-
determining step was considered as the dissociation of N2* into 2N* on the catalyst surface (a two-
phase boundary) (Eq. 1-2).% 1° In the previous study, the ammonia formation rates of 250 pg mg-
Yee ™t at 7 MPa and 976 pg mgtre h™ at 10 MPa were reported.® Nowadays, the production rate
of an ammonia formation plant can reach around 1500 tons/day. However, the drawback of the
Haber-Bosch process is the carbon emissions. The feedstock N2 is obtained by air separation,
whereas the feedstock H. is produced through the steam methane reforming method, which
releases a large amount of CO,.° It is estimated that the Haber-Bosch process releases 1.5-1.6 tcoz

tnws™t, which contributes to 1.2% of the global CO; emission every year.'! 12



The technology for the Haber-Bosch process has been developed for around a century. Before
the 1970s, the energy consumption was between 40-60 GJ tnns™t when ammonia was formed using
coal as feedstock. With the introduction of the steam methane reforming process, the energy
consumption decreased to around 30 GJ tnws~t. Since the 1990s, the improvements in energy
consumption of the Haber-Bosch process with the steam methane reforming have slowed down to
27.4-31.8 GJ tnus™-.% To reduce the carbon emissions and energy consumption for ammonia
formation, scientists have developed the process of electrochemical ammonia synthesis, in which

H.0 and N react to form ammonia using proton-conductive fuel cells.?

1.3.2. Electrochemical Synthesis of Ammonia

To reduce the carbon emissions during ammonia formation, the electrochemical process of
ammonia formation integrated with renewable energy was proposed. The process of
electrochemical ammonia formation can be divided into two types: 1) direct electrochemical
reaction of ammonia synthesis using proton-conductive fuel cells with N> and H20 (case 1 in Fig.
1-1); 2) indirect electrochemical of ammonia synthesis using proton-conductive fuel cell with N2

and Hz (case 2 in Fig. 1-2). The reactions are described by the following equations:

Case 1

Anode: H20 (g) — 1/20; (g) + 2H* + 2¢ 1-6
Cathode: N2 (g) + 6H" + 66 — 2NH3(Q) 1-7
Overall: 3H20 (g) + N2 (g) — 2NHs (g) + 3/202(9) 1-8
Case 2

Anode: Hz (g) > 2H" + 2¢° 1-9
Cathode: N2 (g) + 6H" + 66 — 2NH3(Q) 1-7
Overall: N2 (g) + ZHz (g) — NHs () 1-5

In case 1, the reactor must have two compartments, where N2 and H.O are flowed into the
cathode and the anode, respectively. In the anode, H,O decomposed to protons, oxygen, and
electrons. The protons pass through the proton-conductor electrolyte to the cathode and react with

nitrogen molecule to form NHs via a charge-transfer reaction at a triple phase boundary (TPB),



which is between gas, proton-conductor, and electrical conductor. The charge-transfer reaction is
similar to that electrochemical reaction of oxygen ion, hydrogen gas, and electrons in the anode in
solid oxide fuel cells.!*

In case 2, to reduce the carbon emission, the hydrogen feedstock in case 2 need to be supplied
by water electrolysis and renewable energy. Therefore, two reactors, one is for water electrolysis
and the other is for electrochemical ammonia formation, are necessary in case 2. A mixture of N>
and H formed by water electrolysis is flowed into the single compartment reactor of ammonia
electrosynthesis. Notably, the reactions in case 2 for ammonia formation involve the surface
reaction on the Fe surface (Eg. 1-5) and charge-transfer reaction at TPB in case 2 (Eq. 1-9). The
mechanism of the surface reaction in case 2 is the same as that in the Haber-Bosch process (Egs.
1-1-1-5). And the mechanism of charge-transfer reaction in case 2 is the same as that in case 1, in
which protons react with nitrogen gas and electron at the TPB.

Fig. 1-3 shows the Gibbs free energy and required voltage for Egs. 1-5 (case 1) and 1-8 (case
2). Ammonia formation from N2 and HzO is a nonspontaneous reaction (AG > 0), whereas that
from N2 and H> is a spontaneous reaction below 450K. Electrochemical ammonia formation
requires an applied voltage of 1.12 V at ambient temperature in case 1, and the required voltage
increases with increasing the operating temperature. In case 2, the required voltage is around 0.1
V at 450°C, which is much lower than that in case 1 because the reaction in case 1 requires extra
energy for water electrolysis.

However, to date, the low ammonia formation rate and low current efficiency are still issues.
Whether in case 1 or 2, by-product H; via the hydrogen evolution reaction (Eg. 1-10) occurs in the
cathode, and it causes a low current efficiency of ammonia formation because the required
potential for H2 evolution reaction is lower than that for electrochemical ammonia formation.®

2H" + 2e" — H2(9) 1-10

In the next section, the performance of ammonia formation in previous studies will be introduced.

1.4.State-of-arts for electrochemical reaction of ammonia synthesis

1.4.1. Electrochemical of ammonia synthesis with pure N in cathode
Although it is difficult for direct No cleavage to occur on the catalyst surface at ambient

temperature because of insufficient kinetics, previous studies pointed out based on density



functional theory (DFT) calculations that N2 bonding can be broken at ambient temperature via an
associative mechanism with cathodic polarization, which is represented by Egs. 1-11-1-12 1% 16
In the associative mechanism, ammonia is formed via the charge-transfer reaction at the TPB. The
electrochemical ammonia reaction can be divided according to three different operating
temperatures based on the electrolysis system and selected electrolyte.
Low temperature (T < 100°C)
N2 (g) + 3H" + 3e” + * — N* + NH3(g) 1-11
N* + 3H" + 3e — NH3(Q) 1-12

Table 1-2 reports the previous studies about the electrochemical reaction of ammonia synthesis
at low temperature (T < 100°C). The used electrolyte can be divided into the aqueous electrolyte,
non-aqueous, and polymer electrolyte membrane. Aqueous electrolytes, including HCI, phosphate
buffer solution (PBS), NaOH, KOH, LiClO4, NaClOs, KCIO4, Na,SO4, and Li>SOs, were used for
the N, reduction reaction.’*° The pH of electrolyte solution plays an important role in the N,
reduction reaction. Wang et.al reported the effect of pH on ammonia formation by comparing the
performance in acidic (0.05 M H;SQOgs), neutral (0.1 M PBS), and alkaline (0.1 M NaOH)
electrolytes.'® They found that neutral electrolytes had the highest ammonia formation rate and
current efficiency but with relatively lower current densities than acidic and alkaline electrolytes
because of the high resistance to mass transfer and charge-transfer reaction, i.e., hydrogen
evolution reaction, in the neutral electrolyte. However, low current efficiencies in the acidic and
alkaline aqueous electrolyte are caused by the active hydrogen evolution reaction. In addition, low
N2 solubility is another issue in the aqueous system.

Non-aqueous electrolytes show a better performance of the electrochemical reaction of
ammonia synthesis than aqueous because they have advantages like high nitrogen solubility and
low activity for the hydrogen evolution reaction. Most non-aqueous electrolytes, 2-propanol,
[P6,6,6,14][eFAP], [C4mpyr][eFAP], FPEE*[C4mpyr][eFAP], and EDA, show a high current
efficiency (>10%).4** On the other hand, previous studies also reported proton or anion exchange
membrane used for ammonia formation.*>*° A high ammonia formation rate (10° mol cm2s?) is
achieved. However, a disadvantage of possible by-production of hydrazine by the nitrogen

reduction reaction occurs at low temperature.®.

Intermediate temperature (100°C < T < 400°C)
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Table 1-3 contains the previous studies about the electrochemical reaction of ammonia synthesis
at intermediate temperature (100°C < T < 400°C). At this temperature, molten salt electrolytes
(KOH-NaOH and KCI-NaCl-CsCl) are usually used for the electrochemical reaction of ammonia
synthesis.5>®° The reaction mechanism using molten salt electrolytes is that nitride ions (N*) are
formed by reduction reaction in molten salts, and they subsequently react with hydrogen or water
to form ammonia. On the other hand, phosphate-based proton-conducting electrolytes, such as
CsH,PO4 and SiP,07, are also applied for the electrochemical reaction of ammonia synthesis.>" 6
81 Kishira et al. reported an ammonia formation rate of 10-1° mol s* cm~2 using Ru-based catalysts
on carbon and noble metals (Ag-Pd and Pt) as cathodes with N> in the cathode and H> in the anode.
However, when H is replaced by steam in the anode, the ammonia formation rate drops by one

order of magnitude to 10~** mol s* cm2.

High temperature (T > 400°C)

Table 1-4 shows the results from previous studies about the electrochemical reaction of ammonia
synthesis at high temperature (T > 400°C). The electrochemical reduction of N> to NH3 at high
temperatures was investigated using a variety of catalysts including metals and cermet electrodes.™
62-83 Notably, noble metals and ceramic catalysts exhibit a similar ammonia formation rate of
approximately 10~ mol s* cm=2. On the other hand, the proton conductivity of the electrolytes
also plays an important role in the electrochemical reaction of ammonia synthesis. Ma et al.
reported the relationship between ammonia formation rate and the proton conductivity by using
various electrolytes such as BaCe1xDyxOs, BaCe1.xCaxOs, and BaCe1xGdxO3.82* High proton
conductivities show better performance of ammonia formation than that using low proton
conductivities. In addition to H* supply from the anode, Kosaka et al. also reported that the rate-
determining step of N2 dissociation can be accelerated by cathodic polarization using a Ru-based
catalyst.”> 7 However, a previous study reported that the hydrogen coverage surface at high
applied voltage hinders N2 molecule adsorption and NH3 formation using Ru catalyst due to the

hydrogen poisoning.”™

1.4.2. Electrochemical synthesis of ammonia in gaseous mixture H; and N in
cathode



The composition of flow gas in the cathode also plays an important role in the electrochemical
reaction. The performance of electrochemical ammonia synthesis has also been investigated by
introducing a gaseous mixture of Ho—N2 into the cathode.%? 70 72 7476 Generally, the ammonia
formation rate in a gaseous mixture of H>—N: is higher than in pure N2> because the H> in the
cathode acts as an additional source of ammonia formation. For example, Ouzounidou et al.
reported that a low ammonia formation rate using Fe catalyst (6 x 1072 mol s cm~?) in pure N,
whereas the rate increased to approximately 1.1 x 107! mol s™* cm=2 in 4% H>—62% N.52 Notably,
they also reported that the current efficiency of the electrochemical reaction of ammonia synthesis
is over 100%, suggesting that the mechanism of electrochemical ammonia formation is probably
followed by the electrochemical promotion of catalyst (EPOC) effect (i.e. non-Faradaic process).
J. Diez-Ramirez et al. also reported another result to support that the electrochemical promotion
was dominated by EPOC using K*—Al,Oj3 as electrolyte and CozsMosN as cathode.®® Here, when
the supply of H* from the anode was replaced by K*, the ammonia formation rate increased from
10.2 to 13.6 ug h™* mg* with cathodic polarization in H,—N, atmosphere in the cathode, which
also agrees with the result. Vayenas et al. proposed that the effect of EPOC on reaction rate is
caused by a change of the work function of metal catalyst with cathodic or anodic polarization by
an effective double layer, in which a gas—solid system could be formed via spillover of mobile
ions originating from charge carriers in the electrolyte.8% The increase or decrease in metal work
function by the effective double layer could promote the electron donation/backdonation reaction
and improve the reaction rate.

In our previous study, Kosaka et al. reported a similar result using the electrolyte-supported cell
of Pt |[BaCeo.sY010s (BCY)| Al-K-Fe-BCY. A low ammonia formation rate (5.5 x 107*? to 2.4 x
10" mol st cm2) was observed in pure N2, whereas when a gaseous mixture of 15% H>—85 %N;
was supplied to the cathode side, a significant increase in the ammonia formation rate from 2.8 x
107 t0 6.7 x 1071 mol s cm~2 was obtained with cathodic polarization at 650°C.”* However, for
a gaseous mixture of H>—Nz in the cathode, it is unclear whether the electrochemical promotion is
caused by a dissociative mechanism (Egs. 1-1-1-5) (i.e., non-Faradic process without charge-
transfer reaction), which accelerates N2 dissociation on the Fe surface (Eq. 1-2), or by a proton-
assisted associative mechanism (i.e., Faradic process with charge-transfer reaction), which

promotes the charge-transfer reaction of N>* at the TPB (Egs. 1-11-1-12).



1.5.Research objectives

With the demands of ammonia for agriculture and energy carriers increasing every year, to reduce
the CO> emissions during ammonia synthesis, the electrochemical reaction of ammonia synthesis
in decentralized and small-scale plants can replace the conventional Haber—Bosch process. In this
thesis, the mechanism of electrochemical ammonia formation is discussed using proton-
conductive fuel cells by using different cathode structures, i.e., cermet structures with long TPB
length and metal structures with short TPB length, kinetic analysis, and deuterium isotope analysis
using FTIR. Then, to achieve highly efficient electrochemical process of ammonia formation, the
energy efficiency for the electrochemical process is discussed. The single compartment reactor,
operating with a gaseous mixture of N2 and Hz, was considered to achieve a higher ammonia
formation rate as compared to the dual compartment reactor. The discussions on reaction
mechanism and energy consumption presented in this thesis can help improve the design of
cathode structures and reactors for ammonia formation processes.

The structure of this thesis is described as below:

Chapter 2 reports the experimental methods used for powder synthesis, cell preparation,
characterization, and device for ammonia formation.

In chapter 3, the mechanism of electrochemical ammonia formation was investigated by
comparing the performances using different cathode structures. The cathodes include Fe-BCY,
W-Fe—-BCY, and porous pure Fe cathodes. Also, the influence of the amount of Fe on the
performance is investigated.

In chapter 4, based on the result in chapter 3, the detailed performance for porous pure Fe
cathode was discussed. The effects of the composition and flow rate of the cathode gas on the
performance of ammonia formation were examined. Furthermore, the reaction orders of hydrogen
and nitrogen were investigated in the electrochemical reaction by kinetic analysis.

In chapter 5, the mechanism of electrochemical ammonia formation was examined via the
deuterium isotope analysis with FTIR in different atmospheres. In this chapter, the contributions
of surface reaction and charge-transfer reaction to ammonia formation are shown with the
deuterium isotope analysis. Through the observation of ammonia compositions (NHzxDx), the
dominating reaction mechanism in the electrochemical ammonia formation was investigated.

In chapter 6, based on the results in chapters 3-5, a possible mechanism of EPOC was proposed

to explain the behavior of electrochemical ammonia formation. Furthermore, comparing the



performance for porous pure Fe and 10Fe—BCY cathodes, two possible reaction mechanisms were
proposed.

Chapter 7 shows a process diagram for case 1 and case 2 with an ammonia production of 100
tons/ day using continuous stirred-tank reactor. The energy consumptions for case 1, case 2, and
the Haber-Bosch process were compared. This result can significantly help the reactor designing

and has the potential to be implemented.
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Fig. 1-1 A schematic diagram for case 1. Yellow lines are process gas, dark blue lines are

water/steam, light blue lines are air, purple lines are ammonia, and dash gray lines are electricity.
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Table 1-1 Energy densities for different energy carriers.

Gravimetric energy density

(MJ/kg)

Hydrogen (liquid) 141.9

Hydrogen (700 bar) 141.9

Hydrogen (at STP) 141.9
Methane (200 bar) 55.6
Diesel 45.6
Methanol 19.7
Ammonia (liquid) 18.6

Volumetric energy density
(MJ/L)

10
53
0.01
10
38.6
15.6

11.5
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Table 1-2 The performance and condition of ammonia formation at low temperature. The
number after the cathode refers to the reference.

