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ABSTRACT
BOGGS, BRYAN KENNETH, Ph.D., March 2010, Chemical and Biomolecular
Engineering.

Improving Electrochemical Methods of Producing Hydrogen in Alkaline Media via

Ammonia and Urea Electrolysis (100 pp.)

Director of Dissertation: Gerardine G. Botte

Theoretically, ammonia electrolysis consumes 95% less energy than its major
competitor water electrolysis and offers an economical, environmental, and efficient
means for reducing nitrate contaminations in ground and drinking water.
Thermodynamically at standard conditions, ammonia electrolysis consumes 1.55 Wh to
produce one gram of hydrogen. This same gram of hydrogen generates 33 Wh utilizing a
proton exchange membrane fuel cell (PEMFC). There is a potential of 31.45 Wh of net
energy when coupling an ammonia electrolytic cell (AEC) and a PEMFC. Considering
that PEMFCs are 60% efficient, the actual energy output ranges between 18 and 20 Wh.
Prior to the research shown here, ammonia electrolysis in alkaline media was requiring
more than 20 Wh of energy input due to slow anode kinetics and poor electrochemical
cell design thus making any chances of a self-sustaining energy generator unfeasible.
This research focused on improving and optimizing anode electrocatalyst materials,
electrode configurations, and cell designs, as well as demonstrating stationary and mobile
applications of ammonia electrolysis.

In addition to ammonia electrolysis, a novel electrochemical technique, urea

electrolysis in alkaline media, was created and investigated. ~Similar to ammonia



4
electrolysis, the anodic reaction, which is the oxidation of urea, was found to be the most
rate-limiting half-cell reaction and required improvement. This research focused on
fundamentally understanding the mechanism of urea electrolysis as well as investigating
common electrocatalysts for small organic molecules. As a result, urea electrolysis in
alkaline media proved to be a direct, economical, and environmental approach to
producing hydrogen electrochemically with an inexpensive transition metal.
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Professor of Chemical and Biomolecular Engineering
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CHAPTER 1. INTRODUCTION
1.1 Project Overview

Today, fuel cells are increasing in popularity as alternative energy suppliers. Fuel
cells, in particular, proton exchange membrane (PEM) produce clean water that is
exhausted to the atmosphere quietly with 60% efficiency; however, major problems still
exist. Storing and producing hydrogen are still serious tribulations that are delaying the
commercialization and marketplace acceptance of fuel cells. Additionally, the cost of
hydrogen is relatively high and offers no advantage over conventional gasoline. A study
in Italy shows that hydrogen-operated vehicles, which utilize untaxed hydrogen, pay a
little more at the pump than untaxed gasoline and diesel consumers. However, the health
costs in Milan, Italy are expected to decrease by nearly $2 million per year [1].

Interest in hydrogen fuel-cell vehicles (HFCVs) has been increasing in popularity
over the past decade. This is primarily a result of the shrinking oil reserves which are
expected to last only 42 years as of 1998 [2]. HFCVs have also found a niche in the
environmental and political fields because the scientific community is beginning to
acknowledge the threat posed by harmful air pollutants such as nitrogen oxides (NOy),
volatile organic compounds (VOCs), carbon monoxide (CO), and sulfur dioxide (SO,)
caused by hydrocarbon-dependent vehicles [3-5]. In addition to being environmentally
friendly, HFCVs are quiet and convert 50-60% of the energy available in hydrogen to
power the automobile rather than the mediocre 20-30% efficiency of today’s internal

combustion engines [6, 7].
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A hydrogen future is not only driven by the transportation sector but as a
movement for reducing oil imports in general and eliminating the dependence on
petroleum for daily energy production. By 2020, the world population is expected to
increase from 6 to 7.4 billion. Understandably, the energy demand is expected to
increase from 100.7x10" to 160x10"> kW-h [2, 8]. For a hydrogen economy to evolve
in our lifetime, hydrogen will need to be produced, distributed, and stored on a mass scale
in a manner that is cost effective, environmentally advantageous, and efficient [9].

At the moment, there are issues with all three of these idealistic goals. Going
back to HFCVs, producing hydrogen that is cost competitive with gasoline is proving to
be difficult. Compared to gasoline, hydrogen has 2.7 times more energy content based on
weight. Due to its tremendously low density, hydrogen has 25% less energy content than
gasoline when based on volume [10]. Because of this, there is no storage technology
currently available that allows a vehicle to travel the average 300-mile range that today’s
internal combustion engines obtain [11].

In an effort to accelerate hydrogen research and an attempt to surpass the
problems associated with storage, President Bush pledged $1.2 billion in 2003. As a
result, the U.S. Department of Energy (DOE) has established a legal-binding partnership
with the U.S. Council on Automotive Research consisting of major U.S. automotive and
energy companies called the FreedomCAR and Fuel Partnership which looks at the
benefits of producing hydrogen on board [11]. This indicates a movement of refocusing

attention on in situ hydrogen generating technologies.
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These issues are a concern, and it is proposed to address both of these problems
with one solution. That is, the use of either in-situ electro-oxidation of ammonia
designed for on-board hydrogen production for fuel cell utilization or urea electrolysis for
a more stationary application. This dissertation covers both the understanding and
improvements of ammonia and urea electrolysis in alkaline media.

Producing hydrogen in-situ, or on board, is a solution for hydrogen storage
problems. Hydrogen will be produced on demand and storing hydrogen will be deemed
unnecessary. With respect to the high cost of hydrogen, both ammonia and urea
electrolysis theoretically require less energy compared to current methods of mass
hydrogen production. It’s an undeniable fact that the need for improvement is a never-
ending objective. Ammonia electrolysis has already been proven a successful means for
hydrogen production. Ammonia has the potential to be a practical hydrogen-carrier fuel;
it is a liquid fuel that can be stored at ambient temperature and pressure and is hydrogen
dense and non-carbon containing [12]. Nevertheless, electrodes used to electrolyze
aqueous ammonia (combination of potassium hydroxide KOH and ammonium hydroxide
NH4OH) are the heart of the process and can use improvement.

It was proposed to address the surface area of the electrodes while maintaining
high electrical conductivity and low electrical resistance. In order to increase the surface
area of the electrode’s catalyst support, it was decided to use manufactured
polyacrylonitrile (PAN) based carbon fiber paper (CFP). After 16 months of researching
and experimenting several methods for electrode improvement including: electrically

conductive pastes, Carbon Nanofibers (CNF), Chemical Vapor Deposition (CVD), and a
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multitude of different ways to construct electrodes (160+ electrodes and 7 methods to be
exact), the conclusion to use CFP as a catalyst support, for the replacement of carbon-
fiber wrapped electrodes currently used in the lab, has been made.

It has been found through meticulous testing that Toray™ TGP-H-030 CFP offers
all the characteristics desired for preparing reproducible electrodes. Those characteristics
are: infinitesimal amount of wunconductive polytetrafluoroethylene (PTFE) for
hydrophobicity and fiber binding, high visual surface area, 80% porosity, and great

electroplating capabilities.

1.2 Objectives

Presently, the cost of hydrogen provides no benefits over gasoline. This coupled
with high pressures required for on-board hydrogen storage are the main reasons why
fuel cell commercialization has been slow. It was determined through a series of
calculations that ammonia electrolysis requires 95% less energy theoretically compared
to its rival water electrolysis [12]. This has strong implications: lowers the production
costs of hydrogen, allows batteries, solar, and wind power to provide the energy for
electrolysis, enabling a hydrogen economy to evolve in our lifetime.

Theoretically, ammonia electrolysis requires 1.55 Wh g Hy. For this same gram
of Hy, a PEMFC generates 33 Wh suggesting that a net power is feasible. In the real
world, fuel cells are typically 50-60% efficient, and the oxidation of ammonia has large

overpotentials threatening the possibility of net energy.
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Preceding carbon-fiber wrapped electrodes used in the lab were not scalable and
had a tendency to deteriorate after testing. In addition, the power consumption of
ammonia electrolysis was higher than the energy generated by a PEMFC. There is a 440
mV overpotential versus Hg/HgO for the anodic oxidation of ammonia. Because of this
large overpotential, seven different methods for electrode preparation were analyzed. In
the end, Toray TGP-H-030 carbon fiber paper (CFP) supported with titanium foil was
chosen as the catalyst support because it offered great scalability and low energy
consumption for the electrolysis of ammonia.

In addition to ammonia electrolysis, a new novel approach for directly converting
urine-rich waste water into hydrogen was conceived and developed. Rather than
converting urea into ammonia from municipal waste waters then electrolyzing it, urea
electrolysis in alkaline media provided a method for directly evolving hydrogen while
simultaneously remediating nitrate contamination. Within the context of these two
distinctly different technologies, three general project objectives were created:

1. Improve the electro-oxidation of ammonia by way of catalyst optimization
and electrode design (Chapter 2).

2. Determine the feasibility of using ammonia electrolysis as an on-board
hydrogen storage and production technology (Chapter 3).

3. Understand the electrokinetics of urea electrolysis for proposing a reaction
mechanism as well as choosing which catalyst is best suited for the rate-

limiting oxidation reaction (Chapter 4).
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For the first objective, several common catalysts in mono, bi, and ternary alloy
form were investigated as potential catalysts. Pt-Ir alloy demonstrated to be the most
active catalyst for ammonia oxidation in alkaline media and was investigated further.
Optimizing key performance indicators such as maximizing the oxidation exchange
current density and minimizing the oxidation overpotential was accomplished using a
design of experiments that altered concentrations of Pt (IV) and Ir (III) in the
electroplating bath as well as the total catalytic loading.

The second objective was to integrate an ammonia electrolytic cell with a
breathable proton exchange membrane fuel cell so that energy consumption and
production rates, respectively, could be determined. This quantifiable investigation
allowed for comparison of ammonia as a hydrogen storage technology to the Department
of Energy’s 2010 strategic on-board hydrogen storage targets.

The third and final objective was to propose a reaction mechanism for urea
electrolysis in alkaline media as well as investigate common electrocatalysts for oxidizing

small organic compounds
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CHAPTER 2.
OPTIMIZATION OF PT-IR ON CARBON FIBER PAPER FOR THE ELECTRO-

OXIDATION OF AMMONIA IN ALKALINE MEDIA

It should be noted that part of the contents of this chapter have been submitted to

a peer-reviewed journal for publication.

2.1  Abstract

Plating bath concentrations of Pt (IV) and Ir (IIT) have been optimized as well as the
total catalytic loading of bimetallic Pt-Ir alloy for the electro-oxidation of ammonia in
alkaline media at standard conditions. This was accomplished using cyclic voltammetry,
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), and statistical
optimization tools. Concentrations of Pt (IV) and Ir (II) of the plating bath strongly
influence electrode surface atomic compositions of the Pt-Ir alloy directly affecting the
electro-oxidation behavior of ammonia. Several anode materials were studied using
cyclic voltammetry, which demonstrated that Pt-Ir was the most active catalyst of those
tested for the electro-oxidation of ammonia. Criteria for optimization were minimizing
the climatic oxidation overpotential for ammonia and maximizing the exchange current
density. Optimized bath composition was found to be 8.844 + 0.001 g L™ Pt (IV) and
4112 + 0.001 g L' Ir (Ill) based on electrochemical techniques. Physical
characterization of the electrodes by SEM indicates that the plating bath concentrations of

Pt and Ir influence the growth and deposition behavior of the alloy.
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2.2 Introduction:
2.2.1 Ammonia electrolysis
Aqueous ammonia’s high capacity for hydrogen storage has led to increased
interest in using ammonia as an alternative energy carrier [1,2]. Extracting this hydrogen
from ammonia can be accomplished through the use of a novel electrochemical approach.
According to Vitse et al. [3,4], ammonia electrolysis consumes 95% less energy than
water electrolysis theoretically at standard conditions and produces hydrogen at a cost of
$0.89 per kg, which is significantly less than the $2-3.00 kg™ goal set forth by the U.S.
Department of Energy (DOE) [5]. Researchers at the University of Florida, studying the
utilization of domestic fuels for hydrogen production, have found that ammonia-based
solar-powered electrolysis produces the cheapest hydrogen ($/GJ) compared to all other
common hydrogen production technologies by the year 2024 [6]. Ammonia in alkaline
media is oxidized at the anode (Eqn. 1) at a potential of -0.77 V versus standard hydrogen
electrode (SHE). Alkaline reduction of water occurs on the cathode (Eqn. 2) and requires

-0.83 V versus SHE. Overall (Eqn. 3), 0.06 V are required [3,7].

