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Abstract

Micro Electro Mechanical Systems as well as Microfluidics are versatile technologies
which have been evolved due to the advantage of miniaturization over the last decades.
However, the majority of microfluidic devices are still powered by macroscale power
supplies. Here, interconnection problems, unwanted electronic interactions (noise),
and difficulties in controlling the power delivered are some of the problems which can
arise. One possible approach to ease such difficulties is through the use of integrated
(embedded) power sources. This thesis is focused on the development and characteri-
zation of a nickel/metal hydride microbattery on a glass substrate which can be easily
integrated during the regular microfabrication process of the microfluidic device.

Glass or glass-like materials, such as silicon dioxide, are often used as substrates for
microfluidic chips. Hence, we pursue a two-dimensional approach in that we fabricate
thin films of electroactive materials on glass wafers using microfabrication techniques
which are common in semiconductor (electronics) industries. A tailored polymeric
layer is placed between the two electrodes to serve as an electrolyte reservoir and
electrode separator in a sandwich-like structure which mimics a typical microfluidic
chip design.

The microfabricated electrodes are investigated in terms of material character-

ization and electrochemical performance. In detail, we use x-ray diffraction, x-ray
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photoelectron spectroscopy, field emission scanning electron microscope/energy dis-
persive spectroscopy, and profilometry to study the materials properties as well as the
surface morphologies. Furthermore, cyclic voltammetry, charge-discharge character-
ization, and electrochemical impedance spectroscopy are performed to gain insights
into the electrochemical performance of the single nickel electrode and of the single
metal hydride electrode. This is also accompanied by a mathematical derivation and
evaluation of electrolytic and gas sorption models of the metal hydride electrode.
Finally, the performance of the microbattery is investigated using charge-
discharge, voltage-current, and electrochemical impedance spectroscopy measure-

ments.
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Chapter 1

Introduction and Background

1.1 Motivation

Portable and wearable micro-electro-mechanical-systems (MEMS) [1] devices have
been increasingly emerging into our lives while their utilization ranges from commu-
nications to medical diagnostics. The advantage of microscale systems lies in the
reduction of sample volumes, portability, cost-effectiveness in various testing proce-
dures along with higher efficiencies. Additionally, miniaturization results in large
surface area to volume ratios which promotes surface phenomena, and significantly
higher heat and mass transfer rates in comparison with their macroscale counterparts
are observed [2]. Given all these advantages, microfluidic systems have attracted much
attention in that they offer size reduction and the possibility of integration of several
functions or tasks in a single unit [3]. Microfluidic technologies comprise different
concepts such as micro-total-analysis-systems (uTAS) [4], Lab-on-a-Chip (LOC) [5]
and Point-of-Care-Testing (POCT). Typical applications aim at chemical analytics

and medical diagnostics such as blood sample testing of the sugar level of a diabetic
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person. POCT also gained particular attention for the use in developing countries
since a centralized hospital (laboratory) may not be easily accessible in various re-
gions. Hence, the utilization of POCT devices can facilitate proper medical treatment
to patients living in remote areas [6] as well as enable the epidemiological surveillance
of fast-spreading diseases [7]. Chin et al. have reviewed the most important diseases
in developing countries with their corresponding potential LOC devices which can be
used to improve the health of people in ref.[8]. Also, they report a list of about 40
diseases which can potentially find a treatment through testing using POCT devices
in near future. However, the market trends show that the current penetration of such
POCT devices is rather slow. One explanation can be the fact that these devices are
designed and manufactured without taking into account the local factors including
culture, society, life standards, and expectations as emphasized by the United Na-
tions development program [9] (as cited in [8]). Hence, it seems that designing and
fabricating simple POCT kits, which can be used by any person despite their level
of education and cultural background, plays a key role in their acceptance. Cost-
effective POCT devices are also attractive in developed countries where health care
expenses are high [10]. Such POCT devices can be single-use but also reusable for
multiple times to offset the fabrication costs.

The requirements to power microsystems heavily depends on the used technology
as well as on the application. In terms of remote sensing microsystems, Humble et
al. have suggested power requirements for standby and data collection/processing
activities in the range of 3 to 30 uWW and 100 to 1000 uW, respectively [11]. In
contrast, Puers and Wouters designed a flexible temperature and motion sensing de-

vice based on electronic interface circuits with a low power consumption of 35 uW
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[12]. Chandrakasan et al. have reviewed ultra-low-power electronics for existing and
emerging biomedical applications [13]. They have reported power requirements of
< 10 uW for a pacemaker and a cardioverter-defibrillator while powers in the range
of 100 to 2000 uW are required for hearing aids [13]. Further, they have reported
that a low power of 140 W is required for body-area monitoring microsystems [13].
There have been more works on MEMS sensors and processors which operate with
ultra-low power consumption which is still sufficient for monitoring systems for body
temperature and activity of animal or human [14]. For instance, Okada et al. have
developed an electronic circuit which can work as a wireless sensor node for health
monitoring systems which requires a lower power of 0.5 W [14]. Other works include
an ultra-low-power wireless sensor node to monitor animal health (460 nW) [15] and
a temperature compensated timer for ultra low power wireless sensor nodes (660 pI¥/)
[16]. To conclude, the required power for microscale devices depends on the applica-
tion and the complexity; i.e., the number of sensors, actuators and processors which
forms the microsystem. The required power spans over several orders of magnitude
and the range is estimated to be roughly from 0.1 xW to 1000uW .

Almost all microscale devices are currently powered by large and non-integrated
(external) power supplies such as button cells. This can have several drawbacks such
as connection problems and it may compromise the advantages which are offered
through miniaturization. It has also been emphasized by Cook-Chennault et al.
that the applications of MEMS technology has been significantly limited due to the
poor performances, masses (or volumes), and lifetimes of current power sources [17].
Roundy et al. have put together a brief survey on a variety of potential power supplies

for MEMS applications particularly for wireless sensor nodes [18]. They have reported
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that rechargeable and non-rechargeable lithium batteries with power densities of 7
and 45 uW em ™3, respectively, as well as methanol fuel cell and hydrocarbon fuel
micro heat engine with power densities of 280 and 333 uW cm™3, respectively, (all
values are normalized by a device size of 1 cm?® as mentioned in ref.[18]) are potential
power sources for wireless sensor nodes. Furthermore, since silicon dioxide-based
materials have been extensively used as substrates for microfluidic devices, this study
is focused on the microfabrication of a rechargeable microbattery on a glass substrate
which, to our knowledge, has not been explored yet.

In terms of capacity requirements, if we assume an operation time of around
4 hr day~! for the wireless sensor node reported for health monitoring system by
Okada et al.[14, 15] as mentioned above, a capacity of ~ 1.7 uAh per day (= 50 pAh
per month) at a nominal voltage of 1.2V is required. This capacity is adequate for

the sensor to perform the measurement every minute for a duration of 10 seconds.

1.1.1 Non-regenerative vs. regenerative power sources

Generally, we can categorize power supply systems into regenerative and non-
regenerative ones [19]. Non-regenerative systems, such as micro-fuel cells [20], micro-
turbines [21], micro-combustors [22], and micro-heat engines [23] require either fuel
or materials to be continuously supplied to the system. Contrary, regenerative power
sources are energy harvesting (power scavenging) systems based on piezoelectric, vi-
bration, or thermoelectric effects, for instance. A comprehensive review of both re-
generative and non-regenerative micro-power supplies reported in the literature until
2008 is available in ref.[19]. Later work includes that of Liu et al. who reported

a power generator array based on thick-film piezoelectric cantilevers and delivering
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an effective electrical power of 3.98 uWW with 3.93 DC output voltage which has a
potential use for wireless sensors [24]. Lam et al. have reported a MEMS-based
photosynthetic cell with an open circuit voltage (OCV) of 470 mV and a current
density of 1.1 uAcem™2 at 5.2V, which corresponds to a power density of around
0.1nW cm™3 [25]. Yang et al. and Chun et al. suggested a micro-power supply based
on the relatively-old electrokinetic phenomenon, streaming potential [26, 27]. Here, a
diluted electrolyte flows between the small gap between two electrodes which induces
an electrical potential difference and generates a power up to 0.9 uWW em=3. However,
considerable mechanical energy is required to generate the 1.7 bar pressure difference.
Another (semi-)regenerative micro-power supply based on reverse electrodialysis has
been reported by Broer et al. [28]. This concept offers a promising feature for an
integration with bioMEMS and MEMS devices in that body fluids may be utilized as
electrolytes. The authors have reported a voltage and a current of 0.5V and 20 uA
(max), respectively, when using 1M NaCl solution as an electrolyte. A five layer
stack has been realized which delivers around 222nW c¢m™2 based on the effective
membrane surface area.

Generally, batteries are non-regenerative systems with the capability of energy
storage, particularly in the secondary type batteries which can provide continuous
(steady) energy supply to microscale devices [17]. Further, there has been several
attempts to couple solar cells (energy harvesting devices) with rechargeable microbat-
teries (hybrid power supplies) [29, 11]. In order to manufacture small power sources,
several microbattery chemistries and manufacturing concepts have been reported as

follows.
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1.1.2 Microbattery chemistries and designs

Among microbatteries reported in the literature, lithium-(refs.[30, 31]), nickel-
(refs.[11, 32]), and zinc- (refs.[33, 34]) based microbatteries have gained generally
more attention as evident by the large number of publications. Albano et al. have
published a short survey on microbatteries in ref.[33]. The survey covers the works
published from 1995 to 2007. Here, a number of highlights from their survey are
provided; the original references are also given. The Li/LIPON/V,05 microbattery
is proposed by Lemmerhirt and Wise (ref.[35] as cited in ref.[33]). They employ deep
reactive-ion etching (DRIE) and low-pressure chemical vapor deposition (LPCVD)
techniques to fabricate the cell which delivers capacities ranging between 13.5 and
18.5 pAh (for a discharge current of 2.42 to 48.4 yA) with an estimated power density
range of 7.5 to 150 uWW e¢m™2 (for a nominal voltage of 3.75V). Further, smaller ca-
pacities have been reported in other works with a chemistry of MnyO,/solid lithium
glass/Li for ~ 15 puAh in refs.[33, 36]. Alahmad and Hess have reported a lithium
microbattery which is rated at 4.25 V', with a capacity of 50 nAh to be used in minia-
turized spacecraft applications [37]. Interestingly, Pikul et al. have reported on a
high power density lithium microbattery which provides power densities for up to
7AW em™2 in 2013 [38]. They have emphasized that the high energy density is at-
tributed to the high conductivity of the micro-electrodes, the very thin electro-active
materials, the close electrode packing, and the high aspect ratio of the electrodes [38].
Lhermet et al. reported on an embedded solid state microbattery fabricated using
PVD techniques for a charge density of roughly 100 uAh cm ™2 which can deliver cur-
rents up to 3mA em =2 [39]. Nevertheless, the complexity associated with the lithium-

based batteries is to protect them from being exposed to moist (or ambient air) due
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to the high reactivity of lithium which makes packaging and encapsulation difficult
[5, 40]. Further, there is still a need for a better understanding of ion dissociation
and transport within a lithium cell as well as finding salts with higher conductivities,
and wide electrochemical window ref.[41]. Also, there have been several attempts to
reduce the formation of dendrites at the surface of lithium. A review on the issues
and challenges in the development of lithium-based batteries is available in ref.[41].

Due to the difficulties associated with lithium batteries, it seems that aqueous
electrolyte batteries are promising alternatives as they offer relatively low costs, high
ionic conductivity (lower ohmic overpotentials), better safety, and less environmental
issues [42, 43]. Albano et al. reported on the development of an integrated zinc-
silver oxide primary microbattery for implantable MEMS devices [33]. They used
physical vapor deposition (PVD) technique to deposit thin film layers (less than
a micron) of titanium (as a sticky layer), gold (as a current collector), and silver
(active electrode material) onto a glass substrate. The anode electrode material is
zine, directly sprayed on a copper foil (as a current collector) from a nanopowder
zinc solution and capacities of up to 138 uAhcm™2 are obtained [33]. They have
also emphasized that the specific capacities reported in the literature for thin film
batteries ranges between 20 and 300 uAhem™2 [33]. Other alternatives to lithium
based batteries are nickel-based battery chemistries such as nickel zinc (Ni-Zn) and
nickel metal hydride (NiIMH). While Humble et al. have reported an energy density
of 555 uWhem=2 for a microfabricated Ni-Zn battery, the possibility of morphology
change on the zinc electrode after several charge-discharge cycles still needs to be
addressed [11].

The cathode electrode of a NiMH battery features Ni(OH )3/NiOOH conversion
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while the anode electrode consists of a metal hydride material (e.g., LaNisHg) [44].
The overall electrochemical reaction involved in a NiMH battery cell is N¢«OOH +M H
= Ni(OH)y+ M with a standard reversible cell potential of 1.35V [44]. Even though
there have been several works on the fabrication of thin films of metal hydride ma-
terials which could be used in micro-fuel cells or micro-NiMH batteries [45, 46, 47]
back in early 1980s, there are hardly works on miniaturized NiMH batteries. In 2003,
Do et al. reported on a NiMH microbattery which can be fabricated using a film
electrode concept. They fabricated the electrodes onto the sides of a porous sub-
strate which is used as a separator (and support) for the battery electrodes. In their
microbattery concept, the current collectors are fabricated by employing a sputter-
ing technique while the electrode materials are screen-printed by using poly vinyl
alcohol as a binder [48]. They have reported discharge capacities of around 1.17-
3.15mAhcm™2 [48, 49]. Tt should be emphasized that the use of a membrane as
a separator increases the complexity and costs associated with the fabrication, and
provides a barrier to the electrolyte ionic transport; i.e., there will be considerable
additional ohmic overpotentials. This section proceeds with a brief overview on two

and three dimensional microstructures used for microbattery electrodes.

1.1.3 Two dimensional (planar) and three dimensional mi-

crostructures

Generally, two different approaches have been employed to design and fabricate micro-
batteries including films (two-dimensional) (thin and thick films such as refs.[50, 51]),
and three dimensional (3D) electrodes [52]. In the planar (two-dimensional) approach,

the electrodes (and electrolytes) are fabricated as film layers and are combined to
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form an electrochemical cell. This approach has been extensively utilized over the
last two decades to design and manufacture small batteries. Various microfabrica-
tion’ techniques have been used such as sol-gel deposition (such as ref.[53]), physical
vapor deposition (PVD) (such as ref.[54]), chemical vapor deposition (CVD) (such as
ref.[55]), atomic layer deposition (ALD) (such as ref.[56]), electrodeposition (such as
ref.[57]), and printing [58]. The latter has gained more attention as a cost-effective
fabrication method which offers fast replication and prototyping such as works in
refs.[59, 60, 61].

In terms of 2D electrode type microbatteries, the fabrication of lithium microbat-
teries with V5 Os thin films for both electrodes using radio-frequency (RF) magnetron
sputtering method can be found in ref.[62]. Additionally, Kuwata et al. have em-
ployed a pulsed laser deposition (PLD) technique to fabricate a thin-film lithium-ion
battery with an amorphous solid electrolyte for capacities up to around S8uAh cm =2
for a current density range of 13 to 222 uA cm™2 [63]. Note there are a large number
of works on electrode and electrolyte material improvements for lithium-ion micro-
batteries such as the work by Song et al. which showed that SnO, thin films can
deliver a capacity of 670 uAh (cm?um)~! at 50 uA cm =2 in the voltage range between
0.1 and 1.2V for up to 50 cycles [64].

The three dimensional (3D) electrode approach has gained attention more recently
as it offers higher energy density for the same footprint area of the battery compared
to that of thin or thick film-based batteries as also emphasized by Albano et al. [33].
In a nutshell, the 3D structure is microfabricated by employing micro-lithography
techniques which yield electrodes of cylindrical shapes (in an array configuration)

with lengths ranging between 10 and 200 um and diameters of 5 to 100 pum [65].
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The fabrication of a 3D microelectrode for a lithium battery by using electrophoretic
deposition has been reported by Kanamura et al. [66]. They have obtained a discharge
capacity of 105.4 pAhem™2 for a microarray cell of LiyTisO5/PMMA gel/lithium
[66]. More recently, 3D microbattery architectures have been reported for lithium-
based batteries by using printing techniques such as the work in ref.[67]. Note that
the 3D architectures provide higher areal energy and power densities which can be
used more effectively in microdevices [67, 68]. For instance, Ho et al. have reported
on a novel ink jet printing technique to fabricate 3D zinc-silver microbatteries directly
onto a substrate [69]. They have fabricated 3D arrays of pillars on a glass substrate
as an electrode for an energy density of 3.95 mWhem™2. Further, Nam et al. have
mentioned a novel fabrication method for electrode arrays using a self-assembled layer
of virus-templated cobalt oxide nanowires which can deliver capacities ranging from
380 to 460nAh at a low discharge current (26 nA), and from 100 to 150nAh at a
high discharge current (255nA) [70]. Gerasopoulos et al. have also reported on the
fabrication of a nano-structured nickel-zinc microbattery by using Tobacco mosaic
virus (TMV), a high aspect ratio cylindrical plant virus, which delivers a capacity of

4.45 pAh em™2 [32, T1].

1.2 Concluding Remarks

Micro Electro Mechanical Systems (MEMS) and microfluidics are versatile technolo-
gies. To ease the problems associated with using macroscale power sources for MEMS
devices, the use of integrated power supplies, which can be fabricated by commonly-
used fabrication methods of the semi-conductor industry, is promising. A review of

the literature reveals that the required power depends on the type of unit and the
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application. Generally, the power ranges from roughly 0.1 uWW to 1000uW. In terms
of capacity, as an example, if we assume an operation time of around 4 hr day " (mea-
surement at every minute for a duration of 10 seconds) for the wireless sensor node
reported by Okada et al.[14, 15] as mentioned above, a capacity of ~ 1.7 uAh per day
(= 50 AR per month) at a nominal voltage of 1.2V is required.

Even though lithium based microbatteries provide higher energy densities, there
are still complications with respect to the battery packaging and encapsulation due
to high reactivity of lithium when it is exposed to moist. Hence, a nickel based
microbattery can be an alternative which features characteristics sufficient to fulfill
the requirements in terms of power and capacity. The latter has somewhat less
significance if the microbattery is coupled with an energy harvesting device (hybrid
system) such as a solar cell, for instance. Generally, glass-like substrates have been
commonly used to manufacture various micro(fluidic) devices and the fabrication of
the entire battery cell on a glass wafer appears reasonable approach to mimic the
integration of the battery onto a microfluidic device.

Therefore, this research project is aimed at the fabrication and the characteriza-
tion of a rechargeable nickel metal hydride microbattery on a glass substrate. The
objectives of this research work can be divided into five sections: i) characterization
of materials used as electrodes of the microbattery; ii) fabrication of both positive
and negative electrodes using microfabrication techniques; iii) electrochemical char-
acterization of both positive and negative electrodes; iv) fabrication of a fluidic layer
to be used as an electrolyte reservoir and electrode separator; v) assembling the entire

microbattery followed by an electrochemical characterization.
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1.3 Organization of Thesis

A total number of four papers have been prepared for publication. These papers are
presented in chapters II to V. The objective of the first paper is to investigate and
characterize the intermetallic compounds of LaNi5 and LaNi45C0q5 using hydrogen
sorption measurements. In this paper, several models are evaluated to describe the
transition between phases during (de-)hydrogenation. Also, a model based on a cu-
mulative distribution function is introduced which can describe hydrogen sorption of
the ABs metal alloys with four regression parameters. A comprehensive review of the
models reported over the past decades is also given in this paper. Further, a model
proposed by Feng and co-workers which is based on the kinetics of desorption is evalu-
ated for LaNis and LaNiy5Coq5. This approach is used to correct for overpotentials
and further improve the model to describe the electrolytic hydrogenation of the inter-
metallic compound of ABj5 for the third paper as presented in chapter IV. The work
presented in chapter II of this thesis has been published in the International Journal
of Hydrogen Energy, Vol. 38, Issue 21, Pages 8838-8851 (2013) (Authors: Hamid
Falahati and Dominik P.J. Barz).

The second paper is concerned with the fabrication and characterization of the
positive electrode (cathode) of the microbattery. In this article, a thorough discussion
is given with respect to the fabrication methods and electrochemical characterization
of the nickel hydroxide film electrode. The electrode is fabricated on a glass substrate
by commonly used electron beam evaporative and electrodeposition techniques. The

durability of the nickel electrode is improved by using a patterning technique. The
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electrochemical performance of the patterned nickel hydroxide film electrode is com-
pared with the conventionally fabricated electrode on nickel foil, and also without the
pattern on a glass substrate. The work presented in chapter III of this thesis has been
published in ACS Applied Materials & Interfaces, Vol. 7, Issue 23, Pages 12797-12808
(2015). (Authors: Hamid Falahati, Edward Kim and Dominik P.J. Barz).

The objectives of the work presented in the third paper (chapter IV) are to fab-
ricate and characterize the metal hydride film electrode to be used as a negative
electrode (anode) of the microbattery cell. Electron beam evaporative and sputtering
techniques are used to microfabricate such films of intermetallic alloy with A Bs-type
of La-Ni-Al. A model for the electrolytic (de)hydrogenation is derived which can ex-
plain the two a— and f— regions along with the transition between the phases using
the same kinetics approach as described in the first paper. Additionally, the results
of the hydrogen sorption of aluminium-substituted La/Ni; obtained in this work are
compared to those of pure LaN1i5 previously described in the first paper with respect
to the plateau pressure and activation process.

The fourth paper in this thesis is concerned with the combination of the electrodes
which are fabricated in the works given in the second and third papers, in order to
obtain a workable microbattery. In this work, a polymeric fluidic layer is fabricated
and used as an electrolyte reservoir and electrode separator in a sandwich-like
assembly. The thesis is concluded with some remarks and recommended further

works.
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Chapter 2

Evaluation of hydrogen sorption
models for ABs-type metal alloys

by employing a gravimetric

technique!

2.1 Abstract

This paper is concerned with hydrogen absorption and desorption in ABs-type hy-
drogen storage metal alloys. We give a brief overview on models which have been
proposed for hydrogen sorption in metals over the past decades. We choose three

models based on different perspectives, i.e. thermodynamics, reaction kinetics, and

!This paper has been published in the International Journal of Hydrogen Energy by Elsevier (H.
Falahati and D.P.J. Barz (2013), Int. J. Hydrogen Energy 38, 21, 8838-8851), Featured as Key Sci-
entific Article in Renewable Energy Global Innovations ISSN 2291-2460 http://reginnovations.org/
08/03/2014, 2013
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mere observation (empiricism), and evaluate their applicability in order to describe
the sorption behaviour. Additionally, we propose a model which is based on a cumula-
tive distribution function. In order to evaluate the models, the hydrogen absorption
and desorption isotherms of LaNis and LaNiy5C 05 are measured by means of a
gravimetric technique. Nonlinear regression is performed to fit the models to ex-
perimental data. The computed model parameters are compared to values reported
in the literature. Emphasis is given to the applicability of the models with respect
to describing non-ideality of the plateau region and continuity/smoothness of phase

transition regions.

2.2 Introduction

Hydrogen absorbing metal alloys can be used for various applications including hydro-
gen storage, nickel metal hydride (NiMH) battery electrodes, hydrogen purification,
hydrogen sensors and catalysts [1, 2], heat pumps [3], and cooling systems [4]. This
wide range of applications can be attributed to the reversibility of hydrogen gas ab-
sorption as it occurs in many materials such as crystalline ABs-type metal alloys
[5]. The class of ABs hydrogen absorbing metal alloys is particularly suitable not
only due to its highly reversible hydrogen sorption but also low equilibrium pressure
and relatively fast kinetics [6]. Hydrogen storage in metal alloys is relatively safe in
comparison with pressurization [7] and requires lower input energy compared to liq-
uefaction [8]. Additionally, the volumetric capacity of a hydrogen store can be higher,
for a given hydrogen weight, when filled with a hydrogen absorbing metal alloy such

as ABs-type metal alloys [5].



2.2. INTRODUCTION 22

For the purpose of this study, LaNi5 and LaNiy5Cog5 are chosen due to the pres-
ence of nickel in the metal structure. Nickel has several benefits including acting as a
catalyst for hydrogen dissociation which increases the reversibility of hydrogen sorp-
tion [9]. From an equilibrium perspective, the electrochemical reaction taking place
at the gas-solid interface is similar to an electrolytic (electrochemical) hydrogenation
at a solid-liquid interface [10]; Hence, hydrogen ab/desorption at the gas-solid inter-
face can be utilized as a physicochemical model for the negative electrode of a NiMH
battery.

The hydrogen content in a metal hydride system depends on operating tempera-
ture 7" and pressure P. The absorption and desorption of hydrogen in metal alloys
tends to be exothermic and endothermic, respectively. Hence, a relationship which
correlates the hydrogen content with 7" and P is very useful for the design of hy-
drogen storage systems; i.e. the so-called pressure-composition-temperature (P-C-T)
relationship. Furthermore, the dependency also affects the reaction kinetics of the
ab/desorption which can be seen in metal hydride cooling systems [4].

The mechanism of hydrogen sorption in an exemplary metal alloy is shown in
Figure 2.1. In detail, Figure 2.1(a) depicts hydrogen molecules being adsorbed onto
the surface of the metal alloy. The hydrogen molecules dissociate into atoms on
the surface of the metal. The a-phase is the solution of hydrogen atoms and the
solid metal as shown in Figure 2.1(b), while S-phase is the hydride phase in which
the metal interstices are occupied by hydrogen atoms as illustrated in Figure 2.1(c).
During the desorption process, the hydrogen atoms desorb from the metal bulk to
reach the metal surface where they combine to hydrogen molecules. The transition

from (- to a-phase occurs when the concentration of hydrogen in the bulk becomes
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Figure 2.1: Hydrogen ab/desorption mechanism in a metal alloy: (a) adsorbed hy-
drogen molecules at the metal surface; (b) solid solution (a-phase); (c)
hydride phase (/-phase).

too low to sustain the -phase. It is noteworthy that the recombination of hydrogen
atoms to form molecules can occur from pure (- and a-phases and also from the
transition region where both phases coexist. The transition region is indicated by the
plateau in the isotherm, as shown in Figure 2.2, which can be described by the van’t
Hoff thermodynamic model In(P.,/Pref) = AS/R — AH/RT at a given hydrogen
concentration absorbed in the metal. Hence, the enthalpy AH and entropy AS of
de/hydrogenation can be estimated by measuring the equilibrium hydrogen pressure
P,, at different temperatures and plotting its logarithmic value vs. the reciprocal
temperature 1/7.

Figure 2.2 gives an illustrative sketch of equilibrium pressure vs. hydride concen-
tration Cy for various temperatures and indicates the transition region in each case.

Generally, a higher equilibrium plateau pressure is observed at a higher temperature.
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There is no mixed phase region at the so-called critical temperature, T,.. Addition-
ally, the knowledge of the equilibrium pressure in the transition region allows for the

construction of the van’t Hoff plot as illustrated on the right-hand side of Figure 2.2.

