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Abstract

Solid oxide fuel cells (SOFCs) are highly efficient energy conversion devices which

can convert chemical energy directly into electricity without combustion. The ma-

jor hurdle to SOFCs is the requirement of high operating temperature (>800 ◦C),

which leads to a technological challenge for materials development and thermal

management. Thus reducing the operating temperature of SOFCs to interme-

diate temperature (500-800 ◦C) range or even low temperature range (<500 ◦C)

would greatly benefit the wide application of SOFC technology. Reducing the elec-

trolyte thickness and/or utilizing proton-conducting electrolytes are two efficient

approaches to reduce the operating temperature of SOFCs, as well as maintain

high output power density. This work is dedicated to achieve high performance

SOFCs at low operating temperature of 300-500 ◦C by using micro-SOFCs (µ-

SOFCs) with proton-conducting thin film electrolytes.

First, the chemical stability of nanoscale Y-BaCeO3 (BCY) proton-conducting

electrolyte under µ-SOFCs operating environments is investigated. BCY-based

SOFC shows a maximum power density of 30 mW/cm2 and an OCV of 0.59 V at

400 ◦C. The OCV decreases dramatically as testing temperature increases. The

low OCV value and poor fuel cell performance originated from the cracks formed

during test. Y-BaCeZrO3 (BCZY) electrolyte is employed to enhance the chemi-

cal stability and performance of cerium-based ceramic electrolytes. Both the OCV

and fuel cell performance of BCZY-based SOFC have great improvement compared

with BCY SOFC. The maximum power density has increased to 89 mW/cm2 at

400 ◦C, which is nearly 3 times that of BCY-based SOFC. The OCV was main-

tained at around 1.0 V, showing that BCZY is a promising electrolyte candidate

with essential ionic conductivity and chemical stability for low temperature SOFC

application.

In order to enhance the sluggish cathodic oxygen reduction reaction (ORR) at

low temperature, a cathodic modification method was introduced. High perfor-

mance µ-SOFC using chemical stable Y-BaZrO3 (BZY) electrolyte was obtained

xv



Abstract

by utilizing an 8 nm thin film GDC cathode interlayer. The cathodic polarization

resistance was effectively reduced by the additional GDC interlayer between the Pt

cathode and BZY electrolyte. A high peak power density of 445 mW/cm2 was ob-

tained at 425 ◦C from the µ-SOFC with the GDC cathodic interlayer. The mixed

oxygen and proton conduction in the GDC interlayer has expanded the ORR sites

from a 2-dimentional planar interface between Pt and BZY to the entire GDC

interlayer.

The cathodic modification was further investigated by incorporating nanostruc-

tured Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) thin film cathode into µ-SOFCs. The

nanostructured BSCF thin film has increased total surface area exposed to oxy-

gen reactions compared to the previously reported dense BSCF thin film cathode,

which rendered significantly enhanced cathode performances in improving the slug-

gish oxygen reduction reactions. µ-SOFCs using the nanostructured BSCF cath-

ode achieved a fuel cell performance with a peak power density of 55 mW/cm2 at

450 ◦C.

Finally, we explored the feasibility of direct operation of ethanol fuel with µ-SOFC

at low temperature (<500 ◦C). µ-SOFC with highly crystallized BZY thin film

electrolyte, nanoporous Pd anode and Pt cathode exhibits a peak power density

of 72.4 and 15.3 mW/cm2 with the fuels of hydrogen and ethanol at operating

temperature of 400 ◦C.

xvi



Chapter 1

Introduction

1.1 Overview

This dissertation is mainly focus on the development of micro solid oxide fuel cells

(µ-SOFCs) with thin film electrolytes to achieve high performance SOFCs at low

operating temperature range (<500 ◦C), with an emphasis on the utilization of

nanoscale proton-conducting ceramic electrolytes. The high fuel cell performance

was achieved by combination of nanoscale proton-conducting electrolyte with high

ionic conductivity and cathodic modification to enhance oxygen reduction reaction

(ORR).

The main contribution of this dissertation are: (1) the chemical stability of thin

film proton-conducting electrolytes is studied to understand the feasibility for µ-

SOFC application; (2) cathodic modification methods were introduced to enhance

fuel cell performance of µ-SOFC with proton-conducting ceramic electrolyte at low

1



Chapter 1. Introduction

temperature; (3) the promising application of µ-SOFCs as portable power sources

are demonstrated with liquid alcohol fuels.

1.2 Research Motivation and Objectives

Yttria-stabilized zirconia (YSZ) is one of the most commonly used ceramic elec-

trolytes for SOFCs due to its pure oxygen-ionic conduction and stability in oper-

ating environments [8]. However, the major hurdle to conventional SOFCs is the

high operating temperature (>800 ◦C). The high operating temperatures pose a

considerable technological challenge for materials development and thermal man-

agement. Thus reducing the operating temperature of SOFCs to intermediate

temperature (500-800 ◦C) range or even low temperature range (<500 ◦C) would

greatly benefit the widely application of SOFC technology.

One way to reduce the operating temperatures is to change or modify the elec-

trolyte. A promising alternative is to use proton-conducting solid oxides that have

a relatively high ionic conductivity of about 10−2 S/cm at the desired tempera-

tures [9]. Compared to conventional oxygen ion conducting SOFCs with YSZ as

the electrolyte layer, SOFCs with proton-conducting electrolytes are able to be

run at much lower temperature. Currently, great attention and effort have been

dedicated to the proton-conducting SOFC areas to explore materials with good

chemical stability and higher ionic conductivity at lower operating temperature.

Theoretical calculations and previous experimental works have shown that the

benefits of water production on the cathode side and lower activation energy for

2



Chapter 1. Introduction

proton transportation, which make proton-conducting SOFCs potentially superior

to oxygen-conducting SOFCs at low temperature range [9].

Another way to reduce the operating temperatures is to reduce the thickness of

electrolyte layers, thus reducing electrolyte ohmic resistance. SOFCs have typically

been applied to large, stationary application due to the high operating tempera-

ture and strictly materials selection. Nowadays, with the help of micro-fabrication

techniques, SOFC may also be a promising technology for portable energy con-

version application as thin film electrolyte and electrode can be fabricated [10].

Micro-fabricated nano-thin film SOFCs have been demonstrated that they can

provide a power output larger than 1.0 W/cm2 at 450 ◦C [11]. In addition to the

small size and portability, a micro-fabricated SOFC has a number of advantages

over the macro scale version, such as fast start-up time, low ohmic resistance,

better ionic conductivity, etc.

The main objective of the dissertation is to develop and fabricate high performance

micro-fabricated SOFCs with proton-conducting ceramic electrolytes working at

low temperature range, addressing the primary disadvantage of conventional SOFC

technology. In addition to this, fundamental understanding of the interrelation-

ships between electrolyte structure, surface morphology and electrochemical prop-

erties will also be addressed. All these efforts and investigation are intended to

reduce the operating temperature of SOFCs to low temperature range by reducing

the electrolyte thickness to achieve high ionic conducting ceramic electrolytes, and

enhancing the cathodic kinetics.

3
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1.3 Thesis Outline

The dissertation is divided into following 6 chapters:

Chapter 2 provides a sufficient literature overview of SOFCs, including the struc-

tures, materials, thermodynamics. The state-of-the-art on the materials develop-

ments in SOFCs, with a particular focus on low temperature SOFCs with nanothin

film elelctrolyte and high ionic conducting proton conductors are also reviewed.

Chapter 3 investigates the chemical stability of Ce-based proton-conducting elec-

trolyte for thin film SOFCs application. The chemical unstable BCY electrolytes

are systematically analyzed by structural and chemical composition characteri-

zations. Furthermore, a chemical stable BCZY electrolyte was also incorporated

into µ-SOFCs, which shows enhanced chemical stability and fuel cell performance

compared to BCY electrolytes.

Chapter 4 demonstrates the concept of adding a doped ceria interlayer which is

catalytically more active and is a mixed oxygen ionic and protonic conductor, to

improve the chronically poor performance of µ-H-SOFCs. Significant enhancement

of cathode performance and fuel cell power density in the silicon-based µ-H-SOFC

was obtained with the addition of interlayer. The electrochemical impedance and

fuel cell performance of the fabricated µ-H-SOFCs with and without the GDC

interlayer was characterized to understand the effect of such cathode interlayer on

the cathode kinetics behavior.

Chapter 5 presents the fabrication of a nanostructured BSCF thin film cathode

by PLD. The deposition parameters such as oxygen partial pressure and substrate

4
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temperatures are varied and optimized. The nanostructured BSCF thin film with

higher porosity improved the oxygen gas transportation to increase active reaction

sites for ORR. The functionality as a cathode at temperature below 500 ◦C was

also characterized in fuel cell modes thin film proton-conducting µ-SOFCs.

Chapter 6 concludes this research work and provides possible future research di-

rections related to µ-H-SOFCs.

The feasibility of operation of direct utilization of ethanol fuel for SOFC with

proton-conducting ceramic electrolyte at the temperature range of 300-400 ◦C are

also included in Appendix. Nanoporous Pd thin film is utilized as the anode

catalyst toward ethanol oxidation reactions.

5





Chapter 2

Literature Review

2.1 Introduction

Since the early 2000s the demand for energy, especially from fossil fuels, and lim-

its on the rate of fuel production has led to the energy crisis [12]. Most countries

around the world are heavily relying on fossile energy. The ever-increasing con-

sumption and decreased supply of these fuels will cause energy crisis for all coun-

tries around the world in the near future. When coal and natural gas are burned,

greenhouse gases, such as nitrous oxides and carbon dioxide, are produced. Thus

reducing atmospheric levels of greenhouse gases has arisen as an important goal

for the entire resident on earth [13].

The demand for clean and renewable energy around the world has aroused great

attention in the research field of clean energy alternatives [14]. One of these

clean energy alternatives is the fuel cell. A fuel cell is a type of electrochemical
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energy conversion device that converts fuel energy directly and efficiently into

electrical energy without combustion. The main differences between various types

of fuel cells are the fuels used, operating temperatures and the conducting ions.

Currently, most fuel cells are utilizing polymer proton conducting electrolytes, i.e.

polymer electrolyte membrane (PEM) fuel cells (PEMFC) due to the high ionic

conductivity of polymer electrolyte and good manufacturability at low temperature

range. Expensive catalysts such as platinum are often used in these fuel cells to

enhance the catalytic activity towards fuel oxidation and oxygen reduction at

room temperature. However, the high costs of these catalysts have hindered the

commercialization and widely application of polymer fuel cells [15]. Excessive

dependence of hydrogen fuel also limits the widely application as PEMFCs are

susceptible to chemical attacks such as coking and sulfur poisoning when using

hydrocarbon fuels [16].

In comparison, SOFC, which utilizes a layer of ion-conducting ceramic as the elec-

trolyte, shows excellent chemical and thermal stability at different temperatures

[17]. SOFCs also possess the advantage of fuel flexibilities because they can utilize

a wide variety of fuels such as hydrocarbons, coal gas and gasified biomass with

high efficient and cost-effective ways. The efficiency of chemical energy converting

into electrical energy for SOFCs can reach as high as 60%, which is much higher

than the combustion engine’s 25% [18]. In addition, the produced thermal energy

during SOFCs operation can also be used for the cell operation or other energy

conversion devices to further increase the total efficiency as high as 75% [18].

Thus, SOFCs are expected to play a significant role in future energy conversion

8
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technology.

2.2 Solid Oxide Fuel Cells

2.2.1 Structure of SOFCs

A SOFC is an electrochemical conversion device that convert fuels such as hy-

drogen and hydrocarbon into electricity directly without combustion [15]. Elec-

trochemical reaction occurs between reactants (gaseous fuel) and oxidants (air).

Typically, a SOFC is composed of three active components which are an elec-

trolyte, an anode (a fuel electrode), and a cathode (an oxidant electrode) [17].

Figure 2.1 show schematic of fuel cell membrane electrode assembly (MEA) and

illustrates the basic operational principle of fuel cells for proton and oxide ion

conducting electrolytes. Fuel, such as hydrogen, or hydrocarbon fuel is supplied

to the andoe side while at the cathode side, the oxidant such as oxygen gas is

supplied.

During the operation process of SOFCs, the fuel is oxidized at the anode by the

catalyst, while oxygen is catalytically reduced at the cathode. In these processes,

electrons are produced and travel through the external circuit from anode side to

cathode side to generate electricity. The electrolyte layer should be electrically

insulating, but ionis such as oxygen ions or protons can travel though one side to

9
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another side, where they can meet each other to complete the reaction and pro-

duce water. Take oxygen ion conducting SOFC for example, the electrochemical

reactions occurring within the cell are:

Cathode: oxygen reduction reaction (ORR)

1

2
O2 + 2e− → O2−. (2.1)

Anode: hydrogen oxidation reaction (HOR)

H2 → 2H+ + 2e−. (2.2)

Overall cell reaction

1

2
O2 +H2 → H2O. (2.3)

(a)                                                   (b) 

Figure 2.1: Schematic of cross-section of a SOFC with (a) proton-conducting
electrolyte [1] and (b) oxygen ion conducting electrolyte [2].

10
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2.2.2 Thermodynamic Principles

The maximum voltage which can be obtained for a given fuel cell can be de-

termined by the chemical potential difference of the species. Chemical potential

measures how the Gibbs free energy of a system changes when the system chem-

istry changes. Take hydrogen fuel cell for example, the theoretical value of the

open-circuit voltage (OCV) is usually be expressed by:

E0 =
−∆ḡf

2F
. (2.4)

where ∆ḡf is Gibbs free energy, F is Faraday constant. The relationship between

the ideal equilibrium potential (E) and the ideal potential (E0) for the cell reaction

at a different partial pressure of reactants and products are presented in the Nernst

equation provided below:

E = E0 +
RT

2F
ln
aH2 · a

1
2O2

aH2O

. (2.5)

The cell voltage is related several parameters, such as partial pressure, tempera-

ture, etc. When reduce partial pressure of the products and increase the partial

pressure of the reactants, the overall cell potential will increase. For instance, as

the reactant pressures increases, the ideal cell voltage can also increase at given

temperature for the hydrogen reaction.

In order to evaluate the fuel cell performance, a plot of current-voltage relation-

ships is usually presented. This graph is a fuel cell polarization behavior curve,
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or current-voltage (I-V) curve, showing the output voltage of a fuel cell at a given

current density. A typical I-V curve of SOFCs working at low temperature range is

shown in Figure 2.2. The maximum voltage is obtained by the difference between

intrinsic chemical potentials (E0) of the reactant and the oxidant. As the current

is drawn from the cell, the output voltage starts to decrease from the reversible

cell voltage. This drop of voltage represented the irreversible losses in a fuel cell

operation.

Figure 2.2: Schematic of current-voltage characteristics of a SOFC.

The real voltage output for a fuel cell is the reversible cell voltage minus the voltage

drops due to these losses:

V = Ethermo − ηact − ηohmic − ηconc. (2.6)

12
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where V is the actual voltage of fuel cell, Ethermo is the reversible thermodynamic

voltage, ηact is the activation overpotential, ηohmic is the ohmic overpotential, and

ηconc is the concentration overpotential. The fuel cell characteristics can be deter-

mined by these three major types of fuel cell losses which form a I-V curve. As

shown in Figure 2.2, the activation losses mostly affect the low current region of

the curve. The ohmic losses are most apparent in the middle region of the curve

and the concentration losses are significant when a fuel cell operated at high cur-

rent region. The power density values can be calculated by simply multiplying the

voltage and the current density values. The power density (P ) values can be cal-

culated by simply multiplying the voltage and the current density (i) as expressed

in Equation 2.7.