Atmo- Current

FNH3 FNH3 Flow
T sphere effi-
Cathode Electrolyte (mols'  (ugh’ rate . Year
(°O) (cathode/  ciency
cm?)  mg!)  (sccm)
anode) (%)
SmBaCuFeO 6.9 x
Nafion 80 - 30 N2/Ha - 2010
5 (SBCF)* 107°
SmBaCuCoO 7.2 %
Nafion 80 - 30 N2/Ha - 2010
s (SBCC)¥ 107°
3.8 x
Fe® AEM 50 - - No/- 41 2015
107"
1.5 x
Porous Ni**  2-propanol 25 Lo - 1000 No/- 0.9 2016
0.1M 3.6 x
Ni#? 25 - - No/- 17.2 2016
LiCI/EDA 101
Au 0.1 M 4.6 x
25 - - No/- 4.1 2017
nanorods'’ KOH 10710
a-Au/CeOx-
0.l MHCI 25 - 8.3 - Nao/- 10.1 2017
RGO?*
c-Au/CeOx-
0.l MHCI 25 - 3.5 - Nao/- 3.7 2017
RGO?*
poly(N-ethyl-
benzene-
1,2,4,5-
0.5M 3.3 x
tetracar- 25 - - No/- 2.9 2017
) Li2SOq4 10"
boxylic
diimide)
(PEBCD)?’
[P6,6,6,14 8.2 x
FTO" 25 - - Na/- 60 2017
][eFAP] 10712
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C4Ampyr 2.3 %
Ss! [ F::]][ 25 - - - Na/- 30 2017
[
Nafion- 2.1 x
MOF(Fe)* 7 90 L0 - 15 No/- 1.4 2017
3.6 x
Fe/CNT* Nafion 25 o2 - 10 No/- <0.1 2017
Anion
4.5 x
y-Fe,0,47  exchange 65 1014 1.0 200 No/- <0.1 2017
membrane
AWTIO,”  0.IMHCI 25 - 21.4 - Na/- 8.1 2017
Au/TiOB3  0.IMHCI 60 - 31 - Na/- 13.5 2017
0.5M 3.1 x
Mo?*! SO 80 ot - 10 Na/- 0.7 2017
2 4
Fe203-CNT 1.9 x
N Nafion 25 o - 20 No/- 03 2017
N doped -
0.1 M
Pd/C'® PES 25 - 4.5 10 Na/- 82 2018
0.1 M
Au/C'"® PES 25 - 0.3 10 Na/- 12 2018
0.1 M
Pt/C'3 bES 25 - 0.3 10 Na/- 02 2018
0.1 M
Pd/C'® NaOH 25 - 2.1 10 Na/- <0.1 2018
al
0.05 M
Pd/C'® SO 25 - 2.5 10 Na/- <0.1 2018
2504
Rh CIME s 02 g 02 2018
. 2/= .
nanosheet'’ KOH 107" 1000
0.1 M 9.4 x
Zn* KON 25 010 - 20 Na/- 102 2018
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0.1 M 2 x 2018
Zn* 60 - 20 No/- -
KOH 107 ’
CNS
(nitrogen- 0.25M 1.6 x
25 - 20 No/- 11.5 2018
doped carbon  LiClOs4 107°
nanospikes)?!
CNS
(nitrogen- 0.25M 7.5 x
25 - 20 No/- 6 2018
doped carbon  NaClOs4 10710
nanospikes)?!
CNS
(nitrogen- 0.25M 3.3 x
25 - 20 No/- 2.5 2018
doped carbon ~ KClO4 10710
nanospikes)?!
BisV,011 /
CeOz2 0.IMHCI 25 - 232 - Na/- 10.2 2018
cL2
2.4 x
VN/CC* 0.IMHCI 25 Lo10 - Na/- 3.6 2018
0.01M 9.0 x
Ru?¢ Hel 25 o1 - - Na/- 5.4 2018
0.01M 3.5x
Ru?¢ Hel 60 ot - - Na/- - 2018
0.1M 8.1 x
MoS,/CC? NauSO 25 Lo - 20-60  No/- 1.17 2018
a2S04
0.5M
MoC/C?® 080 25 - 11.3 10 Na/- 7.8 2018
12SO4
FPEE+[C4
2.4 x
Fe* mpyr][eF 25 o1 - - No/- 32 2018
AP]
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3.3 %

VN# Nafion 80 1010 - 100 No/- 6 2018
Fe)0O3 0.1IM
25 - 15.9 20-50 No/- 0.94 2018
nanorods?’ Na;SO04
0.5M
Mo,C/C?® ' 25 - 11.3 10 No/- 7.8 2018
Li2SO4
porous 0.05M
25 - 23.8 - No/- 1.4 2018
carbon?’ H>S04
Au/C3N4/CP?  0.005M
25 - 1305 - No/- 1.1 2018
2 H>S04
VN/Ti 8.4 x
0.IMHCI 25 - — No/- 225 2018
mesh®* 1071
B4C/CP* 0.IMHCI 25 26.6 - No/- 16.0 2018
Nb,Os/CP*7  0.IMHCl 25 43.6 - - No/- 926 2018
nitrogen-
doped
nanoporous 1.3 x
. 0.IMHClI 25 - - No/- 5.2 2018
graphitic 10710
carbon
(NCM)*®
NCM- 5.9 x
0.IMHCI 25 - - Nao/- 22 2018
AuNPs?* 10710
Cobalt
phosphide
hollow IMKOH 25 - 10.8 - No/- 7.4 2018
nanocages
(CoP HNC)*
a-FexOs- 0.1IM
25 - 1.5 30 No/- 8.3 2018
CNT/CP¥ KOH
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0.1M 2.0 x
Pt/C*0 25 - 100 Na/- 0.2 2018
KOH 101
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Table 1-3 Performance and condition of ammonia formation at intermediate temperature. The
number after the cathode refers to the reference.

I'NH3 I'NH3 Atmo- Current
T (mol Flow o ffi
mo ug phere effi-
Cathode Electrolyte . Year
(°C) s h! (cathode/ ciency
(sccm)
cm?)  mg) anode) (%)
Porous 6.7 x
LiCl-KCI-CsCl 400 — — N>/Hz 60 2005
Ni% 107°
Lag.6Sro4F
€0.8Cu0.203
) 5.4 x
CeosSmo> SDC-carbonate 450 - - - Na/H; - 2011
0>
(LSFCu-
sSDC)!
CoFe0q4 carbonate- 2.3 x
400 — — N2/Ha — 2011
/A" LiAlO, 10710
LagsCso2F ]
Ceo8Gdo20:3- 9.2 x Air-H,O/
€0.8Ni0203 400 — 50 ] <0.1 2014
N, (Li,Na,K)>COs 1071 Air-H;0
LaggCsooF
‘ Ce03Gdo202- 1.2 x N2-H>O/
€0.8N19203 400 — 50 0.5 2014
o5 (Li,Na,K)>COs 10710 N,-H,O
CoFex04-
Ceo.8Gdo.18
CGDC ternary 6.5 x N2-H20/
Cag.0202 400 — 50 — 2014
carbonate 1o N»-H,O
(CFO-
CGDC)*
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Lag.¢Sro4F

€0.8Cu0.203
Ceo8Gdo20s- 5.0 x N»2-H,O/
- 400 50 0.1 2014
Cen<Gd (Li,Na,K)>COs 1071 N2-H>O
€0.8Gdo.18
Cag.020295
Lag.¢Sro4F
e0:s- Cep.8Gdo20:- 7.0 x N»-H>O/
400 50 0.1 2014
CeosGdoas  (Li,Na,K)2CO; 107" N»>-H:0
Cap.02029
ProsBao4F
Ceo.8Gdo20:- 1.1 x N2-H>O/
€0.8Cu0203 ) 400 50 5 2014
. (Li,Na,K)>CO; 10710 Na-H>0
SmosBag 4 Air-
Ce0.8Gdo.202- 9.2 x
FeosCuo.2 ' 400 50 H,O/Air- 0.7 2014
(Li,Na,K)>CO; 107!
0398 H>O
Smo.cBao4
Ceo.8Gdo20:s- 1.5 x N»-H>O/
FeosCuo. ' 400 50 1.2 2014
(L1,Na,K)>COs 10710 N2-H,O
()398
CosMosN carbonate- 3.3 %
450 — N2/H» — 2014
_Ag® LiAIO; 10710
Nano 0.5 M NaOH/ 2.4 x N»-H>O/
200 5 - 35 2014
FexO3100 0.5 M KOH 10 N»2-H>,O
1.6 x N,-H,0/
Fe2Os3s56 Nag sKosOH 105 — ~2 2014
1078 N»-H,O
N2-H>O/
Fe,0356 NaopsKosOH 200 ~1071° - NoELO 71 2014
2-H»
FesMosN! carbonate- 1.9 x
425 N»/Ha 2015
01 LiAlIO; 10710
1.8 x
CoFe,04% LiCI-KCI-CsCl 327 10-10 200 N»/H,O 2016
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3.0 x

Fe:052  LiCI-KCI-CsCl 327 o 200  Ny/H0 2016
PYTiO|C>  CsH (PO,),/Si 2.0 x
) . 20 50  NyH,0 2.1 2016
2
Fe,Os/acti
vated 03
. X
carbon NaOH-KOH 250 0= 250 N2/H>0O 13.7 2016
powders
(AC)54
nano- 6.5 x
coogs  NGOHKOH 210 80 No/Ha 93 2017
€34
NaOH/KOH+ 4.4 x
Nis3 oo, 200 80 NyH, 142 2017
ano reszVs
: 8.5 x
Rucst  CSHPOISIPOr ) 50  NyH» <01 2017
Comp051te 10” 11
: 2.3 x
pycsl  CSHPOSIPO 50 No/H:  <0.1 2017
composite 10°10
: 1.7 x
Rys!  CSHPOSSIPOr 50 No/Ha 0.1 2017
composite 10710
: 8.5 x
Ag-pdet  CSHPOMSIPOr ) 50 No/Ha 01 2017
composite 10710
: 1.9
Ru/col  CSHPOIMSIPO ) 50 NoH:0 0.1 2017
composite 10711
: 6.5
pycer  CSHPOSSIPOr 50  NyH,0 <0.1 2017
composite 10712
: 1.3 x
Ryt CSHPOMSIPOr ) 50 NyH:0 <01 2017
composite 101
: 9.0 x
Ag-pdet  CSHPOISIPO ) 50 NoH,0  <0.1 2017
composite 10712
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CsH2PO4/SiP.0;

1.3 x

Pt-Ru/C®! : 220 50 No/H,0  <0.1 2017
composite 10!
Ru/Cs"/M 7.7 %
20% CsH,PO./SiP,0, 250 1010 1 N2/H,0 3.5 2017
Ru/Cs'/M
9.0 x
gO |Pd-  CsH.PO./SiP,0; 250 1o 3 N2/H20 2.6 2018
A 10
Ru/Cs"/M 1.2 x
158 CsH2PO./SiP,0; 250 I 1 N»/H,O 12 2019
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Table 1-4 Performance and condition of ammonia formation at high temperature. The number
after the cathode refers to the reference.

FNH3 Atmo- Current
F'NH3 Flow
T o (ug Sphere effi-
Cathode Electrolyte mol s rate . Year
(°C) h! (cathode/ ciency
cm 2) (sccm)
mg- anode) (%)

1 SrCep.95Ybo.05 4.5 x

pqdb 570 - 5 No/Ha 78 1998
O3 107°
Lai¢Cao1Zr,  460- 1.7 x

AgPd® - 18000 No/Ha 68 2004
Os.95 560 107°
Lai9sCagosZr 460- 2.0 x

AgPd67 - 0.018 N>/Hz — 2005
206.95 560 10°
BaCeosGdo2 3.1 %

AgPle2 480 - 18000 N>/Hz — 2005
O3 10°
BazCagoNdo2 2.2 %

AgPd63 620 - - N2/Ha — 2005
gNb1.8209 107

yttrium
doped ceria 0

0 x

Ad-Pd'® YDC- 650 - — - N2/CH4 - 2006

Caz(PO4)—
K5POyq4

7.2 %

Ad-Pd®! CeoslLap20; 650 - — 18000 N2/H» - 2006
7.5 %

Ad-Pd®! Ce03Y 0202 650 0= — 18000 No/Hz - 2006
7.7 %

Ad-Pd®! CeosGdo202 650 0= — 18000 No/Hz — 2006
8.2 x

Ad-Pd?! CeosSmo20, 650 10 - 18000  Ny/Ha - 2006
BaCeo.3Gdo.1 5.8 x

Ad-Pd”® 620 — 18000 N2/Ha - 2007
Smyo.103 107°
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Lag.9Sro.1Gao. 2.4 x
AgPd66 550 - 30 N2/Ha 70 2007
sMgo203 107
1.1 x 25% N»-
F662 SI‘ZI’(),gY()JO} 450 2.2 50 200 2007
107° 75% H»
1.1 x N>-H>-
Fe®? S1Z109Y0.103 450 0.22 50 <1 2007
10710 Ar/H,
Lagg9Bao 1 1.9 x
Ad-Pd'%* 520 - 30 N>/Hz - 2008
GaosMgo.203 107
BaCeos5Y0.15 2.1 x
Ad-Pd®® 500 - - N»/Hz - 2009
O3 107°
BaCesGdo2 4.6 X
Ad-Pd® 480 - 30 N»/Hz 70 2009
O3 107
SrCe.95Ybo.os 6 X
Ru/MgO68 550 - 50 N>/H,0 — 2009
-5
O3 10
BaosSrosCo  BaCeossYo.15 4.1 x
530 - 30 N2/Ha 60 2010
0.8F€0.20369 O3 107°
BaCep.9Cag 1 2.7 X
Ad-Pd®? 480 — 30 N2/Ha 50 2010
O3 107
BaCeo.85Dyo.1 3.5x
Ad-Pd®? 530 - - N»/H» - 2010
503 107
Bap.9sCeosYo.
2.4 x
Ad-Pd® 203+ 500 - - 30 N2/H» - 2011
0.04Zn0O
pt’! BaZrosYo20s -  <107!2 - 30 N2/H,O =1 2015
Lao.6Sro4Co 8.5 x
BaZrosY0203 550 - 30 N>/H,0O =1 2015
0.2Fe0.80371 1o
4.9 x
Ag'! BaZrosY0205 550 o - 30 N2/H20 =1 2015
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Ni-

BaZry7Cep2Y 2.9 x No-Ho/
BaZr7Ceo2 600 1.18 150 6.2 2015
0103 107 N2-H»
Y0.10370
4 x
Ni-
BaZro7Cep2Y 10°° No-Hy/
BaZr.7Ceo.2 620 | - 150 - 2015
N»-H
Yo 0572 0.103 (mo »-Ho
s
Ru-doped
. BaCep9Y0.10 5.0 x
Lag.5Sro.sTio. 500 o - 20 N»/H» 2.3 2015
6Ru0.40373 }
BaCep9Y0.10 3.0 x
AgPd73 500 - 20 N»/Hz 0.9 2015
3 10*11
Ni-
BaCeop2Zro7Y 4.1 x N2-Ho/
BaCeo2Zro7 620 - 150 9.2 2016
0103 107° N2-H>
Y0.10376
Ru-doped
. BaCep9Y0.10 3.8 %
Lao3SrosTi 500 - 20 N»/H> — 2016
3 10*12
0377
K-Al-Fe- 15% Ha-
BaCep9Y0.10 6.7 X
BaCeo9Yo.1 650 1010 4 20 85% 0.3 2017
3
0374 Na/Ar-H;
Ni-Ru-
doped BaCeo9Y0.10 1.1 x
500 - 20 N2/Ha 0.3 2017
BaCeo9Yo.1 N 10711
0375
BaCe9Y0.10 3.4 x
Ni-BCY”® 500 110 - 60 No/H, 0.63 2017
3
‘ BaCe09Y0.10 2.8 %
Ni-BCY™ 500 110 - 60 No/H O 0.15 2017
3
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Ag- No-Ho/
K-£7-ALOs3 500 - 15.3 75 >300 2017
CosMo3N® N.-H>

26



2. Methods

2.1.Powder preparation

In this study, BaCeooY0.103 (BCY), Fe 03, and yttria—stabilized zirconia (YSZ) powders were

prepared for cell preparation. Fine Fe>Os powder (99.9% purity; Fujifilm Wako Pure Chemical,

Co., Inc., Japan) and fine YSZ powder (10%Y .03, Tosoh, Co., Inc., Japan) were obtained after the

ball milling using ZrO- balls. BCY powder was synthesized by the coprecipitation method. The

steps were described as following:

1. The precursors of Ba(NOs3). (99.99% purity; Kanto Chemical Co., Inc., Japan), Ce(NO3)z-6H.O
(99.99% purity; Kanto Chemical Co., Inc., Japan), and Y(NO3)3-6H>0 (99.99% purity; Kanto
Chemical Co., Inc., Japan), were dissolved stoichiometrically in 300 ml water.

2. The concentration of (NH4)2(COO)2 (99.5% purity; Kanto Chemical Co. Inc., Japan), which
was 1.5 times higher than the total cation concentration, was dissolved in 600 ml water.

3. The solution in step 1 was slowly added into (NH4)2(COO) solution to form a white gel.

4. The white precipitate was obtained by filtering the gel with the suction filtration, and then dried
at 80°C for one night. The dried precipitate was precalcined at 800°C and then calcined at
1200°C in air to obtain BCY powder.

5. Finally, fine BCY powder was obtained by the ball milling.

2.2.Cell preparation

2.2.1. Electrolyte preparation

BCY (YSZ) pellets were prepared by a uniaxial press and subsequent cold isostatic press. 1.5 g
BCY (YSZ) powder was uniaxially pressed under 1 t cm™2, and then isostatically pressed under
180 MPa. Next, the BCY (YSZ) pellets were calcined at 1600°C in air in a crucible with sacrificial

powder of BCY (YSZ) to prevent intermixing and Ba atoms escaping.

2.2.2. Slurry preparation

The slurry was prepared by mixing the following chemicals:

1. a-terpineol (solvent) (98% purity; Fujifilm Wako Pure Chemical, Co., Inc., Japan): 3.7 ¢
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Ethyl cellulose (binder) (48.0%—-49.5% ethoxy content; Kanto Chemical, Co., Inc., Japan): 0.5
g

Nonion OP-83 RAT sorbitan sesquioleate (dispersant) (NOF, Co., Japan): 0.3 ¢

dibutyl phthalate (plasticizer) (99.5% purity; Kanto Chemical, Co., Inc., Japan): 0.3 ¢
poly(methyl methacrylate) resin (pore formation) (99.9% purity;: Tokyo Chemical Industry,
Co., Ltd., Japan): 0.35 g

2.2.3. Fe-BCY cermet working electrode (cathode) preparation

Porous pure BCY electrode on BCY electrolyte was fabricated by the doctor-blade method. Then,

iron nitride solution was poured onto the porous pure BCY by the impregnation method. Next, the

samples were annealed to obtain Fe—BCY. The steps were described below:

1.
2.

BCY powder was mixed with the slurry (weight ratio 1:1) in section 2.2.2.

The mixed slurry was pasted onto the BCY electrolyte and calcined at 1300°C in air to obtain
a porous pure BCY cathode.

Fe(NO3)3-9H,0 was stoichiometrically dissolved in water to prepare 0.5M iron nitrate solution.
The iron nitrate solution was poured onto the BCY porous cathode under vacuum, and then
dried at 80°C for 5 mins.

The sample was annealed at 500°C in air.

Repeat steps 4-5 to obtain an appropriate amount of Fe.

The sample was annealed at 900°C in 3% H>—97% Ar to obtain a 10 wt.%Fe-BCY (10Fe—
BCY) cathode.

2.2.4. W-Fe-BCY cermet working electrode (cathode) preparation
W-Fe-BCY electrode on BCY electrolyte was fabricated by the same method as that for Fe-BCY

electrode. The steps were described below:

1.
2.