2NH (aq)+60H™ — N_(g)+6H.,0 + 6~ (1)
6H,0+ 66" — 3H_(g)+60H" )
2NH,(aq) > N,(9)+3H,(9) (3)

In addition to creating pure hydrogen and nitrogen with >99.99% Faradaic
efficiency at room temperature and pressure [3], electrolyzing ammonia remediates
nitrate contamination in ground and drinking water caused by human and animal excreta.
These contaminations are believed to be an epidemic [8]. Current technologies used to

desalinate nitrates from wastewater are expensive and have long retention times [9-12].
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Ammonia-rich wastewater from breweries, tanneries, domestic wastewaters,
landfills, fertilizer plants, brine wastewater, etc. are alkaline in nature [9, 12-15]. From
an energetic and ecological point of view, ammonia electrolysis and optimization thereof

could an important role in improving everyday life.

2.2.2  Electro-oxidation of ammonia: catalyst selection

Assuming negligible kinetic limitations during the electrolysis of ammonia at
25°C, 1.55 Wh per gram of hydrogen is required. This same gram of hydrogen
theoretically generates 33 Wh from a proton exchange membrane fuel cell (PEMFC).
Potentially, 31.45 Wh of net energy are available from an ammonia electrolytic cell
(AEC) and PEMFC coupling. Thermodynamics of ammonia electrolysis is favorable;
however, large anodic overpotentials have been observed on monometallic Pt electrodes
[3, 7]. Given a PEMFC’s 50-60% electrical efficiency [16, 17] and the increased energy
consumption for ammonia electrolysis due to the electro-oxidation overpotential, the
possible net energy from the coupling is threatened. There has been a significant amount
of research regarding which catalyst(s) are best suited for ammonia oxidation. Noble
transition metals such as Pt, Rh, Pd, and Ir have demonstrated to be active for ammonia
oxidation whereas coinage metals like Cu, Ag, and Au are not [18, 19]. Electro-catalytic
alloys and bimetallic depositions have proven to improve electro-kinetics of ammonia
oxidation [3]. According to Moran et al. [19], a binary alloy of Pt-Ir has higher activity

in alkaline media than other metals because Ir is the most selective metal for oxidizing
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ammonia. Very limited research regarding this alloyed electro-catalyst in particular has

been performed [3, 19-21], which is the aim of the present paper.

2.2.3  Objectives of the study

In the present paper, the most active electrocatalyst anode material for oxidizing
ammonia in alkaline media at standard conditions was determined. Electroplating was
the technique used for preparation of the electrodes. Within this context, the specific
objectives of this paper are:

1. Determine the most active (minimal overpotential and maximum exchange
current density) electrocatalyst for the electro-oxidation of ammonia in alkaline
media using carbon fiber paper (CFP) electrodes depicted in Figure 2.1.

2. Optimize the plating bath of the most active electrocatalyst as well as the total
catalytic loading based on geometrical surface area based on minimizing the
climatic ammonia oxidation overpotential and exchange current density.

3. Quantify and qualify the electrode surface composition and morphology using
scanning electron microscopy (SEM) and energy dispersive X-ray (EDX),

respectively.

2.3 Experimental/materials and methods
2.3.1 Experimental setup and procedure
All chemicals and supplies were high purity (>99.9%) and supplied from Alfa Aesar or

Fisher Scientific. A Solartron 1281 Multiplexer potentiostat was used for the
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electrochemical studies throughout this paper. Statistical electrode optimization was
accomplished using Stat-Ease Design Expert® 7.0. After studying the electrochemical
performance of the electrodes, their surface morphology and atomic compositions were
analyzed using a JEOL JSM-5300 SEM with a combined EDX from EDAX.
Experimental errors were calculated using equipment uncertainties through propagation

of error.

2.3.2 Electrode preparation

Figure 2.1 is a schematic representation of the electrodes used for this study.
Electrodes were prepared similar to those presented in Figure 1 of Boggs and Botte [2].
Ti foil (0.127 mm thick, 99.9% pure from Alfa Aesar) acted as the current collector. It
was cut with a pair of scissors so that a 2x2 cm® square was open. The remaining Ti on
the sides (0.8 cm) of the square acted as arms, which were bent in half vertically. A
sandwich-style packet 2.8 cm wide and 2 cm high containing two sheets of untreated
Toray TGP-H-030 carbon fiber paper (CFP) with Ti gauze (18 mesh 99.9% pure Alfa
Aesar) in between was placed in the square opening. Then, the half-vertically bent arms
were closed and pressed holding the carbon fiber paper/Ti gauze packet in. Cellophane
tape was used to mask the exposed Ti foil that is present in the plating bath. This was
done to ensure that only the 2x2 cm” CFP was being deposited on. The electrodes were
rinsed with acetone and HPLC-grade ultrapure water (Fisher Scientific). They were dried
in an oven, and the electrode weights were recorded. This allowed for catalyst loading

determination (electrode weight after plating minus electrode weight before plating).
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Titanium foil

0.127 mm thick Toray TGP-H-030 Completed CFP electrode
Annealed, 99.9% Untreated with Cellophane Mask
1 Carbon Fiber l

2cm
— Titanium gauze
2em 18 mesh

Annealed, 99.9% Cellophane

Figure 2.1: Schematic representation of electrodes used for this study. Titanium foil
was cut to shape and a sandwich of CFP and Ti gauze were added. The Ti foil was
then pressed enclosing the catalytic substrate sandwich. Titanium foil exposed to
plating solution was masked using cellophane tape.

2.3.3 Anode catalyst — Objective 1

Table 2.1 shows the eight mono, bi, and ternary catalyst plating conditions. The
concentration of each metal in the bath was 0.160 + 0.001 g L™". All of the salts were
99.99% pure from Alfa Aesar. Deposition potentials were experimentally determined
using cyclic voltammetry. The experiments were performed in the electrochemical cell
shown in Figure 2.2. All electrodes in this study were plated potentiostatically with this
same setup. A 2.5-cm stir bar at 60 rpm kept the bath solutions mixed during
experimentation minimizing concentration gradients. Koslow Scientific supplied the

Ag/AgCl reference electrode (+0.1999 V versus SHE) supported by a home-made Luggin

capillary and filled with its respective electrolyte. The tip of the Luggin capillary was
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placed 1 mm from the center of the working electrode. Platinum foil (0.01 cm thick,

99.999% pure from ESPI Metals) acted as the anode for plating except Ni. For plating

Ni, Ni foil (0.127 mm thick, 99.9%) from Alfa Aesar was utilized. The Ni electrode was

plated using the common Watts bath [22]. All of the plating solutions prepared for this

paper were solvated with ultrapure high performance liquid chromatography (HPLC)

water.
Table 2.1: Plating conditions for various metals
Metal Anode Electrolyte Salts Temperature  Plating Potential
(foil) (°C) (V versus Ag/AgCl)
Rh Pt 1 M HCI/HPLC RhCl; 3H,0 78 -0.12
Ru Pt I MHCVHPLC  RyCly3H,0 78 -0.12
Pt Pt 1 M HCI/HPLC H,PtCls 6H,0 78 -0.12
Pt-Ir Pt I MHCVHPLC g, ptCl 6H,0 78 -0.12
+ IrCl5;'3H,0
Ni Ni 0.5M NiSO, 7H,0 45 -0.80
B(OH);/HPLC
(OH)s + NiCl, 6H,0
RhPt Pt I MHCVHPLC  ppcly3H,0 + 78 -0.12
H,PtCls 6H,O
RuPt Pt I MHCVHPLC  Rpycly3H,0 + 78 -0.10
H,PtCls 6H,O
RhPtlr Pt I MHCVHPLC = ppcly3H,0 + 78 -0.11
H,PtCls 6H,O

+ IrCl5;'3H,0
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Luggin capillary 4x4 ¢cm? Pt foil anode
with reference electrode  p=— j ~

(Ag/AgCl) \

Working CFP ==,
electrode

<= Teflon-coated thermocouple

@) 5() mL beaker

= Electrolyte

Stir bar (60 rpm)
\l\ -

Figure 2.2: Electrochemical cell used for plating. Working and counter electrodes

were held 3 cm apart. Table 2 shows electrolyte used depending on which metal is

being deposited. Similar setup used for testing the electrodes in ammonia using a
solution of 5 M KOH and 1 M NH,OH.

2.3.4  Pt-Ir optimization matrix — Objective 2

A standard response surface methodology (RSM) with central composite design
(CCD) was the statistical design of experiments used for this process optimization. CCD
(shown in Figure 2.3) is a full factorial matrix at multiple levels that builds quadratic
models for the response variables without the need of a complete three-level experiment
and is the most common tool utilized for process optimization. The two responses of this
design are the climatic ammonia oxidation overpotential () and exchange current

density (i,) both of which can be obtained from cyclic voltammograms. Minimizing the
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overpotential will reduce the energy required for electrolysis and maximizing the

exchange current density will increase kinetics [23, 24].

Y High A
! High B
i High C
Low A ' A — Pt (IV) conc. (g/L)
Low B i B — Ir (III) cone. (g/L)
High C : "'“---': C — Pt-Ir loading (mg/cm?)
E o Factorial points - 8
" Axial points - 6
/A,>‘ O Center points - 6
Ve High A
V i High B
! Low C
Low A E

iow E Low A C A
ow High B
% Low C
B

Figure 2.3: Schematic representation of statistical approach used for optimization.
Central composite circumscribed (CCC) was the type of CCD used. Each corner of
the square represents full factorial points. Stars represent axial points determined
as a function of alpha. The central circle represents the six central points which are
all at the same conditions making the system more robust [26].
Figure 2.4 shows how these two electrochemical characteristics are obtained from
cyclic voltammetry. The overpotentials were obtained versus Hg/HgO accounting for 5
M KOH. The exchange current densities were obtained from the intercept of the Tafel

plots (log current versus overpotential) taken from the forward scan of the oxidation of

ammonia peak.
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Figure 2.4: Methodology for analyzing ammonia oxidation overpotentials and
exchange current densities using a cyclic voltammogram.

Pt (IV) concentration (g L"), Ir (III) concentration (g L"), and electro-catalyst
loading (mg cm™) were the three factors optimized. A schematic representation of CCD
is shown in Fig. 2.3. In addition to the typical “high” and “low” levels for test matrices,
CCD uses a middle and two axial levels outside the “high” and “low” conditions. The
experimental matrix is shown in Table 2.2. These levels were chosen based on prior
knowledge of plating bath conditions and loadings [2, 7, 8]. The experiments were
conducted over a two-day period in two blocks. Randomization was used to ensure any
systematic effects that may have been present were transformed into experimental noise.
Twelve runs (eight factorial points and 4 central points) occurred on Day 1. The
remaining eight runs (six axial points plus 2 more central points) were held on Day 2.

Axial points were chosen using a preset “alpha” of 1.41421 allowing the system to
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remain rotatable. A rotatable system refers to the ability to rotate the design points about

the center point and the moments of distribution of the design remain unchanged [25,

26].