P = i× (Ethermo − ηact − ηohmic − ηconc). (2.7)

2.3 Low Temperature SOFCs

The main issues related to the reducing the operating temperatures of SOFCs

are the increased electrolyte resistivity and sluggish electrode polarization kinetics

with temperature decreases, which can be seen from Equation 2.7. The process

related to ionic conduction in the electrolyte and electrochemical reactions for fuel

oxidation or oxygen reduction are thermally driven process, which shows reduced

performance at reduced temperature [19].

The increasing ohmic resistance in electrolyte at lower temperatures is a key issue
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and has been the focus in the SOFC research area [3, 9, 20]. The ohmic losses

associated with the fuel cell operation are mainly due to the resistance of ionic

charge transport through the electrolyte layer. They are simply governed by Ohm’s

law:

V = iR = i(
L

Aσ
). (2.8)

where A is electrochemical reaction area, L is the length of the ionic transport path

(electrolyte thickness), and σ is the ionic conductivity of the electrolyte material.

V represents the voltage, which must applied in order to transport charge at a

rate given by i. Therefore, this voltage V represents a loss. The performance

of different fuel cells are generally compared on a per-unit-area basis of current

density, thus it is also convenient to use area-normalized value to represent the

resistance, which is area specific resistance (ASR) with units of Ω · cm2. By using

current density, j = i/A and ASR, ohmic loss is expressed as:

ηohmic = j · ASR = j · (L
σ

). (2.9)

Based on equation 2.9, the ohmic loss is proportional to the ion transport dis-

tance or inverse proportional to the ionic conductivity of electrolyte. Therefore,

either reducing the electrolyte thickness or using an electrolyte with higher ionic

conductivity can achieve a low ohmic resistance.
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2.4 Thin Film SOFCs

As stated the previous sections, high performance of SOFCs at reduced temper-

atures can be achieved by decreasing ohmic loss across the electrolyte and the

loss is directly proportional to the electrolyte thickness. For this reason, thin film

SOFCs have been attracted great attention in low temperature SOFCs field.

Thin film SOFC is based on a reduced thickness electrolyte, which has lower ohmic

resistance in comparison with conventional sintered ceramic pellets. The critical

part related thin film SOFC is fabrication of a membrane electrolyte assemble by

advanced thin film deposition techniques. The thin film electrolyte can either be

assembled in a tri-layer SOFC structure in a form of free-standing membrane, or

supported by a porous electrode, as illustrated in Figure 2.3.

Figure 2.3: Schematic drawing of a free-standing SOFC (a) and an thin film
SOFC membrane on a porous substrate (b) [3].
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For free-standing type, usually silicon wafer is chosen as the substrate as it can be

easily patterned with MEMS fabrication process. While for supported thin film

SOFCs, a porous electrode is needed, which would greatly increase the electrode

polarization. Thus, we will mainly focus on the free-standing micro-machined

SOFCs (µ-SOFCs) in this part.

2.5 Proton-conducting SOFCs

Based on equation 2.9, another way to reduce the ohmic resistance of an electrolyte

is to utilize alternative ionic conducting materials which possess higher ionic con-

ductivity than conventional conductors such as YSZ in the reduced temperatures.

Currently, fluorite ceramics such as doped-lanthanum gallate, doped-ceria, and

doped-bismuth oxide materials have shown relative high oxygen ionic conductiv-

ity [19]. However, due to the high activation energy for oxygen ion conduction,

these materials can still not suitable for low temperature less than 500 ◦C. In ad-

ditional to currently developed oxygen-ion conducting ceramics, great interest has

been paid in the proton-conducting electrolyte materials, in particular perovskite

type ceramics [9].

Due to the high proton conductivity, acceptor-doped perovskites with the form

ABO3 have been extensively studied for protonic devices which require proton

conductions [21, 22]. Recently, practical utilization of these materials has been

used in various devices such as SOFC electrolyte, gas reformers and sensors [8, 21,

23–25].
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Trivalent dopants are introduced into the host lattice of ABO3 to substitute of

the quadrivalent cations, which creates the formation of oxygen ion vacancies to

retain the charge neutrality of the entire material. In order to achieve proton

conduction, water is firstly adsorbed into the oxygen vacancies. Then one oxygen

ion is dissociated in the vacancy and defective protons are formed [9]. The detailed

proton migration process includes proton rotational diffusion around oxygen ion

and proton transfer to the nearest oxygen ions (see Figure 2.4). This represents

one of the reasons that make proton-conducting ceramics to be promising high

performance electrolyte materials for low temperature SOFCs.

Figure 2.4: Two presentive traces of proton conduction in perovskite lattice:
rotational diffusion and proton transfer [4].

2.5.1 Proton-conducting Electrolyte

Currently, several ABO3 perovskites such as doped-SrCeO3 and BaCeO3 have

been demonstrated to have high proton conductivity with the presence of water
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or hydrogen-containing atmosphere in the early 1980s [23, 26, 27]. Dopants such

as Y, Yb, Sc, and Nd have been used to dope these pervskites material in order

to achieve high proton conductivity. BaCeO3-based proton conductors are the

most commonly used electrolytes for SOFCs applications [28, 29]. Nowadays the

highest performance SOFC with proton-conducting Y-doped BaCeO3 electrolytes

has shown a peak power density of 700 mW/cm2 at 400 ◦C [28]. Even though the

cell shows very high fuel cell performance, the chemical instability of cerate based

electrolyte has hindered the practical application of these materials for stable

SOFC operation. Previous researches have founded that SrCeO3 and BaCeO3

electrolytes are easily turned into SrCO3 and BaCO3, due to the reaction with

CO2 [30]. It was also reported that BaCeO3 electrolyte can also be easily reacted

with water and decomposed into Ba(OH)2, leading to barium deficiency formation

and reducing the proton conductivity [28]. In comparison, zirconates materials

such as doped-SrZrO3 and BaZrO3 are reported to have better chemical stability

in various CO2 and water atmosphere [4]. SOFCs with proton conducting Y-doped

BaZr0.5Ce0.5O3 (BCZY) have achieved a maximum power density of 900 mW/cm2

at low temperature of 500 ◦C. In these BCZY SOFCs, the chemical stability was

greatly improved as no formation of Ba(OH)2 was observed in a long time test

over 1100 hours in water presenting conditions[28].

Figure 2.5 reported the ionic conductivity of currently developed oxygen-ion con-

ductors for low temperature SOFCs application and the proton conductivity of

BZY electrolyte [31] and Y-doped barium cerate (BCY) [5] in low temperature of

300-600 ◦C. Both the the proton conductors (BZY and BCY) show significantly

18



Chapter 2. Literature Review

smaller activation energy of 0.45-0.65 eV [9] and relative higher ionic conductiv-

ity in the low temperature range than oxygen ionic conductors such as SDC [32],

LSGM [33], and YSZ electrolytes [34].

Figure 2.5: Comparison of the arrhenius conductivities of sintered proton-
conducting pellets (BZY, BCY) with the current high performing oxygen-ion

conductors, SDC, LSGMs, and YSZ [5, 6].

The crystallinity depended proton conductivity in BZY has been demonstrated

in various studies recently [35–38]. Pergolesi et al. [38] reported that the highest

proton conductivity for highly textured and epitaxial BZY thin film grown on

single crystal MgO substrate wafer by PLD techniques. The super high bulk ionic

conducting properties at low temperatures originated from the excellent crystalline
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structure of epitaxial BZY thin film, which was expected to exclude the grain

boundary blocking effects. Without the grain boundaries, the BZY thin film gives

a high ionic conductivity of 0.01 S/cm at a low temperature of 350 ◦C. Figure 2.6

shows the comparison of proton conductivity of epitaxial BZY thin film deposited

on single crystal MgO wafer by PLD and sintered BZY pellets with varied grain

size of 0.5 and 1 µm [6]. It is shown that with the reduction of grain boundaries,

the total conductivity increased significantly.

Figure 2.6: Arrhenius plots of the proton conductivity of highly-textured BZY
film grown on MgO substrate, BZY sintered pellets with varied grain size from

1 µm down to several hundred nanometers [6].

2.5.2 Proton-conducting SOFCs

The highest performance of proton-conducting SOFCs are fabricated with a Y-

doped BaCeO3 (BCY) electrolyte and gained a maximum power densities of 0.9

and 1.4 W/cm2 at 400 and 600 ◦C [29]. In their work, ultra-thin proton-conducting
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BCY electrolytes (0.7 µm) were deposited on Pd film, which is a pure proton

penetration layer. However, BaCeO3 is not chemically stable and can react with

CO2 and produce carbonates, which would depress the high proton conductivity

of this material. Thus, the BCY electrolyte is not suitable for long term fuel cell

test.

By contrast, BZY-based proton-conducting SOFC has demonstrated superior me-

chanical and chemical stability in water and CO2 environments. The sintering

of dense BZY electrolyte is the critical challenging task because the sintering

temperature is usually very high. The barium deficiency at high temperature is

another problem related conventional sintering methods. Thus, introducing sin-

tering aid into the electrolyte is an effective way to improve the sinterability of

BZY electrolyte. Researchers have demonstrated that the sintering temperature

and time can be reduced by introducing sintering aid such as Li, Ca, Pr, In, Zn,

Sn, etc., which was summarized in ref [39]. Sun et al. [39] reported a novel sintered

BaZr0.7Sn0.1Y0.2O3−δ (BZSY) electrolyte by partial substituting Zr4+ with Sn4+.

The cell with a 12 µm-thick BZSY electrolyte film achieved peak power densities

of 360, 292, 214, and 146 mW/cm2 at 700, 650, 600, and 550 ◦C, respectively.

These values are relative high among the proton-conducting SOFCs with bulk sin-

tered electrolytes. It is demonstrated that high electrochemical performance can

be achieved by using chemical stable proton-conducting BZY-based electrolytes

SOFCs [39, 40].
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Generally, preparing ultrathin BZY-based electrolyte films is another effective ap-

proach to avert the sintering problem, as most of the thin film deposition tech-

niques are conducted at temperature lower than 800 ◦C. A thin film electrolyte can

also reduce the ohmic loss, which would promote the application of BZY-based

thin film in low temperature SOFC applications. Thus, in this work we mainly fo-

cus on proton-conducting µ-SOFCs. Table 2.1 summarized the fuel cell structures

and performance of the proton-conducting µ-SOFCs with thin film electrolytes in

the open literature.

The first free-standing proton-conducting µ-SOFCs were fabricated by Shim et

al. [41]. The nanoscale BZY electrolytes which were deposited by ALD and PLD

techniques were integrated into micro-machining process. Electrochemical cells

(H2, Pt/BZY/Pt, air) were fabricated incorporating BZY thin film electrolytes into

porous platinum electrodes which were fabricated by sputtering at high pressure.

The fuel cells have gained high performance in terms of peak power densities, which

reached to 136 mW/cm2 at 400 ◦C for SOFC with ALD BZY electrolyte and 120

mW/cm2 at 450 ◦C for PLD BZY cells. This cell shows the highest performance

at these testing temperatures compared to the literature values.

Chang et al. [42] demonstrated a pinhole-free and dense BZY SOFC on AAO

substrate. The deposition parameter such as oxygen partial pressure was varied

to optimize the BZY electrolyte structure and surface morphology. A porous

substrate-based thin film SOFC using fully dense BZY showed a high OCV value

and a maximum power density of 44 mW/cm2 at 450 ◦C.
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Ji et al. [43] improved the fabrication of BZY electrolyte on AAO substrate and

studied the effects of cathodic modification by inserting a cathodic interlayer with

different porosity by PLD technique for low temperature SOFCs. With the ad-

ditional electrolyte layer, the electrode reactions were enhanced and the electric

short-circuit problem was reduced simultaneously. The cell with double layer elec-

trolytes gives peak power density of 2 mW/cm2, which is 56% higher than the

cell with only one BZY electrolyte due to enhanced cathodic reaction sites and

significant reduced cathodic resistance.

Su et al. [44] have successfully fabricated a cup-shaped free-standing fuel cell

with BZY thin film electrolyte with PLD and silicon MEMS process. By making

the flat thin film BZY electrolyte into 3D structure, the total reaction areas of

BZY membrane have been greatly increased. 300 nm thick BZY electrolyte layer

was deposited by PLD technique on a cup-shaped Si wafer, which has been pre-

patterned with cup shape trenches. The performance of arrayed cup-shaped µ-

SOFC tested at 400 ◦C shows increased power output and density benefiting from

the additional reaction areas in the trenches.

Kim et al. [45] fabricated a 3D crater patterned proton-conducting µ-SOFCs with

BZY electrolyte by using a novel nonlithographic nanospherical patterning (NSP)

method. The 120 nm thick BZY thin film was deposited by PLD and thin film

porous Pt layers were deposited by sputtering to sever as the cathode and anode.

The 3D structured fuel cells achieved peak power densities of up to 186 mW/cm2

at 450 ◦C using hydrogen as fuel, which was the highest value for BZY-based

µ-SOFC in the literature.
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2.6 Pulsed Laser Deposition

Like most physical vapor deposition (PVD) methods, Pulsed Laser Deposition

(PLD) is also a type of PVD method under high vacuum circumstance. The desired

films are formed by using a high-energy pulsed laser beam to ablate the target

of the materials. PLD has gained a great attention to the research community

and industrial application due to the ease of operation and the good conserve

stoichiometry of deposited materials. In this work, we utilize PLD to deposit

several kinds of electrolyte and electrode materials.

A typical PLD system was depicted in Figure 2.7. PLD has several specific ad-

vantages over other thin film fabrication methods. The main advantage originates

from the instinctive laser ablating process to remove the materials. The pulsed

laser strikes the target to form ejected plume with materials plasma. The ejected

vapor or plume then is accumulated on a substrate which was placed in front of

the target with a short distance. The detailed mechanisms on how PLD works are

very complicated, but generally the process can be summarized into the following

four stages:

(i) Plasma creation: high-energy laser ablation of the target to evaporate the

material, forming high energy plasma;

(ii) Plasma movement: plasma transfer from the target to the chamber vacuum in

a specific direction;

(iii) Film deposition: the ablated plasma are encountered with substrate and

bonded to the substrate surface;
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(iv) Film growth & nucleation with remaining kinetics and energy.

Compared to other thin film fabrication techniques, it is easier to get the desired

thin film stoichiometry as almost all materials can be ablated under such high-

energy density pulsed laser. The deposition process can occur in ultra-high vacuum

or in the presence of a background gas, such as oxygen, which is commonly used

when depositing oxides to fully oxygenate the deposited films.

Figure 2.7: Schematic view of a PLD system [7]

The deposition parameters, such as oxygen partial pressure, substrate tempera-

ture, and target to substrate distance (T-S distance) have great effect on the thin

film quality. For example, oxygen partial pressure can affect the surface mor-

phology of the film, as the diffusion distance of the ablated species is related to

the pressure. In high vacuum condition, the ejected species have less hindrance

from the surrounding environment and can travel a long distance. However, in
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higher pressure condition, the diffusion route was hindered by surrounding oxygen

molecules, resulting in a short travel distance. Therefore, optimization of the de-

position conditions in PLD techniques is critical to ensure a high quality thin film.

In this work, we will utilize PLD to fabricate nanoscale proton-conducting elec-

trolyte and cathode materials for low temperature SOFCs. The effects of different

deposition conditions will be studied and optimized.