BCY powder was mixed with the slurry in section 2.2.2.

The mixed slurry was pasted onto the BCY electrolyte and calcined at 1300°C in air to obtain
a porous pure BCY cathode.

Ammonium metatungstate (99.99% purity; Sigma-Aldrich, USA) and Fe(NO3)3-9H20
(99.99% purity; Wako Chemical Co., Inc., Japan) were stoichiometrically dissolved in water

to prepare 0.5M iron nitrate solution.
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The mixture solution was poured onto the BCY porous cathode and dried at 80°C for 5 mins.
The sample was annealed at 700°C in air.

Repeat steps 4-5 to obtain 10 wt.% Fe and 0.5 wt.% W (or 1 wt.%W)

The sample was annealed at 900°C in pure hydrogen to obtain 0.5 wt.%W-10 wt.%Fe-BCY
(0.5W-10Fe-BCY) or 1 wt.%W-10 wt.%Fe-BCY (1W-10Fe-BCY) cathode.

N o g &

2.2.5. Porous pure Fe working electrode (cathode) preparation

Porous pure Fe electrode on BCY electrolyte was fabricated by the doctor-blade method. The steps

were described below:

1. Fe20s powder was mixed with the slurry in section 2.2.2.

2. The mixed slurry was pasted onto the BCY electrolyte and calcined at 900°C in air to obtain
a porous pure BCY cathode.

3. The sample was annealed at 900°C in 3% H,—97% Ar to obtain porous pure Fe cathode on
BCY electrolyte.

2.2.6. Pt counter electrode (anode) and reference electrode preparation

Pt counter electrode and reference electrode on another side of BCY (YSZ) electrolyte were
prepared by the doctor-blade method. Pt slurry was pasted onto the BCY (YSZ) electrolyte and
then calcined at 900°C in air to obtain Pt counter electrode and reference electrode. The cell is

shown in Fig. 2-1.

2.3.Characterization

2.3.1. X-Ray diffraction

X-Ray diffraction (XRD) is a tool for detecting the crystal structure of material. When X-ray
whose wavelength is around 0.01-100 A incidents into a crystalline material, the interaction of the
incident with the sample produces a constructive interference if the condition satisfied the Bragg’s
Law (nx 1 =2x dx sin #), where n, 4, d, 6, is a positive integer, wavelength of the incident wave,

distance between discrete parallel plane, and glancing angle.
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In this study, XRD was conducted to identify the phases of cathode and electrolyte. XRD
(SmartLab, Rigaku, Japan) was operated at 40 kV and 30 mA with Cu Ka source. Scans were from
20-80° 20 with a step size of 0.02°.

2.3.2. Scanning electron microscopy
Scanning electron microscopy (SEM) is used to scan the morphology of sample with a focused
electron beam. When an electron beam incidents into the sample, exciting electrons including
secondary electrons and backscattered electrons (BSE) are emitted by atoms. Secondary electrons
are used to analyze the morphology of sample. BSE is used to detect the contrast between areas to
confirm different chemical composition.

In this study, SEM was conducted to observe the cross-sectional images of interface between
cathode and electrolyte. SEM images were obtained using JEOL JSM-5600, Japan, JEOL IT100,
Japan, and S4700 unit Hitachi, Japan.

2.3.3. Transmission electron microscopy
Transmission electron microscopy (TEM) images were obtained using JEOL JEM-1200EX, Japan
and JEOL JEM-2010F, Japan.

2.4. Equipment for electrochemical ammonia synthesis

The device for electrochemical ammonia formation is shown in Fig. 2-2. A single cell is set
between two quartz tubes in a furnace. Pyrex glass rings are used to seal the quartz tubes at 900°C.
After sealing, Fe and Fe—W are reduced in 3% Hz/Ar and pure Hz atmosphere, respectively. Then,
the temperature is lowered to the operating temperature (500—700°C) for ammonia
electrosynthesis. The produced ammonia is either flowed into a capture solution of 0.01 mM

H2SO4 for HPLC measurement or an optical cell for FTIR measurement.

2.4.1. Electrochemical impedance analysis
AC impedance spectroscopic measurement from 1 to 10° Hz is performed using Autolab
PGSTAT128N (Metrohm Autolab B.V., Netherlands). Electrode potential is defined by Eg. 2-1 in

the electrochemical measurements using the three-electrode method.
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. RT -
Electrode potential = Vapp — (IRohm + Eln(pm, anode/ Py 2, 1bar) 2-1

(@) (b)

where Vapp, |, Rohm, R, T, n, F, and py, are the applied voltage, current, ohmic resistance, gas
constant, temperature, electron transfer number, Faraday constant, and H> partial pressure in the
anode, respectively. The term (a) corresponds to IR loss correction. The term (b) corresponds to a
correction of the potential difference between H. partial pressure in the reference electrode and 1

bar Ha pressure, i.e., the standard pressure.

2.4.2. High performance liquid chromatography

High performance liquid chromatography (HPLC) (EXTREMA, Jasco, Japan) is used to identify
the component in a mixture. The sampler, which is composed of sample mixture and pressurized
liquid, mobile phase, is carried into a column which is filled with a solid adsorbent material. Each
component in the sample can be separated by different interactions between each component with
the solid adsorbent material, which results in different flow rates.

In this study, IC Y-521 column with the mobile phase of 4 mM HNO:s is used to analyze the
concentration of ammonia in the capture solution of 0.01 mM H2SO4 using HPLC, which is used
to capture ammonia in the gas flow from the cathode.

The calibration curve of ammonia concentration for HPLC is shown in Fig. 2-3. The ammonia
solution is prepared by 1000 ppm standard ammonia solution (Wako Co., Japan) and 0.01mM

sulfide acid solution.

2.4.3. Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) (FT/IR 670 Plus, JASCO, Japan) is used to obtain
an infrared spectrum of adsorption/ transmission of sample. The infrared beam which passes
through a Michelson interferometer is recombined to produce interference light. Then, the
computer processes the data of the intensity of interference light to obtain the desired spectrum by
the Fourier transform.

In this study, FTIR with a long optical path cell (8 m) (LPC-8M-S, JASCO, Japan) is used to
investigate the concentration of NHz.«Dx (x = 0, 1, 2, 3) in the gas flow from the cathode. The

FTIR spectral resolution was 4 cm™. The gas tubing and long optical path cell were kept at 80°C
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and 70°C, respectively. To examine the adsorption of ammonia on the tube, the area of NHz spectra
was investigated at different gas tubing temperatures, which was shown in Appendix A.
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Fig. 2-1 A schematic image of cell.

ND, H]
“3-x x| I
Nz — % —)

Cell

l W! l Optical cell (8m)

Ar
H,/D,
O "
§ 2°Yy = IR IR
111
( ! ) (11) source ( ) Detector

Fig. 2-2 A schematic of the device for electrochemical reaction of ammonia. (i) is the device for

electrochemical reaction of ammonia synthesis. (ii) is a schematic of gas flow into capture solution.

(ii1) is a schematic of FTIR with an optical cell.
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Fig. 2-3 Calibration curve of ammonia concentration by HPLC.
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3. Effect of cathode structures on electrochemical ammonia
synthesis

3.1.Introduction
In this chapter, the influence of the cathode structures on the performances of electrochemical
ammonia formation is investigated. (W—)Fe-BCY cermet, which has relatively long TPB length,
and porous pure Fe, which has relatively short TPB length (the relevant reactions are dominated
by a two-phase boundary, i.e., the Fe surface), are used, as shown in Fig. 3-1-Fig. 3-3. Although
Fe-BCY and W—Fe-BCY have a similar cathode structure (long TPB length), W addition can
suppress the hydrogen evolution reaction and reduce the current density because of the higher
adsorption energy of W—H formation than that of Fe—H.1%

Ammonia formation rate rnns, the fraction of obtained NHs concentration to the NHs

concentration at equilibrium Xequ, and current efficiency A, are defined by the following equations:

[NHZ] %4 3-1
T =

TnuzF 3-2
Acg = i

TNH3ART
f

Xequ =3

KPpu22pn2 3-3

where [NHF], V, t, A, i, K, prz, pn2, and £ are the NHa4 ion concentrations measured by HPLC, the
volume of solution trapping NHs, the capture time, the electrode area, current density, the
equilibrium constant for Eq. 1-5, hydrogen partial pressure, nitrogen partial pressure, and flow rate,

respectively.

3.2.Crystal structure of cathode by XRD

XRD was used to investigate the structures of the as-prepared samples of (W—)Fe-BCY and porous
pure Fe cathodes on BCY electrolytes, as shown in Fig. 3-4. The single phase of Fe (cubic, Im3m,
PDF#00-006-0696) and that of BCY originating from the BCY electrolytes in W—Fe-BCY, Fe—
BCY, and porous pure Fe samples were observed. Fe peaks for porous pure were stronger than

those for W—Fe—BCY and Fe-BCY due to the high amount of Fe. However, relevant peaks of W
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or W compounds were not detected because of the low amount of W in 0.5W—10Fe—BCY
1W-10Fe—BCY cathodes.

3.3. Cathode morphology

Fig. 3-5 shows cross-sectional scanning electron microscopy (SEM) images of the three cathode
catalysts. The thicknesses of the BCY and Fe porous cathodes were approximately 10—15 pm. The
size of BCY particles was about 300 nm in pure BCY, 10Fe-BCY, and 0.5W-10Fe-BCY
electrodes. Although it is difficult to distinguish the position of Fe particles in the 10Fe-BCY
cathode, the deposition of Fe particles on BCY particles can be observed by TEM images. In
0.5W-10Fe-BCY cathode, Fe particles tend to aggregate on the BCY surface. In the porous pure
Fe cathode, the size of Fe particles was around 200—400 nm. Fig. 3-5m-o correspond to the SEM
cross-sectional images of the cathodes after the electrochemical measurements, which show the
particle aggregation of around 50, 130, and 150 nm in 10Fe-BCY, 0.5W-10Fe-BCY, and porous
pure Fe cathodes, respectively.

For further observation of Fe and W positions in the cathode structures of 0.5W-10Fe-BCY,
TEM was used to examine the micro-structures, as shown in Fig. 3-6. The TEM image of the pure
porous BCY cathode shows that BCY particle size was around 300 nm, which agrees with the
SEM result. After Fe or W—Fe infiltrated into BCY, small particles located on the BCY surface
were observed in 10Fe-BCY and 0.5W-10Fe-BCY cathodes. Therefore, the small particles on the
BCY surface should be Fe particles in 10Fe-BCY. The energy-dispersive X-ray spectroscopy
(EDX) mapping of 0.5W-10Fe-BCY shows that Fe signal around the BCY surface and Ce signal
locating on the BCY particle (Fig. 3-7). Judging from the TEM-EDX images, the small particles
located on the BCY surface are Fe particles. However, the exact W position cannot be confirmed
because the amount of W is too low to detect and the EDX peaks of W (M, and Mg edges) and Y

(Lo edge) are overlapping.

3.4.Comparison of electrochemical ammonia synthesis using (W-)Fe-BCY and
porous pure Fe cathodes

3.4.1. Performance of electrochemical ammonia synthesis using (W—-)Fe-BCY
cathode

Experimental condition
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Cathodes: 10Fe-BCY, 0.5W-10Fe-BCY and 1W-10Fe-BCY cathodes (15 pum)
Gas in the cathode: 10% H2—90% N2 with 20 sccm

Gas in the anode: wet 20% H2—80% Ar with 30 sccm

Temperature: 550-700°C

Fig. 3-8 shows the performances using 10Fe-BCY, 0.5W-10Fe-BCY, and 1W-10Fe-BCY
cathodes in 10% H>—90% N, which have a similar structure with long TPB length (Fig. 3-1-Fig.
3-2). The three cathodes exhibited that the ammonia formation rate increased with decreasing the
operating temperature between 600 and 700°C, which was probably caused by the active reverse
reaction of NH3 to N2 and H> and the low value of Xequ at high temperature. Then, the ammonia
formation rate decreased with decreasing the operating temperature between 500 and 600°C due
to the low activity to ammonia formation. 10Fe-BCY cermet cathode exhibited the highest
ammonia formation rate of 4.2 x 1072° mol st cm= (101 pg h™* mg™ Fe) at 600°C and electrode
potential of —0.7 V. With a low amount of W addition to 10Fe-BCY, 0.5W-10Fe-BCY cathode
exhibited a higher ammonia formation rate of 5.7 x 107 mol s cm2 at —1.2 V (137 ug h™* mg™*
Fe) at a low operating temperature (550°C). However, 1W-10Fe-BCY showed a worse
performance below 600°C because of too much W amount.

Fig. 3-9 shows the current densities using 10Fe-BCY, 0.5W-10Fe-BCY, and 1W-10Fe-BCY
cathodes in 10% H>—-90% N>. A corresponding current density, i.e., proton flux from the counter
electrode (anode) to the working electrode (cathode), for 0.5W-10Fe-BCY and 1W-10Fe—-BCY
cathodes were reduced by approximately 40% and 80% compared with that of 10Fe—BCY cathode,
respectively. In a comparison with the performance for 10Fe-BCY and 0.5W-10Fe-BCY,
although the highest applied voltage was —1.5 V (corresponding electrode potentials were around
—0.6 and -1.2 V for 10Fe-BCY and 0.5W-10Fe-BCY, respectively) at 600°C, the ammonia
formation rates were mostly the same, whereas 0.5W—10Fe—BCY cathode had a lower current
density than that of 10Fe—BCY. The result suggests that the influence of electrode potential on
ammonia formation is more significant than that of current density.

Fig. 3-10 exhibits the current efficiencies for 10Fe-BCY, 0.5W-10Fe-BCY, and 1W-10Fe—
BCY cathodes in 10%H>-90%N>. The electrochemical ammonia formation involved two charge-

transfer reactions: 1) the electrochemical synthesis of ammonia and 2) the hydrogen evolution
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reaction (Eq. 1-10). The low current efficiencies for ammonia formation below 2% represent that
the electrochemical reaction is dominated by the hydrogen evolution reaction rather than the
electrochemical ammonia formation. Therefore, the low current densities for 0.5W-10Fe-BCY
and 1W-10Fe-BCY cathodes are caused by the suppression of the dominating hydrogen evolution
reaction.

Fig. 3-11 shows the impedance analysis for 10Fe-BCY, 0.5W-10Fe-BCY, and
1W-10Fe-BCY at 600°C. The ohmic resistance, which is an intersection with X-axis, increased
with W addition into 10Fe-BCY. In addition, the R.r, which represents the resistance of charge-
transfer reaction, also increased with W addition into 10Fe—BCY. This result also agrees with the
low current densities for 0.5W-10Fe—BCY and 1W-10Fe-BCY cathodes because the dominating

hydrogen evolution reaction is suppressed.

3.4.2. Performance of electrochemical ammonia synthesis using porous pure Fe
cathode.

Experimental condition

Gas in the cathode: 10% H2—90% N2 with 20 sccm
Gas in the anode: wet 20% H>—-80% Ar with 30 sccm
Temperature: 550—-600°C

Cathode: porous pure Fe (15 um)

Compared to Fe—W cermet electrode, porous pure Fe cathode has a relatively low TPB length and
high amount of Fe. Before the electrochemical ammonia formation, the properties of porous pure
Fe including NHs decomposition behavior, the blank test, reversible test, and Fe cathode stability
were examined, as shown in Appendix B-G. Fig. 3-12 shows the performance of ammonia
formation rate and current density in 10% H>—90% N> for porous pure Fe cathode. The highest
ammonia formation rate was 1.3 x 10° mol st cm2 (44.33 pg h™* mg™* Fe) with a corresponding
current density of about 27 mA cm2 at 550°C. The ammonia formation rate for porous pure Fe
was higher than that for 0.5W—-10Fe—BCY, but the current density for porous pure Fe is similar to
that for 0.5W—-10Fe—BCY.

Due to the high ammonia formation rate, the current efficiency and Xequ using porous pure Fe

cathode achieved 1.6% and 47%, respectively, which were higher than those using
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0.5W-10Fe-BCY, as shown in Fig. 3-13. Notably, a high ammonia formation rate using porous
pure Fe cathode, which has short TPB length, is higher than that using (W—-)10Fe—BCY cathodes,
which has long TPB length. Here, two possible reasons are considered: 1) the large amount of Fe
in porous pure Fe cathode makes the high ammonia formation rate; 2) ammonia is not formed via
the charge-transfer reaction at the TPB but the surface reaction on the Fe surface. Therefore, in the

next section, the effect of the amount of Fe on ammonia formation rate will be discussed.

3.4.3. Effect of Fe amount on electrochemical ammonia synthesis
Experimental condition

Gas in the cathode: 10% H2—-90% N2 with 20 sccm

Gas in the anode: wet 20% H2>—80% Ar with 30 sccm

Temperature: 550-700°C

Cathode: 10Fe—BCY and 20Fe-BCY

As for the cathodes with long TPB length, Fig. 3-14 shows the performance of ammonia formation
using 20Fe—BCY cathode between 550—700°C. The ammonia formation rates at rest potential
using 20Fe—BCY were higher than 10Fe—-BCY because of the high amount of Fe. However, the
ammonia formation rates for 10Fe—BCY were closed to that for 20Fe—BCY cathodes with cathodic
polarization. The highest ammonia formation rates were 5 x 1071% at 650°C and 4.2 x 1071° mol
st cm™ at 600°C for 20Fe-BCY and 10Fe-BCY, respectively. Fig. 3-14b shows the current
densities for 10Fe-BCY and 20Fe-BCY cathodes between 550—700°C. Except of 700°C, the
current densities for 10Fe-BCY were similar to those for 20Fe—-BCY between 550-650°C. This
result indicates that increasing the amount of Fe in Fe—BCY cermet can improve the ammonia
formation rate at rest potential but had no obvious effect on ammonia formation rate with cathodic

polarization.