1000 T

B-phase
a-phase 7 \
/ \
100 =+ Vi \
/ 100°Cy
ﬂ i \
_‘E 10 g i \
= T / i \
T a+B-phase
o / g P \
! ‘ 25°c\
1 7 —o- -
f | 0°c,
/) ——
ﬂ : \
01 : - ey g ;
0 0.2 04 ©, 06 0.8 1 24 29 3.4
C./- T1/103 K

Figure 2.2: Sketch of an ideal equilibrium pressure/hydride concentration diagram
for a hydrogen absorbing metal alloy indicating phases involved with hy-
drogen ab/desorption.

In the present study, we compare a set of three models selected from the literature
along with a novel model which is based on a cumulative distribution function (CDF).
In detail, we employ a gravimetric method to measure the hydrogen ab/desorption
isotherms of LaNis and LaNis5C0y5 metal alloys and evaluate the applicability of
the models. We proceed the article with an overview of various models known from
literature. Then, the experimental setup and methodology are described. We use
these data to perform nonlinear regressions to the selected models and discuss the

findings. Finally, this article is summarized with some concluding remarks.
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2.3 P-C-T models: An overview

Generally, the P-C-T models can be categorized into three groups: i) models which
are derived from thermodynamics including statistical mechanics; ii) empirical models
solely based on observation; and iii) models derived from reaction kinetics. In the
following review, we give a brief overview of various models which have been proposed
over the last decades. The emphasis will be on assumptions and limitations of each
model.

A very first model which describes the P-C-T correlation for hydrogen absorb-
ing materials was proposed by Lacher [11] in 1937. The Lacher model was initially
proposed for palladium systems. Evans and Everett (1976) applied the model to
deuterium absorption in palladium [12]. The Lacher model is primarily based on the
work of Sieverts et al. (as cited in [11]) who discovered that the concentration of
hydrogen is proportional to the square root of the hydrogen pressure. The model was
derived from statistical mechanics and utilizes the Planck function which assumes a
definite number of interstitial sites in the lattice. Sieverts and co-workers also as-
sumed that the absorption energy weakly depends on the arrangement of protons in
the metal interstitial sites while the total average absorption energy of a number of
hydrogen atoms are at their lowest states. In the Lacher model, the hydrogen gas
is described using the ideal gas law while there is no expansion, defects, dislocations
and sub-lattice in the metal structure. Additionally, the plateaus are assumed to be
symmetric when using Lacher model. The model is reasonably adequate for metals in
which the metal lattice structure does not change due to hydrogen absorption; hence,

the model cannot be applied to Ti, Zr and Ta according to Hagg (as cited in [11]).



2.3. P-C-T MODELS: AN OVERVIEW 26

The model also assumes that there is equilibrium between gaseous hydrogen atoms at
the gas/metal interface and the hydrogen molecules in the bulk of the hydrogen gas.
Furthermore, the model has the disadvantage that the heat of absorption is weakly
correlated to the temperature. The Lacher model was later extended by Lototsky et
al. [13] to obtain more realistic isotherms of metal hydride systems. In other words,
the Lacher model mainly describes an idealized behaviour of hydrogen ab/desorption
in metal lattices.

As the hydrogen-hydrogen (H-H) interaction contributes to the real isotherm
plateaus, a correction term is required. Non-ideal behaviour had also been described
by Brodowsky et al. (as cited in [14]), as well as the mathematical study by Griessen
[15]. Real (measured) isotherm plateaus are usually not symmetric, i.e. the filling
fraction 6, in the plateau midpoint deviates from 0.5, and may feature a slope due
to the non-ideal behaviour. Moreover, the slope of the plateau region often appears
to be temperature-dependent as first proposed by Shilov et al. (as cited in [13]). Lo-
totsky et al. assumed that there should be interaction between metal-hydrogen and
hydrogen-hydrogen [13]. They also noted that the most simple approach to account
for the repulsive interaction is the van-der-Waals gas consideration which includes
interaction between adsorbate molecules in the condensed phase. This was also con-
sidered by Hill-de Boer who studied monomolecular surface adsorption based on the
model for interaction of molecules of adsorbate as mentioned by Lototsky et al.; a very
similar approach that Langmuir used for adsorption. Lexcellent and Gondor in 2007
pointed out that the Lototsky model cannot describe the phase transformation very
well [16]. The model presented by Lexcellent and Gondor is based on open two-phase

systems with coherent interfaces. This requires that the reservoir is large enough
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that the chemical potential i of the interstices in the reservoir does not change: i.e.
ta(Co) = pp(Cs) = pg(P,, T). For further details on the thermodynamics of two-
phase systems, the reader is referred to the work of Schwarz and Khachaturyan [17].
There are further models such as Beeri et al. [18] and Samsun et al. [19] which can
also be considered as modifications or extensions of the Lacher model.

In the early 1950s, Rees [20] proposed a model, based on statistical mechanics,
assuming that B atoms occupy interstitial sites only in the parent structure (A,,B,).
In addition, neither Schottky lattice defects nor Frenkel lattice defects were included
[20]. Other work reported that the composition of any crystalline compound (of
atomic lattice type) must depend, even to small degree, on the partial pressure of
the components which are in equilibrium with the crystalline phase. This implies a
small deviation from an ideal composition [21]. Another valid assumption is that the
energy of B atoms in the interstitial sites relative to the gas phase is independent of
changes in symmetry and cell dimensions of the parent lattice and the temperature
as postulated by Rees [20]. On one hand, this is similar to the Lacher model in that
all the solute atoms are considered to occupy interstitial sites for any part of the
composition range. On the other hand, this is contrary to Anderson’s model [21],
in which the solute atoms are distributed among interstitial and normal lattice sites.
Eventually, Rees [20] also proposed Schottky lattice defects in the parent lattice.
Although the defects may reduce the number of interstitial sites accessible to atoms,
the deviation from a non-defective lattice is insignificant for pure metals. However, if
the hydrogen concentration is high, then there is a remarkable change in the saturation
solubility for 6 values approaching unity [20]. It should be emphasized that the

presence of Schottky lattice defects requires a more comprehensive investigation in
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terms of hydrogen sorption of metal alloys.

In the early 1980s, Kierstead [22, 23| proposed a model similar to the Lacher model,
though based on another derivation approach. One of the advantages of this model is
that it can be easily applied to multi plateau isotherms. A general assumption is that
the absorption sites can be divided into groups which are independently occupied
by hydrogen. Moreover, they are maintained even though there is lattice expansion
and phase changes. In addition, the heat of absorption is treated as independent
of the temperature. There is confusion in literature since other works, including
(hydrogen) absorption kinetics proposed by Larsen and Livesay [24], consider the
heat of absorption as a temperature-dependent parameter. Symmetric plateaus are
obtained when using this model. In general, the Kierstead model is very similar to
the Lacher model which had been derived from statistical mechanics. The Kierstead
model also considers the phase transition which is induced by attractive interactions
among hydrogen atoms at the same type of site. Additionally, the interactions among
hydrogen atoms at different types of sites were taken into account in the later study
by Kierstead in 1984.

In the 1980s, Larsen and Livesay [24] suggested an (a semi-)empirical model based
on probabilistic arguments. The model is based on nucleation and growth reactions
taking place during phase transformations. This phenomenon can be described by the
generalized Johnson-Mehl equation [25] which has been widely used in metallurgical
applications.

In 1987, another empirical based model for P-C isotherms of hydrogen sorption
in metals was proposed by Bjurstrom et al. [26]; it is called Bjurstrom model in this

article. This model utilizes a free energy function and a Langmuir-like expression.
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Bjurstrom et al. note that a Langmuir type model had previously been used for
silica gel-water vapour absorption by Jury and Edwards [27]. The Bjurstrom model
is suitable for engineering applications as it describes the isotherms with an error of
a few percent only. The model has been applied to experimental data obtained for
LaNiyr79Aly2 and other metal alloys [26, 28]. Bjurstréom and co-workers note that
experimental data in the vicinity of the critical point are not represented by their
modelling approach. Furthermore, the regression of experimental data in the a-phase
leads to unsatisfactory results. However, this model offers the advantage of describing
the P-C-T behaviour in a single curve for all temperatures unlike Sieverts’ law.

Stark et al. [29] and Guo et al. [30] studied hydrogen sorption of a metal hydride
system by employing artificial neural networks; this approach can be considered as
an empirical model as well [29, 30]. A polynomial regression model of ninth order has
been utilized in conjunction with the van’t Hoff equation by several researchers. This
includes works by Jemni et al. in 1999 [31], Askri et al. [32, 33, 34, 35|, and Gambini
et al. in 2008 [36]. Even though a 9th-order polynomial regression describes the
experimental data very well, the physical interpretation of the regression parameters
is rather difficult. Hence, the significance of such high order polynomials is limited.

In 1993, Fujitani et al. introduced a concept which assigns plateau slope to a
statistical distribution of the chemical potential of hydrogen in an alloy at a given
temperature [37]. This can be related to heterogenous properties of the lattice in-
cluding grain boundaries and lattice defects and/or composition fluctuations such as
segregation [38].

Zhou et al. [39] proposed a model in 1994 which contains two different correla-

tions; it will be named the Zhou model in this article. One correlation describes the
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segments in the P-C isotherm where the solubility of hydrogen atoms controls the
ab/desorption. The other correlation describes the plateau region where the transi-
tion between - and -phases occurs. The Zhou model is also able to describe a slope
of the plateau region implying non-ideality of the isotherms. Furthermore, the model
parameters have physical meaning. In 2009, Payéa et al. proposed an extension to
Zhou model which reflects the transition points [40]. However, this modified correla-
tion has not yet been tested with other materials to prove the general applicability
of the extension.

Feng et al. introduced a model using a chemical reaction approach; we call it
the Feng model in this article. The model is derived for the desorption process
but describes the absorption process as well [14]. In detail, the model utilizes two
first-order reaction kinetics of the transition of hydrogen from the absorbed to the
adsorbed phase and the desorption from the metal alloy surface. Feng and co-workers
considered these reactions as rate-limiting steps which is contrary to the work of
others. The works of Boser [41] and Miyamoto [42] indicate that the rate-limiting
step is the reaction between hydrogen atoms and a-phase solution at the interface
of these two phases. In contrast, Tanaka [43] reports that the rate-limiting step is
hydrogen diffusion through the S-phase while the work of Wallace [44] identifies the
adsorption of hydrogen onto the metal surface. Other work determines the dissociative
chemisorption of the hydrogen molecules on the AB5 metal alloy surface as the rate-
limiting step [45]. The assumption made in the Feng model is close to the one reported
by Park and Lee [46], who suggested that the rate-limiting step may change with the
extent of the absorption process. Furthermore, the 2012 study by Paya et al. indicates

that the change in the rate-limiting step occurs at the transition from the plateau
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region to the f—phase [47].

One of the advantages of the Feng model is that hydrogen-hydrogen interaction is
considered by a Temkin isotherm which was proposed for heterogenous surfaces [14].
Additionally, Feng and co-workers note that there are significant similarities between
their model developed for electrochemical systems [48] and their model developed by
considering phenomena at the interface of hydrogen gas and solid [14].

In the present study, one model is chosen from each category for the sake of com-
parison. Additionally, we propose a novel model which is based on a cumulative
distribution function (CDF). Our work intends to give more insights into the appli-
cability of the models for AB5-type of hydrogen absorbing metal alloys. Therefore, a

series of ab/desorption experiments are conducted as described in the next section.

2.4 Experimental methods and materials

In this section, we first give a brief introduction to the experimental setup which is
utilized for measuring the hydrogen ab/desorption of the metal alloys. We then intro-
duce the materials that are used and eventually describe the metal hydride activation

method.

2.4.1 Gravimetric analysis

The hydrogen absorption and desorption isotherms are obtained by employing a gravi-
metric technique. A schematic diagram of the experimental setup, which is built

in-house, is shown in Figure 2.3. The experimental setup consists of a gravimetric
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instrument, equipment to adjust and control gas temperature and pressure, and vac-
uum pumps equipped with vacuum pressure gauges. The gravimetric instrument is
capable of measuring weight increase and decrease due to ab/desorption within the
pressure and temperature range of 0 and 50 bar and ambient temperature to 100 °C,
respectively. The sensitivity of the gravimetric balance is 0.1 ug.

Contrary to a volumetric analysis, based on Sievert’s law, a gravimetric method
is more reliable even if there is a gas leakage in the instrument particularly at high
pressures. The gravimetric method measures the hydrogen content by monitoring the
weight increase via a microbalance. A high precision pressure transducer/transmitter
(35.5 bar-ASHCROFT USA, 0.5% accuracy), which is coupled with a multimeter
(Fluke 8840A, USA), measures the hydrogen pressure in the sample cells. Sample
cells are equipped with two separate electrical heating tapes. The temperature of the
sample cells is continuously controlled by utilizing two T-type exposed thermocou-
ples (OMEGA, Engineering Inc., USA) which are connected to proportional-integral-
derivative (PID) controllers (Barnant Company, USA and Digi-Sense, Singapore).
The microbalance is calibrated prior to any measurement.

To measure the hydrogen absorption, a sample of about 4 g of metal alloy is loaded
into a sample cell. The other sample cell contains a counterweight (glass beads) which
does not absorb hydrogen. Then, the system is evacuated by employing two vacuum
pumps. One of the vacuum pumps is a mechanical pump (Edwards, UK) and the
other one is a vapour pump (Edwards, UK EO 40/55). A vacuum pressure of lower
than 1075 bar is obtained at the beginning of the experiment. The instrument is
filled with ultra high purity hydrogen gas at a desired pressure. The weight increase

is monitored through a DISBAL data acquisition system (CI Electronics ltd., UK)
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which is connected to the microbalance. All weight difference values are obtained
after the pressure and temperature of the sample reach steady state. That is, the
metal hydride is in equilibrium with its hydrogen environment.

In the desorption process, the hydrogen pressure is controlled by venting the hy-
drogen out via a vent needle valve. The weight decrease is read using the DISBAL
data acquisition system. The hydrogen pressure reduction is repeated until an en-
tire desorption isotherm is obtained. Weight differences are recorded if the metal
hydride is in equilibrium with the hydrogen environment. We calculate the effect of
buoyancy on the weight differences by using Archimedes’ principle as we employ a
different material for the counterweight. Additionally, we explore the buoyancy ef-
fect on the weight readings experimentally by changing the counterweight materials.
These experiments are performed using nitrogen gas which gives higher buoyancy
effect compared to hydrogen gas. As a result, we measure that the relative effect of
buoyancy is negligible — that is, on the order of 1072 relative error — over the temper-
ature and pressure range studied. The hydrogen sorption isotherms are obtained at
four different temperatures starting at room temperature with an interval of 20 °C.

The LaNi5 and LaNiy5Cog5 hydrogen storage grade metal alloys are purchased
from Sigma Aldrich, Canada. Initially, the metal alloys are in the form of large
particles featuring a wide particle size distribution. Ultra high purity hydrogen gas

is used in all experiments (Grade 5-MEGS, Canada).

2.4.2 Metal alloy activation

An oxide layer is formed on the metal alloy surface when it is exposed to air which

acts as a barrier to hydrogen ab/desorption. Hence, the removal of the oxide layer is
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Figure 2.3: Schematic diagram of the experimental setup.

necessary to obtain bare surfaces which then can adsorb hydrogen. The removal of
this oxide layer is called activation in the context of this work. The activation plays
a very important role in obtaining reliable values for both absorption and desorption
isotherms. The procedure used to activate the metal alloys is as follows.

The sample is loaded into the sample cell of the gravimetric instrument and main-
tained for three days at a temperature and pressure of 180 °C' and 30 bar, respectively.
Then, the sample is cooled down to ambient temperature while the hydrogen pres-
sure is maintained at 30 bar for another three days. A few absorption and desorption
cycles, as mentioned above, are performed during heating and cooling the samples.
Since the metal alloys used in this study have crystalline structure, large particles are

broken into very small particles (fine powder); and the alloy starts to readily absorb
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hydrogen. This behaviour can be seen for most crystalline materials but not for amor-
phous structures [49]. We observe that the activation of LaNis5Coq 5 metal alloy is
easier to achieve than that of La/Nis which is probably due to its lower equilibrium
pressure. This might also be related to the presence of cobalt in the structure of the
metal alloy. In order to make sure that the alloys are fully activated, a set of five
absorption and desorption cycles are performed without unloading the sample cell
and the results are compared. We consider the metal alloys as entirely activated if
there is no significant difference between the measured cycles.

In the next section, we evaluate the Zhou, Bjurstrom and Feng models along with
a novel model based on CDF for LaNi5; and LaNiy5Coy5 hydrogen storage grade

metal alloys.

2.5 Results and Discussion

To evaluate and compare the mathematical models selected for this study, the models
are fitted to the experimental results by using the minimization of the sum of the
squared residuals. The model parameters are computed by using the Generalized-

Reduced-Gradient (GRG) method for optimizing nonlinear problems.

2.5.1 Zhou Model

The model which is proposed by Zhou et al. [39] is comprised of two equations to
describe the ab/desorption isotherms. The a- and [-phases are modelled with the

correlation:
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describes the transition between a— and p-phase. Here, C'y and C,,;q are the
hydrogen concentration at any point and at the mid-point of the segment of the
plateau with the smallest slope, respectively; P, is the equilibrium hydrogen pressure;
P,y is the reference pressure defined as unit pressure (= 1 bar); 7 is the activity
coefficient of hydrogen; Vj is the hydrogen partial molar volume; AH is the enthalpy
of de/hydrogenation; AH; is the heat of solution of hydrogen; AS is the entropy
change; fs is the slope factor of the non-ideal transition region at 298 K; k is the
rate variation of the slope factor as a function of temperature; T is the absolute
temperature; R is the universal gas constant in Jmol 'K ~!; and A is a regression
coefficient. Eventually, the model requires the regression of twelve parameters to
describe all phases.

In the current investigation, the Zhou model is fitted to experimental data ob-
tained for LaNis and LaNiy5Coq5 as shown in Figures. 2.4 and 2.5. We plot the
logarithm of the concentration and the equilibrium pressure since we obtain an im-
proved illustration of the a-phase. The indicated segments 1, 2 and 3 correspond to
a—, a+ f—, and S—phases, respectively. The computed values of the model param-

eters are given in Table 2.1. An inspection of the results show that enthalpy and
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Figure 2.4: Zhou model: Desorption P-C isotherms of LaNis; metal alloy.

entropy change of hydrogen sorption of LaNi45Cog 5 are higher than those of LaNis.
In general, somewhat higher enthalpy and entropy values for desorption process are
obtained. This also emphasises that relatively small hysteresis in both metal alloys
exist.

Zhou et al. [50, 39] and Paya et al. [40] also test the quality of the Zhou model
for AB-, AB>-, and ABs-type metal alloys. The latter group, however, fits the exper-
imental data obtained from AB>- and ABs-type alloys to the "modified” Zhou model
which is mentioned in the overview section 2.3. Payd et al. have obtained a good
regression quality of the fitted data for their ABs-type alloys [40]. Contrary to the
"modified” Zhou model, the original one used in [39] shows smooth continuity for the
phase transition regions despite the fact that this model consists of two different cor-

relations. Additionally, the inadequacy of the "modified” Zhou model in describing
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Figure 2.5: Zhou model: Desorption P-C isotherms of LaNi45C 005 metal alloy.

the a-phase, as can be seen in the work of Payé et al. [40], cannot clearly be seen in
the current work for the original Zhou model.

As shown in Figures 2.4 and 2.5, the quality of the regression is good for both
investigated metal alloys. The results clarify that the Zhou model is capable of
describing the plateau region well for the temperature range studied in this work.
Moreover, the model allows for the description of the non-ideality of the plateau
region, i.e. for plateaus which feature a slope. It is found that the activity coefficient
of hydrogen v calculated for both metal alloys are at the same order of magnitude.
However, all Vj are negative which does not have physical meaning. The absolute
values of Vi for LaNis are much larger than those of LaNiy5C0q5 for both a- and
(- phases.

Overall, the Zhou model represents all phase regions with an accuracy sufficient
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for engineering applications. However, the major disadvantage of the model is that it

consists of two equations and a seamless transition between the phases is not possible.

LaNis LaNis LaNiys5Co05 | LaNiys5Co0g5
Parameters Absorption | Desorption | Absorption Desorption
Aa [ 5.26E-05 2.32E-09 2.13E-07 3.30E-09
Yo [] 0.72 1.03 1.58 1.11
Vira [Lmol™!] -209.85 -392.78 0.04 -2.61
AHg, [kJ mol™!] -25.25 -43.04 -14.03 -32.50
(fs)208 [] 0.46 0.31 0.45 0.64
kK™Y -0.004 -0.002 -0.003 -0.005
Ag [ 0.46 0.44 0.26 0.36
s |- 0.07 0.09 0.10 0.10
Vg [Lmol™!| -6.03 -10.00 -0.46 -0.28
AHgg [kJmol™] -37.90 -32.91 -36.22 -32.50
|AH| [kJ mol™!] 28.81 31.82 29.99 35.07
|AS| [Jmol™t K1 107.41 113.09 146.02 159.89

Table 2.1: Zhou model parameters for LaNi5; and LaNiy5Cog5 metal alloys.

2.5.2 Empirical models

In this section, we investigate two empirical models. The first model has been pro-
posed by Bjurstrom et al. in 1987. The other model is developed within the context
of this work and is based on a cumulative distribution function (CDF). In general, a
noteworthy observation is that all P-C isotherms can collapse to a single characteristic
curve if the equilibrium pressures are scaled with an appropriate reference pressure
P,c;. This idea of scaled equilibrium pressures has been proposed by Bjurstrom et al.
[26]; they choose a pressure scale which corresponds to the midpoint of the isotherm
plateau. Initially, this method has been adapted in this paper. The results which

have been achieved were not satisfactory. This might be due to the fact that the
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isotherm plateaus in the work of Bjurstrom et al. are symmetric contrary to ours.
Hence, we expand this concept and introduce a temperature-dependent pressure scale
in order to obtain a single curve of (collapsed) experimental data. In order to obtain
the best possible collapse, we optimize the pressure scale by employing a regression
method.

Figure 2.6 shows the results of the optimizations (and a corresponding linear fit)
as a function of temperature for both metal alloys. We observe a good linearity for
the temperature dependency of the pressure scale. Additionally, Figure 2.6 clarifies
that the pressure scale significantly changes over the temperature. The temperature
dependency of the pressure scale is more pronounced for non-symmetric isotherm
plateaus. We observe that the values of absorption P-C isotherms are higher than
those of desorption ones; which is an indicator for the presence of hysteresis during the
ab/desorption cycle. Finally, we propose the utilization of the pressures scales as the
temperature-dependent reference pressure. This reference pressure is used to scale
the equilibrium pressures of each isotherm individually. In the following sections,
we use the reference pressure values to test both the Bjurstrom and the novel CDF

model.
Bjurstrom model
The model proposed by Bjurstrom et al. [26] is an empirical model which comprises

six regression coefficients as given in Eq.(4.3):

azXl/ag a5X1/a6

Cy =
H a11+a2X1/a3 +a41—|—a5X1/aﬁ
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Figure 2.6: Reference pressure representing ”best-collapsed” experimental data vs.
temperature.

Here, X is the equilibrium pressure P, scaled with a reference pressure P,.; according
to X = (P.,/Pres)t", Cy is the metal hydride concentration, a; for ¢ = 1..6 are the
regression coefficients, T is the absolute temperature, and R is the universal gas
constant in L atm (mol K)~!.

The experimental data is scaled with the maximum metal hydride concentration
at its corresponding temperature. The model is used to describe the experimental
values obtained for LaNis and LaNiy5Co0g5 as shown in Figure 2.7 and Figure 2.8,
respectively. The used reference pressure values correspond to those given in Figure
2.6. However, the range of experimental data is different for each isotherm which has
to be considered for the regression. Hence, in terms of empirical models, regression

is only performed where all isotherm experimental data are present in the collapsed
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curve. In the range of fewer temperature data, the regression function is given by
a dashed line to indicate that the model is used for extrapolation. The computed

regression coefficients are given in Table 2.

LCLNig, LaNi5 LaNi4_5Coo_5 LCLNZ'4.5COO.5
Parameter Absorption | Desorption | Absorption Desorption
ap [-] 0.90 0.88 0.73 0.78
as [-] 76.61 486.08 10.81 5.36
az [L atm mol™!] 2.36 1.95 1.90 2.58
ay |-] 0.09 0.10 0.27 0.23
as |-] 5.00 4.00 0.81 0.58
ag [L atm mol™'] 43.12 41.84 13.67 14.29

Table 2.2: Bjurstrom model parameters for LaNis and LaNi45C 045 metal alloys.

Generally, the parameters of the empirical model do not provide physicochemical
data such as enthalpy or entropy of (de-)hydrogenation. When we compare the re-
gression coefficients of ab- and desorption isotherms, we find mainly similar values for
LaNiy5Coy5 which indicates the good reversibility of this alloy. When we compare
between the two different alloys, we realize that the respective aq, a3 and a4 values
are relatively similar. One order of magnitude difference among the ay values and
among the as values of the alloys is found, though. However, the model parameters
strongly depend on the choice of the reference pressure values.

As can be seen in Figure 2.7, the model reflects the hydrogen sorption processes on
LaNis5 in the a-phase and in the transition region with a very good agreement while
there are some inaccuracies in the S-phase. When we inspect Figure 2.8, which gives
the LaNiy5Co0g5 experimental and modelled data, we find that a- and transition
region show very good agreement as well. Additionally, the model shows fairly good

agreement with the experimental data of the S-phase.
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Bjurstrom and co-workers have shown that the model represents the experimental
data very well for cases where two hydrogen atoms bound to ABs-type metal alloy
[26]; however, this may not always be the case. Again, the choice of the reference
pressure is crucial to obtain a high accuracy. In the present study, the accuracy
is considerably higher when the regression-based temperature-dependent reference
pressures are used. Furthermore, better regression can be obtained if the regression
coefficients are calculated for each P-C isotherm [26], i.e. non-collapsed curves. This
would result in a large number of model parameters, though. Eventually, this empir-
ical model can be employed where a high degree of accuracy is not required, e.g. for

most engineering applications.
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Figure 2.7: Bjurstrom model: Desorption P-C isotherms of LaNi5 metal alloy.
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Figure 2.8: Bjurstrom model: Desorption P-C isotherms of LaN1i45C 095 metal alloy.

A model based on a cumulative distribution function

In this section, we introduce an empirical model to represent experimental sorption
data which is based on a cumulative distribution function (CDF). In detail, the model
is used to describe a single curve of collapsed experimental data as it results from
scaling of the equilibrium pressure (cf. section 2.5.2). We refer to this model as
ERF model as it consists of an error function. The inspiration for this approach
comes from modelling of breakthrough curves in ad/desorption systems as it can be
found for instance in [51, 52]. The ERF model consists of four regression parameters

according to

RT,epln () + Q4

4

% — O, |Qy+ ERF (2.4)
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Here, Cy and (), are the metal hydride concentration and the maximum metal hy-
dride concentration, respectively; P, and P, s are equilibrium and reference pressure,
respectively; T,..s is an absolute reference temperature; R is universal gas constant in
Latm K~'mol™'; and Q, for i = 1..4 are the regression coefficients. In this model, {23
and Q4 correspond to the mean g and variance Vo2 in the original CDF.