Table 2.2: Pt-Ir CCD experimental matrix

Factor Units Low level (-1) High level (+1)
A-Pt(IV) gL’ 3.200 12.000
concentration (£0.001)
B-Ir(m)y gL' 3.200 12.000
concentration (£0.001)
C-PtIr mg cm® 5.5 20.0
Loading (£0.1)
Electrode Block Type Bath  Factor

Id A B C
1 Day 1 Factorial 1 3.200 3200 5.5
2 Day 1 Factorial 2 12.000 3.200 5.5
3 Day 1 Factorial 3 3.200 12.000 5.5
4 Day 1 Factorial 4 12.000  12.000 5.5
5 Day 1 Center 5 7.600 7.600 12.8
6 Day 2 Axial 6 0.200 7.600 12.8
7 Day 2 Axial 7 15.000 7.600 12.8
8 Day 2 Axial 8 7.600 0.200 12.8
9 Day 2 Axial 9 7.600 15.000 12.8
10 Day 1 Factorial 1 3.200 3.200 20.0
11 Day 1 Factorial 2 12.000 3.200 20.0
12 Day 1 Factorial 3 3.200 12.000 20.0
13 Day 1 Factorial 4 12.000  12.000 20.0
14 Day 1 Center 5 7.600 7.600 12.8
15 Day 1 Center 5 7.600 7.600 12.8
16 Day 1 Center 5 7.600 7.600 12.8
17 Day 2 Axial 5 7.600 7.600 0.6
18 Day 2 Axial 5 7.600 7.600 249
19 Day 2 Center 5 7.600 7.600 12.8
20 Day 2 Center 5 7.600 7.600 12.8
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2.4 Results and discussion
2.4.1 Active electrode geometric surface area

Figure 2.5 shows (a) a 3D image and (b) surface-depth analysis of the untreated
Toray TGP-H-030 CFP chosen as catalytic support. In addition to its low cost and great
physical properties, this substrate has a high ratio of surface area to volume and has
exhibited minimal reactivity to a large range of operating conditions. These profiles were
captured using an InfiniteFocus Light Microscope by Alicona. SEM imaging (c) shows
that Pt-Ir deposits on both sides of the CFP support suggesting that total catalytic active
area is 4 cm x 2 cm from the two exposed 2 cm x 2 cm sheets of CFP. See Figure 1 for

reference. This area was used for current density and catalytic loading calculations.
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Figure 2.5: Catalytic substrate analysis. (a) 3D surface image showing different
surface heights echoed in the surface profile plot (b). (c) shows that metallic
deposits occur completely throughout the CFP as well as the exposed surfaces.
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2.4.2 Possible electro-catalysts for ammonia oxidation
Figure 2.6 shows cyclic voltammograms of possible electro-catalyst candidates
for ammonia oxidation in alkaline media. Eight metals/combinations were studied.
Carbon fiber paper electrodes shown in Fig. 2.1 were deposited with each respective
metal/combination using the process parameters shown in Table 2.1. Electrodes were
plated with 20 + 0.1 mg. At first glance, Pt-Ir offers the largest exchange current density

and second smallest ammonia oxidation overpotential based on Fig. 2.6.

0.12 ~

0.10 A

0.08

0.06

0.04 ~

0.02 ~

Current density (A cm?)

0.00 ~

-0.02 A

-0.04

'0 .06 T T I I I T T T T T
-0.90 -0.80 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10 000 0.10 020
Voltage (V) versus Hg/HgO

Figure 2.6: Anode metal comparison with cyclic voltammetry at 5 mV s™ and 25°C.
A 16 cm? Ni-foil counter electrode was used. Pt-Ir exhibited the best
electrochemical behavior for oxidizing ammonia based on the criteria of minimizing
ammonia oxidation overpotential and maximizing the Tafel slope.
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Table 2.3 lists the metal/combinations along with their ammonia oxidation

overpotentials versus Hg/HgO and exchange current densities. Ni-only, Rh-only, and
Ru-only did not show signs of oxidizing ammonia which is echoed by Ge and Johnson
[18] and Moran et al. [19]. In terms of minimizing the ammonia oxidation overpotential,
catalyst selection is ranked as follows Pt-Ir-Rh > Pt-Ru > Pt-Rh > Pt-Ir > Pt. With
regards to maximizing the exchange current density, the ranking is Pt-Ir > Pt-Rh > Pt >
Pt-Ir-Rh > Pt-Ru. Due to the large exchange current density and average oxidation
overpotential, Pt-Ir was chosen as the most active and suitable electrocatalyst to further

optimize.

Table 2.3: Anodic metal comparison for the electro-oxidation of ammonia in
alkaline media
Catalyst n (mV) i, (mA cm™)
vs SHE  (£0.1)

(£0.1)
Rh 738.4 0.4
Ru 749.4 0.3
Pt 498.6 6.2
Ni 698.1 0.3
Pt-Ir 394.9 9.3
Pt-Rh 455.1 7.4
Pt-Ru 440.6 1.0

Pt-Ir-Rh  366.0 2.5

2.4.3 Pt-Ir plating bath optimization
The experimental matrix in Table 2.2 yielded nine different plating bath
compositions in terms of Pt (IV) and Ir (III) concentrations. Figure 2.7 shows plating

bath characterization by cyclic voltammetry for each of the nine different baths in order



34
to obtain a constant plating potential for the study. Based on the results of Fig. 2.7,
electrodes for Pt-Ir optimization were plated at a constant plating potential of -0.12 V
versus Ag/AgCl. New baths were prepared for each of the twenty electrodes in Table 2.2

to ensure Pt (IV) and Ir (IIT) concentration changes did not affect deposition behavior.

02 trrrrtrrr
- 02gLiPt:7.6gLIr 32gL1Pt:32gL1k ]
0.0 + = 2
[ Tog I P 028! I
02 1 32gL!Pt: 120gL1Ir 1
<-04 112011 Pt: 12.0 g L Ir 150gL Pt 7.6 gL Ir
=-0.6 - 1 Dy 14 1.7 —+
G- PREE-ERTOEL=ET P 76gL1Pt150gL I ]
08 T 120gL1P:32gL1Ir T
C Plating Potential ]
-1.0 il -0.12V vs 1
r Ag/AgCl 1
-1.2 IR ety i
050  -040  -030  -020  -0.10 0.00 0.10 0.20

Voltage (V) vs Ag/AgCl

Figure 2.7: Plating potential characterization for Pt-1r optimization experimental
matrix. Cyclic voltammetry was used with a voltage scan rate of 5 mV/s. The
solutions were stirred at 60 rpm and temperature controlled at 78°C. A 16 cm? Pt
foil was used for the anode.

Table 2.4 shows the overpotential and exchange current densities for the design
matrix. Also included are the atomic compositions of Pt and Ir. Plating bath efficiencies

were calculated based on the atomic composition of Pt.
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Table 2.4: Experimental matrix results including atomic surface compositions and
plating efficiencies

Electrode Factors Climatic i, (mA Atomic Plating
n (mV) cm™) Composition efficiency
vs SHE (£0.1) (%) N (%)
(£0.1) (£0.2) (£0.4)

A B C Pt Ir

1 3200 3200 55 7274 0.8 674 335 50.1

2 12.000 3.200 5.5 3874 6.0 744 264  60.5

3 3.200 12.000 5.5  457.7 1.2 537 479 346

4 12.000 12.000 5.5  587.0 1.6 553 458 333

5 7.600 7.600 12.8 831.3 7.6 78.0 224 853

6 0.200 7.600 12.8 625.8 1.0 40.1 60.6  26.1

7 15.000 7.600 12.8 872.8 9.9 64.7 36.7 443

8 7.600 0.200 12.8 819.1 24 729 28.1 60.4

9 7.600 15.000 12.8 685.0 2.6 69.6 312  51.0

10 3.200 3.200 20.8 723.7 5.1 759 256 644

11 12.000 3.200 20.8 809.6 9.4 70.1 304 521

12 3.200 12.000 20.0 677.7 2.5 574 438 463

13 12.000 12.000 20.0 754.9 4.4 564 447 429

14 7.600 7.600 12.8 6979 2.0 51.8 49.6 434

15 7.600 7.600 12.8 741.3 3.5 61.1 39.1 51.8

16 7.60 7.600 12.8 7304 1.5 774 23.0 61.7

17 7.60 7.600 0.6  649.7 0.1 654 350 48.0

18 7.60 7.600 249 7124 3.9 60.7 408 43.6

19 7.60 7.600 12.8 679.5 1.3 68.8 324 628

20 7.60 7.600 12.8 680.4 1.7 61.1 392 457

The atomic composition of Pt and the plating efficiency are a function of one another.
This is verified in Fig. 2.8 which shows that the plating efficiency is higher with
proportional increase in the atomic composition of Pt. Also, there is a proportional trend
between the ammonia oxidation overpotential and the loading. Similarly, an increase in
surface composition of Pt leads to an increase in exchange current densities while an
increase in Ir surface composition decreases the ammonia oxidation overpotential. Based

on these tradeoffs, optimization of the bath is necessary.
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Figure 2.8: As the Pt atomic composition of the electrode increases, so does the
plating efficiency. This is based on Pt only suggesting that the deposition of Ir
decreases the plating efficiency.

Energy dispersive x-ray spectroscopy was used for each electrode as well. EDX
confirmed that Pt-Ir bimetallic alloy had been plated on each electrode. Figure 2.9 (a)
shows spectrum plots of Electrode 2 before and after depositing Pt-Ir. Figure 2.9 (b)
shows EDX color mapping of the electrode elements present as well as elemental

distribution.
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Figure 2.9: Energy dispersive x-ray spectroscopy. Working distance 10 mm, dead

time 20%o: (a) spectrum plot of Pt-Ir electrodes before and after plating; (b) color
mapping showing elemental distribution of the electrode's surface.
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Using the response data in Table 2.4 in Stat-Ease Design Expert” 7.0, statistical
models for each response were generated. Equation 5 is the linear response model for the
oxidation of ammonia overpotential. Equation 6 is the quadratic model response for the
exchange current density of Pt-Ir in alkaline ammonia electrolysis. A is the Pt(IV)
concentration (g L), B is the Ir(II) concentration (g L), and C is the catalytic loading

(mg cm™) of Pt-Ir. Table 2.5 shows ANOVA analysis for both responses.

Table 2.5: ANOVA results for the system responses. Both models suggested are
significant according to a 95% confidence interval.
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Response Source p-value Comment
(Prob > F)
Climatic n (mV) vs SHE ~ Model 0.0002 Significant

A - Pt conc. 0.0002
B - Ir conc. 0.0024
C—-Loading  0.3032
Lack of Fit 0.9399 Not significant

i, (MA cm™) Model 0.0124 Significant
A-Pt conc. 0.0646
B —Ir conc. 0.0204
C—Loading  0.0442

AB 0.0417
AC 0.0143
BC 0.2857

Lack of Fit 0.0706 Not significant

My = 0.65+0.056A—0.042B +0.013C (5)
i, =3.42—0.31A—0.89B +0.53C —0.73AB — 2.45AC +0.97BC (6)

Figure 2.10 (a) shows the evenly distributed normalized residual plot for ammonia
oxidation overpotential, and (b) shows residual plot for the exchange current densities.
Using the optimization software described by Myers [24], each response yielded the
optimum plating process parameters. An overall process desirability of 0.690 was
achieved for minimizing ammonia oxidation overpotential and maximizing exchange
current density of ammonia electrolysis. Stat-Ease® combines individual response
desirabilities into one process desirability. A value of 1.000 indicates an ideal case.
Optimized process parameters are summarized in Table 2.6. Figure 2.11 is a 3D plot of

the optimized process parameters as a function of desirability.
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Figure 2.10: Normal probability plots for experimental matrix factors: (a) climatic
ammonia oxidation overpotential; (b) ammonia oxidation Tafel slope. The data
points are approximately linear indicating desired normality in the error term.
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Figure 2.11: 3D response surface plot at a catalytic loading of 5.5 + 0.1 mg cm™.
Optimization of the plating process parameters indicate that plating bath of 8.844
+0.001 g L™ Pt (1V) and 3.20 + 0.001 g L™ Ir (111) should be used to obtain a minimal

ammonia oxidation overpotential and maximum Tafel slope.

Table 2.6: Numerically optimized process conditions for plating CFP anodes based

on desirability.

Pt(gL") Ir(gL™)
(+0.001)  (+0.001)

Loading n(mV)V i, (mA cm”)  Desirability
(mg cm?) SHE (£0.1)
(£0.1) (£0.1)

8.844

4.112

5.5 682.4 5.1 0.690
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2.5 Conclusions
Pt-Ir as an anode catalyst is the most suitable material for oxidizing ammonia in
alkaline media. The concentrations of the Pt-Ir plating bath play a major role in the
electrochemical behavior of oxidizing ammonia as well as the overall catalytic loading.
These factors have been optimized for producing electrodes that will electrolyze
ammonia with the lowest ammonia electrooxidation overpotential and largest exchange
current density. Optimized process parameters are summarized in Table 6. As a result,
lower energy is consumed during electrolysis and faster kinetics is accomplished. It is
recommended that a narrower Pt-Ir loading window between 0.1 and 5 mg cm™ be

optimized using the optimized plating bath conditions found Table 6.



42
2.6 References

[1] G. Thomas, G. Parks. Potential roles of ammonia in a hydrogen economy: A study of
issues related to the use of ammonia for on-board vehicular hydrogen storage. U.S.
Department of Energy (2006).

[2] B.K. Boggs, G.G. Botte. J. Power Sources 192 (2009).