2.7 Chapter Summary

For low temperature SOFCs to operate at targeted temperature regime, which is

usually below 500 ◦C, proton-conducting oxides would be promising electrolyte

materials than oxygen-ion conductors due to lower activation energy of proton

conduction. By combining the thin film µ-SOFCs and proton-conducting elec-

trolytes, the impressive fuel cell performance can be achieved. Nevertheless, among

the limited number of reports on µ-SOFCs using proton-conducting electrolytes,

the fuel cell performance reported was still much lower than those using oxygen

ion-conducting electrolytes. The yet impressive performance of µ-H-SOFCs may

originate form the poor stability of electrolyte or cathodic reaction. When proton-

conducting electrolytes are utilized, the water evolution reaction shifts from anode

to cathode, making the already complex cathode reactions even more complicated.

In this regard, chemical stability study and cathodic modification are critical is-

sues related to µ-H-SOFCs performance enhancement, which would be the main

research focus in this dissertation.
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Chapter 3

Nanoscale Doped Barium Cerate

Electrolytes for Low Temperature

SOFCs

3.1 Introduction

In practical SOFC operation, a good chemical stability of selected electrolytes

as well as a high ionic conductivity is required for long-term fuel cell operation.

Currently, yttria-doped BaZrO3 (BZY) and yttria-doped BaCeO3 (BCY) are two

of the most investigated proton-conducting ceramic electrolyte materials. BZY is

known for its good proton-conductivity and excellent chemical stability under fuel

cell operating conditions, but the proton conductivity in practice is still relatively

Part of this chapter is reprinted from Journal of Power Sources, Vol 268, Yong Li, et al.,
“Chemical stability study of nanoscale thin film yttria-doped barium cerate electrolyte for micro
solid oxide fuel cells”, Pages 804-809, Copyright (2014), with permission from Elsevier.
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low due to its poor sinterability which results in high grain boundary density that

blocks proton transportation [9]. On the other hand, BCY has the highest ionic

conductivity among all the proton-conducting ceramics [4, 5]. Thin film BCY has

been used to demonstrated the feasibility as a suitable electrolyte material for

very low temperature (below 500 ◦C) SOFCs, and decent cell performance was

obtained. Iijima et al. [28] coated a 2 µm-thick BCY thin film electrolyte by PLD

on a Pd substrate and use screen-printed La0.6Sr0.4CoO3 and Pt as the cathode

and anode. A high maximum power density of 0.9 W/cm2 with OCV of over 1.0

V was obtained at 400 ◦C. Bae et al. [48] reported a silicon-supported µ-SOFC

using nano thin film BCY with thickness of only 200 nm deposited by PLD, and

a maximum power density of 145 mW/cm2 with an OCV of 0.98 V at 400 ◦C.

One major drawback of using ceria-based electrolytes is the poor chemical stability

that often leads to a rapid degradation of cell performance. [28, 36, 52, 53]. The

degradation originates from the high basicity of the electrolyte that facilitates

BaCO3 to react with CO2 and H2O and decompose to BaCO3, CeO2, or Ba(OH)2

[30, 54, 55]:

BaCeO3(s) + H2O(l)− CeO2(s) + Ba(OH)2(s/l). (3.1)

BaCeO3(s) + CO2(g)− CeO2(s) + BaCO3(s). (3.2)

In an effort to avoid the electrolyte decomposition, 1 µm-thick BZY was coated on

a sintered bulk BCY pellets (thickness of 1 mm) to utilize its chemical stability as a

protective layer against atmospheric CO2 and moisture, and a significant improve
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of performance stability was observed [56]. Similar concept was also applied to µ-

SOFCs using nano thin film BCY electrolyte (thickness of 200 nm) by depositing

a 20 nm-thick BZY layer on either cathode, anode, or on both sides of BCY using

PLD [48]. However, the additional BZY capping layer(s) did not improve the

overall chemical stability of the composite electrolyte, and rapid degradation of

cell performance was still observed, possibly due to the insufficient thickness of

capping layer for the nano thin film BCY. Further investigations for the behaviors

of nano thin film BCY at targeted low temperature range is necessary to optimize

the performance of the µ-SOFCs using this promising material.

Although the chemical stability of bulk BCY electrolyte has been well-investigated

at higher temperatures [57–60], particularly for the reactions with CO2 and H2O

[61], studies for nanoscale thin film BCY at temperatures below 500 ◦C are still

rare due to the interests in using BCY for very low temperature SOFCs are just

growing from the recent successful demonstrations [28]. In addition, most of the

chemical stability analyses of cerium based proton-conducting electrolyte were

performed in H2O/CO2 containing atmosphere or boiled water to simulate the

fuel cell operating conditions and not directly under actual fuel cell operating

conditions [30, 54, 55], which may not reflect the effect of charge transport on the

corrosion behaviors during fuel cell operation. Therefore, this work is dedicated as

an initial thorough study on the chemical stability of nano thin film BCY as the

electrolyte for µ-SOFCs operated at very low temperature range of 300 to 400 ◦C.

The reactions of BCY with CO2 and H2O as well as the reduction of cerium after

fuel cell test were identified to clarify the causes of cell performance degradation.

31



Chapter 3. Nanoscale Doped Barium Cerate Electrolytes for LT-SOFCs

3.2 Experimental Methods

3.2.1 Fabrication and Test of BCY µ-SOFCs

Figure 3.1(a) shows the schematic of the silicon-based µ-SOFC with free-standing

BCY electrolyte membrane fabricated using silicon micromaching processes, as

previously reported in [10]. BCY thin films with thickness of 300 nm were de-

posited by PLD on a free-standing silicon nitride membrane supported by a silicon

wafer [44]. A 248 nm KrF excimer laser (Lambda Physik) with laser fluence of 2.5

J/cm2 per pulse was used to ablate a sintered BaCe0.9Y0.1O3−δ pellet target (Able

Target Limited, China) with a target to substrate distance of 50 mm. The main

chamber was vacuumed to a base pressure of 1× 10−4 Pa, and the oxygen partial

pressure was fixed at 1.0 Pa. After deposition, all the samples were cooled to 400

◦C with a cooling rate of 10 ◦C/min to avoid crack formation on the membrane

caused by the difference of thermal expansion coefficient between silicon substrate

and the BCY membrane. The deposited films were then continued to cool to

room temperature by natural convection in the chamber with same oxygen partial

pressure. After the deposition of BCY electrolyte, the Si3N4 supporting layer was

removed by relative ion etching (RIE) with CF4 gas to obtain the free-standing

BCY electrolyte. Porous Pt thin film cathode and anode with thickness of 50 nm

were deposited on both sides of the electrolyte by using DC sputtering with a DC

power 250 W and pressure of 80 mTorr at room temperature.

The fuel cell performance was tested with a custom-made µ-SOFC test station as

described elsewhere in [10]. The test was performed under dry hydrogen fuel at a
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(a) 
Pt cathode 

BCY electrolyte 
Si3N4 

Si substrate 

Pt anode 

165 µm 

165 µm 

(b) (c) Cathode view Anode view

Figure 3.1: Structure of free-standing µ-SOFC device. (a) Schematic of cell
structure; (b) Optical microscopy image of SOFC seen from cathode side; (c)

SEM image of SOFC seen from anode side.

flow rate of 20 sccm and under ambient air as oxidant, and therefore the chemical

reactions between BCY and CO2 and H2O were with those species contained in

the ambient air. The polarization curves were measured at 300, 350, and 400 ◦C

using a potentiostat system (Solartron 1470E) and a frequency response analyzer

(FRA) (Solartron 1255B).
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3.2.2 Electrolyte Characterizations

The phase and crystal structure of BZY and GDC films were characterized by graz-

ing incidence X-ray diffraction (GIXRD) method using a PANalytical Empyrean

XRD system, with the glancing incident angle being kept at 1◦ for all the measure-

ments. The collected XRD patterns were refined by the Rietveld method using the

X’pert HighScore software package. The substrate Si (400) peak was used as the

reference to confirm a corrected zero point for subsequent characterizations. The

composition of the BCY electrolyte and its chemical states were determined using

X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra) with a monochro-

matic Al Kα (1486.71 eV) X-ray radiation (15 kV/10 mA). The high-resolution

spectra scans over different element peaks were recorded in a step of 0.1 eV under

constant pass energy of 40 eV. The binding energies were calibrated with refer-

ence to the adventitious hydrocarbon contamination peak located at 284.8 eV. The

morphologies of the electrolytes were characterized using a field-emission scanning

electron microscopy (FE-SEM, JEOL JSM-7600F).

3.3 Chemical stability study of BCY electrolytes

3.3.1 Electrochemical Performance of BCY Cells

The fabricated µ-SOFC with BCY electrolyte is shown in Figure 3.3(b) and (c).

The free-standing electrolyte membrane shows severe buckling, which reflected the

compressive stress that was often observed in oxide thin films deposited at high
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temperature [62–64]. In the fuel cell polarization curves (Figure 3.2), the OCVs

started at a low value of 0.79 V at 300◦C, and dropped to 0.68 V at 350◦C, and

finally down to 0.59 V at 400 ◦C. The maximum power densities were also at low

values of 2, 5 and 30 mW/cm2 at 300, 350 and 400 ◦C, respectively. As shown

in the SEM images of the BCY membrane cross-sectional view (Figure 3.3), no

noticeable crack was observed in the electrolyte before fuel cell test, and after

tested at 400◦C, several cracks initiated on the BCY surface and perforated across

the electrolyte. The formation of such cracks could have caused gas leakage that

resulted in the decreasing OCV values and the poor fuel cell power performance.
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Figure 3.2: Polarization curves at temperatures of 300, 350, and 400 ◦C.
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Figure 3.3: Cross-sectional FE-SEM images of the BCY electrolyte before (a)
and after fuel cell test at 400 ◦C (b). The inset figure in (a) shows a magnificent

view of the porous Pt surface.

3.3.2 Microstructural Characterization

The XRD characterizations were first carried out to verify the changes of lattice

parameters of BCY electrolyte (Figure 3.4) before and after the fuel cell test. Both

the as-deposited and tested BCY electrolytes were indexed to an orthorhombic

perovskite structure (space group Pmcn), indicating that the BCY electrolyte has

retained the same crystal structure after the fuel cell test. However, the XRD
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pattern of BCY after test shows a noisier background, and several new small

peaks of BaCO3 appeared after exposure to CO2 and moisture during fuel cell

test. In addition, an obvious peak shift of about 0.2◦ to the lower angle was

observed in the tested sample, indicating an increase in the plane distance. As

summarized in Table 3.1, the cell volume expanded from 338.01 Å
3

to 349.88 Å
3

after the fuel cell test. This volume expansion could have changed the stress level

of the freestanding BCY electrolyte and resulted in the cracks we observed in the

electrolyte membrane.
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Figure 3.4: GIXRD patterns of BCY electrolyte before and after fuel cell test
at 400 ◦C.

37



Chapter 3. Nanoscale Doped Barium Cerate Electrolytes for LT-SOFCs

Table 3.1: Crystal structure and parameters obtained by XRD refinement

2θ (◦) d-spacing (Å) a (Å) b (Å) c (Å) Volume (Å
3
)

Before 28.585 3.12023 8.7529 6.1914 6.2371 338.01
After 28.435 3.13635 8.9426 6.233 6.2767 349.88

3.3.3 XPS Study of the Chemical Stability of BCY

We further identified the chemical decomposition of BCY electrolyte by XPS. Fig-

ure 3.5-3.7 shows the high-resolution spectra of Ba 3d, O 1s, C 1s, respectively.

For the as deposited sample, the Ba 3d photoelectron peaks can be resolved into a

set of spin-orbit doublets of Ba 3d5/2 (779.1 eV) and 3d3/2 (797.4 eV), where the

peak separation of 18.3 eV is consistent with the values reported in the literatures

[65]. The perfectly symmetric Ba 3d5/2 peak was resolved into a single peak with

Gaussian fitting, indicating that a pure BaCeO3 chemical state is presented in the

electrolyte. After fuel cell test at 300 ◦C, two small peaks formed beside the two

original Ba 3d peaks with slightly higher binding energies of 779.6 eV and 797.9

eV but a same peak difference of 18.3 eV. These two new peaks indicate the for-

mation of a new set of Ba 3d doublets (Ba 3d5/2 and 3d3/2), which corresponds

to a different barium binding state that can be resolved to Ba(OH)2 as indexed to

reference [66]. As the testing temperature was increased to 400 ◦C, the intensities

of these two additional peaks increased further. Similar trend was also observed

in the O 1s spectra, as shown in Figure 3.6. The O 1s XPS spectra show broad

and asymmetric peaks and can be fitted to three overlapped peaks with binding

energy in the region of 528-534 eV. The fitted peaks located at 530.9, 528.8, 532.2

eV were resolved to lattice oxygen, metal oxide and absorbed oxygen, respectively.

For the tested sample, another O 1s peak formed at higher binding energy ( 534
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eV), which is also identified to associate with the formation of Ba(OH)2. The C 1s

spectra are also deconvoluted and shown in Figure 3.7 for comparison. The con-

centration of C 1s spectra almost kept constant except a slight increase at 400 ◦C,

indicating a much more stable carbon oxidation state than Ba after fuel cell test.

Therefore, we can confirm that the newly formed Ba peaks are mainly attributed

to the formation of Ba(OH)2 from the electrolyte reaction with moisture. Previ-

ous researches reported that barium cerate reacts more easily with CO2 than with

water vapor, and the reaction with H2O is not significant at the fuel cell operating

conditions (400-700 ◦C) [53, 67]. From our results, however, the analysis of Ba

3d, O 1s and C 1s XPS spectra shows the reaction with water to form Ba(OH)2

is also significant and contributes to the degradation of nano thin film BCY at

temperatures below 400 ◦C.

The oxidation state of cerium is another important indicator for the poor chem-

ical stability of nano thin film BCY electrolyte under low temperature fuel cell

operating conditions. The change in oxidation state of cerium can be observed by

analyzing Ce 3d spectra, as shown in Figure 3.8. Due to shake-up, shake-down and

multiplet splitting effects, the shape of the Ce 3d spectra contains contributions

from many components, leading to complex fine structure curve fittings [68, 69].

Both of the Ce 3d spectra can be resolved into 11 peaks, as illustrated with dif-

ferent colors. Ten cerium peaks following the notation defined by Burroughs et al.

[70] using (u, v)s are attributed to the two spin-orbit split components of the Ce

3d photoemission process: the Ce 3d5/2 and Ce 3d3/2. An Auger line of barium

appears in this energy range, which is colored with purple. All the Ce 3d spin-orbit
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Figure 3.5: XPS spectra of Ba 3d for the BCY electrolyte before (top) and
after fuel cell tested at 300 (middle) and 400 ◦C. (bottom). The original data,
fitted spectra and Shirley background are shown in hollow points, colored solid

lines and dotted line, respectively.
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Figure 3.6: XPS spectra of O 1s for the BCY electrolyte before (top) and
after fuel cell tested at 300 (middle) and 400 ◦C. (bottom). The original data,
fitted spectra and Shirley background are shown in hollow points, colored solid

lines and dotted line, respectively.
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Figure 3.7: XPS spectra of C 1s for the BCY electrolyte before (top) and
after fuel cell tested at 300 (middle) and 400 ◦C. (bottom). The original data,
fitted spectra and Shirley background are shown in hollow points, colored solid

lines and dotted line, respectively.
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splitting are in the range of 18.2-18.6 eV, which is consistent with data previously

reported in the literature [71]. The core level binding energies and atomic com-

positions of Ce 3d doublets peaks (uv)s are calculated and summarized in Table

3.2 following Romeo et al.’s method [72], which is a simple and accurate way to

analyze the complexity of Ce 3d spectra. The fitted curves are classified into two

different sets of Ce 3d status according to their binding energies. Previous studies

have confirmed that the doublets peaks, u′′′v′′′, u′′v′′, uv are originated from Ce4+

oxidation state, and u′v′ and uovo are attributed to the Ce3+ oxidation state [72].

