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Abstract

Practical applications of portable and wearable electronics is linked with the devel-

opment of power sources that address the physical requirements of these electronic

devices, such as flexibility and a small footprint. In this work, we report on the devel-

opment of several promising power sources for microdevices and flexible electronics.

We fabricate microbattery on a glass substrate because this is a well-defined mate-

rial and very similar to silicon, a standard material for micro-electro-mechanical sys-

tems. However, the miniaturization of a nickel/metal hydride cell requires a different

method of fabrication than that of macroscale batteries. Microfabrication techniques

including electrodeposition, e-beam evaporation, and magnetron sputtering can be

used to fabricate the electrodes of a microbattery. Thus, we introduce a process for

the deposition of intermetallic thin-film alloy on a glass substrate. We use this tech-

nique for the fabrication of a coplanar thin-film Nickel-Metal hydride microbattery

with a gel electrolyte. The performance of the electrodes and the device is evalu-

ated using electrochemical methods, including cyclic voltammetry and galvanostatic

charge-discharge and electrochemical impedance spectroscopy.

This work also presents the fabrication of a supercapacitor made by printing and

reduction of graphene oxide inks. A leavening agent is added to enhance the capacity

of the electrodes. The effect of the leavening agent electrode capacitance of the
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electrodes is investigated in terms of material characterization and electrochemical

performance.

Finally, we introduce a novel hybrid battery supercapacitor based on the combi-

nation of a self-assembled graphene hydrogel that encapsulates a vanadium solution.

The electrochemical characterization of device shows that the hydrogel combines the

high specific surface area of the reduced graphene oxide and the redox activity of the

vanadium ions, leading to a specific capacity of 200 mAh g−1. This power source

can be operated as a supercapacitor, as a battery, or as a hybrid, depending on the

operating conditions. Its unique power-handling capabilities depend on the rate of

discharge which makes it suitable for a wide range of applications. Additionally,

this device offers further significant advantages, including fast charging capability (10

minutes), high durability, and mechanical flexibility.
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Chapter 1

Introduction

1.1 Research Background

Electrochemical energy storage systems (EES), particularly microbatteries and su-

percapacitors, are considered key technologies for portable and wearable electronics

that require lightweight, flexible, and highly efficient power sources [1–4]. There are

various electronics including but not limited to personalized advanced health-care

devices (both wearable and implantable) [5], autonomous sensors network, and radio-

frequency identification devices [6].Microbatteries are one of the promising EES types

which can be broadly applied in various micro-electro-mechanical-systems (MEMS)

to reduce the entire footprint area. The required power for such miniaturized de-

vices depends on the application and the complexity originating from the design and

number of sensors, actuators, and processors that form the microsystem. The re-

quired power spans over several orders of magnitude, and the range is estimated to

be roughly from 0.1 µW to 1000 µW [7–11]. Although microbatteries can store a

high amount of specific charge, they deliver electricity at low power densities due to

their intrinsically low power handling capability [12,13]. Another main disadvantage
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of the application of microbatteries is related to their short durability [12, 13]. In

contrast to microbatteries, supercapacitors can provide high specific power with high

cycle stability [14]. However, their application is limited due to their relatively low

charge storage capacity [15]. When it comes to practical applications, the required

power and charge (energy) of the electronic devices are the key points for choosing

among microbatteries, supercapacitors, or a combination thereof [15]. Because this

work is concerned with microbatteries and supercapacitors, we only provide a brief

literature review on these classes of power sources.

1.1.1 Micro- and miniaturized batteries

Micro- and miniaturized batteries utilize the electrochemical conversion of materials

to store/release electrical energy (Figure 1.1).

Figure 1.1: Schematic diagram for the charge-discharge process of a microbattery,
where ions are transported through electrolytes or a membrane.

They can be classified based on different criteria, including rechargeability, battery

design, and the physical state of the electrolyte. These miniaturized power sources

usually share similar chemistries with conventional batteries, therefore, both primary

(non-rechargeable) and secondary (rechargeable) microbatteries are feasible. In terms
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of the battery design, two-dimensional (2D) and three-dimensional (3D) microbatter-

ies can be found in the literature. While the 3D microbatteries generally provide

more capacity, the 2D types are more appealing for integration in microsystems [16].

These power sources are also grouped into solid-state or liquid (aqueous) electrolyte

cells. Generally, liquid electrolyte based cells have better performance due to the

higher ionic conductivity of the electrolyte. However, there is a potential problem of

electrolyte leakage in conventional liquid electrolyte-based cells. This problem can be

considerably alleviated by using a non-liquid electrolyte [17, 18].

Over the past decade, different chemistries were applied in microbatteries. Lee

et al. investigated a zinc-gold (Zn-Au) primary battery with an alkali solution as

the electrolyte [19]. The capacity was found to be around 4.88 mAh cm−2 with

a nominal cell potential of 1.5 V. In another study, Cardenas-Valencia et al. in-

troduced a primary aluminum-platinum (Al-Pt) microbattery with a capacity of 70

mAh cm−2 [20]. One of the earliest rechargeable microbatteries was introduced by

Humble et al., which utilized nickel-zinc (Ni-Zn) chemistry [21, 22]. They microfab-

ricated the zinc anode and the nickel cathode on a silicon wafer and used a KOH

electrolyte. The so fabricated cell can deliver a capacity of 0.322 mAh cm−2 at a

nominal cell potential of 1.6 V. To increase the power density of Ni-Zn microbatter-

ies, Chamran et al. used a 3D electrode design utilizing a high aspect ratio of post

pillars [23]. Despite all these efforts, the Ni-Zn microbatteries feature a short cycle

life due to dendrite formation and morphology changes of the zinc electrode after

several charge-discharge cycles [24]. The aging problems of a Ni-Zn microbattery can

be moderately adjusted by replacing the zinc material with zinc oxide [25] or using

a gel electrolyte [26]. In addition to Ni-Zn microbatteries, lithium-ion microbatteries
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have gained considerable attention due to their higher power densities up to 7.4 mW

cm−2µm−1 [27–29]. Different anodic and cathodic materials have been investigated

to increase the capacity and cycle life [30, 31]. However, significant volume changes

during lithiation/delithiation decrease the cycle life of lithium-ion microbatteries [30].

Additionally, lithium-based microbatteries require an electronic circuit to maintain a

certain potential range to avoid thermal runaway, and high fluctuations in the cell

potential if over(dis)charged [32]. This additional circuit increases the complexity of

the entire microdevice. Moreover, other challenges may arise in cell encapsulations

originating from the high reactivity of lithium when it is exposed to moisture. Re-

cently, Zn-MnO2 batteries also gained considerable attentions as power sources for mi-

crodevices and wearable electronics due to their cost-effectiveness [33–35]. Zn–MnO2

batteries can be fabricated on flexible current collectors providing an output voltage

of 1.5 V with a high capacity of 336.6 mAh g−1, normalized based on electroactive

material [36]. However, these batteries usually have poor durability of fewer than

300 cycles [36]. Additionally, these batteries can only be operated with low current

densities (around 0.3 mA cm−2) [36,37]. Therefore, a cell with a relatively large area

is usually required for practical applications in the mW range.

1.1.2 Supercapacitors

Supercapacitors (SCs) are electrochemical devices that employ electrical double-layer

(EDL) formations existing at the interface as a means to charge storage [15]. In

detail, an applied external electric potential difference between the two electrodes

causes the electrode polarization. In the electrolyte, ions with the opposite polarity

of the electrode are attracted to the electrode surface while ions of the same polarity
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are repelled. As a result, the liquid’s electroneutrality is violated, leading to the

formation of a charged layer between the electrode and the electrolyte (Figure1.2).

This charge separation in the EDL can be exploited as a method to store electrical

energy since the EDLs can be reversibly depleted.

Figure 1.2: Schematic design of a supercapacitor.

In the case of transition metals oxide or conducting polymers as electrodes, the

ions adsorbed on the electrode can participate in a surface charge transfer reac-

tion. This faradaic reaction, along with EDL formation, creates a charge storage

mechanism called pseudocapacitance [38, 39]. Despite the faradaic electron trans-

fer, pseudocapacitors feature an electrochemical behavior similar to that observed

for EDL-based supercapacitors, which is characterized by their cyclic voltammogram

and charge/discharge curve [39]. For both pseudocapacitor and EDL capacitor, the

energy is stored on the electrode surface rather than the bulk of the materials. Hence,

these devices can intrinsically deliver high power densities but they feature low energy

densities. As a result, it can be inferred that the application of SCs is limited by their
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energy density [15]. Another disadvantage of SCs is that they usually suffer from rel-

atively high self-discharge rates. This phenomenon originates from the dispersion of

the charges in the EDL induced by thermal diffusion, which counteracts the cohesive

electrostatic forces in the EDL [15].

The energy density and self-discharge characteristics of the supercapacitors can

be improved by combining the charge storage mechanism of the batteries with those

of SCs. In batteries, the charge storage mechanism relies on the redox activity of ei-

ther electrode or electrolyte. In other words, the energy is stored either by electrode

or electrolyte. As a result, batteries can deliver a higher energy density compared

to SCs since the charge storage is not limited to the surface area of the electrodes.

However, these redox reactions are more diffusion-controlled accompanied by elec-

tron charge transfer at the electrode surface, which leads to a relatively-slow charge

storage mechanism compared to EDL formation or redox reaction adjacent to the

surface of the electrodes (pseudocapacitance) [15]. The combination of charge stor-

age mechanisms of batteries and capacitors provides an excellent opportunity to em-

ploy the advantages of batteries and SCs to fabricate devices with desired energy

and power densities [40–43]. This hybridization can be identified at both the device

level and the electrode level. At the device level, a hybrid device benefits from two

half-cells with different charge storage mechanisms [15, 44]. In the supercapacitor-

type half-cell, the charge storage mechanism is accomplished by the electrical double

layer formation at the surface of the electrode. By contrast, the battery-type half-

cell stores electricity through a redox reaction [45, 46]. Thus, such a hybrid device

has different energy and power densities compared to the corresponding supercapac-

itor and the battery [47–49]. Considerable studies were conducted to investigate the
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application of different battery-type half-cells for hybrid battery-supercapacitors de-

vices [50–52]. These reported half-cells employ redox reaction of electrode materials,

zinc, and lithium-based electrodes, for example. At the electrode level, the bulk redox

activity of an electrolyte and the EDL formation at the surface of the electrode in-

separably contribute to store electrical charges [50–52]. The latter hybridization level

has recently gained considerable attraction since the electrodes do not experience a

significant structural change during charge/discharge cycles leading to exceptional

endurance [15].

To achieve the supercapacitance characteristics of a hybrid device, electrodes with

very high specific surface areas are needed. Such electrodes are usually based on car-

bon including activated carbon [53], carbon nanotubes (CNTs) [54], carbide-derived

carbon [55], onion-like carbon [56] and graphene [57]. Among all the aforementioned

examples, graphene offers great potentials for the fabrication of supercapacitors due to

its high theoretical surface area (≈ 2630 m2 g−1), electrical conductivity, mechanical

feature for flexibility and relatively scalable fabrication techniques [57].

1.2 Research Objectives

This research project is concerned with the fabrication and characterization of novel

miniaturized power sources for portable and wearable electronics. In the first part

of this project, we aim at developing a microbattery that can be integrated into

microdevices during their regular fabrication. This approach significantly reduces the

overall footprint area of a microdevice, including the power source. Then, this work

proceeds with the demonstration of flexible power sources using reduced graphene

oxide due to its large surface area. Thus, the objective of this research work can
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be grouped into two main parts: i) development of a coplanar nickel-metal hydride

microbattery equipped with a gel electrolyte; ii) development of printed and hybrid

battery-supercapacitors.

1.2.1 Objective I: Microbattery

Among the microbatteries reported in the literature over the last decade, there is

almost no attempt to utilize the nickel-metal hydride (Ni-MH) chemistry. Ni-MH

chemistry is one of the conventional chemistries that is successfully employed for

rechargeable batteries. A conventional Ni-MH cell consists of a nickel (oxy)hydroxide

electrode (positive electrode or cathode), an intermetallic alloy electrode (negative

electrode or anode), and a potassium hydroxide solution as the electrolyte. During

the charging, nickel hydroxide Ni(OH)2 is oxidized to nickel (oxy)hydroxide NiOOH,

while the intermetallic alloy electrode (M) is hydrogenated to a metal hydride (MH).

During the discharge process, the absorbed hydrogen molecules migrate to the sur-

face of the negative electrode, where they react with hydroxide of the electrolyte, and

release electrons into the external circuit. The electrons are consumed at the positive

electrode to reduce the nickel oxyhydroxide to nickel hydroxide, while hydroxide is

generated. The generated hydroxide ions maintain the electroneutrality of the elec-

trolyte solution. Hence, the electrode reactions of a Ni-MH cell (during discharge)

are for the negative electrode:

MHads +OH− ⇀↽M +H2O + e− E0 = −1.14 V vs. SHE, (1.1)

and for the positive electrode:
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NiOOH +H2O + e− ⇀↽ Ni(OH)2 +OH− E0 = 0.49 V vs. SHE. (1.2)

where SHE stands for the Standard Hydrogen Electrode. Even though Ni-MH

cells do not provide as high energy densities as lithium-based cells, they offer several

advantages compared to its other counterparts. For example, they do not suffer from

morphology change at the electrode surface, such as the zinc electrode in a Ni-Zn

cell. In contrast to lithium-based cells, there is also no need to encapsulate the Ni-

MH cells to isolate them from moisture, which considerably reduces the complexity

of fabrication. To best of our knowledge, the only work concerned with Ni-MH

micro batteries is that of Do et al., who used a thick-film electrode approach with

screen-printed electrodes using a binder (polyvinyl alcohol) onto the sides of a porous

ceramic substrate [58, 59]. They reported specific discharge capacities of 1.2 to 3.2

mAh cm−2 [58]. However, the question arises whether such a screen printing porous

media-based approach can be easily integrated into regular microfabrication processes.

Figure 1.3: Schematic design of an integrated micro electronic devices comprising a
microbattery (micropower source), a microsensor, an energy harvesting
module, an electronic part, and a data transmitter module. All compo-
nents are on the microscale.



1.2. RESEARCH OBJECTIVES 10

Therefore, this research work initially discusses the fabrication of a Ni-MH mi-

crobattery through conventional microfabrication methods on a glass substrate. The

proposed method of fabrication allows integrating the microbattery into microde-

vices. This integration considerably reduces the entire footprint area of the entire

device since all the component including the power sources share a same substrate.

This also diminish the requirement for external wires to connect the power source

into the main electronics. Figure 1.3 shows a schematic of the proposed idea. In

this design, the microbattery is integrated with the other component via an external

circuit, while all components share the same substrate.

1.2.2 Objetive II: Supercapacitors

In the second part, we focus on the fabrication and energy-enhancement of graphene-

based supercapacitors. We start by presenting a straightforward and scalable leav-

ening agent-assisted approach of printing graphene-based supercapacitors. Here, a

leavening agent is an additive chemical that cause a foaming action due to gas bub-

bles formation which eventually increases the porosity of the mixture. The leavening

agent not only enhances the capacitance of printed graphene-based supercapacitors

but also can improve the durability of the printed electrodes. Here, we employ a

graphene oxide dispersion (GO) and formulate inks with and without the addition

of NH4HCO3 leavening agent. Upon a mild heating process, the leavening agent

decomposes and releases CO2 gas, which increases the distance between reduced

graphene oxide (rGO) flakes. The prepared inks are then printed onto glass substrates

through a micro-dispensing method, followed by curing and chemical reduction of the

printed thin-film using ascorbic acid to make free standing flexible electrodes. The
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as-prepared electrodes are then tested in terms of electrochemical performances.

In the next step, we aim at the energy-enhancement of a graphene-based super-

capacitor which is based on graphene hydrogels (GHG). A GHG can be synthesized

through either hydrothermal reduction or chemical reduction of a graphene disper-

sion solution. The hydrogel is then soaked in an non-redox electrolyte to provide the

required ions for EDL formation [15]. As discussed in the research background, one

promising method to increase the energy density of the supercapacitors is the applica-

tion of redox electrolytes. In this research work, we intend to improve the performance

of graphene-hydrogel-based supercapacitor by incorporation of vanadium electrolyte.

Vanadium ions can exist with more than two oxidation states in an acidic electrolyte.

This aspect offers several benefits compared to the current hybrid devices which uti-

lize different electroactive species. A novel graphene hydrogel encapsulating VO2+

ions, namely V-GHG, is synthesized in this study. The hybrid device can be made

using identical half-cells comprising V-GHG while they are separated using a mem-

brane. Charging the device converts two equal half-cells into two hybrid-electrodes

which encapsulate electrolytes with different oxidation states and therefore different

Galvani potentials:

V O2+(aq) + 2H+(aq) + e− ⇀↽ V 3+(aq) +H2O(l) E0 = 0.34 V vs. SHE. (1.3)

The generated protons migrate through the gel and enter the positive electrode of the

battery where the oxidation of VO2+ to VO+
2 takes place according to:
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V O2+(aq) +H2O(l) ⇀↽ VO+
2 (aq) + 2H+(aq) + e− E0 = 1.01 V vs. SHE. (1.4)

Figure 1.4 schematically illustrates the charge storage mechanism of the device. Here,

the charge storage is accomplished not only by EDL formation at the interface of

graphene hydrogel but also through the redox activity of vanadium ions. This com-

bined (hybrid) charge storage mechanism significantly increases the energy density of

the device compared to that of regular supercapacitors.

Positive half-cell

Negative half-cell

Membrane

Figure 1.4: Charge storage mechanism of the V-GHG hybrid battery-supercapacitor.

The incorporation of vanadium into the electrolyte offers several advantages to the

performance of the device. As a consequence of the redox reactions, the cell poten-

tial of the device declines more slowly than a super-capacitor would and; therefore,

the average cell potential is increased. Additionally, it is found that the vanadium

solution improves the self-discharge characteristic of the device compared to that

of similar conventional graphene-based supercapacitors. Finally, the self-discharge

process has no permanent loss over the capacity of the device. Both half-cells have

the same discharge condition, only charging the device leads to the half-cells with
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different oxidation states. Once we completely discharge the device, both half-cells

are altered to the initial condition. Therefore, the ion crossover does not result in

a permanent capacity loss to this hybrid device. It is worth noting that the same

discharge condition of half-cells considerably simplifies the fabrication of the device.

1.3 Thesis Organization

This thesis consists of 6 chapters. Chapter 1 contains the motivation and objectives

of our research. A total number of four papers have been prepared for publications,

as presented in chapters 2 to 5. The first two papers are concerned with the de-

velopment of the Ni-MH microbattery. In the first paper, the microfabrication of

the negative electrode of the proposed microbattery is presented. In this article, a

multi-layer deposition technique is developed using different sputtering methods to

deposit current collectors and to grow a one-micron thin-film of LaNi4.77Al0.23 from a

custom-made target. The so-fabricated electrode is then characterized using several

physical and electrochemical methods. Also, a semi-empirical model for the elec-

trolytic (de)hydrogenation is derived, which can be applied to the determination of

the hydrogen content as a function of the equilibrium potential of the intermetallic

electrode. The work presented in chapter 2 of this thesis has been published in the

Journal of Alloys and Compounds, Vol. 772, Pages 199-208 (2019) (Authors: Ali

Khazaeli, Hamid Falahati, and Dominik P.J. Barz). The second paper is concerned

with the fabrication of a coplanar thin-film Nickel-Metal hydride microbattery on a

glass substrate. A KOH polymer gel electrolyte is used to avoid the potential problem

of electrolyte leakage related to a liquid electrolyte. The article presents the electro-

chemical characterization of the single electrodes and entire cells. The durability and
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capacity of the microbattery are also investigated, and the results reveal capacity

retention of 50% after 100 cycles. This reported capacity retention is significantly

higher than those reported for Zn-based microbatteries. The work presented in chap-

ter 3 of this thesis has been published in the Journal of Power Sources, Vol. 414,

Pages 141-149 (2019) (Authors: Ali Khazaeli and Dominik P.J. Barz).

The third paper aims at the printing of graphene oxide dispersions using a mi-

crodispensing method. The printed graphene oxide is then reduced and used as elec-

trodes of a supercapacitor. The surface area of these electrodes can be significantly

enhanced by adding a leavening agent to the graphene oxide dispersion. During

thermal processes, the leavening agent decomposes into the gas, which increases the

interior distance of graphene layers inside the electrode, leading to a significant capac-

itance enhancement. The printed electrodes feature typical double-layer capacitance

behavior of rGO and excellent durability. The work presented in chapter 4 of this

thesis has been published in the Journal of Energy Storage Vol. 28, Pages 101210-

101220 (2020) (Authors: Min-Hao Pham, Ali Khazaeli, Gabrielle Godbille, Florina

Truica-Marasescu, Brant A. Peppley, and Dominik P.J. Barz).

The fourth paper in this thesis is concerned with the development of a hybrid

battery-supercapacitor comprised of reduced graphene oxide hydrogel and a vana-

dium redox electrolyte. This device combines the high specific surface area of the

rGO and the redox activity of the vanadium ions, leading to a high specific capacity

of more than 200 mAh g−1. This power source can be operated as a supercapacitor,

battery, or a hybrid thereof, depending on the operating conditions. This device also

offers significant advantages, including fast-charging capability (10 minutes), high-

durability, and mechanical flexibility. In addition to its practical applications, this
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electrochemical cell features characteristics that depend on the applied current den-

sity, which distinguishes it from existing systems. The work presented in chapter 5

of this thesis has been published in Advanced Functional Materials, Vol. 30, Pages

1910738-1910748 (2020) (Authors: Ali Khazaeli, Gabrielle Godbille, and Dominik

P.J. Barz). A part of this work been filled as U.S Provisional Patent Application,

No. 62/874,723 (2019) (Inventors: Ali Khazaeli and Dominik P.J. Barz). Chapter 6

provides the concluding remarks of the entire work and also presents an outlook for

future work.
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Chapter 2

Electrochemical Investigation and Modeling of

LaNi4.77Al0.23 Thin-Films Sputtered on Glass

Wafers

2.1 Abstract

1 In the present work, we report on the microfabrication of metal hydride thin-film

electrodes which can be utilized for rechargeable microbatteries or sensor applications.

A multi-layer deposition technique is developed based on physical vapor deposition

to fabricate the thin-film electrodes on a glass substrate. The morphology and the

structure of the thin-film electrodes are studied by using Field Emission Scanning

Electron Microscopy coupled with an Energy Dispersive Spectroscopy module. The

surface composition of the intermetallic alloy films is inferred using X-ray Photoelec-

tron Spectroscopy. Cyclic Voltammetry and galvanostatic charge-discharge measure-

ments are performed to obtain insights into the electrochemical performance of the

1The work described in this chapter has been published as: Ali Khazaeli, Hamid Falahati, Do-
minik P.J Barz, ”Electrochemical Investigation and Modeling of LaNi4.77Al0.23 Thin-Films Sputtered
on Glass Wafers”, Journal of Alloys and Compounds, 772 (2019) 199-208.
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electrodes. Finally, a semi-empirical model is derived which allows for the deter-

mination of the equilibrium potential of the electrode as a function of its hydrogen

content.

2.2 Introduction

Micro-Electro-Mechanical-Systems (MEMS) offer many advantages such as size re-

duction and the capability to integrate a multitude of functions on a single unit while

maintaining the potential of being mass produced at relatively low costs. However,

one of the technological barriers is the supply of electrical power to microdevices since

the power source miniaturization has not kept the same pace. Here, a promising ap-

proach seems to be the use of integrated power supplies within the microdevice since

only relatively low power and capacity is required; cf. Refs. [1–3]. Microbatteries are

attractive integrated power sources since their electrochemistry is usually indistin-

guishable from that of the conventional (macro) batteries and considerable technical

knowledge already exists. But configurations, material deposition, post-processing

and packaging methods applicable to macro batteries are oftentimes not feasible be-

low the centimeter scale. Thus, the resulting microbattery performance does not

proportionally scale at such microscale dimensions [4].

Various microbattery designs exist including two- (2D) and three-dimensional (3D)

electrode structures. 3D electrodes increase the capacity of the microbatteries as re-

ported in Refs [5, 6]. However, the increased complexity in the microfabrication of

such 3D microstructures may affect their mass-production adversely. In the 2D (pla-

nar) approach, the electrodes are fabricated as thin- or thick-films of electroactive
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materials that can be deposited by various methods including printing, sol-gel, elec-

trodeposition, physical and chemical vapor deposition or atomic layer deposition [7].

The present study focuses on the fabrication of a thin-film of a hydrogen-absorbing

metal alloy that can be used as an electrode for a rechargeable nickel metal hydride

(Ni-MH) microbattery. Besides the utilization in Ni-MH microbatteries, this thin-

film electrode can be employed for various applications including semi-flow batteries,

energy harvesting [8], hydrogen microsensor [9], as well as catalysis [10]. This wide

range of applications can be attributed to the excellent reversibility of the hydro-

gen sorption, in particular, in the case of AB5-type intermetallic alloys [11]. These

AB5-type alloys, such as lanthanum-nickel compounds (LaNi5), have a relatively low

equilibrium pressure, high storage capacity and rapid reaction kinetics [12]. Hence,

they are attractive as battery components. The literature on electrode materials made

from LaNi5 or its derivates is almost exclusively concerned with metal alloys in bulk

or particulate form; cf. e.g. Refs. [13, 14].

The blending of additional elements in LaNi5 alloys can be beneficial in many

aspects, especially when adding small amounts of aluminium Al, cobalt Co or man-

ganese Mn [15, 16]. Liu et al. reported that the partial substitution of Al in the

B-site of the LaNi5 alloy improves not only the cycling performance but also the

anti-electro-oxidation and polarizability features [17]. Merzouki et al. added Al and

Co and found enhanced life cycles in electrochemical performance measurements [18].