[3] F. Vitse, M. Cooper, G.G. Botte. J. Power Sources 142 (2005).

[4] G. G. Botte, F. Vitse, M. Cooper, Electrocatalysts for the Oxidation of Ammonia and
Their Application to Hydrogen Production, Fuel Cells, Sensors, and Purification
Processes, US Patent 7,485,211, (2004).

[5] S. Satyapal, J. Petrovic, C. Read, G. Thomas, G. Ordaz. Catal. Today 120 (2007).

[6] S.T.Mirabal, H.A. Ingley, N. Goel and Y. Goswami. Int. J. Power Energy Syst 24
(2004).

[7] M. Cooper, G.G. Botte. J. Mater. Sci. 41 (2006).

[8] E. Bonnin, E. Biddinger, G.G. Botte. J. Power Sources 182 (2008).

[9] C. Alfafara, T. Kwawmori, N. Nomura, M. Matsumura. J. Chem. Technol.
Biotechnol. 79 (2004).

[10] D.C. Bouchard, M K. Williams, R.Y. Surampalli. J. Am. Water Works Assn. 84
(1992).

[11] A.F. Bouwman, D.S. Lee, W.A.H. Asman, F.J. Dentener. Global Biogeochem.
Cycles 11 (1997).

[12] K. Vijayaraghavan, D. Ahmad, R. Lesa. Ind. Eng. Chem. Res. 45 (2006).

[13] L. Shao, P. He, J. Xue, G. Li. Water Sci. Technol. 53 (2006).

[14] L. Szpyrkowicz, S. N. Kaul, R. N. Neti, S. Satyanarayan. Water Res. 39 (2005).

[15] A.G. Vlyssides, P.K. Karlis, N. Rori, A.A. Zorpas. J. Hazard. Mater. 95 (2002).

[16] J.J. Hwang, D.Y. Wang, N.C. Shih. J. Power Sources 141 (2005).

[17] M.W. Melaina. Int. J. Hydrogen Energy 28 (2003).

[18] J.S. Ge, D.C. Johnson. J. Electrochem. Soc. 142 (1995).

[19] E. Moran, C. Cattaneo, H. Mishima, B.A. Lépez de. J. Solid State Electrochem. 12
(2008).

[20] K. Endo, Y. Katayama, T. Miura. Electrochim. Acta 50 (2005).

[21] K. Endo, K. Nakamura, Y. Katayama, T. Miura. Electrochim. Acta 49 (2004).

[22] J.P. Hoare. J. Electrochem. Soc. 133 (1986).

[23] P.T. Kissinger, W.R. Heineman, Laboratory Techniques in Electroanalytical
Chemistry, 2nd ed., Marcel Dekker Inc., New York, NY, 1984.

[24] C.M.A. Brett, A.M.O. Brett, Electrochemistry: Principles, Methods, and
Applications. Oxford, 1993.

[25] M.J. Anderson, P.J. Whitcomb, RSM Simplified: Optimizing Processes Using
Response Surface Methodology for Design of Experiments. Productivity Press, New
York, NY, 2005.

[26] R.H. Myers, Response Surface Methodology. Allyn and Bacon Inc., Boston , MA,
1971.



43
CHAPTER 3.
ON-BOARD HYDROGEN STORAGE AND PRODUCTION: AN APPLICATION

OF AMMONIA ELECTROLYSIS

It should be noted that the contents of this chapter are published in a peer-
reviewed journal: B.K. Boggs and G.G. Botte, J. Power Sources, 192, 2, p. 573-581

(2009).

3.1  Abstract

On-board hydrogen storage and production via ammonia electrolysis was evaluated to
determine whether the process was feasible using galvanostatic studies between an
ammonia electrolytic cell (AEC) and a breathable proton exchange membrane fuel cell
(PEMFC). Hydrogen-dense liquid ammonia stored at ambient temperature and pressure
is an excellent source for hydrogen storage. This hydrogen is released from ammonia
through electrolysis, which theoretically consumes 95% less energy than water
electrolysis; 1.55 Wh per gram of H; is required for ammonia electrolysis and 33 Wh per
gram of H, for water electrolysis. An ammonia electrolytic cell (AEC), comprised of
carbon fiber paper (CFP) electrodes supported by Ti foil and deposited with Pt-Ir, was
designed and constructed for electrolyzing an alkaline ammonia solution. Hydrogen from
the cathode compartment of the AEC was fed to a polymer exchange membrane fuel cell

(PEMFC). In terms of electric energy, input to the AEC was less than the output from
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the PEMFC vyielding net electrical energies as high as 9.7 + 1.1 Wh g H, while

maintaining H, production equivalent to consumption.

3.2 Introduction
3.2.1 On-board hydrogen production

Interest in hydrogen fuel-cell vehicles (HFCVs) has been increasing in popularity
over the past decade. This is primarily a result of the shrinking oil reserves which are
expected to last only 42 years as of 1998 [1]. HFCVs have also found a niche in the
environmental and political fields because they offer a solution for eliminating the
harmful air pollutants generated by internal combustion engines (ICEs) such as nitrogen
oxides (NOy), volatile organic compounds (VOCs), carbon dioxide (CO,), and sulfur
dioxide (SO;) [2-4]. In addition to being environmentally friendly, HFCVs are quiet and
convert 50-60% of the energy available in hydrogen to power the automobile rather than
the 20-30% efficiency of today’s hydrocarbon-dependent vehicles [5, 6].

A hydrogen future is not only driven by the transportation sector but as a
movement for reducing oil imports in general and eliminating the dependence on
petroleum for daily energy production. HFCVs as personal transportation vehicles are
believed to be the best alternative. They have high efficiencies, emit no harmful
pollutants, and can operate in cold temperatures unlike battery-powered vehicles (BPVs)
[7, 8]. However, storing enough hydrogen that allows a fuel-cell vehicle to travel the
same range as today’s ICEs between refueling is proving difficult and delaying the

commercialization and market approval of HFCVs. Compared to gasoline, hydrogen has
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2.7 times more energy content based on weight However, due to its tremendously low
density, hydrogen has 25% less energy content than gasoline when based on volume [9].
Because of this, there is no storage technology currently available that allows a vehicle to
travel the average 482-km range that today’s internal combustion engines obtain [10].
As a result, research on producing hydrogen on board has accelerated. Generating
hydrogen on board in a manner that does not produce air pollutants and requires the small
amount of energy available from renewable sources is the definite long-term solution [3].

This is where in situ ammonia electrolysis enters the picture.

3.2.2 Ammonia and electrolysis

Liquid ammonia is a non-carbon containing hydrogen-dense (17.6 wt.%) fuel that
can be stored at ambient temperature and pressure [11]. Theoretically, ammonia
electrolysis requires 95% less energy than water electrolysis (1.55 Wh g”' H, versus 33
Wh g H,). In fact, Vitse et al. state that hydrogen produced from the electrolysis of
ammonia costs $0.89 per kg of H, opposed to $7.10 per kg of H, from water electrolysis.
These numbers were based on an ammonia cost of $275 per ton and a solar energy cost of
$0.214 per kWh [12]. This low cost is single-handedly a result of the low energy
consumption of ammonia electrolysis. The U.S. Department of Energy’s (DOE’s)
targeted cost of hydrogen for 2015, per kg of hydrogen or gallon of gasoline equivalent
(gge), is $2-3 [10]. Ammonia electrolysis has other uses besides generating hydrogen for
mobile applications such as nitrate desalination at domestic wastewater treatment plants,

electrochemical sensors, and for the production of nitrogen [12-14].
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2NH,(aq) + 60H™ — N_(g)+6H 0 +6¢” (1)
6H,0+6e" — 3H_(g)+60H" )
2NH,(aq) —> N,(9)+3H,(9) (3)

At the anode (Eqn. 1), ammonia is electro-oxidized and has a potential of -0.77 V
versus standard hydrogen electrode (SHE). Alkaline reduction of water occurs on the
cathode and requires -0.83 V versus SHE. Overall, Eqn. 3, 0.06 V are required. This
makes ammonia electrolysis attractive for producing hydrogen when comparing the
required 1.23 V for water electrolysis according to the thermodynamics at standard
conditions [12].

There is criticism when discussing the possibilities of using ammonia as a source
of hydrogen storage that is echoed in the DOE position paper that discusses the use of
ammonia for onboard storage. This DOE paper only discusses the feasibility of ammonia
thermal cracking rather than other novel ammonia-hydrogen technologies such as
electrolysis. Cracking ammonia requires temperatures greater than 500°C, ammonia
purification equipment to prevent ammonia poisoning of fuel cells, and a complex system
[11]. Alkaline fuel cells (AFCs) could use the ammonia-doped hydrogen reducing the
threat of poisoning, but these fuel cells require operating temperatures ranging from 65°C
to 220°C [15]; as a result, the overall energy requirements increase. On the other hand,
ammonia electrolysis and the hydrogen-air polymer exchange membrane fuel cell
(PEMFC) process requires ambient temperature and pressure. Also, little or no ammonia
purification equipment for the fuel cell is required because the cathode side of the AEC

(where H; is generated) only needs to be in contact with KOH.
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Another criticism is the availability of ammonia. According to the DOE,
ammonia has been produced for more than 100 years economically using the Haber-
Bosch process. Also, there are more than 4,800 km of ammonia distribution pipelines
that spreads over much of central U.S. allowing distribution costs of ammonia to be
similar to liquid petroleum gasoline (LPG) distribution costs [11]. Even more
convincing, nearly 54 million metric tons of gas-phase ammonia is emitted into the
atmosphere world wide annually. Major sources include domestic animal excreta
(40.2%), synthetic fertilizers (16.7%), oceans (15.2%), burning of biomass (10.9%),
crops (6.7%), human excreta (4.8%), soils under vegetation (4.4%), and industrial
processes (0.6%) [16]. It’s safe to assume, especially for the excreta sources, that the
liquid-phase ammonia, which is generating much of the gas, is higher in concentration.
According to McCubbin et al., gas-phase ammonia emissions contribute to the formation
of ammonium nitrate and sulfate. They found that these particulate emissions can result
in a variety of health problems including: asthma attacks, chronic bronchitis, and even
premature mortality and suggested that a 10% reduction in ammonia emissions would
save $4 billion dollars in health costs each year [17]. Moreover, nitrate contamination of
groundwater is largely due to liquid-phase ammonia emissions from both human and
animal excreta. Too much exposure to nitrates can lead to methemoglobinemia, which
prevents the transport of oxygen by the blood. As a result, the U.S. Environmental
Protection Agency (EPA) has limited the nitrate contamination level in drinking water to

10 mg L. This is believed to be a pandemic and remediation costs are high [18].
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Basakcilardan-Kabakci et al. [19] has demonstrated that 97% of ammonia present
in urine can be captured through stripping and absorption. Even more promising, urea
present in urine is easily hydrolyzed to ammonium increasing the amount of ammonia
present in urine. Moreover, naturally occurring enzymes called urease decomposes urea
to ammonia by the following reaction [20]:
NH,(CO)NH, +2H,0 — NH, + NH, + HCO; 4)
Utilizing this free ammonia as hydrogen storage, results in an estimated $0.33 per
kg of H, theoretically; this does not include the stripping and absorption equipment used
to capture the ammonia. Essentially, ammonia can be called a biofuel. It’s difficult to
compare to other biofuels such as ethanol because the sewer-to-ammonia-to-wheel
efficiency is much higher than the ammonia-to-fertilizer-to-corn-to-ethanol-to-wheel
cycle that ethanol faces. Plus, ethanol-combusting vehicles emit the same air pollutants
as today’s automobiles and depend heavily on climate conditions [21].
Thermodynamically for one gram of H,, ammonia electrolysis consumes 1.55 W
h. For this same gram of H,, a PEMFC, which is the reverse reaction of water
electrolysis, generates 33 Wh. After sending 1.55 Wh back to the AEC from the
PEMFC, making the system self sustaining, there is potential for a net energy of 31.45
Wh that can be used to recharge the batteries used for system start-up, to power a motor,
or for any other applications. However, PEMFCs have efficiencies that range from 50-
60% [5, 6]. Additionally, ammonia is converted to hydrogen with 100% Faradaic
efficiency, but kinetic problems creating large ammonia oxidation overpotentials exist

[12].
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The focus of this paper is on-board hydrogen production with in situ ammonia

electrolysis. The goal is to determine whether or not using liquid-ammonia as hydrogen

storage and electrolyzing it to obtain the hydrogen is a viable hydrogen storage

technology compared to the 2010 technical targets set forth by the DOE [10]. Within this

context, there are three objectives:

1.