As shown in Figure 3.8, peaks u′v′, uovo are presented in both the untested and

tested samples, meaning that Ce3+ have already existed in the BCY electrolytes

before the fuel cell test, which is not expected in the fully oxidized BCY electrolyte.

We speculate that the observed Ce3+ is present at the electrolyte surface that was

exposed to ambient air that facilitates the reduction. Another possible reason may

be from the X-ray induced photo reduction of cerium based samples during XPS

test, though the mechanism is in principle known but not entirely understood [73].

The shape of the highest binding energy peak pair u′′′v′′′ (at 915eV and 897 eV),

which can be indexed to CeO2 spectra [68, 72], gives a larger enclosed area under

the peaks as compared with the untested sample. The formation of CeO2 during

the fuel cell test gives a direct evidence of both reactions with CO2 and water

vapor. On the other hand, the components of Ce4+ u′′v′′ and uv have dramati-

cally decreased compared with the fresh samples, especially for u′′v′′ peaks. This

decrease is attributed to the partial reduction of Ce4+ into Ce3+ species, which can

be confirmed by the noticeable increase in u′v′ and uovo peaks in the tested sample.

Particularly, for the peaks of uovo, the calculated concentration has increased from
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9.65% to 28.35%. Considering all the oxidation states of Ce elements in the BCY

electrolyte, the ratio of Ce3+/Ce4+ has increased from 31.25% to 47.14% after

fuel cell test. The co-existence of both valence states is attributed to the partial

reduction of Ce (from Ce4+ to Ce3+) [74]. Since the transformation of Ce valence

state has a strong influence on the mechanical properties of Ce-based oxides [75],

the large amount of Ce reduction can be associated with the lattice expansion

observed from our XRD results. Such lattice expansion in a bulk BCY may not

be directly visible and the effect was reflected as impact on the mechanical prop-

erty, but in nano thin film BCY the lattice expansion can have directly resulted

in visible cracks as we observed. Further investigation is necessary to find out the

actual correlation between the changes in Ce oxidation state and the fracture of

the nanoscale thin film BCY. Earlier work has shown that the existence of mixed

Ce4+/Ce3+ valence state in the CeO2-electrolyte can provide electronic conduction

through the electron hopping-transport mechanism between Ce4+ and Ce3+ [76].

For oxygen ion conductors, the ionic conduction is dominate at lower temperature

range in CeO2-based electrolytes, and at higher SOFC operating temperature (>

600 ◦C) the electronic conductivity becomes comparable to or eventually greater

than the ionic conductivity [77, 78]. We also speculate the existence of electronic

conduction due to the presence of CeO2 and mixed Ce4+/Ce3+, which would result

in the low OCVs.

In addition, the chemical stability of our nano-thin film BCY electrolyte can be

more vulnerable to reduction to Ce3+ than bulk BCY under fuel cell operating

conditions due to a higher surface-to-volume ratio, which increases the relative
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Figure 3.8: XPS spectra of Ce 3d for the BCY electrolyte before and after
fuel cell test at 400 ◦C.
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Table 3.2: Fitted curves and calculated concentration of the characteristic
XPS lines for Ce4+ and Ce3+.

Oxidation
states

Peak
Before test After test (400 ◦C)

Position (eV) % Concentration Position (eV) % Concentration

Ce4+

u
′′′

914.86 9.91

68.75

915.36 11.52

52.86

v
′′′

896.56 10.37 897.09 12.06
u

′′
908.50 12.26 907.99 5.70

v
′′

890.20 12.84 889.39 5.95
u 903.00 11.42 902.89 8.61
v 884.40 11.95 884.41 9.02

Ce3+

u
′

905.98 10.55

31.25

905.18 9.18

47.14
v

′
887.78 11.05 887.04 9.61

u0 899.59 4.71 900.04 13.85
v0 881.29 4.94 881.45 14.5

exposure to CO2 and H2O. We noticed that most of the cracks in the electrolyte

initiated from the cathode surface (Figure 3.3(b)), possibly due to the water vapor

produced at the cathode side during fuel cell operation and promoted the reaction

in equation (3.1). It is reported that in the presence of moisture in the environ-

ment, the decomposition kinetic of BaCeO3 is controlled by the diffusion of water

into the perovskite lattice [54]. In our case of nano-thin film electrolyte, since the

diffusion pathway is much shorter than that in a bulk electrolyte, the decomposi-

tion kinetics is controlled by the contact interface between the BCY electrolyte and

moisture environment, as seen from SEM images that the cracks seem to propagate

from the electrolyte surface to the center. The possible decomposition mechanism

of thin film BCY electrolyte can be understood as an interface-controlled process:

the gaseous reactants are in contact with BCY surface and the corrosion reac-

tions (3.1) and (3.2) occur. The products, BaCO3, Ba(OH)2 and CeO2 formed at

electrolyte surface, changed the intrinsic stress level of the pristine free-standing

BCY thin film (shown in XRD analysis, Figure 3.4 and Table 3.1), resulting in
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cracks formation at the surface. The decomposition of BCY did not occur over

the entire surface but only at certain spots to form the cracks due to the partial

coverage of surface by porous Pt electrode to block the exposure to water and

CO2. The nanoscale thickness of BCY electrolyte could have accelerated the cor-

rosion processes. Thus, the intrinsic instability of ceria-based BCY electrolyte,

together with the higher relative exposed surface area of a nano-thin film, has

rapidly deteriorated the fuel cell performance of BCY µ-SOFCs.

3.4 Chemical Stable BCZY-based µ-SOFCs

Based on the chemical stability study of BCY based proton-conducting elec-

trolytes, it is founded that the chemical stability of electrolyte is critical to the

µ-SOFCs. Even though BCY has a higher conductivity over BZY electrolyte, poor

chemical stability made it not qualify to be a potential electrolyte candidate for

µ-SOFCs. In order to make a compromise between the high chemical stability of

BZY and high conductivity of BCY, researchers has found a co-doped electrolyte

BCZY with Zr and Ce showing promising chemical stability and ionic conduc-

tivity [32, 42, 46]. Thus this section will present the fabrication and testing of

BCZY-based µ-SOFCs.

The proton conducting µ-SOFC with BCZY electrolyte has the same structure

as previous described BZY and BCY-based SOFC. Figure 3.9 shows the cross-

sectional structure of BCZY µ-SOFC after fabrication. The BCZY electrolyte,
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which was sandwiched between two porous Pt electrodes, can be clearly identi-

fied from the image. Nanoscale BCZY electrolyte was deposited by PLD while

the porous Pt electrodes were deposited on both sides of the BCZY electrolyte

by sputtering. The thickness of BCZY electrolyte was around 100 nm, while the

Pt electrodes were about 50 nm thick. The porous structure ensures a higher

triple phase boundary (TPB) density when compared with dense electrode. The

electrolyte layer was dense enough to be gas tight, as there are no notable cracks

or pinholes formed. Similar to BZY and BCY ceramic membranes, BCZY elec-

trolyte also shows a columnar structure along the vertical structure. The columnar

electrolyte would reduce the resistance when ionic transporting through the grain

boundaries, as the grain boundary density was minimized across the electrolyte

membrane.

Fuel cell performance of BCZY µ-SOFC was conducted in a temperature con-

trolled µ-SOFC test chamber with dry H2 (20 sccm) as the fuel and ambient air as

oxidant. The measuring temperature was set from 300 to 400 ◦C. Representative

I-V-P curves are plotted in Figure 3.10 and the OCV and peak power density are

summarized in Table 3.3. The minimum testing voltage was set into 0.1 and 0.2

V in order to avoid the possible Pt degradation in high current density region.

The smooth curves indicate that the fuel cell was chemical stable and the testing

environment was constant.

Table 3.3: Summary of BCZY SOFC performance

Temperature (◦C) OCV (V) Power density (mW/cm2)
300 0.969 27.4
350 0.969 53.9
400 0.983 88.3
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Figure 3.9: FE-SEM image of cross-sectional view of a proton-conducting
µ-SOFC with BCZY electrolyte.

Unlike BCY µ-SOFC, the OCV of BCZY cells was maintained around 1.0 V at

various testing temperatures. It means that the BCZY electrolyte was sufficiently

dense enough and no electron leakage was appeared. Peak power densities were

27.4, 53.9, and 88.3 mW/cm2 at 300, 350 and 400 ◦C, respectively. The output

power densities are greatly enhanced compared with BCY-based µ-SOFC. At 400

◦C, the peak power density is nearly 3 times of BCY µ-SOFC. Both increased

OCV and power density indicated that by introducing Zr into BCY electrolyte,

the fuel cell performance would have great improvement. However, the maximum

power density is still lower than BZY µ-SOFC due to the un-optimized depositions

of BCZY electrolyte. The chemical stability of BCZY electrolyte was further con-

firmed by XRD patterns (Figure 3.11). Although the performance characteristics
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Figure 3.10: I-V-P curve of SOFC with BCZY electrolyte tested with H2 at
different temperature of 300, 350, and 400 ◦C.

of BCZY-based fuel cells are still not as high as expected, the high conductivity

and chemical stability of BCZY are very encouraging and imply that cerium-based

proton conducting electrolyte is promising for low temperature SOFCs.

3.5 Chapter Summary

In this chapter, we have gained direct evidence of the chemical instability of

nanoscale BCY thin film as an electrolyte for micro SOFCs. The µ-SOFC showed

a decreasing OCV with increasing operating temperature due to the chemical in-

stability in fuel cell operating environments. Visible vertical cracks were induced

from reactions with CO2 and H2O vapor that expanded the BCY lattice, leading
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Figure 3.11: XRD patterns of BCZY electrolyte before and after fuel cell test
at 400 ◦C.

to an insufficient gas separation of fuels and air. Unlike bulk BCY at high temper-

atures where only the reaction with CO2 is significant, the reactions of nano thin

film BCY with CO2 and H2O are both active at temperature between 300 to 400

◦C. The reduction of Ce4+ into Ce3+ in BCY induced the electronic conduction

that also resulted in the decrease of OCV.

In order to enhance the performance of cerium-based ceramic electrolyte, zirco-

nium was added to BCY target. Both the OCV and fuel cell performance of

BCZY SOFC have great improvement compared with BCY µ-SOFC. The max-

imum power density has increased to 89 mW/cm2 at 400 ◦C, which is nearly 3

times of BCY result. The OCV was maintained at around 1.0 V, showing that a
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chemical stable and dense electrolyte has been successfully fabricated by PLD. Zr

stabilized cerium-based electrolyte would be an effective way to enhance the chem-

ical stability of BCY, leading to a promising fuel cell performance enhancement

for low temperature SOFCs.
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Chapter 4

Proton-conducting SOFCs with

Improved Cathode Reactions by a

Nanoscale GDC Interlayer

4.1 Introduction

µ-SOFCs using nanoscale thin film electrolytes have shown great promise as portable

power sources because of their high performance at drastically reduced operating

temperatures [3]. By minimizing the electrolyte thickness from tens of microm-

eters scale down to sub-micrometer scale, the Ohmic resistance of conventional

oxygen ion-conducting electrolytes such as yttria-stabilized zirconia (YSZ) de-

creased proportionally with thickness, which enabled the high cell performance

Part of this chapter is reprinted from Scientific Reports, Vol 6, Yong Li, et al., “Proton-
conducting micro solid oxide fuel cells with improved cathode reactions by a nanoscale thin film
gadolinium-doped ceria interlayer”. DOI: 10.1038/srep22369
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at temperatures lower than 500 ◦C [10, 11, 44, 79–81]. As the Ohmic resistance

was minimized, the most rate-limiting process among the entire cell reactions has

shifted to the cathode polarization, since the thermally-driven oxygen reduction

reaction (ORR) kinetics at the cathode become much more sluggish at such low

temperature range [19]. Therefore, improving the kinetics of cathodic reactions or

the selection of catalytically more active cathode materials is currently the most

critical issue in further enhancing the performance of such promising devices.

Among the reported µ-SOFCs, quite a few works have shown the impressive perfor-

mance using oxygen ion-conducting electrolytes such as YSZ, gadolinium-doped

ceria (GDC), or with multiple-layer configurations like GDC/YSZ bilayer elec-

trolyte [10, 11]. However, for µ-SOFCs to operate at their targeted temperature

regime, which is usually below 500 ◦C, proton-conducting oxides can be more

suitable choices as electrolyte materials since they usually possess better ionic

conductivity than oxygen-ion conductors at low temperature due to lower acti-

vation energy of proton conduction [4]. It should be expected that the already

impressive performance of µ-SOFCs reported can be further improved if the oxy-

gen ion-conducting electrolyte is replaced by proton-conducting electrolyte while

remaining the other cell components such as porous metal catalytic electrodes un-

changed. Nevertheless, to date, among the limited number of reports on µ-SOFCs

using the most common proton-conducting electrolytes (µ-H-SOFCs hereafter) like

yttrium-doped barium zirconate (BZY), the peak power densities reported were

still much lower than those using zirconia- or ceria-based oxygen ion-conducting

electrolytes (µ-O-SOFCs hereafter). As summarized in Table 2.1, the highest peak
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power densities attainable for µ-H-SOFCs were only 140 mW/cm2 at 400 ◦C [48]

and 186 mW/cm2 at 450 ◦C [37]. For the reported high performance µ-O-SOFCs,

the highest peak power densities reported were closer to or over 1 W/cm2 at 450

◦C [11, 80, 81].

The yet impressive performance of µ-H-SOFCs may originate from the poor cath-

ode configuration that provides insufficient reaction sites on such type of nano

thin film fuel cells. Figure 4.1a shows the typical cathode/electrolyte/anode cross-

sectional schematics of the µ-H-SOFC, which has a nano thin film BZY electrolyte

sandwiched by two porous thin film Pt electrodes. Unlike conventional SOFCs,

the cathode/electrolyte interface of a µ-SOFC is only connected two-dimensionally,

which means the triple phase boundaries for the ORR is only limited to the pla-

nar interface between Pt cathode and oxide electrolyte. When the electrolyte is

changed from an oxygen ion conductor to a proton conductor, in addition to the

existing ORR, the water evolution reaction also shifts from anode to cathode,

making the already complex cathode reactions even more complicated. In BZY

µ-H-SOFCs, the reduced oxygen ion may only meet the proton transported from

the anode through BZY near the triple-phase boundary lines at the interface be-

tween Pt cathode and BZY (red line in Figure 4.1a), and these are likely only

where the water evolution reaction can take place. Therefore, it is likely that the

performance of µ-H-SOFCs has been limited by the confined reaction zone that

resulted in high cathodic polarization resistance. In this regard, modifying the in-

terface between Pt and BZY to allow the cathodic reactions to take place over an

extended zone is expected to effectively improve the cathode kinetics and increase
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the cell power performance. Among studies of regular proton-conducting elec-

trolyte SOFCs (H-SOFCs) that operate at intermediate temperature range (500

to 650 ◦C), the search of suitable cathode materials to accommodate the complex

cathode reactions is also a prevailing topic [82–85]. One of the most promising

categories of cathode is the triple-conducting materials, which are materials having

simultaneous electronic, oxygen ionic, and protonic conduction properties [86]. A

triple-conducting cathode provides more reaction sites for both the ORR and water

evolution reaction to take place that is believed to effectively decrease the cathode

polarization resistance, and the cell performances using such cathode material are

indeed impressive [83]. To apply such concept to µ-H-SOFCs, adding an interlayer

between the cathode and electrolyte, or the so-called bi-layered electrolyte, can be

an effective method.