Other research indicated that the Al addition decreases the electrode corrosion due

to the formation of a protective oxide layer [19, 20]. Mendelsohn et al. showed that

Al addition overpotential reduces the plateau pressure of the metal alloys [21] which
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therefore facilitates the activation process [22,23]. This is of particular interest espe-

cially for micro-scale batteries since the in-situ activation of such metal alloy films is

not a trivial task [23]. Given the multiple advantages of the Al addition, we choose

an LaNi5−xAlx alloy for the current work.

In terms of microsystems, it is desirable to integrate the battery during the de-

vice fabrication process using conventional microfabrication techniques and substrates

such as silica and glass. Hence, films of LaNi5−xAlx are deposited on glass substrates

using the common microfabrication technique Physical Vapor Deposition (PVD) in

this work. The deposition of intermetallic alloys films has been reported using var-

ious PVD techniques such as Pulsed Laser Deposition [24], Ion Sputtering [25], Ion

Plating [26], Radio Frequency (RF) Magnetron sputtering [27], Flash Evaporation-

Deposition [28–30], and Direct Current (DC) Sputtering [31]. The utilization of

sputtered intermetallic alloy thin-films is considered as beneficial due to the higher

thermal conductivity, the good resistance to hydrogen pulverization, and the forma-

tion of protective and catalytic layers as compared to their bulk counterparts [32].

Most of the respective literature rather focuses on the morphologies or the hydrogen

sorption characteristics of the deposited films than their electrochemical performance.

There are few exceptions such as the study of Sakai et al. [33], who used RF sput-

tering to produce LaNi5 and LaNi2.5Co2.5 thin-films on soda lime, copper or nickel

substrates. The crystallinity and capacity of the thin-films depended on the type of

target, substrate and sputter parameters. The sputtered films had generally lower

capacities than the respective (particulate) bulk alloy. Furthermore, the film capacity

depends on the morphology where an amorphous film was only half of a crystalline
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film capacity. The authors concluded that this is due to the restricted volume ex-

pansion within the film since a peeled-off film could absorb almost the same amount

of hydrogen. Wang et al. [32] compared the electrochemical and structural charac-

teristics of LaNi4.25Al0.75 alloys in powder form and as thin-film deposited by DC

magnetron sputtering on a copper substrate. X-ray diffraction (XRD) revealed that

both the thin-film and the powder material is crystalline. Simulated battery tests

indicate that both exhibit similar electrochemical behavior, possibly due to the fact

that both forms have the same crystal structure.

The objective of the present work is twofold: On the one hand, the deposition

of films of LaNi5−xAlx alloy on a glass substrate using standard microfabrication

methods is investigated. On the other hand, the electrolytic (de-)hydrogenation of

these films immersed in aqueous alkaline electrolytes is evaluated. This article con-

tinues with a section on the experimental methodologies and materials followed by

a thorough material characterization of the fabricated thin-films. Then, the electro-

chemical performance is characterized by means of Cyclic Voltammetry as well as

charge-discharge measurements. Additionally, we derive a kinetic-based model that

can be used to infer the equilibrium potential of the MH electrode as a function of

the hydrogen content from a single (dis)charge measurement. Finally, the article is

summarized with some concluding remarks.

2.3 Experimental methods and materials

In this section, we give a brief overview of the experimental methods and materials

which are utilized to fabricate and characterize the thin-films.
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2.3.1 Thin-film deposition

Microfabrication-grade glass wafers (KB7, UniversityWafer, Boston, MA, USA) with

an area of 1×3 square inches (2.54×7.96 square centimeters) are used as substrates for

film sputtering. Nickel and chromium targets (Kurt J. Lesker Canada Inc., Concord,

ON, Canada) with purities of 99.995% and 99.998% are used to grow thin-films on

the glass substrate which serve as current collector and sticky layer, respectively. The

intermetallic alloy is custom-made using arch-melting and received in two states from

the manufacturer (Kurt J. Lesker Canada Inc., Concord, ON, Canada). That is, as

an ingot which serves as the PVD target and as a powder suitable for material testing.

The manufacturer reports an elemental alloy composition of LaNi4.7Al0.3 with a purity

of 99.9%. All three targets are 3 inches in diameter while the thickness is 0.125 ±

0.01 inches. The sequential three-layer-film deposition, as sketched in Fig 2.1a), is

performed at NanoFabrication Kingston, ON, Canada, using a magnetron sputtering

system (PVD 75, Kurt J. Lesker Co., Pittsburgh, PA, USA). The fabrication process

is illustrated in Figure 2.1.a and discussed in more detail in section 2.4.

2.3.2 Materials and physical characterization

Investigation of the elemental composition of the deposited metal films is performed

with an X-ray diffraction (XRD) instrument (XSPert Pro, Philips Analytical B.V.,

Almelo, The Netherlands) via Cu Kα radiation. The diffractometer is operated at 40

kV and 45 mA. The raw data is analyzed using the X’Pert Highscore Pro software.

An X-ray photoelectron spectrometer (XPS) (Thermo Instruments 310-F Microlab,

Newburyport, MA, USA) using the Mg Kα method is also applied to gain further in-

sights into the film composition. The surface morphology and elemental composition
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of the deposited metal alloy films are investigated using a field emission scanning elec-

tron microscope (LEO 1530, Carl Zeiss Microscopy GmbH Jena, Germany) equipped

with an energy dispersive spectrometer (FSEM/EDS) detector with a resolution of

129 eV at manganese and a light element detection limit of boron. A surface profiler

(P-17 Stylus Profiler, KLA Tencor, Milpitas, CA, USA) is employed to measure the

thickness of the deposited films.

2.3.3 Electrochemical measurements

All electrochemical measurements are performed in aqueous 1 M potassium hydroxide

solutions (KOH) (puriss. p.a., 98%, Sigma-Aldrich Canada Company, Oakville, ON,

Canada) at a temperature of 23◦C using a custom-made three-compartment electro-

chemical glass cell as sketched in Figure 2.1b. The working electrode compartment

is separated by an ion-conducting media (agar mixed with KOH solution) from the

counter electrode compartment to prevent the crossover of the counter electrode re-

action products, which is mainly O2 due to oxygen evolution reaction. In preliminary

experiments, using a conventional cell, we observed that bubbles barely leave the

surface of the vertically-inserted electrode, resulting in a significant reduction in elec-

troactive area. The custom-made cell features a working electrode that is tilted for

45 degrees to the vertical direction so that the bubble detachment is facilitated. Two

pieces of nickel mesh are used as counter electrode (nickel gauze-44128, Alfa Aesar,

Haverhill, MA, USA). A mercury/mercury oxide (Hg/HgO) reference electrode (20

wt% KOH, Northern Material Innovation Ltd., Edmonton, AB, Canada) is immersed

in the working electrode compartment via a Luggin capillary. Both working and
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counter electrode compartments are deoxygenated via bubbling of high purity nitro-

gen gas (grade 5, Praxair, Danbury, CT, USA) before and during the electrochemical

experiments to suppress unwanted side reactions.

Figure 2.1: a) Fabrication process scheme of the metal hydride electrode and b) ex-
perimental setup for electrochemical characterization.

The deposited intermetallic films are electrochemically characterized with Cyclic

Voltammetry as well as galvanostatic charge-discharge measurements using a com-

bined potentiostat galvanostat (VersaSTAT 3 Potentiostat Galvanostat, Princeton

Applied Research, Berwyn, PA, USA). In order to eliminate electrolyte as well as
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contact resistances, IR drop compensation is used based on the current interruption

method.

2.4 Results and discussion

In this section, we show the results of the material characterization of the target and

the deposited films. Then, we discuss our results obtained from the electrochemical

characterization and introduce our modelling approach.

2.4.1 Target material characterization

First, the elemental composition of the target material is determined in order to

compare it with the composition of the deposited films. Figure 2.2 shows the XRD

pattern of the particulate target material. The multiple distinguishable peaks can be

attributed to the presence of LaNi4.77Al0.23(hexagonal, p6/mmm, 191) in the alloy by

matching the XRD profile with the software’s reference powder diffraction database

for LaNi5-type alloys [35]. This elemental composition is reasonably close to the com-

position of LaNi4.7Al0.3 that is provided by the manufacturer. From the sharpness of

the peaks, it can be inferred that the target material has a crystalline metal structure.

Additionally, the XRD results confirms the presence of La(OH)3 (hexagonal, p63/m,

176) and AlNi3 (cubic, pm−3m, 221) in the target. The formation of La(OH)3 re-

sults from exposure of the target to air and takes places in two steps. In the first

step, a partial amount of La undergoes oxidation and forms La2O3. In the next step,

the oxide compound converts into La(OH)3 via a hydroxylation reaction [34]. The

formation of AlNi3 takes place at high pressures and temperatures. Therefore, this

compound may have formed during casting of the alloy on the iridium substrate of the
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target. In order to calculate the phase amounts, the XRD data are fitted using the

Rietveld profile fitting method. The calculated phase amounts in the sample material

are found to be 61.0 at.% La(OH)3, 29.2 at.% LaNi4.7Al0.3 and 9.8 at.% AlNi3. The

results show that the sample is severely oxidized due to air exposure. However, com-

pared to the actual target (ingot) for the intermetallic sputtering, the XRD sample

is in particulate form and has a significantly higher surface area which expedite the

oxidation process. Consequently, prior to the actual deposition of the intermetallic

alloy on the Ni current collector, we performed a two-minute free deposition to remove

the La(OH)3 layer from the target.

LaNi4.77Al0.23

La(OH)3

AlNi3

Figure 2.2: X-Ray diffraction pattern of the target intermetallic material.

In terms of crystallographic parameters, the lattice parameters and the cell volume are
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summarized in Tab.2.1 and compared with respective results from XRD measurements

reported in literature. Generally, there is a good agreement between the results of

our measurements and the literature values. The small deviations are within the

accuracy of the method and not necessarily a result of the variation in the elemental

composition of the alloy.

Table 2.1: Lattice parameters and volume of cell.

Parameter LaNi4.77Al0.23 (This work) LaNi4.7Al0.3 [35] LaNi4.7Al0.3 [36]

a (Å) 5.0260 5.0270 5.02447

c (Å) 3.9980 4.0041 4.00372

Cell volume (Å3) 87.46 87.6301 87.5

2.4.2 Thin-Film deposition

The LaNi4.77Al0.23 electrodes consist of multiple layers of different metals fabricated

using magnetron sputtering. The process scheme is depicted in Figure 2.1a). At first,

the glass substrate is subjected to a cleaning process using a solution of DI water,

NH4OH and H2O2 at 4:1:1 vol.%. Then, the glass is transferred to the PVD chamber

covered with a shadow mask to define the foot print area of the electrode. We use

a rectangular pad that is 2 cm in length and 1 cm in width along with a thin strip

that serves as the electrical contact. At first, a chromium layer, which serves as a

sticky layer, is grown to a thickness of around 10 nm. Next, a nickel layer with a

thickness of 60 nm is sputtered on top of the chromium which serves as the current

collector. Finally, the electroactive material LaNi4.77Al0.23 is deposited. Between each

step, the PVD chamber is evacuated to remove traces of previous deposition material

which may still be present. The operating conditions used for the different sputtering

steps are listed in Tab.2.2. The so-fabricated films have a thickness of 1 µm measured
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employing the stylus profiler. The mass of the intermetallic film is calculated to be

0.0016 g based on a mass density of 8.24 g cm−3. The mass density of the alloy is

estimated with two different methods. The first method uses the rule of mixture. This

method provides a theoretical upper- and lower-bound of the estimated property, cf.

Ref. [37]. The upper- and lower-bound values for the alloy are found to be 8.24 g cm−3

and 7.66 g cm−3, respectively. The second method is based on the crystallography

data of LaNi4.77Al0.23, which are imported in the Match!® software (version 3, Crystal

Impact, Bonn, Germany), and the density is calculated to be 8.24 g cm−3. Having

compared the two methods, the upper-bound value for the density is used in this

study. The molar mass of the thin-film is obtained based on multiplication of the

molar mass of the atoms by the number of atoms in the alloy; we calculated a molar

mass of 425.07 g mol−1.

Table 2.2: Sputtering conditions used for the deposition of the thin-film electrodes..

Parameter Value
Material Cr Ni LaNi4.77Al0.23

Vacuum base pressure < 10−6 Pa < 10−6 Pa < 10−6 Pa
Chamber pressure (deposition) 0.4 Pa 0.533 Pa 0.4 Pa

Approx. distance substrate - target 10 cm 10 cm 8 cm
Sputtering method DC DC DC
Sputtering power 150 W 250 W 150 W
Plate Spin rate 20 RPM 20 RPM 20 RPM

Deposition rate 1 Å s−1 1.6 Å s−1 2.6 Å s−1

Substrate temperature (deposition) 20 oC 20 oC 20 oC

2.4.3 Materials characterization of the thin-film electrode

The composition and morphology of the deposited intermetallic thin-film electrodes

are investigated using EDS and XPS. Figure 2.3 shows the emission spectrum along
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with an inserted FESEM microgram. While most peaks correspond to Ni and La, a

small percentage of Al can be seen at around 1.5 keV. Additionally, a small amount

of carbon at around 0.35 keV indicates the presence of impurities. Possible impu-

rity sources are the target, slight cross-contamination in the sputter chamber, and

impurities in the argon gas used during sputtering. Further EDS measurements at

Figure 2.3: Energy Dispersive Spectrum and Field Emission Scanning Electron Mi-
crogram (insert) of the sputtered intermetallic thin-film electrode.

different sections of the electrode confirm that the small amount of carbon is present

throughout. Cobalt content is also measured and found to be 0.060 ± 0.012wt% (not

visually identifiable in the spectrum).

By offsetting the carbon and cobalt content, the film composition is determined to

be La1.11Ni4.73Al0.19. That is, the elemental composition of the deposited films is in
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good agreement with the sputtering target composition.

The insert in Figure 2.3 gives an insight into the film’s surface morphology. A rel-

atively uniform grain size of roughly 20 nm is observed throughout the electrode

surface; i.e., the structure is basically nanocrystalline. Therefore, less mechanical

durability is expected compared to amorphous films that resist better to hydrogen

pulverization. This is due to the volume increase associated with the hydride for-

mation that leads to mechanical stress in the hydride envelope which surrounds the

anhydride core material [28]. Smardz et al. also observed nanocrystalline structures

with a comparable grain size of 15 nm for sputtered LaNi5 films that are grown at 22

oC and an argon partial pressure of 0.05 Pa [31]. The somewhat larger grain size of

our films can be attributed to the higher argon partial pressure of 0.4 Pa that we use

for sputtering.

Additional XPS measurements are performed to investigate the elemental com-

position at the surface of the film electrodes. Here, the carbon offset is taken into

account while the satellite peaks are not accounted for. We measure the XP spectra

of our samples ex-situ, because the XPS instrument is not coupled with the sputter

chamber. 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 LaNi5 powder contains oxidized

nickel [38]. Since we do not etch the surface due to the very limited thickness of the

films, we also expect the presence of metal oxides at the surface. Figure 2.4 gives the

XP spectra for the sputtered intermetallic film electrode. In detail, Figure 2.4a shows

a wide scan over the entire binding energy (BE) range while part b), c) and d) present

the scans over smaller BE ranges that are attributed to La, Ni and Al, respectively.
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Figure 2.4: XPS result of the thin-film electrode: a) wide scan of the entire range;
b) La(3d) spectrum; c) Ni(2p) spectrum; d) Al(2p) spectrum.

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

and attributed to Al(2p). The BE values that we obtain for La(3d) and Ni(2p) are in

agreement with those in the work of Smardz et al. [31]. It should be noted that higher

binding energy values indicate that the surface of the thin film is slightly oxidized. A

La(OH)3-La2O3-NiO-Al2O3 structure is formed which protects the alloy from further

degradation [9]. Additionally, we obtain peaks for oxygen and carbon (results not

shown). To summarize, the EDS and XPS measurements confirm the presence of La,

Ni and Al in the bulk and at the surface of the microfabricated thin-film electrodes.

Additionally, these results reveal that a fraction of the alloy surface is oxidized which



2.4. RESULTS AND DISCUSSION 40

may affect the electrode performance, for example the activation time. This oxida-

tion may be related to the air exposure after fabrication even though the samples are

stored in a (evacuated) desiccator to minimize air exposure.

2.4.4 Electrochemical characterization

Cyclic Voltammetry of the intermetallic film electrodes are performed in an aqueous

solution of 1 M KOH at different scan rates. All currents are normalized with the

mass of the electroactive material of the electrode. It is found that around 10 cycles

are required to condition the electrode and to obtain steady and reproducible voltam-

mograms. Depending on the scan rate, very different CVs can be observed. Figure 2.5

shows voltammograms at scan rates ranging from 100 µV s−1 to 100 mV s−1 and for a

potential window of -1.1 to -0.5 V versus Hg/HgO. At low scan rates below 50 mV s−1,

an oxidation and a reduction peak can be identified. The relatively-broad anodic cur-

rent peak is observed at a potential of around -0.75 V. The significantly wider cathodic

current peak is present at around -0.9 V. When the potential is increased to higher

negative values, there is a significant increase of the cathodic current. Generally, the

cathodic and anodic current represents the electrolytic hydrogenation (charging) and

dehydrogenation (discharging) process at the solid-liquid interface according to the

Volmer reaction:

M +H2O + e− ⇀↽MHads +OH−; E0 = −0.93 V vs. Hg/HgO (2.1)
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in combination with (de-)hydriding the solid phase. In other words, the anodic peak

at around -0.75 V indicates that the adsorbed hydrogen has undergone an electro-

oxidative desorption. Here, any consumption of adsorbed hydrogen induces the diffu-

sion of bulk hydrogen to the surface where it can be oxidized as well. The broadness

of the anodic peak can be attributed to the relatively slow transport of hydrogen from

the bulk to the surface [39]. The cathodic current is related to the electro-reduction

of water which results in the adsorption of hydrogen on the electrode 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 shape of the reduction peak

in Figure 2.5, it is obvious that the electro-reduction of water is not the sole reaction.

The hydrogen evolution reaction (HER) has a reduction potential of E0 = -0.92 V

versus Hg/HgO and thus occurs simultaneously with the Volmer reaction. Similar

voltagramms at relatively-low scan rate can be found e.g. in the work of Kitamura

et al. [39] and Thomas et al. [40] for intermetallic (mischmetal, Mm) compounds of

LaNi5 and MmNi5, produced by arc melting, and a pressed MmNi4.1Co0.4Mn0.4Al0.3

powder-binder mixture, respectively. Obviously there is no influence of the electrode

fabrication on the electrolytic (de)hydrogenation process.

It can also be seen in Figure 2.5 that there are no distinguishable anodic and

cathodic (de)hydrogenation peaks for scan rates higher than 50 mV s−1. In terms of

cathodic reaction, this can probably be attributed to the better performance of the

HER. At higher scan rates, the rate of both reactions increases but that of the Volmer

reaction is hindered since there is only limited reactant available and supply has to be

provided by diffusion through the intermetallic. With respect to the disappearance

of the anodic peak, we assume that this is related to electrical double layer charging.
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Figure 2.5: Cyclic voltammograms in 1M KOH for intermetallic film electrodes at
different scan rates.

The capacitive current is directly proportional to the scan rate and its role at high

scan rates can by no means be ignored [41]. Similar behavior is observed in the work

of others; though at much higher scan rates. For example, Gamboa et al. [42] and

Geng et al. [43] measured the CVs of LaNi5 in 6 M KOH and found comparable

redox potentials and charge densities as in our work. However, the redox current

peaks disappeared at a scan rate of 500 mV s−1, almost ten times higher compared

to our work. This could be related to considerable differences in terms of electrode

fabrication and design. These works used pressed electrodes that were prepared by

mixing MH with a compacting (nickel powder) and a carbon binder material. These

additives improve the electrode performance, particularly with respect to high-rate

discharge [40,44].
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The charge and discharge characteristics of the intermetallic alloy film electrodes

are investigated as follows: First, the electrode is subjected to a conditioning step

with 10 CV cycles at a scan rate of 1 mV s−1. Then, galvanostatic charge-discharge

cycles are performed at a current of 0.5 mA (304 mA g−1) which is slightly higher

than the exchange current density at fully-charged condition which is discussed in

the next section. The respective potential window is chosen to be -1.00 V to -0.57 V

versus Hg/HgO.
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Figure 2.6: Electrode potential of the film electrode versus time during charge and
discharge with a current density of 304 mA g−1.

Figure 2.6 gives the first 10 charge-discharge cycles of an experiment with a total of

40 cycles. During the charge step, the potential continuously decreases until it reaches

the lower cut-off potential of -1 V where HER becomes more pronounced. Then, the
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film electrode is discharged and the potential continuously increases until it reaches

the upper cut-off potential of -0.57 V and the charge process is again initiated. When

we inspect a single charge-discharge cycle, the (de)hydrogenation of the film can be

clearly assigned to the part of the curve featuring the lowest slope. As it can be seen

in Figure 2.6, the shape of the cycles slightly changes over the cycle number. This

behavior is related to further pulverization [42, 43]. The hydrogen uptake/release

in the alloy causes both expansion and shrinkage of the lattice while this mechanical

stress may lead to a peristaltic transport of lanthanum to the surface [45]. As a result,

the capacity of the electrode also undergoes a slight variation with cycling which is

common for metal hydrides [32, 42, 43, 46]. Despite of the lattice change, mechanical

degradation of our thin-films is not observed and there is very good adhesion to the

Ni current collector even after 40 cycles. The integration of the discharge current

density over the time of discharge gives a maximum capacity of 182 mAh g−1. For

comparison, Wang et al. reported the maximum capacity to be 220 mAh g−1 in 1

M KOH for a sputtered film of LaNi4.25Al0.75 on a copper substrate. Sakai et al.

reported 160 mAh g−1 for a RF-sputtered LaNi5 crystalline film [33]. Capacities of

similar powders are typically higher. For example, a maximum value of 290 mAh g−1

for a LaNi4.7Al0.3 powder with 5% Ni compacting powder and Polyvinylidene fluoride

(PVDF) binder is reported in Ref. [47]. The lower capacity of sputtered intermetallic

alloy films can be explained by the differences in fabrication. As mentioned above,

compacting powders, binders and finer grain size can enhance the performance of

pressed electrodes. Additionally, the capacity of pressed electrodes is usually reported

in 6 M KOH and both electrode sides are in contact with the electrolyte. Furthermore,

a percentage of the surface of the thin-film electrode is oxidized (cf. section 2.4.3 )
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which may cause a performance loss as well.

When we compare the cycling characteristics of the present thin-film electrode

to those of Wang et al. [32, 46], there are some noticeable differences. There is a

local potential peak during discharge that we do not observe and their thin-film

electrode already shows signs of degradation and capacity variation during the first

10 cycles. The more uniform potential course and better life cycle of our thin-film

could be related to the differences in sputtering conditions. In the current study, the

deposition is performed with a relatively-low rate of 0.26 nm s−1 while Wang et al.

used a rate of 1.4 nm s−1. Higher deposition rate at increased pressure can result in

a denser film which has significant volume expansion during pulverization [46]. As a

result, the mechanical stability of the so-fabricated film may decrease.

Derivation of an electrolytic (de-)hydrogenation model

In the following, a kinetic-based model for the electrolytic (de)hydrogenation of an

intermetallic alloy is derived. The model can be used for material characterization

since it allows one to infer the equilibrium potential of the MH electrode as a function

of its hydrogen content from a single measurement. The current approach partly

follows the work of Yang et al. [48] who modelled the anodic overpotential of MH

electrodes for considerable discharge currents; i.e., for large anodic overpotentials. In

the current work, we use similar initial assumptions but for small current densities

so that (quasi-)steady state conditions of all involved reaction steps can be assumed.

Note that a comparable approach, also based on the work of Yang et al., was reported

in Ref. [49], where the authors assumed that the electrode potential during charging

equals the equilibrium potential. In contrast, we account for the irreversibilities



2.4. RESULTS AND DISCUSSION 46

(overpotentials) which allows to infer the “real”equilibrium potential.

We formulate the model with respect to a discharge measurement of the film

electrode but it can be easily re-formulated to work with the charge process. The

electrolytic dehydrogenation occurs in three consecutive steps:

1. Diffusion of absorbed hydrogen through the β-phase hydride towards the elec-

trode surface.

2. Transfer of hydrogen from the absorbed sites in the vicinity of the surface to

adsorbed sites on the electrode surface according to

MHabs

k1⇀↽
k2
MHads (2.2)

3. Electrochemical oxidation of adsorbed hydrogen via the (reverse) Volmer reac-

tion (2.1).

Since the fabricated thin-film electrodes have very small thicknesses, reaction (2.1)

and (2.2) are considered as the rate-controlling steps [50]. If the system is in equi-

librium, it is characterized by equal rates of Hads production and consumption. By

assuming first-order rate reactions, we receive

k2CH(1− θ) = k−2θ(Cm − CH) (2.3)

k1 cOH−θ exp

(
(1− β)Fϕ0

RT

)
= k−1cH2O(1− θ) exp

(
−βFϕ0

RT

)
(2.4)

where ki and k−i denote the rate constants of forward and reverse reaction i, respec-

tively; CH is the bulk hydrogen concentration (in atoms per metal atom); Cm is the

maximum theoretical hydrogen content; θ is the hydrogen coverage at the surface;
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cH2O and cOH− are the concentrations of water and hydroxide in the solution, respec-

tively; F is the Faraday constant; R is the universal gas constant; T is the absolute

temperature; β is the symmetry factor and ϕ0 is the equilibrium potential.

Inserting Eq.(2.3) in Eq.(2.4) to eliminate the surface coverage in favor of the

hydrogen content, the following expression can be obtained for the equilibrium po-

tential:

ϕ0 =
RT

F

[
ln

(
k−2k−1cH2O

k2k1cOH−

)
− ln

(
CH

Cm − CH

)]
. (2.5)

On the one hand, even for zero current the equilibrium potential is practically not

achieved due to parasitic reactions or sluggish kinetics; these losses can be captured

by the equilibrium overpotential ηeq. On the other hand, even the smallest (net)

current requires that the activation overpotential ηact is overcome. Consequently, the

electrode potential for sufficiently small current densities can be written as

ϕ = ϕ0 + ηeq + ηact. (2.6)

The Tafel equation η(j) = A+B ln(j/jΘ) can be used to infer an approximation

for the equilibrium overpotential where we normalize the current density j with the

exchange current density jΘ at the maximum hydrogen concentration in the alloy.