33

3.3.

Develop an anode and cathode for the AEC. The Electrochemical Engineering
Research Laboratory (EERL) at Ohio University, has demonstrated that combinations
of Pt and Ir minimized the overpotential of the electro-oxidation of ammonia resulting
in a decrease in power consumption during electrolysis compared to other metals such
as Ru, Rh, Ni, and combinations thereof [12, 22, 23].

Design and construct a static alkaline ammonia electrolytic cell. An AEC, that
separates hydrogen from the cathode from the nitrogen generated at the anode, was
constructed.

Determine the feasibility of using ammonia for on-board vehicular hydrogen storage.
Synergistic analysis was performed on the AEC and PEMFC. This was carried out
using polarization techniques allowing for energy consumption and generation data to

be obtained.

Experimental/materials and methods
1 Electrode preparation

Figure 3.1 shows the schematic diagram for the preparation of the electrodes. The

anode and cathode base were 3.7 cm x 4.7 cm 18 mesh titanium gauze (0.28 mm

diameter wire and 100% purity from Alfa Aesar). Ti gauze served as the current
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collector for the untreated Toray TGP-H-030 (0.11 um thick and 80% porosity) carbon
fiber paper (CFP) catalytic substrate. The gauze and CFP were supported with titanium
foil (0.127 mm thick, annealed, and 99% purity from Alfa Aesar). Titanium was chosen
due to its chemical resistance to the acidic environment present during electroplating and

the alkaline electrolyte used for testing.

Ti foil electrode coupon 18 mesh Ti gauze 0.28 mm Ti/CFP electrode ready for
0.127 mm thick, annealed 99% diameter wire, 100 % Purity plating
6 cm
0.7 cm 6 cm
R —
4.2 ch ﬁ.? cm| |:>
3.7 cm 37 cm
—»
51 em Toray TGP-H-030 CFP: 3. Pla;e the EgaUZfef(l?FP
: acket on the Ti foi
1. Cut out the coupon from 0.11 pm thick and 80% P
placeholders.

the titanium foil sheet. porosity
2.Bend a 90° geam in the

middle of the coupon

placeholders on the left

and right sides.

Figure 3.1: Schematic representation of the procedure used for the preparation of
the carbon fiber paper electrodes. Titanium foil was used as the Ti gauze and CFP
support. Ti gauze was used as the current collector to increase the electronic
conductivity of the carbon fiber paper.

4. Press firmly.
5. Rinse with acetone.

Ti gauze was placed between two 3.7 cm x 4.7 cm sheets of CFP. Then, the
electrodes were pressed and rinsed with acetone to remove any greasy compounds that

may have formed during construction. Overall, the active catalytic surface area for each
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electrode was 27.4 cm®. Finally, the electrodes were dried and weighed before and after
electroplating to determine the catalytic loadings.

Electroplating was carried out in a 250 mL beaker that contained 1 M HCI (99.5%
pure 6 N from Fisher Scientific) solvated with high performance liquid chromatography
(HPLC) water from Alfa Aesar. This solution was temperature controlled at 78°C with
constant stirring at 60 rpm using a 2.5 cm magnetic stir bar. The platinum and iridium
salts were dihydrogen hexachloroplatinate (IV) (H,PtClg:6H,O — 38% Pt) and iridium
chloride (IrCls — 55% Ir) from Alfa Aesar, respectively. The purity of both salts was
99.9% (metal basis). Salt concentrations were 2.4 g L' HyPtClg and 4.8 g L' IrCl;. The
anode was 4 cm x 4 cm Pt foil (0.102 mm thick 99.95% from ESPI Metals).

The potentiostatic voltage used for plating Pt-Ir was -0.077 V versus Ag/AgCl. It
took 1.6 hours to deposit 339.4 + 0.1 mg of Pt-Ir alloy on the anode yielding an average
Faradaic plating efficiency of 13.4% based on Pt only since Ir is extremely difficult to
deposit alone. Similarly, it took 1.7 hours to deposit 355.2 + 0.1 mg on the cathode with
a 12.6% plating efficiency.

Figure 3.2 shows scanning electron microscopy (SEM) images of the CFP before
plating and anode and cathode CFP after plating. The electrocatalyst loading per mg of
geometric surface area was chosen based on the point before the Pt-Ir alloy particles
begin to agglomerate and diminish surface area. Figure 3.2a is the CFP before plating,
Figure 3.2b is the anode after plating and after characterizing in ammonia solution (this
explains why some of the Pt-Ir deposit has come off in the micro-image), and Figure 3.2¢

is the cathode after plating and testing. On average, the particles ranged between 200-
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300 nm in diameter according to SEM. When electroplating the bimetallic Pt-Ir alloy,
the following reductions occur and based on these reduction potentials, iridium can be
deposited along with platinum [24, 25]. E’ is referenced to standard hydrogen electrode
(SHE):

PtCl. (aq) +4e~ — Pt(s)+6Cl (aq) E° =0.744V (5)

Ir”(aq)+3e” — Ir(s) E°=1.156V (6)

Figure 3.2: Scanning electron photomicrographs. Magnification 750X, voltage: 15
kV: (a) Toray TGP-H-030 CFP before plating; (b) anode after plating; (c) cathode
after plating



53
The optimum loading of Pt-Ir on this CFP for the electrolysis of ammonia is
currently being investigated at the EERL. For the purposes of this paper, 12.4 mg cm™ is

an adequate loading ensuring low energy consumption of the AEC.

3.3.2 Ammonia electrolytic cell design and construction

A sandwich configuration was used for the AEC. Fig. 3.3 shows the details of the
cell design. Main components of the cell are: cast acrylic endplates, ethylene propylene
diene monomer (EPDM) rubber gaskets, membrane, and Ti/CFP anode and cathode.
These materials were chosen based on their chemical resistance to the alkaline electrolyte

present during electrolysis.

Figure 3.3: Schematic representation of the ammonia electrolytic cell (AEC). A
sandwich configuration was used, and the parts include: 6-32 stainless steel screws
and nuts (A), acrylic plates (B and K), hollow acrylic rods (C and L), ethylene
propylene diene monomer (EPDM) gaskets (D, F, H, and J), working and counter
electrodes (E and 1), and gas separator (G). The channels machined in the acrylic
endplates, for both gas collection and holding the cell together using the stainless
steel screws, are 0.32 cm in diameter. All dimensions shown are given in cm.
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Cast acrylic plates (11 cm x 13 ecm and 0.95 c¢m thick) and 0.32 ¢cm thick EPDM

(47 cm x 4.7 cm) were purchased from McMaster-Carr. A hydrophilic Teflon
membrane from W.L. Gore Associates was used as the gas separator. The electrolytic
cell was made of a sandwich configuration with the two acrylic endplates holding the
electrode/gasket/membrane assembly between them. The cell was tightened ensuring no
leaks using stainless steel screw and nuts. Channels (3.175 mm in diameter) were
machined at the top of the endplates for the gases to be collected. Also, 8 holes (3.175
mm in diameter) were drilled around the perimeter of the endplates for the stainless steel
screws. Since this is a static configuration, there were intermediate bubbles exiting the

endplates rather than a continuous flow that a PEMFC desires.

3.3.3 AEC and PEMFC integration study
In order to determine the feasibility of in situ ammonia electrolysis as an on-board
hydrogen generating technology, a synergistic analysis of the AEC and PEMFC was

required. Figure 3.4 shows a schematic representation of the integration experiment.
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Figure 3.4: Schematic diagram of the AEC-PEMFC integration set-up. All
integration experiments were performed with this configuration.

Gas collection columns, which can be seen on the AEC in Fig. 3.4, were added to

both compartments which displace water to the top as the gases exit the AEC; this also

pressurizes both compartments equally which allowed the gas to leave the AEC easier.

Only one milliliter of hydrogen was required for storage creating a small hydrostatic

pressure that helps keep a continuous flow of hydrogen entering the fuel cell. The study

was performed using a multi-channel Arbin cycler BT2000. An electrolyte consisting of

5 M KOH was added to the cathode side of the AEC while a solution of 1 M NH4OH and

5 M KOH was added to the anode. An air-breathable 4 W 5-cell PEMFC from Parker

was used.
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Before testing, the PEMFC needed to be purged of any air [27]. In order to
accomplish this, a simple two-way valve (McMaster-Carr) placed on the hydrogen outlet
of the PEMFC was closed. Then, 500 mA was applied to the AEC until 12 mL of
hydrogen was produced (10 mL in the gas collection cylinder + 2 mL in the tubing
connecting the hydrogen-side of the AEC to the PEMFC). The hydrogen-outlet valve
was then reopened purging any air that may have been present in the H, gas collection
column and PEMFC. Then, the valve was closed again making the proceeding tests dead
ended.

For characterizing the PEMFC at various loads to obtain hydrogen consumption
rates, 500 mA was applied to the AEC until 12 mL of hydrogen was produced and stored.
Then the AEC was shut off. Amperic loads ranging from 100 mA to 400 mA in 50 mA
increments were applied to the PEMFC individually to determine the hydrogen
consumption rate (mL min™). Faraday’s Law was then used to determine the AEC
currents required to generate hydrogen at the same rate of consumption [28]:

MIt
m=—
nF

(7

Where M is the molecular weight of hydrogen, I is the applied current, t is the
time over which the experiment is conducted, n is the number of electrons transferred,
and F is the Faradaic constant (96,485 C). Fortunately, ammonia electrolysis has a 100%
Faradaic efficiency [12]. So, the currents predicted from Faraday’s Law were tested
while simultaneously applying the respective loads to the fuel cell to determine if the

system could produce hydrogen at the same rate it was consumed. Experiments were

performed at 25°C and 1 atm. Cell potentials for both the AEC and PEMFC were
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recorded automatically by the potentiostat attaining electric energy consumption and

generation data. Based on these data, the feasibility of net energy was determined.

3.4 Results and discussion
3.4.1 Integration analyses

Figure 3.5 shows the hydrogen consumption rates of the 4 W PEMFC at various
loads. The error bars shown were calculated using propagation of error based on the
experimental uncertainties of the instrumentation and glassware used.

At a 400 mA load, transport losses dominated. It’s important to note that the
operating pressure of the hydrogen for the setup in Fig. 3.4 was atmospheric and less than
the manufacturer’s suggested 0.14 atm. Table 3.1 shows the AEC currents required to

maintain hydrogen production equivalent to consumption by the PEMFC.



58

—
e}

t

— — —_— —
N @)} [ere) S \9] BN (@)
| | | | | | |

[\)
|
2 2]
-

Hydrogen Consumption Rate (mL min’l)

=]

0.00  0.05 0.10  0.15 020  0.25 030  0.35 040 045
Load (A)

Figure 3.5: Hydrogen consumption rates for the PEMFC at various loads using the
experimental setup shown in Fig. 3.4.

Figure 3.6 shows the energy efficiencies of both the AEC and PEMFC based on

thermodynamics. AEC electrical efficiency is low based on the fact that the theoretical

energy is only 1.55 Wh per gram of hydrogen versus the 33 Wh per gram of hydrogen

theoretical energy for PEMFCs.
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Figure 3.6: Energy efficiencies based on thermodynamics at 25°C: (top) AEC,;
(bottom) PEMFC
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Table 3.1: AEC currents required to maintain hydrogen production equivalent to
consumption

PEMFC  PEMFC Rfﬂgiée‘j AEC Voltage
E O - TN
0. 0. +0.001 +0.

0.100 41632 0.525 0.5232
0.150 3.9642 0.650 0.5564
0.200 3.8931 0.825 0.5877
0.250 3.7804 1.085 0.6274
0.300 36511 1325 0.6659
0.350 35120 1.360 0.6824
0.400 23532 2.400 0.8450

Figure 3.7 shows that the AEC is only consuming 60% of the energy generated
from the PEMFC at standard quiescent conditions. It’s safe to assume using the heat
generated from an electric motor in an automobile in addition to the heat produced from a
PEMFC would yield even higher AEC-PEMFC net energies. In order to demonstrate a
self-sustaining capability, the hydrogen production rate must equal the consumption rate.