Experimental condition

Gas in the cathode: 10% H2—90% N2 with 40 sccm
Gas in the anode: wet 20% H2>—80% Ar with 30 sccm
Temperature: 550°C
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Cathode: porous pure Fe (15 and 30 um)

On the other hand, as for the cathode with short TPB length, the performances were investigated
using porous pure Fe cathodes with 15 um and 30 pum electrode thicknesses. The ammonia
formation rate using 30 um cathode was higher than that using 15 pum cathode at rest potential due
to the large amount of Fe, as shown in Fig. 3-15. However, the ammonia formation rates increased
to 2 x 10° mol st cm= with cathodic polarization at 550°C for both the cathodes. Also, a high
current density was observed using 30 um cathode. This result indicated that increasing electrode
thickness could not effectively improve ammonia formation rate with cathodic polarization. Based
on the result in this section, the effect of increasing the amount of Fe in both 10Fe-BCY and porous

pure Fe cathodes cannot improve the ammonia formation rate with cathodic polarization.

3.4.4. A comparison between Fe-BCY cermet and porous pure Fe cathodes

In section 3.4.2, the highest ammonia formation rate in (W)-Fe—BCY cermet catalyst, which had
relatively long TPB length, was 5.7 x 107*° mol s™* cm=2at 550°C using 0.5W—-Fe-BCY cathode.
On the other hand, the highest ammonia formation rate was 1.3 x 10~° mol s™* cm=2 for porous pure
Fe cathode with 15 um electrode thickness, which had short TPB length. It was observed that the
performance of ammonia formation for porous pure Fe catalyst was a better catalyst than W—Fe—
BCY cermet. Also, the effect of the amount of Fe was investigated in section 3.4.3. An increase in
the amount of Fe cannot improve the ammonia formation rate for both 10Fe-BCY and porous pure
Fe cathodes. Therefore, the high ammonia formation rate in porous pure Fe is probably caused by
that the ammonia is formed via the surface reaction rather than the charge-transfer reaction at the
TPB.

3.5.Conclusion

1. The performance of ammonia formation rate using porous pure Fe cathode, which has short
TPB length, is better than that using 0.5W-Fe-BCY cathode, which has long TPB length.

2. W addition into Fe—BCY cermet cathode can improve ammonia formation rate and decrease
current density, whereas excessive W addition into Fe—BCY will decrease ammonia formation

rate.
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The influence of electrode potential on the ammonia formation rate is more significant than
that of current density.

For Fe—BCY cermet cathode, enhancement of the Fe amount cannot improve ammonia
formation rate in the electrochemical reaction. Also, for porous pure Fe cathode, an increase
in electrode thickness cannot improve the ammonia formation rate in the electrochemical
reaction.

Ammonia is probably formed via the surface reaction rather than the charge-transfer reaction
at the TPB in the electrochemical reaction.
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T H" Electrolyte BCY

Fig. 3-1 A schematic image of Fe—BCY structure.

s &% ‘:

T H* Electrolyte BCY

Fig. 3-2 A schematic image of W—Fe—BCY structure.
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T H" Electrolyte BCY

Fig. 3-3 A schematic image of porous pure Fe structure.
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Fig. 3-4 XRD spectra of porous pure Fe, 10Fe—BCY, 0.5W-10Fe-BCY, and 1W-10Fe-BCY
cathodes on BCY electrolytes.
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Fig. 3-5 Cross-sectional images of (a), (e), (i) porous pure BCY, (b), (f), (j) as-prepared 10Fe—
BCY, (c), (9), (k) as-prepared 0.5W-10Fe-BCY, and (d), (h), (I) as-prepared porous pure Fe
cathodes. (m) 10Fe-BCY after electrochemical measurement, (n) 0.5W-10Fe-BCY after

electrochemical measurement, and (0) porous pure Fe after electrochemical measurement.
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Fig. 3-6 TEM images of (a) pure BCY, (b) 10Fe-BCY, and (c) 0.5W—10Fe-BCY.

45



Fig. 3-7 (a) TEM image of 0.5W-10Fe-BCY, and TEM-EDX images of (b) Fe, (c) Ce, and (d) W

elements.
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Fig. 3-8 Ammonia formation rate at different temperatures for (a) 10Fe—BCY, (b)
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4. Performance of ammonia synthesis using porous pure Fe
cathode

4.1.Introduction

In chapter 3, the best performance in Fe pure porous cathode among all the cathodes was found.
However, this is in contradiction with the conventional theory which ammonia electrosynthesis is
formed via charge-transfer reaction at TPB because Fe pure porous cathode had relatively low
TPB length. Thus, to investigate the detailed reaction mechanism, the kinetics analysis will be
discussed in this chapter.

4.2.Reaction orders of hydrogen and nitrogen using porous pure Fe cathodes
Experimental condition

Gas flow in the cathode: H—N2—Ar with 40 sccm

Gas flow in the anode: wet 20%H>—-80%Ar with 30 sccm

Temperature: 550°C

Cathode: Porous pure Fe with 30 um electrode thickness

To investigate the kinetics of ammonia formation, the reaction orders of hydrogen and nitrogen
were examined using porous pure Fe cathode (30 um electrode thickness). The performance of
ammonia formation was conducted in a gaseous mixture of X% H>—50% N>—(50-X)% Ar (X=5,
10, 15, 20, and 25) for the reaction order of hydrogen and in a gaseous mixture of 10% H,-Y
%N2—(90-Y)% Ar (Y=30, 40, 50, and 60) for the reaction order of nitrogen, as shown in Fig. 4-1—
Fig. 4-2. Fig. 4-1a shows that the ammonia formation rate increases with an increase in H; partial
pressure in the cathode. The ratios of ammonia formation rates at -1.3V to that at rest potential are
around 3.5-6 at different H. partial pressure. Fig. 4-1b shows that the current densities decreased
with increasing H> partial pressure in the cathode, which is probably caused by the degradations
of the cathode and the low overpotential at high Hz partial pressure because rest potential is more
negative at high H; partial pressure than that at low H> partial pressure in the cathode.

Fig. 4-2 shows the ammonia formation rate at a fixed H2 partial pressure of 0.1 atm and different
N2 partial pressures. Fig. 4-2a shows a slight increase in the ammonia formation rate when N>

partial pressure is increased. The current densities were almost the same at different N, partial
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pressures. Notably, the effect of increasing N2 partial pressure on ammonia formation rate was
weaker than that of increasing H> partial pressure.

Fig. 4-3 shows In(pnx2) and In(pn2) dependence of In(rnws). The hydrogen partial pressure used
for the horizontal axis in Fig. 4-3a is defined as the sum of hydrogen partial pressure in feed gas
and Apy, from the Hx evolution reaction. The current efficiency of H. evolution reaction is
assumed to be 100% (Eqg. 1-10), which suggests that H» partial pressure in the cathode increases
by Apy, with cathodic polarization (Eq. 4-1).

A _ IART 4-1
pHZ - an

The slopes in Fig. 4-3a and Fig. 4-3b represent the reaction order for hydrogen, «, and that for

nitrogen, S, at different applied voltages, which is calculated by Eq. 4-2.

TNH3 = kpﬁngz 4-2

a was around 1.3 at rest potential, which was different with that of 0.72 using K-promoted Fe
catalysts, 0.69 using K—Al-Fe—BCY catalysts, and 2.2 using a commercial catalyst (94% Fe—2.8%
Ca0-2.5% Al,03-0.6% K;0).”* 196198 The high positive value of « indicates that there is no
hydrogen poisoning over the Fe catalyst surface, and active interaction with hydrogen and nitrogen
adatoms occurs in the surface reaction. Notably, o at applied voltages of —0.3, -0.7, -1 and —1.3
V were around 1.2—-1.4, which were most similar to that at rest potential. Also, g was around 0.3
at rest potential, which was smaller than that of 0.52 using K-promoted Fe catalysts or that of 0.8-
1.0 using Fe catalysts.'%” 1% The value of # = 1 means that the rate-limiting step is N2 dissociation
over the catalyst surface in the ammonia synthesis. The low value of £ in this study indicates the
promotion of N2 dissociation at 550°C. The rate-limiting step probably changes to the combination
of nitrogen and hydrogen adatoms over the Fe surface, which is also considered as an alternative
reaction mechanism proposed by the model of Stoltze and Ngrskov.® S was around 0.3-0.4 at
different applied voltages, which is closed to that at rest potential. The values of « and S were
summarized in Table 4-1. This result shows that both a and p do not change after applying a
negative voltage, which suggests that the reaction mechanism with cathodic polarization is the

same as that at rest potential.

4.3.Effect of atmosphere in cathode on electrochemical ammonia synthesis

Experimental condition
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Gas in the cathode: H2—N> with 40 sccm
Gas in the anode: wet 20% H>-80% Ar with 30 sccm
Temperature: 550°C

Cathode: porous pure Fe cathode with 15 pym

In the last section, an increase in the ammonia formation rate with increasing H> partial pressure
was observed. This result is not corresponding to the charge-transfer reaction because ammonia
formation from the charge-transfer reaction should not be affected by H, partial pressure in the
cathode. Therefore, in this section, the performance at different hydrogen partial pressures in the
cathode (10-75% H»-90-25% N2) was examined using the porous pure Fe cathode (15 pm
electrode thickness), as shown in Fig. 4-4. With increasing Ha partial pressure in the cathode, the
ammonia formation rate also increased by 6 times from 2.2 x 10°° mol s* cm™ in a gaseous
mixture of 10% H2—90% Ny to 1.4 x 10~ mol s cm™2 in that of 50% H>-50% Nz at —1.2 V. In a
gaseous mixture of 50% H>-50% N2, the ammonia formation rate increased by about 220 times to
1.4 x 108 mol st cm= (450 pg h™* mg™) at around -1.2 VV compared with that at rest potential,
which is the highest ammonia formation. Notably, the highest ammonia formation rate was
obtained in 50% H,-50% N rather than at the nominal composition of 75% H,—25% N because
ammonia formation depends on temperature, pressure, and hydrogen coverage on the catalyst
surface rather than the nominal stoichiometric ratio of H2/Nz in the cathode.

Fig. 4-5 shows the current efficiency and Xequ at different Hz and N partial pressures. Although
the current densities were similar at different H> and N2 partial pressures, the current efficiency
increased by 4.4 times from 2.7% in a gaseous mixture of 10% H>-90% N to 14.5% in that of
50% H>-50% N2. Xequ, however, decreased from 42% to 32% because of the high NHs partial
pressure at equilibrium in a gaseous mixture of 10% H>—90% N2. This result shows that a positive
effect of increasing H. partial pressure in the cathode on the ammonia formation rate was observed
in the electrochemical reaction. However, based on the charge-transfer reaction at the TPB for
ammonia formation (Eqgs. 1-11-1-12), the ammonia formation rate should be independent of H;
partial pressure in the cathode, which contradicts the result of the relationship between ammonia
formation rate and H. partial pressure in the cathode. Therefore, this result also implies that the

mechanism of electrochemical ammonia formation is followed via the surface reaction.
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4.4 Influence of flow rate on electrochemical ammonia synthesis
Experimental condition

Gas flow in the cathode: 50% H2-50% N

Gas flow in the anode: wet 20% H>—80% Ar with 30 sccm

Temperature: 550°C

Cathode: porous pure Fe cathode with 15 pym

In this section, the ammonia formation rate was investigated using porous pure Fe (15 um electrode
thickness) between the flow rate of 40 and 700 sccm in the cathode at —1.2 V, as shown in Fig. 4-
6. The gaseous mixture of flow gas is 50% H>-50% N>. Fig. 4-6a shows that the ammonia
formation rate increased from 1.2 x 10 mol s cm with 40 sccm to 5.5 x 108 mol st cm™ (1800
ug mg™t h't) with 700 sccm, whereas the current density decreased with increasing the flow rate,
which is probably caused by that the inlet gas at ambient temperature decreased the surface
temperature of cathode in a high flow rate. Fig. 4-6b shows that the current efficiency increased
from 8% with 40 sccm to 60% with 700 sccm, while Xequ decreased with increasing the flow rate,
which represents that the obtained NHz partial pressure in the cathode decreased with increasing

the flow rate.

4.5.Conclusion

1. The reaction orders of hydrogen and nitrogen at rest potential are mostly similar to those with
cathodic polarization, which indicates that the reaction mechanism with cathodic polarization
is the same as that at rest potential.

2. The ammonia formation rate can be controlled by changing H. partial pressure in the cathode.
This result agrees with that ammonia is formed via the surface reaction rather than the charge-
transfer reaction at the TPB.

3. With increasing the flow rate in the cathode, the ammonia formation rate and current efficiency
increase as well, whereas the current density and Xgqu decrease. In our study, the highest
ammonia formation rate of 5.5 x 10® mol cm™? s (1800 pg mg? h) occurs in a gaseous

mixture of 50% H>—50% N with 700 sccm at 550°C in the electrochemical reaction.
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Fig. 4-1 (a) ammonia formation rate and (b) current density using porous pure Fe cathode (30 pm)

at 550°C and different H» partial pressures. l 5% H>—50% N at rest potential. [ 5% H>—50% N>

with cathodic polarization. ® 10% H>—50% N at rest potential. © 10% H>—50% N with cathodic

polarization. A 15% H,—50% N at rest potential. A 15% H,—50% N2 with cathodic polarization.
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Table 4-1 a and $ at different applied voltage.

Rest potential 0.3V -0.7v -1V -1.3V
o 1.33+0.11 1.26 £ 0.04 1.38 + 0.06 1.26 + 0.09 1.40+0.13
S 0.30 £ 0.15 0.59 £ 0.09 0.37£0.25 0.43+0.21 0.56 £0.20
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5. Deuterium isotopic analysis with FTIR for electrochemical
promotion of ammonia synthesis

5.1.Introduction

In chapters 3 and 4, the performance of ammonia formation was investigated by controlling
different parameters, including the cathode structure, the amount of Fe, H, partial pressure in the
cathode, and flow rate in the cathode. Based on the results, the reaction mechanism of ammonia
formation is dominated by the surface reaction in the electrochemical reaction. In this chapter,
through the observation of ammonia composition (NHs.xDx) formed in the cathode, the dominant
mechanism for the ammonia formation, the charge-transfer reaction or surface reaction, was
discussed in the electrochemical reaction. For example, when gaseous mixtures of D>—N. and
H>—Ar are introduced into the cathode and anode, respectively, if ammonia is formed via the
surface reaction (Eqgs. 5-1-5-7), the product should be NDs. If the charge-transfer reaction is
dominating in the reaction (Egs. 5-8—5-15), the product should be NHs. According to the ammonia

composition, the details of ammonia formation mechanism can be revealed.

Surface reaction

N2 +* = No* 5-1
N2* +* — 2N* 5-2
D2+ 2* —» 2D* 5-3
N* + D* - ND* + * 5-4
ND* + D* — ND2* + * 5-5
ND2* + D* — NDs* + * 5-6
ND3z* — NDs3 +* 5-7

Charge-transfer reaction

No* + H* + & — NoH* 5-8
N2H* + H* + e~ — NoH* 59
NzHz* + H* + & — NzHg* 5-10
NzHz* — N* + NH3 5-11
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N* + H* + e — NH* 512

NH* + H* + & — NH* 5-13
NHz* + H* + e~ — NH3* 5-14
NHz* — NH3 + * 5-15

5.2.Deuterium isotope analysis
In this section, the ammonia compositions (NHsxDx) were investigated by FTIR. The v, band
(umbrella mode) of NH3-xDx was chosen because of the high intensity. In the v» band, a degenerated
energy level, which is caused by that the barrier of umbrella inversion for nitrogen atom pass
through the three hydrogen atoms plane, produces two energy levels, symmetric state and
asymmetric state, as shown in Fig. 5-1. The doublet causes two Q branches in IR spectrum of
NH3.109

According to the selection rule, the rotational-vibrational transitions need to be satisfied with
two conditions: 1) the symmetric state to the asymmetric state or the asymmetric state to the
symmetric state; 2) the vibrational quantum number, v, the quantum number for total angular
momentum, J, and the quantum number for the projection of J onto the principal axis of the
molecule, K, need to be satisfied with Av =1, AJ ==+1, 0, and AK = 0. The rotational-vibrational
transitions in the v, band are shown in Fig. 5-2. The transitions with AJ equal to 0, 1, and —1 are
corresponding to Q, P, and R branches, respectively. The wavenumbers of Q, P, and R branches
for NHz.xDx are summarized in Appendix H. In this study, only Q branches, which represent the

transition from the symmetric to the asymmetric states (Os—1a), and Q’ branches, which represent
the transition from the asymmetric to the symmetric states (1s—0a), of NH3z.xDyx are marked because

of their high intensities.

5.2.1. Absorption coefficient of NH3 D
To calculate the ammonia concentration, the absorption coefficient, i, is an essential parameter,

which is determined by Eq. 5-16:
_ A 5-16
)

where A, C;, and L are the area of the peak in FTIR spectrum, ammonia concentration (i = NHa-

a;

xDx), and optical length of 8 m.
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NHz absorption coefficient, anns, was determined by flowing 10 ppm NHs-N: into the cathode
with 100 sccm. The ammonia concentration of 5.07 ppm in the cathode was obtained by the HPLC,
and the corresponding area of NH3 peak at 965 cm™ was 0.13 in the IR spectrum. Therefore, onHa
was 0.0032 ppm™ m, which is smaller than that of 0.0039 ppm™ m™ in the previous study.*°
anHzp Was determined by the IR spectra at rest potential (90 mins) and at —1 V (90 mins), as shown
in Fig. 5-3. annp2 and anps were obtained by Eq. 5-17:

Apnps Annp2 5-17

+ = Ctotar — Cnusz — Cnmzp
Anpsl  aypp2L

where Ciotal Was the total concentration of ammonia, which was determined by the HPLC.
Eq. 5-17 could be written by Eq. 5-18:

Np3

5-18

AND3 = ANHDZ + (Ctotal - CNH3 - CNHZD)LaND3

ANHD2

annp2 and onps Were determined by the IR spectra at —1 V (50, 60, 70, 80, and 90 mins), as shown
in Fig. 5-4.