At equilibrium state, the current density is zero. Thus, we cancel the corresponding

term and the equilibrium overpotential is approximated to be

ηeq ≈ A =
RT

(1− β)F
ln

(
j0

jΘ

)
(2.7)

where j0 is the exchange current density. The activation overpotential is modeled
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using the linearized Butler-Volmer equation according to

ηact ≈
RT

F

j

j0
. (2.8)

Eqs. (2.7) and (2.8) are formulated for the discharge (anodic) process but can be

easily reformulated for the charge (cathodic) process. The exchange current density

j0 depends on temperature, electrode characteristics and hydrogen concentration [48].

In this work, we assume that it obeys an Arrhenius-like approach according to

j0 = A0 exp

(
−Ea(CH)

RT

)
(2.9)

where A0 is a pre-exponential factor and Ea is the activation energy that depends

on the hydrogen content of the electrode. Here, the most elementary assumption is

that the activation energy correlates linearly with the hydrogen content according

to Ea(CH) = Ea(Cm) − κ
(

1− CH

Cm

)
where κ is a weight factor. Using the exchange

current density at the maximum hydrogen concentration jΘ, the exchange current

density can be re-written as

j0 = jΘ exp

[
κ

RT

(
1− CH

Cm

)]
. (2.10)

which can be used to eliminate j0 in favor of jΘ and the hydrogen concentration.

Finally, inserting the previous equations in Eq.(2-10) and by assuming a symmetry

factor similar to 0.5, we obtain the correlation for the electrode potential discharged

with sufficiently small current densities as
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ϕ ≈ RT

F

[
A1 − ln

(
CH

Cm − CH

)
+ 2K

(
1− CH

Cm

)
+

j

jΘ
exp

(
−K

(
1− CH

Cm

))]
(2.11)

where A1 = ln
(
k−1k−2cH2O

k1k2cOH−

)
and K = κ

RT
are regression parameters.

Eq.(2.11) is fitted to the second cycle of the charge-discharge experiments given

in Figure 2.6. Here, we use the specific charge content (time) and correlate it to

the hydrogen content according to CH
(
H
M

)
= 3.6W Q

F
where Q is the specific capacity

of the metal hydride alloy in mAh g−1 and W is the molar mass of the alloy. We

also need the exchange current density for the maximum hydrogen content which is

measured to be 257 mA g−1.

Figure 2.7 allows for comparison of the experiments and Eq.(2.11) using the re-

gression results A1 = -30.91 and K = -2.07. We find a very good agreement with

the experimental data in most of the concentration range. The model accounts for

the non-ideality (slope) of the plateau region and offers a smooth transition between

the different regions. Additionally, this model predicts that the activation energy

decreases with increasing hydrogen concentration while the exchange current density

increases; a consequence of the negative K value. This outcome is consistent with

the work of Zhang et al. who experimentally investigated the kinetic parameters of

metal hydride electrodes [51]. However, the initial and final stages of the dehydro-

genation are not very well captured; still, the differences are always less than 5%.

We assume the deviation to be related to the nonlinearity of the activation energy

(exchange current) with the hydrogen concentration in these regions as reported in

Refs. [52,53]. The equilibrium potential versus the Hg/HgO (20 wt% KOH) reference
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Figure 2.7: Electrode potential versus the hydrogen concentration for a discharge cur-
rent of 304 mA g−1. Comparison of experimental values and electrolytic
dehydrogenation model.

electrode is obtained by ϕ0 = ϕ − ηeq − ηact and results in combination with the

regression parameters in

ϕ0 = −0.800V +
RT

F

[
−4.138

(
1− CH

Cm

)
− ln

(
CH

Cm − CH

)]
. (2.12)

Here, a similarity with the Nernst equation is obvious. The first term can be con-

sidered as a (standard) potential at defined conditions, while the logarithmic term

reflects the concentration correction. The linear function is another concentration

correction accounting for the variation of the exchange current density with the hy-

drogen content of the electrode.
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2.5 Conclusion

This work is concerned with the fabrication and characterization of intermetallic alloy

thin-film electrodes on glass substrates which can be utilized for various microsystem

applications. In detail, DC magnetron sputtering is used to deposit a nickel current

collector and subsequently a LaNi4.7Al0.3 film on glass. Energy Dispersive and X-ray

Photoelectron Spectroscopy are employed to investigate composition of the film elec-

trodes. The elemental composition is in a good agreement with that of the sputtering

target composition but the surface shows traces of oxidation. Furthermore, the films

feature a nanocrystalline structure with a relatively-large grain size compared to con-

ventional pressed electrodes. Cyclic voltagramms in 1M KOH show a quasi-reversible

hydrogenation and dehydrogenation of the intermetallic alloy thin-film where the per-

formance is similar to comparable conventional electrodes. However, the role of the

capacitive current in the thin-film electrodes is more pronounced and the faradaic

current is buried at relatively low scan rates. The charge and discharge behavior of

the thin-film electrode is evaluated with a current density of 304 mA g−1. Even after

40 cycles, we do not find any sign of electrode degradation. The capacity of the thin-

film electrode is estimated to be 182 mAh g−1 which is somewhat lower than that

of comparable regular electrodes. This observation may be attributed to the lower

KOH concentration, absence of Ni compacting-powder, the larger grain size of the

crystalline structure and the slight oxidation of surface. Performance of the thin-film

electrode can possibly be improved by optimizing the sputter chamber pressure and

power to grow films with smaller grain size. Finally, a kinetic-based model is derived

which allows one to infer the equilibrium potential of the metal hydride electrode
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depending on the hydrogen content. The model reduces the experimental costs con-

siderably since only one electrolytic (de)hydrogenation measurement at a low current

density is required. The model can find applications in material characterization but

could also be used for sensors since it correlates electrode potential and hydrogen

content of the material.
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M. Sedlař́ıková, J. Vondrák, A. Visintin, Effect of carbon support on the kinetic

behaviour of a metal hydride electrode, Electrochimica Acta 54 (7) (2009) 2010–

2017.

[41] E. Gileadi, Electrode kinetics for chemists, chemical engineers, and materials

scientists, VCH, Weinheim, 1993.



REFERENCES 59

[42] S. Gamboa, P. Sebastian, F. Feng, M. Geng, Cyclic voltammetry investigation

of a metal hydride electrode for nickel metal hydride batteries, Journal of The

Electrochemical Society 149 (2) (2002) A137–A139.

[43] M. Geng, F. Feng, S. Gamboa, P. Sebastian, A. Matchett, D. Northwood, Elec-

trocatalytic characteristics of the metal hydride electrode for advanced Ni/MH

batteries, Journal of Power Sources 96 (1) (2001) 90–93.
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Chapter 3

Fabrication and characterization of a coplanar

nickel-metal hydride microbattery equipped with a

gel electrolyte

3.1 Abstract

1

The growing utilization of portable and autonomous micro devices results in a need

for novel integrated power supplies with low power densities and energy contents.

We report on a rechargeable thin-film microbattery which is manufactured using

typical microfabrication methods. In detail, the microbattery is based on nickel-

metal hydride chemistry and fabricated with a coplanar design on a glass wafer. Ionic

conductivity is enabled with a gel electrolyte that is sealed with a silicon polymer to

prevent dessication. We compare the electrode characteristics in the gel electrolyte

and in a corresponding liquid electrolyte. Charge-discharge measurements at different

1The work described in this chapter has been published as: Ali Khazaeli, Dominik P.J Barz,
”Fabrication and characterization of a coplanar nickel-metal hydride microbattery equipped with a
gel electrolyte.” Journal of Power Sources, 414 (2019) 141-149.
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currents are performed to evaluate the performance of the microbattery. The capacity

is found to be 2.8 µAh cm−2µm−1 at a current density of 1 mA cm−2. We also

investigate the microbattery degradation over the number of charge-discharge cycles

using electrochemical impedance spectroscopy. The results reveal that the capacity

after 100 cycles decreases to around half of the initial value which is mainly attributed

to the gel electrolyte degradation.

3.2 Introduction

The practical application of portable and wearable autonomous micro devices is linked

to the development of low-power supplies which can be directly integrated during the

production process [1]. Technologies which can benefit from such on-board power

sources include various micro-electro-mechanical-systems (MEMS) such as person-

alized health-care (both wearable and implantable) devices [2], autonomous sensor

networks [3] and radio-frequency identification devices [4].

A brief literature review from the last two decades shows the progress in reducing

energy consumption. About 20 years ago, power requirements for standby and data

collection/processing of remote sensing microsystems were assumed to be in the range

of 3 to 30 µW and 100 to 1000 µW, respectively [5]. A typical example is the flexible

temperature and motion sensing device with a power consumption of 35 µW reported

in Ref. [6]. In terms of biomedical applications, Chandrakasan et al. gave power

requirements of less than 10 µW for pacemakers and cardioverter-defibrillators, 140

µW for a body-area monitoring microsystem, and a power range of 100 to 2000 µW

for hearing aids [7].

The recent progress of MEMS technology lowered these demands and enabled
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monitoring systems for body temperature/activity with ultra-low power consumption.

A typical example is the wireless sensor node developed by Okada et al. which requires

less than 500 nW [8]. Other works on ultra-low power systems included a wireless

sensor node to monitor animal health which requires 460 nW [9] and a temperature

compensated timer for wireless sensor nodes which needs only 660 pW [10] in order

to operate. Nevertheless, general statements about the power consumption of micro

devices are difficult since they depend on the task and system complexity; i.e., the

design and number of sensors, actuators and processors which form the microsystem.

All things considered, we note that the required power spans over several orders of

magnitude and the range is estimated to be roughly 0.1 µW to 1000 µW .

Capacity requirements of miniaturized systems are hardly discussed in literature

and depend on the operation regime. Many sensing tasks do not require continuous

but rather intermittent collection of measurement data and, therefore, less capacity

is needed for a given operation time. For example, if we assume that the wireless

sensor node reported by Okada et al. [8, 9] performs its measurement every minute

for a duration of 10 seconds, the accumulated operation time is only around 4 hr/day.

This requires a daily capacity of less than 1.5 µAh, and assuming a nominal voltage

of 1.2 V, its energy consumption is less than 2 µWh/day.

There is another important consequence of the electrical characteristics since the

microsystem size is often determined by the size of the power supply [11]. In other

words, the advantages which are achieved through miniaturization are compromised

when conventional (and over-sized) power sources, such as button cells, are used.

Furthermore, the utilization of conventional power sources in microsystems can have

other drawbacks such as connection problems, unwanted electronic interactions and
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difficulties to control the power delivered. Consequently, the supply of electric power

is a barrier to further development and application of MEMS technology due to the

poor performances, masses (or volumes), and lifetimes of current power sources [12].

Several microbatteries for application in microsystems have been reported. Many

of them are based on lithium due to the high energy content [13, 14]. However, they

require an electronic circuit to maintain a certain potential range in order to avoid

thermal runaway and feature high variations in the cell potential if over(dis-)charged

[3]. Additionally, cell encapsulation is critical due to the high lithium reactivity when

it is exposed to moisture which all leads to increased complexity with respect to

integration.

If the demand of capacity and power are only moderate, cells other than lithium

are promising. Zinc (Zn) electrodes are attractive in terms of cost and simplicity

of fabrication. However, dendrite formation and shape change after several charge-

discharge cycles constitutes a technical challenge for rechargeable Zn-based batteries

which can be somewhat mitigated by using a gel electrolyte [15, 16]. Despite these

challenges, different Zn-based primary and secondary microbatteries were realized.

Lee et al. investigated a zinc-gold primary battery with a nominal cell potential

of 1.5 V and an alkaline electrolyte [17]; the capacity was around 4.88 mAh cm−2.

In order to increase the power density of a zinc-nickel microbattery, Chamran et

al. introduced a three-dimensional (3D) design with high aspect ratio posts [18]. A

3D primary zinc-air microbattery with a micromachined metallic scaffold, having an

energy density of around 3 mWh cm−2, was reported in Ref. [19]. Albano et al. fab-

ricated an integrated primary zinc-silver oxide microbattery with a capacity of 140

µAh cm−2 for the use in implantable MEMS devices [20]. A 2D and a 3D zinc-silver
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microbattery fabricated with inkjet printing and a respective energy content of 2.3

and 3.9 mWh cm−2 was reported in Refs. [21,22].

Nickel-metal hydride (Ni-MH) cells do not provide as high energy densities as lithium-

based cells either, but we conclude from our brief literature review that they may be

applied for microsystems with low and ultra-low power requirements. Additionally,

these batteries do not suffer from electrode shape change and do not require encapsu-

lation to protect them from moisture; therefore, we consider them as viable candidates

for powering MEMS. To the best of our knowledge, no attempts were made to build a

Ni-MH microbattery but that of Do et al., who screen-printed thick-film electrodes on

a porous ceramic substrate [23, 24]. Here, the question arises whether such methods

and materials can be part of regular microfabrication process.

The main motivation of our work is to create a Ni-MH thin-film battery which

can be easily integrated into microsystems. Hence, the process that we develop is

comprised of common microfabrication methods and substrates. Conventional Ni-

MH batteries feature liquid alkaline electrolytes which show good performance due

to their high conductivity but can cause a leakage problem. This can be significantly

alleviated using a non-liquid electrolyte [25,26]; thus, we employ an alkaline gel. This

article proceeds with the section on materials and experimental methods. Then, the

microbattery design and fabrication is discussed and the microbattery is characterized

using different electrochemical methods. Finally, the article is summarized with some

concluding remarks.
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3.3 Materials and Experimental Methods

In this section, we introduce the materials, instruments, and characterization tech-

niques that are used for this work.

3.3.1 Materials

Glass wafers (Globe Scientific Inc., Paramus, NJ, USA) with an area of 2.54 × 7.62

cm2 are used as a substrate for the microfabrication of the battery. Each wafer pro-

vides sufficient area for the fabrication of at least eight microbatteries. Gold (Au)

and chromium (Cr) pellets (Kurt J. Lesker Canada, Inc., Concord, ON, Canada) with

purities of 99.995% and 99.998% are used for the physical vapor deposition of the cur-

rent collectors. The intermetallic alloy which becomes the MH electrode is sputtered

from a custom-made target (Kurt J. Lesker Canada Inc., Concord, ON, Canada).

The manufacturer reports the target specifications: elemental alloy composition of

LaNi4.7Al0.3 with a purity of 99.9%, diameter of 7.62 cm and thickness of 0.317 cm ±

0.025 cm. The geometry of the electrodes on the wafer are defined using shadow masks

made from Kapton 18-1F-12 sheet (DuPont, Wilmington, DE, USA). Electrodeposi-

tion of nickel hydroxide (Ni(OH)2) onto the current collectors is performed using a an

aqueous solution of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) (puriss. p.a., >98%,

Sigma-Aldrich Canada, Oakville, ON, Canada). Materials required for the gel elec-

trolyte preparation include acrylic acid (C3H4O2), N,N
′
-methylene-bis(acrylamide)

(MBA), potassium hydroxide (KOH), and potassium persulfate (K2S2O8) which are

all of reagent grade (> 98%, Sigma-Aldrich Canada, Oakville, ON, Canada). Also,

the heat-curable polymer (poly)dimethyl-siloxane (PDMS) (Sylgard 184, Dow Corn-

ing, USA) is used for the encapsulation of the gel electrolyte. Deionized (DI) water
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(RiOs-DI3 water purification system, EMD Milipore Corporation, MA, USA) with a

conductivity of < 1 µS/cm is used throughout this work.

3.3.2 Manufacturing instruments

Cr and Au thin-films are deposited onto the glass wafer using an electron beam

evaporator (Thermionics 3 kW Linear e-gun, Port Townsend, WA, USA) coupled

with an IG4500 ion gauge controller. The deposition rate is controlled by a deposition

crystal monitor (INFICON Inc., East Syracuse, NY, USA). A magnetron sputter

deposition system (PVD 75, Kurt J. Lesker Co., Pittsburgh, PA, USA) is employed to

grow the intermetallic films from the target. All film depositions are performed at the

NanoFabrication Kingston Laboratory (NFK, Kingston, ON, Canada). In terms of

the shadow masks, the Kapton sheets are cut using a picosecond laser micromachining

system (A Series, Oxford Lasers, Inc, Shirley, MA, USA). The electrodeposition of

the Ni(OH)2 thin-films and all electrochemical measurements are performed using

a potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab B.V., Utrecht, The

Netherlands). The electrochemical setup used for the electrodeposition consists of

the working electrode compartment, a nickel mesh counter electrode, and a Ag/AgCl

(3M KCl) reference electrode.

3.3.3 Electrochemical characterization

We perform various measurements at room temperature (T = 298 K) to character-

ize gel electrolyte, single electrodes, as well as the combination as a microbattery.

A current-interrupt (IR-drop) method is applied to measure the potential difference

between working and reference electrode and all CVs are accordingly corrected.
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Gel electrolyte characterization

Electrochemical impedance spectroscopy (EIS) is employed to determine the ionic

conductivity of the alkaline gel electrolyte. The gel is sandwiched between two stain-

less steel electrodes, each with an surface area of 0.5 cm2, and with a distance of 0.5

cm to each other. An excitation signal of 5 mV is applied to the electrodes and the

impedance spectrum is recorded in a frequency range of 1 MHz to 100 mHz.

For practical applications, it is of interest to investigate the influence of using

the gel electrolyte on the microbattery performance. The gel electrolyte must have

a sufficient electrochemical stability range and withstand the oxidation and reduc-

tion potentials that are present during battery operation. Additionally, we expect

differences due to the lack of convection and the lower (pore) diffusivity in a gel.

Therefore, we measure cyclic voltammograms (CVs) of a (polycrystalline) platinum

(Pt) rod working electrode immersed in the gel electrolyte and compare them with

those in a comparable aqueous KOH solution (with same conductivity). We choose

the Pt electrode as a test case since it shows distinct and well-understood character-

istics in alkaline media such as the underpotential deposition of hydrogen [27]. The

investigated potential window is -1.2 V to 1 V vs. a Ag/AgCl (3M KCl) reference

electrode and the scan rate is 10 mVs−1.

To provide best possible contact between electrode and gel electrolyte, we pour un-

polymerized electrolyte solution into the two compartment electrochemical setup

which contains the Pt electrode, a glassy carbon counter electrode and the refer-

ence electrode. The polymerization takes place inside the cell and a transparent

gel electrolyte is formed after 2 hr. Prior to any CV measurement in this work, a
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current-interrupt method is applied to measure the potential difference (IR-drop) be-

tween working and reference electrode. The average value for the IR-drop correction

in the gel is 10.2 Ω ± 0.1 Ω. In case of the aqueous electrolyte, the reference electrode

is inserted inside a Luggin capillary to minimize the IR-drop.

Single electrode and battery characterization

The microfabricated electrodes are first characterized by measuring CVs in the alka-

line gel electrolyte and, for the sake of comparison, in a corresponding aqueous KOH

solution. Measurements are conducted in a similar way as described above. The

microfabricated battery is characterized by measuring galvanostatic charge-discharge

profiles that are recorded at a current density of 1 mA cm−2. The polarization be-

havior is investigated by discharging the battery at different current densities ranging

from 10 µA cm−2 to 50 mA cm−2. Finally, we employ EIS to infer the battery degra-

dation over an increasing number of charge-discharge cycles. These measurements

are performed at open circuit voltage (OCV) by superposition of an AC voltage of 5

mV that is scanned over a frequency range of 100 kHz to 10 mHz.

3.4 Results and discussion

In this section, we first describe the design and fabrication process of the Ni-MH

microbattery. Then, we present the results of the gel and single electrode characteri-

zation. We continue by giving insights into the charge and discharge behavior of the

microbattery and the resulting degradation.
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3.4.1 Battery design

Figure 3.1 gives an exploded view of the coplanar battery design consisting of two

L-shaped current collectors, MH and Ni electrode, gel electrolyte and a PDMS cover

which protects the gel from desiccation. The utilization of a gel electrolyte consid-

erably alleviates the (potential) leaking problem related to the utilization of a liquid

electrolyte. In fact, the required sealing of batteries with a liquid electrolyte increases

the complexity of cell design and fabrication. In our design, only a simple PDMS film

is used to protect the gel electrolyte from desiccation. Since the operating temper-

ature of the microbattery is below 70 oC, and the KOH concentration in the gel

electrolyte is significantly less than 30 wt%, the etching of PDMS by the gel elec-

trolyte is negligible [28,29]. In detail, the L-shape of the current collectors can be

divided into a rectangular pad of 10×2 mm2 and a square-shaped pad of 5×5 mm2.

The square-shaped pad solely serves as electronic contact with the external circuit.

The electrodes are deposited with a foot print of 5×2 mm2 on the L-shaped part of

the current collectors. The distance between positive and negative electrode is 0.5

mm. Both electrodes are in contact with the gel electrolyte which is encapsulated by

a PDMS layer that features a 5×5 mm2 square-shaped void space with a depth of

approximately 1 mm.

3.4.2 Microfabrication

We fabricate eight identical microbatteries on a glass wafer but subsequent testing

is performed on single units. Figure 3.2 shows a schematic of the fabrication pro-

cess. All glass wafers are first pre-treated with a cleaning process involving acetone,

isopropanol, and DI water. Then, the multi-layer films are grown using different
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Figure 3.1: Exploded view of the microbattery design (dimensions are not to scale).
The Cell employs a NiOOH/Ni(OH)2 redox couple as positive electrode
(green) and a sputtered intermetallic alloy (black) as a negative electrode.
Both electrodes are deposited on gold current collectors (yellow). The gel
electrolyte is encapsulated in the rectangular cavity of the PDMS film.

sputtering processes; details of the operating conditions are listed in Table 3.1. The

wafers are first transferred to the e-beam evaporation chamber and covered with a

shadow mask to define the footprint of the current collectors.

A 10 nm Cr film is sputtered which serves as a seed layer improving the adherence

between current collector and glass substrate. Then, the Au current collectors are

grown, with a thickness of 200 nm, on top of the seed layers. In order to fabricate

the MH electrodes, the wafer is transferred to the magnetron sputtering chamber.

We use another shadow mask with the footprint of the electrodes to grow 1 µm thick

intermetallic alloy films on top of every second current collector. We fabricate films

with a composition of La1.11Ni4.73Al0.19 as reported in detail in our previous work [30].

The battery fabrication proceeds with the electrodeposition of Ni(OH)2 on the

current collector from a 0.08 M Ni(NO3)2 solution for 30 minutes, the potential is

-0.9 V vs. Ag/AgCl (3M KCl). The pH value of solution is measured to be 5.6 and

remains constant over the deposition time. Hence, there is little concern that the MH
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Table 3.1: Sputtering parameters for the multi-layer deposition of the thin-film elec-
trodes.

Parameter Value
Material Cr Au LaNi4.7Al0.3
Sputtering method E-beam E-beam Magnetron DC
Vacuum base pressure < 10−6 Pa < 10−6 Pa < 10−6 Pa
Chamber pressure 0.4 Pa 0.4 Pa 0.4 Pa
Sputtering power n/a n/a 150 W
Plate Spin rate n/a n/a 20 RPM
Deposition rate 1.4 Å/s 1.2 Å/s 2.6Å/s
Substrate temperature n/a n/a 20 ◦C

electrode, immersed in the nitrate solution, is irreversibly oxidized. After electrode-

position, the electrodes are thoroughly rinsed with DI water.

The gel electrolyte is prepared as described in detail in Ref. [31]. The procedure

starts with dissolving 50 mg of MBA in 10.6 ml acrylic acid, followed by drop-wise

pouring of 50 ml of 8 M KOH while the solution is continuously stirred. Acrylic

acid is completely neutralized by the KOH and forms acrylate ions as monomers for

the polymerization. The aforementioned solution is highly alkaline with a hydroxide

concentration of about 4 M. Then, 4 µl of a 4 wt.% K2S2O8 solution is added as

initiator. Having stirred the solution for about 1 min, 1 µl of the solution is extracted

using a micropipette and poured on the electrodes. After the polymerization of the

solution, the gel electrolyte is encapsulated inside of the void volume of a thick PDMS

film to prevent humidity loss to the surroundings. PDMS precursor and curing agent

are therefore mixed at a weight ratio of 10:1. The mixture is then poured into a petri

dish containing the (negative) mold of the void space made by several layers of scotch

tape.
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Figure 3.2: Fabrication process scheme of the Ni-MH microbattery.

3.4.3 Gel electrolyte characteristics

We compile the EIS data of the gel electrolyte sandwiched between two blocking

electrodes in a Nyquist diagram (not shown). The diagram reveals a tail-like segment

of a semicircle which is typical for blocking electrodes and reported for other KOH-

based gel electrolytes as well, cf. Ref. [32]. The resistance of the gel electrolyte RG

is obtained at the intersection of the high-frequency spectrum with the real axis and

found to be 0.22 Ω ± 0.01 Ω. The gel electrolyte resistance is converted to a specific

ionic conductivity according to σ = RGl/A, where A is the electrode area and l is the

electrode distance. We arrive in σ = 0.22 S cm−1 ± 0.01 S cm−1 which is in good

agreement with the value reported in Ref. [31] for a similar polymer gel electrolyte.