The reference conditions (7}.s, Prer) are chosen to be room temperature (293 K)
and temperature dependent reference pressure as shown in Figure 2.6. The model
and experimental data points are compared in Figures 2.9 and 2.10 for the desorption
of LaNi5 and LaNi4s5Cogs metal alloys, respectively. Generally, this model requires
a relatively high resolution of experimental points in the transition range to obtain a
good regression quality. Since we use collapsed data, we have to perform the regression
in a range where all temperatures are represented. This range is indicated by solid
lines in the following figures. Hence, the ranges where we do not have all temperatures
are extrapolated and indicated by dashed lines.

Figures 2.9 and 2.10 demonstrate that the model is able to represent a-phase
and non-ideal plateau regions with a good agreement. Moreover, the model describes
the smooth transition between the phases well. In terms of S-phase, we find lower
accuracy, though it should be still adequate for technical applications. Eventually,
the model parameters can also be computed for each P-C isotherm in order to obtain
higher accuracies.

Table 2.3 shows the model parameters which are computed from the regression.
We see that there are only small differences between the regression coefficients of the

ab- and desorption process (for a metal alloy) for all parameters except €24. The 4
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Figure 2.9: ERF model: Desorption P-C isotherms of La/Ni5 metal alloys.

80

parameter corresponds to the variance in the CDF and contributes to the slope of

the transition phase. As can be seen in Figure 2.10, the plateau region of LaNis

features a larger slope in comparison with that of LaNis5Coq5. This is also reflected

in the regression parameters, as the value of €}y for LaNi5 is larger than that of

LaNiy5Coy5. Furthermore, the presence of small hysteresis can be referred to the

difference between 23 values in sorption P-C isotherms of both metal alloys since {23

corresponds to the mean p in the original CDF. In fact, the mean p contributes to the

positioning of the CDF curve along the abscissa. Eventually, we find that difference

in €3 is larger for LaNis which agrees with the observation of larger hysteresis for

this alloy.

One considerable advantage of the empirical ERF model is that it is not restricted
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Figure 2.10: ERF model: Desorption P-C isotherms of LaN1i45C 045 metal alloys.

to a single P-C isotherm. Since it utilizes collapsed experimental data resulting from
scaling with a temperature-dependent reference pressure, it is able to represent P-C
data for various temperatures in a single characteristic curve. In comparison to the

Bjurstrom model, our approach offers the advantage of four regression coefficients

only.
LCLNi5 LaNi5 L(INZ.4‘5COO‘5 LCLN?:4.5 000.5
Parameter Absorption | Desorption | Absorption Desorption
Q [-] 0.47 0.47 0.47 0.48
Qy [-] 1.14 1.13 1.06 1.03
Q3 [Latmmol ™| 10.24 12.06 4.24 4.02
Q4 [Latmmol ™| 5.70 24.77 6.66 7.98

Table 2.3: ERF model parameters for LaNi5 and LaNis5C0q5 metal alloys.
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2.5.3 Feng model

The Feng model is based on the kinetics of desorption of hydrogen in the metal alloy
[14]. Tt is:

P, 2 Cu Y Cy
RT'1 ) = A+ RT1 2.5
H(Pref) yo—ﬂfo( - n(Cm_CH)+ Cm )> ( )

where A can be expressed according to

Kk
A=AH+ RTn <#) : (2.6)
—1NZ2

Here, P., and P,y (= latm) are equilibrium and reference pressure, respec-
tively; T is the absolute temperature; Cy and C), are hydrogen concentration in
mol/mol and maximum metal hydride concentration, respectively; RT' In (P.,/Pref)
and RT In(Cy/(C,, — Cp)) can be regarded as Gibbs energy and configurational en-
tropy, respectively [14]; vCpy/Cm is the attractive interaction coefficient of H-H
absorbed; % is the ratio of the products of the reaction rate constants of the
2-step forward reaction to the product of the corresponding reverse reaction; and R
is the universal gas constant in J K~ tmol™1.

Feng and co-workers investigated both the electrolytic hydrogenation (liquid-solid
interface) and the hydrogen absorption (gas-solid interface). They found that both
phenomena can be described with similar models [2]. This has several implications.
For instance, the physicochemical gas-solid model can be used to investigate elec-

trolytic de/hydrogenation of metal hydride electrodes in a NIMH battery.

We follow the original approach, and scale all metal hydride concentrations with
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the maximum hydrogen concentration which can be stored at room temperature.
In the original Feng model, the value of y, and zy are maximum and minimum
solubility of hydrogen in a- and p-phase, respectively, which are determined using
the experimental P-C-T data. However, we cannot achieve a satisfactory regression
quality when we use yo — xo resulting from our experiments. Hence, we treat the term
Yo — To as a model regression parameter.

The regression coefficients are computed and given in Tables 2.4 and 2.5. Feng
et al. plotted the model parameter A vs. the absolute temperature and calculated
the enthalpy for hydrogen ab/desorption AH from the ordinate intercept divided by
the average of Y50 at all investigated temperatures. It turns out that we cannot
achieve meaningful values by using this approach. Therefore, we revise equation (4.6)
and replace coefficient A with AgRT where the value and units of both terms are
identical. The difference is that regression coefficient Ay is now dimensionless. We

obtain meaningful values when we divide the ordinate intercept of the plot Ay vs. the

1
Yo—To

temperature with the average of and then multiply with RT},cqn; Where Thiean
corresponds to the average of the investigated temperatures; i.e. 324 K. We give the
enthalpy values in Table 2.6 together with enthalpy values found in literature for the

sake of comparison.

T C(m Yo — To A ’VH/Cm
CC] | =] (=] | [kJ (molHy)™"] | [kJ (mol Hp)~']
2315 | 1.03 | 0.90 6.39 -10.80
40+1 | 0.95 2.93 10.12 -9.47
60£1 | 0.89 | 4.70 18.55 -10.36
80£2 | 0.83 | 10.66 46.14 -8.84

Table 2.4: Feng model parameters for LaNi5 metal alloy, for hydrogen desorption

process.
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Figure 2.11: Feng model: Desorption P-C isotherms of LaNi5; metal alloy.

T Com | Y0 — 70 A v /Cm
CC] | =] | =] | [kJ (mol Ho)™'] | [kJ (mol Hy)™']
20+1 | 1.00 1.88 5.85 -9.48
40+1 | 0.96 2.95 10.17 -9.73
60+1 | 0.91 4.57 17.46 -9.74
80£2 | 0.84 9.54 39.59 -9.00

Table 2.5: Feng model parameters for LaNiy5Co0p 5 metal alloy, for hydrogen desorp-
tion process.

As can be seen in Figures 2.11 and 2.12, the Feng model is able to describe the
experimental data very well in all regions. The model accounts for the non-ideality
of the plateau regions which feature slopes and are slightly curved. Additionally,
the model is able to reflect the transition between the phases very smoothly. The

model could also represent collapsed experimental data (results not shown) leading
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Figure 2.12: Feng model: Desorption P-C isotherms of LaNi,5C0q 5 metal alloy.

to a reduced number of regression parameters. However, we have to treat the yq — xq
as a regression coefficient in order to achieve an acceptable regression quality. The
definition of yy —xg constitutes that these values should be always approximately one.
The computed values can be considerably higher, especially for higher temperatures.
Additionally, meaningful enthalpies are only derived when we considerably deviate
from the procedure suggested in [14]. The reason behind this discrepancy is unknown.
Paya et al. mentioned that the Feng model should not be used for isotherms at higher

temperatures [40].

2.5.4 Enthalpy and entropy of hydrogen ab/desorption

Eventually, we compare the enthalpy and entropy values, which are calculated using

the models studied in this work, to values that we found in literature. The values are
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given in Tables 2.6 and 2.7.

Enthalpy LaNis LaNis LaNiy5Co05 | LaNis5Coo.s
[kJ (mol Hz)~1] | Absorption | Desorption | Absorption | Desorption | Ref.
|AH | zhou 28.87 31.60 30.11 35.28 -
|AH |pant—Hoff 28.35 31.69 28.23 31.28 -
|AH | peng 30.81 34.01 28.69 28.97 -
|AH| 32.30 31.83 - - [53, 54]
|AH| - ~ 31.80 - - [55]
|AH| 31.79 - - - [41]
|AH| ~ 33 - - - [56]
|AH| 30.9 - 27.7 - [57]
Table 2.6: Absolute enthalpy of hydrogen ab/desorption for LaNizCos and

LaNiy5Coy5 metal alloy calculated from models evaluated in this work
and from literature.

EHtI'Opy LaNis LaNis LaNig5Cog.5 LaNiy 5Cog.5
[J (K mol Hz)~1] | Absorption | Desorption | Absorption | Desorption | Ref.
|AS| zhou 107.49 112.38 146.28 160.29 -
IAS|vant—tiors | 144.56 151.12 141.15 148.70 :
|AS| - 108.78 - - [55]
[AS] - ~ 100 - - 28, 58]
Table 2.7: Absolute entropy of hydrogen ab/desorption for LaNisCos and

LaNiy5Co0y 5 metal alloy calculated from models evaluated in this work
and from literature.

In general, we can see that the absolute enthalpies of all processes, i.e. ab- and
desorption, are similar for both metal alloys; it fluctuates around 30 kJ(mol Hy) ™ .
In detail, the absolute absorption enthalpies calculated in our work are around
28..30 kJ(mol Hy)~'. This is in good agreement to the values of 31..33 k.J (mol Hy)™*

which can be found in literature. The absolute desorption enthalpies determined in
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this work are higher than the absorption enthalpies. This difference between absorp-
tion and desorption enthalpy can be attributed to the hysteresis which is experimen-
tally observed for both metal alloys. In addition, Koh et al. [59] studied the kinetics
of LaNis for de/hydrogenation. They found the activation energy of absorption and
desorption to be 27 and 37 kJ mol~!, respectively. This implies that the absorption
enthalpy of LaNis should be smaller than that of desorption; as mentioned in the
works given in [60, 61]. This is in agreement with the findings obtained in this study
as well.

When we inspect the absolute absorption enthalpies for LaNiy5Coy5, we find
a larger fluctuation of the values, i.e. 28..35k.J (mol Hy)™!, compared to the other
alloy. The values determined using the Zhou, van’t Hoff, and Feng models are in
good agrement with the values that we found in the literature. A wider range of
the desorption enthalpies in LaNiy5Coq5 is found as well. These enthalpies are also
principally higher than the absorption enthalpies. We are not able find respective
literature values for the desorption enthalpy.

In terms of entropy, we observe for both alloys that the absolute entropy
change |AS| of desorption is always higher than the corresponding absorption one;
whereas the differences are relatively small. Essentially, all values are in a range of
140..160 J (K mol Hy)~* but the values resulting from Zhou model for the LaNis al-
loy; these are around 110 J (K mol Hy)~!. The latter values have a good agreement
with the values reported by Mal et al. for LaNis, i.e. 108.78 J (K mol Hy)™" [55]. In
addition, an entropy change value of about 100 .J (K mol H,)~! is reported by Uchida
et al. [28].
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2.6 Concluding Remarks

The characterization of hydrogen storage grade LaNi5 and LaNiy5Co0p5 metal al-
loys in terms of hydrogen absorption and desorption is performed by employing a
gravimetric analysis technique. The applicability of selected literature models, along
with a novel model based on a cumulative distribution function, with respect to a
reproduction of experimental data is investigated. The concluding remarks are, as
follows:

1) It is observed that the thermodynamic-based Zhou model does not reflect a
smooth transition of the isotherms between different phases. The model describes the
a- , -, and a+ p-phase regions adequately for engineering applications. In addition,
the model is capable of displaying experimental data in case of non-idealities of the
plateau region. This includes plateaus with slopes and slightly curved transition
regions. The advantage of the Zhou model is that it is derived from thermodynamics;
hence, the regression coefficients mainly have a physicochemical meaning.

2) Displaying various P-C isotherms in a single characteristic curve of collapsed
(scaled) experimental data can be used to find simple models which feature less pa-
rameters. The empirical model proposed by Bjurstrom and co-workers utilizes an
arbitrary mid-plateau reference pressure to describe the experimental data in a sin-
gle characteristic curve. In our study, we expand this approach and introduce a
temperature-dependent reference pressure. The Bjurstrom model gives very good
accuracy especially in the a- and transition phases. The ERF model shows good
accuracy for a- and transition phases as well. Due to the nature of the error function,

i.e. the sole description of the transition between two constant values, less accuracy
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is obtained for S-phases. Nevertheless, this should be still acceptable for engineering
applications. Contrary to the Zhou model, the Bjurstrom and the ERF model can
reproduce a smooth transition between phases. An advantage of the ERF model is
that it requires fewer regression parameters compared to the Bjurstrom model. How-
ever, the regression coefficients of both empirical models have no physicochemical
relevance.

3) The Feng model describes the phase transition points and non-ideal character-
istics of the o 4+ [-phase, i.e. a non-ideal plateau region, reasonably well. Contrary
to the Zhou model, the Feng model can cover a smooth transition between phases.
Beside these rather mathematical characteristics, we have to deviate from the original
procedure to obtain model parameters of physicochemical relevance. This might be
related to the different type of metal alloy used in our work compared to the original
work.

4) Finally, the enthalpy and entropy values of hydrogenation and dehydrogenation
of the LaN1i5 metal alloy which are computed through the Zhou and Feng models
are in good agreement with the literature data. However, the entropy values of
hydrogen sorption of LaNi; and LaNiy5Cog5 metal alloys that are obtained by
using the van’t Hoff model are somewhat higher than the value of approximately 130
J (K mol Hy)™! as reported for the entropy change for all metal-hydrogen systems
[62]. Additionally, the entropy values of LaNi,5Cog5, obtained by using the Zhou
model, are about 18% (by average) higher than the approximate value mentioned

above.
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2.8 Nomenclature

A Coefficient /regression parameter [-]

a; Regression parameters in [-] except for i = 3,6 [L atm mol™!]
C Metal hydride concentration [-|

fs Slope factor [-]

H, (AH,) Heat of solution of hydrogen [J mol™!]
H (AH) Enthalpy [kJ (mol Hy) ™|

k Variation rate of slope factor [K !

KO Reaction rate constant [sec™!]

mad Mid-point

P Pressure [bar]

R Universal gas constant [L atm K~ mol™! |
S Entropy [J (K mol Hy) ™!

T Absolute temperature [K]

Vv Partial molar volume [L mol ]

Yo — To Regression parameter
Q Single phase (dehydrided)/anhydrated phase
a+p Transition phase when « and [ phases coexist

B Single phase (hydrided)/hydrated phase
¥ Hydrogen activity [-]/unstable phase of nickel with higher oxidation state
R Absorbed hydrogen-hydrogen attractive interaction [k.J (mol Hy)™!]
A Difference
0 Filling fraction
1 Chemical potential [Jmol™!]

Q; Regression parameter [-| except for i = 3,4 [L atm mol™']
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Chapter 3

Fabrication and Characterization
of Thin Film Nickel Hydroxide

Electrodes for Micro-Power

Applications!

3.1 Abstract

The utilization of micro-power sources is attractive in portable microfluidic devices
where only low power densities and energy contents are required. In this work, we
report on the micro-fabrication of patterned a-Ni(OH), films on glass substrates

which can be used for rechargeable micro batteries as well as for micro-capacitors.

'H. Falahati, E. Kim and D.P.J. Barz (2015); This paper has been published in ACS Applied
Materials & Interfaces, Vol. 7, Issue 23, Pages 12797-12808.
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A multi-layer deposition technique is developed based on e-beam evaporation, ultra-
violet photolithography and electroplating/electrodeposition which creates thin-film
electrodes that are patterned with arrays of micro-pillars. The morphology and the
structure of the patterned electrode films are characterized by employing field emis-
sion scanning electron microscopy. The chemical composition is investigated by using
X-ray diffraction and X-ray photoelectron spectroscopy. Finally, cyclic voltammetry,
electrochemical impedance spectroscopy and galvanostatic charge/discharge measure-
ments are used to evaluate the electrochemical performance of the patterned thin
film electrodes compared to patternless electrodes. We observe that patterning of
the electrodes results in significantly improved stability and, thus, longer endurance

while good electrochemical performance is maintained.

3.2 Introduction

In the last two decades, micro-electro-mechanical-systems (MEMS) and especially
microfluidic systems have attracted considerable attention since they offer size reduc-
tion along with the possibility of integration of several functions in a single unit. The
system capabilities usually far exceed those of conventional systems while maintain-
ing the potential of being mass produced at a low cost [1]. Technological microfluidic
concepts comprise, for example, Lab-on-a-Chip [2] and Point-of-Care-Testing [3] sys-
tems where the typical utilization aims at chemical analytics and medical diagnostics,
respectively. However, in almost all microfluidics as well as in other MEMS technolo-
gies, the supply of electric power is a barrier to further development since battery
miniaturization has not kept the same pace as the advances in micro-fabrication meth-

ods. That is, the size of a micro-device is often determined by the size of its power
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supply, and integrating a (macroscopic) power supply within the device structure is
often not possible [4]. Typical sub-millimeter sized sources should produce power in
the range of 10? to 103uW em ™2 and should have capacities of up to 103uAh em=2,
at an operating voltage range of 2 to 3V [5]. Sub-millimeter power sources with
such power and energy densities have not yet been developed due to constraints on
packaging, fuel storage, fuel delivery, and power generation [6].

Presently, there are several strategies for the miniaturization of electrical power
sources. These include regenerative power technologies that generate power from
micro-photovoltaic arrays or thermoelectric, electrostatic and piezoelectric devices
[7, 8]. In contrast, non-regenerative power supplies have a finite amount, or require
a continuous supply, of active materials/fuel for power generation, such as micro-fuel
cells [9] and microfluidic fuel cells [10]. Other relevant electrochemical devices are
micro-batteries where the chemistries are in most cases indistinguishable from con-
ventional batteries. Though configurations, material deposition, post-processing and
packaging methods applicable to macro batteries are oftentimes not feasible below
the centimeter scale. Hence, the resulting micro-battery performance does not pro-
portionally scale at such miniature dimensions [11]. Micro-batteries typically utilize
thin or thick films of electroactive materials which can be either printed or deposited
by various techniques such as sol-gel, electrodeposition, physical and chemical vapor
deposition or atomic layer deposition [12].

Here, micro-power sources which utilize nickel hydroxide (Ni(OH)s) films ap-
pear promising since they offer well-defined reduction-oxidation (redox) activity, high
power /energy density as well as good cyclability at low cost. However, the discharge

rate and the temperature sensitivity still need to be improved [13, 14]. Nevertheless,
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considerable scientific and technological knowledge of Ni(OH ), substrates is available
since they have been widely investigated for their utilization in macroscopic batter-
ies, such as nickel/cadmium (Ni/Cd) (E°® = 1.3V), nickel/metal hydride (Ni/MH)
(E% = 1.3V) or nickel/zinc (Ni/Zn) (E°® ~ 1.7V) [15] as well as in electrochromic
devices [16, 17]. The standard half cell potential of Ni(OH)s/NiOOH is around
0.5V (vs. SHE).

The current research on Ni(OH )y films often aims at (pseudo) electrochemical
capacitors including, but not limited to, the work of [18, 19, 20, 21]. For this applica-
tion, research is also dedicated to the preparation of nano-sized particulate Ni(OH ),
which is deposited on carbon-nano-tubes [22, 23], on nickel foams [24] or clustered to
microspheres [25]. Other applications of Ni(OH), films aim to increase the electro-

catalytic activity and stability of sensors [26].

a‘N|(OH)2 Charge (forward) V‘N|OOH

Discharge (backward)

Reduction Oxidation

Dehydrate
a8ieyaianp

B'Nl(OH)z Charge (forward) B_NIOOH

Discharge (backward)

Figure 3.1: Four phase Bode scheme of oxidation and reduction of Ni(OH ),/ NiOOH
according to [27] as cited in [28].

The suitability of Ni(OH ), substrates for electrochemical applications is due to
the fact that they can be reversibly converted to nickel oxyhydroxide (NiOOH)

as sketched in Figure 3.1. Generally, Ni(OH ), has two polymorphic states. The
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hydrated form with intercalated water molecules is called a-Ni(OH),. In a highly-
concentrated alkaline solution, this structure is unstable and converts to the relatively
anhydrous and thermodynamically stable polymorph 5-Ni(OH ). The S-Ni(OH),
can then be charged to increase the oxidation state of Ni to about 3 which is called
B-NiOOH. 1If it is further charged (overcharged), the S-NiOOH is converted to
another polymorph, the so-called v-NtOOH. There are several difficulties involved
with the redox reaction between the S-phases, including volume expansion which re-
sults in mechanical instability problems and a generally lower charge capacity [29].
Here, an alternative redox route is favourable where a-Ni(OH ), is directly oxidized
to 7-NiOOH which can also occur at a lower potential than that required for the
redox reaction between the two S-phases [27]. Another advantage of this route is that
a-Ni(OH), features a considerably lower mass density so that higher mass specific
charge contents can be achieved. Hence, there is significant research dedicated to the
stability enhancement of a-phase in alkaline milieus such as refs. [29, 30].

So far, very few attempts have been made to utilize Ni(OH ), film electrodes
for micro-battery applications. Humble et al. fabricated a Ni/Zn micro-battery on a
epoxy-coated silicone chip where the cathode consisted of a roughly 100um thick film
deposited on a nickel current collector of around 600nm in thickness. An estimation of
the film electrodes characteristics resulted in an energy and power density of around
0.5mWhem™2 and 50mW em ™2, respectively [31, 32]. Further research by Do et al.
was concerned with the screen printing of Ni(OH ), thick-film electrodes for Ni/MH
batteries on porous ceramic substrates and on polypropylene films [33, 34]. It is
questionable whether or not this fabrication method can be easily adapted to micro-

systems. Additionally, such printed films have a limited tolerance for stress arising
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from volume change of the active materials [35] and from shear if in contact with
flowing liquids as we may have in microfluidics.

In the present work, we report on a novel fabrication method for thin film elec-
trodes of a-Ni(OH ), directly on glass, which is one of the most common microfluidic
substrates. These electrodes can be employed for micro-power applications such as
rechargeable micro-batteries or electrochemical capacitors. In contrast to the work of
others, which is concerned with the electrodeposition of Ni(OH ), thin films on bulk
nickel foils, such as [21, 36], we use lithography techniques to create patterned films
on the glass substrate. These micro-fabricated electrodes are characterized in terms
of their material compositions and surface morphologies. We investigate the electro-
chemical performance of the patterned electrodes and compare them to similar but
patternless film electrodes. This article continues with a section on the experimen-
tal methodologies and materials followed by a discussion of our experimental results.

Finally, the article is summarized with some concluding remarks.

3.3 Experimental Methods and Materials

In this section, we specify the materials, fabrication and characterization techniques

which are used for this work.

3.3.1 Microfabrication

Materials: Glass microscope slides (Fisher Scientific, Canada) of area 1 by 3 inches
are used as the microfluidic substrate for the micro-fabrication of the Ni(OH ), films.

Nickel and chromium pellets (Kurt J. Lesker Canada, Inc., Canada) with purities
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99.995% and 99.998%, respectively, are used for the physical vapour deposition of
the thin films. Electrodeposition is performed using nickel(IT) chloride hexahydrate
(puriss. p.a., > 98%, Sigma-Aldrich Canada Co., Canada) and nickel(II) nitrate
hexahydrate (99.999% trace metals basis, Sigma-Aldrich Canada Co., Canada). Note
that the use of a very high purity nickel nitrate solution is required since traces of
co-precipitated metals such as iron can promote unwanted side reactions such as the
oxygen evolution reaction (OER) [37]. For the sake of comparison, nickel films are also
prepared on nickel foil (99.99%, Sigma-Aldrich Canada Co., Canada) with a thickness
of 0.125mm. The materials required for the ultraviolet (UV) lithography include a
chemically amplified negative photoresist KMPR® 1000, a SU-8 photoresist developer
solution (Methoxy-2-propanol acetate) and a photoresist remover PG solution (1-
Methylpyrrolidone (NMP)) (all from MicroChem Corp., USA).

Instruments: Metal thin films are prepared using an electron beam evaporator
(Thermionics laboratory Inc., USA) coupled with an 1G4500 ion gauge controller.
The deposition rate is controlled by a deposition crystal monitor (INFICON Inc.,
USA). In terms of the UV lithography process, we use a glass photo-mask, with a
grid style geometric pattern consisting of squares of size 400 x 400 um?, obtained
from nanoFAB at the University of Alberta (Canada). The other photo-masks which
are required for the patterning of the nickel current collector are made by printing
on a regular office transparency sheet by using a XEROX office printer (XEROX
WorkCentre 7428). A mask aligner (Oriel Instruments, USA) coupled with a light
intensity controller, timer, and ultraviolet (UV) lamp is used to transfer the mask
pattern to the photoresist. In terms of electrodeposition, a power supply (U8002A,

Agilent Technologies, USA) along with a potentiostat/galvanostat (PGSTAT302N,
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Metrohm Autolab B.V., The Netherlands) are utilized.

3.3.2 Materials and Physical Characterization

The elemental composition of the deposited films is examined with an X-ray diffrac-
tion (XRD) instrument (X’Pert Pro, Philips Analytical B.V., The Netherlands) via
Cu K-alpha radiation. The diffractometer is operated at 40 kV and 45 mA. The
data analysis is performed by using X’Pert Highscore Pro software. Additionally,
we employ an X-ray photoelectron spectrometer (XPS) (Thermo Instruments 310-F
Microlab) using the Mg Ka method. A stylus profiler (Dektak XT, Bruker Nano
Surfaces Division, USA) is used to characterize the size features of the electrode
surfaces. Furthermore, an infrared analysis is performed by using a Nicolet Avatar
320 Fourier transform infrared (FTIR) spectrometer (Thermo Electron Corporation,
USA) with a Specac Golden Gate single pass diamond attenuated total reflectance

(ATR) accessory. A total number of 32 scans is collected at a resolution of 4cm™!.

3.3.3 Electrochemical Characterization

Electrode films are electrochemically characterized with cyclic voltammetry (CV),
Electrochemical Impedance Spectroscopy and galvanostatic charge/discharge mea-
surements using a potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab B.V.,
The Netherlands). A three electrode setup is utilized consisting of the working elec-
trode (Ni(OH),), reference electrode (Ag/AgCl/3M KCIl, double junction, Metrohm
Autolab B.V., The Netherlands) and a counter electrode (Pt-wire-mesh, Metrohm
Autolab B.V., The Netherlands). All electrochemical measurements are performed in

aqueous 1 M potassium hydroxide (KOH) solutions at a room temperature of 23°C'.
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The electrolyte solutions are prepared with deionized water having a conductivity of
approximately 2 uS em™t. Conductivities and pH values are tested using a modular
pH and conductivity meter (Mettler-Toledo, SevenMulti, Switzerland). Addition-
ally, a source measure unit instrument (2400-LV SourceMeter, Keithley Instruments
Inc., USA) coupled with a 4-probe station with Tungsten W probe-tips (Wentworth

Laboratories Inc., USA) is used to measure the surface resistance of the thin films.