Figure 4.1: Schematics of µ-H-SOFCs with possible oxygen reduction reaction
and water evolution reaction zone at the cathode/electrolyte interface. (a) The
cell with platinum cathode in contact directly with BZY electrolyte, and (b)
the cell with platinum cathode in contact with the GDC interlayer on top of

the BZY electrolyte.

For µ-O-SOFC, the concept of bi-layered electrolytes or the cathode/electrolyte
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interface modifications have been demonstrated to effectively improve the cath-

ode kinetics. A catalytically superior material for ORR, such as doped-ceria

[10, 11, 87], can be inserted between the porous metallic cathode and the main

electrolyte, which serves as a good cation diffusion barrier [88] and improves the

ORR reaction kinetics [89, 90]. Results from quantum mechanical simulation also

show the very low oxygen incorporation energetics for doped ceria at cathode/-

electrolyte interface to be 0.07 eV, which is much lower than the 0.38 eV of YSZ

[91].

To apply the bi-layer electrolyte concept to µ-H-SOFCs for better cathode reaction

kinetics, GDC can still be a good choice to accommodate the complex cathode re-

actions. The Ga doping in ceria gives the highest oxygen diffusion coefficient than

ceria doped with other dopants such as Y, Sm, and La [92]. More importantly,

evident proton conductivity at temperatures lower than 400 ◦C was also demon-

strated [93–96]. The mixed oxygen ion and proton-conducting property allows

both the oxygen ions and protons to transfer into the GDC layer, and therefore it

is likely to extend the water formation and evolution zone from the confined TPB

lines (Figure 4.1a) into part of or the entire GDC layer (Figure 4.1b).

Therefore, the purpose of this work is to demonstrate the concept of adding a

GDC interlayer which is catalytically more active and is a mixed oxygen ionic and

protonic conductor, in order to improve the chronically poor performance of µ-H-

SOFCs. An 8 nm thin GDC layer was deposited on top of BZY proton-conducting
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electrolyte to serve as a cathode interlayer for µ-H-SOFCs. Significant enhance-

ment of cathode performance and fuel cell power density in the silicon-based µ-

H-SOFC was obtained with the addition of GDC interlayer. The electrochemical

impedance and fuel cell performance of the fabricated µ-H-SOFCs with and with-

out the GDC interlayer was characterized to understand the effect of such cathode

interlayer on the cathode kinetics behavior.

4.2 Experimental Methods

4.2.1 Electrolyte Deposition and Fuel Cell Fabrication

BZY electrolyte and the GDC cathodic interlayer were both deposited by an

ultra-high vacuum PLD/MBE system (PVD Products, USA) equipped with a

248 nm KrF excimer laser (Lambda Physik, Germany). Before the deposition,

the chamber was evacuated to ultra-high vacuum of < 10−8 Torr and then the

free-standing substrates were heated up to desired deposition temperature of 800

◦C with a heating rate of 25 ◦C/min. The distance between the target and sub-

strate was kept at 80 mm. When reaching the set deposition temperature, pure

oxygen gas was introduced into the chamber to maintain a deposition pressure

of 1 mTorr, which would ensure oxygen stoichiometry of the deposited sample.

Sintered BaZr0.8Y0.2O3−δ pellet target was ablated by a pulsed laser with a flu-

ence of 3.0 J/cm2 at a repetition rate of 10 Hz for 30 minutes to fabricate BZY

electrolyte thin film. The GDC cathodic interlayer was deposited subsequently

by ablating a sintered Ce0.9Gd0.1O1.95−δ for 4 minutes with the same deposition
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parameters. After thin film deposition, samples were cooled down to room tem-

perature with a cooling rate of 25 ◦C/min. The µ-SOFCs are fabricated through

a typical Si-based micro-machining process as previously reported [10, 47]. The

patterned Si3N4/Si with free-standing Si3N4 membrane (150µm × 150µm) was

fabricated as the supporting layer for electrolyte deposition. After the deposition

of BZY electrolyte and GDC interlayer by PLD, the Si3N4 supporting layer was

removed by relative ion etching (RIE) with CF4 gas, resulting in a free-standing

nanoscale electrolyte. Porous platinum thin films are deposited on both sides of

the BZY/GDC electrolyte via RF sputtering technique with Ar pressure of 30

mTorr at room temperature to achieve porous anode and cathode.

4.2.2 Crystallinity and Morphology Characterization

The phase and crystal structure of BZY and GDC films were characterized by

GIXRD system equipped with a CuKα X-ray source (PANalytical Empyrean

XRD, Netherlands) operating at beam intensity of 40 kV and 40 mA. The glanc-

ing angle X-ray was incident at an angle of 0.5◦. Cross-sectional micro-structure

of the fuel cell was characterized by field-emission scanning electron microscopy

(FESEM, JSM-7600F, JEOL, Ltd., Japan) and transmission electron microscopy

(TEM, JEM-2100, JEOL, Ltd., Japan).
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4.2.3 Fuel Cell Performance Characterization

Fuel cell performance was tested with a customized test station for the measure-

ment of silicon-based µ-SOFCs. The µ-SOFC chip was fixed on a stainless steel

chamber with gold gasket for sealing. The furnace temperature was elevated to

the set testing temperature with a heating rate of 10 ◦C/min. An Au coated tung-

sten probe, which was connected to a micro-positioner, was put in contact with

the porous platinum cathode for current collection. Dry hydrogen fuel with a flow

rate of 20 sccm was supplied to the anode side, and the cathode side was exposed

to the ambient air. The fuel cell performance was measured by obtaining the

current-voltage (I-V) polarization curves at temperatures from 350 to 425 ◦C. For

the data collection of both the polarization curves and electrochemical impedance

spectroscopy (EIS), a Solartron 1470E potentiostats system and a 1255B Fre-

quency Response Analyzer (FRA) were connected to the anode and cathode sides.

The obtained EIS curves were fitted with equivalent circuit models using Zview

software (Scribner Associates).

4.3 Results and Discussion

4.3.1 Microstructure of the GDC/BZY Electrolyte

Figure 4.2 shows the XRD patterns of BZY electrolyte with and without GDC

cathodic interlayer. The BZY electrolyte layer has a polycrystalline structure with

a preferred orientation of (011). All of the peaks were indexed to the standard BZY
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PDF card 96-720-2180, meaning a well-crystallized BZY film at the deposition

temperature of 800 ◦C. For the electrolyte with GDC interlayer, additional GDC

peaks were clearly observed and well-matched with the standard GDC pattern of

PDF 00-046-0508. The relatively low intensity of GDC peaks was due to the much

smaller thickness of GDC interlayer (8 nm) than BZY (75 nm). No additional

phase was observed from the bi-layer electrolyte, meaning no reaction between

BZY and GDC occurred during the deposition at 800 ◦C.

Figure 4.2: XRD patterns of BZY thin film electrolytes (a) with and (b)
without GDC interlayer, with the reference peaks indices for BZY and GDC in

(c).
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The FESEM cross-sectional images of both the µ-H-SOFCs having the BZY elec-

trolytes with and without GDC interlayer are shown in Figure 4.3. The dense

BZY electrolytes in both cases were 75 nm in thickness and sandwiched by the

porous Pt cathode and anode of 100 nm and 60 nm in thickness, respectively.

The cross-sectional TEM characterizations were performed for the GDC/BZY bi-

layer electrolyte to verify the crystallinity and the microstructures (Figure 4.4).

Fully crystallized BZY electrolyte and GDC interlayer both had columnar grains

with vertical grain boundaries parallel to the ion transportation direction (Figure

4.4a), which minimizes the cross grain boundary resistance during proton conduc-

tion [38]. The thickness of BZY electrolyte and GDC interlayer were confirmed to

be 75 nm and 8 nm, respectively (Figure 4.4b). No additional phase was visible

in between the BZY and GDC layers, meaning a good chemical compatibility and

stability between these two layers at the 800 ◦C deposition temperature, which is

in agreement with the XRD results. Therefore, no reaction is expected to occur

during the µ-H-SOFC operation because of the much lower operating temperature

(below 500 ◦C) than the deposition temperature. Although a large mismatch of

lattice constant exists between BZY (0.42 nm) and GDC (0.54 nm), the grain

boundaries of the GDC interlayer were aligned to the grain boundaries of the un-

derneath BZY during the grain growth from PLD deposition. The grain alignment

introduced a compressive stress to the GDC interlayer, which resulted in a high

density of dislocations and lattice distortion, as shown in Figure 4.4c. The disloca-

tions not only presented at the vicinity of GDC/BZY interface, but also extended

through the GDC grains. The inversed fast Fourier transform (FFT) image in
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Figure 4.3: FESEM cross-sectional images of the free-standing electrolyte
membranes with platinum cathode and anode. (a) BZY electrolyte; (b) BZY

electrolyte with GDC cathodic interlayer, and (c) magnification of (b).
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Figure 4.4d clearly shows the existence of dislocations and lattice distortion by

the compressive strain between BZY and GDC layers.

Figure 4.4: Cross-sectional TEM characterizations near the Pt/GDC-
interlayer/BZY-electrolyte at the non-freestanding region of the membrane on
a SiN/Si substrate. (a)Cross-sectional view of the heterostructure of Pt/GD-
C/BZY/SiN; (b) High resolution TEM image of the GDC interlayer and inter-
face. The GDC/BZY interface and grain boundaries are indicated by dashed
lines; (c) A high density of dislocations is observed in the GDC interlayer, with
some of them marked by the labels “⊥”; (d) The corresponding inverse FFT cal-
culated image of the dotted region in (c). The dashed lines are guides indicating

the dislocation lines and the existence of lattice distortion.

4.3.2 Electrochemical Characterization

Figure 4.5 shows the polarization curves for the µ-H-SOFCs using BZY electrolytes

with and without the GDC cathode interlayer. Both fuel cells showed stable and

high OCVs in the range of 0.98 to 1.07V close to the theoretical thermodynamic

value of 1.1V, indicating that dense and pinhole-free electrolytes remained intact

during the cell operation. The maximum power densities for the cell using BZY
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electrolyte were 51, 93 and 206 mW/cm2 at 350, 375, and 400 ◦C, respectively. For

the cell with GDC interlayer, the maximum peak power densities further increased

up to 106, 187, 274 mW/cm2 at 350, 375, 400 ◦C, and reached 446 mW/cm2 at

425 ◦C. The peak power density values of both the cells with and without GDC

interlayer were all higher than the reported values of µ-H-SOFCs at the same

testing temperatures, as summarized in Table 2.1.

To confirm the improved reaction kinetics at the cathode side, the EIS curves of

both the cells with and without the GDC interlayer were studied at 350 to 400

◦C (Figure 4.6). The first intercept on the real axis at high frequencies represents

the Ohmic resistance RΩ, and the second intercept on the real axis at low fre-

quencies corresponds to the total resistance of the cell [97]. For the polarization

resistance Rp, two distinguished arcs can be identified, where one has the char-

acteristic frequency at the high frequency range (HF, 105 Hz) and the other at

medium frequency range (MF, 102−103 Hz). The EIS curves were fitted using the

equivalent circuit model of two parallel R and CPE (constant phase element) and

one resistor connected in series, as shown in the inset of Figure 4.6. The values

extracted from the curve fitting were summarized in Table 4.1. The values of (R1,

CPE1) and (R2, CPE2) corresponded to the HF and MF arcs, respectively. Each

CPE has a CPE-T, which is related to the relaxation capacitance, and a CPE-P,

which reflects the displacement of the center of the arc from the real axis [98].

As summarized in Table 4.1, the total polarization resistances Rp of the cell with-

out GDC interlayer were 11.899, 7.045, and 3.660 Ωcm2 at 350, 400, and 450

◦C, respectively, and the cell with GDC interlayer decreased to 4.136, 3.346, and
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Figure 4.5: I-V curves of the µ-H-SOFCs (a) with only BZY electrolyte, and
(b) with BZY electrolyte with GDC interlayer at 350 to 425 ◦C.
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Figure 4.6: The Nyquist plots of EIS characterizations of µ-H-SOFCs with (a)
BZY electrolyte only, (b) BZY electrolyte with GDC interlayer, and (c) bode

plots for both cells.
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2.443 Ωcm2 at 350, 400, and 450 ◦C, respectively. The decreases in Rp means the

cathodic reaction was promoted by the additional GDC interlayer. Since the elec-

trolyte and both electrodes were identical for both cells in all of the experiments,

the changes in Rp should be due to the presence of GDC interlayer. The Ohmic

resistances of the BZY electrolyte cell were 0.085, 0.089, and 0.099 Ωcm2, and for

the GDC/BZY cell the resistances increased slightly to 0.115, 0.129, and 0.131

Ωcm2 at 350, 375, and 400 ◦C, respectively, likely due to the additional thickness

from GDC and the interface between GDC and BZY. The variations in the Ohmic

resistance between these two cells can be negligible since they are relatively small

as compared to the value of polarization resistance Rp.

The improved cathode kinetics by the GDC interlayer was furthered identified in

the corresponding bode plot of each EIS curve (Figure 4.6c). Two rate limiting

steps were observed for both cells with and without GDC interlayer: the proton

migration from the electrolyte to the TPBs, which corresponds to the HF resis-

tance, and the oxygen dissociative adsorption and diffusion, which is related to the

MF resistance [86]. With the GDC interlayer, the MF resistances were decreased

from 7.179, 4.582, and 2.557 Ωcm2 to 2.485, 2.070, and 1.776 Ωcm2 at 350, 375,

and 400 ◦C, respectively, corresponding to the slightly depressed MF arc in the

bode plot with a frequency shift from 102 Hz to 103 Hz. The reduced MF resistance

means an enhanced oxygen dissociative adsorption process on the GDC surface,

which may originate from the high density of grain boundaries and dislocations in

the GDC interlayer that provide preferential oxygen incorporation sites for lower

interface resistance faster surface exchange kinetics [99–101].
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The HF peaks in the bode plot of the cell with GDC interlayer showed more

apparent depression than that of the cell with only BZY electrolyte at all the

testing temperatures, showing the enhancement of charge transfer process across

the cathode/electrolyte interface at the presence of the GDC interlayer. The HF

polarization resistances of the cell without GDC interlayer were 4.720, 2.463, and

1.103 Ωcm2 at 350, 400, and 450 ◦C, respectively, and the cell with GDC interlayer

decreased to 1.651, 1.276, and 0.997 Ωcm2 at 350, 400, and 450 ◦C, respectively.