An important question comes up when a gel electrolyte is used. How is the
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influence on the performance of an electrochemical system compared to a liquid elec-

trolyte? In order to make useful comparisons, conductivity and hydroxide activity

of the liquid KOH solution should be equal to those of the gel electrolyte. However,

this task cannot be realized. On the one hand, common models to infer activity

coefficients are not applicable for ions in a gel matrix. On the other hand, settling

with the concentration instead of the activity is not a possibility either. In fact, a 4M

KOH solution has a two times higher ionic conductivity compared to a 4 M KOH gel

electrolyte polymerized from acrylic acid [31]. In this work, we choose an aqueous 1M

KOH electrolyte for the comparison with the gel. The conductivity of the aqueous 1M

KOH electrolyte is almost identical to that of the 4M KOH gel electrolyte [31]. Figure

3.3 shows the CVs of the Pt electrode in aqueous 1M KOH (solid line) and in the

gel electrolyte (dashed line). The inspection of the liquid electrolyte CV reveals that

it can be divided into roughly four regions distinguished by different electrochemical

mechanisms; here, we follow the interpretation of Jerkiewicz [27].

The first region (labelled i) contains the oxygen evolution reaction (OER)

2H2O +O2 + 4e− ↔ 4OH− E0 = 0.194 V vs. Ag/AgCl (3M KCl) (3.1)

Inspection of the CV reveals significant differences between the respective peak posi-

tion and the standard reduction potential. This could be an indication that the reac-

tion occurs with an alternative two-electron pathway, where the hydroxide is first oxi-

dized to peroxide ions at a standard potential of E0 = 0.59 V vs. Ag/AgCl (3M KCl),

before oxygen is formed in another step [33]. Region ”ii” roughly covers the potential

range of -0.6 V to 0.2 V and comprises the PtO formation in anodic direction and the

respective reduction during the reverse scan. Part ”iii” of the voltammogram contains
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Figure 3.3: Cyclic voltammogram of a Pt electrode in an aqueous 1M KOH and in a
gel electrolyte (dashed line) at T = 298 K and a scan rate of ν = 10 mV
s−1. The gel electrolyte suppresses the underpotential deposition of the
hydrogen.

two redox peaks at potentials of around -0.9 V and -0.6 V. These peaks are related

to the underpotential hydrogen adsorption/desorption which only takes place on the

surface of a Pt-group metal. The hydrogen HUPD generated in the underpotential

region has different characteristics compared to that from the neighboring hydrogen

evolution reaction (HER) [27]. The last region iv features a cathodic tail-like shape

due to the HER where water is reduced according to

2H2O + 2e− ↔ 2OH− +H2 E0 = −1.036 V vs. Ag/AgCl (3M KCl). (3.2)

The CV of the Pt electrode in the gel electrolyte is performed under similar

conditions as in the liquid gel. A comparison between the two CVs reveals several
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similarities but also differences. In terms of similarities, both voltammograms feature

an almost equal reduction peak for the PtO conversion. Additionally, the HER and

the OER can be clearly detected in either case. However, inspection of region of i

clarifies that the OER in the gel electrolyte occurs at lower oxidation potentials and

the area of the tail is also larger. Likewise, the HER (region iv) occurs at lower

reduction potentials. This behavior should be related to the considerably higher

concentration of hydroxide in the gel electrolyte compared to the aqueous electrolyte.

Both OER and HER are harmful for a battery application since they consume the

water in the gel which lowers its conductivity. Furthermore, the generated H2 and O2

are encapsulated as gas bubbles that either cover the electrode surface or lower the gel

conductivity. Since these side reactions are inevitable, it is expected that the internal

resistance of the microbattery increases over the life time. We further investigate

this issue in the context of the EIS measurements as discussed below. There is

another significant difference in the CVs since we do not observe the peaks for the

underpotential deposition of HUPD in the electrolyte. The generation of HUPD not

only depends on the hydrophilic-hydrophobic properties of the Pt-electrolyte interface

but is also governed by the thermodynamics of the hydrogen chemisorption onto the

metal surface [27]. Therefore, we assume that the polymerization additives prevent

the generation of HUPD due to possible changes in the surface properties and/or the

free Gibbs energy of HUPD formation. To summarize, the electrochemical performance

of the gel electrolyte shows some moderate variations compared to the aqueous 1 M

KOH solution even though the conductivities are practically the same. The variations

are probably related to the difference in KOH concentration and the additives that

are required for the gel polymerization.
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3.4.4 Electrochemical characterization of the electrodes

Figure 3.4a shows the CV of the Ni(OH)2 thin-film electrode immersed in an aqueous

1M KOH solution. The cathodic peak can be clearly identified while the anodic peak
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Figure 3.4: Cyclic voltammograms of the Ni(OH)2 thin-film electrode in a) aqueous
1 M KOH and b) the gel electrolyte at T = 298 K and a scan rate of ν =
10 mV s−1. The gel promotes the oxygen evolution reaction.

is partially covered by a tail which is present at potentials around 0.4 V. Comparison

with the standard reduction potential shows that the anodic tail can be assigned to

the OER, cf. reaction (3.1). The CV is in a good agreement with those in our pre-

vious work where we investigated micro-patterned Ni(OH)2 film electrodes [34]. The
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cathodic and anodic peak potentials are Ec = 0.37 V and Ea = 0.26 V, respectively.

Hence, the formal reduction potential is E1/2 = 0.315 V confirming that the observed

reaction corresponds to

NiOOH +H2O + e− ⇀↽ Ni(OH)2 +OH− E0 = 0.30 V vs. Ag/AgCl (3M KCl)

(3.3)

Figure 3.4b shows the CV of the Ni(OH)2 thin-film electrode immersed in the gel

electrolyte. A cathodic peak can be clearly identified at a potential of Ec = 0.11

V. The corresponding anodic peak at Ea = 0.18 V has an arc-like shape due to the

overlap with the peak of the OER.

Generally, we observe that all redox reactions are shifted to lower potentials. This

shift is very pronounced for the OER and since we observe much higher current

densities compared to the liquid electrolyte. The promotion of the OER can be easily

explained by inspection of reaction (3.1), where a higher hydroxide concentration, as

this is the case in the gel, advances the reaction in the oxidation direction. Hence,

we perform the CV in the gel with a narrower potential window to prevent excessive

oxygen generation which would cause the gel electrolyte to deteriorate. Regarding the

peak potentials of the Ni(OH)2 conversion, we can also argue that the shift to lower

values is related to the gel’s higher hydroxide concentration. In fact, the reaction

quotient of reaction (3.3) decreases with the hydroxide concentation which, according

to the Nernst equation, lowers the formal reduction potential

The CV of the MH thin-film electrode immersed in an aqueous 1M KOH solution

is given in Figure 3.5a. We identify an anodic peak at a potential of Ea = -0.81 V. The

corresponding cathodic peak, located around Ec ≈ -1 V, is more or less covered by a

very pronounced tail present at lower potentials. The peak positions clarify that the



3.4. RESULTS AND DISCUSSION 79

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

-1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6

C
u

rr
e

n
t 

D
e

n
si

ty
 /

 m
A

 c
m

-2

Poten!al vs. Ag/AgCl (3M KCl) / V

a

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

-1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5

C
u

rr
e

n
t 

D
e

n
si

ty
 /

 m
A

 c
m

-2

Poten!al vs. Ag/AgCl (3M KCl) / V

b

Figure 3.5: Cyclic voltammogram of the metal hydride thin-film electrode in a) 1 M
KOH and b) in the gel electrolyte at T = 298 K and a scan rate of ν =
10 mV s−1. The gel diminishes the hydrogen evolution reaction.

redox peaks are related to the reduction of water at the electrode surface according

to

M +H2O + e− ⇀↽MHads +OH− E0 = −1.10 V vs. Ag/AgCl (3M KCl) (3.4)

The tail in the CV is induced by the HER according to reaction (3.2). Additionally,

the adsorbed hydrogen at the surface of MH electrode may be consumed via the



3.4. RESULTS AND DISCUSSION 80

Heyrovsky reaction in alkaline media

MHads +H2O + e− ⇀↽M +H2 +OH−, (3.5)

which prevents its absorption in the lattice.

The CV of the MH thin-film electrode in the alkaline gel electrolyte is given in

Figure 3.5b. We observe a more pronounced anodic peak that is shifted to a somewhat

more negative potential of Ea = -0.84 V. Interestingly, the cathodic peak, located

around Ea ≈ -1, is also more pronounced and now can be clearly distinguished from

the HER. Additionally, we notice that the HER tail has a considerably smaller area

compared to the CV in the liquid electrolyte. The differences between CV in gel and

liquid electrolyte should also be related to the higher hydroxide concentration in the

gel electrolyte which shifts the equilibrium of reactions (3.2) and (3.4) towards the

oxidation side (lower potentials). The voltammogram 3.5b also shows the inhibition

of the HER and a more pronounced peak related to the electroreduction of water.

This could be related to the gel additives as well as to possible different reaction

mechanisms in gel and liquid electrolyte. Nevertheless, the suppression of the HER

is a welcome outcome for a microbattery application since it mitigates desiccation of

the electrolyte as well as gas formation. Still, at potentials lower than around -1.1 V,

there is a significant cathodic current due to the HER. This indicates that care should

be taken when the battery is discharged to avoid operation at potentials where the

HER occurs.
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3.4.5 Galvanostatic charge-discharge of the microbattery

In this section, we provide insights into the charge-discharge characteristics and the

cyclability of the microbattery. The (discharge) performance of a Ni-MH battery

relies on the conversion of nickel oxyhydroxide NiOOH to nickel hydroxide Ni(OH)2

and the electrolytic dehydrogenation of the MH film. The overall reaction is given by

the combination of reactions (3.3) and (3.4) according to

MH +NiOOH ⇀↽M +Ni(OH)2 E0
Cell = 1.40V. (3.6)

The fact that either electrode reaction involves hydroxide makes a separator redun-

dant and also allows for a coplanar battery design. The charge-discharge properties

are tested at a current density of 1 mA cm−2. Generally, Ni-MH batteries need mul-

tiple charge-discharge cycles to produce a more or less constant capacity due to an

initial pulverization of the MH electrode [35, 36]. Hence, we perform a conditioning

step consisting of 3 charge-discharge cycles before performing the actual measure-

ments. Preliminary charge-discharge tests also show that overcharging deteriorates

the gel electrolyte due to conditions (overpotentials) that trigger OER and HER.

These side reaction do not only lower the battery efficiency but also consume water

inside of the gel electrolyte lowering its conductivity. Additionally, we observe that

after (continuous) overcharging the Ni(OH)2 thin-film starts to shrink and peels off

the current collector. In order to minimize cell degeneration, it is necessary to sup-

press the side reactions by defining an appropriate potential window for the charge

and discharge cycles. The Ni electrode is more prone to damage due to overcharging

and therefore it is designed with a higher capacity than the MH electrode in order
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to inhibit the OER. We estimate that 30 min of Ni(OH)2 electrodeposition creates

an electrode with a roughly ten times higher theoretical coulombic capacity than the

MH film which keeps the state of charge (SOC) of the Ni electrode always low. After

a certain charge duration, we also find that bubbles are formed on MH electrode

when the cell potential is higher than 1.4 V. The gas formation is related to the HER

and, in conjunction with the varying electrode potential of a MH electrode with the

degree of hydrogenation (cf. e.g. [30]), implies that the MH electrode is more or less

fully charged. Hence, we choose the cut-off potential for the charging to be 1.4 V.

Regarding discharge, we set the cut-off potential to be 0.85 V.

Figure 3.6 shows the first 10 cycles of a series of 100 charge-discharge cycles. Since

the microbattery capacity is limited by the MH electrode, the results are reported

and scaled with its footprint area. As can be seen in Figure 3.6, the cell potential
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Figure 3.6: Charge and discharge behavior of the Ni-MH microbattery with a
(dis)charge current density of 1 mA cm−2. Displayed are the first 10
cycles of a series of 100.

gradually increases during the charge process until a plateau is reached. This behavior
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should be related to the different SOC of the electrodes. The MH electrode is quickly

more or less fully charged with a SOC of around 1. Then, the hydrogen that is

generated due to reaction (3.4) cannot be absorbed anymore but forms gas bubbles

according to the Tafel and/or the Heyrovsky reaction. Thus, the overpotential at the

MH electrode does hardly change. At the same time, the Ni electrode maintains a

low SOC which results in a more or less constant overpotential too. After charging,

the cell potential is measured at no current condition and the OCV is found to be

1.38 V which is close to the standard cell potential, cf. reaction (3.6).

The capacity of the microbattery is calculated by integrating the current den-

sity over the discharge time divided by the MH electrode thickness. We compute a

discharge capacity of 2.8 µAh cm−2µm−1 at a current density of 1 mA cm−2. This

capacity is significantly lower than the theoretical coulombic capacity of the MH film

which can be explained with different phenomena. First and foremost, when we con-

sider the gravimetric current density, the battery is discharged at a very high rate

for gravimetric density. It is known that the capacity of MH electrodes significantly

decreases with increasing current density [37]. We estimate the mass-specific current

density to be 1200 mA g−1 based on a film density of 8.34 g cm−3, cf. Ref. [30].

Additionally, the coplanar design generally results in a lower capacity compared to a

corresponding sandwich-like design due to the higher internal resistance [38].

The coulombic efficiency – the ratio of extracted to added charge in a charge-discharge

cycle – is found to be only 25%. This relatively low coulombic efficiency is also re-

lated to the high gravimetric current density which increases the cell irreversibilities

including the charge transfer resistances [39,40]. The operation of conventional Ni-

MH batteries at current densities around 1200 mA g−1 already lowers the efficiency
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to around 60 % [40]. Conventional electrodes are generally made from particulate

intermetallic alloys that are addionally microencapsulated by blending with another

metal, such as copper, in order to lower the charge transfer resistance. Without mi-

croencapsulation, like in our case of a sputtered intermetallic alloy film, the efficiency

can drop down to 10 % even at moderate current densities [39].

Additionally to the high gravimetric current density, a considerable fraction of

the current is consumed by the side reactions. During charging of the microbattery,

the cell potential reaches a plateau at around 1.40 volts; a condition where also the

HER considerably takes place. We perform additional galvanostatic charge-discharge

measurements at the same current density but with a narrower potential window

between 0.85 V to 1.35 V to diminish excessive side reactions (results not shown).

In this case, we determine the coulombic efficiency to be 60.5 %. However, this

improvement in efficiency comes at the cost of a 35 % drop in capacity. Another

more practical improvement in terms coulombic efficiency is feasible by increasing

the MH electrode thickness in order to lower the gravimetric current density.

We also observe that the microbattery is discharged under open circuit conditions.

The rate of self-discharge varies with each battery that we manufacture and charac-

terize. This phenomenon is related to a leakage current that in microbatteries can

mainly be attributed to a variety of fabrication defects [22, 41,42]. The electrodes

may not be exactly fabricated on the predefined area which is especially critical for

our coplanar design where the electrode gap is much less than a millimeter. These

fabrication inaccuracies result in locations with a diminished or even short-circuited

path which facilitates the self-discharge of the cell. This unwanted behavior can be

addressed by using a separator or a larger spacing between the coplanar electrodes.
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However, this comes at the cost of an increased internal resistance of the cell and the

related loss in efficiency.

With respect to cycle life, it is observed that the capacity is lowered by around

40 % after 100 cycles. We mainly attribute this capacity loss to the degradation of

the gel electrolyte. Further insights into the degradation are given in the impedance

spectroscopy section.

To summarize the outcome of the charge-discharge investigations: The microbat-

tery features an energy density of 3.34 µWh cm−2µm−1 for a (nominal) power density

of 1200 µW cm−2µm−1. This perfomance is sufficient for various remote sensing sys-

tems as discussed in Section 5.2 and is comparable with the data that is typically

reported for zinc-nickel microbatteries [15,18,43,44]. We also determine a capacity of

2.78 µAh cm−2µm−1 which is not sufficient to compete with (novel) lithium-ion based

microbatteries. For example, the printed LiFePO4 film electrodes reported in Ref. [13]

provides a four times higher capacity. The 3D lithium-ion microbattery reported in

Ref. [14] has a capacity of around 70 µAh cm−2µm−1. Nevertheless, lithium-ion based

microbatteries require a more complex cell fabrication and encapsulation which can

make the integration into a microsystems more challenging. In contrast, our Ni-

MH microbattery has a rather simple design and can be manufactured with relatively

straightforward means which makes it attractive for applications with ultra-low power

demands.

The polarization of the microbattery is investigated with discharge measurements

at different current densities. Here, the microbattery is initially charged at a current

density of 1 mA cm−2 until the cell potential reaches 1.4 V. After the stabilization

of the OCV (potential variation < 0.1 mV/s), the microbattery is discharged with a
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Figure 3.7: Discharge profile of the Ni-MH microbattery at different current densi-
ties ranging from 10 µA cm−2 to 5 mA cm−2. The volumetric capacity
decreases with increasing discharge current density.

constant current density until a potential of 0.9 V is reached. The results are given in

form of capacity curves in Figure 3.7. Independent of the discharge current density, we

observe that all different curves have a similar shape. Initially, the cell potential drops

slowly over the capacity which is directly proportional to the discharge time. After a

certain discharge time, the potential drop considerably increases due to higher mass

transfer resistances that build up when the hydrogen content of the intermetallic is

almost spent. As expected, the overall (maximum) capacity decreases with increasing

discharge rate. For the lowest and highest current density, we observe a capacity of

around 3.7 and 2 µAh cm−1µm−1, respectively. In other words, for a current density

increase by 500 times, we observe a capacity loss of 45%.

In contrast, we still observe a reasonably good discharge rating capability of our

microbattery which is related to the high surface area-to-volume ratio of around 104
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cm−1 of the MH thin-film. In MH electrodes, there are two (limiting) mass trans-

fer resistances during discharge: The diffusion of the absorbed hydrogen molecules

through the electrode i) bulk and the ii) interface. A higher discharge rate increases

hydrogen (charge) transfer resistance. Likewise, the bulk diffusion towards the surface

triggers a potential drop due to mass transfer polarization [45,46]. Both effects cause

the drop in capacity. However, in our case of a film with a very high surface-to-area

ratio, most of the hydrogen is located in the vicinity of the interface which reduces

the resistance related to bulk diffusion. As a result, the discharge rating capability is

improved at the expense of a lower capacity.

3.4.6 Electrochemical impedance spectroscopy

We perform EIS measurements after 3, 50 and 100 charge-discharge cycles at OCV.

The respective results are given in Figure 3.8 in form of a Nyquist plot. Compari-

son of the different spectra reveals that they share a similar trend. Generally, the

spectra consists of segments of two overlapping semicircles. The first semicircle is

observed at relatively high frequencies and is usually associated with the contact be-

tween active materials and current collector, and surface properties of the (hydride

layer) electrodes. At low frequency range, a segment of another semicircle appears

which can be attributed to the electrochemical reactions at the electrodes [47]. Figure

3.8 clearly reveals that the microbattery impedance gradually increases with increas-

ing number of charge-discharge cycles. This effect is associated with electrode and

hydrogel degradation which can be quantitatively investigated by a regression of the

spectra to an equivalent electrical circuit (EEC). We propose an EEC consisting of
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three linear and three nonlinear elements given as an insert in Figure 3.8. The pro-

posed EES is inspired by the circuit introduced by Slepsky et al. for a (macroscopic)

Ni-MH battery [47]. However, we are not able to fit our spectra to their EEC with

the required quality. Hence, we use the same description for the Ni electrode but

modify the description of the MH electrode. Our proposed EEC consists of a resistor

Rohm in series with the parallel combination of a constant phase element CPE and

another resistor RCT1, in series with a sub-circuit consisting of a parallel arrangement

of a capacitor C and a Warburg element W in series with a resistor RCT2.
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Figure 3.8: Nyquist diagram of the microbattery for the 3rd, 50th and 100th charge-
discharge cycle at frequency range of 100 kHz to 10 mHz. Symbols depict
experimental data while lines represent the results of the regression to
the equivalent electrical circuit. The overall impedance increases with
increasing number of charge-discharge cycles.
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Here, Rohm represents the ohmic resistances in the microbattery. That is, the

resistance of gel electrolyte, contact resistance of current collectors, wires as well as the

contact resistances between the electrolyte and electrodes. The parallel combination

of CPE and RCT1 describes the Ni electrode while the sub-circuit represents the

MH electrode. Note that the electrodes are convoluted which makes the spectra

interpretation difficult.

From the regression results (cf. Table 3.2), we can infer that the charge transfer

resistances, RCT1 and RCT2 have a significant contribution to the impedance and are,

independent of the cycle number, around ten times higher compared to Rohm. This

might be a result of the high surface-to-volume-ratio of the thin-film electrodes which

promotes oxidation of the interfaces. Evaluation of the degradation process is made

by comparison of the regression parameter. For the third cycle, Rohm is found to be

9.7 Ω. It increases to 21.1 Ω and 24.4 Ω after 50 and 100 cycles, respectively. The

2.5 fold increase of the ohmic resitor after 100 cycles should be related to the humid-

ity loss of the gel electrolyte due to the side reactions as they irreversibly consume

water molecules and produce gas bubbles; cf. earlier discussion. Regarding the other

electrical components, it is observed that their impedances also increase with the

cycle number. This behavior could be related to the degradation of the electroactive

materials. Further comparison of the results reveals that the relative increase of all

element impedances is approximately equal to the relative variation in Rohm. We

conclude that a promising path to extend the life time of the microbattery is any

improvement that enhances the longevity of the gel electrolyte; e.g., the suppression

of the unwanted side reactions.
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Table 3.2: Equivalent circuit values of the microbattery at various conditions.

Element Parameter Unit Cycle 3 Cycle 50 Cycle 150
Rohm R Ω 9.703 21.162 24.422
RCT1 R Ω 45.637 84.338 87.233
C C µF 4.954 7.136 7.768
RCT2 R Ω 507.612 1342.126 1842.913
CPE Y0 µMho.sN 123.042 81.565 63.998

N - 0.681 0.675 0.692
W Y0 mMho.s0.5 2.230 1.301 1.156

3.5 Conclusion

In this work, we report on the fabrication of a novel coplanar nickel-metal hydride

microbattery with a gel electrolyte that is fabricated on a glass substrate. The fabri-

cation process is based on different thin-film deposition processes which are common

in the MEMS industry and therefore enable the easy battery integration during man-

ufacturing of the microsystem. The main conclusions of our work are:

1. Comparison of voltammograms of the nickel electrode in liquid and gel elec-

trolyte reveals that the gel promotes the oxygen evolution reaction. This results

in the deterioration of the nickel electrode when the microbattery is overcharged.

In order to increase the battery life time, a narrow potential range for the charge

and discharge protocol and larger nickel electrode capacity is recommended.

2. The Ni-MH microbattery is cycled at a current density of 1 mA cm−2 for 100

cycles. The capacity and average cell potential during discharge are found to

be 2.78 µAh cm−2 µm−1. The microbattery features an energy density of 3.34

µWh cm−2µm−1 for a (nominal) power density of 1200 µW cm−2µm−1 which is

sufficient for various remote sensing systems.
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3. After 100 charge-discharge cycles, the capacity is decreased by 40%. This is

mainly due to the increase of the ohmic resistance of the gel electrolyte as well

as deterioration of the metal hydride film which is confirmed by the results of

the Electrochemical Impedance Spectroscopy.

4. The microbattery is discharged at current densities ranging from 10 µA cm−2

to 5 mA cm−2. The capacity of the microbattery decreases by 45 % when the

current density increases by 500 times. In contrast, we still observe a reasonably

good discharge rating capability which is related to the high surface area-to-

volume ratio of the metal hydride thin-film.

5. With respect to future work, our results imply that any improvement of the

gel improves the life time of the microbattery. Additionally, an increase of the

metal hydride electrode thickness should mitigate some of the specific capacity

loss that we observe compared to conventional electrodes.
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Chapter 4

Printing of Graphene Supercapacitors with

Enhanced Capacitances Induced by a Leavening

Agent

4.1 Abstract

1

The excellent electrical and mechanical properties of graphene make it a promis-

ing electrode material for energy storage devices such as supercapacitors. However,

graphene flakes tend to restack upon processing which lowers the inner electrode

surface area that contacts the electrolyte. We report on a straightforward and scal-

able approach where we add a chemical leavening agent to suppress the restacking of

printed and reduced graphene oxide (rGO) flakes, resulting in a significant enhance-

ment of the electrode capacitance. Upon mild heating, the leavening agent releases

gases that rise the gaps between rGO flakes and, hence, increases the surface area

1The work described in this chapter has been published as: Minh-Hao Pham, Ali Khaza-
eli, Gabrielle Godbille-Cardona, Florina Truica-Marasescu, Brant Peppley, and Dominik PJ Barz.
”Printing of graphene supercapacitors with enhanced capacitances induced by a leavening agent.”
Journal of Energy Storage, 28 (2020) 101210.
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that is accessible for the electrolyte. We also optimize the ink and micro-dispensing

process that is utilized to print such risen rGO electrodes. The supercapacitor char-

acterization indicates that the capacitance enhancement strongly depends on the size

of the GO flakes; sizes on the order of microns are most suitable. The printed and

risen rGO electrodes feature typical electrical double layer capacitance behavior along

with a good cycling stability having an 82 % capacitance retention after 5000 charge-

discharge cycles at a current density of 1.0 A/g.

4.2 Introduction

Graphene and reduced graphene oxide (rGO) are extensively investigated as elec-

trode materials for energy storage devices because of their excellent electrical and

mechanical properties [1–3]. With a single layer structure of π-conjugated carbon

atoms, graphene possesses a high theoretical specific surface area of around 2630 m2

g−1, high electrical conductivity, and an ultrahigh theoretical electrical double layer

capacitance (EDLC) of around 550 F g−1. Therefore, graphene is considered as an

ideal supercapacitor material [4, 5]. However, the practical application of graphene

in supercapacitors is so far still impeded due to the restacking tendency of individual

graphene flakes during processing. The restacking of graphene flakes is induced by

strong π-π and van der Waals interactions between their basal planes. This prevents

the access of electrolytes between the planes of individual graphene flakes, resulting

in experimentally-measured capacitances that are only on the order of magnitude of

10 F g−1 which is considerably lower than the theoretical value [1–8].

A variety of techniques are reported to mitigate the restacking of graphene flakes
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and, consequently, improve the electrochemical performance of graphene-based elec-

trodes [9–13]. These techniques utilize deformed graphene flakes, spacers that are in-

tercalated between graphene flakes, sacrificial templates or three-dimensional porous

graphene structures. Deformed graphene morphologies are typically curved, folded

and crumpled graphene flakes [14–18]. Intercalated spacers, such as carbon nan-

otubes, carbon spheres and conducting polymer pillars, increase the gaps between

adjacent flakes which facilitates the access of the electrolyte to the inner of the elec-

trodes [19–24]. Sacrificial templates that are used include CuO nanosheets, spherical

silica particles and polystyrene colloids. They are mixed in the electrode material,

removed in a subsequent step, and leave behind porous structures with increased sur-

face area [25,26]. Porous graphene structures such as aerogels and foams can also be

obtained by hydrothermal treatments or chemical reductions [27–29].