3.4 Results and Discussion

In this section, we first describe the micro-fabrication of the patterned film electrodes
on glass substrates. These micro-fabricated electrodes are compared to similar pat-

ternless films which are deposited on commercially available nickel sheets.

3.4.1 Microfabrication

The Ni(OH )y thin film electrodes are made through micro-fabrication techniques
which are commonly used in the semiconductor industry along with electroplating
and electrodeposition. The process starts with the fabrication of a current collector
on the microfluidic substrate using electron beam physical vapor deposition (e-beam
evaporation). We first perform some qualitative experiments with a sticky tape to
test the adherence of the deposited thin films on glass. It turns out that pure nickel
hardly adheres to glass. An improved adherence is achieved, when we first evaporate
chromium to deposit an adhesion (seed) layer of a thickness of 40nm on the glass
surface. Then, a nickel film of the same thickness is grown onto the adhesion layer. In

terms of patternless electrodes, Ni(OH ), films are electrodeposited onto the current
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collector from the nickel nitrate solution in a potentiostatic mode. We observe that
the durability of these Ni(OH), films is very poor. Fu et al. used nickel sheet foils
as the substrate for the electrodeposition of Ni(OH), films [21]. They mentioned
that the nickel foils were polished with emery paper to a rough finish. We use the
same method for our electrode preparation on nickel foils since this enhances the
adhesion with the film material, as we discuss in the next section. In our case, the
very small thickness of the e-beam evaporative deposited current collectors prevents
this kind of mechanical surface roughening. Therefore, we employ a novel approach
which appears more suitable for micro-fabricated thin films. That is, we pattern the
nickel current collector with a 3D array of micro-pillars. These 3D features not only
“simulated roughness” of the surface, but also increase the size of the adhesion area.

The patterned electrode is fabricated through a multi-layered film process which,
along with e-beam evaporation and electroplating/electrodeposition, also employs
multiple UV photolithography steps. The process steps are illustrated in Figure 3.2.
In detail, the microscope glass slide is first subjected to a cleaning process involving
acetone, isopropanol and DI water. A layer of KMPR® photoresist is spin-coated on
the glass slide in two steps (500 rpm with an acceleration of 1007pm s, followed
by 3000 rpm with an acceleration of 300rpms~'). The slide with the photoresist
is transferred to a hot plate and backed for 25 mins at a temperature of 100°C. To
define the footprint of the electrode on the slide, the photoresist is exposed to UV light
through the transparency sheet mask which initiates the cross-linking process. The
exposure time is 6 sec and the intensity controller reads 18.8 at a power of 1000 W.
The glass slide is then transferred to the hot plate for a post exposure bake of 5mins

at a temperature of 100°C. The photoresist is developed in a SU-8 developer solution
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for about 5mins to remove the unexposed areas. That is, the unexposed bare glass
surface area defines the location for the deposition of the electrode pad. The glass slide
is transferred to the e-beam evaporation chamber where the chromium adhesion layer
and subsequently the nickel current collector layer are grown; each film thickness is
40 nm. After deposition, the slide with the deposited metal layers is soaked in remover
PG solution at a temperature of 60°C' to strip off the leftover photoresist. Note that
soaking times of more than 20 minutes attack the nickel current collector severely,
especially at elevated temperatures.

In order to create a patterned nickel surface, we process another layer of photore-
sist with the same fabrication parameters as described above. However, we use the
photo-mask which patterns the photoresist with a grid of squares of size 400 x400um?.
That is, we obtain a grid-like structure of alternating bare nickel and photoresist-
coated squares after the lithography process. The micro-fabrication proceeds with the
electroplating of nickel from a 1M NiCls solution for around 30 mins at a potential
of 0.9V the resulting current is ~ I = 0.01 A . Since nickel is only deposited at
the bare nickel surfaces of the current collector, a three-dimensional pattern of nickel
micro-pillars is grown.

Once the three-dimensional features are fabricated, the remaining photoresist is
stripped off the electrode pad using the same conditions as previously described.
Finally, we grow a thin layer of Ni(OH ), from an aqueous Ni(NOj3)s-6H20 solution
onto the entire electrode pad. According to ref. [38], this electrodeposition process is

based on the reduction of nitrate to ammonium via

NO3 + 7TH,O + 8¢~ — NH;} +100H . (3.1)
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10. Ni(OH): electrodeposition .
2.KMPR spin-coat

9. KMPR lift-off 3. UV lithography
8. NiOx electrodeposition 4.E-beam evaporation
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Figure 3.2: Fabrication process scheme of the patterned nickel hydroxide electrode.

The simultaneous generation of hydroxide raises the pH value at the cathode surface
locally and the dissolved nickel ions react with the hydroxides and form insoluble

nickel(IT) hydroxides at the electrode surface according to

Ni** +20H~ — Ni(OH)s,. (3.2)
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The electrodeposition is performed at a constant potential of —0.9V vs. Ag/AgCl

for 30 minutes; the observed current density is around 3.25 mA em=2.

Figure 3.3: a) Picture of the electrode current collector after electroplating of Nickel
which results in the three-dimensional grid-like pattern (the second pho-
toresist layer is still present) ; b) FESEM image of the electroplated nickel
surface with a detailed view of the 3D features.

Figure 3.3 gives an insight into the structure of the electrode pad after different
steps of the micro-fabrication process. In detail, Figure 3.3a) shows a picture of the
entire current collector after the electroplating of nickel, prior to stripping off the sec-
ond photoresist layer and the electrodeposition of Ni(OH ),. We notice the grid-like
structure of the current collector which serves as an artificial surface roughness in
order to improve the durability of the subsequently deposited Ni(OH ), film. Figure
3.3b) shows a detailed 60 degree tilt field emission scanning electron microscopy (FE-
SEM) image of the electrode surface; i.e., before the electrodeposition of Ni(OH ),.
The micro-pillars have, to good approximation, a footprint of 400 x 400 um? and a
distance of 400 um between each other. The average height of a micro-pillar is de-

termined to be around 20 um by utilizing a (mechanical) stylus profiler. After the
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electrodeposition, the micro-pillars are covered by the Ni(OH ), layer with a thick-
ness of around 35 um. We observe that our patterning process significantly improves
the stability of the films; the reason behind is unknown. The gain in surface area
is roughly 3%. This rather small change makes it less likely to be the cause of the
stability improvement. An explanation could be the singularity of the electric field
which results from sharp (ideal) geometric discontinuities. That is, there is a signifi-
cant increase of the electric field strength at the edges and corners of the pillars which
may result in a compacted electrodeposited film which improves mechanical strength
and adhesion. In the next section, we discuss our results obtained from the materials

characterizations and compare them with the relevant literature.

3.4.2 Materials Characterization

As outlined in the section Introduction, the electrochemical performance of Ni(OH ),
is significantly affected by its crystal structure, grain size and morphology. Hence,
we employ several characterization methods to obtain insights into the composition,
crystalline phase and morphology of the substrates which are fabricated in this work.
This detailed insight is especially important since we use multiple complex chemicals
and methods for the film fabrications and we are not able to predict their impact on
the substrates and the subsequent process steps. We first utilize XPS measurements
to investigate the surface composition of the different substrates. We follow Grosvenor
et al. [39] in their interpretation on how the oxidation state of nickel at the surface
is related to the binding energies and the chemical shifts in the XP spectra. In
our study, the carbon offset is taken into account while the satellite peaks are not

accounted for. Moreover, only the right-hand side set of peaks are used for the XP
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spectra interpretations and are fitted to the Ni(2p) multiplet.
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Figure 3.4: Ni(2p) spectrum from a) a commercially available nickel sheet; b) the
e-beam evaporated nickel current collector; and c) the electrodeposited
nickel hydroxide film.

In detail, Figure 3.4a) shows the spectrum of the commercially available nickel
sheet. This substrate is used to prepare a conventionally fabricated (patternless)
Ni(OH), electrode and is used as a benchmark for the micro-fabricated electrode.
We observe two peaks at binding energies of 852.60 and 855.75eV in the Ni(2ps/2)
spectrum which correspond to Ni® and Ni?*, respectively; the latter can be associated
with the nickel in NiO [39]. Additionally, the right-hand side of Figure 3.4a) shows
another peak that is measured at 531.45eV. This single O(1s) peak can reflect both

OH~ and O~ or a NiyOj3 defect structure [40]. In comparison, Figure 3.4b) shows
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the Ni(2p) multiplet peaks measured on the nickel film which is grown on glass using
e-beam evaporation. The observed binding energies are 852.75 and 855.85eV and,
hence, are almost identical to those observed for the nickel sheet. However, the peak
associated with Ni° is considerably less pronounced. Additionally, we measure an
almost identical O(1s) peak (not shown) as for the nickel sheet. Generally, these
results are in agreement with ref. [39] and indicate that both substrates, nickel sheet
and e-beam evaporated nickel film, have similar surfaces which consists of elemental
nickel and nickel oxide. Considering the ratios of the Ni(2ps2) peaks, it appears
that the e-beam evaporated film has a higher fraction of nickel oxide compared to the
nickel sheet. Figure 3.4c) shows the Ni(2p) spectrum of the Ni(OH), film which is
electrodeposited on the patterned current collector surface. We observe distinct peaks
at 856.50 eV for Ni(2ps/;) and 531.45eV for O(1s) (not shown) which is similar to
the nickel (and nickel oxide) surfaces discussed above. However, Kim and Winograd
noted that this combination can also be assigned to Ni(OH), since this spectrum
is similar to that of NiyO3 and NiO, except that the O(1ls) peak is broader [41].
Finally, our XPS measurements confirm that, despite the multiple process steps and
the usage of complex chemicals, the fabricated films consist of N and Ni?** bonded
to an oxide or hydroxide compound, respectively.

Further information on the crystal phase and structure of the Ni(OH), films are
obtained by utilizing X-ray diffraction (XRD) technique. Here, we peel an electrode-
posited film from a micro-fabricated electrode since powder-like samples are required.
Figure 3.5 shows the measured XRD pattern which can be indexed according to
JCPDS No.38-0715 to the diffraction data of Ni(OH ), - 0.75H50, i.e. to (hydrated)

a-Ni(OH)y. Similar patterns are observed in the work of others such as ref. [21]
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who attributed the broadening of some of the diffraction peaks to small grain sizes
or structural micro-distortions in the crystal structure.

Finally, we perform FTIR ATR spectroscopy of the electrodeposited Ni(OH),
films. The result gives a band which corresponds to a wave number of around 630 cm ™1
(not shown). This can be attributed to the lattice vibration of hydroxyl groups (dNi-
O-H) which is a typical feature of an a-Ni(OH ), structure [42, 21]. Note that we are
not able to obtain bands below 500 cm ™! by using our FTIR-ATR instrument. There-

fore, the peaks which can be attributed to Ni-O stretching vibrations, as mentioned

in [42, 21], can not be found by using our instrument.
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Figure 3.5: XRD pattern of the electrodeposited nickel hydroxide film.
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3.4.3 Electrochemical Characterization

In this section, we discuss the results of cyclic voltammetry, electrochemical
impedance spectroscopy, charge/discharge measurements as well as the durability
of the differently fabricated Ni(OH ), film electrodes. Note that all electrochemi-
cal tests are performed in concentrated potassium hydroxide. Thus, the fabricated

a-Ni(OH), is dehydrated and converts into 8-Ni(OH ),.

Cyclic voltammetry

Cyclic voltammetry is commonly used to identify both capacitive and faradic cur-
rents which result from the application of a cycling potential. In this section, we
present cyclic voltammograms (CVs) of differently fabricated Ni(OH ), thin films
that we term conventional, patterned or patternless electrode. Here, the term conven-
tional electrode means that the Ni(OH ), film is electrodeposited on a commercially
available nickel sheet where the surface has been roughened with emery paper. The
patterned and patternless electrodes are both deposited on glass and share most of
the fabrication steps as described in subsection Microfabrication; however, one nickel
surface is patterned with the micro-pillars while the other is plain. All CVs are mea-
sured in an aqueous 1M KOH electrolyte. The measured currents are normalized with
the footprint area of the electrode. We initially perform a few cycles at a scan rate of
v = 0.5mV s ! to condition the electrode. On average, around 20 cycles are required
to obtain a steady and reproducible CV for the patterned or patternless electrodes
while the conventional electrode requires fewer cycles for conditioning.

Figure 3.6 shows the CVs of the conventional electrode for different scan rates

ranging from v = 0.5 to 15mV s~!. Note that we use an IR-drop compensation of 75%
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Figure 3.6: Cyclic voltammogram in 1M KOH of a thin film of Ni(OH ), deposited
on a nickel sheet for scan rates of v = 0.5 to 15mVs~!. The insert
demonstrates a linear correlation between the anodic current density and
the square root of the scan rate.

for the measurements. Depending on the scan rate, we observe more or less distinct
redox current peaks. That is, the higher the scan rate, the higher the magnitude
of the measured current densities. Additionally, we observe a widening of the redox
peaks with increasing scan rates. The redox peaks result from the electrochemical
reaction between NiOOH and Ni(OH ), where Ni*t is reduced to Ni** according

to:

B—NiOOH+HyO+e~ = 3—Ni(OH)y;+OH™; E" =0.30V (vs. Ag/AgCl 3M KCI)
(3.3)
In the following, we use the classic correlations and interpretations of cyclic voltam-

metry derived for smooth electro-catalytic electrodes as described for example in ref.
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[43]. It is understood that our Ni(OH), films are porous substrates and not smooth
surfaces and the redox reactions change the nature of the electrode surface as well.
Nevertheless, since our porous films are very thin and the concentration gradients in
the porous structure should be comparable to those on the surface, we think that this
approach allows for a qualitative comparison. In other words, the aim of the inter-
pretation is to quantify the variations of the differently-fabricated electrodes rather
than claiming the identification of the detailed electrochemical steps.

We observe that, for increasing scan rate, the anodic and cathodic peaks shift to
higher and lower potentials, respectively. We plot the anodic current density values
Jpa versus the square root of the scan rate /v as shown in the insert of Figure 3.6. A
clearly linear correlation between these parameters is observed. The average anodic
peak potential corresponds to E,, = 0.50 V £0.11 V while the cathodic peak potential
is found at E,. = 0.16V 4 0.07V. Hence, the average formal reduction potential
corresponds to E° = % =0.33V £0.02V which is in good agreement with the
standard reduction potential. We further find that the difference between the anodic
and cathodic peak potentials increases in a linear fashion with y/v. The average
peak difference is with AE, = 0.34V + 0.18 V rather large. The ratio of cathodic
to anodic peak current distinctly decreases when the scan rate increases; the average
value is jpe/jpa = 0.47 £ 0.14. Considering all these features of the current CVs, it
is indicated that there is an intrinsic activation barrier resulting in a slow electron
transfer followed by a reversible chemical step; that is, the system is quasi-reversible.

The tails in the CVs displayed in Figure 3.6 at the highest oxidation potential
indicates the presence of the parasitic oxygen evolution reaction (OER). This mecha-

nism is relatively complex and detailed investigations are outside of the scope of the
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present work; the reader is referred to [28] for further details on the OER in the pres-
ence of nickel. Snook et al. investigate the electrochemical performance of Ni(OH ),
mixtures — consisting of Ni(OH )y particles, graphite flakes and a PTFE binder —
pasted on thick nickel foil collectors. They report that the OER diminishes the me-
chanical integrity of their electrodes and that cycling to a lower positive switching
potential stabilizes the capacity and reduces the OER so that less electrode degra-
dation occurs [13]. We observe that our thin film electrodes, which are without any
binder, have a certain stability if deposited on the metal sheet, but are very much
susceptible to mechanical degradation due to OER if they are fabricated onto the
glass substrate. Additionally, the potential associated with the OER decreases as the
scan rate decreases. In order to measure CVs of the electrodes deposited on glass,
we adjust the switching potential for each scan rate such that we observe a distinct
anodic peak while avoiding oxygen evolution as much as possible.

Figure 3.7a) gives CVs of the patternless electrodes for scan rates ranging from
v =0.5to 20mVs~!. Generally, we find distinct anodic and cathodic current peaks
for all scan rates. We observe also that the magnitude and the width of the peaks
increases with increasing scan rate. Additionally, the anodic peak shifts to higher
potentials and the cathodic peak shifts to lower potentials when we increase the
scan rate. We determine the average anodic and cathodic peak potential to be
E'pa =043V £0.02V and E'pc = 0.27V £ 0.01V, respectively. The average peak
difference over all scan rates is AE, = 0.16V 4 0.04V while the average formal
reduction potential corresponds to £° = 0.35V + 0.01 V. Further evaluation of the
CVs shows again a linear correlation between anodic peak current and the square root

of the scan rate. The average ratio of the peak currents is with j,./jpa = 0.47 £ 0.08
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Figure 3.7: Cyclic voltammograms of the Ni(OH ), films at various scan rates for a)
the patternless and b) the patterned electrode.

almost identical to that of the conventional electrode.
Figure 3.7b) gives the CVs which are measured on the patterned electrode for

various scan rates in a range of v = 0.5 to 20m Vs~! while the switching potentials
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are individually adjusted. We again realize that the magnitude and the width of
the redox peaks increases with increasing scan rate. Additionally, we observe a
noticeable distortion of the anodic peak for all scan rates. That is, the current density
approaches its maximum and more or less maintains it until the switching potential
is reached. Likewise to the previous electrodes, we observe that with increasing scan
rate, the difference between anodic and cathodic peaks increases. The average anodic
peak potential corresponds to Epa = 044V £ 0.05V while the average cathodic
potential is E,. = 0.23V £ 0.02V. Hence, the average peak difference over all scan
rates is AE, = 0.21V £ 0.07V. The average formal reduction potential corresponds
to E° = 0.33V £ 0.01V. We again find that the anodic peak current scales

linearly with the square root of the scan rate. The ratio of forward to backward peak

current slightly increases with the scan rate; the average value is jp./jpa = 0.5840.05.

Electrode E°)V AE,/V %/m %/mZ\A/V—S Jve/ Jpa
Conventional | 0.33 0.02 | 0.34 £0.18 0.229 1074 decreases with
increasing v
Patternless 0.354+0.01 | 0.16 £ 0.04 1.006 0.007 increases with
increasing v
Patterned 0.33 £0.01 | 0.21 £0.07 0.652 0.019 increases with
increasing v

Table 3.1: Comparison of the major CV characteristics for the differently fabricated
electrodes.

Table 3.1 summarizes the major findings obtained from the measurement of the
CVs. All three electrodes share similar features such as the formal reduction potential
and the linear relationship between the difference of the peak potentials and the square

root of the scan rate. However, significant differences are observed in the dependency
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of the current peak ratio and the scan rate. For increasing scan rate, we observe a
decrease for the conventional electrode but an increase for both microfabricated elec-
trodes. In terms of the “classical” CV interpretation, these characteristics indicate
that the microfabricated electrodes feature a slow electron transfer followed by an
irreversible chemical step contrary to the reversible one which is identified for the
conventional electrode. However, as already noted we use the interpretation method
only to describe the outcomes between the differently manufactured electrodes and
do not claim that these are the real detailed mechanisms which occur. Additionally,
the slope of the linear correlation between anodic peak current and square root of the
scan rate is one order of magnitude smaller for the conventional electrode compared
to those of the microfabricated electrodes. However, the material characterizations
proved that the deposited films are equal in terms of composition despite the dif-
ferent electrode fabrication techniques. In conclusion, there is no obvious reason for
these differences and the question arises whether these observations can be related to
parameters other than the composition. Possible candidates are the variable turning
potentials which may result in different concentration boundary layers at the elec-
trodes, structural differences in the films, or the different current collectors which the
films are deposited on; i.e. a thick nickel foil with low ohmic resistance vs. a very
thin nickel layer on glass featuring a high resistance.

The difference between the anodic and cathodic peak potentials is a measure of the
reversibility of the redox reactions. We find that the peak potential difference of the
conventional electrode features the highest value while the patternless electrode has
the lowest. That is, the reversibility of the microfabricated electrodes is better than

that of the conventional one. Nevertheless, all electrodes that we measure indicate a



3.4. RESULTS AND DISCUSSION 87

good reversibility behavior compared to respective literature data. Wang et al. [35]
fabricated electrodes from spherical clusters of Ni(OH ), nanosheets which are grown
onto a nickel foam current collector and report a high value of AE, = 0.445V at a
scan rate of 2mVs™!. Fu et al. [21] deposited Ni(OH ), films on a nickel foil, just like
our conventional electrode, featuring similar values of AE, ~ 0.26 V. Cai et al. [44]
investigate Ni(OH ), meso-scale tubes and powders with measured peak potential
differences of AE, = 0.12V and AE, = 0.18 V, respectively.

Another important parameter is the potential difference between the anodic peak and
the OER. The larger the difference, the longer the electrode can be charged below
the potential where the OER occurs which allows for an enhanced utilization of the
electroactive material [45]. We generally observe that the potential differences of the
patternless electrodes are larger than that of the patterned electrodes. Nevertheless,
during our experiments it turns out that the patterned electrodes show a much bet-
ter durability than the patternless electrode, especially when we cycle with switching
potentials close to the OER region. That is, the patterning of the nickel surface with
micropillars results in an improved stability of the nickel hydroxide films.

Despite the better electrochemical reversibility data of the microfabricated elec-
trodes, we observe a one order of magnitude lower peak current density compared to
that of the conventional electrode at a given potential. Smaller, but still considerable
differences, in peak current densities between both microfabricated electrodes are
found as well; the patternless electrode’s peak current densities are up to twofold
of the respective value of the patterned one. We assume that this is related to the
varying ohmic resistances of the different current collectors and/or differences in

the charge transfer resistance due to structural differences, and the difference in the
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roughness has an influence too.
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Figure 3.8: FESEM of current collector (left column) and electrodeposited NiO Ho
film (right column) for a) patternless electrode and b) patterned electrode.

Figure 3.8 gives an insight into the surface morphology of the a) patternless and
the b) patterned electrodes by FESEM pictures. Here, the left and right column shows
the surface of the current collectors and the Ni(OH ), films, respectively. We recog-
nize that the current collector surface of the patternless electrode consists of more
or less homogenously-arranged grains, while the surface of the patterned electrode,

even though mainly consisting of somewhat finer grains, appears rather irregular with
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cracks and larger “islands”. Recall that the patterning of the electrode surface re-
quires the lithography process with various complex chemicals, which we assume are
responsible for the differences in the surface morphology. Interestingly, the situation
is contrary for the electrodeposited films of Ni(OH),. That is, the surface of the
patternless electrodes shows a coarse porous structure featuring many cracks despite
the flawless current collector. Likewise, the patterned electrode has a finer homo-
geneous porous structure without cracks although the current collector was inferior.
Essentially, the different Ni(OH ), film surfaces may explain the behaviour in terms
of durability of the electrodes. That is, the many surface defects of the patternless
electrode after the fabrication process are responsible for their limited life span.

To obtain a more quantitative statement, we employ the van-der-Pauw method
[46] to determine the film (surface) resistance of the current collectors with a four-
point probe station. Here, a small current is induced along the edge of the current
collector while the potential is measured on the opposite edge. The film resistance

Ry is then obtained from the correlation

FRA) ( WRB)
exp| ——— ) +exp|——— ) =1 (3.4)
( Ry Ry

where R4 and Rp are the resistances for both directions of the current collector calcu-
lated from Ohm’s law in conjunction with the applied current and measured potential.
Note that the van-der-Pauw method is originally concerned with the determination
of the resistivity, which can be easily inferred from p = R;d if the film thickness d
is known. We measure area specific film resistances of around 1.38 and 2.08 Q cm =2

for patternless and patterned electrodes, respectively. Different protocols for the

lithography steps of the patterned electrodes are pursued, but we always essentially
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observe the film resistances mentioned above. That is, the lithography steps create
surfaces with considerably higher resistances compared to the plain current collector
which does not come in contact with any of the chemicals used in the lithography
step. The area specific film resistance for the roughened nickel foil is measured to be
0.11Qcem~2. We realize that the ratios of the film resistances scale as the ratios of
the peak current densities that we measure in the CVs.

We also measure the charge transfer resistance and the capacitance of the
differently-fabricated micro electrodes by employing Electrochemical Impedance
Spectroscopy (EIS) where we use the identical setup and conditioning as for the
cyclic voltammetry measurements. In detail, EIS spectra are measured potentiostati-
cally at a potential of 10 mV and in a frequency range of 0.01 Hz to 100 kH z. We use
this small potential to avoid any redox reaction during the impedance measurements.
Otherwise, the electrode surface and the conversion degree would considerably change
over the measurements at low frequencies. Figure 3.9 shows the results of the EIS
measurements in form of a Nyquist plot. Due to the low excitation potential along
with the high capacitance of the electrodes, only a limited segment of the typical
semi-circle is observed. The differences between patterned and non-patterned elec-
trode are obvious for lower frequencies. The spectra are fitted to an equivalent circuit
which consists of the serial connection of the electrolyte resistance with the parallel
arrangement of the electrode charge transfer resistance and the electrode capacitance.
The regression results in more or less identical capacitances of 1.85 mF and 2.15mF
for patterned and patternless electrode, respectively. The difference in the charge
transfer resistances is more pronounced. The patternless electrode features a value of

1.53 kX2 while the patterned electrode is 4.22 k€2. It should be noted that the ohmic
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resistance of the current collector contributes to the charge transfer resistance. Fur-
thermore, the ratio of the charge transfer resistances also scales approximately as the
ratios of the peak current densities that we measure in the CVs. Hence, we conclude
that the reason for the lower performance of the microfabricated electrodes in the CVs
is due to the increased Ohmic resistance of the current collector along with a higher
charge transfer resistance. While we are not sure whether we can easily optimize the
charge transfer resistance of the film electrodes, it nevertheless appears promising to

reduce the resistance of the current collector.
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Figure 3.9: Nyquist plot of the patternless and the patterned electrode.

Charge and discharge characteristics

In this section, we examine charge and discharge characteristics of the three differ-
ently manufactured electrodes. Initially, all electrodes are preconditioned with cyclic

voltammetry of low scan rates until a steady pattern is obtained; this usually takes
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Figure 3.10: Charge and discharge behaviour of the patternless electrode at a constant

current density of 0.1 mAcm™2.

around 20 cycles. In terms of the charge/discharge characteristics, we have to distin-
guish between the capacitance, which is the charge stored in the electrical double layer
(EDL), and the (faradic) capacity which is related to the electrochemical conversion.
The capacitance of Ni(OH ), is relatively high and, hence, these two phenomena can
be relatively easily distinguished in the charge/discharge plots. In detail, after the
regime has switched from charge to discharge, we observe that the potential remains
similar to the charge potential for a certain time Atgp; before it sharply drops to
negative values. The associated current is capacitive which means that we first dis-
charge the double layers before the electrochemical reaction inverts the polarity of
the potential.