5.2.2. D>-N>—Ar in the cathode and H>—Ar in the anode
Experimental condition

Gas flow in the cathode: 5% D2—45% Ar—50% N2 with 100 sccm
Gas flow in the anode: wet 10% H2>—90% Ar with 30 sccm
Temperature: 550°C

Cathode: porous pure Fe cathode with 30 um

To investigate the origin of the hydrogen (deuterium) atoms in the ammonia, deuterium isotope
analysis was conducted to analyze the ammonia compositions with FTIR. The cell operation
condition was 10% H>—90% Ar, Pt |BCY| Fe, 5% D>—45% Ar—50% N> at 550°C. Fig. 5-5 shows
the IR spectra and ammonia concentrations at rest potential. The NH2D, NHD,, and ND3
concentrations were stable after 50 mins in the optical cell. At rest potential, the ammonia product
was supposed to be only NDs because H* could not be supplied, whereas ND3, NHD., and NH.D
were detected at rest potential. Here are two possible reasons for NHD, and NH.D formation. The
first reason is the exchange reactions with ND3 and H»O to form NH.D and NHD: (Egs. 5-19 and
5-20). The second reason is hydrogen atoms, which diffuse from the anode to the cathode due to

the gradient of H concentration, reacting with nitrogen and deuterium to form NH2D and NHD..
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NDsz + H20 = NHD, + HDO 5-19
NHD:2 + H.O = NH, + HDO 5-20
Subsequently, the ammonia compositions were investigated at a voltage of —1 V, as shown in
Fig. 5-6. The intensities of NDs, NHD, NH2D, and NH3 peaks increased before 20 mins, and then
became stable after 20 mins. The details of electrochemical promotion of ammonia formation will
be discussed in section 5.2.3.
Finally, the concentrations of ammonia compositions were examined in the closed optical cell,
i.e. the valves for gas outlet and gas inlet were closed. The intensities of NDs peaks exhibited a
decrease with elapsed time, whereas the intensities of NHz and NH2D peaks slightly increased with
elapsed time, and the intensities of NHD, peaks became stable, as shown in Fig. 5-7. The result

indicated that ND3z decomposed in the closed optical cell.

5.2.3. Mechanism of electrochemical promotion of ammonia formation

In the electrochemical reaction, if the electrochemical ammonia formation is followed by the
charge-transfer reaction, the main product should be NH3 at —1 V (Egs. 5-8—5-15). Fig. 5-6 shows
that the concentration of NDs increased by approximately 3.5 ppm(4 ppm — 7.5 ppm), whereas
the concentrations of NHD2, NH2D, and NH3 increased by approximately 0.8, 0.4, and 0.16 ppm,
respectively, at —1 V. Therefore, this assumption contradicts the fact that the main product of ND3
at —1 V, which suggests that the electrochemical ammonia formation is dominated by the surface
reaction (Egs. 5-1-5-7).

For the products of NHD2, NH2D, and NHjs, the H atoms in these three products probably
originated from three pathways: 1) the surface reaction with adsorbed N and H atoms, which
diffused from the anode; 2) the exchange reaction with H,O; 3) the charge-transfer reaction. To
investigate the contribution of the charge-transfer reaction to ammonia formation, that all H atoms
originated from the charge-transfer reaction was assumed. The current efficiency for H* as mobile
cation, Ay, can be obtained by Eqg. 5-21.:

A, = iNH3_,'CDan _ (CNH3_xDx,—1V - .CNHg_xDx,O)f 5-21
[ RTAi
where iyy, p., CNH,_D,—1v, aNd cnp,_ p o are the current density for ammonia formation,

concentration of NHz.«Dx at —1 V, and concentration of NHs.xDx at rest potential, respectively.

Notably, the electron transfer number are 3, 2, and 1 for NHs, NH2D, and NHD2, respectively,
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because only H atoms form via the charge-transfer reaction. The obtained current efficiency is
about 0.12%, which is very low in an electrochemical reaction. Thus, the charge-transfer reaction

is not dominant in this system.

5.2.4. H>-N>-Ar in the cathode and D>—Ar in the anode
Experimental condition

Gas flow in the cathode: 5% H2—95% N2 with 100 sccm

Gas flow in the anode: wet 10% D2>—90% Ar with 30 sccm
Temperature: 550°C

Cathode: porous pure Fe cathode with 30 um

The deuterium isotope analysis was also conducted under the condition of 5% H>—95% N in the
cathode and 10% D>—90% Ar in the anode. Fig. 5-8 shows the ammonia compositions at rest
potential. The main product of NHz is formed by the surface reaction without cathodic polarization,
and NH:D should be formed via the surface reaction with N, H, and D diffused from the anode.

Then, the ammonia compositions were detected at an applied voltage of —1 V, as shown in Fig.
5-9. The concentrations of the product NHz and NH2D increased by approximately 0.9 and 0.5
ppm, respectively, which indicates that the main product is NH3 formed via the surface reaction in
the electrochemical reaction. This result is supported by the result in section 5.2.3.

Finally, the concentrations of ammonia compositions were examined in the closed optical cell.

The intensities of NHs and NH2D peaks are stable with elapsed time, as shown in Fig. 5-10.

5.2.5. The effect of applied voltages on surface reaction and charge-transfer reaction
Experimental condition

Gas flow in the cathode: 5% H2—95% N2 with 100 sccm and 3% H2—95% N2 with 100 sccm

Gas flow in the anode: wet 10% D>—90% Ar with 30 sccm

Temperature: 550°C

Cathode: porous pure Fe cathode with 30 um

To investigate the contribution of the charge-transfer reaction under the condition of 5% H>—95%

N2 in the cathode and 10% D>—90% Ar in the anode, the ammonia compositions were examined at
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-0.3, -0.7, and -1 V, as shown in Fig. 5-11. Fig. 5-11 shows that the concentrations of NH3 and
NH2D were corresponding to Hz and D> partial pressure in the cathode, respectively. The H> and
D; partial pressure can be represented by H» flux and D* flux (upper X-axis).

In Fig. 5-11a, 2.2 ppm NHs was detected in 5% H> at rest potential. The enhancement of NH3
concentration increased with increasing the applied voltage although H> partial pressure is the
same with cathodic polarization. This result indicated that the contribution of surface reaction on
ammonia formation rate is influenced by the applied voltage. When 5% H> was decreased to the
3% Ha, the ammonia concentration at rest potential decreased to 1.3 ppm, and the enhancement of
NHz concentration decreased at the same applied voltage, which suggests that the promotion of
ammonia formation via the surface reaction is also affected by H. partial pressure in the cathode.

In Fig. 5-11b, a small amount of D> diffused from anode to the cathode to react with N and H
adatoms to form 0.5 ppm NH:D at the rest potential. Based on the calculation, D> partial pressure
was 7.6 x 107" atm at rest potential (see Appendix 1). When a voltage of —0.3 V was applied, the
D, partial pressure and D* flux increased by several hundred times, while the NH2D concentration
increased by around 29%. Even though the applied voltage was increased to —1 V, the D> partial
pressure and D* flux increased by around one thousand times, but the NH2D concentration
increased by around 68%. This result shows that an increase in current density, i.e. D* flux, cannot
promote the charge-transfer reaction.

NH:D was formed via the surface reaction with Hz, D2, and N at rest potential. When a voltage
was applied (—0.3 ——1.0 V), the D> partial pressure increased with increasing the current density
because of pumped D* cation (i.e. current density) and NH2D concentration increased with
increasing the applied voltage as well. However, the D* flux at an applied voltage was larger by
hundreds of times than that at rest potential, whereas NH2D concentration only increased by around
29%—68%, which suggests that an increase in the D* flux (i.e. current density) cannot promote the
charge-transfer reaction. Here, supposing that all D atoms originated from the charge-transfer
reaction, the current efficiency of around 0.01 — 0.06% for D" as mobile cation, A, can be obtained
by Eg. 5-21. To calculate the contribution of ammonia formation rate from the charge-transfer
reaction, that the current efficiency is approximately 0.1% and that the current efficiency does not
change with Hy partial pressure in the cathode are assumed. In Fig. 4-1(a) (the sample in Fig. 4-1
and Fig. 5-11 was the same), the ammonia formation rate, rnHs,wotal, at —1.3 V could be divided into

three contributions: ammonia formation rate from (a) catalytic reaction, rnus,o, (b) charge-transfer
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reaction, rnus,ct, and (c) surface reaction, rnns, sur, @S shown in Fig. 5-12. rnwso was corresponding
to the ammonia formation rate at the rest potential. rnuscr was around 3 x 1071° mol st cm™
because the current efficiency was assumed as 0.1% and was independent of Hy partial pressure.
rnmssur could be obtained by Eq. 5-22. In Fig. 5-12, rnmssur increased from 2.7 x 1072 mol s ecm 2
in 5%H, partial pressure to 2.7 x 10~° mol s"tcm2in 25%H partial pressure, which indicates that
the rnwssur can be significantly improved by Ha supply in the cathode. Also, although rnwz sur was
much higher than rnnzct in 25%H> partial pressure, rnwssur and raqs.ct showed a similar rate in
5%H. partial pressure. This result indicates that rnwzsur IS dominant at high Ho partial pressure,

whereas rnussur IS dominant at low Ho partial pressure (lower than 5%H> partial pressure).

TNH3,sur = "NH3,total — "NH3,0 — "NH3,CT 5-22
Therefore, through the observation of ammonia compositions, the main electrochemical
promotion of ammonia formation is caused by the surface reaction rather than the charge-transfer
reaction at the TPB. Furthermore, the electrochemical promotion of ammonia formation via the
surface reaction is affected by the applied voltage and the hydrogen partial pressure in the cathode,
whereas the contribution of the charge-transfer reaction to ammonia cannot improve by increasing

current density or applied voltage.

5.3.Conclusion

1. Based on the deuterium isotope analysis, through the observation of ammonia composition
(NHsxDyx) formed in the cathode, the main reaction mechanism is followed by the surface
reaction rather than the charge-transfer reaction at TPB.

2. The electrochemical promotion of ammonia formation rate depends on the applied voltage and
the hydrogen partial pressure in the cathode, whereas the contribution of charge-transfer
reaction to ammonia cannot be improved by increasing current density or applied voltage.

3. The contribution of charge-transfer reaction to ammonia formation is very low (around 3 x
10 mol s tcm™).

4. The ammonia formation rate via the surface reaction with cathodic polarization can be
improved significantly by increasing H: partial pressure in the cathode.

5. At high H; partial pressure, the ammonia formation rate is dominant by the surface reaction,
whereas the main ammonia formation rate will change to the charge-transfer reaction at low

H> partial pressure.
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Fig. 5-1 Splitting of a degenerated energy for the ground state and the first excited state of rotational-

vibrational energy level.
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Fig. 5-2 Transition of P, Q, and R branches for the v, vibration. Q and Q’ represented the transition from

symmetric state to asymmetric state and asymmetric state to symmetric state, respectively, as J = 0. P and
P’ represented the transition from symmetric state to asymmetric state and asymmetric state to symmetric
state, respectively, as J =-1. R and R’ represented the transition from symmetric state to asymmetric state

and asymmetric state to symmetric state, respectively, as J = 1.
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Fig. 5-5 (a) FTIR spectra changes with reaction time, and (b) is the concentrations of the NDxH3x

using porous pure Fe in 5% D>—45% Ar—50% N at rest potential.
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Fig. 5-7 (a) FTIR spectra changes with reaction time, and (b) is the concentrations of the NDxH3.x

using porous pure Fe in 5% D>—45% Ar—50% N in the closed cell.
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Fig. 5-11 (a) The concentration of NHz , and (b) the concentration of NH2D are at rest potential,
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6. Mechanism of the electrochemical reaction in ammonia
synthesis

6.1.Introduction

In chapters 3-5, the mechanism of electrochemical promotion of ammonia formation via the
surface reaction is confirmed. Furthermore, 10Fe—YSZ shows a pretty low ammonia formation
rate with cathodic polarization, which indicates that the promotion of ammonia formation needs
proton supply (Appendix J). The details were discussed in the next section. and then, a possible
mechanism, EPOC, was proposed to explain the behavior of electrochemical ammonia formation
by comparing the performances and reaction surface area for 10Fe—BCY and porous pure Fe
cathodes.

6.2.Summary of result about electrochemical ammonia formation

In chapter 3, the effect of W addition into Fe-BCY cathode was examined. After W addition into
Fe-BCY cathode, ammonia formation rate was slightly improved, and the current density
decreased by 40%. This result indicates that the electrochemical promotion of ammonia formation
rate is dependent on electrode potential rather than current density. Also, with a comparison with
porous pure Fe and (W—)Fe—BCY cathodes, porous pure Fe cathode showed a better performance
of ammonia formation with cathodic polarization, which indicates that ammonia is not formed by
charge-transfer reaction at TPB. In chapter 4, the reaction orders of hydrogen and nitrogen at rest
potential did not change after applying a negative voltage, which implies that the reaction
mechanism with cathodic polarization is the same as that at the rest potential, i.e. surface reaction.
Furthermore, the relationship between ammonia formation rate and H partial pressure in the
cathode was examined. Ammonia formation rate increased with increasing H partial pressure in
the cathode, which shows that the ammonia formation is not followed by charge-transfer reaction
because the ammonia formation via charge-transfer reaction is independent of Hy partial pressure.
In chapter 5, the deuterium isotope analysis was used to examine the electrochemical reaction
mechanism. The main product NHs «Dx shows a high correlation to the species of Hz (D) in the
cathode with cathodic polarization, i.e., NHsz (ND3) is formed in Hz (D2) with cathodic polarization.
This result shows that ammonia is formed via the surface reaction with cathodic polarization. In

Appendix J, the ammonia formation rate was examined using a cell of Pt |[YSZ| 10Fe—YSZ. No
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promotion of ammonia formation rate was overserved with cathodic polarization, which indicates
that the promotion of ammonia formation needs proton supply. Table 6-1 summarizes the results
in chapters 3—5 and Appendix J. Based on these results, a possible reaction mechanism,
electrochemical promotion of ammonia formation (EPOC), was proposed, which is discussed in

the next section.

6.3.Electrochemical promotion of ammonia formation

6.3.1. Electrochemical promotion of catalyst effect

To investigate the electrochemical reaction, the conventional system of a solid electrode and a
liquid electrolyte was considered. After applying a negative voltage, the formation of a double
layer was observed at the interface.'*! Charge carriers were accumulated at the interface and caused
a very strong electric field. A previous study pointed out that the value of double-layer capacitance
was around 20 pF/cm?.12 On the other hand, for the system consisting of a solid electrode (pt) and
a solid electrolyte (YSZ: O% conductor), previous studies proposed that there was an effective
double layer formation on the metal surface and that the value of capacitance was around 200
uF/cm? .87 113 This result implied that there is a strong electric field in the effective double layer.
Also, the effective double layer can be formed using a Na* ion conductor, which represents that
the effective double layer can also be formed using a cation conductor.8 114 115 The effective
double layer can induce an effect of EPOC to promote the reaction rates.® ° Based on the
conclusions of previous studies, the results in chapters 3-5, and Appendix J, the electrochemical
ammonia formation is probably via the surface reaction with EPOC. Vayenas et al. proposed an
EPOC effect model to explain an increase in reaction rate.®5-®8 The work function of metal catalyst
can be altered by the effective double layer, which is formed via spillover of mobile ions
origination from charge carriers in the electrolyte, on the metal surface with cathodic/anodic
polarization. The changed work function can promote the electron donation/backdonation reaction

study, which can be described by Eg. 6-1:

( TNH3 ) AD 6-1
In =«

N
TNH3,0 kyT
where rnnso, an, A®, and ky, are the ammonia formation rate at rest potential, reaction constant,

overpotential-induced change in the Fe work function, and Boltzmann’s constant, respectively.
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In this study, the ammonia formation rate was improved using Fe catalyst with cathodic
polarization. Therefore, the effective double layer formed via H+ spillover on the Fe surface
decreases the work function of Fe to promote the electron backdonation, which is induced by
electron transfer from the Fe Fermi level to the N2 antibonding orbital of mzp*, in Fig. 6-1. This
hypothesis supports the result that a low ammonia formation rate using 10Fe—YSZ cathode
because it cannot form the effective double layer on the Fe surface (Appendix J). Therefore, the
effective double layer on Fe catalyst plays an important role in the electrochemical promotion of
ammonia synthesis. To estimate the area of effective double layer, the performance and cathode
structure for 10Fe—BCY and porous pure Fe cathodes are discussed in the next section.

6.4. Estimation of surface area and triple phase boundary length

For estimation of the area of effective double layer in 10Fe—BCY and porous pure Fe cathodes,
the following parameters were stated below:

li (i= Fe—BCY or Fe): TPB length.

letr,i (i = Fe—BCY or Fe): effective TPB length, which is determined by Fe particles connected with
a network structure of electrons.

Ai (i = Fe-BCY or Fe): physical surface area, i.e. total surface area, of Fe particles.

Si (i = Fe—BCY or Fe): effective surface area of Fe particles, i.e. Fe particles connected with a
network structure of electrons, as shown in Fig. 6-2.

St (i = Fe—BCY or Fe): the area of effective double layer, which was covered by protons on Sre-
Bcy Or Sre, for promoting N2 dissociation and subsequent ammonia formation, as shown in Fig. 6-
3.