A rapid evolution of gaseous species through the reduction of graphene oxide

by hydrazine, a strong reducing agent, in a sealed vessel was utilized to induce a

leavening effect to fabricate rGO foams [27]. Ammonium chloride was also utilized to

induce the formation of porous rGO during the thermal reduction of GO [30, 31]. It

is worth noting that hydrazine is toxic, and the decomposition of ammonium chloride

requires a relatively high temperature and forms corrosive hydrogen chloride gas [30,

31]. Consequently, it is desirable to investigate further leavening agents with the

potential for a simple, scalable and eco-friendly fabrication process for graphene-based

electrodes having an improved performance for practical energy storage applications.

Printing of energy storage devices is of great interest for industrial applications

since it is a rapid, preise, scalable, cost-effective and flexible fabrication method.

Large scale printing solutions are often based on roll-to-roll, spray or Meyer rod
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coating methods [32–35]. Printing or coating could also be an attractive mean for

the integration of supercapacitors in power electronics [36]. However, these methods

typically produce continuous films with no or little control over geometry and posi-

tion [37]. Review of printing methods of nanostructured carbon material for energy

storage is available in Ref. [38]. Direct writing comprises fabrication methods where

a computer controls a translation stage and/or the pattern generating device, such

as an ink-dispensing nozzle, to allow for printing of inks having various compositions

at specific locations on various substrates. Direct write techniques for fabrication of

various electrochemical storage devices are reviewed in Refs. [39, 40]. Direct write

techniques such as ink-jet and micro-dispensing printing were successfully applied to

fabricate graphene-based supercapacitors. For example, Altin et al. used a direct

write technique to print interdigitated graphene electrodes with a resolution of less

than a millimeter. A respective supercapacitor was designed which had an initial

capacitance of 102 F g−1 in 6 M KOH and scan rates ≥ 100 mV s−1. The capacitance

decreased to 78 F g−1 over 1000 charge and discharge cycles [41]. Secor et al. tailored

the porosity and the microstructure of graphene electrodes with a polymer phase in-

version method. These electrodes were made with a direct write technique and had

typical thickness of several microns, depending on the number of print passes. Due

to the low electrode thickness, a maximum specific capacitance of only around 1 mF

cm−2 was achieved [42].

Ervin et al. used inkjet printing of aqueous graphene oxide inks on coated Kap-

ton sheets to make a flexible supercapacitor featuring a relatively high capacitance

of 124 F g−1 (per electrode) at 20 mV s−1. However, the printed supercapacitor

showed a rapid decay of the capacitance down to around 60% after 500 cycles [43].
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Xu et al. made supercapacitors from aqueous Nano Graphene Platelets (NGP) and

NGP/polyaniline inks, stabilized with a surfactant, using an inkjet printer [37]. While

the supercapacitor made from the NGP ink featured only a capacitance of around 10

F g−1 at a scan rate of 20 mV s−1, the addition of (conductive) polyaniline to the ink

lead to a much higher value of around 80 F g−1. Over 1000 cycles, the capacitance of

the NGP supercapacitor remained almost constant while the NGP/polyaniline super-

capacitor dropped to around 90%. Multi-layer micro-dispensing printing was used by

Sun et al. to make a supercapacitor on a flexible substrate from concentrated aqueous

GO inks. The device showed an initial capacitance of 38 F cm−3 (≈68 F g−1) which

dropped considerably to around 20 F cm−3 (≈36 F g−1) within 300 cycles [44]. A re-

cent work by Azhari et al. uses a different approach to printing which does not require

the dispensing of an ink. Here, electrodes are fabricated by dispensing a binder to a

defined layer of powder. Subsequent repetition of the process allows for fabrication of

3D-structures and supercapacitor electrodes made from pure thermally rGO powder

that had a specific capacitance of 160 F g−1 at 5 mV s−1 in 1 M H2SO4. The per-

formance significantly increased when the electrodes were decorated with palladium

and such a pseudo-supercapacitor retained 80% of its capacity over 1000 cycles [45].

In the present work, we develop a straightforward and scalable leavening agent-

assisted approach to enhance the EDLC of printed supercapacitors. Here, we uti-

lize plain rGO without addition of pseudo-capacitive materials; other strategies to

enhance capacitance of supercapacitors are discussed in Ref. [46]. Our method com-

prises increasing the surface area of the rGO electrodes by the addition of a chemical

leavening agent to the GO ink. The inks are printed with a micro-dispensing tech-

nique and gases are released upon mild heating to enlarge the inter-flake gaps which
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suppresses the restacking of the GO flakes. An illustration of the fabrication pro-

cess with and without leavening approach is shown in Figure 4.1. In the absence of

chemical leavening agent, rGO electrodes possess a compact structure after printing

and reduction due to their restacking tendencies. In contrast, when we add a suit-

able chemical leavening agent, it intercalates between the assembled GO flakes after

printing. Upon mild heating and reduction, we hypothesize that the leavening agent

releases gaseous species that increase the void space between these rGO flakes. Am-

monium bicarbonate was successfully used as an intercalation agent for the solid state

preparation of reduced graphene oxide [47] and graphene [48]. The thermal decom-

position of ammonium carbonate yields carbon dioxide, ammonia and water vapor

(NH4HCO3 → CO2 + NH3 + H2O), leaving no solid residue behind. Added to our

GO ink, this results in the formation of pores inside the rGO electrodes, increasing

their accessible surface area to the electrolytes and thus enhancing their capacitance.

Figure 4.1: An illustration of the fabrication process without and with leavening
approach to enhance the capacitance of printed rGO electrodes.

The novelty of the present work is the development of a straightforward, scalable
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and eco-friendly (green) leavening agent-assisted approach to print supercapacitor

electrodes with increased surface area. We utilize environmentally-benign substances

such as ammonium bicarbonate and ascorbic acid (vitamin C) to convert printed

GO films into porous rGO electrodes at mild temperatures. The combination of

controllable printing technique and the green leavening method, prepared in open

vessels without need of containment, makes our strategy practical and scalable for

technological applications.

4.3 Experimental

In order to prepare the rGO electrodes, we used a micro-dispensing printing pro-

cess along with aqueous GO dispersions as inks. GO inks were formulated with and

without addition of NH4HCO3 leavening agent and printed onto glass substrates fol-

lowed by drying and reducing of the GO. During the reduction process, the rGO films

detached from the glass substrate. The as-obtained rGO electrodes were then trans-

ferred onto flexible polyethylene terephthalate (PET) substrates and assembled as

symmetric supercapacitors that were subsequently characterized with different elec-

trochemical methods.

4.3.1 GO ink formulations and printing process

We assessed the relationship between two ink parameters, the lateral GO flake size

and the concentration of the leavening agent, on the supercapacitor performance. In

order to prepare inks with different GO flake size distributions, as-received GO dis-

persions (4.0 mg ml−1, Graphenea, Spain) were sonicated in a water bath for different
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durations; temperature was maintained below 40 ◦C. Next, the dispersions were con-

centrated by slow evaporation on a hot plate at 80 ◦C and under magnetic stirring

in order to achieve the desired GO concentrations. Defined amounts of NH4HCO3

leaving agent (ReagentPlus, Sigma Aldrich, Canada) were then added to the con-

centrated GO dispersions and mixed by magnetic stirring at room temperature until

homogeneous dispersions were obtained.

GO films with dimensions of 2 cm × 2 cm were printed on bare glass slides using

an automated dispensing system (Model DPNT0549, Precision Valve Automation

(PVA), USA) equipped with a micro-dispensing valve FCM100 with a nozzle of 250

µm inner diameter (G25). The parameters of the printing process include the flow

rate of the GO ink, lateral speed of the nozzle, distance between nozzle and glass slide,

and the distance between two adjacent GO filaments that were printed onto a glass

slide. These printing parameters were carefully optimized based on our previous work

on direct writing of liquids [49]. Typically, around 0.35 g of GO ink was dispensed to

prepare a rGO electrode. Figure 4.2a and b present snapshots of the GO ink printing

process. In detail, part a shows the automatic dispenser head while printing the films

on a glass substrate. Part b is a digital image of two printed films before reduction.

The printed GO films were dried at room temperature and then cured at 95 ◦C for

15 min. Dried GO films were then reduced in 100 mM ascorbic acid solution at 95◦C

for 4 h. During the reduction, the printed GO films peeled off from the glass slides

and formed free-standing rGO electrodes. After the reduction, the obtained rGO

electrodes were washed with DI water to remove all residues of the reductant. Note

that we use untreated glass slides to prepare free-standing rGO electrodes that can

easily be transferred onto flexible substrates, such as PET films, for the assembling of
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a flexible supercapacitor (Figure 4.2c). However, we can also modify the glass slides

with 3-aminopropyl-triethoxysilane (APTES) to print, for example, interdigitated in-

plane supercapacitors where the electrodes adhere on the APTES-modified glass slide

and withstand considerable mechanical stress (not shown).

Figure 4.2: a) A snapshot of the GO ink printing on a glass slide; b) Digital image of
two printed GO films on a glass slide; c) Assembled rGO supercapacitor
on flexible PET substrate.

4.3.2 Characterizations

The GO inks were characterized at 25 ◦C with Dynamic Light Scattering (DLS) to

estimate the lateral GO flake size using a Zetasizer Nano ZS (Malvern, UK) [50].

The dynamic viscosity was measured at 25 ◦C with an AR 2000 Rheometer (TA

Instruments, USA) equipped with a 40 mm, 2◦ steel cone and a gap of 52 µm.

The thicknesses of GO and rGO films were measured using a Stylus Profilometer
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(Bruker Corporation, USA). The mechanical strength of rGO films was characterized

by using a TXplus micromechanical tester (TA Instruments, USA). Electrochemical

characterization of the rGO electrodes was conducted using an Autolab Potentio-

stat/Galvanostatic PGSTAT302N (Metrohm BV, The Netherlands). To assemble

the (symmetric) supercapacitor cells for these characterizations, the rGO electrodes

were soaked in an aqueous electrolyte of 3.0 M KCl solution and then transferred

onto the flexible PET substrates. A filter paper (Whatman No. 1, Sigma Aldrich,

Canada), serving as separator and electrolyte storage, was soaked in the electrolyte

solution and sandwiched between the two soaked rGO electrodes. Two small platinum

wires were used as electronic contacts to connect the electrodes with the instrument

(cf. Figure 4.2c).

Cyclic voltammograms (CVs) were measured in a voltage range of 0.0 – 1.0 V and

with different scan rates in a range of 5 – 100 mV s−1. Electrochemical impedance

spectroscopy (EIS) was used in a frequency range of 0.01 Hz – 1 MHz at open cir-

cuit voltage of 0 V with 5 mV excitation. Galvanostatic charge-discharge (GCD)

measurements were performed within the same potential window as for the CVs, but

at different current densities ranging from 100 – 1000 mA g−1. The specific capaci-

tance Cs of the rGO electrodes was calculated from the galvanostatic discharge curves

according to

CS = 4×
2I
∫ ∆t

0
V dt

mcell∆V 2
. (4.1)

where I represents the applied current, ∆t the discharge time and
∫ ∆t

0
V dt cor-

responds to the integrated area under the galvanostatic discharge curve, mcell is the

total mass of rGO material in both electrodes and ∆V is the active potential window
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of the discharge process [51]. The sheet resistance of the rGO electrodes was mea-

sured based on the van der Pauw method [52], using a four-probe station (S-1160,

Signatone, USA) equipped with four S-926 micropositioners along with a digital multi-

meter (model 34401A, Agilent Technologies, USA) and a potentiostat (VersaSTAT 3,

Princeton Applied Research, USA) that we use as a highly-precise DC power supply.

The cross-section of the rGO electrodes, prepared by using a cryo-fracture technique,

was characterized with scanning electron microscopy (SEM) using a Nova NanoSEM

450 (FEI, USA) instrument at an accelerating voltage of 5 kV. The specific surface

area of the rGO electrodes was determined using the Methylene Blue (MB) dye ad-

sorption method [53,54]. In detail, a piece of rGO electrode was immersed into a 100

ml standard solution of MB. The remnant concentration of MB in the solution was

determined using a UV-Vis spectrophotometer (Evolution 300, Thermo Fisher Sci-

entific, USA) at a wavelength of 664 nm and at regular intervals. Then, the amount

of adsorbed MB was plotted versus time to identify the point of adsorption equilib-

rium. The specific surface area of the electrode was calculated based on the amount

of adsorbed MB, with one molecule of adsorbed MB covering 10 Å
2

surface area of

the electrode [53]. The structural investigation of the rGO electrodes was performed

with an X-ray diffraction (XRD) instrument (XSPert Pro, Philips Analytical B.V.,

Almelo, The Netherlands) via Co Kα radiation (λ = 1.79026 Å). The results were

analyzed using the X’Pert Highscore Pro software. Since the majority of respective

XRD spectra in the literature is reported for Cu Kα radiation (λ = 1.5406 Å), we

converted our results accordingly for the sake of better comparison.
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4.4 Results and Discussion

The size of the GO flakes is one of the key parameters that controls the surface

area and, thus, has an impact on the capacitance of the rGO electrodes. To assess

the effect of the flake size, three stock dispersions with different size ranges were

prepared. We performed DLS measurements, to get a comparable index into the size

of GO flakes. However, DLS does not give the actual lateral size but the diameter

of a sphere with an equivalent hydrodynamic behavior. Nevertheless, this method

provides a useful criterion for the comparison of the different dispersions that we

prepared. In the remainder of our work, we refer to the equivalent spherical diameter

just as GO (flake) size. In detail, the processed dispersions contained flakes with

lateral sizes in the nano- (< 100 nm), submicro- (0.1 – 1.0 µm) or the micro-meter (>

1.0 µm) range. The size distribution curves of these GO dispersions, obtained from

DLS measurements, are shown in Figure 4.3. The as-received GO dispersion (red

curve, hereafter termed as micro-GO dispersion) had a size distribution within the

micrometer range featuring an average size of around 1.5 µm. Additionally, there was

a smaller fraction of 17.9 vol.% of larger GO flakes with an average size of 5.6 µm. A

sonication of the micro-GO dispersion for 30 min yielded the submicro-GO dispersion

with an average lateral size distribution of 0.35 µm (blue curve). The fraction of large

flakes with the diameter of 5.6 µm was somewhat reduced to 16.2 vol.%. Sonication of

the micro-GO dispersion for 6 h resulted in the nano-GO dispersion with an average

value of 75 nm (black curve). As can be seen in Figure 4.3, the long sonication time

also broke down the majority of the large flakes of size of 5.6 µm; the remaining

fraction was only 5.5 vol.%.



4.4. RESULTS AND DISCUSSION 111

Figure 4.3: DLS size distributions of GO dispersions, before and after sonication,
with lateral GO flake sizes within the nano-, submicro- and micro-meter
ranges.

For the present work, we optimized a micro-dispensing process as an efficient and

scalable way to fabricate GO films that were then reduced to rGO electrodes. This

process can print a single GO film with an area of 2 cm × 2 cm within a few seconds

and multiple films on an area of 50 cm × 50 cm without changing the substrate.

Preliminary printing trials indicated that the viscosity of the (as-received) micro-GO

dispersion was too low to obtain even and uniform GO films. The surface profile of

the printed wet GO films was convex than rather flat, which resulted in a non-uniform

thickness of the cured GO films. This was mitigated by using a higher concentration

of the GO dispersion for the printing process. We used slow evaporation to increase

the viscosity of the dispersion by increasing the GO concentration. Figure 4.4 contains

the dynamic viscosities of micro-GO dispersions with GO contents in a range of 4.0

– 10.0 mg ml−1 as a function of the shear rate at 25 ◦C. It can be seen that the GO
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dispersions exhibit shear thinning behavior. Over the entire shear rate range of 1.0 –

3.0 × 10−4 s−1, the viscosity of the concentrated micro-GO dispersions is considerably

higher than that of the as-received dispersion. For a typical print process in this study,

the velocity of the GO ink in the nozzle was roughly 1.0 ms−1 and the accompanying

shear rate was around 10−4 s−1. At this shear rate, the micro-GO dispersions with

a concentration of 6, 8 and 10 mg ml−1 have dynamic viscosities of 8.3, 11.6 and

36.0 mPa.s, respectively. These values are higher than the viscosity of 6.1 mPa.s

for the 4.0 mg ml−1 micro-GO dispersion. Further preliminary printing experiments

revealed that using inks with higher concentrations results in well-defined surface

profiles with a uniform thickness of the dispensed film. Best results were observed with

a concentration of 10.0 mg ml−1. Therefore, all further experiments were performed

with inks formulated from gel-like GO dispersions with a concentration of 10.0 mg

ml−1.

Figure 4.4: Dynamic viscosities of micro-GO dispersions with various GO contents
versus the shear rate at 25 ◦C.

A multitude of experiments were performed to investigate the relationships be-

tween GO lateral size, the concentration of NH4HCO3 leavening agent and the EDLC
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of the printed rGO electrodes. Figure 4.5a shows the specific capacitance of the elec-

trodes, calculated from GCD curves at a current density of 100 mA g−1, as a function

of the lateral flake size and for different NH4HCO3 concentrations in the ink. Based

on the results, we performed a quadratic regression in order to predict the trends of

the relationships. In absence of the leavening agent, the specific capacitance slightly

decreases with an increase of the flake size (black curve). In contrast, for inks with

leavening agent concentrations of 3.0 and 6.0 wt. %, the specific capacitance increases

with increasing flake size (red and blue curves).

Figure 4.5: Relationship between the specific capacitance of rGO electrodes and a)
GO flake size for different NH4HCO3 concentrations and b) NH4HCO3

concentration for different GO flake sizes.

The declining trend in the specific capacitance with respect to the GO flake size is

most likely related to the self-assembly of the GO flakes in the printed GO films. In

concentrated GO dispersions, large GO flakes with a high ratio of lateral dimension to

thickness self-assemble into liquid crystal domains [55]. Due to the confinement in the

micron-sized dispenser nozzle, and during the subsequent drying, the large GO flakes

and their liquid crystal domains tend to form a more compact GO structure with little
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void space between the GO flakes [56]. In contrast, small GO flakes, with much lower

dimension to thickness ratios, assemble more randomly which triggers the formation

of porous film structures [57]. This also explains the somewhat higher capacitance of

the electrodes made from the nano-GO dispersion without leavening agent. However,

the porosity also affects other parameters, such as the electrical conductivity and the

ion transport resistance, which influences the supercapacitor performance.

The opposite behavior was observed when the leavening agent was added to the

ink. In case of GO films printed from inks with small flakes, we assume that the

already present porosity provides routes for the gases to escape easily from the films.

Hence, there is only little impact on the electrode structure from the leavening agent.

In contrast, if the GO films are printed with inks having larger lateral flake sizes, the

released gases accumulate in the interior and, thus, induce an internal stress strong

enough to enhance the gaps between the large GO flakes. This creates enhanced

porous structures in the electrodes which increases their specific capacitance [27]. As

shown in Figure 4.5a (red and blue curves), the larger the lateral size of the GO flakes,

the higher the specific capacitance of the risen rGO electrodes. For example, at 6.0

wt.% NH4HCO3, the specific capacitance increases from 75.4 ± 1.8 F g−1 for a flake

size of 75 nm and to 94.8 ± 3.4 F g−1 for a flake size of 1.5 µm. These results indicate

that large GO flakes are favorable to enhance the specific capacitance of rGO elec-

trodes when using the leavening agent-assisted approach. We use the data regression

curves to get insight to the trend up to a logarithmic GO flake size of 3.75 (= 5.6 µm),

which is the largest flake size in the inks (cf. Figure 4.3). We may achieve specific

capacitances above 140 F g−1 with our leavening approach if our GO micro-flake inks

contained only the largest flake size. Without the addition of the leavening agent,
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such an electrode would only have around 60 F g−1. We rearrange the presentation

of our experimental results to get a better insight into the influence of the leavening

agent. Figure 4.5b shows the nonlinear relationship between the specific capacitance

of the rGO electrodes and the NH4HCO3 concentration for different lateral flake sizes.

The regression of the data estimates the highest specific capacitance at NH4HCO3

concentration of around 3.7 wt. % for all GO inks. At 6.0 wt. %, we find a lower

specific capacitance of the rGO electrodes. It is hypothesized that the decomposition

of such large amount of NH4HCO3 generates internal stress that is strong enough to

fragment the rGO flakes instead of rising the gaps between them, cf. Ref. [48]. This

degrades the electrochemical performance of the rGO electrodes. Therefore, further

experiments were carried out at the optimal concentration of 3.7 wt. % NH4HCO3.

The risen rGO electrodes fabricated from the micro-GO ink with a 3.7 wt. % of

NH4HCO3 content showed a specific capacitance of 112.1 F g−1. This is only a 2.5 %

difference to the predicted value of around 115 F g−1 which is a good validation of

our quadratic regression analysis.

The thicknesses of the printed GO films were measured, before and after the

short preliminary curing and after the reduction in ascorbic acid, to characterize the

leavening progress. For films made from the micro-GO ink, and without addition

of leavening agent, the printed and dried GO films had a thickness of 3.3 ± 0.1

µm. The thickness after the short preliminary curing remained with 3.8 ± 0.3 µm

almost unchanged. However, it significantly increased to 79.4 ± 0.4 µm after the

reduction step; this should be related to the evolution of gaseous species during the

reduction [27]. In contrast, for the micro-GO ink with 3.7 wt.% of leavening agent,

the short preliminary curing step increased the film thickness from 3.7 ± 0.3 µm to



4.4. RESULTS AND DISCUSSION 116

5.3 ± 0.4 µm, which may be attributed to a minor decomposition of the leavening

agent. After the reduction, the thickness of the film was 138.5 ± 0.6 µm which is

nearly twice of the thickness of the rGO film without the leavening agent. Both short

curing and reduction step happen at the similar temperatures while the process times

are considerably different. Ammonium bicarbonate starts decomposing at around 60

◦C and decomposes vigorously beyond 110 ◦C [58]. Our result suggests that, besides

an enlargement induced by the reduction itself, the leavening agent further increases

the thickness of the rGO films which also happens during the reduction step. Based

on thickness measurement and gravimetric measurements, the mass densities of the

electrodes were estimated to be 0.097 g cm−3 and 0.054 g cm−3 for electrodes without

and with leavening agent, respectively.

The inner texture of the rGO electrodes was characterized by taken SEM images

of the electrode cross-section. Figure 4.6 shows cross-sectional views with different

magnifications of the risen and the dense rGO electrodes prepared from micro-GO ink

with 3.7 wt% and without addition of NH4HCO3, respectively. As can be seen from

Figure 4.6a-c, the risen rGO electrode has a hierarchical porous structure consisting

of primary pores with pore sizes of several micrometers and porous walls. The larger

magnifications in Figure 4.6b and c also exhibit that the porous walls are composed

of cross-linked thin rGO layers which generate a secondary pore network on the walls

with pore sizes on the order of a few tens to several hundreds of nanometers. The

formation of the hierarchical porous structure is due to the gas evolution induced by

the decomposition of the leavening agent during the preliminary curing and the subse-

quent reduction step. The preliminary curing already decomposes the leavening agent

and increases the void volume inside the electrode (see also discussion on electrode
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thickness above) which facilitates the access of the reducing agent (ascorbic acid)

to the GO flakes during reduction. The reduction triggers the complete decomposi-

tion of the remaining leavening agent to generate risen rGO electrodes. In contrast,

the rGO electrode fabricated from micro-GO ink without NH4HCO3 has a relatively

compact (dense) structure with less void space compared to the risen electrode, cf.

Figure 4.6d. The dense electrode consists of compacted thick rGO layers that seem to

align in a more parallel manner. Moreover, it can be seen in the pictures with higher

magnifications in Figure 4.6e and f that the rGO layers in the dense electrode tend

to restack in a more regular fashion and feature less void volume between the rGO

layers. The larger void volumes of the risen electrode lead to a higher specific surface

area as evident by the result of the MB adsorption method. The rGO electrode with

3.7% of leavening agent features a specific surface area of 456 m2 g−1. The dense rGO

electrode w/o leavening agent has only 317 m2 g−1, proving the effectiveness of the

leavening agent method.

The stress strain relationship of the rGO electrodes made from micro-GO inks

with 3.7 wt% and without the leavening agent were measured to get an insight into

the mechanical strength. The risen electrodes tolerated an ultimate strength of 1.09

kPa, elastic strain of around 4% and fracture strain at around 12% (Figure 4.7a). The

compact electrodes featured a slightly better mechanical behavior with an ultimate

strength of 1.24 kPa (Figure 4.7b), elastic strain of 5% and fracture strain at around

14%. We assume that the lesser performance of the risen electrode can be attributed

to the increased porous structure which reduces the integrity of the film. The XRD

spectra of rGO electrodes with and without leavening approach were measured and

are given in Figure 4.7c. To gain insight into the chemical de-oxygenation (reduction)
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Figure 4.6: Cross-sectional SEM images with different magnifications for rGO elec-
trodes fabricated from micro-GO ink: a-c) with 3.7 wt% NH4HCO3 and
d-f) without NH4HCO3.

process, the spectrum of a non-reduced GO film is given as well. The XRD spectrum

of the GO film depicts a single sharp peak at 2θ = 10.78◦, indicating an interlayer

distance spacing of 0.82 nm. For the rGO electrode without addition of leavening
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agent, two peaks were measured. That is, a very small peak at 2θ = 10.33◦ and a

large distinctively-wide peak at 2θ = 23.71◦ indicating interlayer distance spacing of

0.85 nm and 0.37 nm, respectively. The wide peak at the higher diffraction angle

is related to the rGO and the existence of π-π stacking between the graphene layers

[54,59,60]. The small peak at the lower diffraction angle confirms that the chemical de-

oxygenation process was not complete and some GO was still present in the electrode.