It is important to mention that we cannot charge the electrodes to their highest states
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Figure 3.11: Charge and discharge behaviour of the patterned electrode at a current

density of 0.1 mAcm =2

since the unavoidable potential increase triggers the OER which compromises the me-
chanical integrity of the films; i.e. we cannot reliably measure the maximum capacity
of the electrode films. Therefore, we estimate the theoretical capacity of the films
in order to infer their state of charge (SOC); i.e., the ratio of real amount of charge
to that which can be theoretically stored. In detail, the electrochemical conversion
occurs only at the surface of the porous thin films which is in contact with the elec-
trolyte. Consequently, we assume that there is an electrochemically-active layer of
Ni(OH )y with a thickness corresponding to the mean grain size. We define a mass
specific electroactive volume v which is obtained from the product of BET surface
area and the mean grain size of the Ni(OH), film. We use a BET surface area of

62 m%g~! as reported in ref. [47]. The mean grain size is estimated using the Scherrer
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equation (cf. ref. [48]) while the required correlation parameters are obtained from
the XRD measurements as described in subsection Materials Characterization 4.4.3.
Note that this procedure is just an approximation due to the rather weak intensity
of the XRD patterns. The electrochemically convertible mass of Ni(OH )y is then
estimated by Vi, /0 where Vi, is the (apparent) volume of the electrode; i.e., the
electrode footprint area times the film thickness which is generally around 10 pm.
Finally, the amount of charge which is required to convert the available material is
calculated based on the stoichiometry of reaction (4.3). Note that in all calculations
in this work a current efficiency of 100% is assumed.

At first, charge and discharge measurements of the conventional electrodes are
investigated (results not shown). Since we cannot operate our microfabricated elec-
trodes with charge/discharge current densities higher than j = 0.1 mA cm ™2 without
an immediate observation of electrode deterioration, we operate the conventional
electrode with the same value to ensure comparability. The films are charged for
1000 minutes where we observe typical potentials of 0.30..0.35V. Then, the films
are discharged at the same current density for 1000 minutes to observe the electrode
potential in the range of —0.30..—0.40 V. For these parameters, we observe that the
film electrodes deposited on the nickel foil are relatively stable. The specific capaci-
tance of the conventional electrode is estimated via (I x Atgpr)/(AV x m); where [
is the discharge current, Atgpy, is the discharge time of the EDL, AV is the poten-
tial drop during the discharge time, and m is the mass of the Ni(OH), film. Based
on our experimental data, we calculate a specific capacitance of around 3000 Fg~!
which is in agreement with the work of Fu et al. [21]. Additionally, we estimate

the faradic capacity to be around 250 Cg~' (T0mAh g=') which corresponds to a
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SOC of around 25%. In comparison, Chen et al. [49] reported that their electrodes
compacted from a mixture of Ni and NiOH, powders feature a charge capacity of
around 910C/g (250 mA h g=') while the SOC is up to around 95%. Consequently,
the comparison of our results to that of Chen et al. validates our method to estimate
the electrochemically convertible mass of the films as outlined in the beginning of this
section.

Figure 3.10 shows the charge/discharge characteristics of the patternless Ni(OH ),

electrode at a current density of 0.1 mAcm™=2.

In general, four stable cycles are
observed before the first signs of film deterioration occur. The shape of the
charge/discharge curves is more or less identical for all four cycles. During the charge
and discharge process, the potential of the patternless electrode is around 0.32 V' and
—1.04 V| respectively.

Figure 3.11 depicts the charge/discharge characteristics of the patterned electrode
at a current density of 0.1 mAcm 2. Typical charge and discharge potentials corre-
spond to around 0.3V and —1V, respectively; parameters which are similar to those
of the patternless electrode. For these cycling conditions, we find no hint of electrode
degradation even for a larger number of cycles. The capacity of the patternless and

patterned electrodes are estimated to be around 140 and 70 mAh g~}

, respectively.
Then, the corresponding SOC of the electrode films are 50% and 25%, respectively.
To enable a comparability of our results with those of Humble et al. [31, 32], who
fabricated a roughly 100um thick patternless films on epoxy-coated silicon, we scale
their capacity with the respective film thickness and arrive at 0.4 C mm~3. The much

thinner patternless and patterned electrodes fabricated on glass in this work feature

0.36 and 0.1 Cmm =3, respectively. We realize that we achieve similar values in terms
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of the patternless electrodes. In contrast, we do not observe the stability over a large
number of cycles which is reported by Humble et al.; our patternless films last only
very few cycles. An explanation could be on the one hand the different substrates
(glass vs. epoxy). On the other hand there is an essential difference in the SOC.
Humble et al. estimated a depth of discharge (DOD) of 10% while the electroactive
materials in our patternless films are, with a SOC of 50%, utilized much more heavily.
Finally, our approach to pattern the electrode surfaces does not only result in stable

films, but also an increased utilization (SOC of 25%) of the electroactive materials.

3.5 Concluding Remarks

This study is concerned with the fabrication of nickel hydroxide thin film electrodes
on glass substrates. A system which can be used, for instance, to realize integrated
power sources on microfluidic devices. Indeed, we employ techniques which are
commonly used for microfabrication along with electroplating and electrodeposition.
We first utilize electron beam evaporation to deposit a chromium adhesion layer
along with a nickel layer as the current collector on top of a glass surface. In the next
step, nickel hydroxide films are electrodeposited onto the plane (patternless) current
collector. We observe that the stability of these film electrodes is poor. Hence, we
modify our film fabrication and include a lithography process in order to create
a 3D array of micropillars onto the nickel current collectors. Extensive material
characterization shows that, despite the utilization of multiple complex chemicals,
patterned as well as patternless electrodes eventually consist of a-Ni(OH),. Cyclic
voltammetry measurements of the patterned and the patternless electrodes on a

glass substrate are performed and compared to comparable films deposited on a
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nickel sheet which serves as a benchmark case. The data that we measure indicate
mainly similar electrochemical characteristics of all three electrode types, but the
overall performance of the microfabricated electrodes on glass is inferior compared
to those on the nickel sheet. Further investigations reveal that this can be assigned
to the differences of the current collector film (surface) resistances and the charge
transfer resistances. Finally, the investigation of the charge/discharge characteristics
demonstrates that patterning of the electrode surface on glass results in significantly
higher durability compared to a patternless surface, especially in the presence of
the parasitic oxygen evolution reaction. With respect to future research, further
investigations on patterning mechanisms are desirable. Here, the influence of feature
size, shape and characteristic distance on the stability of the subsequently deposited

electroactive films should be answered.
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3.7 Nomenclature
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Chapter 4

Fabrication and Characterization
of Thin-Film Metal Hydride

Electrodes for Microbattery

Applications!

4.1 Abstract

Utilization of micropower sources has attracted considerable attention especially in
the field of portable microfluidic devices for which only small power densities and
energy contents are required. In the present work, we report on the microfabrication
of thin films of metal hydride electrodes on glass substrates which can be utilized for

rechargeable microbatteries as well as for hydrogen sensing or storage applications.

ITo be submitted for publication
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A multi-layer deposition technique is developed by employing electron beam evap-
orative and sputtering techniques. The morphology and the structure of the metal
hydride film electrodes are studied by using Field Emission Scanning Electron Mi-
croscopy coupled with an Energy Dispersive Spectroscopy module. We investigate the
surface elemental composition of the metal hydride films using x-ray photoelectron
spectroscopy method. Additionally, cyclic voltammetry and galvanostatic charge—
discharge measurements are performed to evaluate the electrochemical performance
of the electrodes. Finally, a semi-empirical model is derived to allow for the de-
termination of the Galvani potential of the electrode as a function of its hydrogen

content.

4.2 Introduction

Micro Electro Mechanical Systems (MEMS) as well as microfluidic systems have at-
tracted considerable attention since they offer size reduction and integration of sev-
eral functions on a single unit. These devices exceed the features of conventional
systems, yet maintain the potential of being mass produced at low costs [1]. For
instance, technological microfluidic concepts are comprised of Lab-on-a-Chip (LOC)
2] and Point-of-Care-Testing (POCT) [3] which applications are chemical analytics
and medical diagnostics, respectively. Despite the development of such devices over
the last decades, the supply of electrical power to these devices continues to impose
a barrier since developments on power source miniaturization have not kept the same
pace. An attractive approach to power micro devices seems to be the use of embed-
ded power supplies within the device. However, sub-millimeter power sources with

low power and energy densities have not yet been developed due to constraints on
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packaging, fuel storage, fuel delivery, and power generation [4].

Attempts to miniaturize electrical power supplies are limited and they are com-
prised of regenerative power technologies such as micro photovoltaic arrays, ther-
moelectric, electrostatic, and piezoelectric devices [5, 6] as well as non-regenerative
power supplies, which have a finite amount, or continuous supply of active materi-
als for power generation, such as microfluidic fuel cells [7]. Here, microbatteries are
attractive since the battery chemistry is usually indistinguishable from conventional
(macro) batteries. Though configurations, material deposition, post-processing and
packaging methods applicable to macrobatteries are oftentimes not feasible below the
centimeter scale and the resulting microbattery performance does not proportionally
scale at such micro-scale dimensions [8]. Microbatteries typically utilize thin or thick
films of electroactive materials which can be printed or deposited by various methods
including sol-gel, electrodeposition, physical and chemical vapor deposition or atomic
layer deposition [9)].

In the current work, we investigate the fabrication of a hydrogen absorbing film
which can be utilized for a nickel metal hydride (NiMH) microbattery. In general, hy-
drogen absorbing metal alloys can be used for many applications including hydrogen
storage, hydrogen purification, hydrogen sensors and catalysts [10, 11], heat pumps
[12], and cooling systems [13], along with the NiMH batteries. This wide range of
applications is attributed to the reversibility of the hydrogen sorption, in particular,
in ABs-type intermetallic alloys [14]. ABs hydrogen absorbing metal alloys have a
relatively low equilibrium pressure, a relatively high storage capacity paired with fast
reaction kinetics [15] which makes them attractive choices in various commercialized

and conventional battery applications as a negative electrode of NiMH batteries and
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microbatteries. The majority of research on LaNis and its derivatives as a battery
material published over the last decade is concerned with bulk/particulate hydrogen
metal alloys such as in refs.[16, 17, 18, 19, 20]. The blending of additional elements
in LaN1i5 can be beneficial in many aspects which is especially true for adding small
amounts of aluminium Al. In detail, Liu et al. investigated that the partial substitu-
tion of Al in the B-site of the LaNi5 alloy improves not only the cycling performance
but also the anti-electro-oxidation and polarization ability [21]. Other works indicate
that the addition of Al reduces the corrosion of the electrode which is mainly based
on the formation of a protective oxide layer [22, 18]. Furthermore, Mendelsohn et al.
have reported that the addition of Al reduces the plateau pressure of the metal alloys
[23] which ultimately improves the activation process [24, 25]. This is of particular
interest especially for microbatteries, as the in-situ activation of such metal alloys is
not an easy task [25]. The addition of Al also results in an enhanced life cycle in
electrochemical performance measurements and applications [26]. Given the multi-
ple advantages of the Al addition, we consider alloys of LaNis_,Al, as promising
electrode materials for a NIMH microbattery.

In terms of micropower applications, it is also promising to integrate the battery
during the fabrication process of the microdevice. Consequently, this approach re-
quires that the battery is manufactured with standard microfabrication techniques
onto the state of the art materials. Traditionally, the metal hydride electrode of a
NiMH battery has been prepared by adding binders to the intermetallic powder; an
approach which does not appear suitable for microdevices. In terms of substrates, it

is common to fabricate micro and microfluidic devices onto silica and/or its derivative
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such as glass. Hence, the typical microfabrication technique Physical Vapor Deposi-
tion (PVD) is used in this work to deposit films of LaNi5_,Al, on glass substrates.
Here, PVD is a synonym for a class of deposition techniques and several methods
have been reported to deposit films of metal alloys such as ion sputtering [27], ion
plating [28], RF magnetron sputtering/flash evaporation-deposition [29, 30, 31|, and
DC sputtering [32]. The utilization of a conventional evaporation method is not pos-
sible for LaNi5_,Al, due to the significant difference in the vapor pressures of these
metals. To the best of our knowledge, only very few works in the literature are con-
cerned with the sputtering of LaNis and its derivatives such as refs.[31, 33]. These
works are mainly concerned with the characteristics as a hydrogen storage material
but not with their performance as electrode for battery applications. One exception
is the work of Wang et al. who reported on the electrochemical hydrogen storage
capability of LaNiy25Al 75 alloy deposited on a copper substrate [34]. They consider
the utilization of MH film electrodes as beneficial compared to bulk MH materials
due to the higher thermal conductivity, good resistance to hydrogen pulverization
and the formation of protective and catalytic layers [34]. In terms of pulverization,
Adachi et al. [30] (as cited in [35]) noted that the volume increase associated with the
hydride formation leads to mechanical stress in the hydride envelope surrounding the
unhydrided core material. For further details on the phase change of MH materials,
the reader is referred to ref.[31].

The objective of this work is twofold: On the one hand, we investigate the pos-
sibility of deposition of stable films of LaNi5_,Al, on glass substrates using micro-
fabrication methods. On the other hand, we study the electrochemical performance

of such films in alkaline electrolytes in terms of electrolytic (de-)hydrogenation. This
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article continues with a section on the experimental methodologies and materials fol-
lowed by a thorough discussions of our experimental results. Additionally, a model
is introduced to infer the Galvani (equilibrium) potential of the MH electrode as a
function of the hydrogen content from a single (dis)charge measurement. Such cor-
relation is important not only for electrochemical characterization but also for the
utilization of the electrodes as a hydrogen sensor. Finally, the article is summarized

with some concluding remarks.

4.3 Experimental Methods and Materials

In this section, we specify materials, fabrication and characterization techniques which

are used in the present work.

4.3.1 Microfabrication

Materials: Glass microscope slides (Fisher Scientific, Canada and Globe Scientific
Inc., USA) of area 2.54 by 7.62c¢m are used as substrates. Nickel and chromium
pellets (Kurt J. Lesker Canada, Inc., Canada) with purities of 99.995% and 99.998%
are used for the physical vapour deposition (PVD) of the thin films which serve as
sticky layer and current collector, respectively. Ultra high purity hydrogen gas is used
in all gas-sorption experiments (Grade 5-MEGS, Canada). The deposition material
LaNis_, AL, is customized from Kurt J. Lesker Canada, Inc.. We receive the same
material in two states from the manufacturer; i.e., as an ingot which serves as a
target and as a powder for the hydrogen sorption testing. The size and purity of the

target ingot are reported by the manufacturer to be 7.62 ¢m in diameter and 99.9%,



4.3. EXPERIMENTAL METHODS AND MATERIALS 109

respectively. The thickness of the target is 0.317 4 0.025 cm.

Instruments: Metal thin films of chromium and nickel are prepared using an elec-
tron beam evaporator (Balzers, USA). In terms of LaNi5_, AL, films, we use a Varian
in-house built metal sputter deposition system with the ability to work on either RF
or DC mode. Temperature and argon pressure can be controlled within the sputter
chamber. All film depositions are performed at the Microelectronics Fabrication Lab-
oratory (MFL) at Carleton University in Ottawa, Canada. The hydrogen sorption
characteristics of the target ingot materials are tested by employing a gravimetric

technique using an in-house built instrument as described in ref.[36].

4.3.2 Materials and Physical Characterizations

The elemental composition of the deposited films is examined using an X-ray diffrac-
tion (XRD) instrument (X’Pert Pro, Philips Analytical B.V., The Netherlands) via
Cu K-alpha radiation. The diffractometer is operated at 40 £V and 45mA. The raw
data is analyzed using the X’Pert Highscore Pro software. Additionally, we employ
an X-ray photoelectron spectrometer (XPS) (Thermo Instruments 310-F Microlab)
using the Mg Ka method to gain further insights into the film composition. We also
use a field emission scanning electron microscope equipped with an energy dispersive
spectrometer(FESEM/EDS)(detector with a resolution of 129 eV at Manganese and
a light element detection limit of Boron, LEO 1530, Zeiss) to investigate the sur-
face morphology and elemental composition of the films. A stylus profiler (TENCOR
Instruments P-1; Long Scan Profiler) is employed to measure the thickness of the

deposited films.
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4.3.3 Electrochemical Characterization

The deposited intermetallic films are electrochemically characterized with cyclic
voltammetry and galvanostatic charge-discharge measurements by utilizing a com-
bined potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab B.V., The Nether-
lands). Here, a three-electrode setup is employed consisting of the working electrode
(La-Ni-Al), reference electrode (Ag/AgCl in 3M KCl, double junction, Metrohm Au-
tolab B.V., The Netherlands) and a counter electrode (Pt-wire-mesh, Metrohm Au-
tolab B.V., The Netherlands). All electrochemical measurements are performed in
aqueous 1M potassium hydroxide (KOH) solutions at a room temperature of 23°C'.
We also measure cyclic voltammograms (CVs) for electrolyte concentrations of 0.75M
0.5M , 0.25M and 0.125M to investigate the effect of the electrolyte concentration
on the electrochemical performance of the film electrodes. All electrolyte solutions
are prepared with deionized water having a conductivity of approximately 2 xS em 1.
Conductivities and pH values are tested using a modular pH and conductivity me-
ter (Mettler-Toledo, SevenMulti, Switzerland). All chemicals are ACS grade and
purchased from Sigma-Aldrich, Canada. Note that, the electrolyte solution is deoxy-

genated via bubbling with high purity nitrogen gas (99.999%) during the experiments

in order to suppress unwanted side reactions.

4.4 Results and Discussion

In this section, we first give insights into the characteristics of the target materials

used to fabricate the film electrodes by employing a DC magnetron sputter. Then,
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the sputtered film electrodes are characterized in terms of material (elemental) com-
position and surface morphology. Finally, we discuss our results obtained from the

electrochemical characterization and introduce our modelling approach.

4.4.1 Target Material Characterization

The motivation for the target material characterization is twofold: On the one hand,
the target material is custom-made using an arc-melting method by the manufacturer
and its accurate material (elemental) composition has to be determined. On the
other hand, we would like to obtain the gaseous hydrogen sorption capacity and the
activation characteristics of this material. We perform these measurements because
we can compare the results with those of intermetallic alloys previously reported in our
work in ref.[36]. The hydrogen sorption measurements are more precise since a larger
sample size can be tested compared to measuring hydrogen capacity of the very little
mass of the film that we sputter as an electrode. Many researchers, such as [37, 38, 39,
11], have emphasized the similarity between the gas-solid sorption and the electrolytic
(de-)hydrogenation mechanisms at the interfaces. In the latter one, the equilibrium
potential as a function of hydrogen concentration in the electrode can be utilized to
analyze the relationship between the hydrogen pressure and the hydrogen content at
a given temperature for hydrogen sorption alloys. We use this analogy to bridge the
gap between the gaseous hydrogen sorption and the electrolytic (de-)hydrogenation
mechanisms when we derive a model for the electrolytic (de-)hydrogenation, and
compare it to a similar model for the gas sorption. Hence, we receive the same
material in two states from the manufacturer; i.e., as an ingot to serve as a target

and as powder to be used in the hydrogen sorption measurements.
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Figure 4.1: XRD pattern of the target material as received from the manufacturer.

We proceed this section with an investigation of the target material (elemental)
composition. Figure 4.1 depicts the result of the XRD measurement. The XRD
instrument operating software is used to obtain the elemental composition. We
obtain an empirical formula of LaNiy 77 Alg 23 for our target (ingot) which is relatively
close to the formula reported by the manufacturer, i.e., LaNiy;Aly3. In terms
of crystallographic parameters, we obtain lattice parameters and a cell volume as
listed in Table 4.1. The XRD pattern along with the lattice parameters are in good
agreement with the elemental composition which corresponds to LaNiy;Alys as
reported in refs.[21, 40, 41]. The small deviations can be attributed to the variation
in the elemental composition of the alloy studied in the present work. Moreover, we

observe relatively sharp peaks in the XRD pattern indicating that the target features
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a crystalline metal structure. To further investigate the elemental composition at
the surface, we perform XPS analysis on the powder-like target materials (results
not shown). The XPS results also confirm the presence of lanthanum and aluminium

oxide on the surface while nickel can be mainly observed in the underneath layers.

Parameter LCLNZ.4.77AZO.23 LCLN?:4.7AZO.3 [21, 40] LaN’i4.7Alo_3 [41]
(This work)

a (A) 5.0260 5.0270 5.02447
c (A) 3.9980 4.0041 4.00372
Cell volume (A?) 87.46 87.6301 87.5

Table 4.1: Lattice parameters and volume of cell.

We now discuss our results obtained from the hydrogen sorption measurements.
Figure 4.2 illustrates pressure—concentration (P-C) isotherms of the LaNi4 77 Alg 23 in-
termetallic compound at three temperatures, 23°C,, 40°C', and 60°C'. All hydrogen
pressure values are scaled with a reference pressure of P,.y = 1 bar while the hydrogen
concentration values are scaled with the maximum of the measured hydrogen content.
In Figure 4.2, the solid and the open symbols denote the absorption and the desorp-
tion isotherms, respectively. Generally, we observe equilibrium pressures (plateaus)
increase with increasing temperature. Additionally, the presence of a considerable
hysteresis in the sorption process is indicated by the difference in the absorption and
the desorption isotherms at a given temperature. Overall, when we compare the sorp-
tion values of the LaNiy 77 Al 23 alloy to the work we previously reported in ref.[36],
we observe that the plateau pressure values are lower (at 7' = 23 & 40°C'). This can
be attributed to the substitution of Al element in the B-site of the lattice structure

of pure LaN1i5 alloy.
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Figure 4.2: P-C isotherms of LaNiy77Alyo3 target at three temperatures as received
from the manufacturer.

In detail, a summary of the plateau pressure values of pure LaNis (from ref.[36])
and Al-substituted alloy (used in this study) is given in Table 4.2. Given the non-
ideality of the plateaus —ie., they feature a slope— only the mid-point plateau pressure
values are reported here for the sake of comparison. Generally, we obtain lower
plateau pressure values (absorption and desorption) of LaNiy77Aly23 in comparison
with those of pure LaNis at temperatures of 23 and 40°C'. The plateau pressures of
LaNis5 are almost twice of those of the Al-substituted alloy at 23°C. However, we
realize that the advantage in plateau pressure strongly depends on the temperature.
At a temperature of 40 °C', the plateau pressure values of Al-substituted alloy, for ab-
sorption and desorption, are only roughly 20% lower than those of pure LaNis. At a

temperature of 60 °C', we even observe higher plateau pressures for the LaNig 77 Aly.o3
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alloy than those for the LaNis5 alloy. Additionally, we observe that the LaNiy 77 Alg o3
can be activated easier than the LaNi5 alloy. In terms of LaNis alloy, the activa-
tion occurs over three days with a temperature and pressure of 180°C" and 30 bar,
respectively. Then, the sample is cooled down to ambient temperature while the
hydrogen pressure is maintained at 30 bar for another three days before a few absorp-
tion and desorption cycles are performed during heating and cooling of the samples.
In contrast, we are able to activate our LaNi477Algo3 materials without high tem-
perature and high pressure activation process by leaving the sample at a hydrogen
pressure of about 5bar and ambient temperature of around 23 °C for four days. We
attribute the easier activation process to the lower equilibrium pressure (plateau pres-
sure) of the Al-substituted LaNis alloy which also has been stated by others such as
refs.[23, 24, 25].

In conclusion, our investigation shows that the addition of Al to LaNis—type
metal results in better sorption characteristics at low temperatures along with an
easier activation. Further, it can be inferred that for the same activity of hydrogen,
a higher concentration of hydrogen in the metal (hydride) can be obtained at a
lower equilibrium pressure. Hence, we favor the LaNiy77Aly23 alloy over the LaNis
in terms of electrode materials in micropower supplies where low temperatures
are desired. We should also mention that the further addition of palladium to
LaNiy7Alys —as reported in ref.[25]- may offer even easier material activation
process. However, we expect that the increased complexity of such multi-component

film deposition outweighs the further ease of the activation process.
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Alloy/Temperature 23°C' | 40°C | 60°C
LaNis Absorption (kPa) 335 | 614 | 1310
LaNi5 Desorption (kPa) 188 | 394 | 853

LCLNZ'4.77AZO.23 AbSOI‘pthIl (kPa) 173 530 1560
LaNiy 77 Al 23 Desorption (kPa) 81 315 928

Table 4.2: Approximate mid-plateau pressure values of LaNis (from ref.[36]) and
LCLN?:4_77AZO.23.

4.4.2 Microfabrication

The La-Ni-Al film electrodes are fabricated using microfabrication techniques which
are commonly utilized in the semiconductor industries. The different process steps
are illustrated in Figure 4.3. The microscope glass slide is first subjected to a clean-
ing process involving ammonium hydroxide N HyOH, hydrogen peroxide H,Os, and
de-ionized water consecutively. The glass slide is transferred to the e-beam evapora-
tion chamber where the chromium adhesion layer (step 1 shown in Figure 4.3) and
subsequently the nickel current collector layer (step 2 shown in Figure 4.3) are grown;
each film thickness is 60 nm. This step is required since nickel does not adhere to a
glass surface very well; hence, we first deposit a thin layer of chromium —as an adhe-
sion (seed) layer— onto the glass surface. The glass substrate with the nickel current
collector is then transferred to the sputter chamber for the deposition of the La-Ni-Al
film layer (step 3 shown in Figure 4.3). We measure the La-Ni-Al film thickness to
be around 1.1 um by employing a stylus profiler. The operating conditions used to
sputter the intermetallic films onto the glass substrates are listed in Table 4.3.