6.4.1. Estimation of TPB length and Fe surface area in 10Fe—-BCY

To estimate the Fe surface area and TPB length in 10Fe-BCY, the semicircular shape of Fe
particles formed on the BCY surface was assumed, as shown in Fig. 6-4. Therefore, the physical
surface area, Are-gcy, and the total triple phase boundary length, lre-scy, can be estimated by Egs.

6-2 and 6-3.
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Dge_ 6-2
Mee_pey 47.[( FeZBCY)Z

Ac._ =
Fe-BCY 4_7T(DFe—BCY)3 2
2

3
> d

Mrg._ _
Fe—BCY D, 6-3

o =
Fe—BCY 4__7.[ (DFe—BCY)g
2

3
> d

where mre-scy, Dre-Bcy, and d are Fe weight in the cathode, Fe particle average diameter, and Fe
density (7.874 g X cm™3). The average diameter of Fe particles is calculated by the FE-SEM image
of Fe particles in 10Fe—BCY cathode after the electrochemical measurement. The size distribution
is shown in Fig. 6-5. The resultant values in 10Fe—-BCY cathode are summarized in Fig. 6-6 and
Table 6-2.

6.4.2. Estimation of Fe surface area and TPB length in porous pure Fe

The physical surface area, Are, was estimated by the BET measurement, as shown in Fig. 6-7. The
observed specific surface area (Sy) of Fe particles in type B was 0.71 m?/g, which is obtained by
Eq. 6-4.

1 Nio 6-4
g — Meer + Iggr A
£ M

where mgeT, Iget, Na, o, and M are the slope and intercept in the BET measurement, Avogadro’s

number, the adsorption cross section of the adsorbing species, and the molecule weight of the
adsorbate gas.

The weight of porous pure Fe cathode is 0.7 mg, and the resultant value of Are is 5.0 cm?2 To
estimate TPB length in porous pure Fe, Ire, the average Fe particle size is determined by the
FE—SEM image of Fe particles in porous pure Fe after the electrochemical measurement. The Fe
size distribution is shown in Fig. 6-8. Then, to simplify the estimation of Ire, that Fe particles
accumulate to form a columnar structure was assumed, as shown in Fig. 6-9. Therefore, the
porosity of the cathode is the same as the coverage of Fe particles on the BCY electrolyte. The
TPB length is the total interfacial circumference of the Fe column and BCY electrolyte, which is

calculated by Eq. 6-5.
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l. = Aele (1 - (P) D 6-5
Fe nDFez Fe

where ¢, Dre, and Acie are porosity, Fe particle average diameter in porous pure Fe, and the area of
the electrode, which is a semi-circle with 10 mm diameter, as shown in Fig. 2-1.
Dele 2 6-6

n(z
ele=T

where Dele is the diameter of electrode (10 mm).

The TPB length is summarized in Fig. 6-10. The resultant values are summarized in Table 6-3.

6.5.Estimation of the area of effective double layer and proton diffusion length

In chapter 3, the ammonia formation rate for porous pure Fe is higher than that for 10Fe—BCY.
However, porous pure Fe cathode has a smaller physical surface area for Fe particles than
10Fe—BCY (see Table 6-2—Table 6-3). This situation is probably caused by two possibilities: 1)
the ammonia formation cannot be promoted via isolated Fe particles that do not connect with the
network structure of electrons in 10Fe—BCY cathode with cathodic polarization (Fig. 6-2). 2) the
active hydrogen evolution reaction hinders the nitrogen reduction reaction at the TPB region
because the active sites occupied by H adatoms are not available to N2 adsorption and dissociation
(Fig. 6-11).

6.5.1. First possibility: isolated Fe particles in 10Fe-BCY

The current density in 10Fe-BCY is 1.6 times higher than that in pure porous Fe cathode at 600°C
(Fig. 3-9a and Fig. 3-12b), whereas the TPB length in 10Fe—BCY cathode is 243 times longer than
that in porous pure Fe cathode. Supposing that the current density is proportional to the effective
TPB length, lesr, this discrepancy is probably caused by that a part of the Fe particles on BCY
surface do not connect with a network structure of electrons in 10Fe—BCY cathode, as shown in
Fig. 6-2. Therefore, the physical surface area, Are-scy, is not equal to the effective surface area,
Sre-Bey, (Are-Bcy # Sre-Bcy), and the TPB length, Ire-gcy, is not equal to the effective TPB length,
letr, By, as Well (Iee-Bcy # lefr, re-BCY). FOr porous pure Fe, all Fe particles connecting with a
network structure of electrons is assumed. Therefore, the physical surface area is the same as the
effective physical surface area (Are = Sre), and the triple TPB length is the same as the effective

TPB length in porous pure Fe (Ire = lefrre). Combined with the condition of effective TPB length
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and current density, leff, Fe-scy Can be obtained by Eg. 6-7, assuming that the current density is
proportional to the effective TPB length. Then, Sre-scy can be obtained by Eq. 6-8.

lre-BCY _ leffFe—BCY 6-7
ip lefr

lpe-BCY _ leff Fe-BCY 6-8

Ape-Bcy Sre-BCY

where ire.scy and ire, are the current densities at 600°C using 10Fe—BCY and porous pure Fe
cathodes, respectively. The effective TPB length lesr, re—scy and the effective surface area of Fe
particles Sre-pcy Were 6.2 x 10 cm and 0.13 cm? in 10Fe—BCY, respectively.

See (5 cm?) was 38 times larger than Sre-scy (0.13 cm?), whereas the ammonia formation rate
in porous pure Fe was 2.1 times than that in 10Fe—BCY. The discrepancy is probably caused by
that the effective surface area is not equal to the effective double layer, S*es. Thus, a rough
estimation of the effective double layer, S*er, was conducted by combining the ammonia formation
rate and the effective surface area in of 10Fe-BCY and porous pure Fe cathodes. Also, a new
parameter of proton diffusion length, h, which is the diffusion length of spillover proton in
electrode, was introduced for the estimation.

To calculate the proton diffusion length and the area of the effective double layer, three
assumptions are proposed. #1. Proton diffusion length on Fe surface is adequately long. Therefore,
protons can cover all Fe surface in 10Fe—BCY because the Fe particles grow on the BCY particles
and the diameter of Fe particles is around 40 nm, as shown in Fig. 6-12a. Thus, the effective surface
area is the same as the area of effective double layer in 10Fe—BCY cathode Sg¢ pe_pcy = Sre-Bey-
#2. Because the electrode thickness is 12.5 um in porous pure Fe cathode, the proton diffusion
length, h, should be less than or equal to the thickness of porous pure Fe cathode, H. Therefore,
the proton diffusion length could be described by Eq. 6-9:

h = Ht 6-9
where 1 is a constant between 0 and 1. Therefore, the area of effective double layer can be described
by Eg. 6-10. And the effective double layer is formed in a part of the porous pure Fe cathode via

proton diffusion, as shown in Fig. 6-12b.

SeffFe = SreT 6-10
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#3. Because the same catalyst (Fe) and gas were used in the electrochemical reaction for both the
cathodes, the reaction rate constants for them were the same. Therefore, the relationship between
the ammonia formation rate and the area of the effective double layer can be simplified as Eq. 6-
11:

(TNH3,Fe—BCY) _ (Sitre—pcy ) _ (Sre-BCY ) 6-11
( Seff Fe ) (SreT)

where rnusre-ecy and rnus re, are the ammonia formation rates.

TNH3,Fe

Based on our order-of-magnitude calculation, the value of z was around 0.08 when the average
diameter of Fe particles in both the cathodes was used. The relevant values are summarized in
Table 6-4. Therefore, the proton diffusion length was about 1 um. Fig. 6-13 shows that the
relationship between the effective proton diffusion length and the diameter of Fe particles in 10Fe-
BCY and porous pure Fe. If the standard deviation of the Fe particles diameter is considered, the
proton diffusion length is between sub-micrometer to several micrometers in porous pure Fe.
Therefore, the effective double layer can be formed in a part of the Fe electrode (sub-micrometer

to several micrometers distance from BCY electrolyte).

6.5.2. The second possibility: TPB suppression ammonia formation

Another possibility is that the active H. evolution reaction at TPB prevented N> dissociation
(Fig. 6-11). This phenomenon of hydrogen poisoning is also reported by Kosaka et al. using Ru
doped BCY cathode catalyst in the electrochemical reaction.” To estimate the reaction area for
NHs formation, the area of effective double layer should subtract the area of TPB region for
hydrogen evolution reaction, which is described by Eq. 6-12.

"nuz & (AepL — lrpWrpB ) 6-12
where Aep, ltes and wrps Were the area of effective double layer, the length, and the width of TPB.
Because the electrochemical reaction of ammonia formation in 10Fe—BCY and porous pure Fe is
operated using Fe-based catalysts and at the same H. and N partial pressure, Eq. 6-12 could be
simplified to Eqg. 6-13. Here, assumptions #1—#3 in the first possibility were used as well.
Therefore, the Eqg. 6-13 can be described by Eq. 6-14.

(TNH3,Fe—BCY) _ (S;ff,Fe—BCY ) 6-13
-~ (Sigpe)

TNH3,Fe

90



(S;ff,Fe—BCY ) _ ( Sre-Bcy — lrpB,Fe-BCYWTPB ) 6-14
( S:ff,Fe ) (SpeT — lTPB,FeWTPB )

where wrpg Was the width of TPB. Because the value of the width of TPB is unclear, according to
the previous studies, the width of TPB changed with overpotential. Here, the width is assumed as
20 nm, and the value of 7 is 0.4, which indicated that the effective proton diffusion length is around
5 um in type B. Therefore, the protons from electrolyte can migrate for several micrometers to
form the effective double layer for improving ammonia formation in porous pure Fe cathode. This
result indicated that the thickness of electrode should be decreased because the Fe surface without
effective double layer prevents ammonia from escaping out of the electrode, and that makes

ammonia reverse into Hz and No.

6.6.Conclusion

1. Protons diffusing from electrolyte can migrate sub-micrometer to several micrometers to form
an effective double layer, which can promote the reaction for ammonia formation.

2. The electrode thickness is too thick in the porous pure Fe cathode because the Fe surface
without effective double layer formation prevents the ammonia from escaping out of the

electrode, and that makes ammonia reverse into H, and No.
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N N* Fe cathode catalyst

Fig. 6-1 Energy diagram about N—N bonding is weakened by increasing the metal Fermi level as

applied a negative voltage.

; e e~ Isolated Fe particles
Isolated Fe particles

T H* Electrolyte BCY

Fig. 6-2 A schematic image of Fe particles on BCY particles connected with a network structure

of electron and isolated Fe particles on BCY particles in 10Fe—BCY cathode.
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Fig. 6-3 A schematic image of effective double layer on Fe surface.

Fig. 6-4 A schematic image of 10Fe-BCY structure. Fe particle is semi-circle shape on BCY

surface.
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Fig. 6-5 Distribution of Fe particle diameter in 10Fe—BCY cathode.
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Fig. 6-6 Relationship among TPB length, surface area, and Fe particle diameter in 10Fe—BCY.
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Fig. 6-8 The distribution of Fe particle diameter in porous pure Fe.
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Fig. 6-9 A schematic image of column structure in porous pure Fe cathode.
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Fig. 6-10 Relationship between TPB length and Fe particle diameter in porous pure Fe cathode.
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Fig. 6-11 A schematic image of N2 dissociation on the effective double layer and H2 formation at
TPB.
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Fig. 6-12 Schematic images of effective double layer on Fe surface in (a) 10Fe-BCY and (b)

porous pure Fe cathodes. H, h, and z, are the electrode thickness, proton diffusion length, and the
ratio of proton diffusion length to electrode thickness, respectively.
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Fig. 6-13 The relationship among proton diffusion length, Fe particle diameter in 10Fe—BCY, and
Fe particle diameter in porous pure Fe with (a) 30% porosity, (b) 50% porosity, and (c) 70%

porosity in porous pure Fe, respectively.
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Table 6-1 Summaries in chapters 3-5 and appendix J

Cathode structures
(Porous pure Fe cathode shows
higher ammonia formation rate

than cermet cathode)

Not charge-transfer

reaction

Ch. 3 W addition )
) Promotion of
(W-Fe—BCY shows higher
) ) ammonia formation
ammonia formation rate but lower | _
) is dominant by
current density than Fe—BCY) .
electrode potential. )
Surface reaction
Reaction orders of hydrogen («) Not charge-
and nitrogen (5) ' transfer reaction
Surface reaction ]
(o and g do not change after H> supply in the
ch. 4 applying a negative voltage) cathode
' H> partial pressure in the cathode
(ammonia formation rate is Not charge-transfer
dependent on H; partial pressure) | reaction
Deuterium isotope analysis
(NH3-xDx composition has a Large contribution
Ch. 5 strong correlation to Hz (D) of surface reaction
species in the cathode) in the cathode.
YSZ electrolyte
) (No promotion of ammonia Proton supply is Proton supply
Appendix J

formation in YSZ electrolyte)

needed.
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Table 6-2 Relevant parameters in 10Fe-BCY

Mre-BCY Counted particle number  Dre-Bcy Are-BCY lre-BCY
(mg) ) (nm) (cm?) (cm)
0.1 120 42 + 25 19.1+ 143 9.0+£5.3

Table 6-3 Relevant parameters in porous pure Fe

Mre Q Dre Are Ire
(mg) (%) (nm) (cm?) (cm)
0.7 91 190 + 108 5.0 58+ 3.3

Table 6-4 Estimation of the proton diffusion length, z, and relevant parameters in
the porosity of 30%.

Di (cm) Serri (cm?)* h (um)* r(-)*
10Fe—BCY 42+ 25 0.20 + 0.02 - -
Porous pure Fe 190 + 108 0.41 + 0.04 1.03+0.11 0.08 + 0.01
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7. Systems design of ammonia electrochemical synthesis

7.1.Introduction

Based on the result in chapters 3-6, that the effect of EPOC is dominant in the electrochemical
ammonia formation in our system is found. Compared with the electrochemical process which
introduces pure N2 into the cathode, to achieve the high ammonia formation rate, extra Hz supply
IS necessary in the cathode. In chapter 1.4, two processes for electrochemical ammonia formation
were mentioned: 1) the conventional electrochemical process (case 1) using N2 and H.O as
reactants (i.e. without Hz supply in the cathode). 2) EPOC dominated electrochemical process
(case 2) using N2 and H: as reactants (i.e. with Hz supply in the cathode. In this chapter, the energy

consumptions, reactor designing, and advantages are discussed for two electrochemical processes.

7.2.Energy consumption for ammonia formation rate

To estimate the energy consumption in the electrochemical process using a single compartment
reactor and a dual compartment reactor, a continuous stirred-tank reactor (CSTR) was considered.
Under this condition, the reactor design was ignored, and assumed the ammonia partial pressure
was assumed to be 95% of the equilibrium ammonia partial pressure in the single compartment
reactor (Xequ = 95%). Besides, no ammonia recycle stream was considered. The parameters were

summarized in Table 7-1. Then, the symbols are summarized as below:

mij Molar flow rate of compound i in steam or gas j (mol
ht)

Weomn2 Work for compressing N2 gas.

Cv,i Heat capacity at constant volume of compound i

Chii Heat capacity at constant pressure of compound i

T; Temperature in steam or gas j (K)

Pj Pressure in steam or gas j (atm)

Y The ratio of i—p

v
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T'NH3

Weep,n2

R
WheatH20
AHvap H20
Weom,H20
Wele,HZO
Vin

H

Wele,HZO

AHheat,14
AHcool,16
AHheatg
AHheat
AHcool,11

The process for case 1 is shown in Fig. 7-1.

i 1 = 070
N21 =~ Mozl

y-1
Weomnz = mNZ,lcv,NZTZ[(Z_Z) v -1]

mMN2,3 + MN2,10= MN2,4

Rate of the electrochemical reaction of NH3
formation

Work for N2 separation.

Gas constant.

Heat for heating water to water vapor.

Enthalpy of vaporization for H.O

Work for compressing water vapor.