When we measured the rGO electrodes with added leavening agent, we observed

a comparatively sharper peak for the reduced GO at 2θ = 24.56◦ with a distance

spacing of 0.36 nm. The more or less same interlayer distance spacing indicates that

the addition of leavening agent rather triggers pore formation instead of prevention

of the restacking tendency. In contrast to the rGO electrode without leavening agent,

we did not find a peak at the lower diffraction angle. This suggests that the chemical

de-oxygenation process is more efficient when the leavening agent is added to the GO

ink. This can also be explained by the pore formation inside of the rGO electrodes

which increases the surface area that is accessible for the reducing agent. Additionally,

the leavening agent possesses reductive characteristics. The small shoulder at around

19.0◦ might be due to the formation of regions of corrugated rGO sheets within the

risen electrodes [61].

Two symmetric supercapacitors were manufactured to evaluate the practical elec-

trochemical performance. One was printed with a micro-GO ink containing 3.7 wt%

NH4HCO3 concentration and had risen electrodes (termed SC-w). The other one

had conventional (dense) electrodes made from micro-GO ink without the addition

of NH4HCO3 (termed SC-o). As shown in Figure 4.8a, the voltammograms of both
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Figure 4.7: Stress strain relationship of electrodes made a) with 3.7 wt% NH4HCO3

and b) without NH4HCO3. c) XRD spectra of GO (black) and rGO
electrodes with 3.7 wt% NH4HCO3 (red) and without NH4HCO3 (blue).

supercapacitors have rather rectangular shapes that indicate the typical EDLC be-

havior [62]. The integrated area (the capacitance) of the voltammograms of the SC-w

is much larger than that of the SC-o cell due to the increased surface area of the risen

rGO electrodes. Figure 4.8b compares the charge and discharge voltage over time at

a current density of 100 mA g−1. The nearly linear behaviors also confirm the EDLC

performance of the rGO electrodes. Moreover, the longer charge and discharge time

for the SC-w is also a result of the higher specific capacitance of the risen electrodes.

Calculation of the specific capacitances from the discharge curves for the risen and

the dense rGO electrodes are 112.1 ± 6.5 F g−1 (83.8 ± 4.9 mF cm−2) and 62.4 ± 5.2

F g−1 (48.1 ± 4 mF cm−2), respectively. These values demonstrate that the specific

capacitance can be almost doubled by the leavening agent approach.

The power density and energy density of both devices are calculated based on

the mass of active electrode materials. The SC-w device arrives in a power density

and energy density of 218 mW g−1 (0.16 mW cm−2) and 3.79 mWh g−1 (0.003 mWh

cm−2), respectively. The SC-o device features a power density of 247 mW g−1 (0.18

mW cm−2) while the energy density is 2.38 mWh g−1 (0.0018 mWh cm−2). The

slightly better power density of the SC-o device stems from the lower ohmic resistance
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Figure 4.8: Electrochemical characterization of symmetric supercapacitors fabricated
with and without leavening approach: a) Voltammograms at a scan rate
of 5 mV s−1, b) GCD curves at a current density of 100 mA g−1 and c)
Nyquist plots in a frequency range of 0.01 Hz – 1.0 MHz. Inset in c) is
a magnification of the high frequency region. Solid and dashed curves
represent the supercapacitors assembled from the risen (SC-w) and the
dense (SC-o) rGO electrodes, respectively.

as can be seen in the EIS results which are given in form of Nyquist plots in Figure

4.8c. The rather vertical lines in the low frequency region indicate the supercapacitor

behavior of the cells. The inset in Figure 4.8c shows the performance in the higher

frequency region. On one hand, it is obvious that the SC-w has a higher slope

and therefore a better performance than the SC-o. On the other hand, it can be

seen that the semicircle loop of the SC-w is smaller than that of the SC-o which

indicates a lower ion transfer resistance. Fitting of both semicircles gives the ion

transfer resistances of SC-w and SC-o to be 1.9 and 3.2 Ω, respectively. The lower

ion transfer resistance of the SC-w can be attributed to the increased contact area

at the electrode|electrolyte interface inside the risen rGO electrodes [63, 64]. The

intersections of the plots with the real axis give ohmic resistances of 9.4 and 7.2

Ω for SC-w and SC-o, respectively. The ohmic resistance is the sum of the ohmic

resistance of the KCl electrolyte, the electrical resistances of the electrodes and of the

Pt connecting wires, along with the contact resistances between the electrodes and the
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Pt connecting wires. The two tested supercapacitors have the identical configurations,

with the same 3.0 M KCl electrolyte separators and connecting wires. Hence, the

higher ohmic resistance of the SC-w is associated with the higher electrical resistance

of the risen rGO electrodes. This higher value for the SC-w seems reasonable since

the enhanced void volume should increase the electric resistance of the material. To

directly compare the electrical resistances of the risen and the dense rGO electrodes,

we measured their sheet resistances using the 4-probe van der Pauw method. The

obtained sheet resistances of the risen and the dense rGO electrodes are 30 and

24 Ω sq−1, respectively. Using the respective electrode thickness, we arrive atin a

conductivity of 240 S/m and 525 S/m for the risen and the dense rGO electrodes,

respectively. The lower conductivity of the risen rGO electrodes is attributed to the

larger void volume. This also confirms that the better EDLC performance of the

supercapacitors made with leavening agent is due to an increase in the surface area

rather than just improved electrical properties of a more reduced GO material. It is

worth to mentioning that nitrogen-doping of rGO in the presence of autogenous NH3

under ambient pressure is not possible [47, 65]. We further tested the performance

of both supercapacitors for a range of current densities, as shown in Figure 4.9a.

When the current density increased from 100 mA g−1 to 1000 mA g−1, the specific

capacitance of the SC-w device dropped to 47.3 F g−1 which translates to a capacity

retention of 42.2%. The SC-o device showed a very similar performance having a

capacity retention of 42.0% over the same current density increase.

We also investigated the self-discharge characteristics (leakage current) of the SC-

w supercapacitor with a similar method as reported by Xu et al. [54,59]. The device

was initially charged at a current density of 1.0 A g−1. Then, the voltage was kept
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constant at 1.0 V while the current was recorded. An external current of 21.6 µA

(0.091 µA mF−1 when normalized by capacitance) was necessary to compensate the

leakage current and to keep the voltage constant. This leakage current is somewhat

higher compared to those reported for supercapacitors from functionalized graphene

hydrogels using hydroquinone (12 µA, 0.015 µA mF−1) [54], and comparable to that

of carbon nanotube/polyaniline composite supercapacitors (17 µA , 0.034 µA mF−1)

[66].

The capacitance stability of the risen (SC-w) and the dense supercapacitor (SC-o)

were investigated by performing 5,000 GCD cycles at a current density of 1.0 A g−1.

We computed the capacitance of every 25th cycle and plotted them in Figure 4.9b. For

both SC-w and SC-o, we observe an initial sharp decay for the first 1,000 cycles with

capacitance retentions of about 85% and 83%, respectively. After the 1000th cycle,

the capacity retentions reach plateau regions where the capacitance of SC-w and SC-o

only drops by 2%. However, no capacitance fading is observed after the first 2000

cycles, where SC-w and SC-o feature capacitance of 8% and 80%, respectively. This

figure confirms that the addition of the leavening agent permanently increases the

porosity of the printed graphene electrodes. In other words, the void spaces between

the rGO flakes do not decrease due to π-π interactions between the planes during

cycling.

4.5 Conclusion

We developed a straightforward and scalable leavening agent-assisted approach to

enhance the electrochemical capacitance of printed rGO electrodes. The capacitance

enhancement can be attributed to the enhanced inner surface area inside of the risen
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Figure 4.9: Comparison of supercapacitors with (SC-w) and without leavening agent
approach (SC-o): a) Specific capacitance versus operating current density;
and b) Capacitance retention over 5000 cycles at a current density of 1.0
A g−1.

rGO electrodes. Thermal decomposition of the added chemical leavening agent re-

sults in gas evolution within the interior of the printed GO films which rises the gaps

between adjacent rGO flakes. XRD measurements confirmed that the chemical de-

oxygenation of GO to rGO is improved since the reducing agent has a better access

onto the planes of individual rGO flakes. Hence, this also facilitates the access of elec-

trolyte ions which increases the surface area of the electrical double layer. A series over

5000 charge-discharge measurements shows that the risen rGO electrodes keep their

supercapacitance behavior and maintain a better long-term capacitance stability com-

pared to conventionally-printed electrodes. Comparison with other supercapacitors

printed from graphene-based inks, and without pseudo-capacitive decorations, (cf.

Section Introduction) shows that our method results in superior specific capacitance

and stability. This is achieved by a slightest change of the regular ink formulation; i.e.

the simple addition of the leavening agent. Our work shows that concentrated gel-like

GO inks are suitable for printing of well-defined and uniform GO films that are then

reduced to rGO electrodes. The results indicate that the utilization of GO with large
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lateral flake size seems especially promising for our leavening agent-assisted approach.

Consequently, our future work aims at the production of these large GO flakes and

we also test different chemical leavening agents, along with optimal heating rates and

process times to further enhance the capacitance of printed graphene-based super-

capacitors. Furthermore, our method results in printed and flexible supercapacitors

and their mechanical properties must be further investigated in terms of performance

under flexing and number of flexing cycles.
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Chapter 5

A Novel Flexible Hybrid Battery-Supercapacitor

Based on a Self-Assembled Vanadium-Graphene

Hydrogel

5.1 Abstract

1

We propose a novel flexible hybrid battery-supercapacitor device consisting of

high specific surface area electrodes paired with an electrolyte, which contains a redox

species that can exist in more than two oxidation states. The two initially equal half-

cells of the device consist of a reduced graphene oxide hydrogel which encapsulates

vanadium ions, synthesized with a single-step method. During charge, the oxidation

state of the vanadium ions changes, resulting in two half-cells with different potentials

which considerably increases the energy density. The achieved maximum capacity of

more than 225 mAh g−1 is roughly 8 times higher than that of comparable graphene

1The work described in this chapter has been published as: Ali Khazaeli, Gabrielle Godbille-
Cardona, and Dominik PJ Barz. ”A Novel Flexible Hybrid Battery–Supercapacitor Based on a
Self-Assembled Vanadium-Graphene Hydrogel.” Advanced Functional Materials 30 (2020) 1910738-
1910748.
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hydrogel supercapacitor without vanadium content, but the potentiostatic charging

time is only double. Operated as a supercapacitor, it retains 95% of the initial

capacitance over 1000 cycles. As battery, the losses are more significant, retaining

around 50% of the initial capacity. However, these losses during battery operation

can be almost entirely restored by electric measures. The vanadium ion addition also

improves the self-discharge characteristics of the device. Moreover, the self-discharge

does not permanently damage the hybrid device since both half-cells initially consist

of the same vanadium graphene hydrogel and discharging resets it to initial condition.

5.2 Introduction

Batteries and supercapacitors are deemed as reliable power sources for a multitude of

mobile electronics devices ranging from cell phones, laptops to (hybrid) electric ve-

hicles [1–3]. They are also considered as a key technology for portable and wearable

electronics which require lightweight, flexible and highly efficient energy storage sys-

tems [4–6]. Although batteries can store a high amount of specific energy, they deliver

electricity at rather low current densities due to their intrinsically low power-handling

capabilities [7, 8]. Another main disadvantage of batteries is their relatively short

cyclic durability [7, 8]. In contrast, supercapacitors can provide high specific power

with outstanding cyclic stability and efficiency [9, 10]. Various types of supercapaci-

tors are reported in the literature, many of which are based on carbon electrodes [11],

including activated carbon [12], carbon nanotubes (CNTs) [13] , carbide-derived car-

bon [14], onion-like carbon [15], and graphene-based materials [16,17]. However, their

application is limited due to their low energy storage capacities compared to those
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of batteries. In addition, supercapacitors usually suffer from a relatively high self-

discharge rate [9, 10]. Functionally, supercapacitor electrodes can be combined with

battery electrodes to develop hybrid devices with desirable specific energy capacities

and power densities [18–21].

From a general perspective, a hybrid battery-supercapacitor is defined as a device

using two different charge storage mechanisms; i.e., electrical double layer (EDL) for-

mation and faradaic reaction. The first mechanism is based on the potential difference

between electrode and electrolyte. Ions in the vicinity of the electrode are, depending

on their charge, attracted or expelled due to electrostatic forces. This results in a

thin interfacial layer -the EDL- where the electro-neutrality of the liquid is violated,

or in other words, where the charges in the liquid are separated. The second mech-

anism is also based on the potential difference between electrode and electrolyte.

However, additional to the EDL formation, a electrochemical redox reaction takes

place where charge is transferred across the electrode-electrolyte interface. According

to this definition, so-called pseudocapacitors are not hybrid battery-supercapacitor

systems since they only employ faradaic adsorption of ions on a decorated surface of

pseudocapacitive material such as RuO2, MnO2 and V2O5 [22].

Over the last decades, several hybrid battery-supercapacitor systems were intro-

duced. These can be classified based on their level of hybridization as full-cell or

electrode level hybridization [23]. Devices combining a faradaic electrode along with

a supercapacitive electrode are considered full-cell hybrids [24, 25]. For example, a

full-cell hybrid device can use a zinc or lithium-based electrode as the faradaic elec-

trode and activated or microporous carbon as the supercapacitor electrode [26–28].
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Due to the combined charge storage mechanisms, hybrid devices provide different spe-

cific charge storage and power handling characteristics compared to the corresponding

supercapacitor and battery, respectively [29–31]. The concept of hybridization can

be extended to the electrode level by the combination of a electrochemical reaction of

an redox-active electrolyte with the intrinsic EDL formation at a high specific surface

area electrode [32–35]. Here, it is beneficial that the redox couples remain dissolved

in the electrolyte and the electrode only serves as electron donor/acceptor. Then, the

charge storage capacity is not limited by the electrode material. Additionally, the

electrodes do not experience a significant structural change during charge/discharge

cycles leading to exceptional cyclic stability [23]. Several redox couple electrolytes

can be employed for such hybrid devices. Akinwolemiwa et al. categorized these

redox electrolytes based on their electrical charge into cationic, anionic and neutral

redox couples [36]. Neutral redox couples, such as hydroquinone, are less desirable

since they do not participate in the EDL formation.

Currently, hybrid devices consist of either two equal hybrid electrodes (one redox

couple with two redox states), two different hybrid electrodes (two redox couples with

two redox states) or a combination of a hybrid electrode with a conventional (super-

capacitor or battery) electrode [23]. Generally, devices with two different electrodes

offer higher power densities since they benefit from the different Galvani potentials,

which mitigates the potential drop during discharge. These devices, however, feature

performance losses over time due to the cross-over of ions from one electrode com-

partment to the other. Separation of the electrode by an ion exchange membrane

reduces the ion crossover [26–28,32–35], but this so-called redox shuttling still results

in relatively short self-discharge times.
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In this work, we propose a novel flexible hybrid device with high specific surface

area electrodes paired with an electrolyte, which contains redox species that can exist

in more than two oxidation states [37]. Such a design has several advantages: The

high specific surface area of the electrode and the ion content of the electrolyte leads

to considerable EDL capacitances. The use of species with more than two redox states

also offers considerable benefits and unique characteristics compared to other designs.

The device is made from equal half-cells, which considerably simplifies manufacturing.

Charging the device converts the half-cells into two (dissimilar) hybrid electrodes

which encapsulate electrolytes with different oxidation states and therefore different

Galvani potentials. The different electrode potentials induce a cell potential which

increases the energy content and power density of the cell. The cell can also be easily

regenerated in the event of self-discharge due to redox shuttling, since ions that cross

the separator do not permanently harm the cell; they are converted to the desired

redox states during the next charge cycle. Likewise, the simplicity of the cell design

allows for restoring of cycle losses by simple (electrical) measures.

In detail, such a hybrid battery-supercapacitor can be realized by combining

the high capacitance characteristics of a hydrogel made from reduced (multi-layer)

graphene oxide (rGO), and the ability of vanadium to exist with different oxidation

states. This combination leads to a considerably higher specific capacity (≈ 200

mAh g−1 at 1 A g−1) compared to other reported graphene hydrogel supercapaci-

tors (27.7 mAh g−1 at 1 A g−1) [38], and features unique power-handling capabilities

which makes it suitable for a wide range of applications. At low current densities

(relatively low power densities), this power source behaves like a battery. It stores

electrical energy by means of the redox reaction of the vanadium species that are
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incorporated in the graphene hydrogel in addition to the EDL formation at the in-

terface of the electrolyte and the graphene sheets. At high current densities, this

power source functions as a supercapacitor in which the energy is mainly stored in

the EDL. In other words, the time scale of the charge transfers process controls the

distribution between energy transferred by the EDL (capacitance) and the redox re-

actions (capacity). This behavior is in contrast to the existing hybrid systems, where

the contribution of the faradaic reactions mainly depends on cell potential [23]. This

unique feature allows for fast charging and makes the device well-suited for both en-

ergy and power-based applications. The utilization of the vanadium redox electrolyte

also significantly improves the self-discharge characteristic of the device compared to

conventional supercapacitors. Furthermore, there are indications that capacitance

losses during self-discharge are partially converted into (battery) capacity. In this

device, all the charge storage phenomena take place at the surface of the rGO hydro-

gel matrix without any structural changes. This not only increases the durability of

the electrodes, but also preserves its flexibility which makes our device an excellent

candidate for flexible energy storage applications.

5.3 Results and Discussion

The vanadium-graphene hydrogel (V-GHG) is synthesized through the single-step

hydrothermal thermal reduction of a homogenous mixture of a concentrated GO (16

mg mL−1) dispersion and vanadyl sulfate solution (2 M). In detail, vanadyl sulfate

powder (VOSO4.xH2O) is dissolved in the 2 M sulfuric acid supporting electrolyte,

aided by sonication at 50 ◦C. This results in an electrolyte solution comprising 2 M

of VO2+. In the next step, 20 mL of the concentrated GO dispersion is mixed with
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5 mL of the VO2+-electrolyte by vigorously stirring for 5 minutes. The solution is

transferred into a Teflon-lined autoclave for a hydrothermal reduction at 180 ◦C for 16

hours. The autoclave is then cooled down to room temperature, and the as-prepared

V-GHG is removed with tweezers (Figure A.1). The concentration of VO2+ in the

electrolyte is found to be 0.4 M based on potassium permanganate titration. The

lower concentration is a result of the dilution of the 2 M vanadium solution with

the concentrated GO dispersion. The specific surface area of the V-GHG matrix is

determined using the Methylene Blue (MB) dye adsorption method (A.3). Typically,

specific areas of 1335 m2 g−1 are measured, which is similar to the typical surface area

of an equivalent hydrothermally-reduced GHG (1286 m2 g−1, A.4) made without the

addition of vanadium.

For material characterizations, the sample is first rinsed with DI water to remove

the excess electrolyte at the surface of the hydrogel, and then dried for further material

characterization (A.2). The morphology of the dried V-GHG is further investigated

by scanning electron microscopy (SEM) at different magnifications ranging from 50

µm to 5 µm (Figures 5.1a-c). These images reveal that the dried V-GHG has an

interconnected 3D network consisting of porous walls. The pore sizes range from sub-

micrometers to several micrometers, similar to those reported in Refs. [38–41]. The

larger magnifications in Figure 5.1b and Figure 5.1c show that the porous walls are

mainly composed of ultra-thin layers of stacked rGO. In addition to the wall-layers,

some filaments are observed in the outer part of the V-GHG matrix. These filaments

originate from the precipitation of vanadyl sulfate salt, which occurs during solvent

evaporation. The structure and composition of the dried V-GHG is investigated by X-

ray diffraction (XRD) via Cu-Kα radiation (λ = 1.542 Å). The results are compared
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to the spectra of a dried hydrothermally-reduced GHG and of vanadyl sulfate powder

(VOSO4.xH2O) (Figure 1d). We observe a broad diffraction peak at a diffraction

angle of 2θ = 23.71◦ in the rGO spectrum indicating the existence of π-π stacking

between the graphene layers, which is similar to results reported in Refs. [38–41].

The peaks of the vanadyl sulfate powder are in good agreement with the standard

pattern of VOSO4.3H2O [42]. The XRD spectrum of the dried V-GHG exhibits the

characteristic diffraction patterns of rGO and VOSO4.3H2O. The suppression of the

broad rGO peak can be attributed to existence of the relatively high amount of

vanadyl sulfate salts at the surface of the dried V-GHG. Additionally, the absence

of the GO peak at scattering angles around 2θ = 11◦ indicates the hydrothermal

reduction of GO and successful recovery of the π-conjugated systems of the mixture.

Most interestingly, the sharp peaks related to vanadyl sulfate confirm a significant

encapsulation of vanadium electrolyte due to the residual hydrophilic oxygenated

functional groups of the GO. The vanadium electrolyte content of the hydrogel is

calculated using Equation (A.1) and found to be 96.4 wt%. The electrolyte uptake

of the V-GHG is comparable to the water content of a GHG (97%), as reported in

Ref. [38].

Figure 5.2 is a sketch of an exploded view of a flexible hybrid battery-supercapacitor

made with the V-GHG. In detail, we use two pieces of carbon cloths as current collec-

tors. Polyimide sheets with a thickness of 182 microns, featuring a rectangular-shaped

cavity (1 cm by 3 cm), are arranged on top of the current collectors. The V-GHG is

cut into slices, which are placed in the polyimide cavities and pressed on the carbon

cloth to remove excess electrolyte. The total mass loading for such an electrode is

around 1 mg based on the V-GHG dried weight; this corresponds to around 3.3 mg
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Figure 5.1: a Cross-sectional SEM images of the dried V-GHG sample with different
magnifications. d) XRD patterns of dried V-GHG, rGO and vanadyl
sulfate powder samples.

cm−2. A NEOSEPTA CIMS ion exchange membrane is used to establish ionic contact

between the electrodes while preventing electronic contact. To assemble the V-GHG

hybrid device, the stack consisting of current collectors, membrane and electrodes,

are sealed with parafilm to maintain the water content (humidity) within the device.

The entire arrangement is then pressed with an applied pressure of 500 kPa for 10

minutes. The so-fabricated device is mechanically robust and highly flexible.
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Figure 5.2: a-c) Exploded view of the flexible hybrid battery-supercapacitor made
from V-GHG (dimensions are not to scale).

The electrochemical performance of the device is evaluated using cyclic voltam-

metry, galvanostatic charge-discharge, and electrochemical impedance spectroscopy

measurements. Figure 5.3a shows the cyclic voltammograms (CVs) of our V-GHG

hybrid device within a potential window of 0 to 1.2 V and with scan rates ranging

from 1 mV s−1 to 100 mV s−1. Comparison of the CVs reveals that the existence of

the redox peaks, and the underlying shape of the voltammogram is governed by the

scan rate. At scan rates below 5 mV s−1, the redox peaks are associated with the elec-

trochemical conversion of the vanadium redox couples in each electrode. This unique

behavior distinguishes our V-GHG hybrid device from other supercapacitors [38–41],

pseudocapacitors [43–45], and all hybrid systems reviewed by Lee et al. in Ref. [23].

At relatively high scan rates, our device behaves like an ideal EDL supercapacitor fea-

turing even and rectangular-shaped CV loops confirming the low contact resistances
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between electrodes and current collectors. In the case of considerable contact resis-

tances, a rectangular CV profile is distorted to an oblique angle [38]. The observation

of this novel hybrid performance is supported by galvanostatic charge-discharge pro-

files recorded at different current densities (Figure 5.3b and c). At a relatively high

current density of 5 A g−1 (Figure 5.3b), the correlation between time (transferred

charge) and voltage is rather linear proving the capacitive performance of the system.

In contrast, the redox activity of the encapsulated electrolyte leads to battery-like

behavior (identified by plateau-like regions in the charge-discharge profile) when oper-

ated with low current densities such as with 0.5 A g−1 in Figure 5.3c. The battery-like

characteristics are related to the difference in the Galvani potential of the electrodes.

Initially, the hybrid device has an open circuit voltage (OCV) of around 0 V since it

consists of two equal half-cells with the same content of vanadium ions (VO2+). Dur-

ing charging, VO2+ ions are oxidized to VO+
2 at the positive electrode. This reaction

also generates protons which migrate through the cation exchange membrane to the

negative electrode, where VO2+ ions are reduced to V3+. The main redox reaction in

both half cells are:

Positive side:

V O2+(aq) +H2O(l) ⇀↽ VO+
2 (aq) + 2H+(aq) + e− E0 = 1.01 V vs. SHE. (5.1)

Negative side:

V O2+(aq) + 2H+(aq) + e− ⇀↽ V 3+(aq) +H2O(l) E0 = 0.34 V vs. SHE. (5.2)
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In other words, the charging of the device results in EDL formation (capacitance)

and differently changes the oxidation state of the vanadium ions in the two half-cells.

Consequently, the two half-cells feature different Galvani potentials which induce a

considerable electromotive force (capacity). The faradaic reactions lead to two half-

cells with a standard reversible cell potential of 0.67 V. It should be noted that the

OCV of the device can go beyond 0.67 V with further charging and increasing the

state of charge (SOC) of the electrolytes. The SOC of the electrolyte is described

either as the ratio of V3+ to all vanadium ions at the negative side or the ratio of

VO+
2 to all vanadium ions at the positive side.