The deposited LaNi5_,Al, film electrode is then undergone various material char-

acterizations.
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Figure 4.3: Fabrication process flow of the metal hydride film electrode on a glass

substrate.
Parameter Value
Vacuum pressure <107 Pa
Argon gas partial pressure 0.53 Pa
Argon gas purity 99.999%
Target purity (as reported by the manufacturer) 99.9%
Approximate distance between substrate and target 10em
Sputtering method Magnetron DC
Sputtering power 100 W
Deposition rate 0.11nms™!
Substrate temperature during deposition 25°C

Table 4.3: Sputtering conditions used for the deposition of the La-Ni-Al film elec-
trodes in this work.
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4.4.3 DMaterials Characterization of the Sputtered Film Elec-

trode

We use EDS and XPS methods to gain insights into the composition and morphol-
ogy of the microfabricated intermetallic film electrodes. Figure 4.4 shows the EDS
spectrum of the intermetallic La-Ni-Al film electrode. Generally, we see that most
peaks correspond to nickel Ni and lanthanum La; we find also a small percentage of
aluminium Al at around 1.5 keV. Additionally, the small amount of carbon at around
0.35 keV indicates the presence of some impurities in our target, a cross-contamination
in the sputter chamber, or impurities in the argon gas used during sputtering. Fur-
ther EDS measurements at different sections of the electrode surface confirm carbon
is present throughout the surface. We also measure a very small amount of cobalt
C'o —estimated to be around 0.06 + 0.12 wt%— which is not visually identifiable in the
spectrum. By offsetting carbon and cobalt contents, we obtain an approximate com-
position of Laq 11+0.05N%4.73+0.02A00.1940.02 based on the EDS method. We conclude
that the elemental compositions of the sputtered films are in a good agreement with
the concentrations of the metal elements in the target which is used for sputtering.
The insert in Figure 4.4 gives a snapshot of the surface morphology of the micro-
fabricated film electrode. We observe a relatively uniform grain size of roughly 20 nm
throughout the electrode surface which is basically a nanocrystalline structure. In
comparison, Smardz et al. measured a grain size of 15nm of the nanocrystalline
structures of sputtered LaNis films which were made at 22°C' with an argon partial
pressure of 0.05 Pa [32]. The relatively larger grain size of our films can be attributed

to the higher argon partial pressure that we use for sputtering, i.e., 0.53 Pa. We also
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perform XPS measurements to investigate the elemental composition at the surface
of the film electrodes. We measure the spectra of our samples ex-situ, because the
XPS instrument is not coupled with the sputter chamber, and do not perform any
surface etching due to the small thickness of the films. Figure 4.5 gives the results
for the sputtered MH film electrode. In detail, Figure 4.5(a) shows a wide scan over
the entire binding energy (BE) range while Figures 4.5(b),(c) and (d) illustrate scans
of smaller BE ranges attributable to La(3d), Ni(2p) and Al(2p), respectively. Here,
the carbon offset is taken into account while the satellite peaks are not accounted for.
It should also be mentioned that the presence of metal oxides is likely as we do not
perform in-situ spectroscopy. We observe peaks at 841.59 eV and 858.69 eV which
correspond to La(3d) and Ni(2p), respectively. Furthermore, a much lower binding
energy peak is observed at 72.2 eV which is attributed to Al(2p). The BE values that
we obtain for La(3d) and Ni(2p) are in agreement with ref.[32]. Overall, the spectra
show that the electrode surface consists of lanthanum, nickel, aluminium, and their
oxides. It can also be inferred that the elemental contents of Al- and La-compounds
are slightly higher at the surface compared to Ni-compounds. Additionally, we obtain
peaks for oxygen and carbon (results not shown).

The oxidation state of the nickel element at the surface is related to the binding
energies and the chemical shifts in the XP spectra. Schlapbach et al. also observed
that the XP spectrum of an air-exposed LaNis powder and that of raw bulk contain
oxidized nickel [42]. Note that we do not perform XRD measurements as our instru-
ment does not measure any peak for the intermetallic films due to the small thickness

of the films.
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Figure 4.4: Energy Dispersive Spectrum and Field Emission Scanning Electron Mi-
crogram (insert) of the sputtered intermetallic film at Ps, = 0.53 Pa;
T = 25°C.

4.4.4 Electrochemical Characterization

In this section, we discuss the results of cyclic voltammetry and charge-discharge
measurements of the intermetallic film electrodes. Also, we give an insight into how
a mathematical model can describe the plateau and transition regions during hydro-
genation. Finally, this section is concluded through a discussion about the effect of

electrolyte concentration on the performance of the film electrodes.

Cyclic voltammetry

The cyclic voltammetry measurements of the intermetallic film electrodes, as given
in Figure 4.6, are performed in an aqueous solution of 1M KOH at various scan

rates. All currents are normalized with the footprint area of the electrode which is
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Figure 4.5: XP spectra of the microfabricated film electrode: a) wide scan of the en-
tire range; b) La(3d) spectrum; c¢) Ni(2p) spectrum; d) Al(2p) spectrum.

in contact with the electrolyte. Initially, we perform a few cycles at a scan rate of
v = 10mV s to condition the electrode surface prior to recording the actual CV data
points. On average, around 15 cycles are required to obtain steady and reproducible
CVs for the film electrodes. Depending on the scan rate, rather different CVs can
be observed. Figure 4.6(a) shows a CV at a low scan rate of v = 200 uVs™!' and
for a potential window ranging from —1.2 to —0.55V. We choose the limit of the
potential window to be —1.2V in order to avoid excessive hydrogen evolution due
to the Heyrovsky reaction which is discussed in conjunction with the higher scan
rates below. Essentially, two redox peaks are observed. We do not observe more

peaks at higher anodic switching potentials for the slow scan rate contrary to the
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fast scan rates as discussed below. We find a broad anodic peak at a potential of
around —0.8 V' with an anodic peak current density j,, of around 6 x 107°Aem™2.
The cathodic peak appears “tail-like” and is shifted to higher reduction potentials
while the cathodic current densities j,. continuously increase to a maximum of around
—0.45 x 1073 A ecm~? at the switching potential.

Generally, the anodic current represents the discharge process where the metal hy-
dride releases hydrogen (dehydriding) while the cathodic current represents a charg-
ing process (hydriding). That is, the redox peaks result from the electrolytic (de-

Jhydrogenation at the solid-liquid interface according to the Volmer reaction:

M+ HyO+e & MHyy, +OH;  E" =083Vvs. SHE (4.1)

in combination with the (de-)hydriding of the solid phase. In other words, the an-
odic peak at around —0.8 V' indicates that the adsorbed hydrogen is undergone an
electro-oxidative desorption. Here, any consumption of adsorbed hydrogen induces
the diffusion of bulk hydrogen to the surface where it can be electro-oxidized as well.
The broadness of the anodic peak might be attributed to the relatively slow transport
of hydrogen from the bulk to the surface [43]. The cathodic current is related to the
electro-reduction of water which results in the adsorption of hydrogen on the elec-
trode surface. Most of these adsorbed molecules diffuse into the metal bulk and form
the solid solution until the metal hydride is saturated. With respect to the tail-like
shape of the reduction peak in Figure 4.6(a), we assume that the electro-reduction of
water is not the sole reaction and the Heyrovsky reaction occurs as well.

In contrast, four distinguishable redox peaks at the higher scan rates can be found

in Figure 4.6(b). These CVs are obtained at scan rates of v = 2,5,10,15mVs~! and
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Figure 4.6: Cyclic voltammograms in 1M KOH for intermetallic film electrodes at
various scan rates.

a potential window of —1.2 to —0.2V. Generally, we observe a small and a large oxi-
dation peak at around —0.8 V' and —0.3 V' with the respective peak current densities
of roughly 107* Aem ™2 and 1073 Aem 2. Likewise, we observe a considerable reduc-

tion peak at around —0.8 V', with a peak current density on the order of 1072 Aem ™2,



4.4. RESULTS AND DISCUSSION 124

and another “tail-like” peak around —1.1V with increasing current densities up to
roughly 2 x 1072 Aem~2. We also observe that the peak current density increases as
the scan rate increases. We assume that the differences in the CV characteristics for
slow and fast scan rates are related to a rather slow bulk diffusion of hydrogen. For
fast scan rates, the bulk transfer of hydrogen cannot follow the Volmer reaction (4.1)
anymore. Then, the adsorbed hydrogen participates in the following electrochemical
and chemical recombination steps resulting in the evolution of hydrogen [44]; i.e., the

Heyrovsky reaction

MHuy+ H,O + ¢ = Hy+ OH + M (4.2)

and the Tafel reaction

9MH,y = Hy+2M (4.3)

That is, during sweeping to higher reduction potentials, the absorption rate of
adsorbed hydrogen is limited so that the adsorbed hydrogens desorb and recombine
according to the Tafel reaction (4.3). This creates free metal surface sites and more
water can be electro-reduced via the Volmer reaction (4.1). We assume that this ex-
plains the large cathodic peak at around —0.8 V. The other cathodic “tail-like” peak
at a potential of —1.1V is a result of Heyrovsky reaction where adsorbed hydrogen
is also electro-reduced to molecular hydrogen.

During the sweep towards higher oxidation potentials, the small oxidation peak
at 0.8V should be related to the electro-oxidation of adsorbed hydrogen according
to the Volmer reaction (4.1). Since this reaction is limited by the bulk transfer of

hydrogen to the surface, the dissolved molecular hydrogen, which is still present at the
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electrode surface, is oxidized at the higher oxidation potential of —0.3 Vand adsorbs
on the metal surface. The adsorbed hydrogen is then converted back into molecular

hydrogen via the Tafel reaction (4.3).

Galvanostatic charging and discharging characteristics

In this section, we examine charge and discharge characteristics of the metal hy-
dride (MH) film electrode which is especially important for microbattery applications.
During our experiments, we realize that the durability of the film electrodes greatly
depends on the maximum state of charge (SOC). This is probably related to the
uptake/release of hydrogen that expands/shrinks the lattice of the metal which in-
duces internal stresses in the bulk along with stresses at the interface of nickel current
collector and deposited films. Interestingly, Willems and Buschow have noted that
the hydrogen uptake/release in the metal alloys causes both expansion and shrink-
age of the lattice while this mechanical stress may lead to a peristaltic transport of
lanthanum to the surface. They also mention that the volume expansion of LaNis
during hydriding can be around 24% [45]. Hence, we are not able to reliably measure
the maximum possible hydrogen content of the film electrodes which is related to
the fabrication method; i.e., sputtered film electrodes without any binders which can
mitigate mechanical stresses. However, the electrochemical hydrogenation of films is
very similar to that of powder ones if the materials are crystalline in structure with
identical composition [34]. Additionally, since the hydrogen content in the metal al-
loy is proportional to the number of hydrogen atoms present in the metal interstitial
sites (usually six in the case of ABs—type materials, i.e., LaNis_,Al,Hg), it can be

inferred that, despite the difference in fabrication, we can use capacity values reported
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in the literature. Wang et al. have reported a maximum discharge capacity of about
220mAhg ~! for a sputtered 4.2 um LaNiy05Aly 75 film [34]. To summarize, a charg-
ing protocol with an optimized SOC value is required for our MH film electrodes which
are deposited on glass substrates. Figure 4.7 illustrates the charge-discharge behavior
of the MH electrode once it is subjected to conditioning step where we perform CVs

at a scan rate of v = 10mVs™ L.

Typically, the electrodes are preconditioned after
around 40 CV cycles when steady and reproducible patterns are obtained.

Initially, we obtain a total number of 4 reliable charge-discharge cycles recorded at
a current and current density of 0.1mA (0.04mA cm™2) for 120 min charge followed
by 120 min discharge as shown in Figure 4.7(a). As it can be seen in Figure 4.7(a),
the shape of the single charge-discharge cycles is more or less identical but for the
first cycle which we attribute to the conditioning step. During the charge process,
the potential of the electrode rises to V., =~ 0.55V while a discharge potential of
Viis =& —1.1V is obtained. The plateau appears at around 0.25V in the charging
process with a rather upward slope. This step indicates the transition from metal
a-phase to hydride g-phase. Likewise, we observe a transition around —1V during
the discharge.

We further investigate the possibility of obtaining a higher number of reliable
charge-discharge cycles by lowering the SOC (< 25% SOC which corresponds to the
capacity of < 50mAhg~!). In detail, we show ten reliable charge-discharge cycles
recorded at 0.1 mA (0.04mA cm™2) for 45min charge followed by 45 min discharge in
Figure 4.7(b), i.e., SOC of =~ 10%. Note that if we further reduce the SOC by using
a shorter charge-discharge duration of 30 min equally (i.e., 30 min charge followed by

30 min discharge), we are able to obtain around 45 stable cycles (results not shown) at
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Figure 4.7: Charge-discharge behavior of the MH film electrode at a current of 0.1
mA (at a current density of around 0.04 mA cm™2): a) high SOC =~ 25%;
b) low SOC =~ 10%.

the same current mentioned above. As it can be seen in Figure 4.7(b), the shape of the
single charge-discharge cycles is more or less identical but for the first cycle which we
again attribute to the conditioning step. For the 10% SOC, during the charge process,

the potential of the electrode rises to around 0.44 V' while the discharge potential of
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around —0.5V is obtained. Note that the discharge potential increases as more cycles
are performed. We observe a plateau at around 0.3V during the charging process
with an upward slope. Additionally, another plateau is found at around —0.2V
which indicates a multi-plateau transition. This can be attributed to an inherent
characteristic of the sputtered film material. The multi-plateau behavior has been
found in various metallic compounds such as titanium cobalt TiCo as mentioned in
ref.[46]. Overall, we do not observe any (mechanical) degradation of the MH films on
glass for this controlled charging-discharging (duration) mechanism for a number of
45 cycles at a SOC of around 7%. Note that the difference in potentials observed for
the high SOC (25%) and the low SOC (10%) (in Figure 4.7) can be attributed to the
different hydrogen concentrations in the metal. In other words, a higher utilization
of materials (i.e., higher hydrogen contents) results in higher potentials of charge and
discharge (absolute values).

To summarize, we are able to charge the electrode for around 50mAh g—*
(40 AR em ™2 with electrode thickness of 1.1 ym and weighted average film density of
8.24 g em™3) which is a state of charge (SOC) of ~ 25% (Figure 4.7(a)). We realize
that around 25% SOC, we can use the MH films for a few number of charge-discharge
cycles. However, a larger number of charge-discharge cycles can be obtained at a

SOC of 7 ~ 10%.

Derivation of an electrolytic (de-)hydrogenation rate model

In our previous work ref.[36], we reviewed selected models for the (de-)hydrogenation
of hydrogen absorbing metals/alloys. These models are used to describe the P—C—

isotherms of the metal hydride materials. Here, Feng et al. suggested a model which
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is able describe the transition regions assuming that the sorption at the interface is
a first-order kinetic reaction [39]. Since gaseous and electrolytic (de-)hydrogenation
share many similar reaction steps, we derive the following model which is based on the
similar assumptions as the Feng model. The result can be considered as an electrolytic
(de-)hydrogenation equivalent of the P-C-isotherm. That is, we can infer the Galvani
(equilibrium) potential of the metal hydride electrode as a function of the hydrogen
content from charge/discharge measurements which reduces the experimental efforts
considerably. Such a correlation is also useful for sensing purposes.

We begin this section with a brief review of the Feng model to emphasize on the
similarities. Feng et al. considered that (de)hydriding with a very slow hydrogen
sorption rate can be considered as a continuous sequence of equilibrium states. The
typical plateau region of the P—C isotherms is controlled by the transition from a- to

[-phase and vice versa. In case of dehydriding, there are three reaction steps:
1. Diffusion of hydrogen atoms through the f-phase hydride;

2. Transition of hydrogen from the absorbed sites to the adsorbed sites on the

particle surface according to

MH,py == MHog,: (4.4)

k_4

3. Desorption reaction of hydrogen at the surface similar to the Tafel equation

(4.3).

We denote k; and k_; as the rate constants of the forward and the reverse reaction
i, respectively. Reaction (4.3) and (4.4) are considered as the rate-controlling steps

and can be modelled by assuming first-order rate reactions according to
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ksCrr(1— 0) = k_30(Cona — Cit) (4.5)
and
kil = k41— 0) P (4.6)

where Cy is the bulk hydrogen concentration (in atoms per metal atom), C,q.
is the maximum theoretical hydrogen concentration, 6 is the hydrogen coverage on
the surface, P, is the hydrogen equilibrium pressure, and yy — o is the length of the
plateau region. Introducing an Arrhenius-like expression for the rate constants, the

kinetic based model arrives at [36, 39]
Rrn (Lo 2 (aqprm(=C1 )4 7 Cl (4.7)
P’/‘ef - Yo — o C’m_C’H Om ' .

Here, P,.; (= latm) is the reference pressure; T is the absolute tempera-

ture; R is the universal gas constant; v is the attractive interaction coefficient
of H-H absorbed; and the parameter A is a function of the enthalpy of hydrogen
sorption, the temperature and the frequency factors of the rate constants. The
left-hand side of the equation is similar to the Gibbs—Helmholtz equation; i.e.,
AG ~ RT In <P%>. We fit the data of the desorption P-C isotherms in Figure 4.2 to
Eq.(4.7) and obtain the average values for the absolute Gibbs energy, enthalpy and
entropy of reaction to be |[AG| = 4.14 kJ (mol Hy)™', |AH| = 31.5kJ (mol Hy)~" and
|AS| =113.5 J (mol K)™!, respectively.

Likewise to the gaseous hydrogen sorption, the electrolytic (de-)hydrogenation oc-
curs in three consecutive steps. Here, step (4.3) and (4.4) are identical for both pro-

cesses but the last step differs. That is, in case of an electrolytic (de)hydrogenation,
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the Volmer reaction (4.1) takes place. The following approach is inspired by the work
of Yang et al. who modelled the anodic overpotential of hydride electrodes for consid-
erable discharge currents; i.e., for large overpotentials which allow for linearization of
the exponential functions [47]. We use parts of this model to describe the electrode
potential as a function of the hydrogen concentration in the electrode. In detail, if
the current is small, the electrochemical reaction, the hydrogen sorption at the sur-
face and the hydrogen bulk diffusion are in a steady state; an assumption similar to
the Feng model. Note that a comparable approach, also based on the work of Yang
et al., was reported in ref.[37]. The authors assumed that the charging electrode
potential is similar to the Galvani potential. In contrast, we account for irreversibili-
ties/overpotentials which allow to infer the “real” Galvani potential py. On the one
hand, even for zero currents, equilibrium is usually not achieved due to parasitic reac-
tions or sluggish kinetics; these losses are captured by the equilibrium overpotential
Neg- On the other hand, even the smallest net current requires the activation overpo-
tential 7, to be overcome. Hence, the electrode potential for small currents can be
written as ¢ = ©g + Meq + Nact- T0 Obtain an expression for the Galvani potential, we
employ Eq.(4.5) while the electrolytic (de)hydrogenation (Volmer) rate equations in

case of equilibrium can be written as

BF g (1—5)F900>' (48)

kicom-6exp ( =T ) =k_1ch,0(1 —0)exp < =T

Inserting Eq.(4.8) in Eq.(4.5) to obtain, after some rearrangements

RT k’_gk?_chQO C’H
= |In [ SEEEHRO ) Ly (2 4,
o0 F |:n ( ]{73]{?100]-1— ) i (Omaz - CH)} ’ ( 9>



4.4. RESULTS AND DISCUSSION 132

where cp,0, cog- are the concentrations of water and hydroxide in the solution, re-
spectively; F'is the Faraday constant; R is the universal gas constant, 7" is the absolute
temperature; and [ is the symmetry factor. The Tafel equation n = Ay + BrIn (J‘%‘)
can be used to infer a correlation for the equilibrium overpotential. At equilibrium
state, the current density j is zero so that we cancel the corresponding term and the

equilibrium overpotential corresponds to the Tafel intercept:

Neq = Ar (Jo) , (4.10)

which is still a function of the exchange current density jo. The final definition of the
equilibrium overpotential depends on whether a reduction or an oxidation reaction
occurs. The activation overpotential is considered using the linearized Butler-Volmer

equation j ~ jo%n; it is

Nact ~ . (411)

Hence, based on Eqs.(4.9-4.11), the electrode potential for a small current can be

written as

RT k_1k_scm,0 Cr ’]\ .
- e act ~ 5 1 —_— | -~ — A
Y= 0 F Mleg Fllact X [n< Fnkacom- )+ n(cmax—cﬂ)+yo +Ar (jo)
(4.12)

The final form of Eq.(4.12) depends on whether a cathodic or an anodic reaction
occurs. Furthermore, the exchange current density jo also depends on the hydrogen

concentration of the electrode [47]; a respective correlation is not readily available.
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In the following, we formulate the electrode potential for a reduction reaction with

charging current j.. Hence, the Tafel intercept becomes Ay = —g—; In (;-g) where (8

and j© = 1Am~2 are the symmetry factor and the standard current density, respec-
tively. We further assume that the correlation of exchange current density-hydrogen
concentration can be approximated by jo ~ (0Cx"™)” j© and that the symmetry fac-
tor £ is similar to 0.5. Based on this, the electrode potential in Eq.(4.12) can be

rewritten in terms of hydrogen concentration as

RT C’Hl_n > 1 ‘]c|:|
~— A +1n ( — : 4.13
7 F |: ! 8O(CYmagc - CH) V Ef()CHn j@ ( )

. . k_1k_3c
where we group the reaction parameters according to A; = In <ﬁ) and
OH~—

consider the Ay, g, n as regression parameters. Note that this correlation can also be
used for an anodic reaction due to the value of the symmetry factor.

Finally, we use Eq.(4.13) to infer the equilibrium potential depending on the
hydrogen concentration based on the hydrogenation process of the metal electrode
with a low charging current. In detail, we use the second cycle of the charge-discharge
plot (Figure 4.7(a)) and first correlate the specific charge content and the hydrogen

concentration based on

H\ 36WQ
(1) - 2owe 19

as shown in Figure 4.8. Here, @) is the specific capacity of the metal hydride alloy
in mAh g~ and W is molecular weight of the alloy. A weighted average method is
used to estimate the density and the molecular weight values of the MH film electrode.

We perform a regression of Eq.(4.13) to the so-plotted experimental results
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Figure 4.8: Electrode potential versus specific capacity of the MH film electrode. The
insert gives a comparison of the Kinetic model and the experimental data.

by using the minimization of the sum of the squared residuals. We com-
pute the model parameters by employing the Generalized-Reduced-Gradient
(GRG) technique for nonlinear optimizations. In detail, the regression results
in A; = 8.123,¢9 = 0.012,n = —1.387 at a temperature of 296K. As it can
be seen in Figure 4.8, our model (solid line in the insert) is able to describe
the experimental data relatively well in all regions. The model accounts for the
non-ideality of the plateau region — i.e., for a plateau with a slope — and offers
a smooth transition between the different regions of the plot. The model does
not describe the outer boundaries of the a— and [f— regions; ie., Cy = 1 and
Cy = 0 since the ()4, is taken to be 0.9 and values larger than C),,, have a negative

argument in the logarithm in Eq.(4.13). The equilibrium potential with respect to the
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Ag/AgClin 3M KCl reference electrode is then obtained from ¢y = @ — ey — Mot t0 be

Cu

kT RT Cr = 0.207V +0.026VIn [ =—2—— ) . (4.15)
Cma:r - CH

O I O
Rt T e,

Here, the similarity to the Nernst equation is right away obvious. The first term
can be considered as the standard-like potential while the second term is a correction
for the concentrations. After relating the values to SHE and using AG = —F¢,, we
obtain the Gibbs energy of the entire hydrogenation process for a concentration of
Cy = 0.5 to be around 1 k.J (mol Hy)~!. This value is on the same order as the Gibbs

energy of the entire gaseous sorption process.

The effect of electrolyte concentration on cyclic voltammograms

In this section, we discuss our CV results which are obtained by varying the elec-
trolyte concentration (KOH) to give insights into the performance of the MH film
electrodes. The motivation is that a highly-concentrated electrolyte may degrade the
compounds of the microbattery and also presents a safety issue in case of leakage. We
would like to infer whether the battery can be operated with relatively low electrolyte
concentrations. Therefore, we perform cyclic voltammetry on the MH film electrodes
at KOH concentrations of 1M, 0.75M, 0.5M, 0.25M, and 0.125M at a scan rate of
200 4V s~ ! as illustrated in Figure 4.9.

Generally, we observe that the anodic peaks are shifted to higher oxidation poten-
tials. Interestingly, the cathodic potentials are shifted to lower reduction potentials.
It is found that, at KOH electrolyte concentrations of 0.25M and 0.125M, the ca-
thodic peak can be differentiated to some extent from the tail of the CV. This is not

the case for higher KOH concentrations, though. Thermodynamically, a lower KOH
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Figure 4.9: Cyclic Voltammograms for MH film electrode at various KOH electrolyte
concentrations at a scan rate of 200 uVs™1.

concentration shifts the equilibrium potential of the Volmer equation towards the re-
duction reaction. It is also understood that less-concentrated electrolytes (with lower
conductivities) increase the ohmic overpotential. Hence, the shift to the higher oxida-
tion potentials can be attributed to the shift towards the reduction reaction and to a
higher ohmic overpotential within a less-concentrated electrolyte. However, the esti-
mated IR-drop due to concentration variation ranges between I,y Rmin =~ 2.09 x 1073
and oz Rimar = 20V, therefore, the contribution of the concentration (ohmic over-
potential) on the potential shifts seems relatively small with respect to the potential
shifts at electrolyte concentrations of 0.25M and 0.125M which are around ~ 100 mV'.
The situation is different for the cathodic reactions as can be seen in the CVs. It

appears that the improvement of the reduction of water occurs at ~ —1.05V (i.e.,
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a potential shift of around 150 mV’), a higher measure than the negative influence
of the electrolyte resistance. Overall, the performance of the MH film electrode, in
terms of hydrogen oxidation-reduction, deteriorates significantly at KOH electrolyte

concentrations of < 0.5M.

4.5 Concluding Remarks

This work is concerned with the microfabrication of metal hydride film electrodes on
glass substrates which can be utilized in various applications such as rechargeable
nickel metal hydride batteries. Furthermore, since these electrodes are fabricated by
commonly-used microfabrication techniques and on a common substrate for micro
electro mechanical devices, they can be easily integrated during the regular manufac-
turing processes. We conclude this article with the following remarks:

1) In this work, an electron beam evaporation technique is utilized to create a
thin layer of nickel as a current collector of the electrode. We microfabricate an ABs-
type intermetallic film on a glass (silica) substrate using a DC magnetron sputtering
method.

2) The film electrode materials are characterized by employing Energy Dispersive
Spectroscopy and X-ray Photoelectron Spectroscopy methods. The results are in good
agreement with the characteristics of the materials which are utilized in macroscale
fabricated electrodes. The electrochemical performance is tested by comparing cyclic
voltammograms of the microfabricated electrodes. In general, we observe a good per-
formance with respect to the application as electrode in microscale systems fabricated
on glass. As for the mechanical stability during charge-discharge cycling, we obtain

good durability; however, this depends on the chosen state of charge (SOC). Even
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though we obtain around 45 stable charge-discharge cycles at lower SOC due to lower
utilization of the electro-active materials, further investigation is required to improve
the mechanical stability of the film electrodes at higher SOCs. One possibility would
be to use a pattering technique similar to the one we previously reported in ref.[48].

3) Finally, we derive a kinetic model which allows to infer the equilibrium po-
tential from the electrolytic (de)hydrogenation at low currents. The model reduces
the experimental costs considerably since only a single measurements is required and
can be used, beside as a measure for electrochemical characterization, for hydrogen

sensing applications.
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4.7 Nomenclature

Q

Lattice parameter -]

Regression parameter

Lattice parameter -]

Hydrogen concentration [atoms per metal atom]

Maximum hydrogen concentration [atoms per metal atom]

Potential [V]

Faraday constant

Current [A]

Exchange current density [A cm™2]

Current density [Acm™?]