Using the PEMFC as air breathable has limitation on the load.
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Figure 3.7: Net electrical energies from AEC-PEMFC integration analysis
preformed at standard conditions.

According to the manufacturer, 300 mA can be withdrawn before transport losses
heavily influence the cell’s performance. Due to these transport losses in the fuel cell, a
negative net energy ensued while withdrawing 400 mA and was eliminated from Fig. 3.7.
For all the other loads, where transport losses within the PEMFC were not observed,

there were net electric energies as high as 9.7+ 1.1 Wh g H..

3.4.2 Feasibility analysis of ammonia electrolysis as an on-board hydrogen storage
system
Figure 3.8 shows a process layout for an on-board hydrogen storage system using

ammonia electrolysis. Components of the system which constitute as storage are the
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ammonia storage tank, AEC, start-up hydrogen drum to maintain a continuous flow of

hydrogen to the fuel cell, compressor, PEMFC, process control, and tubing.
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Figure 3.8: Schematic representation of an on-board hydrogen storage system using
ammonia electrolysis: The components that make up the storage part for this system
are : (1) ammonia storage vessel with ammonia fuel; (2) Teflon tubing; (3) ammonia
electrolytic cell; (4) start-up hydrogen drum; (5) compressor; (6) PEMFC; and (7)
process control.
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Other alternative designs that can be optimized to further meet DOE storage
parameter targets are possible. These seven major components in Fig. 3.8 were used to
estimate the storage parameters (system gravimetric capacity, system volumetric
capacity, and storage system cost) set by the U.S. DOE. This was done to compare
ammonia electrolysis storage parameters to the 2010 technical targets set forth by the
DOE’s FreedomCAR and Fuel Partnership [10]. The results are shown in Table 3.2.

The following is an individual description of the seven major components
required for an ammonia electrolytic process that explains, in detail, the basis for
calculating storage parameters. First, liquid ammonia needs to be stored similarly to that
of liquid petroleum gasoline [11]. A lightweight and chemical resistant polymer
composite tank from Advanced Lightweight Engineering was used for the design.
Second, the tubing to be used is 12.7-cm diameter Teflon tubing from McMaster-Carr. It
is approximated that 3 m would be required. Third is the ammonia electrolytic cell. A
pump is not required between the storage tank and AEC because the vapor pressure of
stored ammonia is high enough to push itself through the electrolyzer. A controller is
proposed to manage the amount of ammonia entering the AEC depending on the demand
from the PEMFC. It is essentially hydrogen on demand. In addition, since ammonia
electrolysis has proven to be 100% efficient, a recycle line of un-reacted ammonia is not
required. Fourth, in order for the automobile to be self-sustaining until ammonia is
depleted, the fuel cell needs to be powerful enough to run the automobile as well as the
electrolyzer. Based on the results shown in Fig. 3.7, at the highest net energy, the AEC is

consuming 60% of the PEMFC’s energy. This means that a 69 kW PEMFC is required
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to meet AEC energy requirements as well as the 483-km range requirement. Fig. 3.9
shows the energy balance for a HFCV using ammonia electrolysis. Appendix A shows
that 41 kW of this PEMFC is used as part of storage based on the fact that the AEC is

consuming 60% of the PEMFC’s energy.

AEC
PEMFC
t
]
249.8 kWh (41.6 kW) 1
| \4]6‘3 kWh (69.4 kW)
Electric
Motor 166.5 kWh (27.8 kW)

Figure 3.9: Balance of plant in terms of energy for a HFCV utilizing in situ
ammonia electrolysis as hydrogen storage at 25°C.

Since the AEC configuration is similar to that of a PEMFC, it was assumed that
the AEC weight and volume is approximate to twice the weight and volume of the
PEMFC. Once the PEMFC generates enough energy to power the AEC and motor, a
start-up battery, used to establish steady state, can be turned off. As a result, this enables
a vehicle to be self sustaining and obtain the 483-km range between refueling. Fifth, a
start-up hydrogen collection drum will be necessary to ensure the compressor has a
continuous flow of hydrogen. A simple high-density polyethylene storage drum from

McMaster-Carr was used for storage parameter estimation. Sixth, the compressor weight,
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volume, and cost were based on the compressor targets in the 2005 Fuel Cell Technology
Road Map set forth by the FreedomCAR and Fuel Partnership [29]. Finally, process
control involves taking power from the PEMFC and sending it to the ammonia
electrolytic cell and motor. It was determined through AEC and PEMFC synergistic
analysis that ammonia electrolysis is most stable at galvanostatic conditions rather than
potentiostatatic, so transforming the voltage from the fuel cell to current is necessary. An
average engine computer from Autoparts Giant was used to estimate the cost. Details of
the calculations and cost analysis can be found in Appendix A.

The weight, volume and cost of 41 kW PEMFC, which is accounted for in the
ammonia electrolysis storage system, was determined based on the parameters from the
Fuel Cell Technology Road Map [29]. When calculating the cost of hydrogen ($/kg), an
ammonia cost of $0.36 per kg was used. This cost would be significantly lower if human
and animal waste from domestic wastewater treatment plants and agricultural runoff were
used.

In Table 3.2, despite operating at worst-case conditions (quiescent and room
temperature), it appears that ammonia electrolysis as a storage system meets most of the
technical targets set forth by the DOE. System gravimetric and volumetric capacities
based on energy are lower than the DOE targets because 60% of the PEMFC is accounted
for as part of the storage target calculations. On the other hand, the gravimetric and
volumetric capacities based on the amount of hydrogen are exceeded. Having a self-
sustaining vehicle however makes some of these numbers seem inconsequential. Figure

3.10 shows that improving current density of the electrodes significantly decreases the
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storage system costs. Presently, 130 mA cm™ is achieved; however, if 2,200 mA cm™

were achieved, then the DOE’s storage cost for 2010 would be met.

Reducing the

number of electrodes by increasing the current density will also improve gravimetric and

volumetric parameters for using ammonia.

Table 3.2: Storage parameters for a HFCV using ammonia electrolysis

Storage Parameter Units Ammoma_l 2010 DOE
Electrolysis Target
System Gravimetric Capacity kWhikg system 1.8 2.0
kg Hy/kg system 0.09 0.06
kWh/L system 1.2 1.5
System Volumetric Capacity
kg H,/L system 0.059 0.045
$/kWh net 88 4
Storage System Cost
$/kg Hy 1,742 133
Fuel Cost $/gge* at pump 2.02 2.00-3.00

*gallon of gasoline equivalence (gge)



67

140

120 T

100 -

80 -

60 -

40

System Storage Cost ($ kWh™)

20 -

—=n
O T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Electrode Current Density (mA cm’z)

Figure 3.10: Sensitivity analysis on the effect of electrode current density and the
system storage cost. A steep decent in system storage costs with a small
improvement in electrode current density is observed.

There is a linear relationship between the cost of ammonia and cost of hydrogen
generated on board as shown in Fig. 3.11. The cost of ammonia is dependent on the cost

of natural gas; however, the cost of ammonia can go as high as $0.53 per kg before the

cost of hydrogen exceeds the DOE target for 2010.
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Figure 3.11: Sensitivity analysis on the effect of ammonia cost respective to the cost
of hydrogen generated on board via ammonia electrolysis.

3.5 Conclusions

The electrolysis of ammonia was evaluated as a potential technology for the on-
board storage and production of hydrogen. Carbon fiber paper was used as catalytic
support and Ti foil used as the electrode shell and Ti gauze was used as the current
collector. Both anode and cathode were prepared similarly and plated with a Pt-Ir alloy.
The electrodes were tested in a sandwich-configured ammonia electrolytic cell (AEC)
designed to reduce the ohmic resistance of the cell. A hydrophilic membrane was used to
separate the pure gases. Hydrogen generated at the cathode was sent to a 4 W polymer

electrolyte membrane fuel cell (PEMFC). Net electric energies were obtained
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demonstrating the benefit of ammonia electrolysis as an on-board hydrogen storage
system. According to scale-up calculations, using an in Situ ammonia electrolyzer on
board will allow a HFCV to travel 483 km between refueling by storing 203 L of aqueous
ammonia. At $0.36 per kg of ammonia, the cost of producing hydrogen on board is $2.02

per kg.

Appendix A

Storage system costs, gravimetric, and volumetric capacities were calculated
using a lightweight 60% peak energy-efficient HFCV that achieves a range of 483 km
between refueling.
A.1. Fuel cell power requirement for ammonia HFCV

According to the DOE, a lightweight vehicle achieves 5.3 km L™ and is 2.5 less

efficient than a HFCV. A gallon of gasoline is equivalent (gge) to a kg of hydrogen.

ICE energy =12.5 gal x 33.3M
gal
ICE energy = 416.25kWh
Amount hydrogen = Lm =5kg
2.5%33——
kg

In order to travel 483 km with a HFCV, 5 kg of hydrogen is required, which is
echoed by the DOE [10]. On average, a car is refueled every 6 hours traveling 50 mph.

The nominal fuel cell power required to move a lightweight HFCV is:

PEMFC power = 416.25kWh =27.75kW

6hx2.5
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The fuel cell for our system has to be oversized since the ammonia electrolytic
cell consumes 60% of the energy. This 60% increase in fuel cell cost, weight, and

volume will be declared as part the storage system.

PEMFC required = 27.75KW, =69.38kW
(1-60%)

A.2. Storage system cost

The ammonia storage vessel, Teflon tubing, centrifugal pump, start-up hydrogen
drum, compressor, and controller are common and commercially available equipment.
These 6 items are estimated to cost $3,200. The AEC and PEMFC cost, weight, and
volume are functions of several factors along with several assumptions, and their
calculations are shown in detail.

With the increase in power required from the PEMFC comes an increase in the

amount of hydrogen required between refueling.

Hydrogen= 69.375kW x 6h =21.02kg

33 k\th x 60%

Faraday’s Law can be used to predict the current required to produce 21.02 kg

(3.5 kg h™) of hydrogen since ammonia electrolysis is 100% efficient.

350059 x 6% x 268"
Current = h__ mol € _93.800A
3x2- 9
mol

Current densities as high as 130 mA cm™ with a cell potential of 0.45 V has been
achieved at the EERL with 8.4 mg cm™ Pt-Ir and is currently being improved. With this

said, using electrodes with reactive geometric surface areas of 8.1 cm x 7.6 cm creates
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electrodes with 61.94 cm” of surface area. In turn, 8 A can be applied per cell deducing
that 11,725 cells are required to obtain 27.2 kW net energy for the motor.

The total catalyst required for the AEC (accounting for anode and cathode per

cell):
: mg )
Loading = 8.4—= x 2 x11,725cellsx 61.94cm” = 12.2kg
cm

Assuming that the cost of Ir is equivalent to the cost of Pt, which is expected to
cost $900 per troy ounce ($2,646 per kg), can be determined. Due to the expense of
noble metals, the AEC cost is completely dependent on the loading and catalyst costs

meaning that the AEC cost can now be estimated.

$2,646

AEC cost =12.2kg x =$32,281

According to Fig. 3.9, 41.6 kW of the PEMFC are required for storage

calculations. Using the $35 per kW target the DOE has established for fuel cells:

PEMFC storagecost = % x 41.6kW =$1,456

This brings the total system storage cost to $36,937. In terms of the DOE

technical storage targets which are summed up in Table 3.2:

$36,937  $1,742
212kgH, kg

Cost2 = h e - E\i/i
33 kg x 60% x 21.2kg

Costl=
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A.3. Gravimetric capacity
The ammonia storage vessel, Teflon tubing, start-up drum, compressor, and
process controller are estimated to weigh 26.5 kg based on commercially available
products. The weight of fuel, storage part of the fuel cell, and AEC are calculated in

detail.

1kg NH
L=119.8kg
0.177kgH

2

NH, fuel weight = 21.2kg H, x

According to Satyapal et al. [10], the target power density for PEMFCs is 2,000

W per kg. As a result, the storage part of the fuel cell will weigh 20.8 kg
kW . . . S
(41.6kW = 2k— ). Using the assumption made earlier that the AEC is twice as heavy as
g

the fuel cell, which is 69.4 kW.

. X .
AEC weight = 2> 094KV _ 66 4kg
W
27
kg

The total gravimetric capacity is determined using the total estimated storage

system weight, which is 236.5 kg.