The unique performance of the device is governed by the competition of the redox

reactions and the EDL formation which have considerably different time scales. The

kinetics of the vanadium redox reactions are rather slow, and the rates are influenced

by electrode overpotential and the diffusion of vanadium ions from the bulk of the en-

capsulated electrolyte to the surface of the gel matrices. The EDL formation is a rapid

process since it does not involve an electron transfer across the electrode-electrolyte

interface [23]. This difference in time scales leads to the hybrid characteristics of the

device. At relatively high current densities, the faradaic reactions are not fast enough

to compete with the rapid charge transfer in the EDL. At lower current densities,

the EDL is still charged but the process is slow enough that the redox reactions can

occur to a significant extent, which increases the capacity of the device. The capac-

ity and coulombic efficiency of the device is calculated according to Equation (A.2)

and Equation (A.3), respectively. The device exhibits a high capacity of around 200

mAh g−1 (normalized by the dried mass of electrode) at a current density of 1 A g−1.

Comparison with a similar unfunctionalized GHG supercapacitor (A.2) indicates that
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the EDL formation provides a capacity of around 27.7 mAh g−1. Thus, the capacity

contributed by the redox reactions is calculated to be 172.3 mAh g−1, corresponding

to about 87.6% of its theoretical value (196.5 mAh g−1), as discussed in A.5.
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Figure 5.3: a) Cyclic voltammetry of the V-GHG hybrid device at different scan
rates. b) Galvanostatic charge-discharge curve at a current density of 5
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0.5 A g−1. d) Comparison of specific capacity and coulombic efficiency
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the V-GHG hybrid device and comparison with several reported GHG-
based (without redox electrolytes) and redox electrolyte supercapacitors.
f) Nyquist plots at different open circuit voltages.
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When the current density increases from 1 A g−1 to 5 A g−1 (Figure 5.3d), the

capacity of the device drops to around 46 mAh g−1. This value corresponds to a spe-

cific capacitance of around 277 F g−1 per electrode (Equation (A.4)). In comparison,

our V-GHG hybrid device at a current density of 5 A g−1 has more than two times

the specific capacitance of unfunctionalized GHG (130 F g−1) [38], and is similar to

GHG where the gel matrix is decorated with vanadium pentoxide V2O5 .Our hybrid’s

capacitance leads to an outstanding areal capacitance of around 915 mF cm−2 at

a current density of 5 A g−1. It should be mentioned that the device performance

should not be characterized with the capacitance at relatively low current densities.

In fact, the existence of the plateau-like potential regime leads to an overestimation

of the capacitance for this condition. Figure 5.3d shows that the coulombic efficiency

-the ratio of discharge to charge in a charge-discharge cycle- increases with current

density. This observation is generally in contrast to the behavior of electrochemical

cells, in which the coulombic efficiency decreases due to the internal cell resistance

and the kinetic overpotentials. In contrast, the efficiency of our V-GHG hybrid sys-

tem improves from 84% to 92% when the current density increases from 0.5 A g−1 to

1 A g−1. Further increase of the current density leads to a less pronounced increase

in efficiency. This effect can be attributed to the capacitor-like behavior of our device

at higher current densities. In general, supercapacitors have a higher coulombic effi-

ciency compared to batteries due to the absence of charge transfer across the electrode

interface [23]. In the V-GHG hybrid device, as the current density increases, the con-

tribution of EDL formation becomes more pronounced which increases the coulombic

efficiency. This relatively high coulombic efficiency over a wide range of current den-

sities confirms the enhanced power handling capability of this device compared to
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conventional batteries. The energy and power density of the V-GHG hybrid device

is calculated by applying Equations (A.5) and (A.6). For comparison purposes, the

energy and power are normalized by the mass of active materials in the device. The

results are plotted in a Ragone plot (Figure 5.3e) and compared with data for hybrid

devices having activated carbon electrodes in contact with redox electrolytes [46, 47]

and for regular and decorated GHG supercapacitors [38, 48]. As shown in Figure 3e,

the GHG supercapacitor (without redox electrolytes) features a lower energy density

which also decreases slightly with increasing power density. In contrast, hybrid de-

vices with redox electrolyte provide higher energy densities. However, they have a

lower power capability since their energy density drastically decreases with increasing

power density. For our V-GHG hybrid system, regions of battery-like and capacitor-

like behavior can be identified. The first region stems from the redox activity of the

electrolyte at low power densities having a maximum energy density of 75.7 Wh kg−1

at a power density of 167.5 W kg−1. This energy density is significantly higher than

that of the conventional supercapacitors in Figure 3e, and compares favorably with

a tin/vanadium hybrid device (59.8 Wh kg−1 and 182.2 W kg−1) [46]. The second

region is located at power densities greater than 1.35 kW kg−1. Here, the energy

density decreases only slightly with increasing power density. This behavior is similar

to those of conventional supercapacitors. Nevertheless, our V-GHG hybrid device

exhibits an energy density of 12.2 Wh kg−1 at a power density of 2.6 kW kg−1, which

is substantially higher than those of the GHG supercapacitors. These results indicate

that the V-GHG hybrid device combines the excellent energy rating of a battery with

the superior power handling of a supercapacitor.
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The electrochemical characteristics of the device are further analyzed using elec-

trochemical impedance spectroscopy (EIS) at different OCVs of 0.01, 0.60 and 1.10

V. EIS measurements are performed for a frequency range of 10 mHz to 100 kHz by

applying a sinusoidal signal of 5 mV amplitude. The measured Nyquist diagrams are

plotted in Figure 5.3f. Each plot features a semi-circle at high-to-medium frequencies

followed by an inclined line in the low-frequency region. The semi-circle represents

the electrolyte resistance in the porous structure of the electrode, the electrode resis-

tance, and the contact resistances. Figure 5.3f shows that diameter of the semi-circle

changes with the OCV. This should be associated with the different composition of

the electrolyte for the different SOC. The impedance spectra for OCVs of 0.01 V

and 1.2 V approach respective phase angles of 80◦ at frequencies of 501 mHz and 398

mHz, demonstrating the supercapacitor-like behavior of the device. However, the line

spectrum for an OCV of 0.6 V is inclined at 45◦ which is typically described with a

Warburg impedance element. Thus, this behavior should correspond to the diffusion

of vanadium ions from the bulk electrolyte to the surface of the gel matrix, affirming

the battery-like characteristics of the device.

The charging performance is evaluated using a fast-charging technique where the

device is charged at a range of current densities, and then discharged at a current

density of 0.5 A g−1. The performance of the hybrid device is compared to that of

a conventional GHG supercapacitor (Figure 5.4a). For the V-GHG hybrid device, a

maximum capacity of 226 mAh g−1 is measured at a charge and discharge current

density of 0.5 A g-1. This capacity is chosen as the basis for the capacity fading caused

by fast charging of the device. Doubling the charging current to 1 A g−1 results in an

approximate capacity drop of 10%. When the charging current density is increased
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from 0.5 A g−1 to 4 A g−1, the V-GHG device still maintains around 46% (102.5

mAh g-1) of the slow charge capacity. The conventional supercapacitor features a

maximum capacity of 45 mAh g−1 at a charging current density of 0.5 A g−1 but has

a better capacity retention. When the charging current density is increased from 0.5

A g−1 to 4 A g−1, the conventional supercapacitor features a 66% capacity retention,

albeit with a five times lower capacity than the V-GHG hybrid device. This test

reveals that the coulombic efficiency of the V-GHG hybrid device is around 20% less

than that of the GHG supercapacitor. This is understood since faradaic reactions

with charge transfer across the electrode interface are associated with overpotentials.

Figure 4b gives detailed insight into the fast-charging performance of the V-GHG

hybrid device by comparing the results to that of the conventional supercapacitor.

Initially, both cells are completely discharged at a current density of 0.25 A g−1,

then the cell potential is held at 0 V for 2 minutes to ensure complete discharge.

Subsequently, both devices are charged with a current density of 4 A g−1 followed by

discharge at a current density of 0.5 A g−1. The upper and lower potential limits are

1.2 V and 0 V, respectively. As can be seen in the figure, the V-GHG hybrid device

charges for over 100 s until it approaches the upper potential limit. The discharge

curve features a plateau-like region in the middle of the discharge process, which is

attributed to the redox reactions and battery-like characteristics of the device. The

discharge time is 738 s which corresponds to a delivered capacity of 102.5 mAh g−1

and a coulombic efficiency of 92.2%. For the conventional GHG supercapacitor, the

charge-discharge curve shows a rather triangular shape with a charging time of 27

s followed by 211 s of discharge time. The capacity and coulombic efficiency of the

conventional supercapacitor are found to be 29.3 mAh g−1 and 97.7%, respectively.
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The charge-discharge characteristics of the device are also investigated by poten-

tiostatic charging at constant potential of 1.2 V, followed by discharging at a current

density of 0.5 A g−1. Figure A.3 reveals that the conventional supercapacitor becomes

fully-charged after around 300 s, as the delivered capacity reaches a constant value

of 30.5 mAh g−1. The required charging time and discharge capacity of the V-GHG

hybrid device corresponds to 720 s and 252 mAh g−1, respectively. In conclusion,

our V-GHG hybrid device delivers an 8.3 times higher discharge capacity with only a

2.4 times longer charging time, compared to a similar GHG supercapacitor without

vanadium ions (Figure A.4). This data highlights the excellent synergetic effect of

the incorporation of vanadium ions into high surface area GHG, resulting in high ca-

pacities of the device under fast charging conditions. The performance of the device

under mechanical stress is investigated at various bending angles by galvanostatic

charge-discharge measurements at a current density of 2.5 A g−1. There is no no-

ticeable difference in capacity for bending angles from 0 to 90◦. Even at a bending

angle of 135◦, the device only shows a negligible capacity fading of around 3% (Figure

5.4c). Overall, the device demonstrates excellent integrity under mechanical stress.

The durability of the device is evaluated by galvanostatic charge-discharge mea-

surements at a current density of 10 A g−1. The capacity retention and coulombic

efficiency are plotted against the cycle number in Figure 5.4d. We observe that the

device shows a capacity fading around 5% while the coulombic efficiency remains

constant. This is in a good agreement with the performance of conventional superca-

pacitors made from GHGs reported in Ref. [38]. Nevertheless, testing at these high

current densities is only useful to examine the supercapacitor features of our hybrid

device since the faradaic contribution to energy storage is minimized. Consequently,
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this testing needs to be performed at a lower current density where both redox re-

action and EDL formation occur simultaneously. Therefore, another durability test

is performed at a current density of 2.5 A g−1 for 1000 cycles (Figure 5.4e). The

device retains an excellent coulombic efficiency over 1000 cycles; however, the deliv-

ered capacity gradually decreases to around 50%. This decay is probably related to

charge accumulation in the hydrogels which increase mass transfer resistances and

build up local potential differences, which lower the driving force for the redox reac-

tions. This theory is supported by the comparison of charge-discharge profiles over

the number of cycles (Figure A.5) which show an initial potential difference during

charge although the devices was previously discharged to 0 V. Further discussion is

given in the supporting information. Nevertheless, this capacity fade is not perma-

nent since the V-GHG hybrid device has the unique feature that the initial capacity

can be restored by simple (electrical) means as we demonstrate in Figure 5.4e. Here,

the V-GHG hybrid device is cycled at a current density of 3.5 A g−1 for 1000 cycles

with a restoring cycle after every 250 cycles. Here, the restoring cycle comprises

a discharge at constant potential of 0 V for several minutes, followed by (low) gal-

vanostatic charge-discharge at current density of 1 A g−1. Other possible restoration

regimes are discharging at low current densities or by operating at OCV for a longer

time. We find that the restoration resets the capacity close to the initial value. Af-

ter the first reset, the delivered capacity is found to be 98% of the initial capacity.

This extraordinary behavior supports our assumption that the losses are related to

charge build-up and there is only a negligible degradation of the electroactive ma-

terials which is consistent with the observation of the relatively constant coulombic

efficiency during cycling. After 1000 cycles, the restored capacity is found to be 176.7
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mAh g−1 which corresponds to a 93% capacity retention. In average, the capacity

over 1000 cycles is around 78% and 67% with and without intermediate restoration

cycle. This remarkable cycling performance is made possible due to the simple design

of our V-GHG hybrid. A cross-over of species from one half-cell to another cannot

permanently damage the hybrid device since they all can be converted back to the

starting substance; i.e., to vanadyl ions VO2+.

Self-discharge characteristics and leakage current are important parameters for

the practical application of electrochemical storage systems [23]. Particularly, sys-

tems with redox electrolytes are expected to suffer from higher self-discharge rates

originating from ion-crossover, also called redox shuttling [23]. The leakage current

of the V-GHG hybrid device is measured using the current floating method at a cell

potential of 1.2 V. In detail, the cell is first charged to a cell potential of 1.2 V at

a current density of 1 A g−1. Afterwards, the cell potential is kept at 1.2 V for 2

hours while the current response of the device is recorded (Figure A.6). The floating

current quickly drops to 80 µA mg−1 (mass per electrode) in order to compensate

for the leakage current in the device. The mass-based leakage current of our V-GHG

hybrid device is higher compared to those reported for conventional GHG-based su-

percapacitors, which are typically 1.5 µA mg−1 [38]. This higher value is mainly

associated with the fact that during charge the faradaic reactions create new species

and consume/produce protons in the respective half-cells. This results in considerable

concentration differences which are depleted with a higher leakage current during the

floating current experiment. However, the encapsulated vanadium ions significantly

increase the capacity of the device, which is not considered in a mass-based leakage

current definition. For better comparison with other systems, the leakage current can
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Figure 5.4: a) Delivered capacity of the V-GHG device at current density of 0.5 A
g−1 after charging at different current densities. b) Galvanostatic charge-
discharge profile at charging current density of 4 A g−1 and discharge
current density of 0.5 A g−1. c) Galvanostatic discharge capacity of the
device at current density of 2.5 A g−1 for different bending angles. d)
Cycling stability of the device at a current density of 10 A g−1. e) Cycling
stability of the device at a current density of 2.5 A g−1. f) Capacity
retention of the device at a current density of 2.5 A g−1 with restoring
cycles after every 250 cycles.

also be normalized by the charge capacity of the device. Then, our V-GHG hybrid

device features a leakage current of 4.1 µA C−1 which is significantly lower com-

pared to that of comparable conventional GHG supercapacitor (51.9 µA C−1) [38],
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and of a functionalized graphene-based hybrid using hydroquinone (15 µA C−1) [33].

The self-discharge characteristics of the device are also investigated based on OCV

measurements; the performance is compared with that of a conventional GHG super-

capacitor. For both cases, the device is charged at a current density of 0.5 A g−1 up

to a cell potential of 1.2 V. The cell potential is kept at 1.2 V for 15 minutes and then

the OCV is recorded, cf. Figure 5.5a. The V-GHG hybrid device features a rapid

cell potential drop during the first hour followed by a further moderate potential de-

cay over the rest of the experiment. After 14 hours, the potential is 0.57 V which

corresponds to a potential fading of 52%. This rate is significantly lower compared

to that of the conventional GHG supercapacitor (Figure 5a) and those reported for

GHG-based hybrids with redox electrolyte of HQ in H2SO4 (96% cell potential fading

after 12 hours) [49] or sulfonated polyaniline in H2SO4 (79% cell potential fading after

12 hours) [50].

Hence, to obtain further detailed insights into the self-discharge behavior of our

hybrid, we perform further experiments to track the SOC of the electrolytes. However,

it is not possible to track the SOC of a single hybrid device over time. Here, we make

14 V-GHG hybrid devices with almost equal internal resistances (average: 1.48 ±

0.11 Ω) and connect them in parallel. The devices are charged up to 1.2 V and

then operated at open circuit conditions. In such a parallel arrangement, the devices

share their characteristics and the overall performance should be similar to a large

equivalent device. Every half-hour, one device is disconnected and the SOC of the

electrolyte is determined as described in the appendix A. As shown in the Figure 5.5b,

the SOC of the electrolyte decreases over the first 1.5 hours. However, after 2 hours

the SOC considerably increases again, decreases and then slightly increases again.
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We also observe the same qualitative behavior when we analyze the SOC of single

hybrids after different times operated at OCV. We attempt to explain this by the

following scenario: the main reason for the cell potential drop at OCV is the transfer

of charge from one half-cell to the other; that is, the leakage current. The leakage

current is initially very large (Figure A.6) and therefore causes the relatively-sharp

initial potential decay (Figure 5.5a). Due to the high capacitance of the electrodes, a

considerable amount of the electrical energy is stored in the EDL. Once the device is

at OCV, the charge in the EDL diffuses back into the bulk of the hydrogel. However,

this diffusion is a relatively slow process due to the (cohesive) electrostatic forces in the

EDL. The Galvani potential of the electrode is therefore, for a longer time, higher than

the equilibrium potential of the redox reaction and triggers further faradaic reactions.

In other words, the overpotential at the electrode (the capacitance) increases the SOC

(the capacity) which mitigates the cell potential drop due to self-discharge over time.

After a certain time, the overpotential at the electrode is no longer sufficient to

(considerably) drive the faradic reactions and the SOC consistently decreases due to

the leakage current. These phenomena are transient, and the rates are varying and

it seems that there are instances where the SOC increase is in favor compared to the

rate self-discharge. This test shows a very interesting characteristics of the V-GHG

hybrid device and indicates that losses in capacitance are buffered by their partial

recovery as capacity.

5.4 Conclusion

In summary, we report a facile method to synthesize a hybrid vanadium-graphene

hydrogel having the redox activity of the vanadium ions and the high-surface-area
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Figure 5.5: a) Self discharge curve of the devices recorded after charging at a current
density of 0.5 A g−1 to 1.2 V, and holding the potential at 1.2 V for
15 minutes. b) State of charge of the electrolyte at open circuit voltage
(self-discharge) over 7 hours.

of the 3D graphene framework. The vanadium-graphene hydrogel is used as half-

cells in a flexible power source with a cation exchange membrane as separator. Both

half-cells are made from the same hydrogel which encapsulates vanadyl ions VO2+.

However, charging the device changes the oxidation states of vanadium ions in each

half-cell and induces a cell potential. The characterization of the device shows that

the incorporation of vanadium electrolyte not only increases the energy density of

the device, but also results in a hybrid performance. In detail, this device can be

operated as a battery, supercapacitor, or hybrid, depending on the operating current

density. This feature also provides an opportunity for fast charging of the device.

Compared to a conventional graphene hydrogel supercapacitor, we arrive at an 8

times higher capacity for only a two-fold increase in charging time. The integrity of

the device is investigated at different bending states. The device features the same

charge-discharge profile and capacity despite the different mechanical stresses which

indicates the excellent robustness. In terms of charge-discharge cycle durability, the

device shows an excellent capacity retention of 98% at a high current density. At lower
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current densities, there is an apparent capacity decay; however, the initial capacity of

the device can be (mainly) restored by simple electric measures. The incorporation

of the vanadium electrolyte also improves the self-discharge characteristics of the

device and monitoring the state of charge suggests a partial recovery of the losses

through faradaic reactions. The present concept of utilizing a redox species that

can exist in more than two redox states results in a considerably simplified design

of hybrid battery-supercapacitors which has outstanding features such as true hybrid

performance with a wide range of power capability, flexibility, high energy density, and

the ability to restore most of the capacity decay during operation by simple electrical

means. In future work, we will further increase the energy density of the device by

optimization of the one-step synthesis of the vanadium graphene-hydrogel. Likewise,

it would be interesting to infer whether graphene hydrogels with other redox-active

species can be synthesized.
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[46] J. Lee, B. Krüner, A. Tolosa, S. Sathyamoorthi, D. Kim, S. Choudhury, K. H.

Seo, V. Presser, Tin/vanadium redox electrolyte for battery-like energy storage

capacity combined with supercapacitor-like power handling, Energy and Envi-

ronmental Science 9 (11) (2016) 3392–3398.

[47] E. Frackowiak, K. Fic, M. Meller, G. Lota, Electrochemistry serving people and

nature: High-energy ecocapacitors based on redox-active electrolytes, Chem-

SusChem 5 (7) (2012) 1181–1185.

[48] Z. Liu, H. Zhang, Q. Yang, Y. Chen, Graphene / V2O5 hybrid electrode for an

asymmetric supercapacitor with high energy density in an organic electrolyte,

Electrochimica Acta 287 (2018) 149–157.

[49] L. Chen, H. Bai, Z. Huang, L. Li, Mechanism investigation and suppression of

self-discharge in active electrolyte enhanced supercapacitors, Energy and Envi-

ronmental Science 7 (5) (2014) 1750–1759.

[50] L. Chen, Y. Chen, J. Wu, J. Wang, H. Bai, L. Li, Electrochemical supercapacitor

with polymeric active electrolyte, Journal of Materials Chemistry A 2 (27) (2014)

10526–10531.



168

Chapter 6

Conclusion and Outlook

This thesis presents the design and fabrication of selected miniaturized power sources,

which can be used portable and wearable electronics. This work starts with the

demonstration of a nickel-metal hydride microbattery which can be integrated into

microdevices. The first two papers (chapters 2 and 3) deal with developing techniques

for the microfabrication of the electrodes and the entire cell. In paper 2 we hint on

the importance of using gel electrolyte instead of liquid electrolyte for miniaturized

power sources. In the next chapters, we aim at the development of power sources in

which all the electrochemical phenomena, including electrochemical reactions, take

place inside a hydrogel (gel elctrolyte plus gel matrix). This can offer lots of advan-

tages, particularly for wearable electronics, in which flexibility of the power sources

is an asset. To achieve this goal, we need to use a hydrogel, in which the electrode

structure comprises the electrolytes, such as in porous graphene, which has a very

high specific surface area. Here, the graphene is electronically conductive, while the

incorporated liquid phase is ionically conductive. This material is widely used for

lab-scale supercapacitors. Therefore, we initially work on the development of flexible

supercapacitors. In chapter 4, we demonstrate a micro-dispensing printing procedure
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for the fabrication of graphene-based supercapacitors. This work gives an insight

into graphene-based supercapacitors. Having gained the knowledge of supercapacitor

and high surface area materials, we introduce a hybrid battery supercapacitor that

employs a novel self-assembled graphene hydrogel encapsulating VO2+-electrolyte in

the chapter.

6.1 Summary of Findings in this Thesis

The scientific findings along with observations are summarized as follows:

Paper 1:

This work is focused on the microfabrication of an intermetallic alloy thin-film on

a glass substrate using DC magnetron sputtering technique. The thin-film electrode

can serve as the negative electrode of a Ni-MH microbattery. In this study, a custom-

made target of LaNi4.7Al0.23 is used. Prior to deposition of the intermetallic alloy

thin-film, we first deposit a 10 nm chromium seed layer on glass followed by growing

a 60 nm thin nickel current collector. The elemental composition of the thin-film

is investigated using Energy Dispersive and X-ray Photoelectron Spectroscopy. The

results are in good agreement with the reported elemental composition by the manu-

facturer. However, X-ray Photoelectron Spectroscopy of the so-fabricated electrodes

features traces of oxidation. The electrochemical performance of the microfabricated

electrode is investigated in 1 M KOH electrolyte using cyclic voltammetry. Although

the voltammograms exhibit similar trends compared to those reported for standard

LaNi5-type electrodes [1,2], the capacitive current in the thin-film electrodes is more

pronounced due to their tenuity. The specific capacity of the electrodes is found to
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be 182 mAh g−1 at a current density of 304 mA g−1. This capacity is lower com-

pared to that of standard LaNi5-type electrodes [3]. This relatively capacity fading is

mainly attributed to the relatively low concentration of KOH concentration, absence

of Ni compacting-powder, the larger grain size of the crystalline structure, and the

slight oxidation of the surface. The durability of the intermetallic film is evaluated

using galvanostatic charge-discharge cycles. The results feature more than 40 reli-

able charge-discharge cycles at a current density of 304 mA g−1. We also derive a

mathematical model that can describe the electrolytic (de)hydrogenation of the inter-

metallic film electrodes. The model modifies the kinetics approach used by Yang et

al. [4]. The model describes the reversible potential of the metal hydride as a function

of hydrogen content from a single (dis)charge experiment. This model can be applied

for material characterization as well as sensing applications.

Paper 2:

This work presents the fabrication of a novel coplanar nickel-metal hydride mi-

crobattery on a glass substrate. Here, the electroactive materials for the anode and

cathode electrodes are LaNi4.7Al0.23 and α-Ni(OH)2, respectively. The electrodes

of the microbattery are rectangular in shape and have a surface area of 2 mm by 5

mm. They are fabricated through a multi-layered deposition process including e-beam

evaporation of gold current collectors, magnetron sputtering of the intermetallic alloy

along with electrodeposition of nickel hydroxide. Furthermore, in order to diminish

the risk of electrolyte leakage, we use a potassium hydroxide polymer gel electrolyte

instead of an aqueous electrolyte. Prior to the characterization of the microbattery,

the performance of the gel electrolyte and the electrodes are evaluated using cyclic
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voltammetry. A comparison between the voltammograms of the nickel electrode in

liquid and gel electrolyte shows that the oxygen evolution reaction is more pronounced

in case of gel electrolyte. This effect can eventually result in deterioration of the gel

electrolyte since the side reactions consumes the water content of the gel and pro-

duces bubbles which ultimately increases the ohmic resistance of the microbattery.

To address this issue, a larger nickel electrode capacity is recommended to delay the

oxygen evolution reaction. The microbattery battery delivers a capacity of 2.8 µAh

cm−2µm−1, featuring an energy density of 3.34 µWh cm−2µm−1 for a (nominal) power

density of 1200 µW cm−2µm−1. Although the capacity of the microbattery is not suf-

ficient to compete with (novel) lithium-ion based microbatteries [5, 6] it still meets

the energy and power requirement of of various remote sensing systems reviewed by

Okada et al. [7, 8]. The polarization behaviour of the microbattery is evaluated by

recording discharge profiles at different current densities ranging from 10 µA cm−2 to

5 mA cm−2. A comparison between the results shows that at relatively high current

densities, the capacity of the microbattery is reduced by 40% due to the internal re-

sistance. Finally, the impedance characteristics and the lifecycle of the microbattery

are analyzed using electrochemical impedance spectroscopy. The result reveal that

the capacity of the microbattery reduces to 50% after 100 cycles which is attributed

to the degradation of the gel electrolyte.