Reaction rate constant

Regression parameter -]

Pressure [Pa]

Specific capacity [mAh g ']

Universal gas constant [L atm K~ mol™! |

Temperature (Absolute) [°C' and (K)]

Scan rate [V s71]

1S {1 P N 5 A S5 % N R o BN
8

Molar mass [g mol™"]

Yo — To Regression parameter
B Symmetry factor [-]
v | Absorbed hydrogen-hydrogen attractive interaction [kJ (mol Ho)™!]
AG Gibbs energy [k.J (mol Hy) ™|
AH Enthalpy energy [kJ (mol Hy)™']
AS Entropy [J (K mol Hy) ™!
€ Regression parameter [-|
0 Hydrogen coverage on the surface [-]
© Galvani potential [V]
n Overpotential [V]
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Chapter 5

A Nickel/Metal Hydride

Microbattery for Microfluidic

Applications!

5.1 Abstract

The utilization of micropower sources is of great interest especially in portable mi-
crofluidic devices where only low power densities and energy contents are required.
In the present work, we report on a rechargeable microbattery which can be inte-
grated into microfluidic and other Micro Electro Mechanical Systems devices. In
detail, the microbattery is based on a nickel/metal hydride chemistry and is inte-
grated on the typical microfluidic glass substrate. Galvanostatic charge-discharge
and voltage-current measurements are performed in order to evaluate the electro-

chemical performance of the microbattery. We also give insights into the durability

ITo be submitted for publication
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of the microbattery electrodes based on electrochemical impedance spectroscopy.

5.2 Introduction

The increasing utilization of portable and wearable microdevices has resulted in a
demand for microscale power supplies which are directly integrated in microdevices
during the manufacturing process. Microdevices which can benefit from such on-
board integrated power sources include micro-electro-mechanical-systems (MEMS)
[1], microfluidic systems such as micro-total-analysis-systems (uTAS) [2], Lab-on-a-
Chip (LOC) [3], and Point-of-Care-Testing (POCT) devices [4].

There have been various devices and technologies reported with different power
requirements. For instance, Humble et al. have suggested power requirements for
standby and data collection/processing activities in the range of 3 to 30 uWW and 100 to
1000 pWV, respectively [5]. Puers and Wouters have mentioned a flexible temperature
and motion sensing device based on electronic interface circuits with a low power
consumption of 35uW [6]. Further MEMS wireless sensors with ultra-low-power
requirements of around 0.5 uW are reported for health monitoring systems in refs.[7,
8]. In terms of medical applications, a power requirement of smaller than 10 W for
cardioverter-defibrillator while a range of 100 to 2000 uW are reported for hearing
aids in ref.[9].

In terms of capacity requirements, if we assume an operation time of around
4 hr day~! for the wireless sensor node reported for health monitoring system by
Okada et al.[8, 7] as mentioned above, a capacity of ~ 1.7 uAh per day (= 50 uAh
per month) at a nominal voltage of 1.2V is required. This capacity is adequate for

the sensor to perform the measurement every minute for a duration of 10 seconds.
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Amongst various types of power sources which are potential candidates for this
task, batteries offer simplicity as they do not require continuous supply of reactants
or materials. Additionally, a vast amount of technical knowledge is readily available
from conventional battery systems. A short review on advances in microbatteries
is available by Albano et al. in ref.[10], however, this source only covers the years
between 1995 and 2007.

Generally, we can categorize batteries into solid state and liquid (aqueous) elec-
trolyte cells. Aqueous electrolyte batteries have some advantages due to their rela-
tively low costs, high ionic conductivity (lower ohmic overpotentials), better safety,
and less environmental issues [11, 12]. Among microbatteries reported in the lit-
erature, lithium-(refs.[13, 14]), nickel- (refs.[5, 15]), and zinc- (refs.[10, 16]) based
batteries have gained attention for application in microscale devices. Pikul et al. re-
ported a high power density lithium microbattery which provides power densities for
up to 74 W cm™3 [17]. While lithium-based microbatteries provide high power densi-
ties, a lithium-based microbattery requires an electronic circuit to maintain a certain
potential range to avoid thermal runaway and high variations in the cell potential
if over(dis-)charged [18]. This leads to more complexity especially when microscale
devices are concerned and complications may arise in cell encapsulations due to high
reactivity of the lithium when it is exposed to moist. Despite these difficulties, a large
number of recent works is related to lithium-based microbatteries due to their high
energy content and better cyclability.

A nickel-zinc microbattery was introduced by Humble et al. fabricated on a epoxy-

coated silicon substrate which delivers energy densities of 0.555 mWhcm™2 [5]. One



5.2. INTRODUCTION 147

of the concerns with respect to nickel-zinc microbatteries is the possibility of mor-
phology change of the zinc electrode after several charge-discharge cycles. A three
dimensional primary zinc-air microbattery with a micromachined metallic scaffold

which can deliver an energy density of around 3 mWh cm ™2

was reported in ref.[19].
Albano et al. reported an integrated zinc-silver oxide primary microbattery for im-
plantable MEMS devices which delivers around 138 uAh cm™2 [10]. They fabricated
the cathode (silver-oxide) on a glass substrate (titanium and gold were used as adhe-
sion and current collector layers, respectively) using physical vapor deposition while
the anode (zinc) was directly sprayed on a copper foil from a nanopowder zinc so-
lution [10]. In addition, Ho et al. reported on a novel ink jet printing technique to
fabricate zinc-silver microbatteries directly onto a substrate which delivers 2.3 and
3.9mWhem™2 for two and three dimensional-type electrode microbatteries, respec-
tively [20, 21].

Among the microbatteries reported in the literature over the last decades, there is
almost no attempt to utilize a nickel metal hydride (NiMH) chemistry. Even though
the NiMH cell does not provide as high energy density as a lithium-based cell, it does
not suffer from morphology change at the electrode surface as that of zinc electrode
in a nickel-zinc cell, for instance. We are not aware of a systematic preparation and
characterization of a NIMH microbattery which is fabricated by using microfabrication
techniques. However, Do et al. reported a NiIMH battery fabricated using a thick film
electrode approach where they screen-printed the electrodes using a binder (polyvinyl
alcohol) onto the sides of a porous ceramic substrate as a separator (and support) of
the electrodes while the current collectors were deposited using a sputtering technique

22, 23]. They reported specific discharge capacities of 1.2t03.2mAh em™2 [22]. The
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question arises whether such a screen printing porous media-based approach can be
easily integrated into the regular microfabrication process. In terms of microbattery
architectures, two different approaches have been employed to design and fabricate
the electrodes; i.e., two dimensional (2D) thin and thick films such as refs.[24, 25] and
three dimensional (3D) electrodes [26]. The latter has gained rather more attention
recently due to advances in microfabrication technologies. In the 2D approach, the
electrodes (and electrolytes) are fabricated as film layers which, if combined, form an
electrochemical cell. In this approach, thin or thick films of electro-active materials
are utilized which can be either printed, or deposited by various techniques such
as sol-gel, electrodeposition, physical and chemical vapor deposition or atomic layer
deposition [18].

In the present work, we report on a NiMH microbattery which is fabricated on a
glass substrate. In fact, silicon dioxide-based materials (e.g. glass) have been exten-
sively utilized for the fabrication of microfluidic devices in academia while polymers
are more explored as microfluidic substrates in industry. The microfabrication pro-
cess is comprised of methods which are commonly utilized for the microfabriction of
microdevices. In detail, the positive electrode of the microbattery is based on the
nickel hydroxide Ni(OH)y/nickel (oxy)hydroxide NiOOH chemistry while the neg-
ative electrode consists of metal alloy material Laq 11+0.05N%4.73+0.02400.19+0.02; both
electrodes are in a direct contact with an aqueous alkaline electrolyte. This micro-
battery can be easily integrated into MEMS and microfluidic devices because it is
fabricated on glass (which is one of the most common substrates for such devices).

We further introduce a modular design concept for the electrodes. We have previously
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reported on microfabrication and characterization of single electrodes of the micro-
battery in refs.[27, 28]. Here, we are focused on assembling the entire microbattery
and providing insights into the overall performance of the cell rather than a single
electrode. This article is proceeded with a brief introduction to our experimental
methodologies and materials utilized to fabricate all components of the microbattery.
It is then followed by thorough discussions of our experimental results on microfab-
rications and electrochemical performance of the microbattery. The last section of
this article provides further details with respect to the durability of the microbat-
tery electrodes by using an impedance spectroscopy analysis. Finally, the article is

summarized with some concluding remarks.

5.3 Experimental Methods and Materials

In this section, we briefly specify the materials, fabrication and characterization tech-

niques which are used in the present work. Further details are available in refs.[27, 28].

5.3.1 Microfabrication

Materials: Glass microscope slides (Globe Scientific Inc., USA) with an area of 2.54
by 7.62 ¢cm are used as substrates for the microfabrication of both electrodes. We em-
ploy different metal targets for the deposition of metal films on the glass substrate.
Here, we use electron beam evaporation with nickel and chromium pellets (Kurt J.
Lesker Canada, Inc., Canada) with purities of 99.995% and 99.998%, respectively, to
grow chromium and nickel thin films serving as current collectors of the electrodes.

The metal (hydride) electrodes are sputtered by using a custom made target material
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of LaNiy77Alye3 which is received from Kurt J. Lesker Canada, Inc.. The size and
purity of the target are reported to be 7.62 cm in diameter and 99.9%, respectively.
The thickness of the target ingot is 0.317 £ 0.025 cm. Materials for the preparation of
the nickel (hydroxide) electrode comprise nickel(II) chloride hexahydrate (puriss. p.a.,
> 98%, Sigma-Aldrich Canada Co., Canada), nickel(II) nitrate hexahydrate (99.999%
trace metals basis, Sigma-Aldrich Canada Co., Canada), and cobalt(II) nitrate hex-
ahydrate (reagent grade, 98%, Sigma-Aldrich Canada Co., Canada). The two-part
heat curable polymer (poly)dimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
USA) is used for the fabrication of the polymeric fluidic layer which also serves as
an electrode separator. The materials required for the ultraviolet (UV) lithography
include the chemically-amplified negative photoresist KMPR® 1000, SU-8 photore-
sist developer solution (Methoxy-2-propanol acetate), and a photoresist remover PG
solution (1-Methylpyrrolidone (NMP)) (all from MicroChem Corp., USA).
Instruments: Metal thin films of chromium and nickel are prepared using an
electron beam evaporator (Balzers, USA). Additionally, a Varian in-house-built DC
magnetron sputter deposition system is employed to deposit intermetallic films of
Lai1140.05N147340.02A00.19+0.02 from a target with a composition of LaNiy77Algos3.
Temperature and argon pressure can be controlled within the sputter chamber. All
film depositions are performed at the Microelectronics Fabrication Laboratory (MFL)
at Carleton University in Ottawa, Canada. In terms of the electroplating and the
electrodeposition process, a power supply (U8002A, Agilent Technologies, USA) along
with a potentiostat /galvanostat (PGSTAT302N, Metrohm Autolab B.V., The Nether-
lands) is employed. For the UV lithography step, we use a glass photo-mask featuring

a grid style pattern consisting of squares of 400 x 400 um? which is received from
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nanoFAB at the University of Alberta (Canada). A mask aligner (Oriel Instruments,
USA) coupled with a light intensity controller, timer, and ultraviolet (UV) lamp is

utilized to transfer the mask pattern to the photoresist.

5.3.2 Materials and Physical Characterization

The elemental composition of the deposited films is examined using X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS) and energy dispersive spec-
troscopy (EDS) instruments. The surface morphology is investigated by a field emis-
sion scanning electron microscope (FESEM) and a stylus profiler. We observe that
the patterned nickel hydroxide film consists of Ni(OH)2-0.75H50, i.e., (hydrated) a-
Ni(OH),. The metal hydride film electrode consists of Laj 11+0.05N%4.7310.024%0.19+0.02
which is very close to the elemental composition of the target used for sputtering, i.e.,
LaNig77Aly23. The grain size of the metal hydride film is found to be roughly 20 nm
throughout the surface of the film electrode. Note that we do not discuss further de-
tails of the materials characterization as they have been previously reported elsewhere

in refs.[27, 28].

5.3.3 Electrochemical Characterization

The microfabricated battery is electrochemically characterized by measuring voltage-
current and galvanostatic charge-discharge profiles using a combined potentio-
stat /galvanostat instrument (PGSTAT302N, Metrohm Autolab B.V., The Nether-
lands). Electrochemical impedance spectroscopy (EIS) is also performed using this
instrument. All electrochemical measurements are generally performed in aqueous

1M potassium hydroxide (KOH) solutions at a room temperature of 23°C. However,
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we also study the effect of the electrolyte concentration on the performance of the
microbattery using 0.75M and 0.5M KOH electrolyte concentrations. All electrolyte
solutions are prepared with deionized water with a conductivity of approximately

2 1S em™L.

Conductivities and pH values are tested using a modular pH and con-
ductivity meter (Mettler-Toledo, SevenMulti, Switzerland). Further comprehensive
electrochemical characterization of the single electrodes in terms of cyclic voltamme-

try can be found in refs.[27, 28].

5.4 Results and Discussion

In this section, we first introduce the microbattery and microfabrication methodolo-
gies. We then give insights into the electrochemical performance and the charge-
discharge capability of the microbattery. Finally, we present the results of the elec-

trochemical impedance spectroscopy.

5.4.1 Microbattery Microfabrication

The nickel/metal hydride microbattery is fabricated by using common methods in
the semiconductor industry. Figure 5.1(a) illustrates the design of the microbattery.
The electrodes are fabricated on glass substrates with a size of 2.54 c¢m by 7.62 cm.
Since glass-like substrates are most commonly used in microfluidic and LOC devices,
we pursue the electrode fabrication on this material as well. We use a sandwich-like
configuration to assemble the entire cell in that the electrodes stack one above the
other and the polymeric fluidic layer is placed between the electrodes. In fact,

a polymeric PDMS layer with microchannels is usually sandwiched between two
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glass-like substrates in the microfluidic chips. That is, our microbattery config-

uration mimics the integration onto a microfluidic chip without using an actual device.

b)

PDMS fluidic layer

on glass

Figure 5.1: a) Sketch of the entire microbattery; b) Actual patterned nickel hydroxide
and metal hydride electrodes, and PDMS fluidic layer.

Both positive and negative electrodes on glass substrates are shown in Figure
5.1(b). We first deposit thin layers of metals, which are used as current collectors of
the microbattery, on the glass substrate by employing an electron beam evaporation
method. It turns out that pure nickel hardly adheres to the glass surface. An improved
adhesion is achieved, when we first evaporate a 60 nm thin film of chromium to deposit
an adhesion (seed) layer onto the glass surface. Then, a nickel thin film of the same

thickness is grown onto the adhesion layer.
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The nickel hydroxide Ni(OH ), film electrode is the positive electrode of the mi-
crobattery and is microfabricated using an electrodeposition technique from a nickel
nitrate solution (with an addition of 30% cobalt nitrate solution used in this work)
as previously described in ref.[27]. The Ni(OH ), is then electrochemically converted
to NiOOH. The thickness of the Ni(OH), film electrode is around 20 pm. We ob-
serve that the mechanical stability of these film electrodes is very poor if deposited
onto the surface of planar (smooth) current collectors. Hence, we use a surface pat-
terning process in order to create a 3D array of micropillars onto the nickel current
collectors. In a nutshell, we electroplate nickel micropillars with a footprint area
of 400 x 400 wm? on the nickel current collector using a soft lithography technique
prior to the electrodeposition of Ni(OH ). The investigation of the charge-discharge
characteristics of the single electrodes demonstrates that patterning of the electrode
surface on glass results in a significantly higher durability compared to a patternless
surface, especially in the presence of the parasitic oxygen evolution reaction. The
reader is referred to ref.[27] for further details on the microfabrication of the positive
electrode of the microbattery.

The negative electrode of the microbattery is an intermetallic compound of
Lay 114005 Nig73+0.02Al0 104002 With an ability of electrolytic (de-)hydrogenation.
Here, we grow a film layer of Laj1140.05N%4.73+0.02A40019+0.02 on the current col-
lector using a DC magnetron sputter instrument at room temperature and at
an argon gas pressure of 0.53 Pa. Under these conditions, the growth rate
corresponds to 0.11nms~!' at a power of 100W. The final thickness of the
Lai1140.05N14.73+0.02A00.19+0.02 film layer is around 1.1 gm which is measured using

a stylus profiler. We observe that sputtering of the intermetallic film results in an
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electrochemical performance which is similar to that of conventionally-fabricated elec-
trodes, cf. ref.[28]. The Laj 11+0.05N?4.73+0.02A00.19+0.02 film is then hydrogenated and
(theoretically) converted to Laj 11+0.05N 4734002400 19+0.02Hg. For further details on
the microfabrication and characterization of the negative electrode, the reader is re-
ferred to ref.[28].

Finally, the battery design comprises a polymeric layer with a thickness of around
600 um and made from (poly)dimethylsiloxane (PDMS) as shown in Figure 5.1(b).
We use a PDMS elastomer and curing agent at a ratio of 10:1 weight basis to perform
our PDMS soft lithography. A piece of LEGO™ is used to create a cavity of around
2.54 cm x 1.27 em which serves as a reservoir of the alkaline electrolyte. The polymeric
fluidic layer also serves as an electrode separator. Hence, the surface area of both
electrodes which is in contact with the electrolyte corresponds to that of the cavity
of the PDMS layer; i.e., 2.54 x 1.27 ¢m. It is well known that glass can be etched by
concentrated KOH solutions. Nevertheless, we do not observe any hint of material
degradation. On the one hand, the electrolyte is not in a direct contact with the glass
substrate since the surface of the glass substrate is covered either with the electrode
(which consists of mainly nickel) or with the (pure) nickel thin film which serves as
a current collector. On the other hand, nickel is obviously very resistant to corrosion
in the presence of a concentrated KOH electrolyte. Therefore, contrary to the nickel-
zinc microbattery proposed by Humble et al. [5], we do not use an epoxy layer or any
other coatings to reduce the corrosion on the glass surface. The physical parameters

and dimensions of the microbattery are summarized in Table 5.1.
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Microbattery Parameters

Dimension 2.54 X 7.62 cm?

Negative electrode materials (thickness) Laq 114005V 4.73+0.02A00.19+0.02
(1.1 um)

Positive electrode materials (approx. thickness) Ni(OH)y/NiOOH (20 um)

Fluidic layer thickness 600 um

Electro-active materials surface dimension 2.54 x 1.27 cm?

Adhesion improvement layer material (thickness) chromium (60 nm)

Current collector material (thickness) nickel (60 nm)

Table 5.1: Microbattery physical dimensions and materials.

5.4.2 Electrochemical characterization

In this section, we discuss the results of charge-discharge measurements, voltage-
current characteristics, and electrochemical impedance spectroscopy of the microbat-

tery.

Galvanostatic charge-discharge characteristics

In this section, we provide some insights into the charge-discharge characteristics and
the cyclability of the microbattery. The battery chemistry of the nickel /metal hydride
is as follows: During the charge process, nickel hydroxide Ni(OH ), is converted to
nickel (oxy)hydroxide NiOOH while the intermetallic film M is hydrogenated to
M H; During the discharge process, the reverse reactions occur. Hence, the overall

NiMH cell reaction can be written according to:

NiOOH + MH = Ni(OH), + M  E" =135V (5.1)

Figure 5.2 depicts charge-discharge characteristics of the microbattery. Before these

measurements, the electrodes are preconditioned by using a linear cyclic voltammetry
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Figure 5.2: Charge-discharge characteristics of the microbattery; (insert in (b): mag-
nification of a single charge-discharge cycle for 30 mins).

(CV) at a scan rate of 10mV s~! until a steady and reproducible pattern is obtained
which usually takes around 50 CV cycles with a voltage window of —0.5 to 0.5V. In
Figure 5.2(a), five charge-discharge cycles is shown which are obtained at a constant

2

current of 0.1mA (current density of around 0.03mAcm™*, normalized with the

surface area of the electrode). Additionally, Figure 5.2(b) illustrates charge-discharge
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capability of the microbattery in terms of the reliable number of cycles. It is found
that around 20 charge-discharge cycles can be obtained with no obvious indication of
film electrode deterioration. A rather severe deterioration can be seen on the nickel
hydroxide film electrode if we go to a higher number of cycles while the metal hydride
film electrode is still intact. Nevertheless, we can operate the battery reliably for up
to around 20 charge-discharge cycles. Note that this is not the maximum number
of cycles that we can obtain; the maximum number depends on the state of charge
(SOC) that we achieve as discussed below. As it can be seen in Figure 5.2(a), during
the charge process, the cell voltage rises to around V., ~ 1.4V while a maximum
cell voltage of around Vg, =~ —1.5V is measured during the discharge process. This
is in rather good agreement with the standard cell voltage of the reaction as given in
reaction (5.1). We observe that the shape of the first five discharge curves (negative
potentials) is different than that of the rest of the discharge curves as shown in Figure
5.2(b). We may attribute this behavior to the further activation of the films, especially
the MH film electrode. In other words, the shape of the discharge cycle seems to be
transiting to a sharper decrease starting at cycle#6 at the voltage boundary. This
behavior can be seen in Figure 5.2(a) as these charge-discharge cycles are obtained
after the transition has been completed. Note that the rest of the displayed cycles,
from cycle#6 to cycle#21 shows a similar discharge-voltage behavior. Additionally,
we observe that the shape of the discharge voltage varies significantly from that of
charge voltages. This can be attributed to different overvoltages present during the
charge and discharge state.

Generally, the (de-)hydrogenation of the intermetallic film electrode occurs in

three phases. The first is the so-called ”a—phase” referring to the state in which
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hydrogen and metal mix in the form of a solid-solution. The next phase is transitional
which is called "a— and S—phase” and is featured by a plateau region in the voltage-
current and charge-discharge characteristic plots. Here, the hydrogen continuously
occupies the interstitial sites of the intermetallic film electrode. Once the intermetallic
electrode is almost saturated with hydrogen, the metal hydride is referred to reach the
7 B—phase. For further details on various phases of the metal hydride materials, the
reader is referred to ref.[29]. When we inspect the charge-discharge cycles in Figure
5.2(b)(insert), we observe a charge plateau (transition region) at around (starting
at) —0.19V with an upward slope while the discharge plateau is obtained at around
(starting at) 0.14 V. Note that a smaller plateau is also observed at around —1.3V
which indicates that the microbattery cell features a multi-plateau behavior which
can be assigned to the metal hydride electrode. The multi-plateau behavior of this
metal hydride film electrode has also been observed in our previously reported work
in ref.[28].

As already mentioned above, the adjustment of the state of charge (SOC) at a
particular level by controlling the charging-discharging time is important to maintain
the mechanical integrity of the film electrodes. It is found that when we perform a
15mins charge followed by 15mins discharge, we do not observe any signs of degra-
dation of the electrode surface. The optimized conditions obtained in our previous
works [27, 28] are also used for testing the microbattery in the present work. We
find that the charge-discharge voltages remain relatively stable—there is no significant
increase of overvoltages with increasing number of cycles. That is, the shape of the
charge-discharge curves is more or less identical for all cycles after the first five cycles.

We estimate that the state of charge is around 25% for the above-mentioned
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charge-discharge duration. Since, we are not able to measure depth of discharge reli-
ably due to severe deterioration on the nickel hydroxide film electrode if the potential
and charging time are not limited, we use a method as described in ref.[27]. Here,
we just give the final results. In detail, it is found that this charging protocol re-
sults in a faradic capacity of the patterned nickel hydroxide film electrode of around
70 mAhg™ (400 uAhem™ with electrode thickness of around 20 um, and a film
density of 2.82 g cm ™ as obtained from XRD results) and therefore in a SOC of 25%.
Also, we estimate the specific capacitance of the nickel hydroxide film to be around
3600 C'g~! at a voltage of 1.2V [27]. This high capacitance indicates that the charges
which are transferred during charge and discharge processes are more likely to be
stored in or withdrawn from the electrical double layer (EDL) rather than due to an
electrochemical reaction. We give further insights into the double layer capacitance
of the nickel hydroxide film electrode below. In terms of the metal hydride film elec-
trode, we do not observe any sign of degradation even at a longer charging duration
(i.e., higher utilization of the electrode materials). We find that the MH electrode
can be cycled for more than 40 cycles with a respective charge and discharge time of
30min. The faradic capacity of the MH film electrode corresponds then to approx-
imately 50 mAh g~ (40 pAh cm™2 with electrode thickness of 1.1 um and weighted
average film density of 8.24 gcm™3) resulting in a SOC of 25% as well. Therefore,
we conclude that the cell is limited by the MH electrode (negative electrode) since
the capacity of the nickel hydroxide film electrode is higher than that of MH film
electrode.

A scale-up of the negative electrode (MH film electrode) capacity by increasing the
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film thickness appears intriguing at the first glance. We are able to deposit a mechan-
ically stable intermetallic film of 1.1 ym with our sputter instrument at a deposition
rate of 0.11 nm s~!. The estimated electroactive mass of the metal hydride film which
is in contact with the electrolyte is ~ 2.5 x 1072 g. However, the DC magnetron sput-
tering method, which is used to deposit our intermetallic film electrodes, and many
other commonly-used deposition techniques in the semiconductor (electronics) indus-
try, have usually limitations in terms of film thickness. It should also be emphasized
that the surface of the film, which is not in a direct contact with the electrolyte, does
not show any indication of lattice expansion (or in severe cases, film degradation) or
changes due to the hydriding process, hence, it has not undergone (de-)hydrogenation
processes. The mass of the electroactive MH film is used to estimate the capacity of
the microbattery since the cell is anode (negative electrode) limited. If we compare
our performance data with other batteries which have been reported in the litera-
ture, the work of Humble et al.[5] is an obvious choice since they use a nickel based
chemistry for the positive electrodes as well. However, their microbattery, contrary
to ours, is limited by the positive electrode and they report the capacity of the en-
tire cell based on the capacity of the nickel hydroxide electrode. Furthermore, they
utilize a negative zinc electrode with a much larger thickness of 15 um. Therefore,
we normalize our area-specific microbattery capacity with the thickness of the MH
film (our negative electrode) and compare it to the normalized capacity based on the
zinc anode electrode in ref.[5]. Eventually, Humble et al. reported a cell capacity of
1.4 C'mm™2 normalized by the area of the entire cell including sidewalls in ref.[5]. For
the sake of comparison, if we normalize this capacity with the thickness of the anode

(15 um), we arrive at 0.93C mm 3. We estimate an area-specific capacity (the area
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includes both electrode surfaces, and sidewalls) of 0.66 C'mm 3 (normalized with the

thickness of the MH film electrode) for our microbattery.