Work for water electrolysis

Theoretical voltage for water electrolysis
Overpotential for water electrolysis

Work for electrochemical reaction of NH3 formation
Applied voltage for NH3 formation in this study
Heat for heating the gaseous mixture to Tsin case 1
Heat for cooling the gaseous mixture to T7in case 1
Heat for heating the water vapor to Tisin case 1
Heat for cooling the gaseous mixture to T17in case 1
Heat for heating the gaseous mixture to Tgin case 2
Heat for heating the water vapor to T7in case 2

Heat for cooling the gaseous mixture to T12in case 2

The equations for case 1 are summarized as below:

MN2,1

Wse N2 = m + m RT. -
P, ( N2,1 02,1) 1[mN2‘1+m02‘1

y-1
Weom,H2o = mH20,12Cv,H20T12[(%) v -1]
1

MH20,13 + MH20,19= MH20,14

MN2,1 mMo2,1 MN2,1
n( , : + = —In | - ; ]
MN2,11tM02,1 Mmn2,1+M02,1 MN2,1+M02,1

(MmnN25CyN2 + MNH35CvNH3 + 1H2,5CyH2) (Te-Ts) + (1n2,9CuN2) (T10-To) = 0
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AHheat 4 = (Mn2,4Cyn2)(T5-Ta)

AHheat 14 = (111H20,14Cv,H20) (T15-T14)

AHcools = (in2,9Cyn2 + iNH3 9CyNH3 + 111H2,9Cy,H2) (T7-Te)

AHcool,16 = (MH20,16Cv,H20 + 1102,16Cv,02)(T17-T16)

mn2,4 — 0.5rNH3= 1Nz 5

MH20,14 — 1L.57NH3— TH2= 11H20,15

WheatH20 = 111H20,11[Cv,H20(T12-T11) + AHvap,H20]

WelenHz = 1.5761

mn2,5Cv,N2(Te-Ts) + 1Nz, 9Cyn2(T10-To) + 1H2,5Cy H2(T6-Ts) + MinH3 5CvH2(Te-Ts) =0

MH20,15Cv,H20(T16-T15) + 111H20,18Cv,H20(T19-T18) + 11102,15Cv,02(T16-T15) =0

The process for case 2 is shown in Fig. 7-2. The equations for case 2 are summarized as below:

i 1 = 272
N21 = oMol

y-1
Wcom,NZ = ThNZ,lcv,NZTZ[(z_z) L4 '1]

mMN2,3 + MN2,13= TIN28

MMN2,1 In ( MN2,1 ) mMoz,1 ] ( MN2,1 )
MN2,1+M02,1 mMN2,1+M02,1 MN2z,1+M02,1 MN2,1+M02,1
y-1
WeomH20 = mHZO,SCv,HZOTS[(Z_j)T'l]

Wisepnz = (inz 1 + Mo2,1)RT [

MH2,7 + MH2,15= TH2,8

(mn2,9Cv N2 + MNH3,9Cy,NH3 + 11H2,9Cy H2) (T10-To) + (Minz,12Cv N2 + 11H2,12CyH2) (T14-T1s) =0
(mn2,9Cv N2 + MNH3,9CyNH3 + TH2,9CyH2)(T11-T10) + (MN2,12CvN2 + 11H2,12Cy H2) (T13-T14) = 0
AHheatg = (mMn2,8CvN2 + 1MH2,8Cv H2) (To-Tg)

AHcool,11 = (MN2,11CvN2 + 11NH3,11CvNH3 + 111H2,11Cv H2) (T12-T11)

mnz,8 — 0.57NH3= 1IN2,9

Wheat,H20 = 111H20,4[Cv,H20(T5-T4) + AHvapH20]

Wele,H20 = 1.41

Wele,nHz = 0.4941

mn2,3Cv,N2(Ts-T3) + mn2,13CyN2(Te-T1s) + 1H2,9Cy H2(Te-T7) + 11H2,13CvH2(Te-T15) =0
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AHheats = 111H20,8Cv,H20(T7-Ts)

T T? T3 10002
Cvi=z=A+B +C +D
1000 10002 10003 T2

Table Parameters of Cy for N2, H,, H,O, and NH3.116

A B C D E Temperature
range

N> (g) 28.98641 | 1.853978 |-9.647459 | 16.63537 |0.000117 | 100 — 500K
N2 (g) 19.50583 | 19.88705 | -8.598535 | 1.369784 |0.527601 | 500 2000K
H. (g) 33.066178 |-11.363 | 11.432816 | -2.772874 | -0.158558 | 298 1000K
H,0 (1) -203.606 | 1523.29 | -3196.413 | 2474.455 |3.855326 | 298 — 500K
H.0 (g) | 30.092 6.83251 | 6.793435 |-2.53448 |0.082139 |500- 1700K
NHs(g) | 19.99563 | 49.77119 |-15.37599 |1.921168 |0.189174 | 298 1400K
02(g) 31.32234 |-20.235 | 57.8664 | -36.50624 |-0.007374 | 100 — 700K

In case 1, H>O and N2 are used to react to ammonia directly. Pure H20 is introduced into the anode,
and pure N2 is introduced into the cathode. Therefore, the reactor in case 1 needs to have two
compartments for ammonia formation. In case 2, the reactor for ammonia formation can be a single
compartment, where a gaseous mixture of 50% N>—50% H: are introduced. However, to reduce
carbon emissions, H> must be obtained by the water electrolysis process, which indicates that
another reactor is needed for the water electrolysis process.

In the next section, the energy consumption for water electrolysis, N> separation, and

electrochemical ammonia formation are discussed, respectively.

7.2.1. Water electrolysis

In case 1, because H-O is used directly to form ammonia, the process does not need the water
electrolysis process. Water is evaporated to form steam and isentropically compressed to 10 atm.
Then, the steam (steam 13 in Fig. 7-1) mixed with recycled steam (steam 19 in Fig. 7-1) is flowed

into the anode.
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In case 2, for the process of water electrolysis, the applied voltage of 1.4 V using solid oxide
electrolysis cell (SOEC) technology is assumed. To obtain the ammonia production of 2.45 x 10°
mol h, the needed amount of water is 3.68 x 10° mol in an hour. Steam is produced from the
water feedstock and compressed isentropically to 10 atm, which causes the steam temperature to
increase to 654.5K. Then, the steam is flowed into the SOEC device. The water electrolysis process
costs 99283.07 MJ, which is the multiple of the applied voltage (1.4 V) and current, and release
8195.62 MJ as heat. The reactant gas is heated from 654.5K to 973K by heat recycling, which is
around 44% of heat in the water electrolysis. The energy costs for heating to water vapor, isentropic
compression, and hydrogen production are 16789.65 MJ, 2802.78 MJ, and 99283.07 MJ in an hour,
respectively. Then, the H2 gas (gas 7 in Fig. 7-2) mixed with N2 gas (gas 3 in Fig. 7-2) and recycled
gas (gas 13 in Fig. 7-2) is introduced into the reactor for ammonia formation.

7.2.2. N3 separation

In case 1 and case 2, the needed amount of N is the same as 1.23 x 10° mol in an hour. Pure
nitrogen is obtained by separating N> from air. The energy consumption for N> separation is
calculated by thermodynamics, which is the product of the operating temperature and the
difference in entropy. Therefore, the energy consumption for N2 separation is 197.45 MJ in an
hour. Then, the N2 gas is isentropically compressed to 10 atm with the gas temperature increasing
from 298K to 575K, which costs 715.82 MJ in an hour. In case 1, the N2 gas (gas 3 in Fig. 7-1)
mixed with the recycled N2 (gas 10 in Fig. 7-1) is introduced into the cathode in the reactor for
ammonia formation. In case 2, a gaseous mixture of the N2 gas mixed with Hz gas and the recycled

gases is introduced into the reactor for ammonia formation.

7.2.3. Electrochemical reaction of ammonia formation

In case 1, the pure N2 and H2O are introduced into the cathode and anode, respectively. Then, the
power supply for ammonia electrosynthesis is determined by the product of the applied voltage
and current. Here, the applied voltage of 1.59 V and the current efficiency of 65% are assumed,
which indicates that H» is also formed in the cathode. The energy consumption for ammonia
electrosynthesis is 173267.35 MJ in an hour, and release 89010.16 MJ as heat. The reactant stream
or gas are heated to 823K by the heat recycling (gas 4 and steam 14 in Fig. 7-1).
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In case 2, a gaseous mixture of 50% N>—50% H> is introduced into the reactor for ammonia
formation. Here, the applied voltage of 0.53 V and the current efficiency of 65% are assumed. The
low applied voltage is caused by H» using as a reactant. The required voltage using N2 and H20 as
reactants is much larger than that using N2 and H: as reactants by thermodynamics (Fig. 1-3). The
energy consumption for ammonia electrosynthesis is 58213.73 MJ in an hour, and release
71350.88 MJ heat. The reactant gas is heated from 640.5K to 823K by heat recycling (gas 8 in Fig.
7-2). Notably, two heat recycle systems are used in case 2 to reduce heat loss because the low NH3

partial pressure needs to be collected at very low temperature.

7.3.Comparison with Haber-Bosch process and electrochemical reaction of ammonia
formation

In case 1, the main energy consumption process is the electrochemical ammonia formation, which
utilizes 83% of the total energy consumption. In case 2, the main energy consumption process is
water electrolysis, which consumes 56% of the total energy. The process of electrochemical
ammonia formation only uses 33% of the total energy consumption. Fig. 7-3 shows a comparison
with the energy consumption in case 1, case 2, and the Haber-Bosch process at different current
efficiencies. The energy consumption for the Haber-Bosch process is the same at different current
efficiencies. With increasing the current efficiency for ammonia formation, the total energy
consumptions decrease in case 1 and case 2. Notably, the energy consumption in case 2 at 50%
current efficiency is mostly comparable to that in the Haber-Bosch process.

On the other hand, Fig. 7-4 shows the required Fe mass with the ammonia production of 100
tons/day. In this study, the ammonia formation rate is 1800 ng mg™ h™ at 0.1 MPa and 550°C with
a flow rate of 700 sccm, respectively, which is comparable to that in the Haber—Bosch process
(976 ug mg h™* at 10 MPa and 400°C). The corresponding required Fe mass is between 3 tons
for the electrochemical process. In the practical application, the operating pressure needs to be
increased to achieve a high ammonia concentration at equilibrium, which increases the ammonia
formation rate as well. To estimate the ammonia formation rate at high operating pressure, two
approaches, kinetic and thermodynamic analysis, are performed. 1) In the kinetic analysis, a
previous study pointed out that the reaction order of hydrogen was 0.76 using Fe catalyst when H;
partial pressure was between 5 and 15 atm and N pressure was fixed at 5 atm.'’ This result

indicates that hydrogen poisoning does not occur on Fe catalyst at high hydrogen partial pressure.
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Therefore, based on Eq. 4-2, the ammonia formation rate in 50% H>—50% N2 could reach around
5500 pg mg! h~t at 0.2 MPa and the corresponding required Fe mass is about 1 ton. 2) On the
other hand, in the thermodynamic analysis, a previous study pointed out that the ratio of obtained
ammonia partial pressure to the ammonia partial pressure at equilibrium does not change when the
operating pressure increased from 3 to 15 MPa.® In this study, the ratio is around 7% at 0.1 MPa.
Supposing that the ratio is the same as 7% at 0.2 MPa, the ammonia formation rate will increase
from 1800 pg mg™ h™! at 0.1 MPa to 7152 pg mg™* h™! at 0.2 MPa. Therefore, considering the
energy consumption, ammonia formation rate, and required Fe mass, the electrochemical process
can compete with the Haber—Bosch process.

In terms of the reactor design, the ammonia production is hard to alter in the Haber-Bosch
process because when the operating pressure is changed, it takes a long time for the reaction to
reach a new equilibrium state. Therefore, the Haber-Bosch process is difficult to integrate with
renewable energy because of its unstable nature. Therefore, the process of electrochemical
ammonia formation at 1 MPa (10 atm) is suitable to combine with renewable energy. Between the
reactors in case 1 and case 2 for the electrochemical ammonia formation, the reactor is two
compartments in case 1, and that is a single compartment in case 2. In case 2, a single compartment
reactor has several advantages including an easy change in operating pressure, avoidance of gas
flow leakage, and enhancement of catalytic reaction area. In two compartments reactor, the gas
flows in the cathode and in the anode need to be separated, which requires the cell electrolyte to
have no cracks. Therefore, when a change of operating pressure is desired, the pressures in the
cathode and anode need to be changed at the same time to avoid crack formation due to pressure
difference. Also, the gas seal between the atmosphere and cathode or anode also needs to be
concerned at high operating pressure. Besides, the two compartment reactor is difficult to increase
the reaction area of catalyst for ammonia formation. On the other hand, for the single compartment
reactor, the issues motioned above can be avoided. However, a disadvantage in case 2 is that

another reactor for water electrolysis is needed.
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Fig. 7-1 Quantitative representation of case 1 with 65% current efficiency for an ammonia

production of 100 ton/day
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Fig. 7-2 Quantitative representation of case 2 with 65% current efficiency for an ammonia

production of 100 ton/day.
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Fig. 7-4 Required Fe mass for the electrochemical process and Haber-Bosch. ) and @ are

estimated by the kinetic and thermodynamic analysis, respectively.
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Table 7-1 Parameters in CSTR for a production rate of 100 tons ammonia per day.

Case 1 (dual Case 2 (single
Remarks
compartment reactor)  compartment reactor)
Temperature 823K 823K
Pressure 10 atm 10 atm
Ammonia r = k[pm2]“[pn2]P
formation rate”! 2.19x 10 2.19x10° r=5.5x10%at 1 atm
(mol s cm™) in this study.
Ammonia r = k[pn2]“[pn2]P
formation rate”! 7.52 10* 7.52 % 10* r=1800 at 1 atm in
(ug mg' h'h) this study.
Required Fe mass
50 50
(kg)
Required
electrode area 3100 3100
(m?)
Xequ - 95%
The efficiency is 65%
Current 65% 65%
efficiency in this study.
Current (A) 1.97 x 10’ 1.97 x 107
By product H» No Yes
recycle
Yes Yes

Heat recycle

*1: Supposed that the ammonia formation rate does not change at high flow rate. The ammonia

formation rate in case 1 is the same as that in case 2.

*2: Supposed that current efficiency does not change at high flow rate. The current efficiency

in case 1 is the same as that in case 2.
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8. Summary

8.1. Concluding remarks

In this study, for the practical applications of electrochemical ammonia formation, the mechanism
of electrochemical promotion, performance, and energy consumption for ammonia formation were
discussed. The reaction mechanism was investigated by using different cathode structures, kinetics
analysis, controlling H2 and N> partial pressure in the cathode, and deuterium isotope analysis.
Based on the results, four points are summarized: 1) The effect of electrode potential on ammonia
formation is more important than that of current density. 2) The reaction is dominated by the
surface reaction rather than the charge-transfer reaction. 3) Hz supply in the cathode can efficiently
improve ammonia formation rate. 4) Proton supply from the electrolyte is significant for ammonia
formation.

In chapter 3, that the ammonia formation rate can be significantly improved with cathodic
polarization was found. In a comparison of the performance of ammonia formation for different
cathode structures, porous pure Fe cathode, which has short TPB length, has a better performance
than (0.5W—-)10Fe—BCY cermet electrode. Also, the effect of increasing Fe amount cannot
improve the ammonia formation rate in the electrochemical reaction. This result implies that
ammonia is formed via the surface reaction with EPOC rather than the charge-transfer reaction at
the TPB.

In chapter 4, that the values of reaction orders of hydrogen and nitrogen do not change with
applying voltage was found, suggesting that the surface reaction with EPOC is dominating in the
electrochemical reaction. Furthermore, through increasing H: partial pressure and the flow rate in
the cathode, the performance of ammonia formation is improved in porous pure Fe cathode, which
implies that the electrochemical ammonia formation is dominated by the surface reaction with
EPOC. An outstanding ammonia formation rate of around 1800 pg mg™reh™! in a gaseous mixture
of 50% H>—50% N with 700 sccm at 550°C was found, which is comparable to the ammonia
formation rate in the H-B process.

In chapter 5, the deuterium isotope analysis is used to investigate the mechanism of
electrochemical promotion. Through observation of ammonia compositions (NHsxDyx), that
surface reaction is dominant in the electrochemical ammonia formation because the H (or D) atoms

in main ammonia product correspond to the species of Hz (or D.) in the cathode is confirmed. Also,
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that surface reaction is dependent on the applied voltage and Ha partial pressure in the cathode was
found in the electrochemical reaction. At high H> partial pressures, the surface reaction was
observed to have a much higher contribution to the ammonia formation than the charge transfer
reaction.

In chapter 6, a possible reaction mechanism, EPOC, was proposed. Furthermore, based on the
performance of ammonia formation for 10Fe—BCY and porous pure Fe cathodes, two possibilities
and a new parameter, proton diffusion length, were proposed. For the first approach, the current
density for 10Fe—BCY is 40% larger than that for porous pure Fe, whereas the TPB length for
10Fe—BCY is 243 times longer than that for porous pure Fe. Therefore, that there are isolated Fe
particles in 10Fe—BCY, which is not connecting with the network structure of electrons, was
assumed. For the second approach, the assumption that the active H, evolution reaction occurring
in the TPB region hinders N2 adsorption and dissociation on the Fe surface near to the TPB region
was proposed. Therefore, the surface area for ammonia formation should be modified by
subtracting the area for the H> evolution reaction, i.e. the TPB region. The results of two
mechanisms point out that the proton diffusion length is around several micrometers, which
indicates that the thickness is too long for the porous pure Fe.

Based on the results in chapters 3-6, that the mechanism of electrochemical promotion of
ammonia formation is caused by the surface reaction with EPOC was confirmed. A possible
direction for designing cathode structure, i.e. reducing the TPB length and the thickness of
electrode to several micrometers, was proposed. Also, an outstanding ammonia formation of
around 1800 pug mg™r h~* was observed, which has the potential to be implemented.

In chapter 7, the energy consumptions for the Haber—Bosch process and the process of
electrochemical ammonia formation were compared. When the current efficiency achieves over
50% in the electrochemical ammonia formation, the energy consumption is mostly similar to that
in the Haber-Bosch process. Also, for cooperation with renewable energy, the reactor needs a
property of flexible operation for ammonia production, which can adjust production rate, quick
start-up, and shut-down. Therefore, the process of electrochemical ammonia formation with low
operating pressure is perfect for cooperation with renewable energy. On the other hand, in the
electrochemical process of ammonia formation, it can be divided into a dual compartment reactor
using H2O and N2 and a single compartment reactor using H. and N2. To achieve a high ammonia

formation rate, the single compartment reactor operating under a gaseous mixture of H> and N>
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into the cathode is considered. The ammonia formation rate can reach 5500—7000 ug mg=* h* (1.7
x 1077 — 2.1 x 107" mol st cm~2) in a gaseous mixture of H.—N at 0.2 MPa by the kinetic analysis
and thermodynamic kinetic analysis, which is much better than that in the Haber—Bosch process
at 10 MPa. Furthermore, the advantages of the single compartment reactor possess changing
operating pressure, avoiding leakage of flow gas, and increasing the reaction area for ammonia
formation.