Paper 3:

This work introduces a straightforward and scalable protocol for the fabrication of

a reduced graphene oxide-based supercapacitor using a micro-dispensing method. To

improve the specific capacitance of the printed rGO electrodes, the application of a
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leavening agent as a chemical additive (NH4HCO3) is studied. Upon a mild heating,

the leavening agent decomposes and releases CO2 gas, which increases the distance

between reduced graphene oxide (rGO) flakes. This process expands the void fraction

of the between printed graphene layers, which leads to a higher surface area increases

electron mobility in the electrical double layer. Although the specific capacitance of

the electrodes increases with the concentration of the leavening agent, addition be-

yond a certain concentration results in a decline of the specific capacitance. Here, the

maximum specific capacitance is achieved at 3.7 wt. % of NH4HCO3, corresponding

to 112.1 ± 6.5 F g−1. This capacity is 80 % higher compared to that of the electrode

without the leavening agent approach. This study shows that the size of graphene

oxide (GO) flakes plays a crucial role in the enhancement of the specific capacitance

of the electrodes using a leavening agent approach. The effect of the leavening agent

is positively correlated with the lateral diameter of (GO) flakes. In terms of the

cyclability, the risen electrodes feature better long-term capacitance retention and

stability compared to agent-free electrodes. The electrodes with the leavening agent

approach maintain an 82 % capacitance retention after 5,000 charge-discharge cycles

at a current density of 1.0 A g−1, which is superior compared to those reported for

printed graphene-based electrodes in literature [9–11]. This study indicates that the

developed agent-assisted approach promises potential applications for flexible super-

capacitors even with interdigitated designs.

Paper 4:

The last paper of this dissertation is aimed at improving the energy density

of graphene-based supercapacitors using a vanadium redox electrolyte. In detail,
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vanadium-graphene hydrogel is synthesized through a one-step hydrothermal ther-

mal reduction of a homogenous mixture of a concentrated GO dispersion and vanadyl

sulfate solution. The synthesized hydrogel is cut into strips and pressed on a carbon

cloth to form a thin-film electrode. To assemble the hybrid device, two identical elec-

trodes are pressed around a cationic-exchange membrane building up the positive and

negative sides. The fabricated device takes advantage of capacitance characteristics

of a reduce graphene oxide hydrogel and the ability of vanadium to exist in solution in

different oxidation states. While charging the device, the oxidation of V(IV) increases

to V(V) in the positive electrode, while all the vanadium ions are reduced to V(III)

in the negative electrode. These redox reactions, along with electrical double layers

formation lead to a capacity of 200 mAh g−1. At low current densities (lower power

densities), the redox reactions become more pronounced, and the device functions

like a battery. At relatively high current densities, the performance of the device

approaches that of a supercapacitor. This unique behavior distinguishes this hybrid

device from other supercapacitors [12, 13], pseudocapacitors [14], and all hybrid sys-

tems reviewed by Lee et. al [15]. This hybrid performance not only provides an

opportunity for the rapid charging of the device, but also presents a wide range of

power (up to 167.5 kW kg−1) and energy densities (up to 75.7 Wh kg−1). The ro-

bustness and flexibility of the device are investigated at different bending conditions.

The results show capacity retention of 97% at a bending angle of 135◦, indicating

excellent integrity of electrode materials at bending conditions. In terms of cyclabil-

ity, the device shows capacity retention of 60 % after 1,000 cycles. It is noteworthy

that the capacity of the device can be restored to 98 % of that original capacity by

potentiostatic charging for several minutes. The leakage current and self-discharge
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characteristics of the device are evaluated using a current floating method and record-

ing the cell potential at no current condition, respectively. The results reveal that the

incorporation of vanadium ions significantly improves the self-discharge characteristic

of the device compared to other reported supercapacitors based on a reduce graphene

oxide hydrogel [16,17]. Here, it should be considered that the self-discharge and ion-

cross over through the membrane do not result in permanent damage to this device

since both electrodes have an identical discharge conditions. This work demonstrates

that the concept of utilizing electrodes with the same discharge conditions, but dif-

ferent charge conditions present a facile, scalable, and high-performance material for

hybrid battery-supercapacitors, while the design is considerably simplified.

6.2 Outlook and Future Works

Our findings in this thesis open a new horizon for the development of miniaturized

power sources for portable and wearable electronics. Firstly, we focus on the devel-

opment and characterization of a Ni-MH microbattery consisting of film electrodes

on glass substrates. Although this study proves the concept of Ni-MH microbattery,

some areas can be still investigated to improve the performance of the microbattery.

The recommendations for further research are:

1. In chapters 2 and 3, we show that the intermetallic thin-film undergoes partial

oxidation, which eventually decreases the capacity of the microbattery. This

observation encourages future works on the application of different LaNi5-based

alloys, which can lead to longer durability.

2. The results show that the gel electrolyte has a limiting effect on the lifetime of

the microbattery, mainly due to the oxygen evolution reaction (OER), which
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takes place at the positive electrode. Therefore, any improvement of the gel

electrolyte suppressing the OER increases the durability of the microbattery.

3. The rate performance of the microbattery can be improved by an increase of the

metal hydride electrode thickness, which mitigates some of the specific capacity

loss due to high mass-based current density.

4. The design of the microbattery has a significant effect on the power and energy

densities of a microbattery [18]. In this thesis, a coplanar thin-film battery is

presented. However, a more complicated cell architecture-using micropillars or

interdigitated design can increase the power and energy densities of the cell.

However, the more complicated cell architecture is directly linked with design

challenges in terms of microfabrication. In detail, a sophisticated design is

achieved through microfabrication using techniques such as photolithography.

The chemicals used photolithography may damage the intermetallic alloy, which

needs to be investigated in advance.

In the last sections of this thesis, the development of flexible supercapacitors and the

hybridization of graphene-based supercapacitors with vanadium electrolytes, are in-

vestigated. The technique presented in chapter 4, the printing of well-defined and uni-

form GO films, encourages further work in the area of modification of ink formulation,

thermal process, and architecture of the printed electrodes. The recommendations

for further research are:

1. The results also suggest that the utilization of GO with large lateral flake size

improves the performance of the leavening agent-assisted approach. Therefore,
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synthesizing GO flakes with a larger size is highly recommended for future

works.

2. Future work should also focus on testing different chemical leavening agents,

along with optimal heating rates and process times to optimize the capacitance

of printed graphene-based supercapacitors.

3. Similar to microbatteries, the architecture of the printed electrode can have

a crucial effect on the performance of the supercapacitor. An interdigitated

design is recommended to optimize the performance of printed electrodes.

4. Furthermore, the technique presented in chapter 4 gives an excellent opportu-

nity to print and develop flexible supercapacitors. Therefore, the mechanical

properties as well as electrochemical performance of the printed electrode must

be further investigated under bending conditions.

The work presented in chapter 5 opens a new horizon for further research and the

aspects of the hybrid performance that can be improved. There are areas which have

not been investigated in this work; hence, the recommendations for further research

are:

1. The energy density of the device strongly depends on the vanadium concentra-

tion in the half-cells. In this study, we introduce a formulation that leads to

the encapsulation of a 0.4 M vanadyl solution. Other methods to increase the

concentration of vanadium ions should also be explored to increase the energy

density of this hybrid system.

2. The average cell potential can be increased to 1.6 V by incorporation of V2+

instead of V3+. However, unwanted reactions such as hydrogen and oxygen



6.2. OUTLOOK AND FUTURE WORKS 177

evolution reactions may become pronounced and not only consume the water

content of hydrogel, but also they may damage the gel structure. To have a

better insight into these side reactions, we should perform a kinetic study of

both HER and OER in case of using a reduced graphene-based electrode. This

study can give us the practical electrochemical potential window for this system.

3. This hybrid device has great potential for practical application in both energy-

based and power-based electronics. However, the commercialization of this

device requires more scalable methods of fabrication. It would be helpful in the

future to develop a method for printing a functionalized vanadium-graphene

ink, which can be reduced using a chemical method similar to that of reported

in chapter 4 of this thesis.
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Appendix A

Supporting Information to Chapter 5

A.1 Materials and Instruments

The materials for the hydrogel preparation include vanadyl sulfate (VOSO4.xH2O),

sulfuric acid (H2SO4) and an aqueous graphene oxide (GO) dispersion. Vanadyl

sulfate powder (puriss. p. a., > 99.99%) and sulfuric acid (ACS reagent, 95.0-

98.0%) are obtained from Sigma-Aldrich Canada, Oakville, ON, Canada. The GO

dispersion (4 mg ml−1) is obtained from Graphenea (Cambridge, MA, USA). For

the electrolyte preparation, deionized (DI) water (RiOs-DI3 water purification sys-

tem, EMD Millipore Corporation, MA, USA) with a conductivity of around 1 µS

cm−1 is used throughout this work. The hydrogel synthesis is performed using a

50 ml stainless steel Teflon-line autoclave (Boshi Electronic Instrument, Guangzhou

China). All electrochemical experiments are conducted with carbon cloth (SGL Car-

bon GmbH, Bonn, Germany) as the current collector. Neosepta CIMS monovalent-

selective cation-exchange membrane (Ameridia Innovative Solutions, Inc., Somerset,

NJ, USA) is used to separate the half-cells. The Neosepta CIMS membrane is washed
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several times with DI water and then stored in DI water. The electrochemical char-

acterizations are performed at room temperature (T = 298 K) using a potentio-

stat/galvanostat (VersaSTAT 3, Princeton Applied Research, Berwyn, PA, USA).

The surface morphology of the dried hydrogel is investigated using a scanning elec-

tron microscope (FEG MLA 650, FEI, Hillsboro, OR, USA). The images are then

processed using ImageJ (Version: 1.50i, U.S. National Institutes of Health, Md, USA)

to evaluate the structure of the dried gel matrix. A routine X-ray diffraction (XRD)

analysis is conducted to determine the elemental composition of vanadium-graphene

hydrogel (V-GHG) and of VOSO4.xH2OO samples. XRD is also used to investigate

the reduction of GO in V-GHG and in conventional GHG samples. The XRD instru-

ment (XSPert Pro, Philips Analytical B.V., Almelo, The Netherlands) is operated

via Cu Kα radiation (wavelength λ = 1.54 Å). The raw data is then analyzed using

the X’Pert Highscore Pro software.

A.2 Mechanical Stability of the Vanadium Graphene Hydrogel

The as-prepared vanadium hydrogel has a diameter of around 2.6 cm and can support

200 g, equivalent to 600 times its dried weight, with only slight deformation (Figure

S1). The mechanical stability of the V-GHG is similar to that of hydrothermally

reduced graphene hydrogel [1, 2].

The electrolyte content of the V-GHG is calculated by the following equation:

Sw = (Wt −Wd)/Wt × 100 (A.1)

In this equation, Sw is the electrolyte content in mass-percentage, Wt is the total

mass of the V-GHG, and Wd is the mass of V-GHG in the dried state.
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Figure A.1: Photographs of V-GHG inside the electrolyte supporting a weight of 200
g.

In addition to the electrolyte sorption measurements, the hydrogel needs to be

dried for further material characterization tests. In order to retain the structure of

the hydrogel matrix, it is common to remove its water content employing a freeze-

drying method [3]. However, since the V-GHG encapsulates an acidic solution, we

abstain from freeze-drying since it may damage the instrument. Instead, the sample

is dried at 60 ◦C in a convection oven until its mass becomes constant. Here, it is

crucial to evaporate the water at a relatively slow rate. Drying at accelerated rated

results in parallel restacking of the graphene sheets due to van der Waals forces, which

considerably decreases the volume and active surface area of the gel matrix [3].
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A.3 Specific Surface Area Measurements

Brunauer-Emmett-Teller (BET) adsorption-desorption isotherm with nitrogen gas is

a common technique for specific surface area measurement. In order to determine the

BET surface area, we measured our V-GHG samples with a Quantachrome Autosorb-

I (surface area and pore size analyzer, Anton Paar QuantaTec Inc. Bayton Beach,

FL, USA). It is observed that the dried V-GHG sample decomposes during degassing,

even at a relatively-low temperature of 80 ◦C. This is mainly due to the decomposition

of vanadyl sulfate, which forms an acidic mist. The measurement of un-degassed

samples does not result in actual BET isotherms and we conclude that BET-N2

cannot be used for our V-GHG samples. It should also be noted that the BET-N2

method underestimates the specific surface area of graphene-based materials due to

the intrinsically small pore sizes of these materials (smaller than 0.5 nm) [4].

Hence, the specific surface area of the V-GHG is measured based on Methylene

Blue (MB) dye adsorption. In detail, ca.2 mg of V-GHG (dry-weight) is immersed

into 100 ml of a solution containing 50 ppm of MB. The concentration of MB in

solution is monitored using a UV-Vis spectrophotometer (Evolution 300, Thermo

Fisher Scientific, USA) at a wavelength of 664 nm at regular intervals to identify

the minimum concentration (equilibrium condition). The specific surface area of the

electrode is then calculated based on the amount of adsorbed MB with the assumption

that 1 mg of adsorbed MB covers 2.54 m2 of the V-GHG surface [2].
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A.4 Fabrication and Characterization of a Supercapacitor Based on Hy-

drothermally Reduced Graphene Oxide

For the sake of comparison, a conventional supercapacitor is fabricated without any

addition of vanadium. First, a GHG is synthesized from graphene oxide disper-

sions through a hydrothermal reduction process as described in Refs. [1, 5]. Next,

the GHG is immersed in 2 M H2SO4 for 24 hrs. Afterwards, the GHG is cut into

slices and embedded into a supercapacitor setup equal to the V-GHG hybrid battery-

supercapacitor device. The GHG supercapacitor is characterized using cyclic voltam-

metry, galvanostatic charge-discharge measurements, and electrochemical impedance

spectroscopy; results are plotted in Figure A.2.
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Figure A.2: Characterization of the GHG supercapacitor: a) Cyclic voltammetry at
a scan rate of 100 mV s−1; b) Nyquist plot; c) Galvanostatic charge-
discharge at a current density of 1 A g−1 and potential window of 0 to
1 V; d) Galvanostatic charge-discharge curve at a current density of 1 A
g−1 and potential window of 0 to 1.2 V.
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The voltammogram (Figure A.2a), charge discharge curve (Figure A.2b), and

Nyquist diagram (Figure A.2c) of the GHG supercapacitor are in good agreement

with those previously reported by others, cf. Refs. [1, 5].

A.5 Electrochemical Characterizations

The specific capacity (mAh g−1) is calculated from the galvanostatic discharge mea-

surements based on:

C = (Idistdis)/ma (A.2)

where Idis is the discharge current, tdis discharge time and ma is the mass of the

active materials. The coulombic efficiency is obtained from the galvanostatic charge-

discharge measurements according to

η = tdis/tch (A.3)

where tch and tdis are the time needed for charge and discharge, respectively.

The contribution of the vanadium ions on the overall capacity is approximated by

subtracting the electrical capacity due to EDL formation from the total capacity of

the device. The GHG (S4) features a capacity of 27.7 mAh g−1 at a current density

of 1 A g−1 and a cell potential window of 0 to 1.2 V. Thus, the practical contribution

of vanadium ions on the overall capacity (normalized by mass of one electrode) of the

hybrid device corresponds to around 172.3 mAh g−1. Based on an electrolyte sorption

of 96.4%, 1 g of the dried sample encapsulates 26.77 g of electrolyte. The density of

the encapsulated vanadium electrolyte is equal to 1.15 g cm−3 (measured). During
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assembly of the hybrid device, the hydrogel looses around 30% of its liquid content

due to squeezing. On the basis of a 0.4 M vanadium solution, there is 9.8 mmol of

vanadium in each electrode. This corresponds to a theoretical coulombic capacity of

707.7 C or 196.5 mAh, based on Faraday’s law. Therefore, we utilize 87.6 % of the

vanadium ions in the faradaic reactions.

At a high current density of 5 A g−1, the V-GHG device has a charge-discharge

characteristic comparable to that of a supercapacitor. It should be noted that the

discharge curves are not perfectly linear, even at high current densities. Hence, the

capacitance of each electrode is Cs is calculated from the galvanostatic discharge

curves according to

CS = 4×
I
∫ tdis

0
V dt

ma∆V 2
. (A.4)

where V is the cell potential during discharge, and ∆V is the cell potential window.

The energy density of the hybrid device at different specific current densities (kWh

kg−1) is calculated from galvanostatic discharge data, which is normalized by the

active mass of both electrodes:

E = Idis

∫ tdis
0

V dt

mt

. (A.5)

In this equation, mt is the total mass of the active materials. The power density of

the device is calculated by dividing the energy density by the discharge time

P =
E

tdis
. (A.6)
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A.6 Potentiostatic Charging

The potentiostatic charging of both V-GHG and GHG devices is investigated and

compared to each other. In detail, the (V-GHG or GHG) cell is first fully discharged

by holding the potential at 0 V for 15 minutes. Then, the cell potential is set to 1.2

V for a specific time while the current response of the device is recorded. Afterwards,

the cell is discharged at a current density of 0.5 A g−1, and the delivered capacity is

plotted versus the charging time.
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Figure A.3: Comparison of delivered discharge capacity of V-GHG and GHG devices
after potentiostatic charging for different charging times.

Figure S3 shows that the V-GHG device is fully charged after around 720 s (12

min) at 1.2 V, as the delivered capacity approaches a constant value. The discharge

time at 0.5 A g−1 corresponds to 1817 s (around 31 min). In contrast, the GHG

device is already charged after 300 s (5 min) but can only be discharged for 220 s
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(less than 4 minutes). In other words, an approximately 2.5 times longer charging

time of the hybrid device results in an 8 times higher capacity. Note that 90% of this

hybrid device capacity, around 225 mAh g−1, is stored in less than 300 s. This is the

same time that is required to charge 100% of the conventional GHG supercapacitor

whose capacity is only around 45 mAh g−1. This comparison demonstrates the rapid

charging ability of our invention.

Figure A.4 gives details of the charge-discharge characteristics that are summa-

rized in Figure A.3. Here, the difference between the hybrid device and the conven-

tional supercapacitor is prominent. While the supercapacitor discharge in a rather

linear fashion, the hybrid shows a distinguished plateau-like behavior. The incorpora-

tion of vanadium ions leads therefore to an increase in the average cell potential and

therefore in a higher power density during discharge (23%). The results also clarify

that the incorporation of vanadium ions increases the capacity of the device under

fast charging conditions, while the hybrid device’s power capability remains close to

that of a supercapacitor.

A.7 Charge and Discharge Cycling

As described in the main manuscript, the discharge capacity decays during cycling of

the device at a current density of 1 A g−1. Despite of this capacity loss, the coulombic

efficiency remains relatively constant. This constant columbic efficiency suggests that

the device does not suffer from the degradation of the electroactive material. Rather,

it seems that charge is accumulated at certain locations of the hydrogel resulting

in the inability to completely discharge the device. This explanation is supported

by the gradual change of the charge-discharge profiles over the cycle number, as
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Figure A.4: Comparison of charge and discharge profile of V-GHG and GHG devices
for charging at a constant potential of 1.2 V, followed by discharging at a
constant current of 0.5 A g−1. In this experiment, the V-GHG and GHG
devices are charged to their maximum capacities with charging times of
720 s and 300 s, respectively.

shown in Figure A.5. For the initial cycles, the charge-discharge profiles feature a

battery-like behaviour as can be recognized by the distinct plateau-like region in

Figure A.5a. However, this plateau-like region gradually fades, and the initial cell

potential increases, over an increasing number of charge and discharge cycles, cf.

Figure A.5b and c. The simultaneous increase in cell potential and disappearance

of the plateau-like region indicates a charge accumulation in the bulk of the liquid

inducing local electric fields and increases mass transfer resistance. This lowers the

driving force for the faradaic reactions.

The idea of a non-uniform charge distribution (outside of the EDL) is also sup-

ported by the ability to restore the initial capacity of the V-GHG device. In detail,

the device can be reset by discharging at a cell potential of 0 V for several minutes,

by discharging at low current densities, or by operating at OCV for a longer time.
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Figure A.5: The charge and discharge profiles for the a) 1st, b) 500th and c) 1000th

charge-discharge cycle at a current density of 3.5 A g−1.

Especially, the latter restoration type is intriguing since it demonstrates that the de-

vice ”heals” itself when it is not used. After reset, the delivered capacity is found to

be 98% of the initial capacity. This extraordinary behavior supports our assumption

that there is a negligible degradation of the electroactive materials which is consistent

with the observation of the relative constant columbic efficiency during cycling.

As mentioned in the manuscript, this apparent capacity loss does not appear at

cycling with high current densities since the contribution of the faradaic reaction

is suppressed. Instead, at a current density of 10 A g−1, a capacity fading of only

around 5% is observed after 1000 cycles which is similar to that of reported for GHG

devices under same conditions. In summary, the device shows excellent capacity

retention at high current densities but an apparent capacity reduction for low- to mid-

range current densities which can be restored. The remarkable cycling performance is

possible due to: (i) the electrochemical stability of the graphene hydrogel; and (ii) the

fact that the initial electroactive species in both half-cells is the same; i.e., VO2+ the
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vanadium with an oxidation state of four V(IV). If after some charging, V(IV) crosses

the membrane into the other half-cell, it can still be converted electrochemically to the

desired oxidation state. If V(III) or V(V) cross the membrane, it is always converted

to V(IV), which lowers the efficiency but not permanently damage the hybrid device.

(iii) since the electrochemical reactions occur at the surface, and reactants are always

dissolved in the electrolyte, the electrodes do not experience significant structural

changes during the charge-discharge process, which also contributes to the durability

of the device.

A.8 Leakage Current

The floating current of V-GHG device is plotted in Figures A.6. The figure shows

that the floating current asymptotically approaches a current of 80 µA mg−1 which

compensates for the device’s leakage current.
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Figure A.6: Floating (leakage) current of the V-GHG device which is charged at 1 A
g−1 until 1.2 V and then kept at 1.2 V for 2 hrs.
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A.9 Determination of the State of Charge of the Electrolyte

The state of charge (SOC) of the electrolyte is described either as the concentration

ratio of V3+ to all vanadium ions at the negative side, or the concentration ratio

of VO2
+ to all vanadium ions at the positive side. We first perform a preliminary

study to check the possibility of measuring the state of charge of the electrolytes using

UV-Vis titration method. For this experiment, 2 M solutions of V3+ and VO2
+ are

prepared by electrolysis of a 2 M solution of vanadyl sulfate. In the next step, (stan-

dard) solutions with a different SOC (0, 25, 50, 75 and 100 %) are made by mixing

the respective fraction of vanadium electrolytes. Then, the solutions are diluted by

ten times, and their absorbance is measured over a wavelength range of 300 to 1100

nm with a UV-Vis spectrometer (Evolution 300, Thermo Fisher Scientific, Liverpool,

NY, USA). The results are plotted in Figure A.7.
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Figure A.7: The UV-vis spectra of different vanadium standard solutions having vary-
ing state of charges: a) solutions made up of VO2

+ and VO2+ and b)
solutions made up of V3+ and VO2+.

Part (a) of Figure S7. contains the spectra of the VO2
+ and VO2+ standards. At

SOC = 0, the profile shows a defined absorbance at around 300 nm as well as a peak

centered at the wavelength of 765 nm. Note that water and sulfuric acid absorption are
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already subtracted from the profile and therefore these values can be solely assigned

to VO2+. At SOC = 1, the solution contains only VO2
+. Consequently, the peak

for VO2
+ absorbance is not detected anymore. The only absorbance range which is

detected occurs from 400 to 500 nm and can be assigned to VO2+. Part (b) of Figure

A.7. contains the spectra of the VO2+ and V3+ standards. At SOC = 0, the solution

contains only VO2+ and the same characteristic profile as in part (a) is observed. At

SOC = 1, there is only V3+ in the solution and a rather complex spectrum is observed.

In detail, we find two overlapping peaks with the centers located at 611 and 765 nm

and another distinguished peak at 402 nm. There is also absorbance detected at 300

nm. The peak at a wavelength of 402 nm is clearly present for all mixtures of V3+

and VO2+ ions (SOCs). When we normalize this peak with the value of absorbance

at the wavelength of 300 nm and plot the values for all mixtures that we investigate

versus their respective SOC, we find a perfectly linear correlation. This, along with

the definition of the SOC, leads to the conclusion that the absorbance at 300 nm is

directly proportional to the total vanadium content. To summarize, we are able to

determine the ratio of V3+ to the total content of vanadium species in the solution

which corresponds to its SOC by interpretation of UV-vis spectra. The calibration

curve stemming from this series of experiments is plotted in Figure A.8. The results

are fitted to a linear equation which is used to determine the SOC of the extracted

electrolyte from the V-GHG devices during self-discharge process.

It is noteworthy that the dilution of a solution comprising V3+ and VO2+with DI

water (or sulfuric acid) does not affect the measurement of the SOC. The dilution

results in a reduction of the total absorbance but does not change the characteristic

wavelength. For measuring the SOC of the electrolyte in the device, the vanadium
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Figure A.8: Calibration curve for determination of the SOC of V3+/VO2+ solutions
from the normalized peak intensity at a wavelength of 402 nm.

ions are extracted from the hydrogel by immersing it in a 4 ml of 5 M sulfuric acid

solution. After 24 hours, the solution is filtered to remove any particulate content,

and the SOC is determined using the method described above. This method is applied

to monitor the state of charge of the electrolyte during discharge. As described in the

manuscript, several equal devices are made and connected in a parallel circuit. Every

half hour, one device is disconnected, and its electrolyte is extracted. The normalized

peak intensities at a wavelength of 402 nm at regular intervals during self-discharge

are recorded and converted to SOC using the calibration curve of Figure A.8.
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