The enhanced charge transfer process was originated from the mixed conduction

of proton and oxygen ion in the GDC layer, which extended the reactions sites for

water formation and evolution process. As depicted in Figure 4.1b, the dissociative

adsorbed oxygen ions can transfer from TPBs and surface grain boundaries to the

GDC interlayer through oxygen vacancies. When proton reaches to the GDC/BZY

interface, it can migrate to the GDC interlayer and react with the oxygen ions

presented within the GDC interlayer. Thus, the active regions to facilitate the

water formation and evolution are not limited to the interface between Pt cathode

and electrolyte, but extend to the GDC interlayer such that the HF resistance was

decreased. Although the exact ORR and water evolution reaction mechanisms and

pathways within the interlayer are still unclear, it is evident that the combined

conduction of both O2− and H+ has effectively improved the cathodic kinetics,

leading to a enhance fuel cell performance at low temperature range for proton-

conducting SOFCs.
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4.4 Chapter Summary

The complex cathodic reactions in a µ-H-SOFC using BZY as electrolyte were

studied by an interface modification with the addition of an 8 nm thin film GDC

cathode interlayer. The cathodic polarization resistance was effectively decreased

by the additional GDC interlayer between the Pt cathode and BZY electrolyte.

A record high peak power density of 445 mW/cm2 was obtained at 425 ◦C from

the µ-H-SOFC with GDC/BZY bi-layer electrolyte. The EIS analysis of cathodic

impedance of the fuel cells showed the enhanced cathodic charge transfer process

across the cathode/electrolyte interface with the help of GDC interlayer, suggest-

ing the effective promotion of proton and oxygen ion charge transfer as well as ORR

and water evolution reaction between Pt cathode and BZY electrolyte through the

GDC interlayer. The mixed oxygen and proton conduction in the GDC interlayer

has expanded the ORR sites from a 2-dimentional planar interface between Pt and

BZY to the entire GDC interlayer. The findings in this work show that cathodic

interfacial modification with GDC interlayer has greatly effects on the performance

of µ-H-SOFCs. Further study on fundamental mechanisms into the protonic and

oxygen ionic conduction pathways and reaction mechanism within the cathodic

interlayer deserves an extensive exploration.
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Nanostructured

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)

Thin Film Cathode for Low

Temperature SOFCs

5.1 Introduction

Proton-conducting ceramic electrolytes have been demonstrated to be promising

candidate for low temperature SOFCs due to its lower activation energy and higher

ionic conductivity compared to conventional oxygen ion electrolyte such as YSZ [6].

Exceptional fuel cell performances have been achieved with chemical stable pro-

tonic conductors such as BZY, BCZY at reduced temperature of 500 ◦C [85, 102].
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In order to further reduce the operating temperature, µ-SOFCs using nanoscale

thin film electrolyte would be an efficient way [3, 10, 103, 104]. By thinning the

electrolyte thickness from typically micrometers down to tens of nanometers, the

charge transport resistance through the electrolyte was significantly minimized,

which compensates the loss caused by slow electrolyte kinetics at low temperature

(<500 ◦C).

As operating temperature reduced to lower than 500 ◦C, the thermally-driven cath-

ode polarization kinetic has become the most rate-limiting process for µ-SOFCs

[3]. This is due to the complex oxygen reduction reaction (ORR) process that

becomes even more sluggish at lower temperatures. Therefore, in most reported

µ-SOFCs using nanoscale electrolyte thin films operating at temperatures below

450 ◦C, noble metal catalytic cathodes such as sputtered nano-porous platinum

or palladium were often adopted to utilize their superior catalytic activities for

cathode ORR [3, 11, 44, 105, 106]. The issues of using noble metals are not only

the high cost of the raw material, but the high density nanoscale pores within the

sputtered porous electrode were also vulnerable to thermally-driven agglomera-

tion, and therefore the high cell performance suffered from poor thermal stability

after a short term operation [47, 103, 106]. Therefore, the search for alternative

cathode materials that with both thermally stable and catalytically satisfactory is

necessary to bring forward the practical application of µ-SOFCs.

In terms of thermal stability of the cathode, a good pool of alternative material

choices can be from the conventional oxide cathode materials that are well-studied
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for intermediate temperature SOFCs (IT-SOFCs), since oxides usually possess bet-

ter thermal-morphological stability than metals. Among them, the mixed ionic-

electronic conductors (MIEC) cathode, BaxSr1−xCoyFe1−yO3−δ (BSCF), also often

regarded as the benchmark cathode material for IT-SOFCs, can be a good alter-

native to platinum as a µ-SOFCs cathode material. Unlike platinum, which is a

pure electronic conductor and has only effective ORR sites at the gas-electrode-

electrolyte TPB interfaces, the BSCF as an MIEC cathode has the effective ORR

sites over the entire cathode [107], which allows the application at reduced tem-

peratures with satisfactory ORR catalytic activity.

Although BSCF has been a benchmark cathode material for IT-SOFCs, the appli-

cation as a cathode for µ-SOFCs operating at temperatures below 450 ◦C has yet

been studied, likely due to the operating temperature for conventional IT-SOFCs

is rarely so low. In addition, the cathode activity and chemical stability at tem-

peratures below 500 ◦C can be poor [108]. So far, the only demonstration of using

BSCF cathode in µ-SOFCs was done by Kerman et al [63], where they sputtered

a dense BSCF thin film cathode on a free-standing YSZ electrolyte, and obtained

a maximum power density of 35 mW/cm2 at 520 ◦C. The low cell performance

in their work is originated from limiting reaction sites for oxygen reduction to

the surface of dense BSCF because the polarization resistance of BSCF cathode

at such low temperature depends very much on the surface reaction with oxygen

[109]. In other words, a higher surface area exposed to gaseous oxygen ambient

can decrease the polarization resistance of the cathode ORR effectively.

In order to improve the performance of BSCF cathode at temperatures below 500
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◦C, a nanostructured BSCF cathode thin film with increased total surface area

exposed to gaseous oxygen was fabricated for the application of low temperature

SOFCs. The BSCF thin film cathodes were fabricated by PLD, which is preferred

over the previously reported RF sputtering in the control of thin film composi-

tion, crystallinity, and morphology. The microstructure and crystallinity of the

nanostructured BSCF were characterized with various PLD deposition parame-

ters. The BSCF cathode polarization resistance and its functionality as a cathode

for µ-SOFCs at temperature below 500 ◦C were also characterized under fuel cell

operating conditions.

5.2 Experimental Methods

5.2.1 Deposition of BSCF Thin Film

BSCF thin film cathode was deposited by PLD, which is known for being able

to preserve the composition between the target material and the deposited film

among popular thin film deposition methods. All depositions were performed

in a PLD system equipped with a 248 nm KrF excimer laser (Lambda Physik)

and a vacuum chamber (KYKY Technology Co., LTD., China) pumped to a base

pressure of 110−4 Pa. The laser fluence of 3.0 J/cm2 per pulse was utilized to

strike a sintered Ba0.5Sr0.5Co0.8Fe0.2O3−δ pellet target (Able Targets, Beijing) with

a repetition rate of 3 Hz at a target-to-substrate distance of 40 mm. BSCF films

were deposited on a silicon substrate coated with a 200 nm-thick insulating Si3N4

layer by low-pressure chemical vapor deposition. The silicon substrate was heated
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to targeted deposition temperatures (400, 500, 600, and 700 ◦C) with a heating

rate of 20 ◦C/min, with the chamber being continuously purged with pure oxygen

to maintain the desired oxygen partial pressure (1, 10, 20 and 50 Pa). After thin

film deposition, the films were cooled to 300 ◦C with a controlled cooling rate of

10 ◦C/min, and then naturally cooled to room temperature in the same oxygen

environment.

5.2.2 Thin Film Crystallinity and Morphology Character-

ization

The phase and crystal structure of BSCF films deposited under various parameters

were analyzed by GIXRD system equipped with a CuKα X-ray source (PANalyti-

cal Empyrean XRD, Netherlands). The surface topographic images were scanned

in air by an atomic force microscopy (AFM, Asylum Research MFP3D system,

USA) under tapping mode, and the surface morphology was observed by field-

emission scanning electron microscopy (FESEM, JSM-7600F, JEOL, Ltd., Japan).

Cross-sectional transmission electron microscopy (TEM, JEM-2100, JEOL, Ltd.,

Japan) observations were carried out to check the grain size and crystallization.

The composition and chemical states of deposited films before and after fuel cell

test were determined using X-ray photoelectron spectroscopy (XPS, Kratos AXIS

Ultra) with a monochromatic AlKα (1486.71 eV) X-ray radiation (15 kV/10 mA).
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5.2.3 Thin Film SOFC Fabrication and Electrochemical

Characterization

To test the functionality of the nanostructured BSCF thin film as a SOFC cathode

at temperatures below 500 ◦C, BSCF thin film was deposition on a 200 µm-thick

(100) single crystal YSZ, with the typical nanoporous Pt thin film deposited by

RF sputtering as an anode [110]. A reference sample with nanoporous Pt cathode

is fabricated and tested with the same condition. µ-SOFCs with nanostructured

BSCF cathodes were also fabricated follow a typical free-standing SOFC process,

as described in [10, 47]. The BZY thin film electrolyte and BSCF cathode were

deposited by PLD on a free-standing micro-machined Si3N4/Si wafer consequently

in the same chamber. Porous Pt anode was sputtered after removing the Si3N4

supporting layer by dry etching with CF4 gas. The EIS and fuel cell polarization

curves were tested with dry pure hydrogen as fuel and ambient air as oxidant at

425-450 ◦C using a custom-designed SOFC test station connected to a potentiostat

system (Solartron 1470E, UK) and a frequency response analyzer (Solartron FRA

1255B, UK).
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5.3 Results and Discussion

5.3.1 Crystallinity and Morphologies of BSCF Thin Films

The deposited BSCF films at substrate temperatures of 500, 600, 700, 800 ◦C and

at different oxygen partial pressures of 1, 10, 20, and 50 Pa but fixed substrate tem-

perature of 700 ◦C were characterized by XRD, as shown in Figure 5.1. All BSCF

thin films had polycrystalline structures well-matched to BSCF standard XRD

card JCPDS 055-0563 [63] with partially amorphous features. The crystallinity of

BSCF thin film increased with temperature as seen from the sharpened peak shape

and increasing heights. The full width at half maximum (FWHM) of the main

peak also increased with the oxygen partial pressure during deposition, indicating

an increasing grain size.

Figure 5.1: XRD patterns of BSCF deposited at various (a) substrate tem-
perature and (b) oxygen partial pressures.
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Figure 5.2 shows the surface FESEM images of the BSCF thin films deposited at

oxygen pressures of 1, 10, 20, and 50 Pa at 700 ◦C. Since higher chamber pres-

sure gives more collision events that shorten the mean free path, the laser-ablated

BSCF particles would deposit less energetically on the substrate and result in loose

stacking of the particles [111], i.e. more porosities at higher oxygen pressure. As

expected, BSCF film deposited at 1 Pa (Figure 5.2a) shows a relatively smoother

surface, while for films deposited at 10, 20, and 50 Pa (Figure 5.2b, c, and d,

respectively), the surface showed stacks of flaky BSCF particles with visible pores

between them. Moreover, the particle size of deposited films increased with in-

creasing oxygen pressure, with an average size of 82 nm at 1 Pa, 119 nm at 10

Pa, 151 nm at 20 Pa, and 149 nm at 50 Pa, as was characterized by AFM mea-

surement. The increasing particle size with chamber pressure was also reflected

in the surface roughness by AFM surface scan, where root mean squared (RMS)

roughness increased from 4.6 for 1 Pa to 6.7 for 50 Pa. As the chamber pressure

increased to 50 Pa, the flake-like particles started to merge and part of the surface

porosity was lost (the area enclosed by dashed line in Figure 5.2d). Therefore,

BSCF films deposited at 20 Pa of oxygen chamber pressure at 700 ◦C was selected

for the subsequent µ-SOFCs application.

The cross-sectional TEM image of the BSCF film deposited under 20 Pa oxygen

pressure at 700 ◦C is shown in Figure 5.3. The BSCF thin film with thickness of

around 150 nm was clearly seen on the Si3N4 insulating layer, which gives the depo-

sition rate of 0.278 Å/pulse. Figure 5.3b shows the high resolution cross-sectional

TEM image near the surface of BSCF thin film. The film showed a polycrystalline
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Figure 5.2: FESEM surface morphological characterizations of BSCF thin
films deposited at oxygen partial pressure of (a) 1 Pa, (b) 10 Pa, (c) 20 Pa, and
(d) 50 Pa. The insets are AFM images of each samples obtained at tapping
mode. (e) The RMS roughness and average particle size calculated based on

AFM images in (a)-(d).
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structure with partially amorphous regions, which confirms our XRD observation

and partially amorphous MIECs can likely give higher performance than Pt as a

cathode for µ-SOFCs [112].

Figure 5.3: (a) TEM image of the cross-sectional view of BSCF thin film
deposited at oxygen partial pressure of 20 Pa; (b) High-resolution TEM image

of BSCF thin film.
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5.3.2 Electrochemical Characterization of Dense and Nanos-

tructured BSCF Cathodes

The performance of dense (1 Pa) and nanostructured BSCF (20 Pa) thin films

were first characterized as cathodes for fuel cells using bulk YSZ as the electrolyte.

The polarization curves of SOFCs using dense and nanostructured BSCF thin film

cathode are shown in Figure 5.4a-b. A reference cell using typical sputtered porous

Pt cathode was also characterized as shown in Figure 5.4c. The OCV values of

both dense and nanostructured BSCF samples were around 0.9 V, which is lower

than the theoretical value and cell with sputter Pt cathode, likely due to the

not fully activated BSCF cathode after PLD deposition. For the cell using dense

BSCF cathode, the maximum power densities were 0.48, 0.76, and 1.64 mW/cm2

at 400, 450, 500 ◦C, respectively. For cells using nanostructured BSCF cathode,

higher fuel cell performance were obtained with maximum power densities of 0.73,

1.29, and 2.11 mW/cm2 at 400, 450, 500 ◦C, respectively. The performance of

nanostructured BSCF is comparable with the Pt cathode cell, which shows a peak

power density of 1.37 mW/cm2 at 450 ◦C.

The typical Nyquist plots for cells with dense BSCF cathode and with nanostruc-

tured BSCF cathode tested at 500 ◦C are shown in Figure 5.4d. The large ohmic

resistances of about 40 Ωcm2 for both cells were mainly from the thick YSZ elec-

trolyte (200 µm). The difference between the real-axis intercepts of the impedance

plot represents the electrode polarization resistance (Rp) with two clear semicir-

cles. The larger semi-circle in the frequency range around 1 Hz was deemed as
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Figure 5.4: (a) Cell voltages and power densities as function of current density
of YSZ electrolyte supported cells with (a) dense, (b) nanostructured BSCF thin
film cathodes and (c). nanoporous Pt cathode; (d) typical Nyquist impedance
curves for the dense BSCF and nanostructured BSCF cathodes tested at 500◦C.

non-charge transport process including oxygen gas diffusion and surface absorp-

tion/dissociation processes [113], while for the smaller semi-circle at high frequency

range of >102 Hz reflected the charge transfer process [114]. The Rp for dense

BSCF was almost two times larger than nanostructured BSCF cathode. As these

two cells differ only in cathode morphology, it is reasonable to infer the lower Rp

was achieved by using the nanostructured BSCF cathode. From the EIS curves,

we observed that both the charge transfer process and non-charge transfer pro-

cesses were improved in nanostructured BSCF cathode over dense BSCF cathode.

Yang et al. [115] reported that BSCF with higher surface area exhibited a mass-

normalized oxygen evolution reaction (OER) activity which is 5.3 times greater
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than that of a non-porous BSCF prepared by conventional synthesis methods. This

means the catalytic activity of BSCF is highly dependent on the surface area, and

the increased surface area from nanostructured BSCF can provide additional cat-

alytically active sites. Similarly, for ORR in dense BSCF thin films, the majority

of the reaction can only take place at the surface that is exposed to gaseous oxy-

gen and therefore the density of effective reaction sites is low since only two-phase

(gas/cathode) boundaries are available. On the other hand, nanostructured BSCF

thin films allow better gas diffusion through the cathode and increase both the

two-phase and three-phase (gas/cathode/electrolyte) regions.