21.2kg

Gravimetricl = =0.090
36.5kg
21.2kg x 33 ki\(Nh x 60% KWh
Gravimetric2 = g =1.77——
236.5kg kg

A.4. Volumetric capacity
Similarly, the volumes of the tubing, start-up drum, compressor, and process

control are estimated to only occupy 97 L. Using the fact that 119.8 kg of ammonia is
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required calculated in A.3. and a density of 682 kg m™, the storage vessel volume is 174
L. Again, the targeted power/volume density for PEMFCs is 2,000 W L™ according to
the DOE. Based on the 41.6 kW of fuel cell power that is used for storage, the storage
part of the PEMFC requires 20.8 L. Using the 2 times relation for AEC:PEMFC for

volume and weight, the AEC occupies:

2 x 69.4kW
AECvolume =————=694L
kW
2—
L

Total storage system volume required is 361.2 L. The volumetric storage

parameters are as follows:

Volumetricl = 21.2kg = 0.059k—g
61.2L L
21.2kg x 33 kLNh x 60% KWh
Volumetric2 = g =1.16——
361.2kg L
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CHAPTER 4.

UREA ELECTROLYSIS: DIRECT HYDROGEN PRODUCTION FROM URINE

It should be noted that the contents of this chapter are published in a peer-
reviewed journal: B.K. Boggs, R.L. King, and G.G. Botte, Chem. Commun., 2, p. 4859-

61 (2009).

4.1  Abstract
A new technology has been developed that accomplishes the direct conversion of
urine and urea to pure hydrogen via electrochemical oxidation with an inexpensive nickel

catalyst.

4.2 Introduction

The utilization of wastewater for useful fuel has been gathering recent attention due
to society’s need for alternative energy sources. The electrooxidation of urea found at high
concentrations in wastewater simultaneously accomplishes fuel production and remediation
of harmful nitrogen compounds that currently make their way into the atmosphere and
groundwater. Pure hydrogen was collected in the cathode compartment at 1.4 V cell
potential, where water electrolysis does not occur appreciably. It was determined that an
inexpensive nickel catalyst is the most active and stable for the process. Urine is the most
abundant waste on Earth. The largest constituent of urine is urea, which is a significant
organic source of H, C, O, and N. Despite the numerous benefits of using urea/urine for

hydrogen production [1], there is not a single technology that directly converts urea to
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hydrogen [1,2]. In addition to sustaining hydrogen resources, such a process could
denitrificate urea-rich water that is commonly purged into rivers, creeks, and tributaries from
municipal wastewater treatment plants. Currently, nitrate concentration in these waters is
regulated at 10 mg L', but available denitrification technologies are expensive and inefficient
[3]. Converting urea to valuable products before it naturally hydrolyzes to ammonia, which
generates gas-phase ammonia emissions and contributes to ammonium sulfate and nitrate
formation in the atmosphere, will save billions of dollars spent each year on health costs [4].
Here we demonstrate a technology for improving hydrogen resources for energy
sustainability by recycling waste materials such as human excreta. We have developed an

electrochemical process that produces H, from urine/urea as shown in figure 4.1 [5].

N2 PPR— —— H2
L
K,CO, e— 3 Alkaline 2
{%’ Urea Electrolytic 5@
Cell =

Ureq =

Figure 4.1: Schematic representation of the direct urea-to-hydrogen process

Our results demonstrate that human urine, with an average concentration of
0.33 M urea [6], can be electrochemically oxidized with an inexpensive transition

metal, nickel, according to Eqns. 1-4.

CO(NH, ), +60H ™ — N, +5H,0,, + CO, ,,, + 6€ (1)

Ni (OH ),, + OH - — NiOOH , + H,0,, +e @)
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6H,0, +6e — 3H , + 60H - (3)

2(9

CO (NH ,), ) + H,0, = N, + 3H

M 2(g) 29) T CO 24y 4

Urea is oxidized at the anode (Eqn. 1) at a standard electrode potential of -
0.034 V/SHE. The oxidation of Ni(OH), to NiOOH at the anode (Eqn. 2) is a
competing reaction that attributes to current during electrolysis and occurs at 0.49
V/SHE. Alkaline reduction of water (Eqn. 3) occurs on the cathode at -0.83 V/SHE.
Overall in Eqn. 4, a cell potential of only 0.865 V is thermodynamically required to
electrolyze urea at standard conditions. This is significantly less than the 1.23 V
required to electrolyze water theoretically generating 30% cheaper hydrogen.
Nitrogen is generated from the anode demonstrating nitrate remediation of wastewater
while water is reduced at the cathode producing valuable hydrogen for the impending

hydrogen economy.

4.3  Results and discussion

Figure 4.2a shows the cyclic voltammogram (CV) comparison of different
electrocatalysts (Pt, Pt-Ir, Rh, and Ni) for the electrooxidation of urea in alkaline
media. Polarization curves between the various metals in the presence and absence of
0.33 M urea and 5 M KOH at a scan rate of 10 mV s™' from -0.1 to 0.8 V versus
Hg/HgO reference supported by a Luggin capillary at 25°C shows that Ni is the most
active catalyst in terms of current density. The electrodes were 4 cm” based on

geometric area of Ti foil (inert) deposited with an average 10.0 £ 0.1 mg of respective
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metal. The counter electrode was a 25 cm” Pt foil. All electrochemical experiments
were performed in a conventional three-electrode cell powered by a Solartron 1281
Multiplexer potentiostat. Figure 4.2b, constant voltage analysis at 1.4 V in 5 M
KOH/0.33 M wurea at 25°C, further shows Ni is the most stable and active
electrocatalyst for the electrooxidation of urea in alkaline media. This potential was
chosen from the fact that water reduction is kinetically friendly at -0.83 V/SHE [7-9]
(standard hydrogen electrode), and the electrooxidation of urea is occurring at 0.55 V
vs. Hg/HgO according to Figure 4.2c. Nickel in basic media is rapidly converted to
Ni(OH), which is further oxidized to NIOOH. This Ni*"”Ni*" redox reaction enhances
catalytic electrooxidation behavior of small organic compounds [9-11]. The oxidation
of Ni(OH), to NiOOH is represented by anodic peak a; Figure 2c shows that urea
electrolysis begins at the same potential where NiOOH is formed, suggesting that Ni’"
is the active form for urea oxidation. This is seen as an increase of current density at
ay in the presence of urea. Furthermore, a change in slope due to the onset of water
electrolysis can be seen at more positive potentials.

We found that nickel oxyhydroxide modified nickel electrodes (NOMN) for
urea electrooxidation on different metallic substrates (Ni foil, Ni gauze, Ti foil, and Ti
gauze) that have been electroplated with 10.0 + 0.1 mg of Ni using a Watts bath then
activated following the procedure developed by Vaze, Sawant, and Pangarkar [10]
yield higher current densities than those of M/Ni, where M represents the metallic

substrate.
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Figure 4.2: Anode catalyst analysis at 25°C (a) cyclic voltammograms obtained in 5
M KOH with and without the presence of urea on Ti-foil supported electrodes with
a 10 mV s* scan; (b) constant voltage test with 1.4 \ potential step with 5 M
KOH/0.33 M urea; (c) cyclic voltammogram of Ni/Ti electrode in the absence (grey)
and presence (black) of 0.33 M KOH in 5 M KOH solution.
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NOMN electrodes were used for the remaining electrochemical behavior
analyses. Figure 4.3 demonstrates that there is an influence of scan rate on the cyclic
voltammetry behavior of NOMN electrodes. The electrooxidation of urea in this
system was characterized with CVs from 0.0 to 0.6 V versus Hg/HgO at scan rates of
5t0 95 mV s, Figure 4.3a shows that the cathodic peak does not shift in potential as
the scan rate increases in the presence of urea. The curves are shown from 0.0 to 0.5
V for scaling purposes. Figure 4.3b indicates that cyclic voltammetry peak cathodic
currents (Ipc) followed a linear correlation with the square root of the scan rate (R*=
0.976). Together, these criteria confirm that the production of NiOOH from Ni(OH),
is a reversible diffusion-controlled process. The increase in cathodic currents as a
function of scan rate indicates that the electrooxidation of urea is slower than the
electrooxidation of nickel species to a higher valence state.  Therefore, we
hypothesize that the catalytic oxidation of urea is slow and the rate-limiting step is the
reaction between Ni’" and urea absorbed on the surface.

The electrocatalytic behavior of the NOMN electrode towards urea oxidation
in basic media was further studied with cyclic voltammetry and constant voltage
analyses at varying operating conditions. It was found that the current density
increases with temperature. Also, higher concentrations of KOH favor the reaction
rate. As the concentration of KOH exceeded 5 M, the NOMN electrode lost activity
as seen by a decrease in current density during constant voltage analyses. This could

be due to faster disappearance of the oxide layer, which was visibly evident.
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Figure 4.3: (a) Cyclic voltammograms obtained in 5 M KOH + 0.33 M urea for the

NOMN electrode with various scan rates (v) from 5 mV s™ to 95 mV s™. (b) the plot

of cathodic current density variation with v'/2

Energy dispersive X-ray (EDX) microanalyses of a Ti foil (99.99% pure)
electrode (deposited with 10.0 = 0.1 mg of Ni and then activated into a NOMN

electrode) before and after urea electrolysis at 1.4 V for 30 minutes in 5 M KOH/0.33
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M urea shows that the amount of atomic carbon and oxygen on the electrode surface
increases during electrolysis. This may be contributed to adsorption of products onto
the surface. As a result, the surface atomic composition of Ni decreases leading to
decay in the current density during the constant voltage study.

Anode and cathode gases were collected separately in a Hoffman apparatus
filled with a solution of 5 M KOH in the presence and absence of 0.33 M urea and
analyzed via gas chromatography. The electrolysis were performed at a constant
voltage of 1.5 V and 25°C for 22 hours. Currents observed were 20 mA and less than
I mA in the presence and absence of urea, respectively. This verifies that water
electrolysis is not occurring to an appreciable extent. Pure H, was observed at the
cathode while N, (96.1%) with trace amounts of O, (1.9%) and H; (2.0%) were
detected at the anode for urea electrolysis. A small amount of hydrogen (0.28%) was
detected at the anode in the absence of urea as well, which suggests this hydrogen is
not a product of urea electrolysis. Instead, it is likely due to the nickel transition
reaction Ni(OH), = NiOOH. Carbon dioxide was not detected as part of the gas
phase for urea electrolysis, but is believed to have formed potassium carbonate in the
liquid phase. After 22 electrolysis hours, 13% of the urea was converted into
hydrogen, nitrogen, and potassium carbonate, as determined using a heat treatment
method for urea determination.

We have demonstrated that urea/urine can be used for the production of H,
through this new technology utilizing inexpensive Ni. This is further demonstrated

via cyclic voltammetry shown Figure 4.4. Theoretically, hydrogen can be produced at
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$1.62 kg' based on an electricity cost of $0.07 kWh' and the proposed
electrochemical reactions (Eqns. 1-4) that have been developed from electrochemical

data and gas analyses.
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Figure 4.4: Operating conditions effects on electrooxidation of urea. Effect of (a)
KOH concentration on CV behavior, (b) Temperature on CV behavior, and (c)
KOH concentration on potentiostatic performance.
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Table 4.1 shows energy consumption (Wh per gram of hydrogen) and cost of
hydrogen comparison between urea and water electrolysis at standard conditions with
Ni anodes. We found that 34% less energy is required for urea electrolysis, which

generated 36% cheaper hydrogen compared to water electrolysis.

Table 4.1: Energy and hydrogen cost comparison between urea and water
electrolysis based on an energy cost of $0.07 kwh™

Energy H, Cost

Electrolysis ! 3
I8 whg?)  ($kg?h

Urea 37.5 2.63

Water 53.6 4.13

In the past, research pertaining to urea electrolysis exclusively involved the
possibility of developing artificial kidneys for portable dialysis devices utilizing
platinum electrodes in acidic buffers [12-15]. There is great interest in the scientific
community for finding non-platinized catalyst alternatives such as Ni for hydrogen
production. We have demonstrated that the technology is effective for both urea and

urine.