Through the investigation of the reaction mechanism, these results can improve the cathode
design. Based on our predictions of energy efficiency and ammonia formation rate at high
operating pressure, we conclude that the electrochemical process has the potential to replace the
Haber—Bosch process and achieve a high ammonia formation rate with low amounts of Fe. Our
research can significantly help the reactor designing for ammonia formation and has the potential

to be implemented.
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8.2. Future outlook

In this thesis, an alternate electrochemical process, in which uses H, and N2 as reactants, was
proposed to achieve a very high ammonia formation rate. Furthermore, considering the energy
consumption and reactor design, this electrochemical process has several advantages in a
comparison with the conventional electrochemical process, which using N2 and HO as reactants.
The results in this study can significantly help the reactor designing of electrochemical ammonia
formation integrated with renewable energy in decentralized and small-scale plants.

To accelerate the practical implementation, a decrease in operating temperature and an increase
in operating temperature must be developed. In the Haber-Bosch process, the operating
temperature and pressure are around 450°C and 10 MPa. If the operating temperature in the
electrochemical process decreases from 550 to 450°C, it can significantly increase the ammonia
partial pressure and decrease the energy consumption in the process of ammonia gas separation.
Also, as mentioned in chapter 7, when the operating pressure is increased to 0.2 MPa in the
electrochemical process, the ammonia formation rate can be significantly increased, which is
around 5-7 times larger than that in the Haber—Bosch process.

In this study, the possible mechanism for electrochemical ammonia formation, i.e. EPOC, was
proposed. To further understand the mechanism, it is necessary to prove the existence of effective
double layer and explore proton diffusion length. The result can help cathode design, i.e. cathode
thickness, and improve ammonia formation rate in the electrochemical reaction.

In terms of engineering, in a comparison with a dual compartment reactor, a single compartment
reactor is more suitable for the electrochemical process using H2 and N2 as reactants. Also, a single
compartment reactor has some advantages including low cost and flexible adjustment of operating
pressure. The single compartment reactor with the electrochemical process has the potential to be

implemented and replace the Haber—Bosch process for ammonia synthesis.
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Appendix

A. The relationship between the area of NH3z FTIR spectra and gas tubing
temperature

The area of NH3 FTIR spectra was examined at different gas tubing temperatures, as shown in Fig.
A. The gaseous mixture of NHz—N> was introduced into an optical cell directly. It showed that the
NHz area did not change between the gas tubing temperature of 80 — 200°C. This result indicates
that the amount of NH3 adsorption on the surface of gas tubing can be ignored.

2.9
2.0 [ [ [ [ |
4y}
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Fig. A Obtained NHz area at different gas tubing temperature.
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B. Ammonia decomposition reaction test

Because the reaction was performed at high temperature, according to the thermodynamics,
ammonia probably decomposed into N2 and Hz on the quartz tube and cell. Therefore, a test for
ammonia decomposition reaction was conducted using an Al.Oz plate (i.e., a dummy cell without
the cathode) and a single cell with porous pure Fe electrode, as shown in Fig. B.

First, a gaseous mixture of 50 ppm NH3-5% D>-45% Ar-50% N> was introduced into the
captured solution at ambient temperature. Then, the gaseous mixture was introduced into the
device using the Al.O3 plate, as shown in Fig. B(a). The ammonia concentration at 600°C
decreased by 10% as that at ambient temperature, which indicated that ammonia could slightly
decompose on the quartz tube or the Al,Os plate at/below 600°C

Second, a test for ammonia decomposition reaction on porous pure Fe was performed. The
gaseous mixture was changed to 100 ppm NHs—Nz2, and the obtained ammonia concentration was
81 ppm at ambient temperature, which suggested that a part of ammonia was adsorbed on the gas
tubing surface. Subsequently, the gaseous mixture was introduced into the porous pure Fe cathode
at 500°C-600°C, as shown in Fig. B(b). The obtained ammonia concentrations were 25 ppm at
600°C and 50 ppm at 500°C, which suggests that the reverse reaction of NHz occurred on the Fe
electrode between 500-600°C.

118



—
Q
~—

80
E 70| 50 ppm NH,-5%D,-45%Ar-50%N,
o l
~ 60
g )
"é 50 4
5 40 4
e
o 30_
o
O 20+
o
E 10‘
e
< Ambient  600°C  650°C  700°C
temperature

(b)

=1 100 ppmNH,-N,

Q

2 B0

=

S

g 60 +

(=

3

c 40+

(@)

o

®

= 204

()

E I

=

< Ambient 500°C 550°C 600°C
temperature

Fig. B Tests for ammonia decomposition reaction using (a) Al.Os plate without cell in 50 ppm
NH3-5% D>—-45% Ar-50% N and (b) porous pure Fe cathode in 100 ppm NH3z—Nb>.
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C. TG measurement for Fe;O3 powder

The reduction reaction of Fe,Oz powder was conducted by TG-DTA in 3%Hz, as shown in Fig. C.
The Fe.O3 weight was decreased by around 30% at 900°C, which corresponded to the weight loss
of Fe2Os reduction to Fe. After reduction, the sample was decreased from 900°C to 550°C, and the
weight loss of 30% did not change, which suggests that the metallic Fe phase will be maintained
in the cathode at the operating temperature of around 550°C for the electrochemical ammonia

formation.
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Fig. C TG-DTA measurement for Fe2Os powder in dry 3% Ha/Ar and temperature with heating
rate of 10°C/min.
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D. Blank test for ammonia electrosynthesis
Experimental condition

Gas in the cathode: 10% H>—90% Ar with 40 sccm
Gas in the anode: wet 20% H>—80% Ar with 30 sccm
Temperature: 550°C

Catalyst: porous pure Fe (15 pm)

Fig. D shows a blank test in a gaseous mixture of 10% H>—90% Ar using porous pure Fe (15 pum).
A low ammonia formation rate of around 2 x 1072 mol cm2 s™* was obtained at different applied
voltages. However, the detection limit of ammonia formation rate was around 2 x 1072 mol cm™
s 1 for HPLC equipment. Therefore, no ammonia formation was observed under the condition of
10% H>—90% Ar at 550°C.
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Fig. D Blank test in 10% H2>—90% Ar using porous pure Fe cathode at 550°C. The red broken
line is the detection limit of HPLC.

121



E. Reversible test for ammonia electrochemical synthesis
Experimental condition

Gas in the cathode: 10% H2—90% N2 with 40 sccm

Gas in the anode: wet 20% H2>—80% Ar with 30 sccm
Temperature: 550°C

Catalyst: porous pure Fe (30 pm)

To check the effect of electrochemical promotion of ammonia formation, a reversible test with
forward and reverse changes of electrode potential was conducted at 550°C in a gaseous mixture
of 10% H>—90% N, as shown in Fig. E. The ammonia formation rate has a positive correlation
with cathodic polarization, which suggests that the promotion of ammonia formation rate in this
study was caused by the electrochemical promotion and not just by the reduction of the Fe

electrode itself.
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Fig. E Electrochemically reversible test using porous pure Fe cathode (30 um) in 10% H>—90% N>
(40 sccm) at 550°C.
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F. Stability for ammonia electrochemical synthesis
Experimental condition

Gas in the cathode: 10% H2—90% N2 with 40 sccm

Gas in the anode: wet 20% H2>—80% Ar with 30 sccm
Temperature: 550°C

Catalyst: porous pure Fe (15 pm)

To check the stability of porous pure Fe cathode, a stability test was performed at —1 V and 550°C,
as shown in Fig. F. Although the current density decreased with elapsed time, a stable ammonia

formation rate of around 1.7 x 10 mol cm2 s was obtained for 12 hours.
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Fig. F Stability test using porous pure Fe in 10% H>—90% N at —1V and 550°C.
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G. The current efficiency for hydrogen pumping
Experimental condition

Gas in the cathode: Ar with 40 sccm

Gas in the anode: wet 20% H2—80% Ar with 30 sccm
Temperature: 550°C

Catalyst: porous pure Fe (15 pm)

To understand the hydrogen evolution reaction, a test was conducted in pure Ar at 550°C, as shown
in Fig. G. When a voltage was applied, only the H evolution reaction (2H* + 2e — H») occurred.
The current efficiencies for hydrogen evolution reaction were around 80-85% at electrode
potentials between 0.085 V and 0.052 V (corresponding applied voltages between —0.2 V and
—0.35 V). The main reason for the loss is probably caused by the leakage current, which is induced

by hole and/or electron conduction through the electrolyte membrane.
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Fig. G Hydrogen pumping test using the cell of 20% H>—80% Ar, Pt |BCY| Fe, Ar at 550°C.
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H. Rotational-Vibrational states for NH3.xDx

The Eq. H-1 is used to calculate the rotational-vibrational energy levels, E. And the parameters

for NH3.Dx are shown in Table H-1 and Table H-2,18-122

E=v+1/2(A+B)[JJ +1)—K?1+CK*=D;J*(J+ 1)* =Dy J(J + 1)K* H-1
— DgK*
Table H-1 Parameters for NHz and NH:D.
NHs NH:D
Ground state v, state Ground state v, state
Symmetry ~ Asymmetry = Symmetry = Asymmetry | Symmetry  Asymmetry = Symmetry  Asymmetry
state state state state state state state state
v 0 0.793 932.434 968.122 0 0.406 876.374 896.562
A 9.947 9.9415 10.07 9.89 9.678 9.674 9.827 9.699
B 9.947 9.9415 10.07 9.89 6.411 6.41 6.408 6.359
c 6.227 6.228553 6.087 6.159 4.696 4.697 4.618 4.649
D, 0.000849 0.000832 0.001131 0.000697 0.000527 0.000521 0.0006628 0.000466
Djx  -0.001578 -0.00153 -0.00242 -0.00123 -0.0008 -0.0007852  -0.0010441 -0.0007
Dy 0.0010107 0.000979 0.001617 0.000811 0.000365 0.0003579  0.0004802 0.000311
Table H-2 Parameters for NHD2 and ND3.
NHD:2 NDs
Ground state v, State Ground state v, state
Symmetry  Asymmetry  Symmetry  Asymmetry | Symmetry  Asymmetry  Symmetry — Asymmetry
state state state state state state state state
v 0 0.171 810.227 819.565 0 0.053 745.597 749.1448
A 5.344 5.344 5.312 5.296 5.143 5.1428265 5.224 5.216
B 7.446 7.445 7.529 7.48 5.143 5.1428265 5.224 5.216
c 3.753 3.753 3.705 3.718 3.124 3.12408768 3.088 3.094
D, 0.000332 0.0003304 0.0003766 0.000312 0.000197  0.00019651  0.0002306 0.000219
Djx  -0.00045 -0.0004463  -0.0006086 -0.00043 -0.00035  -0.00034794 -0.0004162 -0.00038
Dy 0.000157 0.000156 0.0003079 0.000187 0 -6.3944E-07  -0.0000382 0.000008
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Table H-3—Table H-6 show Q, P, and R branches for NH3;.«Dx v» state. i, and 1' (i=R, P, and Q)
represented the energy from symmetric state to asymmetric state and from asymmetric state to

symmetric state, respectively.

Table H-3 Q, Q’, P, P’, R and R’ branches for NH3 v, state

R branch at K=0 (cm™) P branch at K =0 (cm™") Q branch (cm™)

J R R’ J p p’ J Q Q’

0 987.8992 951.7765 1 948.2314 911.7613 1 967.9971 931.6279
1 1007.546 972.1406 2 928.2478 892.1574 2 967.7364 931.3322
2 1027.05 993.4597 3 908.1952 872.8421 3 967.3398 930.754
3 1046.401 1013.41 4 888.1012 853.821 4 966.8076 929.8922
4 1065.594 1034.226 5 867.9973 835.0926 5 966.1401 928.7447
5 1084.627 1055.09 6 847.9183 816.6481 6 965.3378 927.3083

Table H-4 Q, Q’, P, P’, R and R’ branches for NH,D v; state

R branch at K =0 (cm™) P branch at K =0 (cm™) Q branch (cm™)

J R R’ ] p p’ J Q Q’

0 912.6181 892.2003 1 880.4751 859.8861 1 896.4996 875.9643
1 928.6323 908.5672 2 864.3701 843.9671 2 896.3436 875.8022
2 944.5949 925.4405 3 848.2611 828.2202 3 896.0947 875.4811
3 960.4975 941.6239 4 832.1638 812.651 4 895.7539 875.0008
4 976.3333 958.2649 5 816.0951 797.2618 5 895.3223 874.3606
5 992.0972 974.9427 6 800.0736 782.0515 6 894.8016 873.5598

Table H-5 Q, Q’, P, P’, R and R’ branches for NHD: v state

R branch at K =0 (cm™) P branch at K =0 (cm™) Q branch (cm™)
J R R’ J P P’ J Q Q
0 832.3398 822.8955 1 806.7763 797.2683 1 819.523  810.034
1 845.0931 835.7778 2 793.9817 784.5404 2 819.4108 809.9158
2 857.818 848.8607 3 781.1895  771.879 3 819.2275 809.7006
3 870.5078 861.6289 4 768.4088 759.2899 4 818.9716 809.3866
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4 883.1566 874.5742 5 755.6488 746.7777 5 818.6408 808.9712
5 895.7586 887.515 6 742.9193  734.3459 6 818.2323  808.451
Table H-6 Q, Q’, P, P’, R and R’ branches for NDs v, state
R branch at K=0 (cm™) P branch at K= 0 (cm™) Q branch (cm™)

J R R’ J p p’ J Q Q’

0 759.5759 755.9911 1 738.8596 735.2591 1 749.1878 745.5891
1 770.1477 766.5948 2 728.725  725.1412 2 749.1706  745.563

2 780.8544 777.4009 3 718.7453 715.1941 3 749.0931 745.4682
3 791.6896 788.2461 4 708.924  705.4209 4 748.9552  745.3091
4 802.6466 799.2785 5 699.2644 695.8238 5 748.7566 745.0917
5 813.718 810.4373 6 689.769  686.4044 6 748.4972  744.8236
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|. H or (D") cations diffusion through BCY electrolyte at rest potential
The proton diffusion from the anode to the cathode by the driving force of a H> concentration
gradient. Here, Fick’s first law and Fick’s second law are considered, which are described by Egs.

I-1-1-2. The boundary conditions are a fixed concentration of 10% H: at the anode boundary and

aCHZ

a fixed concentration of 0 % H> at the cathode boundary. At the steady state, the term of7

should be zero. Therefore, Ju is a constant at the steady state, which can be obtained by Eq. I-3.

dcy, 1
—-D
Ju - ax
aCHz _ aZCHZ |_2
at " 9x2
Jy = —D,, H2.anode —L Chz,cathode 3

where Dy, CH2, CHzanodes CH2cathode, and L are the diffusion coefficient for H* in BCY, H:
concentration, Hz concentration in the anode, Hz concentration in the cathode, and the thickness
of BCY electrolyte, respectively. For the operation condition of 10% H>—90% Ar in the anode and
5% D2—45% Ar—50% Np, the parameters were summarized in Table I-1. Jy is about 1.86 x 1070

mol cm~? s, The H2 partial pressure, prz, in the cathode was obtained by Eqg. 1-4.

JuART -4
P2 = f
where A, R, T, and f are the electrode area, gas constant, temperature, and flow rate.
D -
D, = Dy I-5
V2

The same as calculation was conducted tor the operation condition of 10% D2>—90% Ar in the
anode and 5% H>—95% N.. The diffusion coefficient for deuterium in BCY, Dp, was described by
Eq. I-5. The parameters were summarized in Table 1-2. Jp is about 1.31 x 107 mol cm2s™L. The

D2 partial pressure in the cathode, pp2, was also obtained by Eq. I-3.
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Table 1-1 Parameters for calculation the H* flux

Du (m?s?) CH2, anode (MOl 1Y) CH2,cathode (MOl 1Y) L (mm)
1.0x 10° 0.00148 0 0.08
Table 1-2 Parameters for calculation the D* flux

Dp (m? s1)122 CD2, anode (Mol 1) CD2,cathode (MOl 1) L (mm)
7.1x 10" 0.00148 0 0.08
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J. Fe-YSZ cermet working electrode (cathode) preparation

J.A. Preparation for 10Fe-YSZ cathode on YSZ electrolyte
Fe—YSZ electrode on YSZ electrolyte was fabricated by the doctor-blade method. The steps were
described as below:

1. YSZ powder was mixed with the slurry in section 2.2.2.

2. The mixed slurry was pasted onto the YSZ electrolyte and calcined at 1300°C in air to obtain
a porous pure YSZ cathode.

Fe(NO3)3-9H,0 was stoichiometrically dissolved in water to form a 0.5M iron nitrate solution.
The mixture solution was poured onto the YSZ porous cathode and dried at 80°C for 5 mins.
The sample was annealed at 500°C in air.

Repeat steps 4-5 to obtain 10 wt.% Fe.

The sample was annealed at 900°C in 3% H>—97% Ar to obtain the 10 wt.%Fe-YSZ
(10Fe-YSZ).

N o o ~ w

J.B. The performances of the electrochemical ammonia synthesis using Fe-YSZ
cathode

Experimental condition

Gas in the cathode: 10% H2—90% N2 with 20 sccm
Gas in the anode: wet 20% H2>—-80% Ar with 30 sccm
Temperature: 550—700°C

Fig. J-1 shows a schematic image of the structure of 10Fe—YSZ cathode. Fig. J-2 shows the XRD
spectra of 10Fe—YSZ. Fig. J-3 shows that 10Fe—YSZ cathode exhibited a low ammonia formation
rate (5 x 107! mol s* cm). Based on Eq. 2-1, the electrode potential in 10Fe—YSZ is closed to
the applied voltage because of a low value of current multiplied by ohmic resistance. Therefore,
proton supply from the anode plays an important role in the electrochemical reaction of ammonia

synthesis.
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Fig. J-1 Schematic image of cathode structures of Fe—YSZ cathode.
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Fig. J-2 XRD spectra of 10Fe—YSZ cathode on YSZ electrolyte.
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