Voltage-current characteristics

In this section, we give insights into the voltage-current characteristics of the micro-
battery at three different electrolyte concentrations, namely 1M, 0.75M, and 0.5M.
Given the intended application of the microbattery in microfluidic devices, the use
of less concentrated electrolyte is desired. Generally, most of the commonly used
microfluidic devices operate with liquids with rather low ionic contents and the use
of a less concentrated electrolyte is beneficial with respect to the corrosion protection
of microfabricated components on glass-like substrates. In order to prepare for the
measurements, we first perform 30 current sweep cycles in the range of 0 to 0.1 mA
to condition the electrode surfaces. Then, we charge the microbattery for 15mins
before the voltage-current plot is measured; this corresponds to a SOC of around
25%. All current values that we measure are normalized by the surface area of the
electrode which is in contact with the electrolyte. We perform a few trials to obtain
a suitable current range in which the electrodes are stable, and unwanted parasitic
reactions are suppressed. We find that increasing the current density for up to around
6 1A em~? along with end-point voltage of around 1.0 V' provides a good microbattery
performance. Note that the end-point voltage of around 1.0V has been commonly
utilized for various NiMH battery cells as can be found in ref.[30].

The results of the measurements with three different electrolyte concentrations are
given in Figure 5.3. We observe a very weak dependency of the open circuit voltage

(OCV) on the electrolyte concentration. In detail, an OCV of around 1.19V for an
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electrolyte concentration of 1M KOH is measured while similar values of 1.18 and
1.17V are measured for electrolyte concentrations of 0.75M and 0.5M KOH, respec-
tively. It has been reported that the OCV of a NIMH battery cell at a SOC of 25%
is around 1.25V [31] while the theoretical (reversible) OCV is 1.35V as mentioned
above in reaction (5.1). Note that the OCV of the NIMH macrobatteries ranges be-
tween 1.25 and 1.35V with a nominal voltage of 1.2V at around room temperature
[30]. In summary, we realize that the difference between the experimental OCV of
this microbattery and OCVs of the macrobatteries (ref.[30]) ranges from 70 4 10 to
170 £ 10mV. If we compare the experimental OCV of the microbattery to that
of reported in ref.[31] for a SOC 25%, we find a smaller voltage difference of ap-
prox. 70 £10mV. We attribute the relatively lower OCV values of the microbattery
to the use of cobalt as an additive in the microfabrication of the nickel hydroxide
film electrode. The addition of cobalt mitigates the unwanted parasitic oxygen evo-
lution reaction, cf. e.g., refs.[32, 33]. This reaction contributes to the mechanical
degradation of the nickel hydroxide film electrodes especially for a larger number of
charge-discharge cycles. In detail, a concentration of around 30 wt% cobalt nitrate is
added to the electrodeposition bath of the nickel nitrate solution in our work. The
addition of cobalt leads to lower nickel (cathode) potentials resulting in lower cell volt-
age. Cyclic Voltammetry measurements (results not shown) reveal that the oxidation
peaks are shifted between 100 and 140 mV depending on the scan rates (i.e., 0.5, 2,
and 5mV s™!) which is in agreement to the decrease of OCV of the microbattery cell.
Additionally, in our previous work [28], we introduced a correlation which give the
equilibrium potential of the metal hydride film electrode depending on its hydrogen

content. We use this correlation along with an oxidation peak potential obtained for
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the nickel electrode when using cobalt as an additive (results not shown) to estimate
the OCV of the entire cell. We arrive in 1.16 V| slightly lower than the measured one
for the microbattery cell as shown in Figure 5.3, which demonstrates the quality of
the correlation.

In terms of the voltage characteristics when a current is withdrawn, it appears for
all concentrations that the activation polarization is rather insignificant. We generally
observe that the voltage linearly drops with the current density; i.e., the behavior is
mainly determined by the ohmic overpotential (ohmic polarization). Furthermore, a

rather weak concentration overpotential can also be seen at higher operating current

densities.
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Figure 5.3: Voltage-current and power-current characteristic curves at three different
electrolyte concentrations.

In terms of the influence of the electrolyte concentration on the cell performance,



5.4. RESULTS AND DISCUSSION 165

we observe almost identical performance for the operation with 1 M and 0.75 M elec-
trolyte concentration but with a slightly more pronounced concentration polarization
at high current densities for the less concentrated electrolyte, i.e., 0.75M KOH. In
the case of the electrolyte concentration of 0.5 M, we find that the voltage is always
lower compared to that of higher electrolyte concentrations.

In terms of power density and operation mode, Figure 5.3 depicts power density
of the microbattery as a function of current density withdrawn from the cell at three
different electrolyte concentrations. Generally, we observe that the power density
values of the microbattery for all electrolyte concentrations are almost the same with
a small deviation for current densities larger than 5pAcm=2. It is found that the
microbattery provides a power density of around 5 W em~2 at a current density of

around 5 A cm ™ while maintaining a cell voltage of larger than 1V

Electrochemical impedance spectroscopy

In this section, we present our results obtained from electrochemical impedance spec-
troscopy for the entire microbattery cell. In detail, we apply a voltage of 10mV
between the electrodes and scan over a frequency range of 0.001 Hz to 1.0 M Hz
and measure the respective current. We adjust the potential to such a small value
to avoid any electrochemical reaction to occur. Otherwise, the electrode surfaces
and the conversion degrees would considerably change during the measurements at
low frequencies. All impedance measurements are performed after surface condition-
ing for around 30 cycles with a current sweep from 0 to 0.1 mA. For the sake of
comparison, we perform impedance measurements on an immaculate cell (prior to

surface conditioning), after conditioning, after 10 charge-discharge cycles, and after
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25 charge-discharge cycles.

For the interpretation of the impedance data, an equivalent electrical circuit is
required. We choose a serial arrangement of three RC elements; i.e., (RC)(RC)(RC),
shown as an insert in Figure 5.4. Here, the left and the right RC' elements denote the
charge transfer resistance and the capacitance of the nickel hydroxide and the metal
hydride electrode, respectively. The middle RC element accounts for the characteris-
tics of the electrolyte where we account for the capacitance of the electrolyte since the
distance between the two electrodes is small. An estimation results in an electrolyte
ohmic resistance and capacitance of approximately R, ~ 1€ and Cy ~ 140 pF’, re-
spectively. These values are used as initial guesses for the regression of the data in
our equivalent circuit modelling.

The Nyquist plot for the various experimental conditions is shown in Figure 5.4.
We find that the shape of all curves more or less corresponds to a segment of a
semi-circle where the distance of the data points to the origin is a measure for the
frequency. In other words, the frequency of the impedance increases from the left
to the right. According to the interpretation of the equivalent circuit, all capacitors
are short-circuited at the highest frequencies. Hence, the intercept of the real part
axis of the impedance gives the value of the sum of the electrolyte resistance and the
charge transfer resistance of the electrodes. As it can be seen in Figure 5.4, we do
not observe a significant difference in this combined value for all conditions of the
microbattery. Indeed, the main difference is rather the height of the circle segments
which is related to the electrode capacitances.

We summarize the quantitative results of the data regression in Table 5.2. We

realize that the electrolyte resistance and capacitance remain more or less constant
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Figure 5.4: Nyquist plot and equivalent circuit (insert) of the microbattery at various
conditions.

State of microbattery Rctr,Ni Cdl,Ni REZ CEI Rctr,MH CMH
Before conditioning 75.8kQ | 574 pF | 0.80Q | 116 pF | 16.3X2 | 289pF
After conditioning 129EQ | 397 puF | 0.882 | 114pF | 12.0Q2 | 313pF
After 10 charge-discharge | 70.8 k) | 739 uF | 0.602 | 111 pF | 12.5Q | 482pF
cycles

After 25 charge-discharge | 10.2kQ | 1.23mF | 0.65§2 | 120pF | 15.1Q | 575pF
cycles

Table 5.2: Equivalent circuit values of the microbattery at various conditions

for all investigated conditions. The values, given the accuracy of the method, are in
good agreement with the estimated electrolyte resistance and capacitance mentioned
above. When we compare the absolute value of the electrolyte resistance with the
electrode charge transfer resistances, we realize a difference which is at least on the
order of 2 magnitudes. That is, the electrolyte resistance has no significance. Addi-

tionally, we realize that the capacitance of the electrolyte, as well as that of the metal
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hydride electrode, is six order of magnitude smaller than the capacitance of the nickel
hydroxide electrode. In other words, the capacitance of the microbattery is governed
by the nickel hydroxide film electrode which is as expected. We further find that the
charge transfer resistance of nickel hydroxide film electrode R, n; ranges between
10.2 kQ and 129 k). Moreover, we observe that the higher is the charge transfer re-
sistance, the lower is the capacitance. However, we do not find a simple behavior in
terms of the utilization degree of the electrode. Generally, we would expect to find
higher charge transfer resistances over the number of charge-discharge cycles as a sign
of degradation. Contrary to this assumption, we realize that the lowest charge trans-
fer resistance (and the highest capacitance) is observed for the most utilized state of
the electrode; i.e., after 25 cycles where the nickel electrode shows some signs of dete-
rioration. Generally, we see an increasing trend in Cg n; as the utilization increases.
Since the capacitance is related to the electrical double layer (EDL) of the electrode,
it appears that the structural surface changes with the increasing utilization conveys
that more surface is generated while the charge transfer resistance is maintained or
even reduced.

In contrast, the charge transfer resistance R, ap of the metal hydride film elec-
trode is on the order of 102 and therefore much smaller than that of the nickel
hydroxide film electrode. Likewise, the capacitance values of the nickel hydroxide
film electrode are much larger than those of metal hydride electrodes, the difference
is about six order of magnitudes. This can be attributed to the porous structure and
very large surface area of the nickel hydroxide film electrode contrary to the metal
hydride film electrode. With respect to these significant differences between the elec-

trodes, the interpretation of the change in the metal hydride parameters over the
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utilization degree is rather difficult.

5.5 Concluding Remarks

This study is concerned with the microfabrication of a nickel metal hydride microbat-
tery on glass substrates which can be integrated (embedded) in various microdevices.
We conclude this article with the following remarks:

1) We show that the fabrication of a NiMH microbattery cell on glass substrates
is possible by employing common microfabrication techniques. The microbattery
provides a capacity of around 50 mAhg~! for a SOC of 25% (40 uAh em™2 with the
limiting electrode thickness of 1.1 um) which can be utilized in applications requiring
low capacities. For instance, if we assume an operation time of around 4 hr day =" for
the wireless sensor node reported for health monitoring system by Okada et al.[8, 7]
as mentioned above, an approximate capacity of 1.7 uAh per day (50 pAh per month)
at a nominal voltage of 1.2V is required. This capacity is adequate for the sensor
to perform the measurement every minute for a duration of 10 seconds. Assuming
a SOC of 100%, the microbattery presented in this work has a capacity of around
160 uAh cm™2 (520 pAh for a film electrode surface area of 2.54 x 1.27 ¢cm) is able to
provide sufficient power for the sensor to operate for around 10 months. Since we need
to maintain around 25% SOC of the microbattery to prevent mechanical instability
within the film electrodes, the microbattery can provide sufficient power for the sensor
for around 2.5 months of operation for a single charge. For the sake of comparison with
other microbatteries, Albano et al. have reported capacities of up to 138 uAh cm =2 for
an integrated zinc-silver oxide primary microbattery for implantable MEMS devices

[10] while Humble et al. have stated a capacity range of 278 to 972 uAhcm™2 for a
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nickel-zinc microbattery [5]. A much larger capacity range has also been reported by
Do et al. ranging between 1170 and 3150 pAh em™2 [22, 23] for a screen printed NiMH
microbattery. However, this design includes a membrane in their microbattery which
not only increases the costs of fabrication but also results in fabrication complexities.

The microbattery is a rechargeable (secondary type) cell and could be coupled
with an energy harvesting device, such as a solar cell, to make an autonomous power
supply system. Additionally, we introduce a modular design for the microbattery
electrodes. That is, in the case of electrode degradation, either electrodes can be
replaced with a newly fabricated one. This would be possible since the electrodes are
separately fabricated onto different glass substrates contrary to the designs where both
electrodes are on the same substrate along with the electrolyte such as the work by
Humble et al. in ref.[5]. Note that in the case of an integrated (embedded) cell within
a device, the electrodes can not be easily replaced. Nevertheless, the modular design
allows for a straightforward numbering-up approach by arranging singles batteries
into a stack.

2) The cyclability of the microbattery is investigated using an electrochemical
impedance spectroscopy analysis. Here, the microbattery is dominated by the nickel
hydroxide film electrode in terms of degradation. Hence, further improvement is
required in order to increase the number of possible charge-discharge cycles. One
possibility could be to use an etching method to pattern the surface of the glass
substrates in order to increase the adhesion surface area at the interface of the films
and the glass substrates which may result in better electrode durability. In the present
work, a grid style pattern consisting of squares of 400 x 400 um? is used to improve

the cyclability of the nickel hydroxide film electrode. Further improvement would be
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expected to achieve by using rather smaller or different grids shape or aspect ratio.
As for the metal hydride film electrode, further durability improvement could be
achieved by the same pattering method used for the nickel hydroxide film electrode.

3) The presented microbattery is able to provide an area-specific and volumetric
power density of around 0.05 W m~2 and 0.045 W e¢m 3, respectively, while maintain-
ing a voltage of above 1 V. There have been various power sources reported in the
literature with a range of power densities. For instance, Lam et al. have reported a
MEMS-based photosynthetic cell with a power density of around 10719 W em ™3 [34]
while Lemmerhirt and Wise have mentioned a lithium cell fabricated by common mi-
crofabrication methods with an estimated power density range of 0.075 to 1.5 W m ™2
(for a nominal voltage of 3.75 V') (ref.[35] as cited in ref.[10]). High volumetric power
densities are also reported such as works of Humble et al. (Ni-Zn cell) and Pikul
et al. (lithium cell) with 3W em™ and 74 W em™3, respectively [5, 17]. Note that
such high power densities may not be necessary when site-specific integrated power
supplies are coupled with low power microdevices especially in MEMS applications.
Nevertheless, further improvements in terms of materials and mechanical integrity of

the film electrodes will lead to higher power densities along with improved cyclability.
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5.7 Nomenclature

Capacitance [F]

Potential [V]

Resistance [2]

Voltage [V]

Single phase (dehydrided)/anhydrated phase

£ | Transition phase when o and [ phases coexist

|+ R <3| = QA

Single phase (hydrided)/hydrated phase
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Chapter 6

Conclusion and Outlook

This thesis is concerned with the fabrication of a rechargeable microbattery as a mi-
croscale power supply. In detail, we develop and characterize a nickel/metal hydride
(NiMH) microbattery on a glass substrate, which can be ultimately integrated in vari-
ous microsystems. The majority of the research works in this thesis are experimental,
however, it also includes some mathematical modelling of the characteristics of the
negative (metal hydride) electrode of the microbattery as given in chapters IT and IV.
In chapter II, further insights are given into the (gaseous) hydrogen sorption char-
acteristics and the mathematical model evaluations of commonly used intermetallic
compounds for the negative electrode of a NiMH battery. The results of the elec-
trode fabrication and characterization for the nickel hydroxide and the metal hydride
films are presented in chapters III and IV, respectively. Finally, chapter V presents
the results of the microbattery assembly and its electrochemical performance. This
chapter proceeds with a summary of findings and observations in the works given in
each chapter of the thesis. This chapter is concluded with some recommendations for

further research.
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6.1 Summary of Findings in this Thesis

The scientific findings along with observations are summarized as follows:

Paper #1 in chapter I1I:

In this work, two ABs—types hydrogen sorption intermetallic alloys —i.e., LaNis and
LaNiy5Coq5— are characterized in terms of (de-)hydrogenation based on gravimetric
measurements. We use the experimental results to review and evaluate the appli-
cability of known P-C-T (pressure-concentration-temperature) models found in the
literature in terms of their ability to describe the a- , 8-, and a + [-phase regions
of the sorption processes. It is found that the thermodynamic-based Zhou model
cannot resolve the seamless transition of the isotherms between the phases while the
empirical-based Bjurstrom and the kinetic-based Feng models can. Further, it is
found that all these models are capable of describing the non-idealities of the plateau
regions, i.e., plateaus featuring slopes and being slightly curved. Overall, it is ob-
served that the sorption enthalpy and entropy values estimated based on the Zhou
and the Feng models are in moderate agreement with the literature. A novel model
developed in this thesis, the so-called ERF model, shows good accuracy for the a-
and transition phases, however, a limited accuracy in the S-phase region. This model
also requires a fewer number of regression parameters compared to the Bjurstrom
model. The investigation of the Feng model and its derivation, which is based on
the sorption kinetics at the interface, prepares the foundation for the derivation of a
model for the electrolytic (de-)hydrogenation. This model is introduced in chapter

IV of this thesis.
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Paper #2 in chapter III:

In this study, the focus is on the microfabrication of the nickel hydroxide Ni(OH ),
film electrodes on glass substrates which can be used as a positive electrode of a NiMH
microbattery. Here, the fabrication methods of the Ni(OH), films are comprised of
common microfabrication methods utilized in the semiconductor industry. In detail,
an electron beam evaporation deposition process along with electroplating and elec-
trodeposition are employed to grow films of pure nickel and Ni(OH),, respectively.
The former is used as a current collector for the Ni(OH ), films. In this regard,
some qualitative studies show that a chromium seed (sticky) film layer improves the
adhesion of the nickel film current collector to the glass substrate significantly.

It is observed that patterning the surface of the nickel current collector with
a three-dimensional (3D) array of micropillars of nickel/nickel oxide improves the
durability (mechanical stability) of the Ni(OH ), films. In detail, by comparing the
overall performance of the patterned electrode to that of a non-patterned electrode,
it is found that a higher number of charge-discharge cycles can be performed for
the patterned electrode, especially in the presence of the unwanted parasitic oxygen
evolution reaction. We determine the rate-specific capacity of the non-patterned and
patterned electrodes to be around 280 mAh g~ (= 1580 uAhem™2 with electrode
thickness of approx. = 30 um). However, to obtain a reasonable durability, we can
only utilize around 25% of this charge content, otherwise, the electrodes last only a
very limited number of cycles. The rate-specific capacity of the film electrodes is in
agreement with the work of Chen et al. who have reported electrodes of a mixture
of Ni and Ni(OH), powders with a charge capacity of around 250 mAh g for a

SOC of around 95% [1]. Further, a volumetric capacity (based on electrode area
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and electrode thickness) of 0.36 and 0.1 Cmm™3 are obtained for patternless and
patterned film electrodes, respectively. While the thickness of the film electrodes in
this study is much smaller, these capacity values are in agreement with the capacity
of 0.4 C'mm™3 (normalized by film thickness of approx. 100 um) for patternless films

on epoxy-coated silicon reported by Humble et al. [2, 3].

Paper #3 in chapter IV:

This work is concerned with the microfabrication of a metal hydride (MH) film elec-
trode on a glass substrate —using physical vapor deposition techniques— which can
serve as a negative electrode of a NIMH microbattery. In this study, an aluminium-
substituted ABj5 alloy is used. We first compare the hydrogen sorption characteristics
of the aluminium-substituted AB5 alloy to those of pure AB5 type alloy of LaNis
(which is comprehensively investigated as given in paper #1 in chapter IT of this
thesis) in terms of plateau pressure and activation process. It is observed that the
addition of aluminum reduces the plateau pressures of the alloy which not only re-
sults in a higher hydrogen content in the metal but also results in an easier activation.
The latter is of great importance with respect to the in-situ activation of microscale
systems which can be a difficult process. Finally, using the comparison of the data
for the pure and the aluminium-added alloys, the latter is chosen for the fabrication
of the metal hydride film electrode.

In terms of microfabrication of the electrodes, we first deposit a chromium seed
layer on glass followed by growing a 60 nm thin nickel current collector employing elec-
tron beam evaporation. Subsequently, a DC magnetron sputtering technique is used

to grow a film comprised of Laj1140.05NV?4.7310.02A00.19+0.02. We estimate the specific
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capacity of the metal hydride film electrode to be roughly 200 mAh g =% (160 uAh cm ™2
with a thickness of 1.1 um). Likewise to the nickel electrode, the durability of the
metal hydride films depends on the state of charge (SOC). We observe around five
charge-discharge cycles for an SOC of 25%. We are able to obtain reliable charge-
discharge cycles for around 45 cycles at SOCs of around 7%.

We also derive a mathematical model which can describe the electrolytic (de-
Jhydrogenation of the intermetallic film electrodes. The model is based on the same
kinetics approach which is used to derive the Feng model as investigated in chapter
IT of this thesis. The model extracts the reversible potential of the metal hydride
depending on hydrogen content from a single (dis)charge experiment. It can be
utilized for design and analysis of electrolytic (de-)hydrogenation of intermetallic
materials along with reduced experimental costs, —i.e., a fewer number of experiments

needs to be performed. Also, it can have relevance for sensing applications.

Paper #4 in chapter V:

Finally, this paper is concerned with a microbattery consisting of the electrodes from
the previous works. The design of the microbattery comprises the stacking of two
microfabricated electrodes and placing a polymeric fluidic layer between them, i.e.,
sandwich-like design. The microbattery provides a capacity of around 200 mAh g*
(~ 160 pAh cm™2 with respect to the surface area of the limiting film electrode with a
thickness of 1.1 um). However, likewise to the single electrodes, a maximum SOC of
25% has to be maintained to enable a certain durability. It is found that the modular
design of the microbattery is useful, in that, a degraded electrode can be replaced

with a newly fabricated one. Of course, if the microbattery is integrated (embedded)
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in a microdevice, it seems difficult to perform such a replacement. Also, it is found
that the microbattery provides a power density of around 5uW cm™2 at a current

2 while maintaining a cell voltage of larger than 1V. In

density of around 5 uAem™
terms of applications, our battery can power many MEMS sensors which have ultra-
low power consumptions of around 0.5 uW as reported by e.g. refs. [4, 5]. It could
also be used for existing and emerging biomedical applications including pacemaker
and a cardioverter-defibrillator (< 10 uW) and body-area monitoring microsystems
(140 pW).

The presented microbattery is able to provide an area-specific and a volumetric
power density of ~ 0.05W m~2 and ~ 0.045 W ¢m ™3, respectively. Lam et al. have
mentioned a MEMS-based photosynthetic cell with an ultra-low-power density of
around 107'°W em™ [6]. Lemmerhirt and Wise have reported a microfabricated
lithium cell with an estimated power density range of 0.075 to 1.5W m™2 (for a
nominal voltage of 3.75 V') (ref.[7] as cited in ref.[8]). Further, higher volumetric power
densities are reported by Humble et al. (Ni-Zn cell) and by Pikul et al. (lithium cell)
at 3Wem™ and 74W em™3, respectively [2, 9]. Our microbattery power density
is within the lower range of the reported densities in the literature, however, such
larger power densities would not be necessary especially for MEMS applications. As
mentioned in the introduction section of this thesis, ultra-low-power sensors would
not require high powers, for instance.

In terms of other microbattery capacities, Albano et al. have reported capacities
of up to 138 pAhcm™2 for an integrated zinc-silver oxide primary microbattery for
implantable MEMS devices [8] while Humble et al. have stated a capacity range of 278

to 972 uAh cm ™2 for a nickel-zinc microbattery [2]. In terms of capacity requirements,
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if we assume an operation time of around 4 hr day~' for the wireless sensor node
reported for health monitoring system by Okada et al.[4, 5], a capacity of ~ 1.7 uAh
per day (= 50 pAh per month) at a nominal voltage of 1.2 V' is required. This capacity
is sufficient for the sensor to perform the measurement every minute for a duration of
10 seconds. The microbattery presented in this work with a capacity of &~ 520 pAh (for
a film electrode surface area of 2.54 x 1.27 ¢m) is able to provide sufficient power for
this sensor to operate for around 10 months, if the microbattery is charged at 100%
SOC. Since we need to maintain around 25% SOC of the microbattery to prevent
mechanical instability within the films, the microbattery can provide adequate power
for the sensor to operate around 2.5 months at a single charge.

In the next section of this chapter, an outlook and recommendations for further

research are given.

6.2 Outlook and Further Works

This thesis is focused on the development and characterization of a NiMH micro-
battery consisting of film electrodes on glass substrates. This study opens a new
horizon for further research and yet there are aspects of the microbattery which can
be improved. As for further optimization of the microbattery, there are also areas
which have not been investigated in the current work; hence, the recommendations
for further research are:

1) The durability of the film electrodes for a larger number of charge-discharge cy-
cles still remains a challenge. The durability of the metal hydride films is significantly
better than that of nickel hydroxide films as reflected in a larger number of reliable

charge-discharge cycles. Achieving higher state of charge (SOC) values (> 25%) along
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with the durability of the film electrodes needs to be investigated. We employed a
surface patterning method which improved the durability of the Ni(OH ), films. In
future work, a thorough investigation of the surface patterning parameters should
be undertaken. In detail, the effect of size, shape, aspect ratio and distance of the
features on the film durability should be explored. In the current study, a chromium
layer is used as an adhesion layer, further investigation with respect to using other
materials, such as Titanium, should be performed. The current collector can also be
optimized in terms of thickness and electroplating parameters. One possibility would
be to pattern the surface of the glass substrates using an etching technique, that is,
increasing the surface area of adhesion at the interface of the adhesion film layer and
the glass surface. Further, the effect of annealing process on mechanical and materials
integrity of the films should be studied.

2) Since the capacity of the microbattery is determined by the capacity of the
negative metal hydride electrode (anode limited cell), further investigation is required
to grow thicker films of intermetallic alloys which results in larger capacities. Also,
another study should be towards obtaining higher power densities. Additionally, the
use of higher electrolyte concentrations should be investigated to reduce the ohmic
overpotentials and to improve the overall performance of the microbattery.

3) Given that an unwanted parasitic oxygen evolution reaction (OER) occurs at
the nickel electrode during the operation of the microbattery, a further investigation
to suppress such parasitic reactions would be beneficial. In paper #4 in chapter V,
we have mentioned that the addition of cobalt to the nickel nitrate electrodeposition
bath leads to films which show better durability as the oxidation peaks are shifted

farther away from the OER region as also reported in ref.[10].
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4) This microbattery features two-dimensional film electrodes. Given the higher
surface area of three-dimensional (3D) microstructures for the same footprint area,
further study is required to explore the possibility of microfabricating both electrodes
in 3D, e.g., 3D micropillars of nickel hydroxide and metal hydride materials. This is
also of great interest as the absolute power (power density multiplies by surface area)
provided by the microbattery will be increased as well.

5) Since the resulting microbattery has a potential of being integrated and
coupled with microscale devices such as sensors, this possibility should be further
investigated through microfabrication of the cell during the device fabrication
process. Also, the microbattery is a rechargeable cell, the coupling of the cell
with energy harvesting devices (such as a solar cell) would be of great interest.
Such hybrid power supplies are also mentioned in refs.[11, 2]. This also leads to
an autonomous power supply system. Such an autonomous power supply can be
used, for instance, as an indicator for medial diagnostics kits —in that light emitted
diodes (LED) are triggered by a voltage as an indicator of the test results— may

increase the availability of such point-of-care (POC) medical devices around the globe.
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