4.4  Experimental/materials and methods
4.4.1 Electrode preparation

All chemicals and supplies were high purity (> 99.9%) and supplied from Alfa
Aesar or Fisher Scientific. For anodic catalyst selection, 5 cm” titanium foil (0.127 mm
thick) was used for working electrode substrates. Nickel foil (5 cm? 0.127 mm thick) was
used for nickel oxyhydroxide modified nickel electrode (NOMN) substrates. Titanium

wire (0.25 mm diameter) was connected to the working electrode substrates by cutting a
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small 1 mm slit in the foils and penetrating the Ti wire through the electrode. Pliers and a
hand press were used to secure the connection. After constructing the anodes, the
electrodes were rinsed with acetone and HPLC-grade ultrapure water. They were dried in
an oven, and the electrode weights were recorded in order to determine catalyst loadings.
Platinum foil counter (25 cm?) was used for both electroplating and testing the anodes.

The Pt-foil cathode was constructed similarly to the anodes.

4.4.2 Catalyst deposition

Table 4.2 shows catalyst plating conditions. The concentration of each metal in
the bath was 160 mg L™, All of the salts were 99.99% pure from Alfa Aesar. Deposition
potentials were experimentally determined using cyclic voltammetry using the setup in
Figure 4.5. All electrodes in this study were plated potentiostatically with this same
setup. A 2.5 cm stir bar at 60 rpm kept the bath solutions mixed during experimentation

minimizing concentration gradients.
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Table 4.2: Electrocatalyst plating conditions

Metal Anode Electrolyte Salts Temperature  Plating Potential
(foil) (°C) (V versus Ag/AgCl)
Rh Pt 1 M HCI/HPLC RhCl33H,0 78 -0.12
Pt Pt 1 M HCI/HPLC H,PtClg6H,O 78 -0.12
Pt-Ir Pt 1 M HCI/HPLC H,PtClg6H,O 78 -0.12
+ IrCl33H,0
Ni Ni 0.5M NiSO47H,O 45 -0.80

B(OH)yHPLC  + NiCl, 6H,0

Luggin capillary 4x4 o’ Anode
with reference electrode = / -

(hglbeCl \

Working CFP ™",
electrode

T =flon-coated thermocouple

e 75 () 1] bealzer

p— Electrolyte
Stirbar (BO P sy

Figure 4.5: Plating setup. A Luggin capillary was used for cyclic voltammetry
plating potential determination and was removed for electrodeposition.
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Koslow Scientific supplied the Ag/AgCl reference electrode (+0.2224 V versus

SHE) supported by a home-made Luggin capillary filled with its respective electrolyte.
The tip of the Luggin capillary was placed 1 mm from the center of the working
electrode. Platinum foil (0.01 cm thick, 99.999% pure from ESPI Metals) acted as the
anode for plating except in the case of Ni, which utilized Ni foil (0.127 mm thick). The
Ni electrode was plated using the common Watts bath. All of the plating solutions
prepared here were solvated with ultrapure high performance liquid chromatography

(HPLC) water.

4.4.3 Activation

A variety of procedures can be employed to activate a nickel electrode to the
NOMN form [17-19]. The activation solution used here consisted of nickel sulfate (0.05
M), sodium acetate (0.10 M) and sodium hydroxide (0.005 M)). The activation was
affected by holding the nickel electrode at 6.25 A m™ galvanostatically with a stainless
steel counter electrode at 33°C. Polarity switching was employed such that the nickel
electrode was used as the anode and cathode twice each for one minute. The same nickel
electrode was then held as the anode and cathode for two minutes each, before two hours

of further activation with the nickel kept as the anode.

4.4.4 Gas chromatography
The gaseous products at each electrode were collected separately using a Hoffman

electrolysis apparatus (Fisher Scientific) filled with 0.33 M urea and 5 M KOH. A
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potential of 1.5 V was applied with an Arbin BT2000 potentiostat for 22 hours to allow
for sufficient gas production. The anode was a 20 cm® Ni foil (99.99% pure) that was
deposited with 34.0 = 0.1 mg of Ni and activated to form a NOMN electrode. The
cathode was a 25 cm® Pt foil (99.999% pure). A 10 mL gas sample was extracted from
each column and injected into the GC (SRI 8610 multi-gas) sample loop to ensure
removal of any residual gases. Finally, 0.1 mL from the sample loop was then injected

onto Haysep and mol sieve columns with a TCD detector.

4.4.5 Urea determination

Six urea standards of different concentrations were prepared in the range of 0.10
to 0.33 M urea in 7 M KOH. The solutions were sealed in 250 mL brown plastic bottles
and heated at 70°C for 22 hours. The bottles were then allowed to cool to room
temperature for 5.5 hours. Each bottle was then opened and allowed to equilibrate with
air for exactly one minute before extracting 1 mL with a volumetric pipette and diluting
to 100 mL. A 45 mL aliquot of each diluted solution was treated with 1 mL pH adjusting
solution and tested with an ammonia ISE (Ion-selective electrode, Orion 9512 Ammonia
Electrode) for determination of ammonia concentration in ppm. These results were
compiled to create a calibration curve for urea determination (Figure 4.6). An
exponential curve fits the data points with R* value of 0.9966, meaning that 99.7% of the
variation in NHj3 concentration can be explained by the variation in urea concentration

with the exponential relationship.
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Figure 4.6: Calibration Curve for determination of urea concentration

4.5 Urine versus urea

In order to demonstrate that the oxidation of urea is similar to that of human urine,
a cyclic voltammetry comparison was made using 3 different electrolytes. First, a
baseline comparison in 1 M KOH was made followed by a solution of 1 M KOH with
0.33 M urea. Finally, a solution consisting of 1 M KOH and human urine was tested and
compared. The anode was 2 cm x 2 cm 100-mesh Ni gauze that was sandblasted with a 2
cm x 2.5 cm 0.4 mg cm™ Pt on carbon paper cathode. The CV was conducted at room
temperature with a 10 mV s sweep rate from 0 to 0.8 V versus Hg/HgO reference
electrode. It can be concluded that human urine oxidizes similarly, with a higher current

density, to a solution of synthetic urine composed of urea.
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Figure 4.7: Cyclic voltammogram comparison of oxidation of synthetic urine (as
urea) to that of human urine.
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CHAPTER 5.
CONCLUSIONS AND RECOMMENDATIONS
5.1  Conclusions
5.1.1  Ammonia electrolysis in alkaline media: electrocatalyst optimization

It was shown that Pt-Ir on carbon fiber paper electrodes is the most active
electrocatalyst in terms of maximizing the oxidation of ammonia with the least
overpotential. In terms of minimizing the ammonia oxidation overpotential, catalyst
selection is ranked as follows Pt-Ir-Rh >Pt-Ru > Pt-Rh > Pt-Ir > Ru > Ni > Pt > Rh. With
regards to maximizing the exchange current density, the ranking is Pt-Ir > Pt-Rh > Pt >
Pt-Ir-Rh > Pt-Ru > Rh > Ni > Ru. Due to the large exchange current density and average
oxidation overpotential, Pt-Ir was chosen as the most active and suitable electrocatalyst to
further optimize.

After determining that Pt-Ir is the most suitable catalyst for ammonia oxidation,
the electroplating bath was optimized. It was found that the concentrations of Pt (IV) and
Ir (IIT) in the deposition bath significantly alter the deposition behavior of the alloy and
the electrochemical behavior. It was found through the use of statistical software, that a
bath of consisting of 8.84 g L' Pt (IV) and 4.11 g L™ Ir (III) was optimal for maximizing
oxidation exchange current densities and minimizing oxidation overpotentials. With
these same goals in mind, the optimal catalytic loading of Pt-Ir was 5.50 mg cm™ based

on geometric surface area.
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5.1.2 Ammonia as an on-board hydrogen storage system

On-board hydrogen storage and production via ammonia electrolysis was
evaluated to determine whether the process was feasible using galvanostatic studies
between an ammonia electrolytic cell (AEC) and a breathable proton exchange
membrane fuel cell (PEMFC). Hydrogen-dense liquid ammonia stored at ambient
temperature and pressure is an excellent source for hydrogen storage. This hydrogen is
released from ammonia through electrolysis, which theoretically consumes 95% less
energy than water electrolysis; 1.55 Wh per gram of H, is required for ammonia
electrolysis and 33 Wh per gram of H, for water electrolysis. An ammonia electrolytic
cell (AEC), comprised of carbon fiber paper (CFP) electrodes supported by Ti foil and
deposited with Pt-Ir, was designed and constructed for electrolyzing an alkaline ammonia
solution. Hydrogen from the cathode compartment of the AEC was fed to a polymer
exchange membrane fuel cell (PEMFC). In terms of electric energy, input to the AEC
was less than the output from the PEMFC yielding net electrical energies as high as 9.7 +
1.1 Wh ¢! H, while maintaining H, production equivalent to consumption.

Figure 5.1a shows a progression of the self-sustaining mobile application.
Prototype I was an initial hypothesis testing as to whether or not the technology is
feasible for mobile applications such as a shoe-sized automobile. A battery pack
consisting of one AA battery powered the ammonia electrolysis in the Erlenmeyer flask.
Both nitrogen and hydrogen generated in the flask were sent directly to the air-breathable
PEMFC. A DC-geared motor was connected to the PEMFC. This concept worked

relatively well, however ammonia fumes were carried into the fuel cell which is highly
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detrimental. To solve this issue, Prototype Il was created. The gases were sent to an
HCI scrubber to prevent any ammonia fume carry over to the fuel cell. This worked, but
the system still required more energy input than what was being produced. Prototype III
replaced the carbon-fiber wrapped electrodes in Prototypes I and II with optimized Pt-Ir
electrodes on carbon-fiber paper. This optimization is discussed in Chapter 1. In
addition, a new cell design described in Chapter 3 was used for the AEC. Separating the
gases made the overall system more efficient allowing the system to become self
sufficient until ammonia was depleted. The battery pack would be used only for starting
the system until steady state was reached. A similar stationary application taken from
Prototype III was created further demonstrating the potential of ammonia electrolysis as

an alternative energy source.

G

Prototype I
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Prototype III

Figure 5.1: Evolution of mobile and stationary applications using in situ ammonia
electrolysis in alkaline media
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5.1.3  Urea electrolysis in alkaline media
This novel technology directly converts urine into hydrogen while mitigating
nitrate contamination in ground and drinking water. The conception of this technology is
shown here which encompasses understanding the electrochemical behavior through the
use of in-situ and ex-situ experiments as well as finding an optimum catalyst for urea
oxidation in alkaline media.
It was found that inexpensive Ni is the most active electrocatalyst for the
oxidation of urea. Coupled with similar Ni electrodes used for alkaline water reduction
in the chloralkali industry, alkaline urea electrolysis offers an economic, environmental,

and feasible method for mass hydrogen production.

5.2 Recommendations
5.2.1 Ammonia electrolysis in alkaline media: electrode design
The electrode design discussed in Chapters 2 and 3 offered the lowest energy
consumption for ammonia electrolysis in alkaline media as shown in open literature.
Minimizing ohmic losses by reducing electrical resistance was a major focus of research
that allowed for the results presented here. However, it is believed that these
electroplated CFP electrodes can be improved by:
e Pretreating the Ti current collectors with a strong acid such as aqua regia in an
effort to remove any highly electrically resistant layers of titanium oxide.
e Coating these pretreated Ti current collectors with a more conductive metal, such

as Ni, either electrochemically or by way of other common coating technologies.
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e Synthesizing the Pt-Ir catalyst on the CFP using a similar technique that the fuel

cell industry uses will increase electrokinetics and reduce energy consumption.

5.2.2  Ammonia electrolysis in alkaline media: cell design

All of the results presented here were using worst case conditions. Making the
AEC dynamic rather than static will improve concentration gradients and overall
performance. Similarly, designing a cell that can be heated to temperatures of 60-70°C
will drastically reduce energy consumption. This behavior was observed in beaker
analyses. In addition, it is necessary to break down resistances in the cell which are
contributing to voltage drops. For instance, solution and membrane resistance can have a
significant effect on overall cell performance as well as the electrode distances from the

membrane.

5.2.3  Urea electrolysis in alkaline media: electrode design

Chapter 4 presented the birth of alkaline urea electrolysis. Simple Ti mesh
electrodes that were sandblasted then coated with their respective metal electrochemically
were used. These electrodes allowed for accurate and inert conditions for characterizing
different metals. Electrodes that offer higher electrochemically active surface area are

still required to be designed.
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5.2.4 Urea electrolysis in alkaline media: electrocatalysts
Common electrocatalysts for oxidizing small organic compounds were
investigated and compared. More tests of different binary and ternary combinations of

these metals are necessary.
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