5.3.3 Performance of µ-SOFCs using BSCF Cathodes

In order to test the functionality of BSCF thin film as cathode material for low

temperature µ-SOFCs, BSCF thin films are deposited on BZY electrolyte at cham-

ber pressure of 1 Pa and 20 Pa to achieve dense and porous structures. Figure 4

presents the FESEM characterization of the tested µ-SOFCs with columnar BZY

electrolyte sandwiched between BSCF cathode and porous Pt anode. As shown in

the cross-section image (Figure 5.5a and b), good adhesion between the electrolyte

and cathodes are observed. The BSCF thin film deposited at 1 Pa shows conform

dense structure while the thin film deposited at 20 Pa have porous structure. No

obvious structural degradation of nanostructured BSCF cathode was observed as

is typically seen for porous platinum electrodes [10, 41, 80].

Figure 5.6 shows the polarization curves of µ-SOFCs dense and nanostrucutred

BSCF cathode thin films tested with dry H2 fuel at temperature of 425 and 450 ◦C.

85



Chapter 5. BSCF cathode for LT-SOFCs

Figure 5.5: Cross-sectional FESEM characterizations of µ-SOFC with (a)
dense BSCF thin film cathode deposited at 1 Pa and (b) nanostructured BSCF
thin film cathode deposited at 20 Pa. (c) and (d) shows the corresponding
surface morphologies of BSCF cathode films in (a) and (b) after fuel cell test.

The cell OCVs increased about 100 mV for both cells as the temperature increased

from 425 ◦C to 450 ◦C, likely due to the BSCF cathode to be activated and reaching

equilibrium with increasing temperature. For the dense BSCF cathode, the cell

shows a maximum power density of 9.5 and 18.2 mW/cm2 at 425 and 450 ◦C.

The cell with nanostrucutred BSCF thin film gives maximum power densities of

27.3 and 55.1 mW/cm2 at 425 and 450 ◦C, respectively, which is higher than

the cell with dense BSCF film and previously sputtered dense films [63]. The

enhance fuel cell performance is originated from the enhanced cathode reactions

by making the BSCF porous; since the electrolyte and anode were identical in

all the experiments. The MIEC cathode extends the active oxygen reduction site

from the typical TPB to the entire exposed cathode surface, thus the surface to
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volume ratio of the cathode is of great importance to the performance [109]. The

increased surface area of nanostrucutred BSCF thin film produced by PLD at

higher chamber pressure have increased the reaction sites, and hence improved

the sluggish cathode kinetics at such low operating temperature.

5.3.4 Chemical Stability of BSCF Thin Film

The composition and chemical status of nanostructured BSCF thin film before

and after fuel cell test were verified by XPS to see the chemical stability under

operating conditions. Figure 5.7 shows the XPS spectra of Fe 2p, Sr 3d, Ba 4d,

and Co 3p, respectively. Fe 2p spectra shows a broad and asymmetric peak, which

consists of a mixture of valence states of Fe3+ and Fe4+. Such mixed oxidation

states could enhance the electrical conductivity of BSCF thin film through the

creation of Fe3+-O-Fe4+ bridges [116]. The intensity and position of the peaks

in the spectra were nearly unchanged before and after fuel cell test, meaning the

chemical status of these elements are stable. This justifies the good chemical

stability of nanostrucutred BSCF thin film under the operating conditions of µ-

SOFCs.

5.4 Chapter Summary

Nanostructured BSCF thin films were fabricated by controlling the deposition

temperature and pressure of PLD. XRD and TEM characterization revealed that

partially amorphous BSCF are formed. The structure of BSCF thin film changed
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Figure 5.6: Cell voltages and power densities as function of current density
of free-standing BZY electrolyte supported cells with (a) dense and (b) nanos-
trucutred BSCF thin film tested with H2 fuel at temperatures of 425, and 450

◦C.
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Figure 5.7: XPS spectra of (a) Fe 2p and (b) Sr 3d, Ba 4d and Co 3p for the
nanostrucutred BSCF thin film cathode before and after fuel cell test.
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from dense into nanoporous structure at higher chamber pressure. Both dense

and nanostructured BSCF thin films were incorporated into bulk YSZ electrolytes

and free-standing µ-SOFCs with proton-conducting BZY electrolytes to test the

functionality of BSCF thin films as cathode for low temperature SOFCs. The

porosity introduced within BSCF cathode extended the active oxygen/reduction

sites, which leads to decreased cathode polarization resistance compared to dense

BSCF cathode thin films. µ-SOFCs using nanostrucutred BSCF cathode deposited

at 20 Pa achieved a maximum power density of 55 mW/cm2 at 450 ◦C, which is

the highest value obtained at such low temperature for ceramic cathode and higher

than the performance of cells with dense BSCF cathode deposited at 1 Pa. The

relative high performance, good thermal and chemical stability of nanostrucutred

BSCF thin film indicate the promising prospect of ceramic MIEC cathode for low

temperature µ-SOFCs.
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Conclusion

6.1 Summary and Contributions

This work is dedicated to investigate and fabricate high performance µ-SOFC with

proton-conducting ceramic electrolyte at temperature lower than 500 ◦C. Several

methods have been proposed to enhance the fuel cell performance.

First, cerium-based proton-conducting SOFCs are fabricated and characterized.

BCY-based SOFC shows a maximum power density of 30 mW/cm2 and an OCV

of 0.59 V at 400 ◦C. The OCV decreases dramatically as testing temperature in-

creases. The low OCV value and poor fuel cell performance were originated from

the cracks formed during test. Poor chemical stability of BCY electrolyte was fur-

ther demonstrated by SEM and XRD characterization. Zr-doped BCY electrolyte

is employed to enhance the chemical stability and performance of cerium-based

ceramic electrolytes. Both the OCV and fuel cell performance of BCZY-based
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SOFC have great improvement compared with BCY-SOFC. The maximum power

density has increased to 89 mW/cm2 at 400 ◦C, which is nearly 3 times that of

BCY-based SOFC. The OCV was maintained at around 1.0 V, showing that BCZY

is promising electrolyte candidate with essential ionic conductivity and chemical

stability for low temperature SOFC application.

Second, high performance µ-H-SOFC using BZY as electrolyte was obtained by

utilizing an 8 nm thin film GDC cathode interlayer. The cathodic polarization

resistance was effectively reduced by the additional GDC interlayer between the

Pt cathode and BZY electrolyte. A high peak power density of 445 mW/cm2 was

obtained at 425 ◦C from the µ-H-SOFC with GDC/BZY bi-layer electrolyte. The

EIS analysis of cathodic impedance of the fuel cells showed the enhanced cathodic

charge transfer process across the cathode/electrolyte interface with the help of

GDC interlayer, suggesting the effective promotion of proton and oxygen ion charge

transfer as well as ORR and water evolution reaction between Pt cathode and BZY

electrolyte through the GDC interlayer. The mixed oxygen and proton conduction

in the GDC interlayer has expanded the ORR sites from a 2-dimentional planar

interface between Pt and BZY to the entire GDC interlayer.

Third, nanostructured BSCF thin films were fabricated by optimizing PLD depo-

sition parameters. The porosity introduced within BSCF cathode extended the

active oxygen/reduction sites, which leads to decreased cathode polarization resis-

tance compared to dense BSCF cathode thin films. µ-SOFC incorporating nanos-

tructured BSCF cathode achieved a maximum power density of 55.1 mW/cm2 with
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OCV of 0.99V at 450 ◦C. In terms of structural stability, the proposed nanostruc-

tured BSCF cathode film can sustain its porosity after fuel cell test, which is

superior to nanostructured Pt cathode fabricated by sputtering. The nanostruc-

tured BSCF thin film is also chemically stable after fuel cell test as evidenced by

XPS result. Therefore, PLD deposited nanostructured BSCF thin film can be a

potential choice of cathode for integration in low temperature SOFCs.

6.2 Suggested Future Work

This work has demonstrated several methods to enhance the performance of µ-H-

SOFCs at low operating temperature, including fabricating high ionic conducting

electrolyte, reducing the thickness of electrolyte, enhancing the cathodic reaction

at the electrolyte/cathode interface, and fabricating nanostructured ceramic cath-

ode with high porosity. However, the fuel cell performance of proton-conducting

SOFC is still lower than conventional oxygen-ion based SOFC. In order to improve

the fuel cell performance of proton-conducting SOFC, the following future works

are proposed.

• Fabricate epitaxial-BZY µ-SOFC

Epitaxial BZY thin film shows the highest proton conductivity due to the absence

of grain boundary resistance. In this work, all the fuel cells were fabricated on

Si3N4 supporting layer, showing a polycrystalline structure. The high conductivity

of BZY electrolyte is still not fully utilized. Thus an epitaxial-BZY µ-SOFC

structure is proposed in Figure 6.1. The Si3N4 supporting layer will be replaced
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by an epitaxial MgO layer, then an epitaxial BZY electrolyte is expected to be

grown.

Figure 6.1: (a) Current Si3N4 supported µ-SOFC structure and (b) proposed
epitaxial BZY µ-SOFC.

The first attempt will be focus on the fabrication of epitaxial MgO (100) buffer

layer on Si wafer or Si3N4 layer. Previous researchers demonstrated that the

preferred MgO phase is related to the deposition temperature [117]. By varying

the deposition conditions, epitaxial MgO thin film buffer layer can be obtained.

Thus, epitaxial BZY thin film may be achieved on these buffered MgO layers.

• Develop compatible electrode materials for proton-conducting SOFCs

It is found that cathode ORR is the most sluggish process for the SOFC, especially

at low operating temperature. In this work, we have successfully enhanced the fuel

cell performance by incorporating a thin dope-ceria layer to reduce the cathodic

resistance. However, the thickness effect of this layer is still unknown. Possible
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tripe conducting materials, which possess O2−/H+/e− conduction would be better

candidate for this purpose. Thus exploring possible tripe conducting materials as

the cathode or cathodic interlayer would be promising.

• Explore suitable anode catalyst for better alcohol oxidation reaction

The performance of direct ethanol µ-SOFCs is not high enough as expected. A

suitable catalyst anode material should be explored to enhance the ethanol oxida-

tion reaction. Possible candidate materials are alloys of Pt, Ru, Sn, etc. [118]. In

the future, co-sputter technique or ALD can be employed to fabricate these novel

hydrocarbon oxidation catalysts for low temperature SOFC.

• Design and fabrication large scale MEMS-based SOFC system

This work mainly focuses on the material study and single chip test, which is still

at the conceptual stage. Future work could focus on the fabrication of the entire

µ-SOFC system by integrating the fuel supply, fuel reforming units, and device

sealing and packaging into micromaching fabrication process.
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µ-SOFC Fabrication and

Characterization

A.1 Fuel Cell Fabrication

The fabrication process of free-standing µ-SOFC is illustrated in Figure A.1. The

main scheme of µ-SOFC structure is to utilize a free-standing thin film to support

the electrolyte layer, as described in previous works [10]. Detailed fabrication

sequence is listed below.

(a) Wafer preparation: 4-inch <100> silicon wafer (Bonda Technology, 375 ± 25

µm) was ultrasonic cleaned in acetone, isopropyl alcohol (IPA), deionized water

(DI water) sequentially for at least 10 minutes, then dried under blowing N2 flow.

(b) Si3N4 layer deposition: 200 nm thick of low-stress silicon nitride as a block-

ing layer for silicon etching and supporting layer for electrolyte deposition was

97



Appendix A. µ-SOFC Fabrication and Characterization

Figure A.1: Fabrication flow of thin film free-standing square electrolyte µ-
SOFC.

fabricated on both sides of the silicon wafer. The Si3N4 layers are fabricated by

low pressure chemical vapor deposition (LPCVD) to reduces the difference in the

thermal expansion between different components.

(c) Lithography: 6 µm AZ9260 photoresist was spin coated on one side of the

wafer. The wafer was exposured under a designed shadow mask to transfer the

square pattern and then developed.

(d) Dry etching: the patterned photoresist on the bottom side is utilized as an

etching mask for reactive ion etching (RIE) for removal of exposed silicon nitride.

After RIE, the remaining photoresist was removed by acetone or piranha etching.
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(e) KOH etching: anisotropic Si wafer etching was performed in 30wt% KOH solu-

tion at 85 ◦C for about 5 hours, remaining a square free-standing Si3N4 supporting

layer.

(f) Electrolyte deposition: BZY thin film electrolyte layer was deposition on top

of the free-standing Si3N4 layer by PLD technique described before.

(g) RIE etching: the Si3N4 underneath the electrolyte layer was removed by RIE

to release the free-standing BZY electrolyte.

(h) Electrode deposition: porous Pt electrodes were sputtered on both side as the

anode and cathode. The cathode was deposited under a shadow mask to separate

each single fuel cell.

The fabricated structure was diced into 1×1 cm2 and subject to fuel cell perfor-

mance testing.

A.2 µ-SOFC Characterization

The fuel cell performance was tested with a customized µ-SOFC test station (see

Figure A.2). µ-SOFC chip was sealed on a stainless steel custom-designed fuel cell

test chamber, which was fixed in a heating controlled furnace. This tube furnace

can ensure a uniform temperature distribution for both anode and cathode side.

Fuels such are hydrogen and ethanol are supplied to the anode side, and the cath-

ode side is exposed to the ambient. The performance of µ-SOFC is measured by

obtaining the current-voltage (I-V) relation at temperatures from 300 ◦C to 500
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◦C. For the I-V and impedance data collection, a Solartron 1470E potentiostats

system and 1255B Frequency Response Analyzer (FRA) were used. The temper-

ature then evaluated to the desired testing temperature with a heating rate of 10

◦C/min. An Au coated tungsten probe, which was placed in a micro-positioner,

was contact to the cathode film as a current collector. The substrate and tungsten

were connected to the potentiostat and frequency analyzer.

Figure A.2: µ-SOFC test station: (a) schematic picture; (b) optical image of
customized test setup.
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Nanoporous Palladium Anode for

Direct Ethanol SOFCs with

Nanoscale Proton-conducting

Ceramic Electrolyte

B.1 Introduction

Direct ethanol fuel cell (DEFC) is a type of fuel cell which can convert the energy

through electrooxidation of ethanol, into electrical energy. DEFCs allow easy han-

dling and storage of high energy density liquid ethanol; therefore provide a promis-

ing alternative to hydrogen fuel cells in portable applications [119, 120]. Currently,

most DEFCs are demonstrated with polymer-based electrolyte membranes with

101



Appendix B. Direct Ethanol µ-SOFCs

cell operating temperatures limited below 150 ◦C. Increasing the operating tem-

perature of DEFC is advantageous, not only to fully oxidize the ethanol fuel on

anode, but also to enhance the oxygen reduction kinetics on cathode [121, 122].

However, the conductivity of polymer electrolyte membranes decreases drastically

with further increased temperature due to the loss of water content in the elec-

trolyte that is strongly associated with effective ion conduction. Another common

inconvenience of polymer electrolyte is the fuel crossover from anode to cathode

that promotes the adsorption of the fuel and its intermediates onto the cath-

ode surface, which blocks the oxygen reduction reaction (ORR) at cathode side

[123, 124].

On the other hand, a proton-conducting ceramic electrolyte can be an alternative

for polymer electrolyte operating at temperature above 150 ◦C. Ceramic electrolyte

has no fuel crossover due to a dense structure and doesn’t need water manage-

ment for proton-conduction. Furthermore, fuel cell based ceramic electrolyte is

normally ran higher temperatures than current high temperature polymer elec-

trolyte DEFC, which helps to accelerate the electrode reactions kinetics, enhance

anode CO tolerance, and avoid to use extremely expensive noble electrode materi-

als. Besides, proton-conducting ceramic electrolyte has smaller activation energy

for ionic transportation, allowing fuel cell based on proton-conducting ceramic

electrolyte lower operating temperature than the conventional oxygen ionic con-

ducting ceramic electrolyte (600-1000 ◦C), which means higher voltage efficiency

and theoretical energy efficiency [6, 85], and wider cell component, balance of plant
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choice, as well as material and system stability. Among all proton conducting elec-

trolytes, BZY is the most chemical stable proton conductor, which has also high

proton conductivity over other conventional oxide ion conductors [6, 125]. With

thickness in the range of 750 nm to 20 µm, the electrolyte ASR can reach target

value of 0.15 Ωcm2 for high performance operating at the operating temperature

range of 200 ◦C and 450 ◦C [4]. Therefore, SOFC with nanoscale thin film pro-

ton conducting electrolytes with suitable electrode materials would be a potential

candidate for the direct ethanol application.

The need for highly active catalysts for the ethanol oxidation reaction (EOR)

that takes place at anode at the temperature range of 200-400 ◦C is the main

challenge in the development of DEFCs. Pt-based catalysts are commonly used

in low temperature polymer electrolyte DEFCs due to its high catalytic activity

towards ethanol. However, the CO poisoning of Pt catalysts arouses performance

degradation, leading to lower fuel utilization and cell performance, also it requires

for excess of Pt loading for efficient fuel oxidation [126]. Recently, catalysts based

on Pd have been explored as alternate anodes because Pd shows excellent catalytic

activity towards hydrocarbon fuel oxidation at low temperature [127–130] and Pd

is more abundant in nature and less expensive than platinum [131]. However, most

the above fuel cell studies are focus on either polymer electrolyte, or ceramic oxide

electrolyte at high temperature (>600 ◦C) while the research on the temperature

of 200-500 ◦C are rare. The only application of Pd thin film anode for µ-SOFC

with YSZ was demonstrated by Lai et al. [130] and peak power densities of 75-385

mW/cm2 at 440-550 ◦C were achieved with methane fuel.
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Actually, Pd would be more suitable for proton-conducting SOFC application due

to its high proton diffusivity and electronic conductivity [132]. Thus, the purpose

of this study is to demonstrate the direct utilization of ethanol fuel for µ-SOFC

with proton-conducting ceramic electrolyte and Pd anode at the temperature range

of 300-400 ◦C. The morphological evolution of Pd anode films under hydrogen and

ethanol fuel operation are compared and discussed.

B.2 Experimental Methods

B.2.1 Thin Film Deposition

BZY thin films were fabricated by utilizing PLD technique. A 248 nm KrF excimer

laser (Lambda Physik) with laser fluence of 3.0 J/cm2 per pulse was used to ablate

a sintered BaZr0.8Y0.2O3−δ pellet target (Praxair Inc.). Before the deposition, the

main chamber was evacuated to a base pressure of 1.0×10−7 Torr. After heating

up the substrate to desired temperature of 400-800 ◦C with a heating rate of 25

◦C/min, the vacuum system was maintained at oxygen partial pressure of 1.0

mTorr. Both substrate and target were kept rotating to ensure a uniform film

deposition. The distance between the target and the substrate was kept at 80

mm. The repetition rate was 10 Hz and deposition duration was 30 minutes. After

deposition, the samples were cooled down to room temperature with a cooling rate

of 10 ◦C/min in the same oxygen environment to avoid crack formation during the

severe temperature change of the free-standing membrane.
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B.2.2 Fuel Cell Fabrication and Test

A nanoscale thin film micro fuel cell was fabricated on micromachined Si substrate

with the help of lithography and etching techniques, as reported before [10, 47].

A patterned 10×10×0.4 mm3 Si3N4 coated Si chip has an array of free-standing

Si3N4 membranes, which were used as the substrate for PLD deposition of BZY.

After the deposition of BZY electrolyte, the Si3N4 supporting layer was removed

by relative ion etching (RIE) with CF4 gas, resulting in a free-standing BZY

electrolyte. For catalysis and current collection, porous Pt layer was deposited on

the cathode side by using radio frequency (RF) sputtering technique with power

of 100 W and Ar pressure of 30 mTorr at room temperature. Pd anode thin films

were deposited by direct-current (DC) sputtering in Ar pressure of 3 and 80 mTorr

for comparison.

After fabrication, fuel cell performance measurements of BZY µ-SOFC were con-

ducted on a custom-designed micro fuel cell test station (Figure B.1). The switch-

able fuel feeding setup (Figure B.1a) ensures an intermittent fuel feeding of H2 and

ethanol. Ethanol solution droplets were instantly vaporized when dropped into the

reaction bulb, which was heated up to 150 ◦C. Then the vaporized ethanol fuel

and water were supplied to the anode side driving by N2 purge gas with a flow

rate of 20 sccm. µ-SOFC chip was sealed on a stainless steel chamber, which was

placed in a heating controlled furnace (Figure B.1b). This heating furnace can

ensure a uniform temperature distribution for both anode and cathode side. The

electrochemical performance of the cells was measured with a multichannel poten-

tiostat (Solarton 1470E) and frequency response analyzer (Solartron FRA 1255B)
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in the temperature range of 300-400 ◦C.

Figure B.1: Schematic of (a) switchable ethanol fuel feeding system and (b)
custom-designed µ-SOFC test station.

B.2.3 Material Characterization

The crystallinity and structural phase of the deposited films were characterized

by GIXRD system equipped with a CuKα X-ray source (PANalytical Empyrean

XRD, Netherlands) and operated at a voltage and current of 40 kV and 40 mA with

small incident angles of 0.5◦. The cross-sectional structures of BZY µ-SOFCs were

obtained by field-emission scanning electron microscopy (FESEM, JSM-7600F,

JEOL, Ltd., Japan). The composition and chemical states of deposited films

before and after fuel cell test were determined using X-ray photoelectron spec-

troscopy (XPS, Kratos AXIS Ultra) with a monochromatic AlKα (1486.71 eV)

X-ray radiation (15 kV / 10 mA).
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B.3 Results and Discussion

B.3.1 Thin Film Characterization

The crystallinity of BZY thin films deposited on Si3N4 substrates with different

deposition temperatures are analyzed by XRD, as shown in Figure B.2. The

BZY thin films deposited at temperatures lower than 500 ◦C show large bump dis-

tributed in a wide range with no discernible peaks, which indicates that these films

are amorphous without ordered crystal structures. As the deposition temperature

increase to 600 ◦C, the XRD pattern shows gradually increased crystallization

and a polycrystalline film is formed. As expected, films show higher crystallized

patterns at higher deposition temperature of 800 ◦C. A strong (110) reflection

peak appears to be predominant for the film with a full width at half maximum

(FWHM) of 0.43◦. High temperature favors crystal growth of BZY thin film on

Si3N4, while low temperature results in amorphous structures. Thus, substrate

temperature is a critical parameter to the crystallinity of BZY thin film deposited

by PLD. A higher deposition temperature can ensure better polycrystalline BZY

thin film. Previous research has found BZY thin film grown above 400 ◦C was

too fragile to be utilized as the electrolyte for free-standing µ-SOFC due to the

crystallization process [41]. However, here we have demonstrated that the film

can be survived after deposition at high temperature of 800 ◦C with controllable

cooling process. Thus we chose 800 ◦C as the electrolyte deposition temperature

for the fuel cell fabrication, as highly crystallized BZY thin film possess higher

proton conductivity [35].

107



Appendix B. Direct Ethanol µ-SOFCs

Figure B.2: XRD patterns of PLD films deposited at various substrate tem-
peratures. Bare Si3N4 substrate together with reference peaks for BZY (PDF

No. 96-720-2180) are included for comparison.
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The porosity of Pd anode is critical to the anode performance towards ethanol

oxidation as porous electrode has better gas diffusion and enhances TPB for the

reaction than dense electrode. In order to achieve a porous thin film, the effect

of Ar pressure for DC sputtering is compared. Figure B.3 shows Pd thin film

deposited at 3 mTorr and 80 mTorr, respectively. The film deposited at lower

pressure of 3 mTorr shows uniform and smooth surface. The individual grain

with grain size around 20 nm is clearly observed. Nanoporous Pd film is achieved

at higher deposition pressure of 80 mTorr. The film shows highly granular clus-

ters and the dimension of each cluster is in the range of 60-150 nm with a pore

gap around 8 nm, which is similar to the optimized Pt nanoporous films [110].

The XRD patterns of both dense and porous film shown in Figure B.4 are well

indexed to reference Pd diffraction pattern (PDF No. 00-046-1043), indicating

well-crystallized films are fabricated at room temperature by sputtering.

400 nm 

200 nm 

(a) 

200 nm 

(b) 

Figure B.3: FESEM surface characterization of Pd thin film sputtered at Ar
pressure of (a) 3 and (b) 80 mTorr.

109



Appendix B. Direct Ethanol µ-SOFCs

Figure B.4: XRD patterns with reference peaks for fcc-Pd (PDF No. 00-046-
1043) of Pd thin film deposited at Ar pressure of 3 and 80 mTorr.

B.3.2 Electrochemical Characterization of µ-SOFC with

Pd anode

Figure B.5 shows the I-V polarization and power density curves of the proton-

conducting µ-SOFC tested with H2 and ethanol fuels at 350 and 400 ◦C. By feed-

ing with hydrogen fuel, the fuel cell gained peak power densities of 26.7 and 72.4

mW/cm2 at 350 and 400 ◦C, respectively. As expected, the peak power densities

have been reduced to 9.8 and 15.3 mW/cm2 at 350 and 400 ◦C when fuel supply

switched to ethanol fuel (Figure B.5b). The performance drop is originated from

the reduced catalytic activity towards ethanol oxidation compared to hydrogen

oxidation evolution, as the required energy for bond cleavage of ethanol is higher

110



Appendix B. Direct Ethanol µ-SOFCs

than hydrogen fuel. Figure B.5c shows the OCV evolution of BZY SOFC fueled

with hydrogen and ethanol fuel during fuel cell test. At 350 ◦C the OCV for

H2 fuel is steadily maintained around 1V, while for ethanol operation, the OCV

fluctuated around 0.75 V, which is relative low compared with H2. An interesting

OCV rise has been observed as the testing temperature increases. The OCV value

for ethanol was gradually increased to 0.83 V at 400 ◦C, which is an acceptable

value for ethanol fuel cell at this temperature range. The fluctuation of measured

OCV is possible due to the unstable evaporation of liquid ethanol and possible

changes of local anodic composition generated by catalytic decomposition of the

fuel [133]. The incensement of OCV at evaluated temperature is attributed to the

equilibrium electrode kinetics during fuel cell operation. The as-deposited Pd has

porous structure, which can ensure gas diffusion while possess degraded electrical

conductivity. However, as the increase of testing temperature and duration, there

was gradual formation of in-plane current collection paths within the porous elec-

trodes during the temperature ramp as observed in previous work [62]. Thus the

OCV value would increase due to better electrical connecting inside the porous

electrodes. Another reason ascribed to the incensement is the gradual activation

of Pd catalyst toward ethanol oxidation.

The cross-sectional view of Pt/BZY/Pd heterostructure after fuel cell test is shown

in Figure B.6a. The 3-layered structure is about 260 nm thick and shows good

adhesion between electrolyte and electrodes without detachment or cracks. The

columnar-like BZY electrolyte is dense and gas tight, with a thickness of about

130 nm. The microstructure evolutions of porous Pd anode under operation of
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Figure B.5: I-V-P performances of µ-SOFC consisting of Pd anode test with
(a) dry hydrogen fuel and (b) ethanol fuel at 350 and 400 ◦C; (c) OCV evolution
for dry hydrogen and ethanol fuel testing after temperature stabilization at

temperature of 350 and 400 ◦C;.
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hydrogen and ethanol fuel are investigated and shown in Figure B.6b-d. For the

anode only operated with hydrogen fuel, the porous Pd cluster emerged together

to form large clusters due to the thermal annealing and hydrogen reduction re-

action during operation, which is similar to porous Pt film deposited and tested

under similar conditions [10]. The cluster size has increased to several hundred

nanometers in dimension and the pore gas increased to 20-40 nm, which are of-

ten attributed to the Ostwarld ripening process [134]. Figure B.6c,d show the

porous Pd anode morphology after 2h fuel cell testing with ethanol fuel. The mor-

phological change is much severe as spreading of Pd particles on BZY surface and

droplet-like agglomeration of Pd are observed in addition to cluster mergence. The

agglomerated particles are in the dimension of ∼200 nm. The severe spreading

and agglomeration of Pd are attributed to the electrochemical reaction taken place

in the free-standing membrane area as the porous Pd on the side wall of Si wells,

which only plays a role of current conduction, still maintains its porous structure

with only thermally agglomeration of the cluster. No visually carbon deposition

was detected both on the reaction membrane and side wall Pd, which can also be

identified from the high resolution XPS spectra of C 1s, as shown in Figure B.7.

The deconvolution revealed that all the samples shows similar carbon component

with a small amount of increase at 286.5 eV after fuel cell test with ethanol.

As the first attempt to direct utilize ethanol as a fuel for µ-SOFC with proton-

conducting electrolyte, we utilize standard porous Pt films as the cathode and

Pd anode for the demonstration. It is reported that metallic binary or ternary

catalysts show promising catalytic activity toward ethanol oxidation with respect
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Figure B.6: FESEM characterization of Pt/BZY/Pd µ-SOFC after fuel cell
test. (a) Cross-sectional view of Pt/BZY/Pd heterostructure after testing with
hydrogen; (b) Pd anode morphology after hydrogen fuel test; (c) Pd anode
morphology after ethanol fuel test; (d) Enlarged view of Pd anode in the free-

standing membrane region of (c)

to metallic anode alone due to the bi-functional effect and the electronic inter-

action between metal and alloyed metals [119]. We expect an enhanced fuel cell

performance by using metallic alloyed anode materials in our future work.

B.4 Summary

Direct ethanol cell with nanoscale proton-conducting ceramic electrolyte has been

fabricated and demonstrated. Highly crystallized BZY thin film electrolyte has

been achieved with PLD deposition at high temperature of 800 ◦C. Nanoporous
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Figure B.7: High resolution XPS spectra of C 1s recorded from Pd anode.
(a) as deposited; (b) after fuel cell test with H2 fuel; and (c) after fuel cell test

with ethanol fuel.

Pd anode film was synthesized by controlling the DC sputtering pressure to 80

mTorr. The heterostructured proton-conducting µ-SOFC exhibits a peak power

density of 72.4 and 15.3 mW/cm2 with hydrogen and ethanol as the fuel at low

operating temperature of 400 ◦C. The morphology of Pd anodes after hydrogen and

ethanol fuel operation showed distinct difference. Due to the complexity of ethanol

oxidation, the morphology of Pd anode have experienced sever agglomeration and
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carbon deposition. The results presented in this work have demonstrated the

feasibility of direct utilization of ethanol fuel for µ-SOFC operation, which could

be promising power source for portable electronic devices.
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